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Preface

Current energy consumption mainly depends on fossil fuels that are limited and
can cause environmental issues such as greenhouse gas emission and global
warming. This has stimulated people to search for alternate, clean, and renewable
energy sources. Solar cells are one of the most promising clean and readily avail-
able energy sources. Successful utilization of solar energy can help to reduce the
dependence on fossil fuels. Organic solar cells have provided a unique opportunity
and gained extensive attention as a next-generation photovoltaic technology due to
their lightweight, mechanical flexibility, and solution-based cost-effective process-
ing. However, organic solar cells still suffer from low efficiency and short lifetime.
Significant progress has been achieved in improving device efficiencies. Recently,
organic solar cell efficiencies above 10% have been reached.

Organic solar cells are a very broad field that covers materials, modeling, mor-
phology, interface, and device engineering. This book aims to provide a reader with
a comprehensive knowledge of organic solar cell technology ranging from mate-
rials, simulation and modeling, device physics, and engineering. With this book
available, a reader can gain a broad understanding on the most recent and frontier
developments in organic solar cells. Specifically, this book will deliver the following
four sections: (1) materials that will cover active layer, interfacial, and transparent
electrode materials; (2) modeling that will include approaches to relate synthesis
parameters to morphology of the photoactive layer using molecular dynamics simu-
lations and obtaining insights to coupling morphology and interfaces with charge
transport in organic solar cells; (3) device physics that will consist of photoexcited
carrier dynamics, defect states, interface engineering, and nanophase separation and
(4) device engineering that will consist of inorganic—organic hybrids, tandem struc-
ture, and graphene-based polymer solar cells.

We hope this book will provide in-depth knowledge of organic solar cells to
researchers and scientists in both academic institutions and industry sectors. The
chapters are organized in sections of materials, modeling, device physics, and device
engineering in a coherent manner that will be easily understood. This book will
also benefit young investigators including students and postdoctoral researchers who
have just entered the organic solar cell field from broad disciplines including chem-
istry, material science and engineering, physics, nanotechnology, nanoscience, and
electrical engineering.

Qiquan Qiao, PhD
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Editors
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’I Conjugated Polymers
as Electron Donors in
Organic Solar Cells

Yan Zhou and Siyi Wang

CONTENTS
1.1  Polymer/Polymer Bulk Heterojunction Solar Cells.........c.cccoceeveerennerenncnnen. 10
RETEIENCES ...ttt 13

Organic nt-conjugated polymers and oligomers, due to their potential in the develop-
ment of plastic solar cells that are lightweight, mechanically flexible, and low cost,
have drawn significant attention as active materials in organic photovoltaic (OPV)
devices.'* Because of the discovery of rapid and efficient photoinduced electron
transfer from poly(2-methoxy-5-(2’-ethyl-hexyloxy)-para-phenylenevinylene (MEH-
PPV) to Cg, in the early 1990s,* the use of fullerene derivatives as electron accep-
tors in OPVs has become ubiquitous. The so-called bulk-heterojunction (BHJ) OPVs
have been the most studied, using a single-layer blend of a conjugated polymer and
a fullerene derivative, such as [6,6]-phenyl-C,,—butyric acid methyl ester (PC,BM)
or [6,6]-phenyl-C,,—butyric acid methyl ester (PC,,BM). In this type of device,
appropriate phase segregation enables the formation of a BHJ at the interface of
the donor and acceptor components. Current state-of-the-art single-layer conjugated
polymer-based OPVs achieve power conversion efficiencies in the range of ~7%, and
the highest reported efficiency of 6.5% is for a tandem solar cell.>-"> Solar cells with
optimized performance have been developed using P3HT/PCy,BM blends,'® and
these cells feature nearly ideal photon-to-current quantum efficiency (IPCE) in the
mid-visible region. However, to produce highly efficient OPVs, light absorption by
the active layer must be extended into the near-infrared region while, at the same
time, preserving the high IPCE and open circuit voltage. In principle, the overall
power conversion efficiency of the device is mainly determined by several individual
efficiencies: light-harvesting efficiency across the visible and near-infrared regions,
exciton diffusion to the donor—acceptor interface, photoinduced charge separation,
and the mobility of the charge carriers produced by photoinduced charge separation
and charge collection.!

Sariciftci et al. reported efficient photoinduced electron transfer (PET) in a con-
jugated polymer-fullerene (Buckminsterfullerene, Cq,) composite in 19924 In this
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report, a time scale of 45 fs PET was observed from a conjugated polymer to fuller-
ene, which is several orders of magnitude faster than any photoexcitation radiative
decay or back electron transfer in the process. Consequently, the quantum efficiency
of charge separation in such a composite can approach unity. The tendency for fuller-
ene to crystallize in organic solvents and on surfaces, however, leads to unfavorable
phase separation in the composite. This implies that charge carriers do not have the
necessary channels to reach the electrodes. Hence, efficient solar cells are still not
achievable in this context.

The conceptually new photovoltaic device, namely the BHJ solar cell, was
demonstrated by Wudl, Heeger, and coworkers in 1995, simply using the blend of
poly(2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) and a
fullerene derivative ([6,6]-phenyl-C61-butyric acid methyl ester, PC;;BM).I” The
replacement of fullerene with more soluble and less symmetrical PCBM decreases
the formation of large fullerene clusters and instead increases the possibility to form
a D-A interpenetrating network in the composite. Thus, this network, with a large
conjugated polymer—fullerene interfacial area and the appropriate phase domain size,
at least in one dimension comparable to the exciton diffusion length, enables the
required compromise between optical length and exciton diffusion length as men-
tioned in the discussion of bilayer heterojunction solar cells. In other words, the
absorbing sites in the blend are most likely within the exciton drifting length to the
D-A interface. In the mean time, efficient hole and electron transport can also be
realized with the likelihood of the formation of a bi-continuous donor and acceptor
network in such a blend. It is also noted that the fast PET can effectively improve the
photostability of the conjugated polymers, due to the fast quenching of the highly
reactive excited states and, thus, the reduction of any possible photooxidation associ-
ated with oxygen and water, etc. In addition, the use of a single active layer greatly
simplifies the solution processing, a great advantage over solution-processed bilayer
devices.

Since then, many efforts have been put forth to design new soluble n-conjugated
polymers as donor material for BHJ solar cells when fullerene derivatives are pri-
marily used as an electron acceptor, for example, PC,;BM and PC,,BM. Figure 1.1
shows a list of conjugated polymers from which PCE over 3% has been achieved in
blend with either PC;,BM or PC,; BM.

Regioregular Poly(3-hexylthiophene) (RR-P3HT) is perhaps the most investi-
gated conjugated polymer in the field of BHJ solar cells. RR-P3HT has HOMO and
LUMO levels at —5.2 and 3.2 €V, respectively, with an optical bandgap of ~2.0
eV. Using RR-P3HT as the donor and PCBM as the acceptor with a device struc-
ture of Glass/ITO/P3HT:PC,,BM/TiO,/Alumina, BHJ solar cells have been able to
exhibit EQE of 75% and PCE up to 5%.° Unfortunately, the success of RR-P3HT
has not been repeated in other homo-conjugated polymers. The high efficiency
of RR-P3HT/PC,BM devices may result from a unique microcrystalline lamel-
lar stacking in the blends. Sariciftci et al. have studied a series of regioregular
poly(3-alkylthiophenes), with butyl, hexyl, octyl, decyl, and dedecyl as solubiliz-
ing groups. They observed that chain length longer than eight carbons facilitates
diffusion rates of PC¢,BM in the blend during the thermal annealing.!® This leads
to unfavored phase separation and thereby lowers the device performance. From
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FIGURE 1.1 Representative p-type conjugated polymers with power conversion efficiency.

this study, it is reasonable to conclude that the passive solubilizing chains also
affect the optical and electronic properties of a conjugated material and, hence, its
performance in a device.

In the course of studying RR-P3HT/PC,, BM BHIJ solar cells, people have learned
many useful processing techniques to improve device performance. It has been dem-
onstrated that device performance based on RR-P3HT/PCBM can be dramatically
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6 Organic Solar Cells

enhanced by careful selection of processing solvent,'” solvent vapor annealing,” ther-
mal annealing,?® and the addition of high-boiling point additives.?! (Note: The addi-
tive effect was first reported in the blend of PCPDTBT.??) These strategies are now
widely applied in other conjugated polymer-based BHJ solar cells.

It is arguable that the further improvement of PCEs in RR-P3HT/PCBM cells is
hindered by its relatively large bandgap (~1.9-2.0 eV). That is to say a RR-P3HT/
PCBM blend only absorbs lights with a wavelength shorter than 650 nm, at best
about 22.4% of the total amount of photons under AM 1.5 G. It is therefore impor-
tant to design polymers that can harvest more photons from the available sunlight.
It also needs to consider that narrowing the bandgap will consequently cause a
decrease in open circuit voltage and thus a decrease in PCE. Through a careful
estimation, an optical bandgap of 1.4 eV will be ideal for polymer/PCBM BHJ solar
cells provided the appropriate energy offset is present.>?* We are proud to point out
the Reynolds group was among the first to provide an analysis on this issue.? In
practice, an optimal bandgap of 1.3 to 1.8 eV has been reported for conjugated poly-
mers as the active absorbing materials blended with PCBM in high-performance
BHJ solar cells. A few examples are listed to illuminate the common features that
these polymers share.

PCPDTBT is a donor and acceptor alternating conjugated polymer. It possesses
an optical bandgap (E;pt) of 1.4 eV (absorption onset 890 nm) and an electrochemi-
cal bandgap (E;Chem) of 1.7 eV with a HOMO level of -5.3 eV and a LUMO level
of =3.6 eV.2* This polymer is the first low bandgap polymer with a highly efficient
photovoltaic response in the near-IR region and has a PCE of 3.2% blended with
PC;,BM (a PCE of 2.7% blended with PC,;BM). The V,_ is typically at 0.65 V; the
highest observed values approach 0.7 eV. With the addition of a small amount of
alkanedithiols in the solvent, PCPDTBT/PC,;BM devices have shown PCEs up to
5.5% with V,_ of ~0.62, J,, of ~16.2 mA cm2, and fill factor (FF) of ~0.55.22 The role
of dithiols is to alter the BHJ morphology.?>26

PSiF-DBT is a 2,7- silafluorene (SiF) and 4,7-di(2'-thienyl)-2,1,3-benzothiadiazole
(DBT) alternating polymer with an optical bandgap of 1.8 eV. The HOMO level from
electrochemical measurements was —5.4 €V. In a blend with PC¢,BM, the optimized
PSiF-DBT BH]J solar cells exhibited a PCE up to 5.4%, a large V, . of 0.9 V, a J, of
9.5 mA cm™, and a FF of 0.51.%7 Noticeably, no thermal or solvent annealing was
performed on these devices. In addition, this combination is also the first low band-
gap polymer with a PCE over 5%.

PSPTPB is a combination of PCPDTBT and PSiF-DBT from the material design
point of view. From the study of Psi-DBT, it has been shown that the Si atom has a
pronounced effect on the device performance. Yang et al. therefore replaced the bridge
carbon atom in cylcopentadithiophene (CPDT) with silicon atom and obtained poly
[(4,4"-bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-
4,7-diyl] (PSPTPB).?® The HOMO and LUMO levels are —5.1 and —3.3 eV measured
by cyclic voltammetry. (Note: These values are calculated using —4.8 eV as a ferrocene/
ferrocenium standard versus vacuum level. It can be converted to —5.4 and —3.6 eV for
a comparison reason because —5.1 eV as the ferrocene/ferrocenium standard versus
vacuum level is used in this dissertation.) The optical bandgap (E;pt) of 1.45 eV is
very similar to that of PCPDTBT. The photovoltaic device with a structure of ITO/
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PEDOT-PSS/PSBTBT: PCBM/Ca/Al showed a maximum PEC up to 5.1% witha V,_
of 0.68V, a J, of 12.7 mA cm, and a FF of 0.55.

PP{TTBT is a metallated polymer with an E;” of 1.8 ¢V. HOMO and LUMO
levels are —5.1 and -3.3 eV, respectively.?” The best solar cell performance is based
on the PPtTTBT and PC,;,BM blend and yields an open circuit voltage (V,.) of
0.79, a short circuit current (J,.) of 10.1 mA cm=, a FF of 0.51, and a PCE of 4.13%
under simulated AM 1.5 G illumination. In an early report, Wong et al., using a
similar polymer as a donor and PC¢;BM as an acceptor, demonstrated PCEs up to
~5% with EQEs as high as 87% at 570 nm.3® Serious doubts, however, have been
raised, suggesting that the reported efficiencies are significantly overestimated (in
Chapter 3, more details will be given).?! Nevertheless, the concept of designing
materials that demonstrate triplet excitons is still interesting as demonstrated in
PP(TTBT.

PBDTTBT is different from most of linear donor—acceptor type conjugated poly-
mers in that it possesses a cross-conjugation segment in its donor. This polymer has
three absorption bands, a distinction from a two-band donor—acceptor system, and
therefore absorbs broadly from 300 to 700 nm with an E;p‘ of 1.75 eV. PBDTTBT
presents HOMO and LUMO levels of 5.6 and —3.7 eV (after correction), respec-
tively. The HOMO level is about 0.3 eV deeper than PSPTPB and PCPDTBT."® The
deeper HOMO level leads to a higher V,, of 0.9 V, an expected result, considering
the difference between the HOMO level of a donor and the LUMO level of PCBM.
PCEs up to 5.66% have been obtained from the PBDTTBT-based device with a V,,
of 092V, a J of 10.7 mA cm2, and a FF of 0.58, which is one of the highest PCEs
for single active layer OPVs.

PTPT is perhaps the only existing random donor—acceptor copolymer that exhib-
its efficient photovoltaic response, with EQE as high as 63% at 540 nm and over
50% for a broad range. The PTPT/PC,,BM cell has the highest AM1.5G PCE of
4.4%, witha V. of 0.81 V, a J, of 10.2 mA cm™, and a FF of 0.53.32 The devices also
showed encouraging stability after encapsulation under ambient conditions, in which
only 15% loss was observed after two months storage in air.

It is interesting to notice that all the high-performance D-A conjugated polymers
mentioned contain benzothiadiazole as an acceptor. Thieno[3,4-b]thiophene (TT)
and diketopyrrolopyrrole (DPP) are the two other known acceptors being used in
D-A conjugated polymers that demonstrate their applicability in high-performance
solar cells.

PBDTTT and its derivatives are benzo[l,2-b:4,5-b']dithiophene (BDT) and
Thieno[3,4-b]thiophene (TT) alternating polymers with HOMO levels from —5.20 to
5.5 eV and LUMO levels from -3.6 to —3.8 eV.#!1533 The PBDTTT-CF,/PC,BM-
blend BHJ solar cells prepared from chlorobenzene (CB) show a V,_of 0.76 V, a J,, of
10.2 mA cm2, and a FF of 0.51, which corresponds to a PCE of 3.92%. Upon using
a mixture of chlorobenzene (CB) and 1,8-diiodoctane (DIO) (97:3 by volume) as a
cosolvent, the PCE of this blend is almost doubled to 7.4% with an increase in J,_ to
14.5 mA cm2, and a boost in FF to 0.69. This is the highest PCE in a polymeric solar
cell reported to date.®

PDPP3T is an ambipolar conjugated polymer. Field-effect transistors based on
PDPP3T exhibit nearly balanced electron and hole mobilities of 0.01 and 0.04 cm?
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V-Is71, respectively. The best cells obtained for PDPP3T/PCy BM in a 1:2 weight ratio
have a V,, of 0.68 V, a J, of 8.3 mA cm, and a FF of 0.67, yielding a PCE of 3.8%.3*
The PCEs of the devices increase to ~4.7% due to a jump in photocurrent to 11.8 mA
cm2, switching PC,;BM to PC,,BM. In addition, it needs to be pointed out that the
EQE of the optimized device is still relatively low, about 35% on average. It can be
ascribed to inefficient electron transfer, due to approaching the minimum offset of
eV,. = E;” - 0.6 eV with a V. of 0.65~0.68 V and a small optical bandgap of 1.3 eV.%
An interesting observation for PDPP3T is that its molecular weights affect the per-
formance of photovoltaic devices but have little or no influence on charge mobilities.

Isoindigo-based polymers have been developed as the donors in organic BHJ
solar cells recently. With different aromatic spacers, which are copolymerized with
isoindigo, the performance of solar cells are varied a lot. With 2,5-thiophenyl, 2,
2’-bithiophenyl, and terthiophyl, J,. are gradually increased from 9.1 mA cm? to
13.1 mA cm™, and V,, decreased from 0.91 V to 0.70 V. FF of the devices are also
increased from 0.54 to 0.69, and PCEs are increased from 4.5% to 6.3%.36 The spac-
ers vary from thiophenyl to terthiophenyl, and the LUMO levels of the donors are
increased gradually. The energy offset of the LUMO levels between the donor and
PCBM are increased, which results in higher J_ and FF and lower V, . Higher driv-
ing force is achieved with the highest LUMO energy (terthiophenyl), and the best
PCE is obtained.?’

Thieno[3,4-c]pyrrole-4,6-dione (TPD) is another important acceptor unit in
high-efficiency donor polymers. Because of the strong electron-withdrawing effect
of TPD, although copolymerized with electron-donating aromatic structures, the
HOMO level of the polymer is relevantly low compared to other D-A polymers. The
typical HOMO levels of these class polymers are around 5.4 eV to 5.6 eV.3¥ Such
deep HOMO levels ensure high V,_ (around or above 0.9 V) of the polymer/fullerene
solar cell. Spacers, such as BDT, oligothiophene, DTS, and DTGe, are applied in
donor polymers.3%40

With different substitution in PBDTTPD polymers, there are dramatic differences
in performances of the solar cells with PC;BM as the acceptor. R1 as the substitu-
tion on the BDT is believed to be crucially important for the solubility of the polymer
donor. With a bulky p-branch side chain, such as EH (2-ethylhexyl) on BDT, the
PCE:s of the devices are all higher than the ones with linear chains. However, on
the TPD part, a linear chain is preferred for better device performance. PCE up to
8.5% is achieved with EH on BDT and C7 on TPD. J, as high as 12.7 mA cm™ is
obtained. Very high V. (0.97 V) and FF (0.70) is achieved in this polymer system.
5% vIv of 1-chloronaphthlene (CN) is used to optimize the morphology of the BHJ
films. Notably, with the exact same donors, only 5% of the additive is changed from
DIO to CN, the J, is increased from 11.5 to 12.5 mA cm2, and V, is increased from
0.89 V to 0.93 V. PCE is enhanced from 6.8% to 7.5%.4

With bithiophene as the spacer in TPD polymers (PBTTPD), PCE up to 7.3% is
achieved with J, of 13.1 mA cm™ and V. of 0.92 V. Different additives are screened
and 1,7-diiodoheptane is the best one in this system. A 0.5 vol% of additive is believed
to “dissolve” the PCBM cluster, reduce the grain boundary, and induce high crystal-
line donor domains. The optimized phase separation structure is identified by X-ray
scatter experiment.*?
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With terthiophene as the spacer (PTPD3T), PCE is even higher: 7.7% is achieved
with very high FF of 0.79. Such high FF is very rare in organic BHJ solar cells.
Interaction between oxygen atoms and sulfate atoms results in a highly ordered,
closely packed structure of donor polymer. Optimized vertical and horizontal phase
separation structures and high charge carrier mobilities suppressed both bulk and
interfacial recombination, which result in the high FE4

With dithienosilole (DTS) as the spacer, solar cells with PDTSTPD/PC,,BM give
the PCE as high as 7.3%. V,, of 0.88 V, J,, of 12.2 mA cm~? and FF of 0.68; 3 vol%
of DIO is required. In this work, solar cells with a thick active layer (>200 nm)
are tested, and 6.1% of PCE are achieved. J,, are increased from 12.2 mA cm™
to 13.3 mA cm2, and V,, and FF are reduced to 0.85 V and 0.54, respectively. By
changing the atom of Si to Ge, higher performance is achieved. In the first report of
this donor, PCE up to 7.3% is achieved. J, as high as 12.6 mA cm™2, V. of 0.85 V,
and FF of 0.68 is reported. By optimizing the fabrication process of the ZnO layer,
8.5% PCE is achieved with the same recipe. Much higher J, (14.0 mA cm™) is
obtained by treating the ZnO with UV-ozone.384

DPP-based polymers play a very important role in the polymer-fullerene solar
cell. The low bandgap property realizes absorption up to 900 nm, which covers the
near-IR energy in the solar spectrum. Numerous aromatic spacers are copolymerized
with the DPP unit, and excellent solar cell performances are achieved. V,. around
0.7~0.8 V was always found in DPP/fullerene-based BHJ solar cells. Strong near-IR
absorption enabled high J,. of DPP solar cells. A current up to 19 mA cm=2 can be
achieved by a single junction BHJ cell with DPP as a donor. Relatively high hole
mobilities of DPP polymer also suppressed the carrier recombination, which ensured
a high FF. The absorption of DPP polymers were complementary with P3HT, which
is strongly absorbed at 600 nm. With this property, DPP polymers were well applied
in the tandem organic BHJ solar cell, in which the highest PCE was up to 10.6%.%46

The photovoltaic data of some representative high-performance OPVs are sum-
marized in Table 1.1. As one can see, the efficiencies for OPVs are steadily approach-
ing the predicted values of 10%~12%. Designing new polymers will still be the focus
in realizing such a grand goal.

TABLE 1.1
Photovoltaic Data of Representative High-Performance OPVs
V,/V J./mA cm-? FF E PCE (%)
RR-P3HT 0.61 1.1 0.66 1.85 5.0
PCPDTBT  0.62 16.1 0.55 1.40 5.5
PSiE-DBT  0.90 9.5 0.51 1.82 54
PSPTPB 0.68 12.7 055 1.45 5.1
PP{TTBT 0.79 10.1 051 1.80 4.1
PTPT 0.81 102 0.53 1.76 44
PBDTTBT  0.74 14.5 0.69 1.62 74

PDPP3T 0.65 11.8 0.60 1.30 4.7
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1.1 POLYMER/POLYMER BULK HETEROJUNCTION SOLAR CELLS

Friend and Holmes reported the first all-polymer BHJ solar cells in 1995, blend-
ing MEH-PPV as a donor with CN-PPV as an acceptor.’” Compared to polymer/
fullerene photovoltaic devices, all-polymer BHJ solar cells have several foreseeable
advantages. In order to maximize the PCEs of solar cells, it is necessary to absorb
across the whole visible and near-IR solar spectrum. In a polymer/polymer blend,
both donor and acceptor components contribute to harvest light. It is possible to
make a complementary polymer pair that absorb across the field. Although PC,,BM
provides enhanced absorption in the blue region (peak at ca. 500 nm) with respect to
PC,,BM (peak at ca. 349 nm), it contributes little in the red and near-IR regions in the
case of polymer/fullerene systems. In addition, polymer synthesis offers much higher
versatility and flexibility than fullerene chemistry as demonstrated in the develop-
ment of polymer/fullerene solar cells. Thus, it enables the control of the energy levels
to a great extent. The energy offset between the LUMO level of a donor and the
LUMO level of an acceptor can be precustomized to obtain the highest possible V,
that is dependent on the difference between the LUMO level of an acceptor and the
HOMO level of a donor without sacrificing the driving force for charge transfer and
separation.

Figure 1.2 shows some donor and acceptor polymer combinations used in all-
polymer BHJ solar cells. The state-of-the-art all-polymer cells in the last decade
exhibit PCEs of 1.5%—1.9%, using the combination ranging from POPT/MEH-CN/
PPV, %4 P3HT/F8BT,° and M3EH-PPV/CN-ether-PPV to TVPT/PDIDTT.?">!
These efficiencies are significantly less than those of polymer/PCBM BHJ solar
cells. The efficiency discrepancy has tentatively been attributed to the lower elec-
tron mobility of most conjugated polymers compared to fullerene derivatives, which
is consequently led by the poor phase segregation resulting from binary polymer
demixing and the limited availability of n-type conjugated polymers.

Polymer blends have an intrinsic proclivity toward demixing (phase separate) into
their individual pure phases due to their low entropy of mixing. There is no exception
for rigid rod-like conjugated polymers. Binary random coil-like polymers and their
demixing have been extensively studied and are relatively well understood.’> Phase
separation in conjugated polymers is much less understood even though some demix-
ing mechanisms, for example, nucleation and growth of one phase in a surrounding
phase or the process of spinodal decompositions, have been proposed based on what
has been learned from random coil polymer systems. It also needs to be noted that
these models are suitable for bulk phase separation but may not be applicable to thin-
film phase separation.>* Nevertheless, people have applied these principles to control
the phase separation process in order to obtain the characteristic domain size of
10-20 nm for photovoltaics. Certain progress has been achieved through techniques
such as thermal annealing and the use of mixed solvents.>>%

The PCEs of all polymer solar cells have been busted to more than 4% during
the past three years; this rapid increase in performance started the new development
cycle in this area. Thermal annealing with a higher temperature and higher molecu-
lar weight batch raises the PCE of PFBT/P3HT from 1.8% to 2.7%.°"® Optimal
phase separation is achieved in this system and determined by AFM. A further
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improvement of PCE is achieved by conjugation of the donor polymer (P3HT) and
acceptor (PFBT) with a covalent bond. Three percent of PCE is obtained by this
single component polymer with a nanosized phase separation structure.

By replacing a polythiophene-based donor to a donor—acceptor polymer with a
narrow bandgap, which can harvest more light and gain a higher V,, the PCE of all
polymer solar cells with PDI or NDI polymers as acceptors starts to increase very
quickly.>*-63

NDI-2T, the most famous electron-transporting polymer, is well studied in all
polymer solar cells for its high electron mobility. However, with P3HT as the donor,
the PCE is lower than 0.3%.%* PTB7, with lower crystallinity and narrower band-
gap compared to P3HT, is applied as the donor. By mixing PTB7 with NDI-2T in
o-xylene, an optimized phase separation structure is obtained, and PCE as high as
2.66% is achieved with a V,_ of 0.80 V. O-xylene plays an important role here to
achieve the 3-D continuance phase separation structure. With chlorobenzene as the
solvent, phase separation size is too large for efficient exciton diffusion. Meanwhile,
with chloroform as the solvent, phase separation size is too small so that there is a
dead island in the BHJ film, which will lead to charge recombination.

All polymer solar cells with NDI-2T as the electron acceptor and an amorphous
low bandgap polymer (PTQI) as the donor shows a PCE up to 4%.9 Different D-A
weight ratio is screened in this work, and J,, up to 8.85 mA cm=2 and V,, as high as
0.84 V are achieved with a D-A ratio of 7/3. Relevantly low FF (0.55) is observed.
Different D-A blending ratios result in different PL. quenching efficiency and charge
carrier mobility. Balanced charge transportation and exciton separation is reached at
a D-A ratio of 7/3, which results in the highest J,. and PCE.

NDI copolymerized with a carbazole derivative results in an electron-accepting
polymer (PC-NDI). Blends with P3HT show higher efficiency than those with
NDI-2T. PCE up to 1.3% is achieved while it blends with PTB7. Almost three times
higher PCE (3.7%) is achieved by blending PC-NDI with an engineered PTB7, with
which a tris(thienylenevinylene) (TTV) is grafted as a side chain. One percent vol-
ume ratio of DIO is used to tune the morphology. High V,_of 0.88 V is achieved in
this system.%!

PCE as high as 3.3% is achieved by blending NDI-Se with a novel donor named
PSEHTT. Better electron and hole mobilities are observed in the optimized system.
V.. as high as 0.76 V and J, as high as 7.78 mA cm are obtained, respectively.®

PDI polymers with perylenetetracarboxylic diimide as the acceptor have also
shown much better performance in the past two years by blending with narrow band-
gap donors.

A PCE around 2% is achieved by blending PDI with TV-PT in the literature. TV
as the side chain is believed to be important for optimal phase separation.®> This
exact acceptor gives much lower performance while blending the high crystalline
RR-P3HT. With the “swallow tail” modified PDI polymer, PCE up to 2.1%, which is
nearly one order of magnitude higher than those results reported before, is achieved
by blending with RR-P3HT.%

Binary additives of both a high boiling point solvent (DIO) and a nonvolatile
small molecule (PDI-2DTT) are added to the BHJ film. The PDI-2DTT is the repeat-
ing unit of the acceptor polymer, which results in de-aggregation of the acceptor
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and a better mixing with the donor. Better-balanced electron/hole mobility is also
observed when both additives are added. PCE up to 3.45% along with V,_ of 0.75 and
J. of 8.55 mA cm is achieved. The FF of this system is only 0.52.%°

PDI-T with the “swallow tail” blended with isoindigo-based donors result in PCE
as high as 3.6%. Different aromatic spacers are screened for the isoindigo donor
polymers, and dramatic changes of phase separation sizes of the all-polymer blends
are observed. The author is able to determine that the PCE is only related to the
phase separation size of the all-polymer blend in this materials system. Five per-
cent of the polystyrene (PS) side chain is grafted in the donor, and more than 20%
enhancement of the J_ and PCE are obtained for both the “best” and “worst” donors,
due to reduction of phase separation size.

Many efforts have been devoted to design p-type conjugated polymers, resulting
in a large pool of p-type conjugated polymers. In contrast, the number of solution-
processable n-type conjugated polymers is still limited, as mentioned in Section
1.1.2. The available n-channel polymeric materials are still dominated by perylene
diimide and naphthalene diimide-containing polymers.’-% To design and prepare
other n-type polymers with variable electron affinity, high electron mobility, and
good ambient stability is thereby becoming the biggest challenge for all-polymer
BHI solar cells.

With the increased synthetic efforts and the better understanding of phase-
separation for rigid-rod type polymers, all-polymer BHJ solar cells have the poten-
tial to push PCEs to higher levels in OPVs.

REFERENCES

1. Brabec, C. J.; Sariciftci, N. S.; Hummelen, J. C., Plastic solar cells. Adv. Funct. Mater.
2001, /17 (1), 15-26.

2. Brabec, C. J., Organic photovoltaics: Technology and market. Sol. Energy Mat. Sol. C
2004, 83 (2-3), 273-292.

3. Scharber, M. C.; Miihlbacher, D.; Koppe, M.; Denk, P.; Waldauf, C.; Heeger, A. J.;
Brabec, C. J., Design rules for donors in bulk-heterojunction solar cells—Towards 10%
energy-conversion efficiency. Adv. Mater. 2006, 18 (6), 789-794.

4. Sariciftei, N. S.; Smilowitz, L.; Heeger, A. J.; Wudl, E., Photoinduced electron trans-
fer from a conducting polymer to buckminsterfullerene. Science 1992, 258 (5087),
1474-1476.

5. Brabec, C. J.; Zerza, G.; Cerullo, G.; De Silvestri, S.; Luzzati, S.; Hummelen, J. C.;
Sariciftci, S., Tracing photoinduced electron transfer process in conjugated polymer/
fullerene bulk heterojunctions in real time. Chem. Phys. Lett. 2001, 340 (3—4), 232-236.

6. Reyes-Reyes, M.; Kim, K.; Carroll, D. L., High-efficiency photovoltaic devices based
on annealed poly(3-hexylthiophene) and 1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)
C-61 blends. Appl. Phys. Lett. 2005, 87 (8), 083506.

7. Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Y., High-efficiency
solution processable polymer photovoltaic cells by self-organization of polymer blends.
Nat. Mater. 2005, 4 (11), 864-868.

8. Kim, Y.; Cook, S.; Tuladhar, S. M.; Choulis, S. A.; Nelson, J.; Durrant, J. R.; Bradley,
D. D. C.; Giles, M.; Mcculloch, I.; Ha, C. S.; Ree, M., A strong regioregularity effect in
self-organizing conjugated polymer films and high-efficiency polythiophene: Fullerene
solar cells. Nat. Mater. 2006, 5 (3), 197-203.



14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

Organic Solar Cells

. Kim, J. Y.; Kim, S. H.; Lee, H.-H.; Lee, K.; Ma, W.; Gong, X.; Heeger, A. J., New archi-

tecture for high-efficiency polymer photovoltaic cells using solution-based titanium
oxide as an optical spacer. Adv. Mater. 2006, 18 (5), 572-576.

Kim, K.; Liu, J.; Namboothiry, M. A. G.; Carroll, D. L., Roles of donor and acceptor
nanodomains in 6% efficient thermally annealed polymer photovoltaics. Appl. Phys.
Lett. 2007, 90 (16), 163511.

Kim, J. Y.; Lee, K.; Coates, N. E.; Moses, D.; Nguyen, T. Q.; Dante, M.; Heeger, A. J.,
Efficient tandem polymer solar cells fabricated by all-solution processing. Science 2007,
317 (5835), 222-225.

Green, M. A.; Emery, K.; Hishikawa, Y.; Warta, W., Solar cell efficiency tables (version
31). Prog. Photovolt. 2008, 16 (1), 61-67.

Huo, L.; Hou, J.; Zhang, S.; Chen, H.-Y.; Yang, Y., A polybenzo[1,2-b:4,5-b"]dithio-
phene derivative with deep HOMO level and its application in high-performance poly-
mer solar cells. Angew. Chem. Int. Ed. 2010, 49 (8), 1500-1503.

Chen, H.-Y.; Hou, J.; Zhang, S.; Liang, Y.; Yang, G.; Yang, Y.; Yu, L.; Wu, Y.; Li, G.,
Polymer solar cells with enhanced open-circuit voltage and efficiency. Nat. Photon.
2009, 3 (11), 649-653.

Liang, Y.; Wu, Y.; Feng, D.; Tsai, S.-T.; Son, H.-J.; Li, G.; Yu, L., Development of new
semiconducting polymers for high performance solar cells. J. Am. Chem. Soc. 2009, 131
(1), 56-57.

Padinger, F.; Rittberger, R. S.; Sariciftci, N. S., Effects of postproduction treatment on
plastic solar cells. Adv. Funct. Mater. 2003, 13 (1), 85-88.

Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, E; Heeger, A. J., Polymer photovoltaic cells:
Enhanced efficiencies via a network of internal donor-acceptor heterojunctions. Science
1995, 270 (5243), 1789-1791.

Nguyen, L. H.; Hoppe, H.; Erb, T.; Giines, S.; Gobsch, G.; Sariciftci, N. S., Effects of
annealing on the nanomorphology and performance of poly(alkylthiophene): Fullerene
bulk-heterojunction solar cells. Adv. Funct. Mater. 2007, 17 (7), 1071-1078.

Moulé, A. J.; Meerholz, K., Controlling morphology in polymer-fullerene mixtures.
Adv. Mater. 2008, 20 (2), 240-245.

Ma, W.; Yang, C.; Gong, X.; Lee, K.; Heeger, A. J., Thermally stable, efficient poly-
mer solar cells with nanoscale control of the interpenetrating network morphology. Adv.
Funct. Mater. 2005, 15 (10), 1617-1622.

. Yao, Y.; Hou, J.; Xu, Z.; Li, G.; Yang, Y., Effects of solvent mixtures on the

nanoscale phase separation in polymer solar cells. Adv. Funct. Mater. 2008, 18 (12),
1783-1789.

Peet, J.; Kim, J. Y.; Coates, N. E.; Ma, W. L.; Moses, D.; Heeger, A. J.; Bazan, G. C.,
Efficiency enhancement in low-bandgap polymer solar cells by processing with alkane
dithiols. Nat. Mater. 2007, 6 (7), 497-500.

Thompson, B. C.; Kim, Y.-G.; Reynolds, J. R., Spectral broadening in MEH-PPV:
PCBM-based photovoltaic devices via blending with a narrow band gap cyanovinylene—
dioxythiophene polymer. Macromolecules 2005, 38 (13), 5359-5362.

Miihlbacher, D.; Scharber, M.; Morana, M.; Zhu, Z.; Waller, D.; Gaudiana, R.; Brabec,
C., High photovoltaic performance of a low-bandgap polymer. Adv. Mater. 2006, 18
(21), 2884-2889.

Lee, J. K.; Ma, W. L.; Brabec, C. J.; Yuen, J.; Moon, J. S.; Kim, J. Y.; Lee, K.; Bazan,
G. C.; Heeger, A. J., Processing additives for improved efficiency from bulk heterojunc-
tion solar cells. J. Am. Chem. Soc. 2008, 130 (11), 3619-3623.

Hoven, C. V.; Dang, X.-D.; Coffin, R. C.; Peet, J.; Nguyen, T.-Q.; Bazan, G. C., Improved
performance of polymer bulk heterojunction solar cells through the reduction of phase
separation via solvent additives. Adv. Mater. 2010, 22 (8), E63-E66.



Conjugated Polymers as Electron Donors in Organic Solar Cells 15

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Tan, Z. A.; Zhou, E.; Zhan, X.; Wang, X.; Li, Y.; Barlow, S.; Marder, S. R., Efficient
all-polymer solar cells based on blend of tris(thienylenevinylene)-substituted polythio-
phene and poly[perylene diimide-alt-bis(dithienothiophene)]. Appl. Phys. Lett. 2008, 93
(7), 073309.

Hou, J.; Chen, H.-Y.; Zhang, S.; Li, G.; Yang, Y., Synthesis, characterization, and
photovoltaic properties of a low band gap polymer based on silole-containing
polythiophenes and 2,1,3-benzothiadiazole. J. Am. Chem. Soc. 2008, 130 (48),
16144-16145.

Baek, N. S.; Hau, S. K.; Yip, H.-L.; Acton, O.; Chen, K.-S.; Jen, A. K. Y., High per-
formance amorphous metallated n-conjugated polymers for field-effect transistors and
polymer solar cells. Chem. Mater. 2008, 20 (18), 5734-5736.

Wong, W.-Y.; Wang, X.-Z.; He, Z.; Djurisic, A. B.; Yip, C.-T.; Cheung, K.-Y.; Wang, H.;
Mak, C. S. K.; Chan, W.-K., Metallated conjugated polymers as a new avenue towards
high-efficiency polymer solar cells. Nat. Mater. 2007, 6 (7), 521-527.

Gilot, J.; Wienk, M. M.; Janssen, R. A. J., On the efficiency of polymer solar cells. Nat.
Mater. 2007, 6 (10), 704-705.

Chen, C.-P.; Chan, S.-H.; Chao, T.-C.; Ting, C.; Ko, B.-T., Low-bandgap poly(thiophene-
phenylene-thiophene) derivatives with broaden absorption spectra for use in high-
performance bulk-heterojunction polymer solar cells. J. Am. Chem. Soc. 2008, 130 (38),
12828-12833.

Liang, Y.; Xu, Z.; Xia, J.; Tsai, S.-T.; Wu, Y.; Li, G.; Ray, C.; Yu, L., For the bright
future—Bulk heterojunction polymer solar cells with power conversion efficiency of
7.4%. Adv. Mater. 2011, 22 (20), E135-E138.

Bijleveld, J. C.; Zoombelt, A. P.; Mathijssen, S. G. J.; Wienk, M. M.; Turbiez, M.; de
Leeuw, D. M.; Janssen, R. A. J., Poly(diketopyrrolopyrrole—terthiophene) for ambipolar
logic and photovoltaics. J. Am. Chem. Soc. 2009, 131 (46), 16616-16617.

Veldman, D.; Meskers, S. C. J.; Janssen, R. A. J., The energy of charge-transfer states in
electron donor-acceptor blends: Insight into the energy losses in organic solar cells. Adv.
Funct. Mater. 2009, 19 (12), 1939-1948.

Wang, E.; Ma, Z.; Zhang, Z.; Vandewal, K.; Henriksson, P.; Inganis, O.; Zhang, F.;
Andersson, M. R., An easily accessible isoindigo-based polymer for high-performance
polymer solar cells. J. Am. Chem. Soc. 2011, 133 (36), 14244-14247.

Ma, Z.; Sun, W.; Himmelberger, S.; Vandewal, K.; Tang, Z.; Bergqvist, J.; Salleo, A.;
Andreasen, J. W.; Inganas, O.; Andersson, M. R.; Muller, C.; Zhang, F.; Wang, E.,
Structure-property relationships of oligothiophene-isoindigo polymers for efficient
bulk-heterojunction solar cells. Energy Environ. Sci. 2014, 7, 361-369.

Chu, T. Y.; Lu, J.; Beaupre, S.; Zhang, Y.; Pouliot, J. R.; Wakim, S.; Zhou, J.; Leclerc,
M.; Li, Z.; Ding, J.; Tao, Y., Bulk heterojunction solar cells using thieno[3,4-c]pyrrole-
4,6-dione and dithieno[3,2-b:2’,3’-d]silole copolymer with a power conversion effi-
ciency of 7.3%. J. Am. Chem. Soc. 2011, 133 (12), 4250-4253.

Wang, D. H.; Kim do, Y.; Choi, K. W.; Seo, J. H.; Im, S. H.; Park, J. H.; Park, O. O.;
Heeger, A. J., Enhancement of donor-acceptor polymer bulk heterojunction solar cell
power conversion efficiencies by addition of Au nanoparticles. Angew. Chem. Int. Ed.
2011, 50 (24), 5519-5523.

Amb, C. M.; Chen, S.; Graham, K. R.; Subbiah, J.; Small, C. E.; So, F.; Reynolds, J. R.,
Dithienogermole as a fused electron donor in bulk heterojunction solar cells. J. Am.
Chem. Soc. 2011, 133 (26), 10062—-10065.

Cabanetos, C.; El Labban, A.; Bartelt, J. A.; Douglas, J. D.; Mateker, W. R.; Fréchet,
J. M. J.; McGehee, M. D.; Beaujuge, P. M., Linear side chains in benzo[1,2-5:4,5-b"]
dithiophene—Thieno[3,4-c]pyrrole-4,6-dione polymers direct self-assembly and solar
cell performance. J. Am. Chem. Soc. 2013, 135 (12), 4656-4659.



16

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Organic Solar Cells

Su, M. S.; Kuo, C.Y.; Yuan, M. C.; Jeng, U. S.; Su, C. J.; Wei, K. H., Improving device
efficiency of polymer/fullerene bulk heterojunction solar cells through enhanced crys-
tallinity and reduced grain boundaries induced by solvent additives. Adv. Mater. 2011,
23(29), 3315-3319.

Guo, X.; Zhou, N.; Lou, S. J.; Smith, J.; Tice, D. B.; Hennek, J. W.; Ortiz, R. P;
Navarrete. J. T. L.; Li, S.; Strzalka, J.; Chen, L. X.; Chang, R. P. H.; Facchetti, A.; Marks,
T. J., Polymer solar cells with enhanced fill factors. Nat. Photon. 2013, 7 (10), 825-833.
Small, C. E.; Chen, S.; Subbiah, J.; Amb, C. M.; Tsang, S.-W.; Lai, T.-H.; Reynolds,
J. R.; So, E, High-efficiency inverted dithienogermole-thienopyrrolodione-based poly-
mer solar cells. Nat. Photon. 2012, 6 (2), 115-120.

Dou, L.; Chang, W.-H.; Gao, J.; Chen, C.-C.; You, J.; Yang, Y., A selenium-substituted
low-bandgap polymer with versatile photovoltaic applications. Adv. Mater. 2013, 25,
825-831.

You, J.; Dou, L.; Hong, Z.; Li, G.; Yang, Y., Recent trends in polymer tandem solar cells
research. Prog. Polym. Sci. 2013, 38 (12), 1909-1928.

Halls, J. J. M.; Walsh, C. A.; Greenham, N. C.; Marseglia, E. A.; Friend, R. H.; Moratti,
S. C.; Holmes, A. B., Efficient photodiodes from interpenetrating polymer networks.
Nature 1995, 376 (6540), 498-500.

Granstrom, M.; Petritsch, K.; Arias, A. C.; Lux, A.; Andersson, M. R.; Friend, R. H.,
Laminated fabrication of polymeric photovoltaic diodes. Nature 1998, 395 (6699),
257-260.

Holcombe, T. W.; Woo, C. H.; Kavulak, D. F. J.; Thompson, B. C.; Frechet, J. M. J.,
All-polymer photovoltaic devices of poly(3-(4-n-octyl)-phenylthiophene) from grignard
metathesis (GRIM) polymerization. J. Am. Chem. Soc. 2009, 131 (40), 14160-14161.
McNeill, C. R.; Abrusci, A.; Zaumseil, J.; Wilson, R.; McKiernan, M. J.; Burroughes,
J. H.; Halls, J. J. M.; Greenham, N. C.; Friend, R. H., Dual electron donor/electron
acceptor character of a conjugated polymer in efficient photovoltaic diodes. Appl. Phys.
Lett. 2007, 90 (19), 193506.

Zhan, X.; Tan, Z. A.; Domercq, B.; An, Z.; Zhang, X.; Barlow, S.; Li, Y.; Zhu, D.;
Kippelen, B.; Marder, S. R., A high-mobility electron-transport polymer with broad
absorption and its use in field-effect transistors and all-polymer solar cells. J. Am. Chem.
Soc. 2007, 129 (23), 7246-7247.

Pincus, P., Dynamics of fluctuations and spinodal decomposition in polymer blends. II.
J. Chem. Phys. 1981, 75 (4), 1996-2000.

Walheim, S.; Boltau, M.; Mlynek, J.; Krausch, G.; Steiner, U., Structure formation via
polymer demixing in spin-cast films. Macromolecules 1997, 30 (17), 4995-5003.

Kim, J.-S.; Ho, P. K. H.; Murphy, C. E.; Friend, R. H., Phase separation in polyfluorene-
based conjugated polymer blends: Lateral and vertical analysis of blend spin-cast thin
films. Macromolecules 2004, 37 (8), 2861-2871.

McNeill, C. R.; Greenham, N. C., Conjugated-polymer blends for optoelectronics. Adv.
Mater. 2009, 21 (38-39), 3840-3850.

McNeill, C. R.; Westenhoff, S.; Groves, C.; Friend, R. H.; Greenham, N. C., Influence
of nanoscale phase separation on the charge generation dynamics and photovoltaic per-
formance of conjugated polymer blends: Balancing charge generation and separation.
J. Phys. Chem. C. 2007, 111 (51), 19153-19160.

Mori, D.; Benten, H.; Kosaka, J.; Ohkita, H.; Ito, S.; Miyake, K., Polymer/polymer
blend solar cells with 2.0% efficiency developed by thermal purification of nanoscale-
phase-separated morphology. ACS Appl. Mater. Interfaces 2011, 3 (8), 2924-2927.
Mori, D.; Benten, H.; Ohkita, H.; Ito, S.; Miyake, K., Polymer/polymer blend solar cells
improved by using high-molecular-weight fluorene-based copolymer as electron accep-
tor. ACS Appl. Mater. Interfaces 2012, 4 (7), 3325-3329.



Conjugated Polymers as Electron Donors in Organic Solar Cells 17

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Cheng, P.; Ye, L.; Zhao, X.; Hou, J.; Li, Y.; Zhan, X., Binary additives synergistically
boost the efficiency of all-polymer solar cells up to 3.45%. Energy Environ. Sci. 2014, 7,
1351-1356.

Zhou, N.; Lin, H.; Lou, S. J.; Yu, X.; Guo, P;; Manley, E. E; Loser, S.; Hartnett, P.;
Huang, H.; Wasielewski, M. R.; Chen, L. X.; Chang, R. P. H.; Facchetti, A.; Marks, T. J.,
Morphology-performance relationships in high-efficiency all-polymer solar cells. Adv.
Energy Mater. 2014, 4:1300785. doi: 10.1002/aenm.201300785.

Zhou, E.; Cong, J.; Hashimoto, K.; Tajima, K., Control of miscibility and aggregation
via the material design and coating process for high-performance polymer blend solar
cells. Adv. Mater. 2013, 25, 6991-6996.

Mori, D.; Benten, H.; Okada, I.; Ohkita, H.; Ito, S., Low-bandgap donor/acceptor
polymer blend solar cells with efficiency exceeding 4%. Adv. Energy Mater. 2014,
4:1301006. doi: 10.1002/aenm.201301006.

Earmme, T.; Hwang, Y.-J.; Murari, N. M.; Subramaniyan, S.; Jenekhe, S. A., All-
polymer solar cells with 3.3% efficiency based on naphthalene diimide-selenophene
copolymer acceptor. J. Am. Chem. Soc. 2013, 135 (40), 14960-14963.

Yan, H.; Collins, B. A.; Gann, E.; Wang, C.; Ade, H.; McNeill, C. R., Correlating the
efficiency and nanomorphology of polymer blend solar cells utilizing resonant soft
X-ray scattering. ACS Nano 2011, 6 (1), 677-688.

Zhou, E.; Cong, J.; Wei, Q.; Tajima, K.; Yang, C.; Hashimoto, K., All-polymer solar
cells from perylene diimide based copolymers: Material design and phase separation
control. Angew. Chem. Int. Ed. 2011, 50 (12), 2799-2803.

Zhou, Y.; Yan, Q.; Zheng, Y.-Q.; Wang, J.-Y.; Zhao, D.; Pei, J., New polymer acceptors
for organic solar cells: The effect of regio-regularity and device configuration. J. Mater.
Chem. A 2013, 1 (22), 6609-6613.

Guo, X.; Watson, M. D., Conjugated polymers from naphthalene bisimide. Org. Lett.
2008, 70 (23), 5333-5336.

Yan, H.; Chen, Z.; Zheng, Y.; Newman, C.; Quinn, J. R.; Dotz, F.; Kastler, M.; Facchetti,
A., A high-mobility electron-transporting polymer for printed transistors. Nature 2009,
457 (7230), 679-686.

Chen, Z.; Zheng, Y.; Yan, H.; Facchetti, A., Naphthalenedicarboximide- vs perylene-
dicarboximide-based copolymers. Synthesis and semiconducting properties in bottom-
gate N-channel organic transistors. J. Am. Chem. Soc. 2008, 131, 8-9.



www.FreeEngineeringBooksPdf.com



Donor and Acceptor
Functionalized
Silsesquioxane
Nanostructures

for Organic-Based
Photovoltaic Devices

Hemali Rathnayake and John Ferguson

CONTENTS

2.1 INErOAUCHION ...ttt 19

2.2 Functionalized PolysilSeSquiOXanes ...........ccceceevevuirreniineenieeeenceieneeeennen 20
221 OVEIVIEBW..ouiiiiiiiieiiieieeit ettt 20
2.2.2  Synthesis of Polysilsesquioxanes by Sol-Gel Method........................ 23

2.3 Functional Silsesquioxanes/Bridged Silsesquioxanes Nanocomposites ........ 25

2.4 Functionalized Silsesquioxanes Nanostructures for Organic-Based
Photovoltaic DEVICES.......coveruiiieriiiieieeieieeieeceeeee et 26
241 OVEIVIEBW..ouiiiiiiiiiiieiieie ettt s 26

2.4.2 Perylenediimide- and Poly(3-hexylthiophene)-Functionalized
Silsesquioxane Nanoparticles: Synthesis, Particle Morphology,

and Photovoltaic Performance............ccveeeiiiiniiiieiiiieeiie e 27
2.4.2.1 Synthesis and Particle Morphology .........ccceceevveeeniinnieennnen. 28
2.4.2.2  Photovoltaic Performance............ccccoeeuvieriiieniiieiiieeeeiieenns 31
2.5 SUMMATY .ottt ettt ettt sttt et e sae e s enesaeen 33
S (S5 1) 1 Lo ST UPRUPUR 33

2.1 INTRODUCTION

Organic semiconductors functionalized nanostructures play a major role in opto-
electronic device applications. Reliable synthesis of such nanostructures with narrow
average size distributions or specific aspect ratios provides opportunities to study size-
dependent optical and electrical properties. Much advancement has been made inves-
tigating novel functionalized nanostructures for electronic device applications.!-?

19
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Recent research has provided many examples of ligand-functionalized hybrid nano-
structures developed initially from planar metal and metal oxide surface mono-
layers.!'>810 Some of these nanostructures are now commercially available, and
significant advances have been made toward their use in light-emitting displays, photo-
voltaic devices,'*-'® biodiagnostics,'-'8 and as probes of interfacial phenomena.!*-22
Related ligand-functionalization chemistry also applies to carbon nanotubes,?3-2¢
silica nanoparticles,?’-3° magnetic nanoparticles,’'-* clay sheets,®37 and numerous
other nanostructures.

The hierarchical assembly of nanoscale building blocks with tunable dimensions
and structural complexities is essential for controlling the distinctive geometry of 1-D
structures. These particular dimensional nanomaterials are utilized for a variety of
nanostructure applications, including high-strength nanocomposites, field-emitting
surfaces, sensors, nanotransistors, biomaterial delivery tools, optical devices, elec-
trode materials, energy storage devices, and catalysts.®4 Many 1-D nanomaterials,
such as cerium oxide nanotubes, zinc oxide nanotubes, gold nanorods, carbon nano-
tubes (CNT), and silicon nanowires, have been recently fabricated and reported.*8->2
The anisotropic nature of cylindrical polymer brushes has been applied to template
1-D nanostructures, including metal, semiconductors, or magnetic nanowires.>3-8
Great efforts have been made to develop techniques to produce unique 1-D struc-
tures, such as laser-assisted catalytic growth,> vapor-liquid—solid,®® solution—
liquid—solution techniques,® template-directed synthesis,®” and others.®* However,
achieving distinct geometries at the extremely small size of 1-D structures remains
a great challenge in this field.

Despite the many advances, a number of challenges lie ahead in the tailored ligand
chemistry of nanoparticles and 1-D nanomaterials, including (1) expanding the scope
of ligand chemistry in terms of ligand variety (ranging from small molecules to func-
tionalized molecules and polymers), (2) exploiting new functionality on nanostructures
to enable dispersion in specific polymer matrices, (3) delicate balancing over directed
assembly of nanoparticles in polymer/copolymer assemblies, (4) improving the utility
of both nanoparticles and 1-D nanostructures in devices by replacing conventional
insulating molecules/polymers with electronically active ligands, and (5) controlling
the aspect ratios of 1-D nanostructures to produce smaller feature size.

As a part of continuing development for preparing novel materials with enhanced
properties, we discuss here the recent development of organic—inorganic hybrid nano-
structures derived from a silsesquioxane core structure with regards to their synthesis,
characterization, properties, and applications as donors and acceptors for organic-based
photovoltaics.

2.2 FUNCTIONALIZED POLYSILSESQUIOXANES
2.2.1  OVERVIEW

The polysilsesquioxanes are a common class of organic—inorganic hybrid materials in
which organic components are bonded to a silsesquioxane backbone to make either
silsesquioxanes with the empirical formula of R-SiO, 5 or functionalized-bridged silses-
quioxanes with the general formula of R-Si,05, in which R is an organic functional group.
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The organic groups covalently attach to the trifunctional silicon groups through Si-C
bonds and can be varied in length, rigidity, geometry of substitution, and functionality.
Because the organic group remains an integral component of the material, the structural
geometry and functionality provide an opportunity to modulate bulk properties, such as
porosity, thermal stability, refractive index, optical clarity, chemical resistance, hydro-
phobicity, and dielectric constant of bulk materials. The fine degree of control over bulk
chemical and physical properties has made these hybrid materials excellent candidates
for a variety of applications ranging from optoelectronic devices®*-¢’ to catalyst sup-
ports,®-% ceramics,” and membrane applications.

Polyhedral oligomeric silsesquioxanes (POSS) belong to the silsesquioxane fam-
ily having the empirical formula of RSiO, 5, and R may be a hydrogen atom or an
organic functional group, for example, an alkyl, alkylene, acrylate, hydroxyl, or
epoxide unit.”"”* The most common POSS compounds are cage structures consist-
ing of a silica cage core and eight organic functional groups attached to the corners
of the cage (Figure 2.1). Depending on the number of organic functional groups,
these molecular silica can be divided into monofunctional POSS and multifunctional
POSS (Figure 2.1).7! When all the organic groups are nonreactive, they are referred
to as molecular silica. POSS nanostructures have diameters in the range of 1-3 nm
and, hence, may be considered as the smallest existing silica particles.”!

Over the past decade, POSS have been used as molecular building blocks for
many applications, especially for electronic device applications.””7° These hybrid
structures have been incorporated into a variety of materials to enhance their proper-
ties, such as thermal stability, optical transparency, toughness, and solubility. Many
of these properties are critical for applications in electronic devices, especially for
organic-based optoelectronics. Significant advances have been made in incorporating
POSS cages into organic light emitting materials.”’-8! Conjugated polymers function-
alized with silsesquioxane cages have shown improved thermal and color stability,
higher brightness, and improved quantum efficiencies compared to polymers alone.”’
Moreover, tailoring silsesquioxane cages onto light-emitting conjugated polymers
and macromolecules minimizes energy trap and aggregate formation while improv-
ing the lifetime of the devices.”” It is evidenced that incorporating light-emitting
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FIGURE 2.1 Representative molecular structures of polyhedral oligomeric silsesquioxanes
(POSS).
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units into a ladder polysiloxane backbone reduces the electron delocalization of con-
jugated polymer and thus suppress the formation of aggregation.30-82

On the other hand, bridged silsesquioxanes are silsesquioxane networks formed by
bridged polysilsesquioxanes, which contain a very high content of organic groups in
networks with a wide range of desirable physical properties. These networks are able to
demonstrate the full potential of the organic groups utilized with the structural stability,
toughness, and tensile strength greater than either an organic or inorganic component
alone.® The organic group chosen to be incorporated into the silsesquioxane network
can retain many of its chemical properties inside of the network while also playing a
significant role in the physical properties of the network.3* Bridged polysilsesquioxanes
are prepared in a single step from molecular precursors having variety of organic frag-
ments. The organic fragments in the building blocks range from rigid arylenic,3-°
acetylenic,33°-%7 and olefinic®®-1%! bridging groups to flexible alkylenes ranging from
one to 14 methylene groups in length.®-103 A variety of functionalized groups, such as
amines,'* ethers,'% sulfides,'% phosphines, amides, ureas, carbamates, and carbonates,
also include bridging groups.'°7-1> The chemical structures of a selected few examples
of such bridging silane precursors are shown in Figure 2.2.
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s o
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FIGURE 2.2 Chemical structures of bridging silane precursors with a variety of bridging
groups.
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2.2.2  SyNTHESIS OF POLYSILSESQUIOXANES BY SOL-GEL METHOD

The common method of preparing silsesquioxanes is sol-gel polymerization of organo-
silane monomers containing two or more trichlorosilyl or trialkoxysilyl groups. Sol-
gel polymerization of unmodified tetraalkoxysilanes forms an amorphous silica gel
in the solution when catalyzed with either an acid or a base.?3 The alkoxy groups in
the presence of water and an acid or base undergo hydrolysis to form silanol groups
and release a corresponding alcohol into the solution.®* Without any change to reac-
tion conditions, condensation occurs between silanol groups and alkoxy groups to
form the silica network with by-products of water and alcohol, respectively.®? As
these silane bonds form, the silsesquioxane network forms as a gel in solution until
all monomers are polymerized. The choice of solvents, catalysts, and processing
conditions of this sol-gel polymerization influence the physical properties of the
resulting silica network.33-85

As depicted in Scheme 2.1, bridged polysilsesquioxanes undergo sol-gel polymer-
ization in the same fashion; the bridging organic group does not form bonds during
polymerization as it is already incorporated into the silane network by its bonds at
the monomer level.33-% The length and flexibility of the bridging organic group also
influences the physical properties of tensile strength and porosity of the resulting
silsesquioxane network. 5384

The sol-gel process of creating the silsesquioxane network in solution results in
the creation of many different types of materials depending upon the processing
techniques used to extract the network from the solution.®3 For example, if the solu-
tion is centrifuged or filtered before complete gelation has occurred, either due to
a lack of time or necessary concentration of one or more reagents, silsesquioxane
nanoparticles can be collected from the precipitate with their size and morphology
controlled by the reaction conditions.!!* Partially formed silsesquioxane networks in
the solution can also be coated onto surfaces to form films as the solvent evaporates
or removed from the solution as fibers.?

After gelation has occurred, the method by which these gels are processed differ-
entiates between two different types of resulting materials. Allowing the gels to air
dry, possibly after washing with another solvent or introducing additives to slow the
drying process, will result in xerogels."'*!1> Varying with the degree of porosity and
the drying conditions, silsesquioxane networks will undergo 80%—-95% shrinkage
as they dry to form xerogels.?* This dramatic change in the volume of the gels leads
to a reduction in their porosities and can cause structural cracks if additives are not
used. Crushing and washing the gel with water before drying under vacuum at high
temperatures can create xerogel powders with comparable porosities to monolithic
xerogels.®

Aerogels created from the gelled solution require more careful processing tech-
niques but more closely resemble the original structure of the gelled solution. By
adjusting the temperature and pressure, the gel can be dried at the supercritical point
of the solvent contained within its networks. Because of safety concerns of working
with supercritical alcohols, the solvent is often replaced with supercritical carbon
dioxide.® Aerogels undergo less shrinkage than xerogels during the drying process
and retain much higher porosities as a direct result.®3
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Although a wide range of ormosil materials has been prepared in bulk form,!!3.116-118
the use of the sol-gel process as a route to make silsesquioxane nanoparticles and
nanocomposites has been limited until quite recently.

2.3 FUNCTIONAL SILSESQUIOXANES/BRIDGED
SILSESQUIOXANES NANOCOMPOSITES

Recent research on organosilica hybrids, ormosils, or silsesquioxanes and bridged
silsesquioxanes has provided examples of tailoring various types of organic moieties
onto particles for a wide variety of applications. There are three known methods
to produce functionalized silicon-based particles: (1) surface functionalized silica
particles by the Stober method, (2) organically modified silica particles (ormosils) by
cocondensation of tetraethoxysilane (TEOS) and organotrialkoxysilane precursor,
and (3) functionalized silsesquioxane particles by base-catalyzed direct hydrolysis
and condensation of organotrialkoxysilanes. The schematic diagram for the prepara-
tion of these three types of silica-based particles is shown in Figure 2.3.

The first approach involved surface functionalization of organic moieties onto
presynthesized Stober silica particles, which was originally developed by Stober
and coworkers.!"” In the Stober method, monodisperse silica particles were prepared
from tetraalkoxysilane precursors, such as TEOS, in a mixture of water, ammonia,
and alcohol. However, the capability of chemically tailoring the surface of silica
nanoparticles made from the Stober method is limited due to lesser nanoparticle
surface coverage with ligands (less residual silanol groups) as well as by difficulties
in using some specific ligands. The second approach involves the Stober synthe-
sis of ormosil particles starting from mixtures of TEOS and organotrialkoxysilane
precursors with the general formula RSi(OR’);, where R = methyl, phenyl, octyl,
mercaptopropyl, aminopropyl, and R’ = methyl or ethyl.'?’-'2> However, it has been
also shown that this method gives less ligand density, which is less than 20%. The
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FIGURE 2.3  Schematic diagram for the preparation of functionalized silica-based particles
from three known methods.
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direct hydrolysis and condensation of organotrialkoxy silanes is found to be the
most effective and efficient method to make functionalized silica-based particles
that gives higher load of organic groups with silsesquioxane core structure. This
method also provides more organic character to the inorganic core with retained
three-dimensional architecture in solution.

As described in Section 2.2.2, the well-known method to make functionalized
silsesquioxanes is the hydrolytic sol-gel route, which involves base- or acid-catalyzed
hydrolysis and condensation reactions of monomeric alkoxy silane precursors in
aqueous solvent systems. In addition to the hydrolytic sol-gel route, some other
approaches have been developed in recent years by a few other research groups to
produce organosilicas, including a modified Stober sol-gel route, a nonhydrolytic sol-
gel route, and miniemulsion polymerization.''3-1'8 Recently Noda et al. introduced
miniemulsion polymerization in the presence of a nonionic emulsifier to synthe-
size spherical methylsilsesquioxane particles with an average diameter of 0.2-2.0
pm.!25:126 Later, this method was modified to yield a spherical organosilica network
with controlled particle size from 3-15 nm, using benzethonium chloride emul-
sifier in aqueous sodium hydroxide solution.'”” To date, a range of organosilicas
with the general formula [R,SiOs]n, (R is methyl, phenyl, ethyl, octyl, mercapto-
propyl, vinyl, acrylic, aminopropyl, and isocyanate) has been synthesized using the
size-controlled emulsion polymerization method and/or modified Stober sol-gel
routes.!'8-128 To extend the method available for synthesis of silsesquioxane nano-
particles, emulsion polymerization offers an additional attractive option. Arkhireeva
and Hay reported the synthesis of methyl, ethyl, phenyl, and vinyl silsesquioxane
nanoparticles with an average diameter of 3.5-320 nm, which were prepared in
aqueous media using a cationic and nonionic surfactant as the emulsifier and
sodium hydroxide as the catalyst at room temperature.'?® However, there is less
effort devoted to make organic semiconductors-functionalized silsesquioxane
nanostructures that have potential applicability in organic-based photovoltaic
devices.3%13! The recent developments in the preparation of such silsesquioxane
nanostructures are discussed in Section 2.4.

2.4 FUNCTIONALIZED SILSESQUIOXANES NANOSTRUCTURES
FOR ORGANIC-BASED PHOTOVOLTAIC DEVICES

2.4.1 OVERVIEW

Conjugated polymers functionalized with silsesquioxane POSS cages have shown
improved thermal and color stability, higher brightness, and improved quantum
efficiencies compared to polymers alone.” Indeed, only a few reports describe sur-
face functionalized electronically active silica nanoparticles'*? and donor and accep-
tor functionalized silsesquioxane nanoparticles**!3! for photovoltaic applications.
Senkovskyy et al. recently introduced a novel surface-initiated grafting method to
graft regioregular poly(3-hexylthiophene), P3HT, from surface-modified silica parti-
cles and evaluated the resulting photovoltaic properties by blending with a derivative
of fullerene Cy, (PCBM).!* These nano-P3HT particles in combination with PCBM
showed a reasonably good photovoltaic performance with overall power conversion
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efficiency of 1.8%-2.3%.'*> Rathnayake et al. developed a modified Stober method
to prepare perylenediimide (PDI) and P3HT-functionalized silsesquioxane nano-
particles and evaluated the photovoltaic performance for organic-based solar cells.!3%13!
The method developed to make these dye-functionalized silsesquioxane nano-
particles has been shown to be very useful in incorporating higher content of organic
dyes into the silsesquioxane network to obtain highly fluorescent acceptor functional-
ized nanoparticles. This approach is also clearly not limited to specific ligands but
could be applied broadly across any appropriately functionalized silane precursor to
make hybrid nanostructures of various sizes and compositions. Section 2.4.2 describes
a detailed discussion of preparing PDI and P3HT functionalized silsesquioxane and
their applicability as a light-absorbing layer for photovoltaic devices.

2.4.2 PERYLENEDIIMIDE- AND POLY(3-HEXYLTHIOPHENE)-FUNCTIONALIZED
SILSESQUIOXANE NANOPARTICLES: SYNTHESIS, PARTICLE
MORPHOLOGY, AND PHOTOVOLTAIC PERFORMANCE

Poly(3-hexylthiophene) (P3HT) has been the most used donor material in polymer-
based OPVs along with either a fullerene derivative (PCBM) or a perylenediimide
derivative (PDI) as an acceptor.'**!3* Power conversion efficiency up to ~10% has
been achieved for PBHT/PCBM solar cells,'** making them a prime candidate for
future low-cost solar power generation. However, bulk heterojunction solar cells are
strongly dependent on the polymer morphology and their molecular interactions with
the substrates and other components in the blends.'*-3 Linear conjugated polymers
(LCPs) exhibit very complex self-assembly behavior due to their structural flexibil-
ity, longer chain length, and wide molecular weight distribution. It is essential to
develop LCPs having both improved optoelectronic properties and organizable self-
assembly properties. To improve the progress of organic-based devices, synthetic
methods need to be developed to make well-defined three-dimensional structures
with a controlled size, shape, and delicately organized self-assembly properties.

Significant research efforts have been focused on incorporating LCPs onto a vari-
ety of nanoparticle surfaces to enhance not only their optical responses, but also to
improve guidable self-assembly properties.'*>13¢ Among such nanostructures, func-
tionalized silicas, silsesquioxanes, and ormosils have provided rich platforms for the
covalent attachment of polymers, macromolecules, and dendrimers for a variety of
applications in microelectronics.”>7¢7° For example, these organic/inorganic hybrid
structures have been incorporated into organic light-emitting materials to improve
thermal and color stabilities, brightness, and quantum efficiencies.

The progress of the synthetic efforts for OPV has been placed on the develop-
ment of novel donor materials. However, progress with alternative acceptor materials
has not been as visible as for donor polymers. So far, acceptors, such as conjugated
polymers, carbon nanotubes, perylenes, and inorganic semiconducting nanoparti-
cles, have not satisfied expectations compared to PCBM and related fullerenes.!33134
For example, solar cells comprised of blends of perylenediimide derivatives (PDIs)
and P3HT exhibit power conversion efficiencies below 0.2% due to the formation of
micrometer-sized PDI crystals upon annealing. The micrometer-sized crystals act
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as barriers to separate holes and electrons generated at the donor—acceptor interface
resulting low power conversion efficiencies.!3*

In recent years, substituted perylenediimides (PDIs) have been studied exten-
sively as a major class of organic semiconductors, which serve as both acceptors and
n-type semiconductors.'3°-2 Functionalized PDI derivatives show unique optoelec-
tronic properties due to the formation of supramolecular architectures via nonco-
valent intermolecular interactions between the extended n-conjugation.!*3144 Novel
PDI derivative-substituted donor systems synthesized for efficient energy and charge
transfer studies have been reported for oligo(p-phenylenevinylene)s,'*-148 oligo(p-
phenylene)s,'#® oligothiophenes,!>°-154 oligopyrroles,'> oligofluorenes," -1 porphy-
rin,'-191 and phthalocyanine.'> The inherent optoelectronic characteristics and
high thermal and photostability of PDI derivatives make them promising alterna-
tives to PCBM. The creation of supramolecular architecture with well-defined shape
and size would be an elegant approach to avoid the formation of microcrystalline
domains upon annealing. Therefore, tailoring PDI derivatives to a silsesquioxane
networks would be a way to improve power conversion efficiency of the P3HT/PDI
donor/acceptor system. However, a greater understanding of structure—property rela-
tionships is vital to reaching this goal.

2.4.2.1 Synthesis and Particle Morphology

In the typical procedure introduced by Rathnayake et al.'’° PDI-functionalized
bridged silsesquioxane nanoparticles were prepared using base-catalyzed condensa-
tion of PDI-triethoxysilane precursor either presence of catalytic amount of tetraeth-
oxysilane (TEOS) or without TEOS (Scheme 2.2).

Although the particle size was controlled by the molar ratios of silane precursor to
NH,OH to TEOS, slow drop feeding the monomer into the reaction and the addition
of TEOS controlled the particle regularity. The reaction conditions were evaluated
to produce a best-suited synthetic procedure for the production of a wide size range
of nanoparticles with narrow size distribution. These nanoparticles are soluble in
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SCHEME 2.2 Synthesis scheme for the preparation of PDIB-NPs. (From Rathnayake, H.
et al., Nanoscale, 4, 4631-4640, 2012. Reproduced by permission of The Royal Society of
Chemistry.)
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most organic solvents to give homogeneous solutions from clear to opaque, depend-
ing upon the particle size. In this manner, the particle size was controlled ranging
from 30 to 200 nm. The size and the shape of the nanoparticles were visualized
using transmission electron microscopy (TEM). The morphology of these particles
is shown in Figure 2.4 and further confirmed the successful preparation of these
novel electronically active nanoparticles.

It has been shown that the modified Stober method developed here is not limited
to specific ligands. The range of materials achievable in this fashion is extremely
diverse due to the capability of incorporating a wide range of ligand compositions,
from reactive functional groups to fluorescent molecules to semiconducting poly-
mers. The same research group later adapted this modified Stober method to make
P3HT-functionalized siloxane nanoparticles and evaluated their photovoltaic param-
eters as a promising donor nanomaterial for OPVs.!3!

The application of this modified Stober method to prepare P3HT-functionalized
siloxane nanoparticles is depicted in Scheme 2.3. The silane precursor of P3HT,3
was prepared via subsequent synthetic steps starting from 2,5-dibromo-3-hexyl-
thiophene. In a typical procedure, P3HT-NPs were prepared by condensation of
P3HT-silane 3 with ammonium hydroxide solution in the presence of 20%—40%
tetracthoxysilane (TEOS) in a solvent mixture of anhydrous ethanol and THF (4:1).

The reaction conditions and the effect of base concentration on the particle size
distribution were reported. The particle size was controlled by the amount of base
concentration, and it has shown that the smaller-size particles were yielded at a higher
NH,OH concentration. As the amount of TEOS used in this method was in the range
of 20%—40%, which is higher than the usual catalytic amount of TEOS, the resulting
silica core is a siloxane network. The size and shape of these functionalized hybrids
are shown in Figure 2.5. According to TGA analysis, the percent weight of the poly-
mer fraction attached to the siloxane core is in the range of 55% to 70%, which also
confirms the incorporation of both silicas (SiO,) and silsesquioxanes (SiO; ) into the
core structure. The degree of condensation in typical base-catalyzed polysilsesqui-
oxanes is in the range of 80%—90%. However, the ligand density of functionalized
siloxanes is still higher over the conventional methods, such as ligand functionaliza-
tion from surface modified silica and organically modified silica particles.

BTN ]
=t

(@)%

FIGURE 2.4 Transmission electron microscopy images of PDIB-NPs in two different sizes;
(a) ~40 nm and (b) ~60 nm (scale bars: 100 nm). (From Rathnayake, H. et al., Nanoscale, 4,
4631-4640, 2012. Reproduced by permission of The Royal Society of Chemistry.)
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SCHEME 2.3 Preparation of P3HT-SSQ nanoparticles by the direct hydrolysis and con-
densation method. (From Rathnayake, H., Nanoscale, 5, 3212-3215, 2013. Reproduced by
permission of The Royal Society of Chemistry.)

FIGURE 2.5 Transmission electron microscopy images of P3HT-SSQ NPs (sizes: [a] ~55 nm
and [b] 120 nm; scale bars: 100 nm in both images). (From Rathnayake, H., Nanoscale, 5,
3212-3215, 2013. Reproduced by permission of The Royal Society of Chemistry.)

The direct hydrolysis and condensation process described above is clearly not
limited to specific ligands but could be applied broadly across any appropriately
functionalized silane precursor to make hybrid nanostructures of various sizes, shapes,
and compositions. As shown in Figure 2.6, different morphologies of functionalized
silsesquioxane nanostructures would be feasible to produce through this method.
For example, the hydrolysis and condensation of organomonoethoxy silanes with
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FIGURE 2.6 Morphologies of a variety of PDI-functionalized nanostructures prepared
from the modified Stober method.

different base concentrations yields functionalized nanostructures varied from nano-
ribbons to nanorods to nanochains.

2.4.2.2 Photovoltaic Performance

The photovoltaic performances of PDI-silsesquioxane nanoparticles and P3HT-
siloxane nanoparticles for the bulk-heterojunction solar cells were reported with
configuration of ITO/PEDOT:PSS/Active layer/Ca (or LiF)/Al. The various device
parameters, including annealing conditions and compositions of the active layer
blends, were optimized (Figure 2.7). The reported photovoltaic parameters for the
devices made with PDI-silsesquioxane nanoparticles as an acceptor are a V. of 0.53 V,
J,. of 6.88 mA/cm?, and a fill factor (FF) of 0.42 + 0.02, when the devices were
annealed at 150°C. The current density of P3HT/PDIB-NPs blends was improved
fivefold with a power conversion efficiency of 1.56% + 0.06%, which represents a
nearly threefold improvement in performance over previously reported P3HT-block-
PDI copolymer solar cells.!* These results demonstrate the beneficial effects on
device performance by having nanosized crystalline particles of PDI with a silses-
quioxane structure. In the case of P3HT-siloxane nanoparticles, the power conver-
sion efficiency of 1.58% with a V. of 0.55 'V, J,. of 9.61 mA/cm?, and a FF of 0.30 +
0.02 at room temperature was reported (Figure 2.7b). These results demonstrate that
the siloxane core structure at least does not affect the optoelectronic properties of
P3HTs.
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2.5 SUMMARY

Hybrid organic—inorganic nanostructures derived from polysilsesquioxanes continue
to show a wide range of desirable chemical, physical, and optoelectronic properties.
These properties are an integral part of the inorganic network, which allows novel
morphologies, such as spherical nanoparticles, nanoribbons, nanorods, and nano-
chains. The base- or acid-catalyzed hydrolysis and condensation of organoalkoxysi-
lanes through either sol-gel polymerization or the modified Stober sol-gel method
enables the formation of a silsesquioxane network with variety of morphologies.
The recent advancement on incorporating organic semiconductors to silsesquioxane
networks and their applicability as promising active layer materials for organic solar
cells suggests that these hybrid nanostructures will continue to expand the horizons
of materials science.
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3.1 INTRODUCTION

Solar cells have been attracting great attention due to energy and environmental con-
cerns. Although the crystalline silicon solar cells are still the main player in practical
application today, they have a problem of too long payback time because of the high
fabrication cost. Organic solar cells (OSCs) are regarded as the next-generation solar
cells due to their merits, including low fabrication cost, light weight, high mechani-
cal flexibility, tunable chemical and physical properties via molecular design, and
fast module installation.>» An OSC usually has a photoactive layer 100-200 nm thick
sandwiched between two electrodes. At least one electrode must be transparent to
harvest light. OSCs can be semitransparent or transparent in the visible range when
both electrodes are transparent.>-® A transparent electrode is needed not only for
solar cells, but also for other optoelectronic devices. Indium tin oxide (ITO) is the
most popular material for transparent electrodes now. ITO is a wide bandgap degen-
erate semiconductor. It has superior optical and electrical properties. For example,
a 150-nm-thick ITO thin film can have a sheet resistance of below 15 Q/sq and
an optical transmittance of above 90% in the visible range. Nevertheless, there are
several severe problems for ITO.”® Indium is a scarce element on Earth, which has
caused the skyrocketing of the indium price. ITO has poor mechanical flexibility so
that it cannot be used for flexible electronic devices. Flexible electronic devices are
regarded as the next-generation electronic devices.

To develop new transparent electrode materials is important for solar cells and
other optoelectronic devices. The requirements for new transparent electrode mate-
rials include at least high transparency and low sheet resistance. In order to be used
in flexible electronics, they should have high mechanical flexibility as well. Several
types of materials, including transparent conducting polymers, carbon nanotubes,
graphene, nanostructured metals, and transparent conductive oxides (TCOs) rather
than ITO have been proposed as the substitute of ITO. This chapter reviews the
fabrication, structure, and properties of these materials and their application as the
transparent electrode of OSCs.

3.2 TRANSPARENT CONDUCTING POLYMERS

3.2.1 STRUCTURE, PROPERTIES, AND SYNTHESIS OF
TRANSPARENT CONDUCTIVE POLYMERS

Since the report on conductive polyacetylene in the 1970s, conducting polymers have
been attracting great attention.” Conducting polymers are conjugated polymers in an
oxidized or reduced state. There are alternative 6 and ® bonds along the backbone
for conjugated polymers. The & electrons are delocalized along the whole polymer
chains, giving rise to the formation of valence and conduction bands. But the band-
width of the conduction band and valence band is very narrow for neutral conju-
gated polymers so that the lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) are more popular to describe their electronic
structure. The optical properties of neutral conjugated polymers are determined by
the electron transition from HOMO to LUMO. The oxidation or reduction doping
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of conjugated polymers turns them highly conductive. The dramatic increase in the
conductivity after doping is related to the appearance of new energy levels. As shown
in Figure 3.1, two polaron levels are generated between the conduction and valence
bands when a conjugated polymer is lightly doped. After the conjugated polymer is
further doped, the coupling turns two polarons into a bipolaron. Accordingly, the
two polaron levels become two bipolaron levels. When the conjugated polymers are
heavily doped, the bipolarons interact, causing the bipolaron levels to become two
bipolaron bands. Finally, the two bipolaron bands overlap and merge as one band. A
heavily doped conjugated polymer behaves as a metal.

The change in the electronic structure gives rise to the significant change in the opti-
cal properties during the process from neutral to a doped state. There are remarkable
color changes for conjugated polymers during this process. Figure 3.2 shows the UV-Vis-
NIR absorption spectra of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS, chemical structure shown in Scheme 3.1) during the reduction process
from an oxidative doping state at 0.5 V to the neutral state at —0.8 V.1 The polymer
film is transparent in the visible range from 400 to 700 nm when in the doped state. The
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FIGURE 3.1 Change of the electronic structure of conjugated polymers during oxidation
doping. VB: valence band, CB: conduction band, P: polaron, and BP: bipolaron.
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FIGURE 3.2 In situ UV-Vis-NIR absorption spectra of a PEDOT:PSS film during the elec-
trochemical reduction from 0.5 V versus Ag/AgCl to —0.8 V versus Ag/AgCl. The polymer
is in a doped state at 0.5 V versus Ag/AgCl and neutral state at —0.8 V versus Ag/AgCl.
(Reproduced from Y. Xia, J. Ouyang, ACS Appl. Mater. Interf., 4, 4131, 2012.)
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SCHEME 3.1 Chemical structure of PEDOT:PSS.

absorption in the visible range gradually increases during the dedoping process. It has a
blue color with an absorption maximum close to 700 nm at —0.8 V.

Polymers with high conductivity and high transparency can have important applica-
tion in many areas, particularly for optoelectronic devices. Most conducting polymers
are not transparent. But PEDOT, its derivatives, and analogues exhibit high transpar-
ency in the visible range. PEDOT is thus the most important transparent conducting
polymer. In addition, PEDOT has other merits in processability and thermal stability.

PEDOTs are synthesized through the cation radical polymerization of its mono-
mer, ethylenedioxythiophene (EDOT). EDOT becomes a positively charged radical
after it loses an electron. The radical structure makes the monomer chemically active,
and the monomer molecules can connect into a polymer chain. The polymerization
can take place by applying an electrochemical potential or using an oxidizing agent.

Pei et al. were the first to report the electrochemical polymerization of EDOT.!
The oxidation of EDOT in acetonitrile solution of 0.1 M Bu,NCIO, starts at 1.04 V.
Oxidation at this potential leads to the growth of a PEDOT on the anode. They
observed a conductivity of about 200 S/cm for the PEDOT doped with ClO,. The
electropolymerization of EDOT can also proceed in an aqueous solution. Surfactant
is used for the dispersion of the monomer in water.!?

PEDOT can also be synthesized in a solution through the polymerization of its
monomer with an oxidizing agent, such as persulfate salts, iron (III) salts or bro-
mine.3 PEDOT doped with tosylate (PEDOT:TsO) exhibited the highest conductivity
among the PEDOTSs by solution polymerization. Ha et al. carried out a comprehen-
sive investigation on the chemical polymerization of EDOT with iron tosylate as the
oxidizing agent.'* By optimizing experimental conditions, they obtained a conduc-
tivity of 750 S/cm for PEDOT:TsO and a conductivity of 900 S/cm for methanol-
substituted EDOT. PEDOTs doped with small counter anions are insoluble in any
solvent. Conductive PEDOT thin films can be prepared by spin-coating a solution
consisting of EDOT and an oxidizing agent prior to the polymerization.
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When polystyrenesulfonate (PSS-) is used as the counter anion of PEDOT, the
polymer can be dispersed with good stability in water and some polar organic sol-
vents.!> Positively charged PEDOT chains are stabilized by negatively charged PSS-
chains in solvent. PEDOT is in fact an oligomer with the molecular weight of less
than 1000 to 2500 Da (about 6 to 18 repeating units). The PEDOT:PSS aqueous solu-
tion can be readily processed into conductive polymer films on various substrates.
The conductivity of PEDOT:PSS depends on the ratio of PEDOT to PSS. Increasing
the PSS content reduces the electrical conductivity of PEDOT:PSS. The conductivity
is about 1 S/cm when the molar ratio of PEDOT to PSS is 1:2.5, and it decreases to
10-* S/cm when the molar ratio turns to 1:6.

A variation for the chemical polymerization of EDOT in solution is the vapor-
phase polymerization (VPP).1-2l An oxidizing agent, typically iron(IIl) tosylate,
is coated onto a substrate. It forms a solid thin film on the substrate after drying.
Exposure of this substrate to EDOT vapor produces a PEDOT:TsO film on the sub-
strate. The conductivity of the PEDOT:TsO films can be as high as 1500 S/cm by this
method. Recently, Evans et al. modified the VPP method by blending the oxidizing
agent with a tri-block polymer, poly(ethylene glycol-propylene glycol—ethylene gly-
col) (PEG-PPG-PEG).?> They observed a conductivity of about 2500 S/cm.

3.2.2 ConbucTivity ENHANCEMENT OF PEDOT:PSS

Among the PEDOT polymers, solution-processable PEDOT:PSS has gained the
most attention. High-quality PEDOT:PSS films can be readily prepared on substrates
through the conventional solution-processing techniques, such as coating, printing,
and painting.?>?* However, an as-prepared PEDOT:PSS film from its aqueous solu-
tion usually has a conductivity below 1 S/cm, which is remarkably lower than ITO.

The conductivity of PEDOT:PSS is determined not only by its doping degree
but also by the amount of PSS and its microstructure. In order to stabilize PEDOT
in water and polar organic solvents, PSS must be excessive. PSS serves as not only
the counter anions for the charge balance of the conducting polymer, but also as a
surfactant to stabilize PEDOT in solvents. But PSS is an insulator, and the presence
of more PSS can decrease the conductivity of PEDOT:PSS.

PEDOT:PSS aqueous solutions are commercially available from both Heraeus
and Agfa. Clevios P, Clevios PH 500, Cleivios PH750, and Clevios PH 1000 are four
grades supplied by Heraeus. In these aqueous solutions, PEDOT has a molecular
weight of about 10002500 g/mol whereas the molecular weight of PSS is approxi-
mately 400,000 g/mol.?> The PEDOT chains are much shorter than the PSS chains.
The short PEDOT chains attach to the long PSS chains due to the Coulombic attrac-
tion among them. PEDOT:PSS is a polyelectrolyte with the hydrophobic PEDOT and
hydrophilic PSS so that it has a necklace structure in water. There are principally two
types of conformations for the PSS segments owing to the different Coulombic inter-
actions and the interactions between the polymer and water medium. For the PSS
segments attached with PEDOT, the Coulombic repulsions among the PSS anions
are screened by the positive charges on PEDOT, leading to a coil conformation for
these PSS segments together with attached PEDOT chains (Scheme 3.2).2° In order
to reduce the interactions between PEDOT and water, these PSS segments form
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SCHEME 3.2 Conformations of PEDOT:PSS. The thin and thick curves stand for PSS and
PEDOT chains, respectively. (Reproduced from Y. Xia, J. Ouyang, J. Mater. Chem., 21,4927,
2011.)

blobs to prevent PEDOT from interacting with water. The blobs thus have a core/
shell structure with PEDOT in the core and PSS in the shell. On the other hand, the
PSSH segments without PEDOT attached (excess PSS segment) dissociate into PSS
anions and protons in water. These PSS segments adopt a linear conformation to
minimize the Coulombic repulsions among the PSS anions. They act as the strings
between the blobs. As a result, all the blobs try to separate as far as possible. This
necklace structure in the solution is conserved in the as-prepared PEDOT:PSS films.
The shell richness of the insulating PSS forms an energy barrier for the charge trans-
port across the PEDOT chains. Moreover, the coil PEDOT conformation leads to the
localization of the charge carriers on the PEDOT chains. The excess PSS and coil
PEDOT conformation are the two reasons for the low conductivity of as-prepared
PEDOT:PSS films from an aqueous solution.

As-prepared PEDOT:PSS films have a large sheet resistance because of their low
conductivity. To greatly improve the conductivity of PEDOT:PSS is important for its
application as the transparent electrode of optoelectronic devices. Kim et al. were
the first to report the conductivity enhancement of PEDOT:PSS by adding dimethyl
sulfoxide (DMSO) or dimethylformamide (DMF) into PEDOT:PSS aqueous solution
in 2002.%" The conductivity at room temperature was enhanced by about two orders of
magnitude when DMSO was added. The temperature dependences of the resistances
of the pristine and treated PEDPOT:PSS films indicate that the charge transport
across the PEDOT chains by charge hopping. Since then, many other organic solvents
or organic solids were reported to enhance the conductivity of PEDOT:PSS.!0.26:28-50
Polar organic solvents with a high boiling point, such as ethylene glycol (EG), nitro-
methanol, glycerol, and other organic solvents with multiple hydroxyl groups, were
added into the PEDOT:PSS aqueous solution, and they can significantly enhance the
conductivity to about 200 S/cm for PEDOT:PSS prepared from Clevios P aqueous
solution. Organic solids, such as D-sorbitol, were also added in the PEDOT:PSS aque-
ous solution, and they can have a similar effect on the conductivity of PEDOT:PSS
as the organic solvents with high boiling points. The conductivity can be enhanced
to 600-700 S/cm for PEDOT:PSS prepared from the Clevios PH1000 aqueous solu-
tion after the addition of EG or DMSO.# Untreated Clevios P and Clevios PH1000
have almost the same conductivity of about 0.3 S/cm, but their conductivities become
saliently different after a treatment. The different conductivities are attributed to the
different PEDOT molecular weights for Clevios P and Clevios PH1000.1°

Ionic liquids were also added into PEDOT:PSS aqueous solution for the conduc-
tivity enhancement. The conductivity of PEDOT:PSS depends on the structure and
concentration of the ionic liquids.* The optimal conductivity was higher than 100 S/
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cm when 1-butyl-3-methylimidazolium tetrafluoroborate tetrafluoroborate [(BMIm)
BF,] or 1-butyl-3-methylimidazolium bromide [(BMIm)Br] was added into Clevios
P aqueous solution. Recently, Badre et al. added ionic liquids into Clevios PH1000
aqueous solution.”! They observed a conductivity of 2084 S/cm when 1-ethyl-3-
methylimidazolium tetracyanoborate (EMIM-TCB) was added.

Surfactants were also added into PEDOT:PSS aqueous solution to enhance the con-
ductivity of PEDOT:PSS. Ouyang et al. added the nonionic surfactant polyoxyethy-
lene(12) tridecyl ether into PEDOT:PSS aqueous solution in 2002.52 This nonionic
surfactant can enhance the conductivity of PEDOT:PSS by a factor of 20.33 The con-
ductivity of PEDOT:PSS can be enhanced by more than two orders of magnitude when
an anionic surfactant is used. Anionic surfactants, particularly fluoro-surfactants, were
also studied to enhance the conductivity of Clevios PHI000 by Bao et al.>*->

Apart from adding compounds into the PEDOT:PSS aqueous solution, the conduc-
tivity of PEDOT:PSS film can be enhanced by a posttreatment. Ouyang et al. observed
significant conductivity enhancement when the PEDOT:PSS films were treated with
EG or DMSO.? The conductivity enhancement is similar with that by adding EG
and DMSO into PEDOT:PSS aqueous solution. Significant enhancement in the con-
ductivity of PEDOT:PSS films was also observed through a postcoating treatment
with salts, zwitterions, cosolvents, and acids.’”*' The posttreatment does not affect
the coating process of the PEDOT:PSS aqueous solution. In addition, the compounds
used for the posttreatment can be easily removed from the final PEDOT:PSS films.

The conductivity of PEDOT:PSS films can be significantly improved through
a treatment with organic solvents having multiple hydroxyl groups, such as EG or
glycerol. It is surmised that geminal diols, which have two hydroxyl groups on one
carbon atom, can also enhance the conductivity of PEDOT:PSS. Hexafluoroacetone
(HFA) can hydrolyze into a geminal diol with water. It was investigated for the post-
treatment of PEDOT:PSS films prepared from Clevios PHI000 aqueous solution.*! It
can improve the conductivity of the PEDOT:PSS films to 1164 S/cm. The conductiv-
ity could be further improved to be higher than 1300 S/cm when the treatment was
repeated three times.

Chu et al. found that the conductivity of PEDOT:PSS films prepared from Clevios
PH1000 aqueous solution can be significantly improved through a posttreatment
with alcohols.** The conductivity enhancement is quite sensitive to the chemical
structure of alcohols. It is 1015 S/cm after the PEDOT:PSS films are treated with
methanol whereas it is only 286 S/cm after treatment with iso-butanol. In addition,
the alcohol-treated PEDOT:PSS films have a better stability in the conductivity than
EG-treated and pristine PEDOT:PSS films.

Kim et al. combined the solvent addition and posttreatment to enhance the con-
ductivity of PEDOT:PSS.#° The conductivity of PEDOT:PSS is improved to more
than 600 S/cm after the addition of an appropriate amount of EG into Clevios
PH1000 aqueous solution. The PEDOT:PSS films are then treated with EG vapor,
and the conductivity is further enhanced to more than 1400 S/cm.

The two components, PEDOT and PSS, of PEDOT:PSS have different hydro-
philicities. They can have different interactions with solvents of different polarities.
Xia et al. treated PEDOT:PSS prepared from Clevios P solution with cosolvents of
water with several organic solvents, including methanol, ethanol, iso-propyl alcohol
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(IPA), actonitrile (ACN), acetone, and THF.?® The conductivity of PEDOT:PSS was
enhanced to almost 100 S/cm, and the optimal concentration of the organic solvent in
the cosolvent is about 80% by volume. The conductivity enhancement is attributed to
the preferential solvations of PEDOT and PSS with the cosolvent of organic solvent
and water.

The conductivity enhancement of PEDOT:PSS is related to the phase segrega-
tion between PEDOT and PSS during the treatment. When the Coulombic attraction
between PEDOT and PSS is reduced, phase segregation can occur because PEDOT
and PSS have different hydrophilicities. The Coulombic attraction can be screened
by various compounds like polar organic solvents. Another strategy to induce the
phase segregation is through the protonation of PSS, PSS- + H* — PSSH. The
absence of Coulombic attraction between the positively charged PEDOT chains and
neutral PSSH chains can lead to the phase segregation between PEDOT and PSS.
This suggests that the conductivity of PEDOT:PSS can be enhanced through a treat-
ment with acids.’” The conductivity of the PEDOT:PSS films prepared from Clevios
P aqueous solution is enhanced to higher than 100 or 200 S/cm when oxalic acid or
sulfurous acid is used for the treatment. Howden et al. also observed conductivity
enhancement of PEDOT prepared by vapor deposition after a treatment with acids.>

The conductivity enhancement becomes very significant when PEDOT:PSS films
are treated with sulfuric acid.>” The conductivity of PEDOT:PSS films prepared from
Clevios PH1000 aqueous solution reached about 2400 S/cm after a treatment with
1.5 M H,SO, (Figure 3.3). The conductivity further increased to 3065 S/cm when the
PEDOT:PSS films were treated with 1 M H,SO, solution at 160°C three times. This
conductivity is higher than that (~2000 S/cm) of ITO on plastic and comparable to
that (3000—-6000 S/cm) of ITO on glass.

Moreover, the H,SO, treatment changes the conduction mechanism of
the PEDOT:PSS films as revealed by the temperature dependence of the resistances.
As illustrated in Figure 3.4, the resistance of the H,SO,-treated PEDOT:PSS films
is almost constant from 320 K down to 240 K. It then increases with the lowering
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FIGURE 3.3 Conductivities of PEDOT:PSS films treated with H,SO, solutions of various
concentrations at 160°C. (Reproduced from Y. J. Xia et al., Adv. Mater., 24, 2436, 2012.)
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FIGURE 3.4 Temperature dependencies of the normalized resistances of untreated and
H,SO,-treated PEDOT:PSS films. (a) Normalized resistances versus temperature. (b) Analysis
of resistance-temperature relationship of the H,SO,-treated PEDOT:PSS film with the VRH
model. The PEDOT:PSS film was treated with 1 M H,SO, for three times. (Reproduced from
Y. J. Xia et al., Adv. Mater., 24, 2436, 2012.)

temperature. This is saliently different from the temperature dependence of the
untreated PEDOT:PSS films, which show continuous resistance increases with the
lowering temperature. The temperature dependence of the untreated PEDOT:PSS
films was analyzed by a one-dimensional variable range hopping (VRH) model?

172

R(T) = R,exp %

The temperature dependence of the H,SO,-treated PEDOT:PSS films conforms
with the hopping model only at the low temperature range. The H,SO,-treatment
PEDOT:PSS becomes metallic or semimetallic at room temperature. Metallic
behavior has been rarely observed on solution-processed conducting polymers.

The treatments did not affect the transmittance of the PEDOT:PSS films in the vis-
ible range. Figure 3.5 presents the transmittance spectra in the visible range of three
H,SO,-treated PEDOT:PSS films with different thicknesses. The transmittance of
the 66-nm-thick PEDOT:PSS film, which has a sheet resistance of 67 Q, is 87% at
550 nm. The transmittance is higher than 90% in the wavelength range below 500 nm
and decreases a little but is still higher than 80% at the wavelength above 550 nm. The
transmittance of the 109-nm-thick PEDOT:PSS film, which has a sheet resistance of
39 Q/sq, is more than 80% at 550 nm. The thickness of the ITO layer on ITO/PET is
about 100 nm, quite close to the thickness of the thickest PEDOT:PSS film.

The PEDOT:PSS films treated with sulfuric acid can have a conductivity compa-
rable to ITO on glass and high transparency in the visible range. But sulfuric acid is a
strong acid and highly corrosive. Recently, it was discovered that similar conductivity
enhancement could be achieved by using mild organic acids to treat PEDOT:PSS. The
conductivity of PEDOT:PSS films can be higher than 3300 S/cm after being treated with
methanesulfonic acid.®® Methanesulfonic acid is an organic acid and not corrosive. The



52 Organic Solar Cells

100 —
—::::Ttthfi_“'====-;= e
—~ 80¥ B
&
8
S 60t
= —— 1 layer PEDOT:PSS, 24-nm-thick
£ — - 3layer PEDOT:PSS, 66-nm-thick
g 40r -+ - 5layer PEDOT:PSS, 109-nm-thick
= — - ITO/PET
201

0 1 1 1 1 1 1 1 1 1 1 1
400 450 500 550 600 650 700
Wavelength (nm)

FIGURE 3.5 Transmittance spectra of H,SO,-treated PEDOT:PSS films. The transmit-
tance spectrum of ITO/PET, which has a sheet resistance of 50 /sq, is present for compari-
son. (Reproduced from Y. J. Xia et al., Adv. Mater., 24, 2436, 2012.)

mechanism for the conductivity enhancement by the methanesulfonic acid treatment is
similar to that by the sulfuric acid treatment. Although methanesulfonic acid has almost
the same acidity as PSSH, it can protonate PSS~ into PSSH and cause the phase segrega-
tion of PSSH from PEDOT. This is related to the hydrophilicity of PSSH and PEDOT.
The different hydrophilicities lead to the segregation of PSSH from PEDOT. This phase
segregation is the driving force for the protonation of PSS- by methanesulfonic acid.

3.2.3 ArrricaTiON OF PEDOT:PSS As THE TRANSPARENT ELECTRODE OF OSCs

PEDOT:PSS can have high conductivity and high transparency in the visible range
after a treatment while its work function (ca. 5.0 eV) is hardly affected by the treat-
ments. Highly conductive PEDOT:PSS films were investigated as the transparent
electrode of OSCs.

Zhang et al. made the first attempt to use PEDOT:PSS as the transparent elec-
trode for OSCs in 2002.% They added glycerol or D-sorbitol into Clevios P aque-
ous solution. The conductivity of the PEDOT:PSS film was ~10 S/cm. They used
PEDOT:PSS films with a thicknesses of 150-200 nm and transmittance of over 80%
in the wavelength range of 350—600 nm as the transparent electrode of OSCs. Poly(2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV) and [6,6]-phenyl-
C61-butyric acid methyl ester (PC,BM) were used as the active materials. Their
best OSCs achieved a power conversion efficiency (PCE) of 0.36% under light of
78 mW/cm?. Table 3.1 lists the photovoltaic performance of OSCs with PEDOT:PSS
as the transparent electrode. The conductivity enhancement of PEDOT:PSS was car-
ried out by adding organic solvents into the PEDOT:PSS aqueous solution.

PEDOT:PSS films through a posttreatment were also studied as the transparent
electrode of OSCs. Figure 3.6 presents the architecture of an OSC with a H,SO,-
treated PEDOT:PSS film replacing ITO as the transparent electrode and the chemi-
cal structure of poly(3-hexylthiophene) (P3HT) and PCy,BM. The H,SO,-treated
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PEDOT:PSS (4083)
HSO4-treated PEDOT:PSS

Glass

()

15

T
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==+ = H,50,-treated
10

Current density (mA cm™?)

0.0 0.2 O.I4 0.6
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FIGURE 3.6 (a) Architecture of an OSC with H,SO,-treated PEDOT:PSS as the transparent
electrode. (b) Chemical structure of P3HT and PCyBM. (c) J-V characteristics of PSCs with
ITO and a H,SO,-treated Clevios™ PH1000 PEDOT:PSS film as the anodes under AM 1.5G
illumination (100 mW cm™). (Reproduced from Y. J. Xia et al., Adv. Mater., 24, 2436, 2012.)

PEDOT:PSS film has a thickness of 70 nm. The device with the H,SO,-treated
PEDOT:PSS film anode exhibited high photovoltaic performance: short-circuit cur-
rent (J.) = 9.29 mA cm=2, open-circuit voltage (V,.) = 0.59 V, fill factor (FF) = 0.65,
and power conversion efficiency (PCE) = 3.56%. The photovoltaic performance is
comparable to that of the control devices using ITO anode. Photovoltaic perfor-
mances of OSCs with posttreated PEDOT:PSS films as the transparent electrode are
summarized in Table 3.2.
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3.3 CARBON-BASED NANOMATERIAL

Carbon-based nanomaterials, including carbon nanotubes (CNTs) and graphene, can
have high conductivity and high transparency in the visible range, high mechanical
flexibility and excellent chemical stability. They emerged as candidates for transpar-
ent electrode in the last decade.

3.3.1 CarBON NANOTUBES

3.3.1.1 Structure and Properties of Carbon Nanotubes

Since the first report on carbon nanotubes (CNTs) by Sumio Iljima in 1991,%° CNTs
have been a hot topic in research due to their interesting structure and properties. A
CNT can be considered as a roll-up of monolayer(s) of sp? hybridized carbon atoms
that are covalently bonded. Both the rolling angle (chirality) and radius determine
the electronic structure and properties of CNTs. CNTs can be classified into single-
walled carbon nanotubes (SWNT) and multiwalled carbon nanotubes (MWNT) in
terms of the number of “walls.” A SWNT is usually a mixture of semiconducting
and metallic CNTs owing to the different chiralities and tube radii, and MWNT
is always metallic because of statistical probability and restrictions on the relative
diameters of the individual tubes that form one MWNT. As shown in Figure 3.7, the
chirality affects the energy band structure of SWNTs. The SWNT with (9,3) chiral-
ity is metallic, and the one with (8,4) chirality is semiconductive.®!

CNTs are usually prepared by chemical vapor deposition (CVD). A substrate
deposited with a catalyst is put in a furnace of >800°C. Carbon feedstock gas and
hydrogen gas are supplied to the furnace. The CNTs grow directly on the substrate.

3 3
2 2
1 E 1

Energy (eV)
=)

Wave vector k,

(a) (9,3) ab initio (b) (8,4) ab initio

FIGURE 3.7 Ab initio band structure of two chiral SWNTs. (a) (9,3) quasimetallic nano-
tube. (b) (8,4) semiconducting nanotube. (Reproduced from S. Reich et al., Phys. Rev. B, 65,
155411, 2002.)
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The diameter, length, and wall number of CNTs are affected by the experimen-
tal conditions. Arc discharge, laser ablation, and high-pressure carbon monoxide
(HiPCO) are also used to fabricate CNTs. These CNTs are usually in powder form.
They should be purified by removing amorphous carbon and catalysts. They can be
dispersed in solution of a surfactant and then deposited to CNT films by filtration,
coating, or printing. CNTs were also directly dispersed in liquid surfactants without
any solvent.®?> The CNTs form gels with liquid surfactants. These gels can be pro-
cessed into CNT films as well.

The resistance of CNT films is determined by the charge transport across the
CNTs. The intra-CNT resistance is significantly lower than the contact resistance
among CNTs. Both sheet resistance and transmittance decrease as the thickness
increases. Hu et al. modeled the relationship between the transmittance (7') and sheet
resistance (R)) by the following equation®?:

L % _ 1880 )0y

T=1

4+
2Rs 8Oo-dc Rs 0-dc

where i, and g, are the free space permeability and permittivity, respectively, and o,,,
and o, are the optical and dc conductivities, respectively. The value of c,,, is related
to the CNT network density rather than the variables, such as the CNT-CNT junc-
tion, CNT length, and doping. It is about 200 S/cm at 550 nm.

As shown in Figure 3.8, CNTs do not have strong absorption in the visible range,%?
but CNTs can scatter light. SWNTs are more transparent than MWNTs because
SWNTs have fewer carbon layers/walls that absorb light.

100

Transmittance (%)
Absorption

‘600 800 1000 1200 1400 1600
Wavelength (nm)

0 " 1 1 N 1 1 M 1 N 1 "

400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

FIGURE 3.8 UV-Vis-IR transmittance spectra of a SWCNT film (a) before and (b) imme-

diately after the HNO; treatment. The inset shows the corresponding absorption spectra.
(Reproduced from X. Mei, J. Ouyang, J. Mater. Chem., 21, 17842, 2011.)
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3.3.1.2 Application of Carbon Nanotubes as the
Transparent Electrode of OSCs

CNT films can have high transmittance and low sheet resistance. They were investi-
gated as the transparent electrode of OSCs. The first attempt to use CNT films as the
electrode of OSCs was done by Ago et al. in 1999.3 They synthesized MWNTSs via
pyrolysis and then functionalized the MWNTs by oxidation in a solution of HNO;
and H,SO,. These functionalized MWNTs could be dispersed in water without sur-
factant. The MWNT thin films were fabricated by spin coating the water solution
dispersed with MWNTs onto glass or quartz substrate. The OSCs has architecture of
a poly(p-phenylene vinylene) (PPV) layer sandwiched between MWNT and Al, sub-
strate/MWNT/PPV/Al. Under a weak monochromatic light illumination at 485 nm
of 37 pW/cm? on the semitransparent Al side, they recorded a V,_. of 0.90 V, J,
of 0.56 pA/cm?, FF of 0.23, and an overall PCE of 0.081%. The poor photovoltaic
efficiency is related to both the photoactive layer and the high sheet resistance of
functionalized MWNT films.

Wu et al. successfully demonstrated highly transparent and conductive SWNT
films through filtration in 2004.%5 Their SWNT films exhibited a transparency
greater than 70% in the visible light range and a sheet resistance of 30 Q/sq at a
film thickness of 50 nm. Since then, CNT films prepared by filtration were studied
as the transparent electrode of OSCs by many laboratories. The photovoltaic perfor-
mances of OSCs with a CNT transparent electrode after Wu’s work are summarized
in Table 3.3.

The conductivity of CNT films is determined by the charge transport across the
CNTs. It strongly depends on the preparation method of the CNT films. Ulbricht
et al. could produce a free-standing CNT film by drawing laterally from the side
of a CNT forest (Figure 3.9).8 This film was further densified by using the sur-
face tension effect of an imbibed liquid, such as methanol. CNT films produced
by drawing exhibited orientation-dependent conductivity behavior. The conductivity
along the CNT orientation is much higher than that perpendicular to the CNT ori-
entation. OSCs with such a CNT film as the anode had an optimal PCE of 1.32%.
Alternatively, van de Lagemaat et al. pattern SWNTs on glass by spray coating.?’
The inks were formulated by dispersing acid-purified SWNTs in water and alcohol.
They obtained SWNT films with a surface resistance of about 50 Q/sq and transmit-
tance of about 70% at 650 nm. The P3HT:PC,BM OSCs showed a PCE of 1.50%,
with a good J, (9.24 mA/cm?) and V. (0.56 V) but poor FF (0.29).

The rough surface of CNT films leads to high leakage current and poor photo-
voltaic efficiency for OSCs.%8 Smooth CNT films were obtained by a PDMS transfer
method.? CNT films were first prepared by vacuum filtration and were then trans-
ferred by PDMS stamp to a PET substrate. Finally, a layer of PEDOT:PSS was coated
on the CNT films. The rms roughness of the CNT/PEDOT:PSS film was reduced to
less than 10 nm over a surface of 25 pm? (Figure 3.10a and b). They observed a PCE
of 2.5% on P3HT:PCBM OSCs (Figure 3.10c). Furthermore, the OSCs showed an
excellent stability during mechanical distortion.

In order to prepare smooth CNT films in a large area, Tenent et al. developed
an ultrasonic spraying method to prepare CNT films in 2009.°° The SWNT was
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50 pum
T

(2)

FIGURE 3.9 (a) SEM of CNT film being drawn from a CNT forest. (b) Undensified single
layer sheet of free-standing CNT film. (Reproduced from R. Ulbricht et al., Phys. Stat. Sol.
B 243, 3528, 2006.)
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FIGURE 3.10 AFM images of SWNT films (a) before and (b) after PEDOT:PSS coating.
The rms roughness is 7 and 3.5 nm, respectively. (c) J-V curves of P3HT:PC;,BM devices
under AM 1.5G illumination. Inset: Schematic of device structure and photograph of a highly
flexible OSC using a SWNT film on PET. (Reproduced from M. W. Rowell et al., Appl. Phys.
Lett., 88, 233506, 2006.)

first dispersed in an aqueous solution of sodium carboxymethyl cellulose (CMC).
The SWNTs formed a film via ultrasonic spray coating. CMC was removed through
the exposure of the SWNT films to nitric acid. The roughness of such a CNT film
was ~3 nm. The overall PCE of the P3HT:PC,BM OSCs was 3.1%. They further
improved the efficiency to 4.13%.°* They also showed that the role of PEDOT:PSS
appeared to be maintaining a high shunt resistance by physically blocking parallel
paths. Without it, the OSC suffered from reduced V,, and FF.

Because the as-prepared SWNTSs are a mixture of both metallic and semiconduc-
tive CNTs, removal of the semiconductive ones can improve the conductivity of CNT
films. The SWNTs could be sorted via density gradient ultracentrifugation (DGU).%
Tyler et al. found that metallic-enriched SWNT yielded greater PCE for OSCs than
semiconductive SWNT (2.05% vs. 0.04%).%
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3.3.2 GRAPHENE

3.3.2.1 Preparation, Structure, and Properties of Graphene

Graphene is a single layer of sp? hybridized carbon atoms. Unlike CNT that forms
a long tube and has the charge transport along one-dimension, graphene has a 2-D
structure. Figure 3.11 presents the energy band structure of graphene.”® The n band
touches the 7" band at some singularity points. Graphene is thus metallic. But the
charge carrier density near the Fermi level is quite low.

There are three popular ways to prepare graphene films. The first one is the
mechanical exfoliation of graphite.!”” Adhesive Scotch tapes can be used for the
exfoliation. Although the graphene films by mechanical exfoliation can have good
quality, it is very small and meaningful only for fundamental study. The second one
is CVD.!1! Cu or Ni foils are put in a furnance of about 1000°C. Carbon feedstock
gas and hydrogen are supplied to the furnace. Graphene of monolayer or a few layers
grows on the metal foils. The layer number can be controlled. The graphene films on
metal foils can be transferred to another substrate. The third one is the oxidation and
exfoliation of graphite with strong acids and then reduction of graphene oxide at high
temperature or with a reducing agent.!0?

Figure 3.12 presents the UV-Vis-NIR transmittance spectra of graphene films
of one to four layers.'”! The transmittance in the visible range decreases with the
increase of the layer number. The transmittance is more than 95% at 550 nm for the
monolayer graphene film. It reduces to about 90% for the four-layer graphene film.

3.3.2.2 Application of Graphene as the Transparent Electrode of OSCs

Thin graphene films can have high transparency in the visible range and high con-
ductivity. They were used as the transparent electrode of OSCs. Table 3.4 lists the
photovoltaic performance of OSCs with a graphene transparent electrode. Before
2008, methods to fabricate single-layer graphene film in a large area were still lack-
ing, but a few groups had started the attempt to use graphene film as the transparent
electrode for OSCs. Wang et al. employed a bottom-up chemical approach to form
graphene films.'% At first, polycyclic aromatic hydrocarbon (PAH) was deposited on

FIGURE 3.11 (a) Graphene lattice with two carbon atoms per unit cell denoted by A and B.
(b) Electronic dispersion of graphene. The n-band (bottom) and the n*-band (top) touch each
other at singularity points (K and K’ points). (c) Zoom of the dispersion at the singularity
points. The dispersion has a conical form with an approximately linear slope. (Reproduced
from J. Giittinger et al., Rep. Prog. Phys., 75, 126502, 2012.)
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FIGURE 3.12 Absorption spectra of graphene films. (Reproduced from S. Bae et al., Nat.
Nanotechnol., 5, 574, 2010.)

quartz via spin coating. Then, the PAH molecules were cross-linked by high tem-
perature annealing at 1100°C in Ar. This process could produce ultrasmooth, trans-
parent, and conductive graphene films. The thickness of such a graphene film could
be tuned by controlling the PAH layer thickness. The OSCs with such a graphene
film as the transparent electrode can have a PCE of 1.7% PCE.104105

It is difficult to process graphene by solution processing. An alternative way is
to prepare graphene oxide (GO) by solution processing and subsequently reduce
GO into graphene. In 2008, Wu et al. and Eda et al. separately reported the use of
reduced graphene oxide (rGO) as the transparent electrode of OSCs.19:107 Wu et al.
deposited the GO film by spin coating, and Eda et al. obtained the film by filtering
the GO solution and then dissolving the ester membrane by acetone.!’® Besides the
reduction at high temperatures or with a chemical reducing agent, Kymakis et al.
introduced a laser to reduce GO.!° Because the conversion from GO to rGO cannot
be 100%, there are defects in the rGO film, which diminish the film’s conductivity.
The transparent rGO films usually exhibit a high sheet resistance above 1000 Q/sq,
rendering a low PCE of ~1% for OSCs.!06:107.109-11l The optoelectronic properties of
the rGO film could be improved by constructing a mesh-like structure. Zhang et al.
showed that the rGO meshes could have a sheet resistance of 608 Q/sq. Accordingly,
the PCE of the OSCs was improved to 2.04%.'?

The first demonstration of large-area nearly defect-free graphene films as the
transparent electrode for OSCs was reported by Wang et al. in 2009.!* Highly crys-
talline graphene films containing a few graphene layers were synthesized by CVD!!4
and then transferred onto glass by a PDMS stamp. The graphene films exhibited
sheet resistances between 210 and 1350 €/sq. However, the graphene films have
a low work function of 4.2 eV and a hydrophobic surface, leading to a low PCE
of only 0.21%. After improving the surface properties by UV-ozone treatment or
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nonconvalent functionalization with pyrene buanoic acid succidymidyl ester, the
PCEs could be enhanced to 0.74% and 1.71%, respectively. The wetting problem
could also be circumvented by vapor deposition of PEDOT as reported by Park et
al.'?> One year later, Wang’s group developed a layer-by-layer (LBL) transferring
method to prepare graphene films with better conductivity. They were able to obtain
a sheet resistance of about 100 ©/sq and a transmittance of around 85% at 550 nm for
a four-layer graphene film. The OSCs exhibited a PCE of 2.5%.!" A couple of labo-
ratories also used CVD-grown graphene films as the transparent electrode in OSCs.
The device performance is strongly dependent on the conductivity of the graphene
film. 115-117.120

Because a CVD-grown graphene film has to be transferred from its growing sub-
strate (usually transition metal foil) to other substrates, it becomes relatively easy to
use graphene films as the top electrode of OSCs. Lee et al. were the first to report
semitransparent inverted OSCs with a graphene film as the top electrode.'’® A gra-
phene film was transferred onto the polymer layer of an OSC by a thermal releasing
tape. Efficiencies of 2.50% and 1.88% were recorded when the OSC was illumi-
nated from the ITO side and the graphene side, respectively. Liu et al. optimized the
experimental conditions for the semitransparent inverted OSCs with a graphene top
electrode.”?! The maximum PCE obtained was 3% for an active area of 6 mm?, and it
decreased to 2.3% when the active area increased to 50 mm?. Later this group dem-
onstrated an even higher PCE of 3.17%. They also found that multilayer graphene
films were impermeable to air, which thus greatly improved the device stability.'?*

Flexible OSCs with a graphene transparent electrode were also demonstrated.
Lee et al. showed the flexible OSCs could retain a PCE of 2.5%-2.6%, regardless of
the bending conditions, even up to a 5.2 mm bending radius.!?> Kim et al. even made
a stretchable graphene transparent electrode.'”® Because graphene is more transpar-
ent than ITO in the ultraviolet (UV) region, Zhao et al. demonstrated enhanced UV
response in OSCs with a graphene transparent electrode and proposed its application
as an UV photodetector.!?!

3.4 METAL NANOSTRUCTURES

Metals are well known for their excellent electrical conductivity. But metals are gen-
erally opaque to light. A transparent electrode made from metal becomes possible
only if (1) the metal film is thin enough, and/or (2) there are holes in the film. A
couple of techniques have been developed to fabricate metal nanostructures as trans-
parent electrodes. The metal nanostructures are classified into metal nanomeshes,
metal nanowire grids, and ultrathin metal films in this article.

3.4.1 MEeTAL NANOMESHES

The booming of the semiconductor industry and development of nanolithography
technology has largely expanded the gearbox for the fabrication of well-defined
nanostructures. By employing nanolithography, metal nanomeshes with feature size
in submicrometers were fabricated. They were studied as the transparent electrode of
OSCs. Some recent publications on this topic are listed in Table 3.5.
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The replacement of ITO by metallic meshes was first reported by Tvingstedt et al. in
2007.1* A master template was first made on a negative photoresist SU8 by photolithog-
raphy. The template was then replicated with a PDMS stamp. Subsequently, the PDMS
stamp was placed onto a desired substrate, a silver ink was flowed in through the micro-
channels between the PDMS stamp and the substrate, driven by the capillary effect and a
pressure difference set up by a vacuum. After drying, parallel silver lines with a width of
20—40 pm, a height of ~100 nm, and a spacing of 100—-800 pm can be fabricated on glass
with lengths of up to 5 cm. The silver grid showed an extremely low sheet resistance of
~0.5 Q/sq at an average transmittance of more than 85% in the visible light range. OSCs
with APFO-Green 5 and PC;BM as the active materials exhibited a PCE of 1%.

Kang et al. designed a rectangular grid pattern with a small feature size to improve
the conductance and the transmittance (Figure 3.13a).!”® The small feature size was
achieved by wet chemical etching of the SiO, grating. The rectangular grid pattern
of the mold was then created by performing nanoimprint lithography twice using
two grating molds with an orientation orthogonal to each other. PDMS stamps were
created using the mold, and then Au, Cu, or Ag could be deposited onto the PDMS
stamp by electron-beam evaporation to form the metal grid. The grid was finally
transferred to the PEDOT:PSS/glass substrate by the same PDMS stamp. Following
this protocol, Kang et al. were able to make grids with a width and spacing as small
as 400 nm and 700 nm, respectively.'?® The height of the meshes could be controlled
precisely at 40 nm. The sheet resistance can be below 30 Q/sq at a transmittance of
around 80%. The PCEs of P3HT:PC,BM OSCs with different metal meshes were all
around 2%. This group later demonstrated the ability to fabricate such metal meshes
on flexible PET substrate using the roll-to-roll transfer printing process.'?’

The metal nanomeshes can have a shape different from a rectangle. Zhu et al.
reported gold nanomeshes with a hexagonal array of periodic circular holes that were
fabricated by using nanosphere lithography (Figure 3.13b).!3! In this technique, poly-
styrene nanospheres with a diameter of 430 nm and a size deviation of less than 3%

FIGURE 3.13 SEM images of (a) rectangular Cu meshes on PEDOT:PSS-coated glass
(inset shows the cross section of the grid), (b) Au nanomesh with a hexagonal array of peri-
odic circular holes on glass substrate (inset is a photograph of the 1.5 x 1.5 cm? glass substrate
with Au nanomesh on the left half), (c) Au nanomesh with 175 nm diameter and 200 nm pitch
hole arrays (inset is a magnified SEM image with scale bar of 200 nm). (Reproduced from
M. G. Kang et al., Adv. Mater., 20, 4408, 2008; J. F. Zhu et al., Appl. Phys. Lett., 100, 143109,
2012; S. Y. Chou et al., Opt. Exp., 21, A60, 2013.)
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were self-assembled to form a monolayer of polystyrene nanospheres. This mono-
layer was then transferred onto a clean glass substrate. Oxygen reactive-ion etching
was used to etch the edge of the polystyrene nanospheres and reduced their size.
Subsequently, metals were deposited by electron beam evaporation. After removing
the polystyrene nanospheres by ultrasonication in chloroform, a Au nanomesh was
obtained. Replacing ITO with such a Au nanomesh yielded a J, of 9.6 mA/cm?,a V,,
of 0.53 V, a FF of 0.61, and a PCE of 3.12% for P3HT:PC,BM OSCs.

Recently, Chou and Ding fabricated Au nanomeshes with a grid spacing of only
200 nm by nanoimprint lithography (Figure 3.13¢)."*? The 30-nm-thick Au nano-
meshes exhibited a very low sheet resistance of 2.2 Q/sq at a transmittance of 81%.
The P3HT:PC,,BM OSCs using such Au nanomesh as the transparent anode showed
a PCE of 4.4%. This efficiency exceeded that of the control device with an ITO
anode (2.9%). The performance enhancement was mainly contributed by the gain in
photocurrent as a result of the improved light absorption due to the plasmonic cavity
effect.

3.4.2 MetaL NANOWIRE GRIDS

The advancement of nanotechnology enables controlled synthesis of metal nano-
wires of high aspect ratio. Like CNTs, metal nanowires are solution-processable and
highly conductive. The contact resistance among metal nanowires (NWs) is even
smaller than that among CNTs. It could be further reduced by welding metal NWs at
their junctions by the plasmonic effect.!3?

Typically metal NWs are synthesized by reducing a metal precursor in the solu-
tion in the presence of specific capping agents, such as poly(vinyl pyrrolidine) and
ethylenediamine.’®* The role of the capping agent is to bind preferentially to some
facets of the nucleus/seed of the metal NWs and lead to the preferential growth
along the axial direction. Zhang et al. reported the synthesis of ultralong Cu NWs
in a liquid-crystalline medium of hexadecylamine and cetyltriamonium bromide.!*®
Guo et al. harvested well-dispersed Cu NWs with an uniform diameter through a
catalytic scheme involving nickel ions.3® Nowadays, metal NWs can be produced
chemically on a large scale at low cost. They are now also commercially available.

Table 3.6 summarizes the works on exploiting metal NWs as the transparent elec-
trode of OSCs. Lee et al. were the first to use solution-processed Ag NW networks
as the transparent electrode of OSCs in 2008."37 The Ag NWs had an average length
of 8.7 + 3.7 pm and an average diameter of 103 £ 17 nm. They were drop cast on
a substrate to form a 2-D network. Because Ag NWs were dispersed by insulating
PVP surfactants, the initial sheet resistance of the Ag NW network was more than
1 kQ/sq. After partially decomposing PVP at 200°C, the sheet resistance could be
reduced by one order of magnitude. By tuning the loading of Ag NWs, they dem-
onstrated Ag nanowire grids with a sheet resistance of 10 /sq at a transmittance of
85%. They also found that these electrodes could be bent to a radius of 4 mm without
affecting the sheet resistance. The initial OSCs with Ag NWs as the transparent elec-
trode exhibited a PCE of only 0.38%. But they improved the PCE to 2.5% by using
P3HT:PC,BM as the photoactive layer and the Ag NW network as the top electrode
two years later.!*® Semitransparent OSCs were also demonstrated.'?
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To fill the void space among the metal NWs can improve the charge collec-
tion of OSCs. Leem et al. put a TiO, layer of about 200 nm thick on Ag NWs for
OSCs. The TiO, layer was used for electron collection. They obtained a PCE of
3.45%.'%1 One year later, Ajuria et al. used ZnO nanoparticles with a diameter
of 20-25 nm to replace TiO, as the electron transfer layer. They recorded a PCE
of 3.85% for OSCs with the same organic donor and acceptor materials.'*?
Recently, Beiley et al. pointed out the sheet resistance of the filling material
in the voids of metal NW network must be less than 1 x 10° Q/sq in order to
overcome the resistive losses arising from the lateral transport of charges to the
nearest metal wire."¥ They used a 75-nm-thick ZnO layer as the filling mate-
rial for the Ag NWs. They observed a PCE of 5.0% on semitransparent OSCs
with a low bandgap donor polymer, poly(di(2-ethylhexyloxy)benzol[1,2-b:4,5-b']
dithiohene-co-octylthieno[3,4-c]pyrrole-4,6-dione) (PBDTTPD), and ITO as the
transparent top electrode.

Metal NWs could also be fabricated by electrospining. Wu et al. obtained Cu
NWs with a length of over 1000 pm and diameter of around 100 nm.'** The Cu NW
network could have a sheet resistance of 50 Q/sq at the transmittance of 90%. The
OSCs showed a PCE of 3%.

Because the metal NWs could be well dispersed and stabilized in solution, large-
scale fabrication of a metal NW transparent electrode via solution processing tech-
niques is possible. In addition to laboratory-scale spin coating, other solution-based
processing techniques have been reported, including brush painting,'** spray coat-
ing,'4¢ dip coating,' etc.

3.4.3 MeTAL ULTRATHIN FiLms

When a metal film is only a few nanometers thick, it is transparent or semitrans-
parent and can be used as the transparent electrode of OCSs. Stec et al. fabricated
ultrathin gold films with the aid of a mixed monolayer of molecular adhesives.!'#
They found that small molecules, such as 3-aminopropyltrimethoxysilane and
3-mercaptopropyltrimethoxysilane, were able to facilitate Au nucleation and pro-
moting uniform film growth at a low thickness. The Au thin films with microm-
eter holes could have a sheet resistance of 27 Q/sq at a transmittance of above
80%. They demonstrated that the ultrathin Au film could be used as a transparent
electrode. A PCE of 3.36% was obtained for OSCs.!** Ajuria et al. also achieved
a PCE of 2.57% on P3HT:PC,BM OSCs by replacing ITO with a 5-nm-thick
gold layer.!3°

Ultrathin metal films with a low work function and good air stability were dem-
onstrated by Hutter et al. in 2012.5" A 0.8-nm-thick Al layer was deposited on a
7-nm-thick Cu film. Upon exposure to air, an ultrathin self-limiting ternary oxide
layer forms at the surface. This oxide layer can protect the underlying Cu against
oxidation. The Cu/AlO; films have a work function of 3.5 eV and a sheet resistance
of 16.5 Q/sq. The work function and sheer resistance only slightly change after 32 hr
in air. Inverted OSCs, Cu:AlO,/PCDTBT:PC,;BM/Mo0O,/Al, could have a PCE of
4.0%.1!
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The metal ultrathin film can be readily deposited onto the photoactive layer to
make a semitransparent OSC when it also has a transparent bottom electrode. Jen et
al. demonstrated semitransparent OSCs with a PCE of ~6%.!5%153

Metal nanostructures have one unique property, that is, plasmonic effect, which
can potentially improve the light absorption of OSCs. In 2008, Reilly et al. fab-
ricated a transparent electrode with surface-plasmon enhanced effect for OSCs.!>*
The transparent electrode was a 30-nm-thick Ag film with random holes of 92 nm
in diameter. UV-Vis spectra suggested the addition of subwavelength holes to the Ag
film increased the magnitude of transmission and modulated the spectrum of light
that passed through the film. This could thus improve J,, of OSCs.

3.5 TRANSPARENT CONDUCTING OXIDE RATHER THAN ITO

Transparent conducting oxides (TCOs) are a unique type of materials with simulta-
neously high optical transparency and high electrical conductivity. Among all TCOs,
ITO is widely used as the transparent electrode of optoelectronic devices. Owing to
concern on the scarcity of indium, inexpensive alternatives for ITO are essential.
The photovoltaic performances of OSCs with TCOs rather than ITO are summa-
rized in Table 3.7.

One of the closest TCOs to ITO is fluorine-doped tin oxide (F:SnO, or FTO).
It exhibits a similar sheet resistance to ITO but is slightly less transparent. The
advantage of FTO lies in its thermal stability. It is able to retain its good opto-
electronic properties at elevated temperatures of above 400°C, at which the
properties of ITO degrade. So it is widely employed as the working electrodes
in dye-sensitized solar cells (DSSCs) that need high-temperature sintering.
However, when it comes to OSCs, the surface of FTO is much rougher than ITO
and might cause shorting of the OSCs because OSCs are about 500 times thinner
than DSSCs.'3 Yang and Forrest overcame this problem by depositing the CuPc
and Cg, organic layers via organic vapor phase deposition (OVPD).!3¢ Unlike
growth using vacuum thermal evaporation in which the molecules follow radial
trajectories from source to substrate, the molecules in OVPD diffuse through a
boundary layer before reaching the substrate at random incident angles. Hence,
the molecules can diffuse into the rough surfaces that are otherwise unreach-
able by vacuum thermal evaporation. They observed a PCE of 2.5% on the small
molecule OSCs.

TCOs based on ZnO have also attracted much attention. ZnO is a wide bandgap
(3.3 V) semiconductor. Its conductivity can be greatly improved through doping
with group III elements, such as Ga (GZO) or Al (AZO).5"-15 The films generally
have a sheet resistance of less than 30 /sq, a transmittance of above 80% in the
visible range, and a work function (4.2 eV). OSCs with a GZO transparent electrode
exhibited medium efficiencies due to low FE.!¥-15 AZO can have conductivity and
transparency as good as ITO. However, high OSC performance is still yet to be
demonstrated.

Besides GZO and AZO, hydrogenated In-doped ZnO (In:ZnO:H)'%® and W-doped
In, 0, (W:In,0,)'®! have also been proposed. But their properties are not as good as
other TCOs.



71

[sL1l
[sL1]
[yL1]
[eLt]
[191]
[091]
[zLrl
[1L1]
[oL1]
[691]
[891]
[L91]
[991]
[so1]
[+91]
[6ST1]
[8¢1]
[LsT]
[€91]
[291]
[9¢1]

39

€10T
€10T
1oc
¢10¢
110T
800¢C
€10T
010¢
800T
€10T
1ot
010¢
010¢
600C
L00T
€10T
L00T
L00T
110T
010¢
900¢
1e3p

V'L
£8'¢
8l'e
09°¢
(423
£5°0
€9
Sr'e
4!
Lyl
90°¢
€70
10C
el
6T
¢t
4!
STl
vy
ey
T
(%)
310d

890
99°0
790
§S°0
€90
6¢°0
Lo
9¢°0
0L0
9¢°0
S0
Y0
S9]
€70
9¢0
€0
geo
690
£€9°0

EE|

L0
650
090
860
¥9°0
80
€L’0
§S°0
£9°0
19°0
6¢0
0s0
00
(40!
090
0
050
650
19°0

(VW

Lvl
06'6
€€'8
Tl
€L8
89'1
1'el
101
yee
506
16T
68
€Sy

L8

SL
'8

6

0801
i

I'6

(wd/yu)
i

Wg'“Dd:L9Ld
Ng"°Dd:LHEd
WG"Dd:LHEd
Wg"Dd:LHEd
Wg"Dd:LHEd

W4"°Dd:Add-HAN

WNd'“Dd:LdLd
Wd"Dd:LHEd
Y3/dnD
Ls(enupn)
Ng"Dd:LHEd
IADLd/LHd
Wg"Dd:LHEd
Y3040
PINI-LSADA
WG"Dd:LHEd
Wg"Dd:LHEd
Y3040
Ng"°Dd:LHEd
Nd"Dd:LHEd
EeoTRk o)
19Ae1 Aoy

08
08
I8
8L
88
4
S8
16

c8
L8
6
08<
78
06
g8<
08<
08~
08-0L
(%) 1

0T
0T
90'81
81
oy
SLI
0T
T¢
o1
ST
0T
00S
65
9T
8
T
€yl
Sr>
S1
4
(bs/e5)
¥

0s¢
0s¢
00¢

0ocl
00¢
9¢

S0/~
000C
LST
OLT
0001
849
00¢
00¢
00v

0SL

(wu)
SSaWIY |

uonisodap 1ose[ pasing
uonisodop Jose[ pasing
Suuopnndg
Suuopndg
uonjerodesd Weaq uonI9[g
Surepndg
Suuoynndg
Suuonndg
Suuopndg
Suneoo di(q
Suuopnndg
uonisodap J19Ae[ orw0}y
Suuopndg
Suuoyndg
Suuopnndg
uonisodap 19Ae[ o1w0}y
Suuopndg
uonisodap 1ase| pasing

anbiuyoaj uomisodag

mOm.ocmw. 1 CMm.oEN
mOm.oEwﬁﬂ. 1 E—m.o:N
OlI:“OlL
Olr:‘OlL
fOlurm
H:0uZ:u]
‘OLL/OUZITY
OIN/OUZITV
ny/QuZ:v
OuZ:v
ouzZ:v
ouzZ:v
ouzZ:v

(‘0) ouz:1v
ouzZ:v
ouzen
ouzen
ouz:en
fous:d
‘ous:d
‘ous:
(o)1

apoa)d3|g Judtedsuel] ayj se sapixQ Sunonpuo) judtedsuer] ypum sHSO JO dUBWLIONI d1e}|0A0}0Yd

£€318VL

Next-Generation Transparent Electrode Materials for Organic Solar Cells

Nv.FreeEngineeringBooksPdf.com




72 Organic Solar Cells

3.6 MULTILAYER THIN FILMS

The original proposal of oxide/metal/oxide (O/M/O) multilayer thin film (MTF) was
for tackling the technological difficulty of fabricating high-quality I'TO on plastic sub-
strate. Early in this century, ITO films of low resistivity were hardly achievable with-
out high-temperature treatment. The high-temperature process is incompatible with a
plastic substrate. To solve this problem, Fahland et al. inserted a thin Ag layer between
two ITO layers to improve the overall electrical property.'’® Later, people found that it
was unnecessary for the oxide layers to be transparent. In fact, any dielectric material
with a high refractive index and moderate electrical conductivity was suitable for this
application. In the O/M/O structure, the in-plane conductivity was mainly contributed
by the metal layer, which must be thick enough to overcome its percolation threshold.
The reflectivity rising from the metal layer could be significantly reduced due to the
optical interference by the oxide layers with a high refractive index.

MTFs were studied as the transparent electrode of OSCs. Table 3.8 summarizes
recent works. In 2009, Cattin et al. chose MoO; for the oxide layers because it was an
efficient hot-collection material in OSCs. They found that the percolation threshold
of the Ag layer was 9.5 nm and obtained the optimum MTF by sequentially deposit-
ing 45 nm of MoO;, 10 nm of Ag, and another 37.5 nm of MoO; on glass. The MoO,/
Ag/MoO; films can have a sheet resistance of 57.7 Q/sq and a transmittance of about
80% at 500 nm. Small molecule CuPc:C, OSCs with MoO,/Ag/MoO; as the trans-
parent electrode had a PCE of 1.15%.'7

Because the MTFs are fabricated by vacuum deposition, they can be readily used
as the top electrode of OSCs. Tao et al. adopted MoO,/Ag/MoO; and fabricated
semitransparent P3BHT:PC, BM OSCs on ITO glass. The optimal PCE was 0.96%
when the cells were illuminated from the MTF side.'”’

Other materials were also exploited to construct the O/M/O MTFs, such as zinc
tin oxide (ZTO) or V,0s for the oxides and Au or Cu for the metal.””8-'8! The two
oxide layers in MTFs do not need to be the same material. Han et al. selected WO,
as the inner oxide layer because its high work function and electrical conductivity
made it a good anode buffer layer in OSCs. ZnS was also used as the outer oxide
layer for the transmittance tuning purpose. After the optimization of the oxide layer
thicknesses, they achieved a maximum PCE of 2.92% for P3HT:PC,,BM OSCs. The
OSCs also had good mechanical flexibility. They could be bent for 5000 cycles with
little effect on the photovoltaic performance.!$>

The optical properties could be further improved by carefully designing the MTF
architecture. Ham et al. chose WO, as the inner oxide layer because it had a high
refractive index (n = 1.99) or a low extinction coefficient (k = 0.024). In comparison,
V,0s has an n of 2.24 and k of 0.047. The n and k values are 1.8, k = 0.01 for NiO,
respectively. WO, is thus more transparent. Regarding the optical design of the outer
oxide layer, their computer simulation showed enhanced transmittance over a broad
range of wavelengths could be achieved from a dielectric with a refractive index of
n = 2.1 and a low extinction coefficient (k ~ 0). Consequently, Ta,O; (n = 2.19, k =
0.0001) was selected. The resultant WO; (40 nm)/Ag (10 nm)/Ta,O5 (35 nm) MTFs
can have a sheet resistance of 11 ©/sq and a transmittance of 90%, which was very
close to the properties of ITO on glass.'$?
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Depending on the choice of the oxide layer, the MTF electrode can be used as a
cathode for electron extraction. Han et al. used TiO, as the inner oxide layer because
TiO, has a low work function and can form good Ohmic contact with the PC,;BM
acceptor.'”? Thus, efficient OSCs were demonstrated using MTF TEs.

Recently, Yun et al. reported a new MTF structure that showed better optoelec-
tronic properties than the O/M/O structures mentioned above.'”® By the inclusion
of two or three atomic percent of AgO, into the Ag layer sandwiched between
30-nm-thick ITO layers, the refractive index of the Ag layer was sharply increased
without decreasing the electrical conductivity of the MTF films. The AgO, forma-
tion led to a decrease in the degree of light reflection by the original Ag film and
a better morphology for the top ITO layer. Gaining from more transparent ITO/
AgO,/ITO MTF films, flexible OSCs with low-bandgap polymer PTB7 showed
almost a PCE of 5.88%, higher than that of the OSCs with ITO/Ag/ITO." Jin
et al. showed O/M/O MTFs were suitable for large-area OSCs. They demon-
strated 25.0 cm? monolithic submodules with MoO,/Ag/MoO; as the top anode
and observed PCEs of 1.35% and 3.08% for P3HT:PC,,BM and PCDTBT:PC,,BM
OSCs, respectively.!*

3.7 SUMMARY AND OUTLOOK

Although ITO is the most popular transparent electrode material for OSCs today,
it is the most expensive component in OSCs.!”” Moreover, it has poor mechanical
flexibility. In order to develop flexible OSCs at low cost, ITO should be replaced by
other transparent conductive materials. A couple of materials, including conducting
polymers, carbon nanotubes, graphene, metal nanostructures, transparent conduct-
ing oxides other than ITO, and multilayer thin films, have been reported as alterna-
tives for ITO. Each material has its own merits but also some drawbacks. No single
technology can satisfy all the requirements for the transparent electrode of OSCs at
this moment. Nevertheless, their properties have been constantly improved after the
understanding of these materials becomes deeper and deeper.
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4.1 INTRODUCTION

Photovoltaic solar cells, which utilize incidental solar radiation to generate electri-
cal energy, are widely considered as potential renewable energy devices capable of
meeting the increasing energy demand.! Photovoltaic solar cells are often classified
based on the materials employed to achieve energy conversion, which include both
inorganic and organic carbon-based materials. Despite the dominant use of inor-
ganic materials in solar cell technology, organic photovoltaic (OPV) solar cells have
generated significant scientific interest, owing to the inexpensive fabrication process,
light weight, ease of manufacturing, flexible structure, and low operating tempera-
ture.>? Although state-of-the-art OPV solar cells lack the efficiency for large-scale
applications and have stability issues,* their low production costs’ have resulted in
significant research efforts to improve their efficiency. Such efforts have led to a sub-
stantial increase in the power conversion efficiency (PCE) over the past decade with
a maximum efficiency of 12% reported recently.®

The fundamental steps involved in conversion of solar energy to electrical energy
include’ (1) absorption of the incident photon in photoactive layers comprising elec-
tron donor and acceptor materials that lead to the generation of an exciton (electron-
hole pair); (2) the diffusion of the exciton to the electron donor—acceptor interface;
(3) the separation of the exciton into an electron and a hole at the interface; (4) the
hopping of separated electrons and holes from an individual acceptor or donor to
another; and (5) the transport of these electrons and holes to their corresponding
electrodes. Each step has an efficiency associated with it, and their product deter-
mines the external quantum efficiency (EQE),? the ratio of the number of photogen-
erated electrons collected to the number of incident photons.

EQE = naNaieMaissNeMee “.1)

In Equation 4.1, n, is the photon absorption efficiency and is determined by the
optical absorption coefficient of the photoactive layer and its thickness.” The param-
eter Ny 1S the exciton diffusion yield, which represents the ability of excitons to
diffuse through the polymer without recombination.” The length scale for exciton
diffusion in order to preclude recombination is limited to ~10 nm."° Recombination
losses majorly impede attainment of high efficiencies in OPV. It is therefore extremely
important to minimize exciton recombination losses by reducing the effective diffu-
sion length scale, which can be achieved by maximizing the donor—acceptor interface
within a photoactive layer.!! The term ny,, is the exciton dissociation yield, which
is the probability that the hole and electron will be separated at the interface of the
electron donor and acceptor materials. This is determined by the energy difference
between the lowest unoccupied molecular orbital (LUMO) of the donor and accep-
tor.’ The charge carrier transport yield 1, involves hopping of the separated electron
(hole) from one acceptor (donor) to another. The charge collection yield 1, represents
the ability of the charges to be transported from the interface of the electron donor
and acceptor materials to the electrodes. In order to increase the charge collection
efficiency, adequate networks of electron donor and acceptor materials are required
to facilitate the transportation of hole and electron, respectively, to the electrodes.
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Of the abovementioned steps, efficient execution of steps (2) and (5) depends on
the morphology of the photoactive layers of the OPV cells. Organic bulk hetero-
junctions (BHJ), which comprise blends of conjugated polymers and functionalized
fullerenes as electron donors and acceptors, respectively, were designed for efficient
exciton dissociation and thus achieve the abovementioned second step efficiently.!?!3
Dispersing acceptor species within the polymer in BHJs leads to an increase in the
interfacial area between donor and acceptor materials, thus facilitating exciton sepa-
ration. However, maximization of the interfacial area between the electron and donor
materials, and formation of suitable networks of these materials for transport of the
charge from the interface to the electrodes is still a challenge. The requirements of
maximizing such interface area and creating such networks indicate the importance
of morphology of photoactive layers for better device efficiency. Based on these
requirements, conjugated polymers, such as poly(3-hexylthiophene) (P3HT), and
fullerene derivatives, such as [6,6]-phenyl-C61-butyric acid methyl ester (PCBM),
are the most popular choices for electron donor and acceptor species, respectively,
in BHJs.!14-17 Figure 4.1 presents an ideal morphology of photoactive layers of OPV
with sufficient interfacial area for exciton dissociation and presence of adequate
donor and acceptor networks for transporting holes and electrons to the respective
electrodes.

The photoactive layer in a BHJ is commonly synthesized through spin coating'®
of a solvent containing the acceptor nanoparticles and a polymer.” The solution,
comprising polymer—nanoparticle blends, is prepared by mixing both species and
dissolving it in solvents. The solution-based synthesis of the photoactive layer and
subsequent annealing control its morphology and result in specific distributions of
donor—acceptor interfaces. Specifically, the following factors govern the morphol-
ogy of the polymer—nanoparticle blends: (i) the relative concentration of the polymer
and acceptor species, (ii) the choice of solvent, (iii) the solute concentration in the
solvent, and (iv) the chemical structure of the donor and acceptor species.!” Despite
being studied extensively,? a consensus on the morphology of polymer—nanoparticle
blends and suitable synthesis parameters has not yet emerged.’

Photocathode

\ Photoactive
layer

Photoanode

FIGURE 4.1 A schematic diagram illustrating a portion of BHJ, which consists of a
bi-continuous donor and acceptor phase, is presented. The dark region corresponds to the
electron acceptor material and the lighter domain corresponds to the electron donor material.
The notations e and h correspond to electron and hole, respectively.
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The ultimate choice of synthesis parameters is determined by the structure of
agglomerates of acceptor molecules and polymers and their assembly and disassembly
in photoactive layers. The molecular interactions among solvent molecules, polymeric
units, and acceptor species during photoactive layer formation, in turn, influence the
formation of such agglomerate structures. Therefore atomistic simulations, which can
directly account for intermolecular interactions, are ideal tools for studying these sys-
tems. In particular, molecular dynamics (MD) simulations have been successfully used
to study interactions among different molecular components in nanocomposites and
are able to connect atomic-level details to the bulk properties of such systems.”?'-3* The
goal of this chapter is to provide an overview of the scope of molecular modeling in
predicting optimal synthesis parameters for OPVs, based on some of the recent research
efforts reported in the scientific literature. To that effect, this chapter is structured to
include a brief background and discussion on the fundamental theory for MD simula-
tions (Section 4.2) and discussions of results from recent molecular simulations based
studies that relate the synthesis parameters to the morphology of photoactive layers in
OPVs (Section 4.3). Finally, a broader outlook and possible future directions for apply-
ing molecular simulations to the field of OPVs are laid out (Section 4.4).

4.2 THEORETICAL BACKGROUND OF MD SIMULATIONS

Molecular dynamics simulations utilize a computer or a network of computers to simu-
late the physical motion of atoms and molecules in a system. In MD simulations, the
macroscopic properties of a system are explored by studying microscopic systems
numerically. The connection between these numerical simulations and macroscopic
properties is made via the principles of statistical mechanics. For instance, the velocity
distribution of the interacting particles in the system within an ensemble (collection of
all possible systems, which have different microscopic states but identical macroscopic
or thermodynamic states), which follows the Maxwell-Boltzmann distribution, can be
directly related to the temperature of the system. The principle objective of the simula-
tions is to attain energetically favorable states of the system of atoms and analyze them
to obtain valuable structural and thermodynamic information.

Classical MD simulation consists of the numerical, step-by-step solution of the
classical equations of motion, which for an atom i within a system comprising a col-
lection of N atoms may be written:

m;i. = F, “.2)

where m; is the mass of the atom, ; is the position vector of that atom, and F, is the
force acting on that atom. Integration of Newton’s laws of motion, using various
algorithms, such as Verlet,* Velocity Verlet,’¢ and LeapFrog,’’ generates molecular
trajectories in space and time. The force on an atom is defined as the negative gra-
dient of the potential energy function, which is a function of atomic positions of N
atoms in a system.

_6U(r1,...,rN)
or,

1

F, = “3)
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This potential function involves summing over a large number of bonded and
nonbonded terms.

U= Ubond + Uangle + Udihedral + Unonbonded (44)
Unonbonded = Uvdw + Ueleclmslatic (45)

The bond potential between a pair of covalently bonded atoms is expressed in
various forms, such as Morse potential and harmonic potential. The total bond
potential, Uy, modeled as a harmonic function, is defined as

Upony = E %kb(r —b), 4.6)

bonds

where k; is the force constant, and r and b are the bond length and the equilibrium
bond length, respectively.

A harmonic function is commonly used to describe the potential for the angle
between three covalently bonded atoms. The total potential in the system for such
angular interactions, U, is defined as

angle»

U,

angle

1
=Y S k0-6,)", @7)

angles

where k, is the bond bending force constant, and 6 and 6, are the bond angle and
the equilibrium bond angle, respectively. The bond angles 0 are between successive
bond vectors, and therefore involve three atoms.

The total dihedral potential in the system Ul,.q.a1» 1S Often defined as

Uypoans = % k (1+cosln + ), 4.8)
dihedrals

where k,, is a rotation constant, n is the periodicity of the potential (number of
minima/maxima) in the interval [0, 2x], @ is torsion angle, and @, is the correspond-
ing equilibrium angle. The torsion angles @ are defined in terms of three connected
bonds, hence involving four atomic coordinates.

The total configurational potential energy due to van der Waals interactions in
the system U, described typically by Lennard-Jones (LJ) pairwise potential, can
be expressed as

Uiw = 4 ——-—, 4.9)

=1 j=i+l U Y

where € is the depth of the potential well, ¢ is the finite distance at which the inter-
particle potential is zero, and r;; is the distance between the particles i and j.
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The net pairwise electrostatic interactions in the system, Ul qyostatic» €2l be
expressed as:
N-1 N 4.q
i1j
Uelec!rostatic = > (410)
Ly Ly 4mer;
i=1 j=i+l y

where r;; represents the distance between the particles i and j with charges and g; and
q;» respectively, and g, is the permittivity of free space.

The set of parameters, such as the equilibrium bond lengths, bond angles, force
constants, partial charges, and LJ parameters, that are employed in the above equa-
tions and pertain to specific atoms or coarse-grained (CG) sites are collectively
known as a force field. Such parameters and constants are derived from either experi-
mental work or high-level quantum mechanical calculations. The force fields can be
classified as “all atom” and “united atom” force fields. The parameters for every type
of atom in a system are provided by all-atom force fields, and a united-atom force
field combines hydrogen and carbon atoms in each terminal methyl and each methy-
lene bridge and treats them as a single interaction center. Some of the widely used
force fields for modeling organic systems in OPVs are AMBER,*® CHARMM,* and
OPLS.%° Popular MD simulation packages, which utilize such force fields for molecu-
lar modeling, are LAMMPS,* Gromacs,* DL_Poly,* and Tinker.**

The length and time scales accessible to all-atom MD simulations are restricted
to approximately 1000 A and 1077 s, respectively. Although the thickness of the
photoactive layer is approximately 100 nm (1000 A), the size in other dimensions
(Iength and width) is much greater than 100 nm. Molecular modeling of such sys-
tems requires simulation of billions of atoms over time scales up to several seconds,
which is not possible without substantial reduction of the number of equations of
motion. Therefore, CG models are frequently used for relatively long simulations of
such systems. The CG method reduces the number of interacting sites in molecules
to some beads instead of all the atoms while maintaining the accuracy in the dynam-
ics and structural properties desired from a simulation. Coarse graining can also
refer to the removal of certain degrees of freedom (e.g., vibrational modes between
two atoms) by freezing the bonds, angles, or torsional degrees of freedom. Although
the CG method provides crude representations of molecules, it allows bridging the
gap between simulation and experimental time and length scales. Several research
groups have used the CG technique to relate the processing parameters with the
morphology of photoactive layers. As a representative case, Figure 4.2 shows coarse
graining schemes, whereby Lee et al.?® considered whole P3HT and PCBM as two
separate beads, and Marsh et al.’® and Jankowski et al.’3 considered three beads (two
for side chains and one for backbone) for polymers for their CG studies.

Experimental characterization of the morphology of BHJ layers have mostly
relied on transmission electron microscopy (TEM)* and atomic force microscopy
(AFM)."® However, experimental characterization of the three-dimensional micro-
structure of the BHJ layer is not trivial with these techniques. Therefore, the detailed
structure within the BHJ layer is not revealed. In contrast, all-atom and coarse-
grained molecular dynamics (CGMD) can provide valuable information regarding
the three-dimensional structure across the entire thickness of the BHJ. The inherent
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FIGURE 4.2 (See color insert.) (a) Chemical structures of P3HT and PCBM are shown. Pink
beads designate the CG representation of P3HT monomers, and a blue bead designates the CG
representation of a PCBM molecule. The intramolecular degrees of freedom between the CG
particles of P3BHT monomers are highlighted, where r represents bond length, 6 represents
bond angle, and ¢ represents planar angle. (Reproduced from C.-K. Lee et al., Energy and
Environmental Science 2011, 4, 4124—-4132, 2011, with permission from the Royal Society of
Chemistry.) (b) Coarse-grained model of conjugated polymer with backbone beads (B) and
side-chain beads (S1 and S2) and acceptor molecule (A) are shown. (Marsh, H. S.; Jayaraman,
A., Morphological studies of blends of conjugated polymers and acceptor molecules using lan-
gevin dynamics simulations. Journal of Polymer Science Part B-Polymer Physics 51, 6477,
2013. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

molecular-scale resolution combined with the predictive capability has made MD a
very suitable and popular numerical approach to study organic heterojunctions.

4.3 MOLECULAR SIMULATIONS OF SYSTEMS RELEVANT TO OPVs

The performance of BHJ cells is determined by morphological characteristics, such
as the following:

1. The interface-to-volume ratio of the blend, which should be large enough to
allow for efficient exciton dissociation without recombination.

2. The percolation ratio, defined by the volume fraction of electron donor and
acceptor phases that percolates through the blend, should be high enough
for efficient charge transport and collection at both electrodes to generate
photocurrents.

These quantities, in turn, depend on several synthesis parameters, which are men-
tioned in Section 4.1. Predicting these synthesis parameters by repetitive experiments
is time-consuming and expensive. Therefore, MD simulations have been performed
for systems relevant to OPVs in order to predict these synthesis parameters and help
experimentalists with the selection of favorable parameters.

4.3.1 RELATING SYNTHESIS PARAMETERS TO MORPHOLOGY UsING MD

It is essential to characterize the shapes of the nanoparticles and polymer agglom-
erates at various conditions because the nanoparticle—polymer interfacial area is
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critical to the performance of photovoltaic cells. Sections 4.3.1.1-4.3.1.4 are struc-
tured to address molecular modeling studies of distinct synthesis parameters that
affect the agglomeration of acceptor materials and polymers, their crystalline or
amorphous structures, and the domain sizes and shapes. Collectively, these factors
define the morphology of the photoactive layer.

4.3.1.1 Relative Concentration of Polymers and
Acceptor Species in the Blend

The concentrations of the acceptor species and polymers play a crucial role both
during synthesis as well as during the annealing process and determine the PCE.#647
Although polymer concentration determines the photogeneration efficiency, accep-
tor concentration controls charge transport and recombination losses.* If acceptor
molecules and polymers are miscible (acceptor molecules are completely dispersed
in polymers) in the photoactive layer, charge transport is strongly suppressed
because no percolation pathway is formed. On the other hand, if these components
are immiscible, the interfacial area between nanoparticles and polymers is relatively
low. Therefore, partial miscibility between the conjugated polymer and acceptor
molecules is required to create percolation pathways for electrons and holes to travel
to the electrodes*®-° and to simultaneously increase the interfacial area between
these components. The relative concentration between the components in the active
layer has a significant effect on the partial miscibility of these components.*-3° It has
been shown that acceptor species, such as PCBMs, form clusters within the blend,
and the size of clusters increases with the increase of PCBM concentration.26:47:51:52
Increase in the size of PCBM clusters leads to the formation of percolation paths
and thus improves the photocurrent.*® However, beyond a certain concentration of
PCBM, the PCBM clusters cause mechanical stress on the metal electrode, therefore,
possibly damaging the interface.*® An experimental study of Chirvase et al.*® sug-
gested an optimal PCBM concentration of 50% by weight fraction in P3BHT:PCBM
blends. At a fundamental level, the intermolecular interactions between acceptor
molecules and polymers at various concentrations determine the agglomeration and
relative arrangement of these components. Therefore, analyzing these interactions
among the components of active layers can help predict the morphology.

In an effort to understand the effect of the relative concentration of acceptor species
and polymers on the agglomeration of acceptor species, Mortuza et al.?’ performed
MD simulations of systems comprising P3HT oligomers with four monomeric units
and PCBM in weight ratios 1:1 and 1:0.5. These systems correspond to PCBM mass
fractions of 50% and 33.33%, respectively. The study showed that PCBMs form a
cluster in both systems due to strong m—=n interaction among their fullerene moi-
eties. The extent of agglomeration of PCBMs increases with their increasing con-
centration, leading to the formation of percolation pathways for electron transfer.
However, the study also demonstrated the strong n—r interaction of fullerene and a
phenyl ring of individual PCBMs with the thiophene rings of P3HT. Additionally,
the alkyl side chains of P3HT also interact strongly with the ester moiety of PCBM
and contribute toward increasing its overall interactions with P3HT.>* As a result of
such interactions, individual PCBMs dissolve easily in P3HT, resulting in substantial
intercalation of PCBM in P3HT. Figure 4.3a and b show a magnified snapshot of a
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(a)

FIGURE 4.3 (See color insert.) The molecular arrangement of P3HT and PCBM in sys-
tems of (a) 1:1 P3BHT:PCBM and (b) 1:0.5 P3HT:PCBM at 310 K are shown. Although at a
higher concentration of PCBM clear percolation networks are formed, it is relatively sparse
at low concentrations.

subsection of the simulation domain that illustrates the molecular arrangement of
P3HT and PCBM in systems comprising P3HT and PCBM in weight ratios 1:1 and
1:0.5, respectively, at 310 K. The aggregation pattern of P3HT and PCBM in Figure
4.3a qualitatively demonstrates a greater contact area of P3HT and PCBM compared
to that in Figure 4.3b. Figure 4.3a and b also illustrates that a relatively low concen-
tration of PCBM in P3HT leads to sparse networks for charge transfer. In contrast, a
greater concentration of PCBM in P3HT leads to formation of suitable networks for
transporting holes to the photoanode and electrons to the photocathode, respectively.
The simulations conducted by Mortuza et al.>” demonstrated that the interfacial area
as well as the size of individual clusters of PCBMs could be tuned based on the rela-
tive concentration of PCBM to reduce recombination losses and, at the same time,
facilitate percolation pathways.

Lee et al.?® performed a detailed study to characterize the nanoscale morphologies
of various P3HT:PCBM blends to determine optimal weight ratios. They employed
CGMD to simulate systems comprising P3HT:PCBM in weight ratios 2:1, 1:1, 1:2,
and 1:3. The goal was to understand the effect of the relative concentration of P3HT
and PCBM on the resultant morphology of the BHJ. The study employed a spatial-
discretization scheme to quantify several morphological quantities, such as domain
sizes, the interface-to-volume ratio, and the percolation ratio of both donor and
acceptor phases. The study illustrated that the interface-to-volume ratio is maximum
at a PBHT:PCBM weight ratio of 1:1. The study of Lee et al.?® also demonstrated that,
at a weight ratio of 1:1, the percolation ratios of both P3HT and PCBM phases are
approximately equal. The greater weight ratio of P3BHT (PCBM) increases the per-
colation ratio of P3BHT (PCBM). Although greater percolation ratios of P3HT com-
pared to that of PCBM enhance hole conductivity, the bulk of the electrons generated
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at the interfaces would be trapped within isolated PCBM domains and will never be
transported to the anode. The opposite phenomenon would be observed if the perco-
lation ratio of PCBM is greater than that of P3HT. Hence, from the perspective of the
nanoscale morphology of PBHT:PCBM blend, the highest interface-to-volume ratio and
balanced percolation ratios between donor and acceptor phases result in the optimal
P3HT:PCBM weight ratio 1:1.728 Lee et al.?? extended their study by investigating the
morphology of photoactive layers comprising poly-2,5-bis(3-tetradecylthiophene-
2-yDthieno[3,2-b]-thiophene (PBTTT) and PCBM at various concentrations. The
study showed that, in contrast to that of P3BHT:PCBM blends, the optimum weight
ratio of a PBTTT:PCBM blend at which the highest interface-to-volume ratio and
balanced percolation ratios between donor and acceptor phases are achieved is 1:3.
The greater number of thiophene rings in a monomeric unit of PBTTT compared
to that in P3HT results in more favorable interactions between PBTTT and PCBM
compared to that between P3HT and PCBM. Hence, PCBM has a greater solubility
in PBTTT than in P3HT. Therefore, in PBTTT:PCBM blends, a greater number of
PCBM molecules needs to be added to ensure precipitation of the pure PCBM phase
to create an adequate network for electron transfer to the cathode. The interface-
to-volume ratio in the PBTTT:PCBM blend is found to be lower than that of the
P3HT:PCBM blend at similar weight ratios to these blends. Therefore, BHJ cells
comprising P3HT and PCBM are expected to perform better than those containing
a PBTTT:PCBM blend. Figure 4.4 shows the detailed comparison of morphology
between the two distinct systems,>*>” P3BHT:PCBM and PBTTT:PCBM, studied by
Lee et al.?

4.3.1.2 Choice of Solvent

Solvents play an important role in controlling the degree of crystallinity of polymers
and nanoparticles that, in turn, improve the transport of charge carriers by forming per-
colation pathways for both carriers.’® In order to form interspersed crystalline domains
of polymers and acceptors, a solvent is expected to dissolve these components com-
pletely, produce a highly uniform mixture, and allow for generation of an active layer
that is uniformly composed of small domains of polymer or acceptors after drying.*®
Good solubility of acceptor molecules and polymers in solvents, a slow evaporation
rate of the solvent after spin coating,” and subsequent annealing induce a high degree
of crystallinity of polymer domains in the photoactive layers. Some of the common
organic solvents used to prepare polymer-PCBM photovoltaic cells are toluene, xylene,
chlorobenzene (CB), mono-chlorobenzene (MCB), o-dichlorobenzene (ODCB), chlo-
roform, anisole, and indane.>%%-%2 The size of clusters of acceptors and polymers within
active layer changes enormously with the choice of solvent.*” This phenomenon is due
to the varying solubility of acceptors and polymers in the solvents.

The solubility of a material in a solvent is characterized by the solubility param-
eter (8), which is the square root of the cohesive energy density and describes the
attractive strength between the molecules of the materials.%® In order for a material to
dissolve, this cohesive energy needs to be overcome as the molecules are separated
from each other and surrounded by the solvent. The solubility of a material in a
solvent increases as the difference between their corresponding & values decreases.
Materials with values of & similar to those of solvents are likely to be soluble in
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FIGURE 4.4 (See color insert.) (a) A spatial-discretization scheme to evaluate the mor-
phological properties of photoactive layers. Polymer and PCBM domains are colored in red
and blue, respectively. (b) Domain size, (c) specific interfacial area, and (d) percolation prob-
abilities are plotted with respect to the PCBM weight percentage of the PBTTT:PCBM blends
(solid lines and symbols). The morphological properties of P3BHT:PCBM blends are also plot-
ted (dashed lines) for comparison purposes. (From Lee, C.-K. et al., Energy and Environmental
Science, 4, 41244132, 2011.) The gray-shadowed areas highlight the optimal blending ratio
for the PBTTT:PCBM blend from experiments. (¢) Snapshots of PBTTT:PCBM (blending
ratio 1:3) and (f) P3BHT:PCBM (blending ratio 1:1) are shown, and PCBM molecules are
transparent for clarity. (Reprinted with permission from Lee, C.-K. and Pao, C.-W., Journal
of Physical Chemistry C, 116, 12455-12461. Copyright 2012, American Chemical Society;
Hwang, L.-W. et al., Journal of Physical Chemistry C, 112, 78537857, 2008; Mayer, A. C. et
al., Advanced Functional Materials, 19, 1173-1179, 2009; Cates, N. C. et al., Nano Letters, 9,
4153-4157, 2009; Rance, W. L. et al., ACS Nano, 5, 5635-5646, 2011.)
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these solvents. For instance, the 8§ values of P3HT and MEH-PPV are 18.6 MP!2
and 18.0 MP"2, respectively, which are close to that of CB (19.6 MP'”2), toluene (18.2
MP'2), and chloroform (19.0 MPV?).6465 Therefore, CB, toluene, and chloroform are
expected to be effective solvents for dissolving these polymers.3® On the other hand,
PCBM has very high solubility in polar solvents, such as CB, MCB, and ODCB,
compared to nonpolar solvents, such as toluene and chloroform.%® The above dis-
cussions clearly indicate that molecular interactions of solvent with polymers and
acceptor molecules during photoactive layer formation in OPV cells influence the
solubility of these components in solvents and, hence, the morphology of photoac-
tive layers. Therefore, analyzing the molecular interaction of solvents with donor and
acceptor materials is one of the key factors for the improvement of the morphology.

The molecular interactions between acceptor molecules and polymers with sol-
vents with relatively high boiling points, such as CB (405 K) and DCB (452 K), have
been investigated in many studies.?*367 The solvents with high boiling points allow
more time for crystallization of nanoparticles and polymers within the photoactive
layer.® A previous study by Rispens et al.®® suggested that MCB-PCBM blends exhibit
a crystal packing in which electrons can hop easily in three dimensions. Therefore,
they concluded that MCB is a good solvent for synthesizing the photoactive layer.
Tummala et al.3* simulated triclinic and monoclinic PCBM crystals with or without
ODCB, CB, and chloroform to investigate the influence of the solvent on packing,
orientation, and thermodynamic transitions. The study showed that the packing of
PCBM increases after removing solvents. When the solvent is removed from the tri-
clinic cocrystal, considerable structural rearrangement occurs, resulting in a devia-
tion of 15.4% in the unit-cell parameters vis-a-vis the reference case of CB cocrystal
and a 6.6% decrease in cell volume. The study also indicated that the remnant solvent
molecules in the cocrystal hinder the formation of close contacts between PCBM,
and therefore, the presence of solvents as an impurity has an adverse effect on the
performance of OPVs.3* The study of Tummala et al.* also analyzed the solubility
of PCBM in these solvents by determining the solubility parameter (8) of PCBM.
The & values of triclinic and monoclinic PCBMs are 22.7 MP'2 and 21.5 MP'2,
respectively, which are similar to that of ODCB (22.3 MP'”?). Therefore, PCBMs sol-
vated in ODCB are expected to result in uniform dispersion into the P3HT polymer
matrix.® The & values of CB (19.6 MP'?), toluene (18.2 MP'?), and chloroform (19.0
MP!?2) clearly indicate that PCBMs have a greater solubility in ODCB than in these
solvents. The solubility of PCBM has its origins in the molecular interactions with
the solvent. For instance, chloroform molecules are attracted strongly to the ester
moiety of PCBM compared to the fullerene moiety. In contrast, toluene and fullerene
display strong n—m interactions. However, toluene shows relatively weak interactions
with the ester moiety of PCBM. Therefore, PCBMs are partially soluble in toluene
and chloroform. On the other hand, the Coulombic interactions between chlorine
atoms of ODCB and ester moieties of PCBMs, and n—n interaction among aromatic
carbon atoms of ODCB and fullerene moieties of PCBMs cause greater solubility of
PCBMs in ODCB compared to that in other solvents. However, due to the inherently
toxic properties of halogenated solvents, Schmidt-Hansberg et al.%?> suggested indane
as a nonhalogenated replacement. Moreover, indane is expected to dissolve both
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PCBM and polymer due to the strong n—= interaction of aromatic carbon atoms of
indane with fullerene moieties of PCBM and conjugated polymer rings.

Mortuza et al.?® performed MD simulations to simulate PCBM in three solvents:
(1) toluene, (ii) indane, and (iii) toluene-indane mixtures to correlate solvent—acceptor
interactions with the size of the agglomerate structure of PCBM. The study showed
that PCBMs form large clusters in toluene and they are relatively dispersed in indane
(Figure 4.5a), indicating a greater solubility of PCBM in indane compared to that
in toluene. The observed greater solubility of PCBM in indane compared to that in
toluene is due to the greater number of carbon atoms in the former solvent than the
latter,°® which leads to an enhanced interaction between PCBM and solvent mol-
ecules in the former case. To quantitatively determine the binding affinity between
fullerene moieties of PCBMs in solvents, Mortuza et al.?® calculated the potential
of mean force (PMF) between a pair of fullerene molecules in toluene and indane
at 310 K, as shown in Figure 4.5b. Figure 4.5b shows that the depth of the PMF of
fullerenes in indane is approximately 0.4 kcal/mol, which is shallower than that in
toluene (0.85 kcal/mol).2¢ The greater depth of well in toluene indicates that the bind-
ing energy between fullerenes is greater in toluene than in indane. Therefore, it is
easier for fullerenes to escape the potential well in indane and form a dispersed solu-
tion than in toluene. The PMFs also indicate a smaller induced repulsion in toluene
compared to that in indane. Due to this phenomenon, PCBMs form larger clusters
in toluene than in indane. Therefore, based on the solubility of PCBM, indane is a
better choice of solvent than toluene and the toluene-indane mixture for fabricating
the photoactive layer of OPV solar cells. Varying the relative concentration of tolu-
ene and indane in mixed solvent systems might provide a way to tune the extent of
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FIGURE 4.5 (See color insert.) (a) Cluster size of PCBMs has been characterized by evalu-
ating the size of the largest cluster with temperature at various concentrations. The notations
P1T1, P1T2, P111, P112, P1TI1, and PITI2 correspond to the simulated systems in the study
of Mortuza et al.?¢ in which systems with toluene, indane, and toluene-indane mixtures have
the letters T, I, and TI in the names, respectively, and 1 and 2 refer to different concentrations.
(b) Potential of mean force (PMF) for fullerene molecules in toluene and indane at 310 K are
presented. (Reprinted with permission from S. M. Mortuza, S. Banerjee, Journal of Chemical
Physics, 137. Copyright 2012, American Institute of Physics.)
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agglomeration during the solvent-based processing of photoactive layers. Mortuza
et al.?6 also analyzed the effects of concentration of PCBM on the molecular rear-
rangement and agglomeration of PCBM in various solvents that will be discussed later.

Lee et al.”® performed CGMD simulations of systems of MEH-PPV in chloro-
form and toluene to understand the agglomeration of polymer in solvents. The study
showed that toluene has a strong affinity toward the MEH-backbone, but it is not
attracted to the side chains of the polymer. On the other hand, chloroform is rela-
tively attracted to the side chains, but it does not have any affinity toward the back-
bone of MEH-PPV. Hence, the study of Lee et al.”® concluded that the solubility of
MEH-PPYV is low in chloroform and toluene, which conflicts with the interpretation
based on the solubility parameter of MEH-PPV, chloroform, and toluene discussed
above. However, because PCBMs have low solubility in toluene and chloroform,
perhaps researchers should not use these solvents to synthesize photoactive layers.
MD simulations are helpful tools that provide such information a priori for guiding
experiments. None of the previous studies, based on MD, considered combined sys-
tems comprising polymers, acceptor species, and solvent. The lack of such studies
is rooted in the fact that the photoactive layer consists of only acceptor species and
polymers because the solvent has already evaporated after spin coating. However,
because both acceptors and polymers are mixed and solvated together to generate
BHJ, it is important to understand the ternary interactions of acceptor molecules and
polymers in solvents. In order to fill this gap, a ternary system comprising solvent,
acceptors, and polymers should be modeled as part of future studies to select the
most favorable solvent for synthesis of photoactive layers of OPV.

4.3.1.3 Solute Concentration in Solvent

The relative concentrations of solute and solvent play an important role in the
agglomeration of solutes during spin coating. To determine the effect of concentra-
tion of PCBM on their molecular arrangement and agglomeration, Mortuza et al.?¢
simulated systems comprising PCBM and the three aromatic solvents mentioned in
Section 4.3.1.2 in weight ratios 1:1 and 1:2, which correspond to PCBM mass fractions
of 50% and 33.33%, respectively. As expected, the study illustrated that the size of
the largest cluster of PCBM is greater in systems with a high concentration of PCBM
(Figure 4.5a). Agglomeration of PCBMs increases with an increase in concentra-
tion of PCBM in solvents.#*3152 Frigerio et al.?* simulated systems with PCBM in
ODCB and MCB in order to understand the effect of temperature and concentration
of PCBM on the agglomeration and crystallinity of PCBM clusters in these solvents.
The study showed that the association of PCBM with each other increases with the
increase of concentration of PCBM in the simulated solvents. At high concentrations
of PCBM, the number of molecules in a solvation shell around PCBM clusters is
not sufficient to solvate the clusters. Under such conditions, strong n—x interaction
among fullerene moieties of PCBMs leads to highly coordinated clusters. During
synthesis of photoactive layers, the solute concentration should be chosen such that
all solute molecules dissolve in the solvent. Otherwise, uniform blend composition is
not achieved, and hence, the morphology of the photoactive layer becomes less favor-
able, and the device performance deteriorates. Although the above studies?*?¢ have
focused on systems with a high concentration of PCBM, they provide fundamental
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insight that can guide the selection of optimal concentration of acceptor molecules
and solvents that lead to desired morphologies of the photoactive layer.

4.3.1.4 Chemical Structure of Polymers and Acceptor Species

The choice of the electron donor (polymer) and acceptor species, which is tied to
their respective molecular structures, has significant influence on the resulting mor-
phology of the photoactive layer. Several studies have employed MD simulations to
evaluate the effect of specific structural factors, such as regioregularity of the poly-
mer, presence of specific chemical moieties, chain length, degree of polymerization,
and numbers of side chains on the morphology of photoactive layers.”3%33 Carrillo
et al.” performed CGMD simulations of systems comprising PCBM and P3HT, in
which the degree of polymerization (N) varied from 10 to 150 in order to investigate
the effect of chemical structure of P3HT on the extent of phase segregation in the
P3HT:PCBM blends. For a weight ratio of 1:1 and short chain length (N = 10), the
authors observed a smectic/layered phase-segregated structure with alternate layers
of P3HT and PCBM (see Figure 4.6). In contrast, such morphology is not observed
for higher values of N, suggesting that chain length of P3HT plays an important role
in the morphology. Figure 4.6 shows that increase of P3HT chain length enhances
the number of pure domains of P3HT and PCBM. The study illustrated that the
average size of such pure P3HT domains in a phase-segregated state decreases with
an increase in N. For instance, for a P3BHT:PCBM weight ratio of 1:1 and N = 50,
the average P3HT domain size D is approximately 18 nm. In contrast, for a same
weight ratio, the value of D is approximately 10 nm and 8 nm when N = 100 and
N = 150, respectively. The suggested maximum value of D, to reduce recombination
losses, is 10 nm for diffusion of exciton to the interface of P3HT and PCBM. Hence,
longer chain length, which leads to low average domain size of P3HT, is desired
to limit exciton recombination. The average domain size of P3HT is related to the
interfacial area A by the relation DA ~ L*@,, where @, is the volume fraction of
P3HT domains, and L3 is the total volume of the system.” The study showed that the
interfacial area-to-volume ratio, which has an inverse relation to D, increases with
the increase of chain length of P3HT. For example, for a weight ratio of 1:1 and N =
50, the interfacial area-to-volume ratio is approximately 0.24 nm~', and it is approxi-
mately 0.36 nm~' when N = 150. Overall, for P3BHT:PCBM blends with 1:1 weight
N =100 N=150

N=10 N=25 N =50

FIGURE 4.6 (See color insert.) Effects of the P3HT degree of polymerization, N, on the
morphology of P3BHT:PCBM blends are presented at a weight ratio of 1:1. P3HT monomers and
PCBM beads are colored in red and blue, respectively. (From J.-M. Y. Carrillo, R. Kumar, M.
Goswami, B. G. Sumpter, W. M. Brown, Physical Chemistry Chemical Physics, 15, 17873-17882,
2013. Reproduced by permission of The Royal Society of Chemistry.)
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ratio, it is advantageous to have longer chain lengths (N > 100) because an increase in
the number of monomers in a polymer unit leads to more pure domains, low average
domain size of P3HT, and an increase in the interfacial area-to-volume ratio.’

Scientists have already identified numerous polymers for use in OPVs based on their
bandgaps, hole mobilities, and conjugation length. However, ongoing research in vari-
ous scientific groups is continuing to explore new polymers that are amenable to better
processibility and lead to optimized morphologies.3%33 Molecular modeling can elimi-
nate the trial-and-error process involved in synthesis and characterization of polymers
for OPV applications and help identify novel polymers with great potential to improve
device performance. In order to understand the effect of physical (size and flexibility)
and chemical (pair-wise interaction strengths) features of donor and acceptor molecules
on the morphology of photoactive layers, Marsh et al.’* performed CGMD simulations
of systems comprising a generic polymer and PCBM. The study showed that generic
conjugated polymers with rigid backbones and constrained side chains cause a layer-
by-layer morphology of polymers and amorphous acceptors whereas flexible backbones
and unconstrained side chains facilitate a highly ordered acceptor arrangement. Thus,
polymers with flexible backbones and unconstrained side chains are great choices in
order to achieve enhanced performance of OPV devices. The increase in length of
polymers and number of side chains can result in such flexible backbones in polymers.
The study of Marsh et al.*® also demonstrated that increasing the diameter of acceptor
species decreases ordering of the acceptor domain. Therefore, although there are other
candidates with larger diameters, such as PC; BM, PC,, BM has been the most popular
acceptor. Although sizes of donor and acceptor molecules influence the morphology of
photoactive layers, the orientation of side chains of polymers facilitates the ordering of
polymers and molecular arrangement of acceptors in photoactive layers. Jankowski et
al.¥¥ investigated the effect of orientation of side chains on the morphology of photoactive
layers by performing CGMD simulations of PCBMs in various polymers, such as P3HT,
poly-(2,2":5,2"-3,3"-dihexylterthiophene) (PTTT) and poly(3,4-dihexyl-2,2"-bithiophene)
(PDHBT). Jankowski et al.** showed that the orientation of side chains of polymers deter-
mines the molecular arrangement of PCBM in polymers and hence the overall interfacial
area in the polymer: PCBM blends. If the gap between side chains of contiguous mono-
meric units is too small to accommodate an acceptor molecule without significantly
bending the side chains or backbone, the intercalation of PCBM is restricted. Because
the van der Waals diameter of PCBM is approximately 1 nm, the distance between two
side chains in polymers should be at least 1.3 nm in order to intercalate a PCBM.* The
results presented in the abovementioned studies provide great insight and demonstrate
that MD-based studies have excellent scope to predict specific configurations that favor
the formation of interfaces between polymers and nanoparticles. In the near future,
MD simulations can therefore be used to identify polymers that lead to such enhanced
morphologies.

4.3.2 OTHER STUDIES RELATED TO THE MORPHOLOGY
OF PHOTOACTIVE LAYERS UsING MD

From the studies presented and discussed in Sections 4.3.1.1-4.3.1.4, we can con-
clude that processing parameters play an important role in determining the extent
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of crystallinity of polymer and nanoparticle domains and therefore have profound
impact on the performance of OPVs. It is expected that the crystalline structure of
these components will be hindered at the interface of nanoparticles and polymers
due to their strong molecular interactions.?” On the other hand, bulk polymers or
nanoparticles need to be in crystalline form so that electrons and holes can hop
through them to reach the electrodes. MD simulations are able to estimate the crys-
tallinity of polymers by evaluating the angles between main chains of polymers. For
instance, Reddy et al.?> performed MD simulations of a system comprising thio-
phene oligomers and fullerenes. They determined the orientation of polymers at the
interface and at the bulk. The study demonstrates that the formation of ordered con-
figurations of polymers, which promote the transfer of charges, is strongly disrupted
at the proximity of nanoparticles compared to that in bulk oligothiophene systems
(Figure 4.7). The strong n—r interactions among fullerene and thiophene rings cause
such disruption. In contrast, thiophene units that are at a distance from the interface
do not interact significantly with PCBM domains due to n—= stacking of thiophene
rings and are therefore in a more ordered state. Therefore, in the photoactive layer,
PCBMs and polymers occur in an amorphous phase near the interfaces while bulk
polymer and PCBM are in crystalline phases. This is tied to the river-and-stream
model for photoactive layers that was recently proposed based on neutron scattering
experimental diagnostics.”!

In order to evaluate the ordering of polymers in bulk, Takizawa et al.’? simu-
lated P3HT molecules in anisole. Their results indicated that the initial nucleation

FIGURE 4.7 (See color insert.) Molecular snapshot of the orientation of thiophene oligomers
at the fullerene-oligothiophene interface is shown. Oligothiophene molecules are placed on top of
fullerene molecules. (Reprinted with permission from Reddy, S. Y. and Kuppa, V. K., Journal of
Physical Chemistry C, 116, 14873-14882. Copyright 2012, American Chemical Society.)
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of P3HT in solution begins with ring ordering, followed by main chain ordering and
side chain ordering. Initially, the neighboring thiophene rings align very quickly
due to n—= interaction and the neighboring main chains align their directions with
respect to each other, which takes more than five times longer than the ring ordering
process. During these quick ordering processes, the planar structure of thiophene
rings and the strong interaction between them play an important role. The ordering
of side chains occurs through the packing of main chains. The ordering of side chains
is a relatively slow process and takes almost five times longer than the ordering of
the main chain. The slow ordering dynamics of side chains is one of the factors that
cause anisotropic growth of nuclei, during which the crystalline domain grows faster
in the direction of the normal vectors of rings than in the direction of side chain vec-
tors. A schematic adopted from this study,”> which shows ordered conjugated P3HT
domains in solutions, is presented in Figure 4.8. These fundamental studies®’? pro-
vide insight into some of the basic criteria to choose conjugated polymers for OPVs.

(@) (b)

/ /

FIGURE 4.8 A schematic representation of the ordering mechanism of P3HT in solutions is
shown. (a) Initially, the neighboring thiophene rings align. (b) Next, the neighboring main chains
arrange their directions. At this stage, side chains are in various directions. (c) Finally, formation
alignment of flexible side chains occurs. (Reprinted with permission from Takizawa, Y. et al.,
Journal of Physical Chemistry B, 117, 6282—6289. Copyright 2013, American Chemical Society.)
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A recent study by Pan et al.” utilized MD simulations to simulate PCBM and
P3HT blends. The goal of this study was to build up highly ordered columnar struc-
tures within the active layer by introducing a second polymer, which is immiscible
with the first, possibly causing lateral phase segregation into columnar structures.
The study found that the introduction of polystyrene organizes the P3HT into colum-
nar phases decorated by PCBM at the interface. The columnar structure of P3HT
with abundant PCBM particles at the interface generates high interfacial area, which
enhances the exciton dissociation and charge separation.”

Another very recent study” introduced single-walled carbon nanotubes
(SWCNTs) as alternate electron acceptor molecules in the photoactive layer. The
study evaluated the interaction energy between SWCNTs and polymers, including
P3HT, MDMO-PPV, and MEH-PPV, by MD simulation. The interaction energy was
calculated based on the difference between the potential energy of the system and
the potential energy for the polymer and SWCNTs. The study illustrated that the
SWCNTs interact more strongly with P3HT, compared to that with other polymers.
The study also evaluated the radii of gyration of polymers that were absorbed on
the surface of SWCNTs in order to understand the morphology. The greater radius
of gyration indicates expanded polymer on the surface of SWCNTs and, hence, a
greater interfacial area. The study showed that the radius of gyration is the greatest
for P3HTs on SWCNTs surfaces. This outcome signifies that SWCNTs can be pos-
sible candidates for acceptor materials.

As illustrated through numerous examples in this chapter, the critical advantages
of molecular modeling tools is that they enable a systematic choice of electron donor
and acceptor materials, solvents, and synthesis parameters before fabricating and
testing the device experimentally.

4.4 OUTLOOK AND FUTURE DIRECTIONS

OPYV solar cells have become popular due to their light weight, flexibility, and ease
of manufacturing. Additionally, the cells have no long-term environmental and
health issues, and they have the potential to generate cost-effective and efficient
energy. However, in order to realize OPV devices as energy harvesters for our long-
term energy needs, significant improvements in performance are required. The
design and fabrication of a high-efficiency OPV device requires precise control
over the nanoscale morphology, molecular ordering, and interfacial properties of all
components in the device. Moreover, it is also important to select favorable synthe-
sis parameters for fabrication of OPVs since these parameters control the morphol-
ogy of the photoactive layer of OPVs and, hence, the device performance. Instead
of using traditional trial-and-error approaches for selecting these parameters, a
rational predictive approach is highly essential. Molecular dynamics simulations
are favorable tools that can guide the selection of favorable synthesis conditions for
OPVs.

The results presented in this chapter, based on classical MD and CGMD simu-
lations performed by various research groups, demonstrate recent attempts toward
systematic studies of the relationships of various synthesis parameters with the mor-
phology. We have addressed the effect of parameters, such as relative concentrations
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of polymers and acceptor molecules, choice of solvent, and chemical structure of the
donor and acceptor molecules on the agglomerate structures of acceptors and poly-
mers. There are several other studies,”*7° which employed ab-initio MD or density
functional theory (DFT) to understand the electronic structure, bandgaps, and elec-
tron and hole mobilities of photoactive materials. Combining classical all-atom and
course-grained MD simulations with ab-initio MD and DFT calculations will help
to bridge the gaps between various scales involved in energy conversion processes
in OPVs, such as exciton generation, separation into an electron and a hole, and
transportation of separated charges from the interface to electrodes. Such combined
modeling efforts will be helpful in relating the underlying physics of these energy
conversion processes with the morphology of photoactive layers. This predictive
modeling approach will help in significantly improving the performance of OPVs.
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5.1 INTRODUCTION

Societal need for renewable energy has led to the advent of research areas such as
organic photovoltaics (OPVs).> Enormous interest in the OPVs is premised on the
facts that sunlight is the most abundant renewable energy source and conjugated
polymers can be used for solar energy conversion. Usage of polymers in OPV devices
promises low cost, flexibility, and fabrication from earth-abundant elements. Despite
these advantages, the power conversion efficiencies (PCEs) of the OPVs are not on
a par with inorganic semiconductors. Therefore a large amount of the fundamental
and applied research in the field of OPVs is focused on providing useful insights into
improving the PCEs of OPVs.

The PCE is defined as the ratio of power generated to the incident solar power
impinging on the photovoltaic device. The PCE of an OPV device depends on a
number of factors. In order to obtain some insight into how the PCE depends on vari-
ous parameters, we consider a simpler case of a single p-n junction-based solar cell.
Shockley and Queisser? studied such a system in 1961 and computed an upper theoret-
ical limit assuming that all avoidable losses are absent. As per definition of the PCE,
the maximum efficiency corresponds to maximum power generated per unit energy
impinged on the solar cell. The power generated is material-specific and depends on
three main quantities: rates of electron-hole pair (known as an exciton*) generation,
their dissociation into “free charges,” and recombination by various mechanisms.
Physically, a “hole” refers to a vacant electronic site in a molecular orbital resulting
from excitation of the electron from the orbital and has a unit positive charge.

The exciton generation rate depends on geometrical factors, such as the angle
of incidence of solar radiation, the absorption coefficient of the material, and the
bandgap, E,, between the conduction and valence bands—also known as the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO), respectively. Modeling the sun as a black body at temperature 7, ignor-
ing radiative losses from the solar cell by treating it as a black body at temperature
T. = 0 and neglecting geometrical factors related to incidence angle and assuming
that all photons with energy E > E, = hv, are absorbed and lead to generation of an
electronic charge e at voltage V, (so that eV, = hy,); “ultimate efficiency” is found to

be a function of E; . The ultimate efficiency is found to be approximately 44% for
Ey =22, Which]z:osrresponds to E, = 1.1 eV for T, = 6000 K.
kT, :

In an actual device, not every photon with energy E > E, = hv, leads to an absorp-
tion and generation of an electronic charge. The ratio of the charge generation rate
and the absorption rate of solar photons defines the internal quantum efficiency (IQE).
In the calculation of the ultimate efficiency, the IQE is assumed to be unity, and in
experiments, it is found to be less than unity. A somewhat related quantity for the
charge generation is the exciton dissociation efficiency, which depends on electrostatic
binding energy and the presence of contacts between donor and acceptor domains. A
schematic showing the formation and dissociation of an exciton is shown in Figure 5.1.

Generation of charges and exciton pairs leads to a nonequilibrium state with
higher energy. Electrons and holes tend to reestablish equilibrium by recombining
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FIGURE 5.1 Schematic energy (E) band diagram near an electron donor—acceptor interface
for a single junction. Presence of lower energy bands on the acceptor side leads to dissociation
of a singlet exciton to form a charge-transfer exciton/exciplex (dashed oval). Eyy is the single
exciton binding energy, and E is the charge-transfer exciton binding energy. (Adapted from
Muntwiler, M. et al., Phys. Rev. Lett., 101, 196403, 2008. With permission.)

in a number of ways and lowering the energy. Different ways of recombining* are
broadly classified into radiative and nonradiative mechanisms. Radiative mecha-
nisms involve direct recombination of electrons and holes so that the electron moves
back to HOMO with the emission of a photon/radiation. Other types of radiative
mechanisms involve recombination through traps and surface recombination, in
which an electron recombines with a hole to form an exciton and the exciton decays
by radiation. Nonradiative mechanisms involve transfer of energy of an electron to
another electron in the conduction band creating a highly energetic carrier (known
as Auger recombination) or to lattice vibrations (phonons). Note that nonradiative
processes also lead to generation of charge carriers. The recombination rate affects
the PCE of a photovoltaic cell in a significant manner due to its direct effect on the
number of charge carriers, electrons, and holes.

Current, /, generated by any solar cell is the rate at which charges (electrons and
holes) are being collected from the solar cell. At equilibrium, the number of charges
generated and collected must be equal and is given by the steady state condition’:
I=e(y—Jo+ Jgn = Jon)- Here, Iy, Sy Jonr and J,,,, are the rates of charge generation by
radiative, recombination by radiative, generation by nonradiative, and recombination
by nonradiative mechanisms, respectively. Invoking dependences of different rates
on the voltage for a p-n junction, the current-voltage relationship was constructed by
g

Shockley and Queisser, and the PCE was computed as a function of ,—, geo-
B%s s
metrical factors and IQE. Maximum efficiency of around 30% was found by varying
various parameters.
These calculations reveal the importance of different factors that affect the
PCE. In order to maximize the PCE, exciton generation and its dissociation
into charge carriers needs to be maximized. At the same time, recombination

needs to be minimized along with an optimization of the current collection. The
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requirement for the optimization of current collection arises from the fact that
contacts between electrodes, electron donors, and acceptors affect charge trans-
port. Issues such as the work function of electrodes and the resulting potential
barrier to the electronic current are topics of extensive research. Unlike inorganic
semiconductors, which have an almost pure crystalline structure, OPVs have crys-
talline and amorphous domains due to the use of conjugated polymers,?> which
complicate generation of electron-hole pairs and charge conduction. Thiophene-
based conjugated polymers are used as electron donors along with fullerene-based
acceptors. Also, instead of a p-n junction (which is created by doping in a single
crystal), junctions between donors and acceptors (known as heterojunctions) are
widely used. Experimentally, it has been shown that the simplest kind of hetero-
junction, which corresponds to a bilayer device containing a donor and acceptor
in a thin film, is not the best OPV device in terms of the PCE. Instead, devices
based on a mixture of donors and acceptors, which can phase segregate to form
various heterojunctions in bulk—known as bulk heterojunctions' (BHJs)—have
higher PCEs. Note that the distribution of donors and acceptors in a BHJ is a
result of phase segregation and depends on the processing conditions along with
specific nature of donors and acceptors.

Due to the interplay of various parameters, such as polymer characteristics, pro-
cessing conditions, etc., it is very hard to understand the roles played by different
intrinsic processes in OPV devices. With recent advances in computational power
and modeling techniques, it is not surprising that simulations of OPVs have become
more popular and are beginning to provide very useful insights. In this chapter,
we present a number of areas where simulations can provide fundamental insights.
Discussion and future directions are presented in Section 5.4.

5.2 ISSUES WITH WHICH MODELING CAN PROVIDE INSIGHTS

It is widely accepted that material structure and its mechanical as well as transport
properties are intimately connected. Simulations provide very useful information
about this particular connection by exploring chemical and physical mechanisms for
the self-assembly and dynamics of molecular and hybrid materials. For example, in
the context of OPVs, the PCE and underlying current—voltage (/-V) curves resulting
from exposure to sunlight are strongly dependent on the morphology, device archi-
tecture, and molecular interactions. Analogous to inorganic semiconductors, such
as silicon, photocurrent in conjugated polymers, used in OPVs as an electron donor,
can be tweaked in a number of ways, for example, by applying an electric field or
due to impurities. At the fundamental level, photocurrent changes due to a change in
the structure of energy bands and a change in bandgap between the conduction and
the valence band.

Theoretical and computational chemical physics and materials sciences have
reached a status that is ideally positioned to offer considerable aid in the quest to
understand materials structure—property—transport relationships. Additionally, the
rapid progression of computational hardware (1000x performance in the last 5 years)
with the power to numerically solve the key underlying differential equations for
large system size, often means that realistic system sizes in relevant environments
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can now be simulated. Using such simulations, insights into a number of issues rel-
evant for OPVs can be obtained. We categorize these issues into four categories:

a. Exciton generation, dissociation, and recombination

b. Effects of macromolecular characteristics of conjugated polymers on
morphology

c. Interfacial properties of electrode—donor—acceptor interfaces

d. Effects of morphology on the charge generation and recombination

Details about the kind of insights that can be obtained by applying various mod-
eling techniques are presented in the Section 5.2. Specific applications of modeling
techniques are reviewed in Section 5.3.

5.2.1 ExcitoN GENERATION, DISSOCIATION, AND RECOMBINATION

From the discussion on p-n junction, it is clear that the generation, dissociation, and
decay of excitonic states plays a critical role in both optoelectronic and photovol-
taic systems. These quasiparticles, generated primarily by photoexcitation are held
together by Coulombic interactions.>® At the molecular level, excitonic states can
correspond to localized or delocalized electron-hole densities that extend over the
underlying material. Appropriate electronic coupling to charge-transfer states® can
give rise to efficient exciton dissociation,” which is one key to enhancing OPV effi-
ciency (see the schematic in Figure 5.1 showing the formation of a charge-transfer
exciton/exciplex). For heterojunctions, exciton decay toward a charge-separated state
is strongly influenced/controlled by molecular-level electronic interactions at the
interface. In addition to the important energetic criteria of the band-offset (Figure
5.1), fast charge transfer is another critical component to the overall PV efficiency.
Reducing the probability of exciton recombination in the donor phase by strong wave
function overlap to excited states can open channels for fast adiabatic electron trans-
fer.8-10 By engineering the molecular chemistry at the surface, the electronic struc-
ture can be modified to promote charge transfer bridging states'! that can facilitate
transfer'? as well as significantly modulate the open circuit voltage (V,.).!* Similarly,
chemical modification of a semiconducting polymer backbone can potentially be
exploited to manipulate the underlying electronic structure.'

Experimentally measureable quantities that directly relate to device performance
metrics, such as the PCE include' short-circuit current (J,,), open-circuit voltage
(V,), and fill factor (FF). J, V,., and FF are defined as the current at zero voltage,
voltage at zero current, and ratio of maximum power that can be obtained from
the solar cell to the actual power obtained, respectively. The product of these three
quantities divided by the total solar input power yields the PCE. J,. depends on the
external quantum efficiency (EQE), defined as the number of charge carriers gener-
ated per photon impinged (in contrast to absorbed, which defines IQE) on the solar
cell. However, V,__ is still not well understood. Many authors equate it to the energetic
difference between the ionization potential (HOMO) of the donor and the electron
affinity (LUMO) of the acceptor.'® Because such information is a direct outcome
of the underlying electronic structure, quantum chemistry and electronic structure
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calculations can provide a direct means for accessing them and making appropriate
correlations.!”-2

Advent of semilocal and especially nonlocal descriptions of exchange and cor-
relation effects within the density functional theory (DFT) now allows describing
bonding in molecules and solids with sufficient accuracy to compare quantitatively
to experiments for many classes of systems. It is therefore becoming possible to
develop a semiquantitative description of a large number of systems and processes
relevant to OPV development. We note that considerable progress is still needed in
designing efficient electronic structure algorithms that can accurately treat excited
state processes and that can speed up the required evaluation of energy and forces
(see Section 5.3.1).

5.2.2 Errects OF MACROMOLECULAR CHARACTERISTICS OF
CONJUGATED POLYMERS ON MORPHOLOGY

5.2.2.1 Equilibrium Aspects

Analysis of the exciton generation, dissociation, and recombination as presented here
reveals that optoelectronic properties in a heterojunction are strongly dependent on
morphology and interfacial structure. Also, it is widely appreciated that the morphol-
ogy of the active layer in an OPV device is a result of phase segregation??> between
the conjugated polymer and fullerene-based electron acceptors. From extensive work
in the area of polymer physics,?*?* it is known that the phase segregation must depend
on polymer chain characteristics, such as its molecular weight, architecture (effects
of side chains, regioregularity, etc.), and interaction energy with electron acceptors
and substrates. Simulations can provide useful insights into the effects of macro-
molecular characteristics on the morphology in OPVs by simulating self-assembly
in thin films containing conjugated polymers and electron acceptors. For such pur-
poses, molecular dynamics® (MD), Monte-Carlo?> (MC), and field theoretical simu-
lations? (FTS) are ideal tools. Different techniques have certain advantages and
disadvantages, which we discuss in Section 5.3. Nevertheless, these three simulation
techniques have been used extensively to obtain insights into morphologies in OPVs.

5.2.2.2 Nonequilibrium Effects of Additives and Processing Conditions

In order to optimize the PCE of OPVs, the mixture of electron donor and acceptor
is dissolved in a common solvent containing a small amount of additives, which
are also volatile. The choice of a solvent additive is based on the criterion?® that
it should be less volatile than the parent solvent so that it can help in overcoming
kinetic barriers by imparting prolonged mobility to reach a true equilibrium state.
Experimentally,? it has been shown that the use of additives tends to increase the
PCEs of OPVs. The origin of such an increase in PCE resulting from the use of
solvent additives is a topic of extensive research. In particular, it is not clear how
the solvent and additive evaporation rates and any residual additive in the thin film
containing the donor—acceptor blend affects the internal structure. Modeling solvent
evaporation along with the self-assembly of donor—acceptor blends requires a multi-
scale approach coupling molecular details of phase transitions with the self-assembly
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processes inside thin films. However, there have been a few attempts to model the
effects of solvent evaporation?”?® on the morphology in OPVs in the absence of any
additive using a continuum-based approach, such as the Cahn-Hilliard-Cook for-
malism. These simulations provide qualitative insights into the effects of solvent
annealing on OPV thin film structures, which has been a topic of extensive research
in recent years.

5.2.3 INTERFACIAL PROPERTIES OF ELECTRODE—DONOR—ACCEPTOR INTERFACES

The surface of a semiconductor tends to have energy levels* lying in the forbid-
den gap between the HOMO and LUMO. Furthermore, the metal-semiconductor
interface tends to have an energy barrier (known as the Schottky barrier* for the
electronic flow from the semiconductor to the metal). The origin of the barrier lies in
the additional bands near the surfaces, which can trap holes or electrons and space-
charge distribution near the metal-semiconductor interfaces, which results in an
electrostatic potential. In addition, if one of the surfaces is charged, for example, in
the case of an electrode, then the energy barrier can be reduced or increased based
on the sign of the charge on the surface. Space charge distribution turns out to be
an important factor in determining the energy barrier. Research has been conducted
to modify cathode and anode electrodes so as to enhance current collection, reduce
the barrier, and enhance the PCE. For example, a thin film of poly(3,4-ethylene-
dioxythiophene) (PEDOT) and poly(styrene sulphonate) (PSS) on indium tin oxide
(ITO) is used as an anode buffer layer in a number of studies?>*° (a conventional
configuration). However, devices using ITO covered with cesium carbonate as a
cathode (known as an inverted configuration) have been shown to outperform?' the
conventional OPV devices in terms of PCEs. The differences in the PCEs between
the conventional and an inverted configuration have been shown’! to be a result of
vertical phase segregation of donors and acceptors due to different interfacial inter-
action energies. For example, in the inverted configuration, the electron acceptors
are populated next to the cathode instead of the anode in the case of the conventional
configuration. Modeling based on DFT can provide insights into the effects of poly-
mer chain orientation, interface dipoles on the energy barrier at interfaces involving
the electrode, donor, or acceptor.

5.2.4 Errects OF MORPHOLOGY ON THE CHARGE
GENERATION AND RECOMBINATION

Our understanding of how morphology affects charge transport and other electronic
properties in an OPV device is at the infancy stage. Conjectures about the ideal mor-
phology for optimum PCE has been put forward in the literature.>? However, there
is a need for systematic studies which can shed light on how morphology affects
electronic properties. Preliminary work has been done on coupling drift-diffusion
models relating electron, hole, and exciton transport to local structure using con-
tinuum modeling.*2** In principle, both the morphology and charge transport need
to be determined self-consistently. However, we are not aware of any such simulation
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approach so far. Such investigations will provide guidelines about how global current-
voltage relationships can be improved by manipulating local structure.

In Section 5.3, we give a brief overview of some of the primary computational
modeling tools that have been deployed to study physicochemical properties/processes
in OPVs.

5.3 INSIGHTS OBTAINED FROM SIMULATION APPROACHES

5.3.1 ELecTRONIC STRUCTURE CALCULATIONS

Quantum mechanical electronic structure theory offers a suitable framework to explore
many properties and structures of materials and interfaces that are fundamentally
important to optoelectronics and photovoltaics. In particular, considerable work has
been accomplished in terms of predicting electronic energy levels (HOMO, LUMO),
bandgap, dipole moment, electron and hole mobilities, and electronic band offsets at
interfaces (for band engineering) to highlight systems that are good candidates for
low-bandgap organics and polymers** (see Figure 5.2). The most popular computa-
tional approach in this regard has been DFT. DFT proposes to solve electronic struc-
ture problems using the electron charge density, p(r), as the fundamental variable,?
which is formally based on the Hohenberg and Kohn theorems.?® In practice, DFT
is applied using the Kohn-Sham ansatz (KS), using a mean-field approach.’” The KS
method represents the density as a linear combination of the inner products of inde-
pendent spin-orbital functions and the energy as a functional of p(r) as
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FIGURE 5.2 Schematic diagram for energy levels of a model heterojunction and vari-
ous quantities that can be computed from electronic structure calculations. (Adapted from
Rajendran, A. et al., The Journal of Physical Chemistry A, 116, 12153-12162, 2012. With
permission.)



Insights Obtained from Modeling of Organic Photovoltaics 121

where the first and second terms are the kinetic energy of independent particles,

T,[p], and the Coulomb interaction energy (E[pl= Y% [ [dr drp(r)p(r)ir —rl).

The term v,,,(r) is the potential generated by the nucle1 and experienced by the
electrons, and Vyy is the nuclear repulsion energy for a fixed nuclear configuration.
In Equation 5.1, the contribution E, [p] is the exchange-correlation energy, which
includes the electron exchange interaction as well as the many body contributions
to the kinetic and electron—electron repulsion potentials (that is, V, [p]) that are not
included in T [p] or E[p], that is, E, [p] = V. [p] + T[p] — E[p] — T,[p]. The explicit
expression of E,. remains unknown, but there are many approaches that have
shown satisfactory results using standard approximations, such as general gradient
approximations and hybrid functionals. Such approaches are grouped according
to their treatment of the density into “generations” or “ladder rungs.”*® The most
common are based on the local density approximation (LDA) or generalized gra-
dient approximation (GGA).* Although some functionals have shown impressive
results, those are not always transferable for every problem and can often fail for
the description of long-range interactions and excited states. The origins of these
difficulties are attributed to the incorrect cancellation of electron self-interaction*’
and incorrect treatment of dynamic correlation, among others. There are many
strategies to avoid these problems, some of which involve the inclusion of explicit
terms from wave function theories (hybrid functionals), treatments with optimized
effective potentials, an adjustment to the asymptotic correction of exchange cor-
relation potentials, and the addition of empirical energy terms. For more details on
DFT and post-DFT methods for the study of OPVs, we refer the reader to recent
reviews.*-43

The pursuit of conjugated organic molecular and polymeric compounds as poten-
tial electronic materials in new-generation optoelectronic and photovoltaic devices
has recently compounded the long interest of many scientists in the basic photophys-
ics of such species.’® Currently, there is considerable activity aimed at synthesiz-
ing new compounds and formulating structure—property relationships, especially in
terms of absorption spectroscopy and electrochemistry, which determine bandgap
behavior and light-harvesting bandwidth, plus the ability to donate or accept elec-
trons, respectively.** Effective computational prediction of the electronic properties
of suitable molecules can provide guidance to target the most promising variants of
any synthetic family of compounds, depending on the specific properties desired.
Recent progress is highlighted by the Harvard Clean Energy Project*-47 as well as
many other efforts from various groups.*$4

However, it should be noted that conventional DFT in both its static and time-
dependent (TDDFT) formulations suffers from limitations in destabilizing occupied
states and overstabilizing unoccupied states in conjugated molecules. This tends
to pose some difficulties in directly using information to describe charge transfer,
and absolute energies are sometimes suspect. However, in general, useful trends can
often be obtained (as mentioned above). Efforts to put DFT on more firm ground for
predicting charge transfer and donor—acceptor levels have included, among many
others, using orbital-dependent DFT based on Koopman’s condition. This approach
shows promise for computing energies accurate to a few tenths of an electron volt.>
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The carrier mobility for photovoltaic materials (ability of a charge to move in
the bulk material) is an important parameter that has been examined and estimated
using DFT-based approaches. A recent review gives an overview of different first
principle models to address scattering regimes in which (1) the molecular internal
vibration severely induces charge self-trapping and, thus, the hopping mechanism
dominates; (2) both intermolecular and intramolecular scatterings play roles, so the
Holstein-Peierls polaron model is applied; and (3) charge is well delocalized with a
coherence length comparable to an acoustic phonon wavelength so that a deforma-
tion potential approach is more appropriate.’’ Numerous studies have shown results
that provide new insight into the microscopic origins of high-performing active
layer materials.’>>> Recent work has also successfully demonstrated DFT-based
approaches to determine experimentally validated results for electron mobilities in
fullerene networks.3¢-%

In photovoltaic cells, ultrathin interlayers placed between the active layer and a
conducting electrode can often improve device performance.’¥-%> Such interlayers,
when properly designed, improve numerous parameters simultaneously (V,, J,., and
FF), leading to increased PCE in conventional device architectures and the fabrica-
tion of more efficient and air-stable inverted and tandem devices.®*-% Optimizing
device efficiency requires a fundamental understanding of charge carrier transport
within the BHJ and across interfaces within the BHJ and between the BHJ and the
electrodes. A detailed account of how surface electrostatics are affected by the pres-
ence of surface monolayers and are dependent on their molecular orientation was
discussed in recent publications.®%” Computational studies show the frontier elec-
tronic states of poly (3-hexylthiophene) (P3HT) monolayers to be impacted by the
orientation angle between the polymer chain and the confining surface. Moreover, sur-
face dipoles resulting from molecular assemblies of thiophene oligomers lying coin-
cident with or perpendicular to the plane of the surface can have a dramatic impact
on electronic structure and device-relevant properties. In general, self-assembled
monolayers of oriented dipolar molecules physisorbed on metal surfaces generate
ample collective electric fields, and subsequently, electrostatics dictates key factors
for energy-level alignment and molecular electronic structure. The fundamental
problem requires addressing the electronic structure for a coupled system that is
composed of a thin film of n-conjugated molecules possessing weak intermolecular
interactions on a metal (electrode) surface. A rigorous ab initio approach termed
“self-consistent periodic image-charges embedding” (SPICE) was recently devel-
oped to investigate the evolution of the work function in self-assembled monolayers
on conductive substrates.® This approach allows using a high level of theory for
extended molecular arrays while retaining collective effects observed in a molecular
layer. Similarly, DFT slab-model calculations have shown considerable promise for
understanding the evolution of interfacial electronic structure.®® A recent perspective
on interfacial electronic structure details additional insight.”

5.3.2 CrassicAL MECHANICS-BASED APPROACHES

Although many of the intrinsic processes governing OPV operation are quantum
mechanical in nature (for example, exciton generation/recombination, charge carrier
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mobility, charge transfer), structural and dynamical processes of long chain mol-
ecules at the nanometer length scales typically used in OPVs are better described
within classical mechanics. Molecular dynamics (MD) and Monte Carlo (MC) meth-
ods are well-tested classical mechanics techniques, which have been successfully
used in addressing polymer physics problems.”"-”?

For molecular-based materials, these methods require the specification of poten-
tial energy functions (usually known as force fields) to describe the many various
relevant body interactions. Because one of the main interests here is to understand
the structure and morphology in solution-cast thin films, the use of potential func-
tions with a proven record of accurate prediction of structure and vibrational spectra
for conjugated organic molecules are required. Such potentials are divided into two
parts: (i) bonded interactions, typically composed of harmonic or Morse oscilla-
tors for the bond-stretching and angle-bending terms (both in- and out-of-plane),
truncated Fourier series for the torsion interactions (regular dihedral and improper),
and (ii) nonbonded interactions typically composed of van der Waals type, such
as Lennard-Jones 6—12, and electrostatics, such as Coulomb. Enormous research is
being dedicated to improve the force fields to generate a more accurate representa-
tion of the “close to real” force fields for a particular system. Several standard force
fields fall into this category, such as the MM2, MM3, MM4, Dreiding, UFF, MMFF,
CHARMM, AMBER, GROMACS, TRIPOS, and OPLS.”

Most of these simulations can be performed using fully atomistic models in which
interactions between each atomic site are relevant. The advantage of fully atomistic
simulation lies in the fact that the underlying chemistry and physics can be more
“accurately” addressed by the model system. On the other hand, as the number of
particles and degrees of freedom increases, the computational cost and time increases
enormously. In order to approach “realistic” length and time scales, coarse-grained
approaches are often used.”*7® The coarse graining consists of replacing an atomistic
description of a molecule with a lower-resolution model that averages away some
of the finer details of the interactions while still preserving the underlying physi-
cal and chemical characteristics. Numerous coarse-grained models (differing in the
metric used to obtain the coarse-grained potential, such as the fitting to the forces
or to structural features but also in the definition of the coarse grain) have been
developed that are critical to many long-chain molecular processes, such as poly-
mer, lipid membranes, and proteins. Coarse graining can also refer to the removal
of certain degrees of freedom (for example, vibrational modes between two atoms)
by freezing the bonds, bends, or torsional degrees of freedom, but more typically it
implies that two or more atoms are collapsed into a single particle representation (the
so-called united atom model was one of the first popular coarse-grained models).
Fundamentally, the level to which a system may be coarse grained is bound by the
accuracy in the dynamics and structural properties desired from a simulation. We
refer to several review articles that provide explicit details.””-7°

5.3.2.1 Molecular Dynamics

MD simulations®-82 essentially consist of numerically integrating Hamilton’s, Newton’s,
or Lagrange’s equations of motion using small integration time steps. Although
these equations are valid for any set of conjugate positions and momenta, the use
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of Cartesian coordinates greatly simplifies the kinetic energy term (Newton’s equa-
tions of motion). The resulting coupled first-order, ordinary differential equations
can be solved using numerical integrators.®* Despite the simplicity of MD methods,
the simulation of millions of atoms over long time scales, such as seconds, is not
possible without a substantial reduction in the number of equations of motion, a feat
typically achieved by coarse graining. This approach not only reduces the number of
equations, but if proper separation of the time scales for motion can be achieved, it
also allows the use of considerably larger integration time steps and thus helps bridge
the large gap between simulation and experimental time scales. In order to show
the nature of insights obtained from coarse-grained MD simulations, the authors
describe one such recent application employing a supercomputer.’

One of the systems that has been studied extensively is based on an alkyl thiophene
known as poly (3-hexylthiophene) (P3HT) (as an electron donor) and fullerene-based
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) (an electron acceptor). Coarse
graining for the P3HT:PCBM blend has been done by a number of workers to capture
different levels of detail in the coarse-grained models. One such coarse-graining
procedure has been outlined by Lee, Pao, and Chu” (LPC), which requires run-
ning atomistic and coarse-grained simulations. The atomistic simulations used the
Dreiding force field,®* and force field parameters for the coarse-grained model were
determined by matching structural information, such as radial distribution function,
bond angles, etc., between the coarse-grained model and atomistic simulations. In
the coarse-grained model developed by Lee, Pao, and Chu,” the P3HT monomer and
the PCBM were coarse grained as single Lennard-Jones (LJ) beads so that effects
of side chains and regioregularity cannot be captured using the model. The P3HT
polymer consists of the LJ beads connected through a series of harmonic bonds.

We have used such a coarse-grained model to understand the kinetics of phase
segregation in active layers of OPVs using MD simulations. These simulations were
performed using LAMMPS® MD code with GPU acceleration.?® The initial configu-
ration of the simulation box consisted of m randomly distributed P3HT chains with
N degree of polymerization in a random walk configuration mixed with randomly
distributed PCBM beads at a low number density in a simulation box that is periodic
in x, y, and z directions. For details of the simulations, we refer readers to the work of
Carrillo and coworkers.™ In Figure 5.3, the coarse-graining procedure for P3HT and
PCBM are described together with a snapshot of the simulation box after a 400 ns
stimulation in of the isobaric-isothermal (NPT) ensemble.

The MD simulations relate microscopic details about conformational characteristics
of the polymer chain, such as the persistent length, radius of gyration, and alignment of
chain segments to macroscopic phase segregation/morphology. Coarse-grained model
parameters are set by the constraints placed on bond angles, dihedrals, etc., which are
determined using atomistic simulations and chemical details of the macromolecules.
For example, for the LPC force field parameters, the persistence length of the P3HT
polymer, [, is set at 37.8 A, which is close to the experimental value of 33 A. Relating
the radius of gyration to the length of a persistent segment and bond angle, it turns out
one persistent segment consists of approximately 10 beads for the LPC force field.

Simulations of P3BHT:PCBM blends can be used to map out the phase diagram by a
number of MD runs focusing on different parameters. For example, in order to understand
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~100 nm

FIGURE 5.3 PCBM coarse grained as a single LJ bead (a). P3HT monomer coarse grained
as a single LJ bead and the coarse-grained polymer bond-length, bond-angle, and dihe-
dral angle representations (b). Snapshot of the simulation box for 1:1 weight ratio of P3HT
(gray):PCBM (black) after 400 ns of isobaric-isothermal annealing at 423 K and 1 atm (c).

the effects of thermal annealing and mixing ratio of P3BHT:PCBM, the authors run a set
of calculations for a given chain length, and results for the morphology are presented in
Figure 5.4. From the snapshots, it appears that there is a particular mixing ratio beyond
which the P3HT and PCBM are uniformly mixed. For example, in Figure 5.4, the uni-
form mixing takes place at P3HT volume fractions greater than 0.86.

Similarly, effects of the polymer chain length on the morphologies can be studied
by varying the degree of polymerization, N, keeping the mixing ratio fixed. Results
of such MD runs are presented in Figure 5.5. It is found that the polymer chain length
plays a key role in determining the morphology. For example, for N = 10 and weight
fraction ¢, = 0.5, the morphology is found to be smectic/lamellar-like with alternat-
ing domains of P3HT and PCBM. For higher values of N, bicontinuous morphol-
ogies expected from spinodal decomposition, such as phase segregation, are found.
The smectic morphology found for N = 10 is similar to the one stabilized by entropy
in mixtures of rods and spheres. Note that in our estimation, a persistent segment
consists of 10 beads and reveals that the chains with N = 10 can be approximated by
short rods. Also, the coarse-grained model used approximates the PCBM by a single
spherical bead. We are not aware of any experimental result corroborating such mor-
phology in OPVs containing short thiophenes. Nevertheless, the MD simulations can
be used to map out the full morphology diagram.

Dissociation of an exciton into an electron and hole takes place at the interface
between the donor and acceptor (cf. Figure 5.1). This, in turn, means that in an
inhomogeneous medium, such as those shown in Figure 5.4, optimization of the
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$pyr = 0.31 $p3yt = 0.47 Pp3pt = 0.65

$pyt = 0.74 $p3yt = 0.80 Pp3pt = 0.83

$p3p = 0.86 Pp3p = 0.88 Pp3pt = 0.90

FIGURE 5.4 Snapshots of P3HT (gray):PCBM (black spheres) MD simulations with N =
100, m = 1200 at different values of P3HT volume fraction.

N =100 N =150

FIGURE 5.5 Simulation snapshots after 400 ns for systems with m = 32,400, weight frac-
tion ¢,, = 0.5, and different degrees of polymerization N.

interfacial area between the P3HT and PCBM is of vital importance for exciton
dissociation. Computation of the interfacial area from three-dimensional structures
involving different kinds of particles can be readily done using the Laguerre or
radical Voronoi tessellation schemes, which have been implemented in the Voro**
library.?” Details about the Voronoi tessellation schemes can be found in Rycroft.?
In particular, the Laguerre tessellation method takes into account the different bead
size in calculating the Voronoi volumes. Furthermore, the tessellation scheme pro-
vides the surface area of each face of the Voronoi polyhedron. This information is
used to calculate the interfacial area in the morphologies obtained from MD runs by
summing the surface areas that belong to two Voronoi polyhedrons with different
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type of seed (that is, PCBM or P3HT). Furthermore, the tessellation scheme provides
the nearest neighbor information, which we can be used to quantify the connectivity
of domains to their respective electrode for runs involving substrates.

We have calculated the interface area-to-volume ratio, vy, at different ¢pyr and
N. In Figure 5.6a, we observe a steady increase in y as a function of ¢psyr followed
by a plateau value at the range of ¢psp = 0.6 to 0.8. When the system changes from
a two-phase to a homogenous system (ppsyr ~ 0.86), we observe a steep rise in the
value of y followed by a steep fall when there are low to zero amounts of PCBM. For
the system with different N and ¢,, = 0.5 (see Figure 5.6b) y is a nonmonotonic func-
tion in which N = 10 has the highest value. From N = 25 to 150, for the large system
(m = 32,400), N = 150 has a large value for y highlighting the importance of the
chain degree of polymerization in the morphology of the BHJ when longer chains
have larger v.

Recombination of electrons and holes depends on the lifetime and a length scale
determined by the exciton diffusion constant. The length scale for the exciton dif-
fusion is ~10 nm. As the excitons are generated in a domain-containing electron
donor, the size of the domains turns out to be a very important factor in affecting the
recombination rate. Based on these arguments, the ideal domain size of the electron
donor domain should be around 10 nm. The domain size, d, for a phase-segregating
mixture depends on the kinetics of phase segregation (d ~ 1, f being the time), pres-
ence of interfaces, etc. For phase segregation dominated by diffusion-limited pro-
cesses, a = 1/3, and the presence of interfaces modify this exponent. For the MD
snapshots, the domain size can be computed by constructing the scattering function
S(q) defined as
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FIGURE 5.6 Interface area-to-volume ratio, y as a function of ¢y, with N = 100 after z =
400 ns (a); as a function of N at P3HT weight fraction of ¢,,= 0.5, after # = 400 ns for m =
32,400 and 7 = 360 ns for m = 1200 (b). The dotted line in (a) is ¢psyr = 0.86 when the mor-
phology changes from two-phase to a homogenous phase system.
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where the summation is over all of the P3HT monomers, and 7, is the radius vec-
tor of the kth monomer, and g is the wave vector. A typical S(g) is presented in

. 2
Figure 5.7 and shows a peak at g* = 7“ The peak at nonzero wave vector charac-

terizes the average domain size and corresponds to a P3HT domain size of ~20 nm
in Figure 5.7. For systems undergoing phase separation, Fratzl and Lebowitz have
proposed a heuristic “universal” formula,®® which can be used to extract the rel-
evant correlation length and domain sizes. In Figure 5.7, we have used the formula
to extract correlation length. The same information can be extracted in real space
using the radial distribution function. The relationship between the first peak and
the domain size can be seen by plotting the radial distribution function of P3HT

(g(Mpsurpsur) and the Debye correlation function,? I'(r) = i p

;and p; are

J
is the distance between two points i and j. p? is the average value of the square of

the number density fluctuations. Note that I'(») can be fitted with an equation of
the forms3®

-

)= -4 exp(-hrysin 2 (5.3)
2mr d

where A7! is the correlation length. Figure 5.7 illustrates the relationship of ¢*, d,
S(@), §(Npaprrpsur and (7).
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FIGURE 5.7 (a) Scattering function, S(g) (black crosses) for the 50% by weight PSHT:PCBM
with m =32,000 and N = 100 at 7= 100 ns. The solid line is ¢* = 0.0295 A“, and the solid black
line corresponds to Fratzl and Lebowitz fit. The corresponding radial distribution function

g(Mpsrpanr (b) and Debye correlation function I'(r) (filled circles) (c) with d = =~ = 213A
(broken black line). The blue line in (c) is Equation 5.3 where d = 205 + 10 A. q*
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5.3.2.2 Monte Carlo

MC methods® used in macromolecular science begin by constructing a Markov
chain generated by random changes moderated by an acceptance criterion, which is
used to generate new chain configurations commensurate with the prescribed ther-
modynamic ensemble. Using an algorithm for generating a sequence of changes (for
example, the Metropolis algorithm), a move is only accepted if the new configuration
space leads to a lower energy configuration with the probability of the Boltzmann
factor. As the sequence length increases, it quickly becomes necessary to introduce
a series of biased moves in which additional information about the system is incor-
porated into the MC selection process to maintain a detailed balance. The most com-
monly used biased sampling techniques are the continuum configuration-bias and
concerted rotation moves.”! These modern algorithms or slightly modified versions
can efficiently generate dense fluid polymer systems for chain lengths of 30—100
monomers. Longer polymer chain lengths pose additional convergence problems
and often require the use of other types of biased moves, in particular the double-
bridging moves.”?? Addition of solvent via continuum models (implicit solvation
models)®* or explicit atoms can also be implemented. A primary interest in using
the MC method is to ensure adequate equilibration of longer chain polymers, that
is, those with hundreds of monomers. The advantage of the MC over the MD method
is that MC can reach a much longer time and length scale with larger time steps;
however, MC is not suitable for understanding relaxation on longer time scales. MD
methods can also be used but generally require considerably longer computational
times to equilibrate as they often spend long times in local minima (the typical force
calculation requires evaluation of O(N?) energy terms for every step). The force field
used in MC is similar to the MD simulation: nonbonded interactions are modeled as
van der Waals and electrostatics, and bonded interactions are modeled using bond,
angle, and dihedral potentials.

A useful extension of the MC method is to introduce a stochastic time variable
into the simulation to allow modeling of rates of specified processes. This approach
is referred to as kinetic Monte Carlo (KMC) and is often used to examine aspects
of crystal-growth dynamics® and to estimate charge transport.”® For example, Liu
et al.”7 used KMC to examine the growth of a Cy, phase on graphite. Extensions
of KMC to treat nucleation and growth in solutions can also be achieved.”® KMC
relies on the charge transport mechanism in organic materials, which are the focus of
this discussion. Typically, organic materials have weak electronic coupling between
molecules, thereby giving rise to a series of hopping events. The rate of hopping
can be described by the Marcus equation.”® KMC treats the prefactor in the Marcus
equation as a fitting parameter that may or may not be isotropic. As KMC uses
the time-averaged electronic coupling of the electron and the hole, computational
overhead of simulating an entire OPV device gets reduced. The KMC simulation
results using this approach match fairly well with experimental data for polymer,!°
polymer-fullerene'®! OPV devices, and organic LEDs.!%2 An example of such a com-
parison is shown in Figure 5.8.1%3

KMC can be used to study charge separation, density of states, and charge delo-
calization. Furthermore, the KMC models provide unique opportunities to couple
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FIGURE 5.8 Experimental external quantum efficiency, EQE (diamonds), and current den-
sity, J (squares), for poly[9,9-dioctylfluorene-co-bis[N,N"-(4-butylphenyl)]bis(N,N"-phenyl-
1,4-phenylene)diamine] (PFB) and poly(9,9-dioctylfluorene-co-benzothiadiazole) (FBBT)
bilayer OPV. Dashed and solid lines are predictions from the KMC simulations. (From
Kimber, R.G.E. et al., Physical Review B, 86, 235206, 2012.)

structural and dynamical properties at the nanoscale (derived from MD) with the
mesoscopic continuum models.

5.3.3 CoNTINUUM-BASED APPROACHES

These approaches include modeling of structure and transport properties using methods
based on continuum mechanics. Field theory (FT) and phase field modeling are the two
main computational schemes, which can access longer time and length scales. FT repre-
sentations can be effectively obtained from coarse-grained models and offer an advantage
of significantly reducing the number of differential equations for the particles to a dif-
fusion equation that can be numerically solved using a self-consistent algorithm,3-104.105
Another advantage of the FT approach is that it ensures thermodynamic equilibrium of
the final morphology and thus provides access to modeling much larger length scales.
Such improvement is difficult to obtain with the particle-based approaches (atomistic or
coarse-grained) due to the existence of a very high-dimensional potential energy land-
scape plagued with multiple local minima. The FT approach can also incorporate realis-
tic polymer models that are often difficult for macroscopic, continuum simulations. The
coarse-grained Hamiltonian of a dense melt of polymer chains contains chain stretching
or bending penalties along with other interactions. The theory can be easily generalized
to a larger number of blocks to include architectural asymmetry, such as branched copo-
lymer architectures and surface/substrate corrugation, and to hybrids with nanoparticles.
Transition from a particle description to field configuration is established using formally
exact FT transformations.

The self-consistent field theory (SCFT) corresponds to the saddle-point con-
figuration of the fields. Due to the fact that the Hamiltonian is complex in the FT
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approach, evaluation of the functional integrals over the fields can be done using the
Complex-Langevin (CL) sampling scheme.?*!194195 The latter goes beyond the saddle
point approximation and is a formally exact evaluation of ensemble average proper-
ties. In both cases, a system of equations needs to be solved self-consistently using
an iterative algorithm to solve for the number density and field configurations. To
study time-dependent properties, a dynamic mean field theory?*!94195 (DSCFT) can
be constructed by using the SCFT as the equilibrium state.

The SCFT has been proven to be highly successful in describing the complex
morphologies in multiblock copolymer melts and even for nanoparticles in poly-
mers.'%4-197 SCFT simulations for a dense melt of copolymers employ chemical speci-
ficity of monomers through excluded volume parameters, which controls the strength
of monomeric interactions. The SCFT, coupled with a drift-diffusion model for elec-
trons, holes, and excitons, has been used to explore the effects of morphology on
the charge transport in rod-coil block copolymer melts,>* where the rod-like block
represents a conjugated polymer (that is, a donor), and the coil-like block represents
electron acceptor moieties. Using such an approach, current-voltage relationships and
the PCE of OPVs for different morphologies can be predicted. Mobilities of electrons,
holes, and excitons, the dielectric constant of the medium, and temperature are the
input parameters for such a model. In addition, the generation, decay, and recombina-
tion rates of excitons are assumed to be of a certain functional form on the basis of
semiconductor physics. Using such a model, the effects of anisotropic hole mobilities
along and perpendicular to the electron donor polymer backbones have been studied.
Such simulations reveal the importance of morphology in affecting the device proper-
ties such as short-circuit current, open-circuit voltage, etc. For example, it was shown
that a lamellar morphology between electrodes with alternating domains in contact
with electrodes (perpendicular lamellar) has better PCE than a lamellar morphology,
in which only one of the domains is in contact with the electrodes (parallel lamellar).
The difference arises from the presence of direct conducting pathways in a perpen-
dicular lamellar in contrast to the parallel lamellar. Also, the effects of parallel and
perpendicular orientation of the rod-like block can be studied using the model.

The DSCFT can be used to study the effects of processing conditions, such as the
solvent and additive evaporation. DSCFT has been used to study such effects in the
case of block copolymer assembly in thin films.! However, we are not aware of any
work in relation to the OPVs. With the recent advances in the modeling of semiflex-
ible polymers'® using the SCFT and the fact that conjugated polymers are semiflex-
ible, we envision that the DSCFT will provide very useful insights into the effects of
additives on OPV device properties. Preliminary work based on the Cahn-Hilliard-
Cook formalism focusing on the effects of solvent evaporation has been reported.?’
Noting that the Cahn-Hilliard-Cook formalism can be derived as a limiting form of
the DSCFT for weak density gradients, we can imagine an application of the DSCFT
for improving our understanding of the effects of solvent additives in the near future.

5.3.4 MuLtiscALE METHODS

Multiscale methods generally involve employing two or more of the above computa-
tional approaches in order to treat a broader set of processes that may span multiple
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length and time scales.''%-'2 Typically, the so-called multiscale modeling is actually
more of a multistep approach (a loose integration), whereby a needed parameter/
information at one length or time scale is obtained using an appropriate computa-
tional approach that is subsequently used to start another type of simulation for a
different scale. For example, the issue of miscibility of alkyl thiophenes in different
solvents and fullerene derivatives has been addressed using a multiscale approach.
Here, we describe such a protocol in the analysis of miscibility between P3HT and
PCBM employing MD simulations and the continuum-based Flory-Huggins theory.?*

It has been reported that PCBM is miscible with P3HT for PCBM volume frac-
tions, Gpepy less than 15%-22%.1"3114 In our simulations of different P3HT weight
fractions, we found that at ¢ppepy greater than 14% (Gpayr < 86%), the PCBM beads
begin to aggregate, forming PCBM domains as shown in Figure 5.4. This is further
corroborated by the radial distribution function of PCBM (see Figure 5.9) where at
Gpsur = 86% a second peak located at ~2 nm begins to develop, and higher-order
peaks are evident, such as those seen in ¢ppsr < 83%. To further investigate the mis-
cibility of the coarse-grained P3HT-PCBM system, we have calculated the Flory-
Huggins y parameter and analyzed the miscibility of the PCBM in P3HT in the
framework of the Flory-Huggins mean field approach to polymer solutions.

Within the Flory-Huggins!’® theory of binary mixtures, the energy change on
mixing per lattice site is

A[]mix = Xd)v(l - (I)v)kBT (54)

where y is the Flory interaction parameter, and ¢, is the polymer volume fraction.
The energy change on mixing per lattice site, AU,;, can be estimated by running

three separate simulations: (1) simulation of pure PCBM, (2) simulation of pure
P3HT polymers, and (3) simulation of the mixture. In each of the three simulations,
the pair energy per bead is?®

$pgyT = 0.90—
$pgyT = 0-88—
$pgyT = 0.86—
Pp3yT = 0-83—
$pgpT = 0.80
$pgyT = 0.74

12

&(Mpcem-pcem

FIGURE 5.9 Radial distribution function of PCBM g(r)pcpmpcpm @8 @ function of ¢prpzyr
from of MD simulations of P3HT:PCBM with N = 100, m = 1200.
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NroTAL

= 2npfr2u(r)g(r)dr (5.5)
0

where npqra; is the total number of beads, p is the number density, u(r) is the LJ pair
potential, and g(r) is the radial distribution function. Fortunately, in MD, the pair
energy is evaluated in order to evaluate the forces acting on each of the particles.
In this regard, the pair energy per bead is already available, and Equation 5.5 needs
not be evaluated separately. The energy change of mixing per lattice site is therefore

AU . = (Mp3ur + Mpcpm)3 (U Mporar)s (p3yr)3 (U/nporar)> (npcpm)s (Unpgran )

m (VIvy)s (VIvy)s (VIvy)s

(5.6)

where the subscript in the parentheses denotes the type of simulation, that is, (...),,
(...),, and (...); denotes the values derived from the pure PCBM, pure P3HT polymer,
and the mixture of P3BHT and PCBM simulations, respectively. V is volume of the
simulation box, and v, is the reference volume, which is taken to be the volume of a
PCBM bead.

The volume fraction of P3HT, ¢, can be estimated by taking the ratio of the
Voronoi volumes belonging to the P3HT monomer divided by the volume of the
simulation box. The radical Voronoi tessellation provides the weighted Voronoi cell
volumes. In a similar fashion, the smallest unit volume, v,,, can be estimated by aver-
aging the volume of the PCBM Voronoi cells that do not touch a P3HT monomer. For
the system with N = 100, m = 1200, and P3HT weight fraction of 0.5, the value of the
P3HT volume fraction is ¢, = 0.475 and the lattice volume, v, = 891.5 A3,

For the aforementioned system, AU, ;, equals 0.203 kcal/mol, and using Equation
5.6 results in a Flory interaction parameter, y that is equal to 0.97 + 0.10. The experi-
mentally determined value for the PBHT:PCBM blend is 0.86. The origin of such a
small discrepancy in the value of y can be attributed to experimental factors, such
as the polydisperse nature of polymers and lack of n—rx interactions in the MD simu-
lations. Nevertheless, the estimated value of the y parameter can be used to get a
qualitative picture as described here.

According to the Flory-Huggins equation of polymer solutions, the critical point

is given by %, = 4 + f where N, is the number of lattice sites occupied by a single
N
polymer chain. N, can be determined by dividing the total Voronoi volume occupied

by a polymer chain by the lattice volume v,,. For N = 100, N, = 15.47, and y_ = 0.754.
X > X. suggests that the mixture opposes mixing (cf. Figure 5.10), which is in qualita-
tive agreement with the MD simulations in which P3HT chains blended with PCBM
are found to be phase segregated.

However, note that the mean field approach does not agree with the MD simula-
tions for ¢ppsyr = 0.8—0.86, where the simulations show phase segregation, and the



134 Organic Solar Cells

14t
1.2 -E K -
=< 100 & / -
0.8 \‘» -

Xs o

X —_—

06 : - ; 2P

00 02 04 06 08 10

$p3HT

FIGURE 5.10 The phase diagram based on the Flory—Huggins theory for P3BHT:PCBM
blend with y = 0.97 + 0.1 determined using the MD simulations. The dashed line represents
the spinodal curve, and the gray represents the coexistence curves.

theory predicts uniform mixing as per Figure 5.10. The source of such a discrep-
ancy lies in the mean field nature of the theory and neglect of chain stretching, the
semiflexible nature of the P3HT chain and the alignment of the P3HT segments
in the blend. A more developed theory is needed to take into account all of these
effects. Nonetheless, the mean field approach provides a phase diagram of a binary
system that is in qualitative agreement with the simulations, and such a comparison
reveals that the PCBM acts like a poor solvent for the P3HT chain. For example,
Opagr = 0.31 is in the two-phase region, and ¢psyp = 0.47 and 0.65 have bicontinuous
morphologies and are in the metastable region, and ¢psr = 0.9 is in the uniformly
mixed region. These morphologies qualitatively agree with the snapshots in Figure
5.4. Similar treatment can be done for atomistic simulations,''® which can take into
account n— interactions, and a more accurate value of the Flory-Huggins parameter
can be computed. Such multiscale treatments can provide useful information regard-
ing the miscibility of conjugated polymers in different solvents and with electron
acceptors.

5.4 DISCUSSION AND OUTLOOK

The field of optoelectronics and OPVs requires scientific studies via an inter-
displinary research environment involving fundamentals of semiconductors along
with polymer physics. It is clear that the prediction of optoelectronic properties of
an OPV device, such as the current-voltage relationship, is a multiscale problem. As
an outlook, we envision that multiscale methods will provide useful insights into
intricate coupling between optoelectronic properties, morphology, and chemical
details of electron donors and acceptors. These methods will include details about
the regioregularity, polymer crystallization based on n-stacking in thiophenes, pro-
cessing conditions, and surface effects due to buffer layers at electrodes.

Also, it is very important to realize that progress towards unraveling the underly-
ing physicochemical processes that control the structure and macroscopic physical,
mechanical, electrical, and transport properties of materials requires tight integration
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of theory, modeling, and simulation with precision synthesis, advanced experimental
characterization, and device measurements. In this synergistic approach, theory and
simulation can greatly accelerate the process of materials discovery by providing
atomic level understanding of physicochemical phenomena and for making predic-
tions of trends. In particular, this approach can provide understanding, prediction,
and exploration of new materials and conditions before they are realized in the lab-
oratory to illuminate connections between experimental observations and to help
identify new materials for targeted synthesis.
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6.1 OVERVIEW

Understanding the photoexcited carrier dynamics in organic photovoltaic (OPV) cells
helps us to improve their power conversion efficiency (n) for practical use because
some breakthroughs in the recent decade have been based on bulk-heterojunctions
(BHIJs) between donor (D) and acceptor (A) materials. The BHJ plays a role of
increasing the D-A interface area involving photocarrier generation regions, and
thus the number of photocarriers increases at the interfaces [1,2]. Although the
BHJ can improve the 1 of OPV cells by up to ca. 8%, the improving rate of n does
not significantly increase [3—5]. This is presumably because there are still major
unclear points for BHJ as follows: (1) the nanostructure of the BHJ (although its

143



144 Organic Solar Cells

Cathode
Cathode Acceptor
Acceptor 7" _<- A
r————————
Donor Donor

—_—
—— e — e
(a) (b)

FIGURE 6.1 Schematic illustration of typical structures used for organic photovoltaic cells:
(a) heterojunction type and (b) BHJ type.

schematic illustration has been shown) and (2) the reproducibility of BHJ fabrication.
Figure 6.1 schematically illustrates typical structures of (a) a D-A hetero double-
layered OPV cell and (b) a BHJ-OPV cell. As shown in Figure 6.1b, because the BHJ
is fabricated by coevaporation of donor and acceptor materials or by spin-coating
conductive polymers, the D-A interface thus formed is too complex to analyze and
reproduce the nanostructure compared to that of a double-layered heterojunction
[2,6]. These facts make it difficult to discuss the photoexcited carrier dynamics at the
BHIJ D-A interface. Accordingly, the reason why the BHJ improves the n has been
unclear so far.

In addition, both the electronic states (corresponding to a built-in potential, etc.)
at the D-A interface under illumination conditions and the origins of open circuit
voltage (V,.), which are related to the carrier dynamics, have also remained unclear
[7-11]. For these reasons, we have not obtained any decisive breakthroughs to
develop the OPV cells commercially available.

In the present chapter, we will discuss photogenerated carrier dynamics, elec-
tronic states at the D-A interface under illumination conditions, and the origins of
V.., using an OPV cell [ITO/Zn(OEP)/C/Al] with a D-A hetero double-layered
structure. Here, ITO, Zn(OEP), and Al express indium-tin-oxide, zinc octaethylpor-
phyrin, and aluminum, respectively.

Contrary to the BHJ-OPV cells with a complex D-A interface, an OPV cell with
a simple D-A hetero double-layered structure is more preferable to discuss the photo-
excited carrier dynamics and to clarify what factors significantly contribute to the 1
because experimental results thus obtained are easy to be analyzed on the basis of
the simple structured OPV cells.

6.2 PHOTOCURRENT CONVERSION PROCESSES

As shown in Figure 6.1, the device structure of the present OPV cell has only one
D-A interface. The Fermi level (E}), the vacuum level (VL), and the energy levels of
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO) for both donor and acceptor films play an important role for the
generation rate of excitons, carriers (electrons and holes), and current in OPV cells
under photoirradiation [12].

Figure 6.2 illustrates an energy-level alignment based on the Mott-Schottky
model before and after the anode, donor, acceptor, and cathode films contact each
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FIGURE 6.2 Schematic representation of the energy-level alignment based on the Mott-
Schottky model: (a) before and (b) after the contact of individual films.

other [12-14]. Here, @, and E, denote a work function of individual electrodes and
an energy gap of the D and A materials, respectively.

As shown in Figure 6.2, when neutral organic and metal films are separated from
each other, the energy diagram of each film is aligned using the common VL. After
the contact of individual films, their Ep levels equilibrate to be the same due to
charge transfer (either electrons or holes) at each interface in association with a band
bending [15]. This band bending induces an electrical field (in other words, generates
a built-in potential: V,;) in the vicinity of the individual interfaces for the OPV cell.
However, these interfacial electronic structures after the contact have not yet been
understood precisely. Indeed, another alignment model considering the VL shift at a
metal/organic interface has been reported recently [16].

As shown in Figure 6.3, the fundamental mechanism of the photogenerated cur-
rent in OPV cells has been considered as the following four elementary processes:

) @,
— N
o —)
Anode Donor  Acceptor Cathode Anode Donor  Acceptor Cathode
1.0 \
(4)
% N> ,—a
4 )
Anode Donor  Acceptor Cathode Anode Donor  Acceptor Cathode

FIGURE 6.3 Four elementary processes of photogenerated current in OPV cells.
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(1) excitons are generated by photoabsorption of a donor film, (2) excitons thus
formed diffuse to the D-A interface, (3) excitons are dissociated to electrons and
holes at the D-A interface, and (4) electrons and holes are, respectively, moved to and
collected at each electrode.

For the first process (1), excitons are generated by photoabsorption of donor films.
Here, the exciton is defined to be an electron-hole pair via Coulombic attractive
force, which can be classified into the Mott-Wannier and Frenkel types. For the for-
mer type, the electron-hole interaction is weak, which results in the exciton radius
being much larger than the lattice constant [17-19]. In this case, the binding energy
of this type of exciton is typically in the order of 0.1 eV. On the other hand, for
the latter type, the Coulombic interaction is very strong, and the exciton tends to
have a radius on the same order as the unit cell. Thus, the electron and hole are
localized in the same unit cell. In this case, the binding energy of the Frenkel-type
exciton is in the order of 1.0 eV [20]. In addition, if a donor film consists of small
organic molecules, excitons are further categorized into inter- and intramolecular
type excitons [21].

For the second process (2), the excitons thus generated diffuse in the organic
donor film to the D-A interface. The exciton diffusion length corresponding to the
moving distance for its lifetime has been reported to be 5-50 nm [20] for organic
donor films, which depends on the crystal structure, molecular orientation of organic
films, and the exciton types [6]. Accordingly, the exciton diffusion length plays an
important role of determining a thickness of organic donor film because excitons
generated in a region with a distance to the D-A interface longer than the exciton
diffusion length disappear by electron-hole recombination prior to reaching to the
interface. Because the exciton diffusion length is typically shorter than the film
thickness of 50—-100 nm for OPV cells, this physical quantity significantly affects the
photocurrent conversion efficiency [12].

For the third process (3), excitons are separated to electrons and holes at the D-A
interface by a difference in the electron affinity between the donor and acceptor
films. In case of a large electric field induced by a band bending in the vicinity of the
D-A interface, excitons are more efficiently separated to the carriers. When the band-
bending region is thin, carrier injection is enhanced by quantum tunneling between
the D and A layers [12,16].

For the forth process (4), the electrons and holes thus formed are transported to
and collected at the cathode and anode, respectively. In particular, a high resistivity
of organic films (for example, 108-10° Qcm for Cg, single crystal [22,23]) prevents,
however, their movement to each electrode. Therefore, the process (4) also reduces
the n significantly [12].

In addition to the four elementary processes described above, if an acceptor film
absorbs a visible light as well as a donor film, it is noticed that excitons generated in
the acceptor film also contribute to the photocurrent of OPV cells.

The external quantum efficiency (EQE) is defined to be the number of electrons
working as a current divided by the number of incident photons and expressed in
terms of the following four kinds of the efficiencies [12]:

EQE =nNgpNesher 6.1
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Here, the n, is the absorption efficiency of incident photons for organic films, the
Nep 1s the efficiency of exciton diffusion to the D-A interface, the ngq is the genera-
tion efficiency of carriers from exciton separation at the D-A interface, the n.r is the
efficiency both for carriers transporting to each electrode and for collection at the
electrode. The extinction coefficient and thickness of organic films determine the 1,
whereas the exciton diffusion length determines the np. Although the details of the
Ngs and N have not been well understood, it has been recognized that the D-A inter-
face conditions, the film resistivity, and the morphology of organic—metal interfaces
affect the above efficiencies significantly.

The EQE depends on light wavelength and then is compared to the photon flux of
incident light. Thus, the EQE can be given by the following equation:

n

EQE(M) =<

P

_ he Ise)

X 6.2
7 Py (h) ©2

Here, n, and n, are the number of photogenerated electrons and incident photons,
respectively; & is the Planck’s constant; ¢ is the speed of light; A is the wavelength
of incident light; ¢ is the elementary charge; and P, is the incident optical power of
monochromatic light. Equation 6.2 generally follows the absorption spectra of the
materials used for OPV cells.

The photocurrent (/;,) generated under the illumination of AMI.5 at a given
applied voltage V can be calculated by integrating the product of the EQE and the
solar spectra of AML1.5 over the incident light wavelength A,

1,(V)= f %EQE(X,V)S(}») dh. 6.3)

Here, S() is the incident optical power with spectral shape of AMI.5 [8].
Accordingly, the short-circuit current /5. can be evaluated from the following formula:

Ise =1,,(0) f % EQE(A,0)S(A)dA. (6.4)

6.3 PHOTOGENERATED CARRIER DYNAMICS IN THE
VICINITY OF DONOR/ACCEPTOR INTERFACES

6.3.1 INTRODUCTION

As described in Section 6.2, understanding the photoexcited carrier dynamics in
OPV cells is important to improve the 1 for their practical use. In general, in order
to discuss the carrier dynamics in organic devices, the device structure has been
often replaced with an equivalent circuit model consisting of contact resistance,
interfacial resistance, film resistance, and film capacitance as shown in Figure 6.4
[24].
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FIGURE 6.4 Schematic illustration of a typical heterojunction OPV cell, a corresponding
equivalent circuit model, and impedance spectra attributed to each layer.

Because both the resistance and capacitance comprise information not only
on the dynamics of excitons and carriers (mobility, recombination, accumulation,
etc.), but also on the electronic states (energy gap and bending, etc.) for the OPV
cells, a suitable equivalent circuit model helps us to elucidate the photoexcited
carrier dynamics in the OPV cells [25]. The equivalent circuit corresponding to
OPV cells can be determined using impedance spectroscopy. This method is a
powerful tool to measure in situ and nondestructively the resistance and capaci-
tance of both individual films and their interfaces for OPV cells under working
conditions [26].

In the present section, we address the impedance spectroscopic studies of an OPV cell
with a D-A double-layered heterojunction under dark and illumination (100 mW/cm?,
AML.5) conditions and discuss the photoexcited carrier dynamics by analyzing the
impedance spectra obtained under the both conditions with the corresponding equiva-
lent circuits for each condition [27]. We fabricated an OPV cell [ITO/Zn(OEP)/
Cqo/Al] consisting of 20-nm-thick Zn(OEP) and 30-nm-thick C, films, respectively,
used as donor and acceptor layers because Zn(OEP) has a high photoabsorption
coefficient in the visible light region [28], C, has a high electron affinity [29], and
furthermore, a strong interaction between Zn(OEP) and Cg, is expected to generate
carriers efficiently from excitons at the D-A interface [30,31].

6.3.2 IMPEDANCE SPECTROScOPIC STUDY OF HETEROJUNCTION OPV CELLS

Impedance spectroscopy yields nondestructively the impedance (Z) of each organic
film and/or interface in OPV cells by using the following equation [26]:

R, . wR}C
1+’ RC* " 1+w’RiC*

Z=Rs+ 6.5)
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Here, the Rg and R, denote the series and parallel resistances, respectively, and
the C is the capacitance and the o is the angular frequency (w = 2xnf). Accordingly,
both the R and C are evaluated by fitting the impedance spectra with a modified
Equation 6.5 obtained from a suitable equivalent circuit model corresponding to the
OPV cells.

Figure 6.5 shows (a) comparison between the experimental impedance spectra
(symbols) of the OPV cell [ITO/20-nm-thick Zn(OEP)/30-nm-thick C,/Al] under
dark conditions and calculated impedance spectra (solid line) from the equivalent
circuit shown in Figure 6.5d, (b) the cross-sectional scanning electron microscopic
(SEM) image of the Zn(OEP)/C,, heterojunction films formed on the ITO substrate,
(c) the dependence of film thickness on impedance spectra, and (d) an equivalent
circuit model corresponding to the present OPV cell.

Figure 6.5a shows the impedance spectrum for the present OPV cell, which seems
to be only one semicircle under the dark condition. This is different from an expec-
tation that the double-layered Zn(OEP)/Cy, film structure (Figure 6.5b) would show
two different semicircles corresponding to each layer as shown in Figure 6.4. When
the time constant (the product of R and C) of the Zn(OEP) and C, films was almost
the same as for each other, namely Rygp X Copp = Ry X Cego [26], such as the one
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FIGURE 6.5 (a) Experimental (symbols) and simulated (solid line) impedance spectra for
the OPV cell [ITO/Zn(OEP)/C,/Al] under dark condition, (b) a cross-sectional SEM image
of Zn(OEP)/Cq, alternative deposited film on an ITO substrate, (c) impedance spectra for
the OPV cells with different film thickness pairs of Zn(OEP)/Cq,: 60 nm/30 nm (circle) and
20 nm/60 nm (square), and (d) the equivalent circuit of the present OPV cell under dark
conditions.
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semicircle shown in Figure 6.5a was obtained. Indeed, a change in the time constant
by increasing the Zn(OEP) film thickness in the OPV cells gives rise to a drastic
increase in the impedance in a lower (less than ca. 1.5 kHz) frequency region shown
in Figure 6.5c. On the other hand, when the Cy, film thickness increases, the imped-
ance also significantly increases in the whole frequency region. These results indi-
cate that the semicircle shown in Figure 6.5a consists of two different components
attributed to both C¢, and Zn(OEP) films.

Accordingly, the model shown in Figure 6.5d consisting of one series resistance (Rg)
and two RC circuits of the individual films are considered to be suitable for the present
OPYV cells. Indeed, this model well reproduces the impedance spectra of Figure 6.5a
with a capacitance of 1.29 x 10~ F for the 30-nm-thick C, film used as a fixed parame-
ter. This value was calculated from the reported relative permittivity value of 4.4 [32]. In
addition, the values of Rqpp = 1.18 x 10* Q, Copp = 1.08 x 10 F, and R4, = 6.37 x 103Q2,
obtained by fitting the model with the impedance spectra, are comparable to reported
values, respectively. Given that the time constant was different by more than 10 times
between both films, the impedance spectrum would clearly consist of two semicircles.

Figure 6.6a shows the experimental (diamonds) and calculated (solid line) imped-
ance spectra of the OPV cell under the illumination condition along with those
obtained under dark (circles and solid line) conditions.

The impedance spectrum obtained under illumination conditions seems to con-
sist of two different semicircles. However, the equivalent circuit used for the dark
conditions cannot reproduce the spectrum shown in Figure 6.6a. This indicates that
an equivalent circuit model needs three or more RC circuits in order to reproduce
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FIGURE 6.6 (a) Experimental (symbols) and simulated (solid line) impedance spectra of
the OPV cell [ITO/Zn(OEP)/C,,/Al] under illumination of AM1.5 (diamond) and under dark
(circle) conditions, and (b) the equivalent circuit for the OPV cells under illumination condi-
tions along with schematic illustration of the energy diagram for the Zn(OEP)/Cq, layered
OPYV cells.
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the impedance spectrum obtained under illumination. It is reasonable to consider
that the additional RC circuits are attributed to the vicinity of the D-A interface
because the carriers generated by the dissociation of photogenerated excitons at the
D-A interface tend to be accumulated in the vicinity of the interface due to the high
resistivity of D-A organic films used in the OPV cells (for example, 103-10"* Qcm
for pristine Cg, films [22]). Because the accumulation of photogenerated carriers in
the vicinity of the D-A interface changes the electronic states, such as band-bending
and built-in potential, etc., the resistance and capacitance near the D-A interface are
reasonably considered to be different from those in the region far from the interface.
Thus, we added two other RC circuits in the vicinity of the D-A interface to the
equivalent circuit used for the dark conditions as shown in Figure 6.6b.

Figure 6.6b schematically illustrates the band-bending model applied to the pres-
ent OPV cells along with its corresponding equivalent circuit consisting of a series
resistance (Rg) and four different resistances (Rogp-1 and Rppp2, Regp-2 and Regp-1)
and capacitances (Copp-1 and Cygp-2, Crgp-2 and Crgy-1). The present equivalent circuit
model well reproduces the experimental impedance spectrum, using the fitting values
shown in Figure 6.6b. In the present fitting procedure, Rygp-1, Copp-1, Regy-1, and Cegy-1
are evaluated by substituting the R and C values obtained under the dark condition into
the following Equations 6.6 and 6.7 because the electronic states of each film far from
the D-A interface can be considered to be constant before and after photoirradiation,

d
R=p—, 6.6
P (6.6)

and

S
C=¢—. 6.7
& ©.7)

Here, p, €, d, and S denote resistivity, permittivity, film thickness, and cross-
sectional area, respectively. Because R = 2.95 x 103 Q and C =4.12 x 10~° F obtained
from the fitting are respectively smaller and larger by almost four times than Rp =
1.18 x 10* Q and Cyp = 1.08 x 107 F, the RC circuit with the R (2.95 x 10° Q) and
C (4.12 x 10-° F) values is suitable for the part of the Zn(OEP) film far from the D-A
interface, and the film thickness d corresponding to the region can be estimated
to be 5 nm from Equations 6.6 and 6.7 with a constant of p, €, and S. In a similar
manner, the region far from the D-A interface in the Cg, film corresponds to the RC
circuit with R = 3.19 x 10° Q and C = 2.59 x 10-° F because the R (3.19 x 103 Q) and
C (2.59 x 10~ F) are, respectively, smaller and larger by ca. two times than Rqq, =
6.37 x 103Q and Cgq = 1.29 x 10 F obtained under the dark condition. Then, the
thickness of the region can be estimated to be 15 nm by using Equations 6.6 and 6.7.
Accordingly, the individual D-A interfacial regions are both estimated to be 15 nm
for each, which is a typical thickness of band bending for organic films [33-35].

In the region of the C, film in the vicinity of the D-A interface, photogenerated
electrons are accumulated. Thus, the space charge limited current (SCLC) model is
reasonably considered [36]. The accumulation of photogenerated electrons caused
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by a high resistance of organic films induces the space charges, limiting the charge
injection from the outside. According to the SCLC, the current density (/) can be
given as the following equation:

9 VvV’ [\

J== e0—  where, 6= (6.8)
8 d Prt+p,

Here, p, V, p, and p, are, respectively, carrier mobility, applied voltage, free car-
rier density, and trapped charge density. Because Equation 6.8 shows a decrease
in J with increasing p,, the accumulation of photogenerated electrons in the vicin-
ity of the D-A interface reduces the J, which indicates an increment in resistance.
In addition, the limitation of charge injection directly makes capacitance decrease.
Consequently, both R and C in the 15-nm-thick interfacial region of the Cg, film
should be respectively larger and smaller than the values of R=3.19 x 103 Q and C =
2.58 x 107 F obtained from Equations 6.6 and 6.7 by substituting the R and C values
for the dark condition. In this reasoning, the RC circuit consisting of Rq4,-2 = 5.33 X
10 Q and Cq4-2 = 4.33 x 10710 F is appropriate to be used for the interfacial region.

The RC circuit consisting of Rogp-2 = 1.34 x 10* Q and Cqpp-2 = 4.59 x 109 F thus
corresponds well to the 15-nm-thick interfacial region of the Zn(OEP) film. From
Equations 6.6 and 6.7, the Rqp-2 and Cgp-2 are larger than the estimated values, R =
8.5x 10° Q and C = 1.44 x 107 F, for the 15-nm-thick Zn(OEP) film. In a part of the
Zn(OEP) film in the vicinity of the D-A interface, injected electrons are not limited,
unlike the SCLC model, because the photogenerated holes are accumulated in the
Zn(OEP) film near the D-A interface. When the space-charge effect is negligible, the
J of organic films can be generally expressed as follows [37,38]:

J=q EN exp -% exp %,/ﬁﬁ . 6.9)

Here, g, E, N, ¢y, k, and T are, respectively, the elemental charge, electric field,
density of states, an injection barrier height, the Boltzmann’s constant, and the abso-
lute temperature. According to Equation 6.9, the J decreases with increasing the per-
mittivity. This indicates that R increases with C (see Equation 6.7). The correlation
between R and C is comparable to the present results that Ryp-2 and Cp,p-2 are both
larger than estimated values as described above. The increase in the capacitance of
Zn(OEP) film at the D-A interface under illumination may be due to the injected
electrons being recombined with the accumulated holes near the D-A interface,
which results in an increase in the capacity of electron store, that is, capacitance.

The nondestructive impedance spectroscopy provides not only the equivalent cir-
cuits corresponding to OPV cells, but also qualitative information on the carrier
dynamics and the electronic states in the vicinity of the D-A interface before and
after photoirradiation of OPV. The equivalent circuit models used here can be applied
to the other heterojunction OPV cells because porphyrin and fullerene, which are
typical donor and acceptor materials, respectively, are used in the present study and
because the impedance spectra were analyzed on the basis of band-bending models.
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In summary, impedance spectroscopy showed that the equivalent circuit model
consisting of two RC circuits is suitable for the OPV cells under the dark condition and
the equivalent circuit one consisting of the four RC circuits for the OPV cells under
the illumination condition (100 mW/cm?, AML.5). The two additional RC circuits
well express the accumulated carriers in the vicinity of the D-A interface because
of a high resistivity of organic donor—acceptor films. Although the electronic states
of the OPV cells upon photoirradiation is important to reveal the unknown device
mechanisms and the photoexcited carrier dynamics, the characteristics of OPV cells
have been discussed almost in terms of their static electronic states under the dark
condition. Because impedance spectroscopy can investigate OPV cells under work-
ing nondestructively, it is a powerful tool to reveal the photoexcited carrier dynamics
in the OPV cells before and after photoirradiation, especially in the vicinity of D-A
interfaces and thus play a key role of optimizing the performance of OPV cells.

6.4 STRUCTURAL EFFECTS OF ORGANIC FILMS
ON EXCITON AND CARRIER DYNAMICS

6.4.1 INTRODUCTION

Understanding the influences of film structure on the photoexcited carrier dynamics
is important for improvement of n because the exciton-diffusion length and carrier
mobility, which directly affect 1, depend on the crystal structure and/or molecular
orientation of D-A organic films [39]. However, there have been hitherto few studies
on the improvement of the n and EQE from this point of view [40]. This is because
the control of organic film and interfacial structures is not so easy. One of the most
typical methods to control the organic film structure is annealing that results in the
reorientation or recrystallization of organic molecules [40]. However, the reorienta-
tion changes the surface morphology, grain boundaries, etc., of organic films [40].
Accordingly, it is difficult to clarify the correlation between the film structure and
the photoexcited carrier dynamics for OPV cells. To fabricate OPV cells with a high
1, it is important to examine how the structural properties (crystal structure, grain
size, and molecular orientation, etc.) of the organic films affect the photoexcited car-
rier dynamics relevant to the improvement of n and/or EQE.

In this section, the correlation between EQE and film structure is addressed by
comparing two kinds of OPV cells [ITO/Zn(OEP)/C,,/Al], consisting of amorphous
or crystalline 20-nm-thick Zn(OEP) films [41]. The former Zn(OEP) film was formed
on a bare ITO substrate at room temperature by thermal deposition in an ultrahigh
vacuum (UHV) chamber with a base pressure of 1077 Pa [42—44] whereas the latter
Zn(OEP) film was formed by postannealing (473 K for 1 min) of the 20-nm-thick
amorphous Zn(OEP) film in UHV. The postannealing made the amorphous film
crystallized with 20-nm-diameter grains comparable to the film thickness without a
change in the surface roughness as shown in Figure 6.7.

The two kinds of Zn(OEP) films allow us to examine the correlation between film
structure and photoexcited carrier dynamics for the heterojunction OPV cells. We
will discuss what exactly improves the EQE on the basis of the photoexcited carrier
dynamics in this section.
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FIGURE 6.7 (a) XRD patterns of pristine (bottom) and annealed (top) 20-nm-thick Zn(OEP)
films formed on an ITO. (b) SEM images of pristine (bottom) and annealed (top) 20-nm-thick
Zn(OEP) film formed on an ITO. (c) Schematic illustrations of the film structures for pristine
and crystalline 20-nm-thick Zn(OEP) films.

6.4.2 ErrecTs OF INTERMOLECULAR CHARGE-TRANSFER EXCITONS ON THE
ExTeERNAL QuUANTUM EFFICIENCY FOR HETEROJUNCTION OPV CELLS

Figure 6.8 shows (a) the EQE of the [ITO/Zn(OEP)/C,/Al] OPV cells with respect to
the wavelength of irradiation, using amorphous (circle) and crystalline 20-nm-(triangle)
thick Zn(OEP) films, and (b) the photoabsorption efficiency of Zn(OEP) molecules in
dichloromethane (broken), amorphous (solid), and crystalline 20-nm-thick Zn(OEP)
films (dot) along with that of a 30-nm-thick C, film (dot-broken).

The maximum EQE at 400 nm in light wavelength was obtained to be 36% for the
amorphous film and 42% for the annealed film, which are, respectively, comparable
to and larger than that (35%) of OPV cells with buffer materials [45].

Both the C,/Zn(OEP) interfacial states and the role of excitons generated in the
C,, film are the same as for the OPV cells, respectively, because the surface morphol-
ogy of each Zn(OEP) film used here remains almost unchanged by SEM as shown in
Figure 6.7. Thus, this allows us to discuss the structural effects of the Zn(OEP) films
on EQE. The increase in EQE may be due to the exciton-diffusion length becoming
longer and/or the carrier mobility becoming larger in the crystalline Zn(OEP) film
when compared to those in the amorphous one because the grain size is comparable
to the film thickness (there are almost no grain boundaries in the crystalline film)
as shown in Figure 6.7c. In fact, EQE increases to some extent when the Zn(OEP)
film is crystallized in the range of 600—650 nm (see Figure 6.8a) although Zn(OEP)
films exhibit no absorption band in this range. This indicates that the carriers (holes)
generated from excitons in the Cg, film move in the crystalline Zn(OEP) film more
effectively than in the amorphous one. Thus, the mobility of holes in the crystalline
Zn(OEP) film becomes larger to some extent.

It is interesting to note that the improvement of EQE depends on the wavelength
of the incident light. The EQE increases by 37% on an average in the range of
420-520 nm whereas the average increment in the other range is obtained to be 16%.
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FIGURE 6.8 (a) EQE of the OPV cells using pristine (circle) and crystalline (triangle)
20-nm-thick Zn(OEP) films. (b) The photoabsorption efficiency of pristine (solid line), crys-
talline (dot) 20-nm-thick Zn(OEP), and Zn(OEP) molecules in dichloromethane (broken line)
along with that of a 30-nm-thick Cg, film (dot-broken line).

This may be due to the difference in exciton types: inter- or intramolecular exci-
tons. Because the intramolecular excitons are localized within a Zn(OEP) molecule,
the exciton diffusion length is not affected significantly by the structural properties
(amorphous or crystalline) of the Zn(OEP) film. Accordingly, EQE is not remark-
ably improved after postannealing in the range of 520—630 nm, corresponding to
the Q-band (transition from the ground singlet state to the first excited singlet state)
of Zn(OEP) films, which causes intramolecular excitons. On the other hand, the
photoabsorption in the range of 420-520 nm, leading to intermolecular excitons in
Zn(OEP) film [41] results in the significant increment in EQE as shown in Figure
6.8a. In addition, the photoabsorption efficiency in the range becomes increased (by
1.06 times) slightly when the amorphous Zn(OEP) film changes to a crystalline one
as shown in Figure 6.8b. This gives rise to an increase in the number of photo-
generated intermolecular excitons in the crystalline Zn(OEP) film because a higher
photoabsorption efficiency corresponds to a higher generation rate of excitons.

EQE for OPV cells can be expressed by the product of the four efficiencies,
EQE =nNepnesNer as described in Section 6.2. The present results find that the n, and
Ner (hole) in the crystalline Zn(OEP) films slightly increase in the range of 420-520 nm
and in the whole range, respectively, as described above. On the other hand, the ngg
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is considered to remain unchanged because of the similar D-A interfacial conditions
for both OPV cells. These facts thus indicate that the ng, enhances EQE consider-
ably in the range of 420-520 nm in addition to the n, and nq; for the OPV cells
consisting of the crystalline Zn(OEP) film. The improvement of ngp implies that
the diffusion length of the intermolecular excitons increases in crystalline Zn(OEP)
films, which play a key role of increasing EQE for the OPV cells.

In summary, by using crystalline Zn(OEP) films with no grain boundaries,
the maximum EQE obtained at 400 nm increased from 36% to 42%. Crystalline
Zn(OEP) films play roles of increasing the number of intermolecular excitons by
1.06 times and of improving the mobility of carriers and intermolecular excitons in
the Zn(OEP) films. Consequently, EQE shows the most remarkable improvement
of 1.37 times in the range of 420-520 nm, which corresponds to the Zn(OEP) photo-
absorption band resulting in intermolecular excitons. These results indicate that the
film structure is more effective to excitons than to photogenerated carriers, and the
improvement of the intermolecular exciton mobility play a key role of increasing
EQE of the OPV cells. In addition, the improvement of EQE results in the increase
in I because I can be calculated by integrating EQE with the incident light wave-
length A over the solar spectra of AM1.5 as expressed in Equation 6.4.

6.5 THE CORRELATION BETWEEN OPEN-CIRCUIT VOLTAGE
AND PHOTOGENERATED CARRIER DYNAMICS

6.5.1 INTRODUCTION

As noted in Section 6.1, the determining factors of V,_ are still not yet understood.
Thus, it is important to elucidate the origins of V. for enlarging the V,_ for practical
use of OPV cells. Much attention has hitherto been paid to understanding the origins
by considering the electronic states at D-A interfaces, such as the energy difference
(AEy;) between the HOMO of the donor material and the LUMO of acceptor. For
some OPV cells, V, . was reported to be proportional to AE};; and/or to be less than
AE,, [7-11]. However, some other OPV cells did not exhibit such a relationship
[46—48]. In the previous reports, the origins of V,_have been often discussed on the
basis of the electronic states at the D-A interface under dark conditions in spite of the
fact that photogenerated carriers were reported to cause the change in the electronic
states in the vicinity of their interfaces, such as the built-in potential (V,;) [49,50].
For example, the surface potential of a dimethylquinquethiophene (DMS5T) film on
a platinum (Pt) substrate decreases from 190 mV to 20 mV upon photoirradiation
because photogenerated holes are moved to the Pt substrate by a local electrical field
at the interface. Thus, the correlation between the electronic states at the D-A inter-
face upon photoirradiation and V,, is important to clarify the origins of V.

In this section, the correlations among V., V,;, and the photoexcited carrier
dynamics in the vicinity of the D-A interface upon photoirradiation will be discussed
using in situ nondestructive impedance spectroscopy [51]. The capacitance—voltage
(C-V) characteristics obtained from impedance spectra can estimate the V,; of indi-
vidual films in the vicinity of the D-A interface [24,51]. On the other hand, to obtain
the V., we have examined the current—density versus voltage (/J—V) characteristics

oc?
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of OPV cells consisting of 20-nm-thick Zn(OEP) and 30-nm-thick Cy, layered films
[ITO/Zn(OEP)/C,/Al] under monochromatic light (400, 440, 460, 485, 500, 545,
and 590 nm) irradiation and subsequently examined the dependence of the short-
circuit current—density (J.), V,., and the fill factor (FF) on the wavelength of the
monochromatic light. The FF is related to the mobility of photogenerated carriers in
both D and A films. The difference in V,, among the irradiation-light wavelengths in
terms of V,;, FF, and photoexcited carrier dynamics are finally discussed.

6.5.2 INFLUENCE OF CHARGE ACCUMULATION OF PHOTOGENERATED
CARRIERS IN THE VICINITY OF DONOR—ACCEPTOR INTERFACE ON
THE OPEN-Circuit VOLTAGE OF HETEROJUNCTION OPV CELLS

The band energy model and equivalent circuit described in Section 6.3 are applied
to the present OPV cells with the Zn(OEP)/C,, heterojunction structure. As shown in
Figure 6.9, the resistance and capacitance of each film are separated into two differ-
ent ones in the region far from (Rogp-1, Rpgp-1 and Copp-1, Crgo-1) and near (Rqgp-2,
Rigo-2 and Cypp-2, Cego-2) the D-A interface, respectively.

V.. is predicted to be affected more significantly by the change in the electronic
states in the vicinity of the D-A interface upon photoirradiation rather than by the
organic/metal interface because excitons generated in organic films are basically
dissociated only at the D-A interface (namely, carriers generated only at the D-A
interface). Consequently, the built-in potentials V,; of the Zn(OEP) and C, films near
the D-A interface under dark and photoirradiation conditions are discussed.

Zn(OEP)

Copp-1  Copp2 Cegp2 Cogol

FIGURE 6.9 Equivalent circuit used for fitting the present impedance spectra along with
schematic illustration of the Zn(OEP)/Cq, layered organic photovoltaic cell.



158 Organic Solar Cells

The procedure of evaluating V,; from the impedance spectra is briefly described
as follows. For the 30-nm-thick Cg, film, the capacitance of 1.23 x 10~ F calcu-
lated from the reported relative permittivity value of 4.4 was used as a fixed param-
eter for fitting the impedance spectra obtained under dark conditions [32], that is,
(1/Cggp-1) + (1/Cgp-2) = 1/(1.23 x 10~° F). On the other hand, under photoirradiation,
the Cqpp-1 and Crg-1 values obtained under dark conditions are used as fixed param-
eters because the carriers are generated at only the D-A interface as described above.
To estimate the V,; of each organic film in the vicinity of the D-A interface (OEP-2
and C60-2), the C-V characteristics near the D-A interface are examined using the
following Mott-Schottky equation often used for organic films [24,51],

_2AVy-V)

-2
C <2 .
qee N

(6.10)

Here, V, q, €, €y, N, S, and C, respectively, denote the external bias voltage in the
range of —1.0 ~ +1.0 V, the elementary charge, the relative dielectric constant, the
permittivity in vacuum, charge density, device active area, and capacitance obtained
using the above methods for each bias voltage. As seen by Equation 6.10, when C2is
plotted as a function of V, V,; can be evaluated by extrapolation of C-2 = 0.

Figure 6.10 shows the J-V characteristics of the OPV cells under monochromatic
photoirradiation with a wavelength of 400, 440, 460, 485, 500, 545, and 590 nm.
The inset shows the photoabsorption efficiency (AE) of 20-nm-thick Zn(OEP) and
30-nm-thick Cg, films. Table 6.1 summarizes the results of J, V.., FF, and EQE
obtained for each wavelength.
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FIGURE 6.10 (See color insert.) J-V characteristics of [ITO/20-nm-thick Zn(OEP)/30-
nm-thick Cq/Al] cells under irradiation with monochromatic light of 400, 440, 460, 485,
500, 545, and 590 nm wavelengths. The inset shows the absorption spectra of 20-nm-thick
Zn(OEP) (solid) and 30-nm-thick Cg, films.
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TABLE 6.1
Summary of J, V,., FF, and EQE of the [ITO/20-nm-thick
Zn(OEP)/30-nm-thick C,,/Al] Cells under Each Irradiation Condition

Wavelength (nm) Jic (nNA/cm?) Voo (V) FF EQE (%)
400 10.8 1.20 0.29 36.1
440 8.60 1.05 0.32 25.3
460 7.81 1.05 0.32 22.9
485 7.01 1.06 0.31 19.1
500 5.93 1.05 0.32 14.2
545 5.32 1.26 0.30 12
590 6.35 1.51 0.25 13.2

The EQE shown in Table 6.1 is quoted from Section 6.4. The V. is almost constant
to be 1.05-1.06 V for 440, 460, 485, and 500 nm photoirradiations in which photons
are absorbed remarkably by the C, film, whereas it becomes larger to be 1.20, 1.26,
and 1.51 V for 400, 545, and 590 nm photoirradiations in which photons are absorbed
remarkably by the Zn(OEP) film, respectively. Because the dependence of V,. on the
light intensity for 400 and 590 nm photoirradiations indicates that the V,_ is independent
of the light intensity for both cases, the V,_ is found to depend upon the wavelength of
light. In addition, V,_ in the range of 1.05-1.51 V is much larger than the AE,; of 0.22 V
estimated for the Zn(OEP)/C, interface [33,52]. Accordingly, the determining factors of
V.. are strongly related to the electronic states of the OPV cells upon photoirradiation.

Figure 6.11 shows the impedance spectra of the OPV cells under dark and photo-
irradiation conditions: dark (square), 400 nm (triangle), 500 nm (cross), and 590 nm
(circle). Here, the individual solid lines show the simulated results corresponding to
the experimental results. As shown in Figure 6.11, the impedance spectra change

0 50 100 150 200
200 T T T 200
—— Dark
—&— 400 nm
150 %—500 nm 150
a —@— 590 nm
N 100 100
E
i
50 50
0 0
0 50 100 150 200

Re Z (kQ)

FIGURE 6.11 Impedance spectra of the OPV cell [ITO/Zn(OEP)/Cgy/Al] under dark
(square), 400 (triangle), 500 (cross), and 590 (circle) nm irradiation conditions.
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before and after photoirradiation, and furthermore, their changes depend on the
wavelength of irradiation light. However, two semicircles shown in Figure 6.6 are not
observed. This may be due to a difference in wavelength. The AM1.5 light consisting
of various wavelengths causes drastic change in the impedance spectra. The depen-
dence of impedance spectra on the wavelength of incident light thus suggests that
the capacitance of the organic films in the OPV cell also depends on the wavelength.

To estimate V,; for each condition, the dependence of bias voltage (V) in the range
of =1.0 V ~ +1.0 V is examined. Figure 6.12 shows the experimental (dot) and simu-
lated (solid line) impedance spectra for each condition: V = 0 V (circle), -0.4 V
(square), and —1.0 V (triangle) before (dark) and under 400 nm, 500 nm, and 590 nm
photoirradiations. It is found that the shape of each impedance spectrum is changed
slightly by the applied voltage, and their radius decreases with increasing the applied
voltage. Such results have been observed for BHJ OPV cells [24]. We next estimate
the V,; of each film near the D-A interface from the results of Figure 6.12.

Figure 6.13 shows the C-V characteristics of Zn(OEP) [OEP-2] and C, [Cy,-2]
films in the vicinity of the D-A interface under (a) dark, (b) 400 nm, (c) 500 nm, and
(d) 590 nm photoirradiation conditions.
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FIGURE 6.12 Dependence of impedance spectra of the OPV cell [ITO/Zn(OEP)/Cy,/Al] on
applied voltage for dark (a), 400 nm (b), 500 nm (c), and 590 nm (d) irradiation conditions. We
chose typical impedance spectra obtained for 0 V (circle), —0.4 V (square), and —1.0 V (triangle)
although impedance spectra were obtained by varying the applied voltage from —1.0 V to +1.0 V.
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For the dark condition, using Equation 6.10, V,; of the C,, film is obtained to
be 0.34 V that is comparable to that of 0.30-0.45 V for a Cg, film on metal, semi-
conductor, and organic films on an ITO substrate [29,36,53]. This supports that the
band-bending model shown in Figure 6.10 is reasonable to be used for the present
OPYV cells. The V,; of the Zn(OEP) film at the D-A interface is the same value as for
the Cy, film.

On the other hand, when the OPV cells are irradiated with monochromatic light
with wavelengths of 400, 500, and 590 nm, V,; increases upon photoirradiation in a
similar manner to V,, as shown in Figure 6.10 and shows the highest values of 0.84
and 0.71 V for Zn(OEP) and C, films, respectively, under 590 nm photoirradia-
tion. The increase in V,; upon photoirradiation may be due to the accumulation of
photogenerated electrons and holes in the vicinity of the D-A interface because a
high resistivity of both organic films probably prevents carriers (electrons and holes)
from diffusing in the acceptor and donor films, respectively, as discussed in Section
6.3. Thus, V,; should be strongly affected by carrier mobility because the degree of
accumulation of photogenerated carriers increases with decreasing carrier mobil-
ity. On the other hand, because FF increases with carrier mobility, the wavelength-
dependence of V,; is predicted to exhibit an opposite dependence to that of FF [54].

Figure 6.14 shows a plot of the sum of V; (£V,;) (square) obtained for both the
Zn(OEP) and Cq, films, FF (triangle), and V,_ (circle) as a function of monochro-
matic light wavelength. It is interesting to note that XV,; is in good agreement with
Vie-

This implies that V,; upon photoirradiation plays a dominant role in determin-
ing V,.. Correspondingly, the wavelength-dependence of V,_ should also exhibit the
opposite behavior to that of FF as well as V,; because the dependence of V,; is pre-
dicted to exhibit an opposite dependence to that of FF as described above. Indeed,
the wavelength-dependence of both ZV,; and V,, exhibits an opposite behavior to that
of FF as seen in Figure 6.11. This indicates that the accumulation of photogenerated
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FIGURE 6.14 Plot of the open-circuit voltage V. (circle), the sum of V,; (£V,;) (square), and
the fill factor FF (triangle) as a function of irradiation-light wavelength.
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carriers in the interfacial region increases V,; and finally enlarges V. Such the
behavior of FF and V,, with respect to monochromatic light resembles that of J,
V.., and FF with respect to temperature [49]. FF (and J) and V,, were, respectively,
reported to increase and decrease with increasing carrier mobility. The correlations
among XV, FF, and V,_ strongly suggest that accumulation of photogenerated car-
riers in the vicinity of the D-A interface plays a main role of determining V,_ for the
OPV cells.

According to the nonequilibrium thermodynamics theory [54], the potential
energy (E) driving the diffusion of photogenerated electrons and holes is given as

the sum of the electrical and chemical potential energies, that is,

E =U,+

e

6.11)

E, =U,+

Here, the U and p denote the electrical and chemical potential energies, respec-

tively, and the subscripts e and & mean electron and hole, respectively. The driving

force for diffusion of photogenerated carriers can be expressed as VE, which is zero

when the applied voltage V reaches V, .. Thus, VU corresponds to V(V,; — V) used in
the present study as follows:

F= (= 6.12)

0= V-Vt

Because V1 has been recognized as a primary factor of the photocarrier diffusion
to each electrode rather than VU = [V(V,;— V)] for the OPV cells, the photocurrent
can be measured in spite of V = V,; [54]. However, as shown in Figure 6.14, because
V., is almost equal to V,, the electrical potential (V,;) in the D-A interfacial region
upon photoirradiation plays a primary role of determining V,, rather than p and/or
AEy, for the OPV cells.

In summary, V,; of each film in the vicinity of the D-A interface is found to
increase upon photoirradiation because a high resistivity of each organic film accu-
mulates photogenerated carriers in the vicinity of the D-A interfacial region. It is
interesting to note that XV,; is in good agreement with V., which suggests that the
electrical field caused by charge accumulation of photogenerated carriers in the
vicinity of the D-A interface plays a main role of determining V. of OPV cells.

6.6 CONCLUDING REMARKS AND PERSPECTIVES

In the present chapter, we discussed the photoexcited carrier dynamics for OPV cells
with a heterojunction double-layered structure. It was found that the excitons and
photogenerated carriers affect the Iy, V., EQE, and n directly. The diffusion length
of intermolecular excitons, which depends on the organic film structures, plays a key
role of increasing /. and EQE. On the other hand, the V,; in the vicinity of a D-A
interface caused by the accumulation of photogenerated carriers was found to be the
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determining factor of V,_. Accordingly, (i) an improvement of the diffusion length of
intermolecular excitons by controlling film structures and (ii) a combination of donor
and acceptor materials with both a low resistivity and a high V,; are regarded as an
essential approach to improve the power conversion efficiency n of OPV cells.
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7.1 INTRODUCTION

Organic photovoltaic (OPV) cells have been improving in performance over the
last few years. But bottlenecks still exist, and the efficiencies are yet to reach the
Schockley-Queisser limit (~23%)." Key bottlenecks are misalignment of energy lev-
els, insufficient optical absorption, small exciton diffusion lengths, carrier recombi-
nation, and low charge carrier mobilities. Recent improvements in efficiencies are
mainly due to the development of new materials and improved processing condi-
tions. New materials that have been reported either show improved bandgaps that
absorb more solar radiation or energy level offsets that improve cell voltage, charge
dissociation, etc., or a combination of these properties. Nevertheless, irrespective of
what the material is, the understanding of basic physical parameters and processes
and their correlation to performance remain important to further improve the appli-
cability and promise of this technology.

7.2 DEFECT STATES IN ORGANIC
SEMICONDUCTORS: BACKGROUND

Defects, or states within the forbidden bandgap of materials, are one of the important
physical parameters that directly impact the performance of OPVs. These defects can
be shallow or deep within the bandgap as depicted in Figure 7.1. The origin of these
defects can be extrinsic or intrinsic in nature.? Extrinsic defects are caused by chemical
impurities, either introduced in materials during synthesis or in devices due to ambi-
ent exposure,”~'2 external bias-stress, or an electrochemical reaction involving electri-
cal bias and oxygen."*" Intrinsic defects are due to morphological disorder inherent in
organic films; the morphology of these films is typically between the polycrystalline
and amorphous regimes.">~'* Morphological defects can be described as either nonco-
valent or covalent,'”> noncovalent referring to slight energetic perturbations leading to
defects shallow in the bandgap?® and covalent referring to higher energy perturbations
that disrupt covalent bonds and cause defects deeper in the bandgap.?!

Midgap 4+ —.— “ Deep traps ) Shallow traps
e " and tail states

e — Fermi level

FIGURE 7.1 Exemplary distribution of density of defect states within the bandgap of an
organic material.
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Defects can act as charge carrier recombination centers, annihilating photogen-
erated charge, especially if located at donor—acceptor interfaces.?>2* If charged,
defects can also (1) reduce carrier mobility and transport by affecting the electro-
static potential in the device,? (2) lead to quenching of photogenerated excitons,?"->
and (3) pin the Fermi-level within the bandgap, thus suppressing the built-in electric
field.26 In an OPV device, all these effects can lead to a reduction in the short circuit
current density (J), open circuit voltage (V,.), and/or fill factor (FF); thus reducing
the overall power conversion efficiency. In addition to efficiency, defects are also
likely to affect stability and contribute to long-term degradation of these devices.?”?8

On the other hand, some aspects of these unintentional defects may also be ben-
eficial to OPVs. Wang et al. asked the question, “Do the defects make it work?”’2
The typical organic semiconductor with a bandgap of 2 eV is expected to have an
intrinsic carrier concentration of about 1 x 103 to 1 x 107 cm=.152! However, the
actual carrier density reaches concentrations of about 1 x 10" to 1 x 10! cm=3.20:29-32
These extra carriers originate because some defects can produce electronic states
near a band edge.”®> For example, oxygen can act as a p-type dopant, especially in
the presence of light.3*733-3% These excess carrier concentrations can alter carrier
conductivities as well as the electric field at the donor—acceptor interface,15.20-21:40-42
improving charge transport and exciton dissociation. Although, as the carrier from
unintentional doping becomes a delocalized state, a localized site of opposite charge
is left behind, this becomes a charge trap. Thus, there is a tradeoff involved.>*!

Nevertheless, good or bad, defect states in OPVs need to be well understood, and
their identification, characterization, and mitigation are extremely important areas of
research. Identification represents the need to profile the complete trap density of states
(tDOS). Characterization represents the determination of the physical or chemical ori-
gins of these traps, their predominate characteristics, and their influence of the device
performance. Some characteristics of interest are energetic locations, concentrations,
disorder spreading, spatial location, type of carrier trapped, and capture/emission coef-
ficients. Mitigation or enhancement represents the last step: reducing defects that have
a negative effect on the devices while augmenting states that affect them positively.

This chapter presents a review and discussion of selected studies on the topic of
defects in OPVs. First, we discuss typical measurement techniques used for defect
investigation and their introductory concepts, equations, and relevant citations.
Second, defect profiling in neat materials will be examined, followed by that of
blended systems. Effects of traps on device performance and thoughts on trap ori-
gins will be discussed throughout. One should note that in our discussions, acceptor
density (NV,) refers to shallow defect levels, which give an apparent p-doping in con-
jugated polymers/oligomers, whereas density of deep trap levels is marked Nr.

7.3 TYPICAL MEASUREMENT TECHNIQUES

7.3.1  THERMALLY STIMULATED CURRENT (TSC)

In the TSC method, the sample is first cooled to cryogenic temperatures, and excess
charge carriers are generated (for example, optically or electrically) to induce filled
trap states. Then, the sample is heated at a linear rate to emit stored charges, and the
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stimulated current is monitored, generating a current versus temperature spectrum.
The concentration and mean energy of the dominant trap can then be calculated.
Concentration is quantified by

f Iise df < Ny (7.1

total

where ¢ is the elementary charge.**** Note, this technique only gives a lower limit
of the total trap density because recombination between thermally released electrons
and holes can reduce the stimulated current. Incomplete trap filling or limited detrap-
ping or both can also lower the measurement. The mean trap energy is quantified by

4

Ey = kT, In Tan (72)

where kj is the Boltzmann constant, 7, ,, the temperature at the current peak, and f3
the heating rate.*

7.3.2  FrACTIONAL THERMALLY STIMULATED CURRENT (FTSC)

An extension of the conventional TSC method is FTSC, in which fractional heating
cycles are used to further resolve the temperature/energy spectrum (Figure 7.2).46
The sample is first cooled to a minimum temperature (7,,,,,) and then trap filled. The
sample is next heated to an intermediate end temperature (T,,), which is less than
the final temperature of interest. Finally, the sample is again cooled to T,,,,, and then
heated to the final temperature. This fractional cycle is repeated for increasing 7, tem-
peratures. Assuming the initial rise of the FTSC interval (Figure 7.2) is described by

Released charge per T, interval

A A
~ 1. Prerelease 9. Main run .
g £
i1 [
=] g
g 3 /
Q Initial rise &) !
& Z ’
- = /
sl Y
- -~
T T > >

@ Ttart Ttop Temperature ) Temperature

FIGURE 7.2  Schematics of the FTSC method: (a) The basic cycle consists of two individual
TSC scans, and (b) the whole measurement is a replication of basic cycles with different T,
temperatures. The activation energy of the initial rise describes the energetic trap depth, and
the shaded area resembles the released charge. (Reprinted from Progress in Photovoltaics:
Research and Applications, 12/2-3, S. S. Hegedus and W. N. Shafarman, 155-176, Copyright
2004, with permission from Elsevier.)
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a Boltzmann-activated process, the activation energy for each T, can be found via
the “initial rise method” as quantified by

-E
Tigge < exp a TT, (7.3)
B

where I,;4c is the current of the initial rise.*¢#’ The activation energy can then be cou-
pled with a concentration, calculated from Equation 7.1, to build an energetic tDOS.

7.3.3  Space CHARGE LIMITED (SCL) CURRENT MODELING

Dark current—voltage measurements can also assist in determining trapping param-
eters. Neglecting diffusion and assuming a constant mobility, the current density in
a single carrier, p-type material is given by

J = qu, Fpx) (7.4)

where , is the hole mobility, F(x) the spatial distribution of the electric field, and
pi{(x) the spatial density of free holes.**-3° The spatial distribution of the electric field
is given by the Poisson equation

dF(x) _q
dx €

S

[P (x) + pr(x)] (7.5)

where ¢, is the semiconductor permittivity and p.(x) the spatial density of trapped
holes, defined by

©

pr(x) = f $(E)f(E,E, T)dE (7.6)
0

where g(E) is the DOS and f(E,ET) the Fermi function for occupation.*®-3° Thus,
with the definition of Ex(x),* numerical integration yields a current density, which
can be coupled to a voltage via

d
V= [ F(x)dx (1.7)

where d is the film thickness.*® Extensive modeling yields information on the ener-
getic distribution. If an exponential or Gaussian distribution of traps is assumed such
that p, < py, further simplifications can be made. For an exponential distribution,

N. E
E)=—=" 7.8
g(E) KT, exp T (7.8)
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where T is the characteristic temperature; the drift-only current density is approxi-
mated by

1+1 1 141
20+1 [ ¢ \%

J=q"" N — 7.9
TN T TN, 2 (79)
where V is the voltage, and / = T;/T.>' For a Gaussian distribution,
N. E-E;)’
g(E)= ———exp _E=B) ZT) (7.10)
20, 207

two considerations are needed. For shallow trap centers, the current density is
approximated by a modified Mott-Gurney law,

9 v
‘I=§Es pG? (7.11)
where 0 is a scaling factor,” and p, 0 is the effective mobility depending on the free-
to-trapped charge ratio. For deep traps, the current is approximated by Equation 7.9
with a modified exponent (/”) and trap concentration (NT ).52

7.3.4 CAPACITANCE VERSUS VOLTAGE (CV)

Capacitance measurements have also been utilized to probe trap states. The CV
method, for example, exploits the existence of a depletion region to measure both N,
and N;. For instance, in an ideal p-type semiconductor—metal Schottky junction, the
depletion capacitance is given by

A
Cy= e (7.12)

which is linearized to give the Mott-Schottky (MS) relationship,

1 2
C* " AlgeN, Vi = Vigp) (7.13)
where W is the depletion width, N, is the acceptor density, V,; is the built-in voltage,
and V,,, is the applied bias.”* For more accuracy, V), is replaced with Vi,, where V;,
is the diffusion potential: gV,; = E. + qV,.* A plot of 1/C? versus the applied bias
yields a straight line with the slope related to N, and the voltage-related intercept to
Vi In the case of inhomogeneous doping, a spatial distribution of acceptor states is

determined using the profiler equation
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c?® dv

Njy(x)= —
A () qe A dC

(7.14)

where x is the distance from the junction.

In nonideal materials, however, careful consideration must be made to accurately
interpret the results of these equations. When deep defects are present, they perturb the
capacitance as the applied bias and/or AC frequency changes, and N,, Ny, or some com-
bination thereof may be measured by Equations 7.13 and 7.14. The effects of deep traps
as a function of the applied bias was first discussed in 1973.5 In the commonly encoun-
tered case when the trap emission rate (e, ,) is slower than the AC frequency (Uxc), it is
typically assumed that the trap is frozen and has no contribution to the capacitance; it
cannot emit during the course of the experiment. However, Kimmerling explains that
if the trap emission is faster than the change in DC voltage (AV,0), its charge can be
uncovered as a function of the DC bias and contribute to the capacitance. In such a
Case, Vac > e, , > AVpc, and the “N,” measured by Equation 7.13 or 7.14 represents

W—x;

N(x)= Np(xp) 1- + N, (W) (7.15)

where x is the spatial distance from the junction where E intersects E, and W—x is
assumed to be constant.>*>> Thus, when x is small, N,(x) indeed represents N,, and
when it is large, N,(x) is a closer representation of N, + N. Thereby, careful measure-
ments must be made to accurately determine N,, and, further, with careful measure-
ment, N can also be ascertained. The influence of defect contribution to capacitance
measurements as the AC frequency changes is discussed in Section 7.3.5.

7.3.5 CapaciTANCE VERSUS FREQUENCY (CF)

Deep traps also contribute to the capacitance through a dynamic response to the
AC small-signal frequency. This forms the basis for CF measurements, discussed in
the work of Walter et al.> The CF method, also termed as admittance spectroscopy,
relies on a frequency differential in which the DC bias is kept constant, and the
frequency of the AC small signal is varied to include or exclude traps. In a p-type
semiconductor, the thermal emission rate of a trap state is given by

1 —
—=¢ =Nyv,0,¢ A 7.16
Tp ep vV p Xp kBT ( )

where Ny is the density of states in the valence band, vy, is the thermal velocity, 6, is
the capture cross-section, and E, is the activation energy of the trap.>*%’ In inorganic
devices, assuming that v, & T"2, Ny « T2, and o, independent of 7, the prefactor
in Equation 7.16 is typically written in terms of 72,3337 or as a single, temperature-
independent parameter, o, called the attempt-to-escape frequency.’-° With the lat-
ter, the frequency of the AC small signal inherently defines an energy demarcation
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FIGURE 7.3  P-type/metal Schottky junction band diagram showcasing the CF experiment:
Ey is the Fermi level, E; the trap level, £, a high-frequency demarcation in which no states
can respond, and E, a low-frequency demarcation in which all states respond.

that separates the defects with an emission rate slower than the applied frequency
that can contribute to the capacitance from those that cannot.>33-38

E, = kyTln 20 (7.17)

®
()]

where o is the applied (angular) frequency. As  varies from high to low frequen-
cies, the demarcation energy is moved from below the Fermi level, where no states
respond, to above the trap levels, where all states respond (Figure 7.3).533¢ Note, only
states that cross the Fermi level can contribute, and in the low frequency limit, it is
only the states between the midgap and Fermi level that can be profiled.’® An ener-
getic profile of the tDOS can then be obtained using>®

- Vi E& (7.18)
gW dw kT~ ’

N.(E,) =

This profile is then typically fit with a Gaussian or exponential model, and trap
parameters are extracted.

7.3.6  Drive-LEveL TRANSIENT SPEcTROSCOPY (DLTS)

DLTS also utilizes probing of the depletion capacitance. This technique studies trap
characteristics by monitoring transient capacitance changes induced by a voltage
or optical pulse.® The technique was introduced for crystalline materials and later
extended to amorphous ones.%¢! The approach is rigorous and yields several param-
eters, including trap band magnitudes, capture cross-section, activation energies,
emission rates, and trap nature (majority or minority).>* However, Sharma et al. have
cautioned that due to low charge carrier mobility of some organic materials, DLTS
may not be a suitable technique for such materials.®

7.3.7  OpeN-Circult IMPEDANCE SPECTROSCOPY (IS)

The IS method is an adaptation of the CF method at (typically) forward voltage poten-
tials. The measurement results are expressed as Cole—Cole plots and can be used to
extract the density of photogenerated carriers, mobilities, carrier lifetimes, and the
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FIGURE 7.4 Band diagram of the P3HT:PCBM bulk heterojunction in steady-state illu-
mination at open circuit (V = V,.): Key physical processes depicted are excess holes and
electrons are photogenerated (1) into the P3HT HOMO and PCBM LUMO manifolds, respec-
tively. Charge carriers diffuse in the diode bulk (2) and finally recombine (3). Molecular
orbitals spread in energy following Gaussian shapes. The occupancy level of LUMO and
HOMO states depends on competing photogeneration and recombination rates. This gov-
erns the achievable V., which is equal to the split between quasi Fermi levels. The DOS
centers are at E| o and Eyqyo. respectively. (Reprinted from Solar Energy Materials and
Solar Cells, 94/2, G. Garcia-Belmonte, P. P. Boix, J. Bisquert, M. Sessolo and H. J. Bolink,
366-375, Copyright 2010, with permission from Elsevier.)

electron density of states.?%%6* For the latter, the impedance is measured in the open
circuit condition, in which recombination balances generation (Figure 7.4).* The pho-
tovoltaic device is illuminated at different intensities, and a bias is applied to offset the
photovoltage. The impedance examined is that of a chemical capacitance,?*°* which
is governed by changes in the electron quasi Fermi level (Ey,) and defined by

(o dn
Mo 2
— dE;,

(7.19)

where L is the thickness of the photovoltaic layer.* Assuming a zero-temperature
Fermi distribution,®*

C

= L s(Er). (7.20)

Thereby, with small movement of the polymer Ey,, the fullerene DOS in a typi-
cal polymer/fullerene bulk heterjunction blend is obtained as Ey, moves through the
distribution at different illumination intensities (Figure 7.4).

7.4 IDENTIFICATION AND CHARACTERIZATION
OF DEFECTS IN NEAT MATERIAL SYSTEMS

7.4.1 GENERAL DEPICTION

First, we visit the photothermal deflection spectra (PDS) of Goris et al. to understand
wavelength-dependent absorption, which generally depicts the midgap tDOS in
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common OPV-relevant materials.®> The spectra of poly(3-hexylthiophene) (P3HT),
poly(p-phenylene vinylene (PPV), and [6,6]-phenyl-C61-butyric acid methyl ester
(PC4,BM) (neat films and blends) are shown in Figure 7.5. For now, we will focus
on neat materials; blend spectra will be discussed later. The PDS spectra in Figure
7.5 establish the general picture of the energetic DOS. Weak absorption can be seen
at lower energies, followed by a rapid increase at medium energies and strongest
absorption at higher energies. This indicates the general depiction of molecular
orbitals that are Gaussian in nature with a broadening that introduces a shallow
defect distribution that trails into more localized, deep trap states.

For acceptor materials, this depiction is substantiated by optical experiments on Cy,
and C,, fullerene derivatives.®%’ In donor materials, a thorough substantiating view is
obtained through TSC measurements.*® An indium tin oxide (ITOYP3HT/Aluminum
(Al) device structure was investigated.*® The obtained TSC profile identified two peaks
in the energetic tDOS (Figure 7.6). The low temperature peak at 93 K represents shallow
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FIGURE 7.5 (a) PDS of MDMO-PPV, PCBM, and MDMO-PPV:PCBM. (b) PDS of P3HT,
PCBM, and P3HT:PCBM. The full symbols (PCBM = star) correspond to data obtained
from transmittance and reflectance measurements. (Reprinted with permission from
L. Goris, A. Poruba, L. Hodakova, M. Vanecek, K. Haenen, M. Nesladek, P. Wagner, D.
Vanderzande, L. De Schepper and J. Manca, Applied Physics Letters, 88, 052113, 2006,
Copyright 2006, American Institute of Physics.)
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FIGURE 7.6 TSC signal from a thin P3HT film sandwiched between ITO and an alumi-
num electrode for the case of temperature of trap filling 77 K (solid line) and 4 K (dashed
line). Inset shows the energy dependencies of the DOS. (Reprinted with permission from
V. Nikitenko, H. Heil and H. Von Seggern, Journal of Applied Physics, 94, 2480, 2003,
Copyright 2003, American Institute of Physics.)

levels, likely an Urbach tail from the Gaussian-shaped orbital. The high temperature
peak at 200 K represents deeper states that are likely to be more localized trap levels.

7.4.2  DerecT STATES IN DONOR MATERIALS

7.4.2.1 Defects with Relatively Shallow Activation Energies

The low-temperature TSC peak in Figure 7.6 was confirmed and further resolved in
another study focusing on neat P3HT films.®® A low-temperature peak around 85 K
with a shoulder around 50 K was observed (Figure 7.7a). The 85 K peak is in reason-
able agreement with the previous TSC work (93 K). But the 200 K peak mentioned
above was not reproduced in this study.®® In another study, DLTS measurements
revealed a similar finding with a single trap level at an activation energy of about
87 meV; again, no deeper band was found.® Interestingly, Schafferhans’ shallower
“shoulder band” also was not revealed in the DLTS study. Nonetheless, Schafferhans
et al. estimated the total trap density in the studied energy regime to be approxi-
mately 10'* cm=.98 For further quantification of the tDOS (Figure 7.7b), the authors
applied the fractional T, — T, TSC technique (Figure 7.7a). Fractional TSC data
clearly shows the overlap of two Gaussian-like distributions, indicating that there are
two bands in a continuous distribution of shallow trap states.

Shallow activation levels in neat donor materials have also been observed in
CV measurement studies.” One should note that the CV measurement records the
response of only mobile charges. Thus, when complete ionization is not assumed, the
CV measured quantity is the “ionized acceptor density” (N,; ) This value should be
considered a lower limit of the total shallow impurity concentration. As mentioned
in Section 7.2, defects tend to p-dope OPV materials. With moderate doping, Fermi
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FIGURE 7.7 (a) Main runs of the different 7., — T, cycles as well as the conventional
TSC spectrum (black curve), revealing two trap states 7, and 7, and (b) the resulting DOOS
distribution. (Reprinted with permission from J. Schafferhans, A. Baumann, C. Deibel, and
V. Dyakonov, Applied Physics Letters, 93, 093303, 2008, Copyright 2008, American Institute
of Physics.)

levels are around a few hundred meV above the highest occupied molecular orbital
(HOMO). This, coupled with cathode work functions many hundred meVs lower,
leads to the formation of a Schottky junction at the organic cathode interface.”” The
existence of this junction in P3HT diodes was shown by Dennler et al.” The authors
leveraged depletion capacitance techniques to study defect states in the bandgap.
Using CV measurements, they monitored charge carrier density as a function of air
exposure (Figure 7.8). They found that the ionized acceptor density increased from
5.0 x 10 to 1.0 x 10" cm™ as the exposure to air increased.” The charge density
before exposure was in the same range as predicted by the TSC measurements,®
again showing the presence of shallow states. These observations also support the
claim that oxygen and humidity cause the p-type doping; this topic will be revisited
in Section 7.4.4.

There are also other reports on probing defects using the CV method. Li. et al.”!
performed CV measurements at different frequencies on a ITO/PEDOT:PSS/P3HT/Al
structure. They found ionized impurity concentrations between 6 and 10 x 10" cm=,
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FIGURE 7.8 (a) Capacitance C and (b) 1/C? of an ITO/P3HT/AI diode recorded at 1 kHz
every 2 min in air versus the applied voltage V. The arrows indicate increasing time. The
solid line in (b) is a linear fit of one intermediate curve. (Reprinted with permission from
G. Dennler, C. Lungenschmied, N. S. Sariciftci, R. Schwodiauer, S. Bauer, and H. Reiss,
Applied Physics Letters, 87, 163501, 2005, Copyright 2005, American Institute of Physics.)

much lower than that reported by Dennler et al.” This difference could be due to dif-
ferent levels of ambient exposure. Another strong possibility is processing condition—
related; the polymer film thickness was ca. 1 pm for Dennler and ca. 5 pm for Li.”"!
Thicker films dry more slowly, leading to better structural order and a lower apparent
p-type doping.’?

The CV method has also been applied to investigate shallow states in ITO/PPV/
Al structures (Figure 7.9).® These samples were measured between —5 and 3 V. at
an unmentioned frequency.”?> N, was not quantified, but assuming a nominal device
area, it can be estimated to be around 5 x 10'® cm™. This is similar to typically
reported values. The above reports and discussion readily show that shallow states
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FIGURE 7.9 Inverse capacitance squared, 1/C?, against applied bias, V, ;, of an ITO/PPV/
Al device. (Reprinted from Synthetic Metals, 111, A. Campbell, D. Bradley, E. Werner and
W. Briitting, 273-276, Copyright 2000, with permission from Elsevier.)

are abundant in neat donor materials. These states are clearly distributed in energy
and are at least partially ionized, giving rise to mobile charges.

Interestingly, Figure 7.9 yields further information. One can clearly see a break in
the MS slope around —0.75 V5. Both Dennler et al. and Li et al. also observed this
change. In the former (Figure 7.8), the authors ascribed this break to inhomogeneous
doping.” However, Li et al. argued that this may be due to nonuniform spatial doping
or energetically deep trap band(s).”! The formalization of the latter interpretation was
given in a seminal work by Kimmerling and is discussed briefly in Section 7.3.4.%
Campbell et al. took this interpretation and asserted the break is due to contributions
from deeper traps. This indicates that deeper defects are present, which, because of
the decrease in the MS slope, are acceptor-like states such that Ny > N,.7* Section
7.4.2.2 focuses on the discussion of these deep states in organic donor materials.

7.4.2.2 Defects with Relatively Deep Activation Energies

The presence of deeper defect levels in PPV was substantiated and quantified by
DLTS measurements in the aforementioned work of Campbell et al.”> Through
temperature-dependent DLTS measurements and modeling, the authors reported a
trap level ~750 meV above the HOMO level and with a concentration of 5 x 107 cm=.
This corroborates the interpretation of the CV data shown in Figure 7.9.

One recalls a similar defect band in P3HT was predicted by the above-discussed
TSC measurements (Section 7.4.1), which can be further supported by ultraviolet
and inverse photoemission spectroscopy measurements.”* The photoemission spectra
(Figure 7.10) show a feature (labeled “def”) that cannot be ascribed to the molecular
orbitals.” This distribution lies within the bandgap and thereby likely represents
deep trap states. CF measurements can provide further insights on this suspected
band.*® These measurements revealed a Gaussian-shaped band in neat P3HT diodes
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FIGURE 7.10 Occupied (left) and unoccupied (right) molecular orbital contributions of
regioregular P3HT to the (a) photoemission and inverse photoemission spectra, respectively,
are compared with (b) theory. The experimental HOMO-LUMO gap of P3HT (7.3 eV) is
indicated as is a defect state (def.) not directly attributable to the molecular orbitals indi-
cated. The inset shows a schematic of a single chain of regioregular P3HT. (D. Q. Feng,
A. Caruso, Y. B. Losovyj, D. Shulz, and P. Dowben: Polymer Engineering and Science,
2007, 47, 9, 1359-1364. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.)

at ~390 meV above the HOMO with a concentration Ny = 2.1 x 10' cm~3.3% These
numbers are slightly different from PPV-based structures but are qualitatively simi-
lar. CV measurements in the same work yielded an ionized acceptor density of 3.2 x
10' cm=3,3° very similar to Dennler’s CV measurement of 5 x 10" cm~3 for P3BHT
diodes.” Interestingly, considering the lower frequency employed in Dennler’s work
(1 kHz) as well as the CF theory outlined in Section 7.3.5, the deep trap is expected
to be fully responding throughout the CV measurement. Subtracting the deep-band
concentration (2.1 x 10" cm~3)3° from N, (5§ x 10'¢ cm~3), an ionized acceptor con-
centration of 2.9 x 10'® cm~3 is obtained. This is in almost perfect agreement with
the aforementioned 3.2 x 10" cm~3 and hence substantiates the applied theory. More
importantly, this clearly points out that that N, = N, signifying that N should have
a significant impact on electrical characteristics.

Thus, one can expect that theoretical modeling employing similar trap distribu-
tions should be able to describe the performance characteristics of underlying OPV
devices. Transport in OPVs is usually explained with SCL and trap-limited (TL)
models. From such modeling, features of the dominant trap sites and their effect
on transport can be studied (refer to Section 7.3.3 for details). Nikitenko et al. did
just that with neat P3HT diodes.*® From their TSC data (Figure 7.6), a multiple trap
formalism was employed assuming a superposition of two Gaussian distributions for
the DOS.*8
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TABLE 7.1
Summary of Fitting Parameters in Nikitenko et al.’s Dual
Gaussian SCL Current Work

E (meV) N (cm3) ¢ (meV)
Shallow band — 1.0x 10" 55
Deep band 500 1.5x 10'° 80

2 (N-Nyp) E? N; (E-Ep)
88 \/; o P The T V2o, P 202 (72D
Simulations showed high voltages or a zero trap concentration led to currents
close to the trap-free law (Equation 7.11 with 6 = 1), and variations of the Ny, E,
and o showed changes in slope and shifts in voltage—current characteristics at inter-
mittent biases.*® The model was then applied to P3HT diodes.*® The experimental
data was well explained by the modeling parameters listed in Table 7.1.*% This data
supports the shallow-deep tDOS and quantifies the deep trap band concentration at
1.5 x 10" cm=. N; and o are in good agreement with the CF work discussed above;
however, the activation energy is slightly higher. Nevertheless, this highlights that
trap states have a notable effect on charge transport.

7.4.2.3 Electron Traps

Thus far, trap levels in the lower half of the gap of these neat materials have been
discussed; however, traps above the midgap must also be visited. The discussion on
electron traps in organic materials is relatively straightforward; a recent work by
Nicolai et al. unifies the presence of such states across several OPV materials.” The
authors used a numerical drift-diffusion model with a Gaussian distribution of states
to study the current characteristics of electron-only organic diodes. The electron trap
band was found to be fairly consistent for all materials that were investigated, with
E; = =3.6 eV below the vacuum level, a relatively high Ny at 3 x 10”7 cm™ and 6 =
100 meV.” Such a trap in P3HT resides at ca. 600 meV below the LUMO, which,
when coupled with the works discussed above, depicts a trap profile much the same
as the Figure 7.1 cartoon. Moving further, Nicolai et al.’s work implies that materials
with an electron affinity larger than —3.6 €V should exhibit trap-free characteristics.
Indeed, this was found to be true for PC;,BM (LUMO = —3.9 V) and poly[{N,N'-
bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl}-alt-5,5"-(2,2'-
bithiophene)] (P(NDI20D-T2); LUMO = —4.0 eV), both of which gave trap-free
SCL electron transport.”* Of interest here is the former.

7.4.3 DErecT STATES IN ACCEPTOR MATERIALS

After discussing the donor material, we will now focus on acceptors. As mentioned,
PC¢,BM has been shown to exhibit trap-free electron transport’; however, some
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have indicated electron trapping in other acceptors, such as higher adduct fullerenes
may exist.”® An example of this can been seen in the work of Schafferhans et al.,
in which Bis-PCyBM-, PC,;,BM-, and PC,,BM-based devices (ITO/PEDOT:PSS/
PCBM/Lithium Fluoride [LiF]/Al) were studied via the conventional and T, — T,
TSC measurements.”” Figure 7.11 shows the resulting spectra, and quantification is
summarized by Table 7.2.7

It is interesting to note that all three materials showed at least one distinct distribu-
tion of traps with bisPC¢;BM and PC,,BM also showing a second, deeper level. Each
fullerene derivative exhibited a notably different TSC spectrum. A common feature

was observed between PC¢;BM and bisPCy BM, with which a low-temperature peak
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FIGURE 7.11 TSC spectra of PCyBM, bisPCyBM, and PC; BM. (J. Schafferhans, C.
Deibel and V. Dyakonov: Advanced Energy Materials, 2011, 1, 4, 655-660. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

TABLE 7.2

Lower Limit of the Trap Densities of PC,;BM, bisPC;,BM, and PC,,BM as well
as the Temperatures of the TSC Maxima and the Corresponding Activation
Energies Estimated by the T,,, Method According to Equation 7.2

ax

Sample Trap Density (m~3) Toax (K) E, (meV)
PC¢,BM >1.7 x 10% 54.9 86
bisPC,,BM 2.3 x 102 324 45
103 184
PC, BM 2.0 x 1022 60.1 9%
121.4 223

Source: J. Schafferhans, C. Deibel and V. Dyakonov, Advanced Energy Materials, 2011, 1, 4, 655-660.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
Note: For bisPCy,BM and PC,,BM, E, and T,,,, values of both peaks are shown.
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in bisPCyBM (at 32 K or 45 meV) closely matched a slight PC, BM TSC shoulder
(Figure 7.11). This potentially signifies a common defect level.”” For some substantia-
tion, DLTS measurements on neat PC¢;BM films also showed a single shallow trap
band in this range, however, with a lower activation energy (21 meV).% At first, this
shallow PC,BM level seems to contrast the trap-free electron transport discussed
earlier.”> However, this can be reconciled if one considers the magnitude of the trap
band. It is well known that for a Gaussian distribution of shallow traps, the SCL cur-
rent is approximated by a modified Mott-Gurney law (see Equation 7.11). A quadratic
current—voltage relationship with a reduced (effective) mobility is exhibited in such
a case. The effective mobility is given by p,0 and

g (7.22)

where (n.) is the average free carrier concentration and (n,) is the average trapped
charge with the trap-free case of 8 = 1. The free carrier concentration in PCyBM is
around 10" to 10" cm~3. For a conservative estimate, if one considers the trapped charge
concentration to be 1-2 x 10'® cm~3, one obtains a 0 approaching 1, which indicates
trap-free electron transport. Nevertheless, TSC of all three acceptors showed a continu-
ous distribution of defect states throughout the measured energy regime. This is con-
firmed by fractional TSC measurements on PC,BM.”” Both bisPC¢,BM and PC,;BM
showed broadening in the TSC signal and slightly higher defect concentrations with
significantly deeper energies.”” This indicates toward higher energetic disorder as
well as electron trapping and explains lowered dark currents in these two materials.””

7.4.4 ORIGINS OF DEerecT STATES: OXYGEN, MOISTURE,
STRUCTURAL, AND SYNTHESIS RESIDUALS

As discussed above, oxygen and moisture have been identified as main p-type dop-
ants in donor materials. To further this discussion, we return to the P3HT TSC work
of Schafferhans et al. (Figure 7.7).% In this work, the TSC measurement was con-
ducted as a function of air and pure oxygen exposure. After 96 h of O, exposure, the
magnitude of the 105 meV band tripled while the 50 meV did not change.®® A simi-
lar observation was made in the case of air exposure. This shows that the 50 meV
band is likely intrinsic or structural in nature; however, other chemical impurities
originating from material synthesis cannot yet be ruled out. On the other hand, the
105 meV band is likely extrinsic in nature and closely related to oxygen. Photo-
CELIV (charge extraction by linearly increasing voltage) measurements have also
shown that mobility drops by nearly 50 times after 100 h of air exposure, further
indicating that oxygen is altering states shallow within the gap.

An earlier work on the interaction of oxygen with polythiophene also explains
this oxygen-related defect and its effect on carrier mobility.> Abdou et al. theorized
that a charge transfer complex would form between oxygen and polymer with a bind-
ing energy on the order of 1.9 eV.? It was thought that this CTC state might facilitate
charge transfer, thereby affecting electronic properties. To detect this band, they
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studied UV-Vis absorption of P3HT films in the presence of oxygen and nitrogen
(Figure 7.12). As shown in the spectra, nitrogen did not affect the optical density,
but oxygen did, especially near 630 nm or 1.97 eV, strongly implicating the pre-
dicted CTC.? Although the biggest change in optical density is near 630 nm, it can
be seen that oxygen affects a range of subgap energies (Figure 7.12). This leads to
the idea that oxygen itself affects and possibly generates a continuous distribution of
states throughout the bandgap. This thought is also supported by a UV-Vis study of
P3HT solution (Figure 7.13).78 In this study, a broad subgap band around 810 nm was
induced by oxidant treatments of molecular oxygen as well as Nitrosonium tetra-
fluoroborate. Interestingly, the absorption for wavelengths between 300 and 550 nm
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FIGURE 7.12 UV-Vis absorption spectra of a P3HT thin film (20 pm) in contact with oxy-
gen (10 atm) and under oxygen-free N,. Reference, O,-free film. (Reprinted with permission
from M. S. A. Abdou, F. P. Orfino, Y. Son, and S. Holdcroft, Journal of the American Chemical
Society, 119, 4518-4524, 1997, Copyright 1997, American Chemical Society.)
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FIGURE 7.13 Comparison of UV-Vis spectra of P3HT in o-dichlorobenzene solution with
the spectra of the P3HT solution after exposure to molecular oxygen (P3HT*-O3) and NOBF,
(P3HT-BF)). (Reprinted from Solar Energy Materials and Solar Cells, A. Guerrero, P. P.
Boix, L. F. Marchesi, T. Ripolles-Sanchis, E. C. Pereira, and G. Garcia-Belmonte, Copyright
2012, with permission from Elsevier.)
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was noticeably reduced. A similar decrease at moderate wavelengths along with an
increase at higher wavelengths was also observed for treated polymer films.”
Abdou et al. also measured the effects of oxygen pressure on the conductivity and
mobility of P3HT based thin-film transistors. With increasing oxygen pressure, con-
ductivity increased, and mobility decreased.® Such opposite conductivity—mobility
behavior is well known in inorganic semiconductors with increasing doping con-
centrations.”” The above indicates that oxygen leads to extra carriers and explains
the degraded mobility noticed in the work of Schafferhans et al. discussed earlier.5®
The presence of oxygen-induced charge carriers has been directly quantified by the
work of Dennler et al. (Figure 7.8).” Through successive CV measurements in open
air, it was found that the ionized acceptor density increased from 5.0 x 10 to 1.0 x
107 cm=.7 This quantifies the Abdou et al.’s carrier concentration increase and again
highlights that oxygen/moisture strongly affect the shallow impurity states.
Similarly, the electron traps noted by Nicolai et al. were also imputed, at least
partly, to oxygen. As discussed earlier, the electron-trap parameters across several
materials were found to be similar. This indicates a common origin and rules out
material-specific structural disorder. Quantum-chemical calculations suggested
hydrated oxygen complexes as the likely culprit.”> This shows that oxygen and mois-
ture together play an important role in the entire trap distribution of donor materials.
In addition to the donors, reports show that air/oxygen also affects the energetic
tDOS of fullerene-based acceptors. In the case of Cg,, exposure enhances the PDS
spectrum of the deeper, localized states, and the shallow Urbach tail largely remains
unaffected. TSC experiments on Cgqy-based transistors further resolves this, pin-
pointing a trap band center on ca. 230 meV that was greatly affected by exposure and
an even deeper band centered on ca. 370 to 420 meV, which remained unchanged.’ It
is worth noting that the deepest of these bands (370 and 420 meV) were dependent on
the buffer layer used in the structure. Hence, this band may be interfacial (structural)
in nature and not unique to the acceptor bulk. As such, it may not be surprising that
they were unaffected by the exposure. Nonetheless, this again depicts a scenario
in which structural disorder and/or chemical impurities from synthesis dominate a
part of the defect distribution while the other is strongly influenced by oxygen and/
or moisture. Similar to the case of donor materials, oxygen-induced modifications in
Co also lowers the carrier mobility.>3%8! Surprisingly, in C,, the subgap absorption
coefficient actually decreased with oxygen exposure, hinting that oxygen may be
beneficial in mitigating some inherent defects.” Another interesting observation was
that oxidant treatments of PCBM in solution led to no change in the optical density.”®
Finally, in addition to structural and oxygen/moisture, defect origins from residu-
als left during material synthesis must also be considered. Although we could not
find reports that link contaminant impurities to specific trap-band energies, it is well
known that such impurities can negatively affect electronic properties. There are
reports on contaminants from starting reagents, such as nickel, copper, rhodium,
and palladium catalysts.!'8> Most prominent in the literature seems to be residual
palladium. Many conjugated polymers are synthesized via Stille or Suzuki coupling
reactions, which are catalyzed by palladium complexes.!?# It has been reported that
residuals of this palladium are linked to degradation of electronic properties and
photovoltaic device performance.'"'>8283 Even trace amounts (for example, <0.1%
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by weight) of contaminants can affect material properties and photovoltaic device
performance.'"'282 The effects of residual catalysts on OPV device performance will
be discussed further in Section 7.5.5.

From the discussion in this section, it is hopefully evident that common donor
and acceptor OPV materials are rich in defects with said traps critically affecting the
electronic properties. A depiction of energetic disorder with shallow and deep defect
levels was given, and the possible origins of these traps were presented. Section 7.5
discusses how the defect profiles change in the popular bulk heterojunction OPV
structures. The origins of these defects and their effects on device performance
parameters will be discussed.

7.5 IDENTIFICATION AND CHARACTERIZATION OF
DEFECT STATES IN DONOR-ACCEPTOR BLENDS

7.5.1 GENERAL DEPICTION

This section focuses on the tDOS of the donor—acceptor blends, which make up the
contemporary OPV devices. First, we revisit the PDS data from the work of Goris
et al.% As seen in Figure 7.5, when compared with the neat materials, the spec-
tra of blended films showed a distribution that extended deeper into the gap.%> This
indicates a higher disorder in both PPV:PCBM and P3HT:PCBM devices. Stronger
disorder was corroborated and further resolved by Neugebauer et al., who leveraged
DLTS measurements to compare the defect bands of neat P3HT and PCBM films to
that of blended systems.® The activation energies and trap concentrations are shown
in Figure 7.14. This figure also includes a comparison to TSC measurements on neat
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FIGURE 7.14 Bars: overview of the obtained activation energies in PCBM (light gray),
P3HT (dark gray), and P3HT:PCBM blend (black) and relative maximum N in the spectrum
found by I-DLTS. Lines: normalize activation energy spectra of earlier TSC measurements
(colors are as above). (From J. Schafferhans et al.: Organic Electron 11 (10), 1693-1700,
2010; J. Schafferhans et al.: Applied Physics Letters 93, 093303, 2008; J. Schafferhans et
al.: Advanced Energy Materials 1 (4), 655—660, 2011. Reprinted with permission from S.
Neugebauer, J. Rauh, C. Deibel, and V. Dyakonov, Applied Physics Letters, 100, 26, 263304,
Copyright 2012, American Institute of Physics.)
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P3HT,*® neat PCBM,”’ and their blend.?® The neat-film DLTS data was mentioned
earlier, and in it, both materials showed a single trap level with an activation energy
of 21 meV for PCBM and 87 meV for P3HT.%®° The DLTS of blended films, however,
indicated multiple trap levels. At the low end of the energy spectrum, a trap “A” with
an activation energy around 28 meV was found. This corresponds quite well with the
DLTS measured trap in neat PC¢,BM (21 meV).° The most concentrated band “E”
has an activation energy of around 100 meV and correlates well with the neat P3HT
trap at 105 meV as measured by TSC.%% The other bands, “B-D” and “F,” only
appeared in the blend measurements and were missing in neat films. This supports
the general depiction that greater energetic disorder results from mixing the materi-
als in bulk heterojunction structures.

7.5.2  Derect STATES IN THE DONOR AND ACCEPTOR
PHASES AND NEW STATES IN BLENDS

Trap bands in blended devices have also been examined through TSC measure-
ments.?® Investigation on an ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al structure showed
three TSC bands. Two (50 and 105 meV) matched the bands of the earlier neat P3HT
TSC work,%® and the third, centered deeper in the gap at 250 meV, was distinctive
to the blended system.?® Blended films also showed a substantial broadening and
increase in concentration in the TSC spectrum.?$% This, coupled with the appear-
ance of the unique deep band in the BHJ devices, again shows higher energetic dis-
order in blends. It is clear that the dominant band centered at 100 meV is common
between the DLTS and TSC blend film work.?®% Interestingly, the TSC 50 meV
band, attributed to a polymer contribution by the authors, correlates well with DLTS
bands “C” and “D,” which were considered unique to the blend.?®% Neglecting the
origin aspect, DLTS bands “C” and “D” give more resolution to the TSC 50 meV
band, indicating that two closely spaced trap sites make up this energy regime. The
TSC 250 meV band is in qualitative agreement with the DLTS “F” band, albeit with
a ca. 90 meV higher activation energy. The total trap density in the measured regime
was estimated at 8 x 10'® cm=. This magnitude is eight times higher than that mea-
sured for neat P3HT, four times higher than that for neat PC,,BM, and nearly three
times higher than the simple addition of the magnitudes of defects in neat films.?3-:6877

In 2012, Yu et al. also studied the trap distribution of P3HT:PCBM BHIJ films.?*
The authors utilized both conventional and T, — T, TSC measurements to probe
ITO/P3HT:PCBM/AL structures.3* Conventional TSC revealed two trap bands cen-
tered at 140 and 220 meV, similar to the DLTS (160 meV) and TSC (250 meV) bands,
respectively.?$6°8 The authors conjectured that more bands existed in this energy
range but remained unresolved in the conventional TSC measurement. Thus, they per-
formed fractional TSC along with numerical modeling for further elucidation. A total
of five levels were cited (Table 7.3). Both exponential and Gaussian distributions were
observed with concentrations between 8.0 x 10'¢ and 1.5 x 10" cm——much larger than
those described by Schafferhans’s work. Again, the N, and N, bands are in qualitative
agreement with the DLTS “F” (160 meV) and TSC 250 meV bands, respectively. The
newly resolved N, band seems similar to the dominant “E” band in Figure 7.14 whereas
N can be correlated to the “C—D” band. The authors attributed N,—Nj; to the P3HT and
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TABLE 7.3
Parameters of Electrically Active Trap Distributions Used in the Curve-
Fitting Procedure

Distribution
Gaussian Exponential
E, (eV) Type Ng(, (cm3) ¢ (meV) N, (cm3) E, (eV)
N, 0.06 Exp. — — 1.8 x 107 0.03
N, 0.12 Exp. — — 2.5% 10 0.03
N; 0.14 Gauss. 8.2 x 101 52 — —
N, 0.20 Exp. — — 1.5 x 10% 0.03
Ns 0.35 Gauss. 2.7 %108 48 — —

Source: Reprinted from Journal of Non-Crystalline Solids, P. Yu, A. Migan-Dubois, J. Alvarez, A. Darga, V.
Vissac, D. Mencaraglia, Y. Zhou and M. Krueger, Copyright 2012, with permission from Elsevier.

N, to be resulting from the addition of PCBM—somewhat different than the interpreta-
tions of TSC and DLTS works. Perhaps the most interesting aspect is the deeper N; trap
state. This band is vague in other TSC data but is strongly present here. The authors say
that this type of data is often observed at the high-temperature edge and is possibly a
result of weakening in the stimulated current.®* However, a similar band has also been
observed in measurements using other techniques, thus substantiating its existence.
One can also recall that a similar deep band was seen in neat donor materials.

This deep band had been resolved by both CF measurements and current model-
ing methods.?*>° Employing the CF measurement, Boix et al. revealed a Gaussian
deep defect band centered at 380 meV above the HOMO with parameters Ny = 1.2 x
10' cm= and 6 = 66 meV (Figure 7.15), similar to that found in neat donor films.*°
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FIGURE 7.15 Density of defect states as a function of the energy with respect to the P3HT
HOMO level (demarcation energy), E — Eyomo, calculated using Equation 3 (of the source
article) and the capacitance spectra in Figure la (of the source article). Gaussian DOS fits
(Equation 5 of the source article) are also displayed. Composition of the blend is marked
in each distribution. (Reprinted with permission from P. P. Boix, G. Garcia-Belmonte,
U. Munecas, M. Neophytou, C. Waldauf, and R. Pacios, Applied Physics Letters, 95, 23,
233302-233303, Copyright 2009, American Institute of Physics.)
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In these calculations, an attempt to escape frequency (v,) of 1 x 10'2 s7! was used (see
Equation 7.17). This band is in close proximity to the FTSC Ny trap—although two
orders of magnitude lower in density®*—supporting the presence of this deep trap in
blend films. Boix et al. also compared the energetic profile for films having different
P3HT:PCBM loadings. It was found that the deep defect distribution is not signifi-
cantly affected by the presence of PCBM, indicating that the band has its origin in
the P3HT donor. Further, CV measurements showed that the ionized acceptor den-
sity in the blended films (ca. 4.3 x 10'® cm=) is only slightly higher than neat P3HT
films (3.2 x 10' cm~3).3° This indicates that the larger energetic disorder in the blends
may not significantly affect the free carrier concentration.

In a subsequent work, Boix et al. revised the mean energy of this band to 35 meV,
using a newly revealed attempt-to-escape frequency of 33.42 s~! via a temperature-
dependent CF technique.® Similar temperature-dependent CF measurements have
also been performed on ITO/MDMO-PPV:PCBM/AI-% and ITO/PEDOT:PSS/
MDMO-PPV:PCBM/AI-7 based devices. The former report found a shallower trap
between 24 to 34 meV with a v, in the range of 1 x 107 s7! (estimated from pre-
sented data).’¢ The latter report found two trap bands centered at 9 meV and 177
meV with attempt-to-escape frequencies of 1.3 x 107 s! and 7.6 x 10° s7!, respec-
tively.’” Campbell et al. also found an attempt-to-escape frequency of 1 x 108 s~! for
PPV-based devices.”? The sharp difference in v, between the P3HT and PPV seems
implausible, and thus, it is important to obtain an accurate value to properly inter-
pret these measurements. It is also worth noting that Dyakonov et al.’s temperature-
dependent CF measurements shows a similar trap profile in PPV:PC;,BM compared
to that of P3BHT:PC,,BM devices. Bands with activation energies at 9, 22-34, and 177
meV were identified, and one may also expect the deeper, 750 meV level revealed by
Campbell” in neat PPV, showing the qualitative resemblance to Figure 7.14.

The N5 band in P3HT:PC(,BM was also revealed by Nam et al. using cur-
rent modeling (SCL and Poole-Frenkel current methods)*; total concentration of
midgap states in P3HT was calculated to be 6 x 10?° cm=.° This value is two to
four orders of magnitude higher than what is typically reported for neat or blended
cases. However, these devices were processed in open air, which can be expected to
increase the impurity concentration. The effects of oxygen on trap states in blended
systems will be further discussed in Section 7.5.5. Nevertheless, in Nam et al.’s
work, the average trap activation energy was calculated to be 300-500 meV; this
agrees with the TSC and original CF work.3%3*84 Nam et al. also estimated relatively
high electron trap density of ca. 1 x 10'® cm= in PCBM.* They suspected this high
density to be oxygen-related due to fabrication processing in air. This thought is
supported by the previously discussed optical measurement-related works centered
on Cg, oxygen exposure and subgap states.®%7 Interestingly, an annealing process
significantly increased the degraded electron mobility and pushed the electron con-
duction towards trap-free transport.” This aligns their PCBM electron transport to
that reported for inert processed diodes by Nicolai et al. and indicates that significant
traps in PC,,BM may arise from appreciable oxygen exposure.” This also highlights
the popular thought that thermal annealing can effectively remove structural defects
and at least partially mitigated the trap states induced by oxygen.
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In blends based on higher adduct fullerenes, such as bis-PC4,BM, higher disorder
and electron trapping has been reported.”® Lenes et al. investigated devices based on
higher adduct blends and found reduced current—voltage characteristics in electron-
only devices; enhanced energetic trapping in the higher adducts was found, akin
to that expected from the TSC measurements on fullerene films discussed earlier
(Section 7.4.3).7577 However, higher disorder did not have a negative effect on the
photovoltaic performance, indicating that these traps are rapidly filled by photogen-
erated charge carriers.”® This point naturally leads us into an important discussion
on how OPV performance is affected by defects. This is the focus of Section 7.5.3.

7.5.3  ErrecTs OF DEFECTS ON THE PERFORMANCE OF
OraANIC PHOTOVOLTAIC DEVICES

Continuing the discussion on the effects of disorder in the acceptor phase, it has
been indicated that these states can indeed adversely alter OPV performance, even
in PC¢,BM-based BHJ devices. Garcia-Belmonte et al. have looked into these effects
using the open-circuit impedance spectroscopy (IS) method.?® In this work, BHJ cells
based on a P3HT:PC,BM system were compared with that of P3BHT:DPM, (DPM,:
4.,4'-dihexyloxydiphenylmethano[60]fullerene).2® DPM,-based devices showed a sig-
nificant positive shift in open-circuit voltage.?® To elucidate its origins, the open-
circuit impedance was measured at different illumination intensities and a profile
of energetic DOS was generated (Figure 7.16).% Interestingly, the central energy of
the DOS in PC,,BM-based devices was slightly shifted with a significantly larger
concentration when compared to that of DPM. Consequently, it was concluded that
the quasi Fermi level in PCBM-based devices is pinned at deeper energies within the
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FIGURE 7.16  Capacitance values extracted from fits of the low-frequency arc of the imped-
ance spectra as a function of V,, reached under varying illumination levels. White dots cor-
respond to PCBM-based solar cells and black dots to DPM,-based solar cells. Gaussian DOS
(solid lines) and distribution parameters resulting from fits. (Reprinted with permission from
G. Garcia-Belmonte et al., Solar Cells 11, 14, Copyright 2010, American Chemical Society.)
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DOS distribution. This brings the quasi electron Fermi level closer to the quasi hole
Fermi level, thus reducing the achievable V,_in PC,BM-based devices.

Further, traps in both donor and acceptor phases may be detrimental to OPV
device performance because of charge carrier recombination, especially if traps are
at a donor—acceptor interface. Street et al. highlighted this by investigating the recom-
bination kinetics in BHJ OPVs and carefully examining the possibility of geminate,
nongeminate, interface state, and Auger recombination. Through light-intensity and
temperature-dependent measurements coupled with modeling, the authors suggested
recombination through interface states as a dominant recombination mechanism for
the material system studied.?? This study was performed on PCDTBT:PC,,BM BHJ
devices; however, the authors also expressed the possibility of conclusions being
generalized to other material systems. The model employed by Street et al. suggested
that even an order of magnitude reduction of the interface states could potentially
double the power conversion efficiency.? It is worth noting that some disagreement
and further discussion on this work exists in the literature.3”-83

There also exist other more empirical works on interface state or trap-assisted
recombination.?>?* Cowan et al. investigated such a case for PCDTBT:PC,BM
devices.?* The introduction of PC¢,BM impurities to the blend significantly reduced
the efficiency; even impurity concentrations of 0.001% led to reduced efficiency.?*
By looking at the V. as a function of light intensity and trap density, the authors shed
light on the thresholds after which trap-assisted losses become significant. Cowan
et al. proposed that trap-assisted recombination becomes dominant at high trap den-
sities and/or low light intensities. Mandoc et al. substantiate this further in their
two reports.?>#° In the first, the authors deliberately introduced electron traps into
PPV:PC,BM devices.?? All photovoltaic parameters (V,., J,., FF) degraded, and the
losses were attributed to higher trap-assisted recombination.?” In their second work,
Mandoc et al. investigated all polymer BHJ solar cells based on a blend of PPV
and PCNEPV (poly-[oxa-1,4-phenylene-(1-cyano-1,2-vinylene)-(2-methoxy-5-(3',7"-
dimethyloctyloxy)-1,4-phenylene)-1,2-(2-cyanovinylene)-1,4-phenylene]).%’ No extra
traps were added, but inherent electron traps in the acceptor polymer led to a domi-
nant trap-assisted recombination loss, albeit only at low light intensities.?* Clearly,
these two works corroborate Cowan’s proposal.

Aside from trap-assisted recombination, charge trapping can also lead to space charge
effects.”®! McNeill et al. studied photocurrent transients in all polymer BHJ cells to
reveal the trapping—detrapping of electrons.” The transients were induced by pulsed light
exposure.’! A sharp transient peak after turn on of the pulse with a long transient tail after
turn off was revealed; the latter was attributed to the trapping—detrapping of electrons.
The authors proposed that charges trapped near the electrode would lead to space charge
effects, or in other words, perturb the internal electric field to (i) decrease the probability
of charge separation and (ii) promote bimolecular recombination.’!

7.5.4 Derect STATES AT ORGANIC—ELECTRODE INTERFACES

Electronic states at the organic—electrode interface layers have also been studied.
Ecker et al. profiled trap bands near the anode using CF measurements on ITO\hole
transport layer (HTL)\P3HT:PCBM\Ca\Al cells.”? Devices using different HTLs,
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namely PEDOT:PSS and PANI:PSS based in water and alcohol solvents, were exam-
ined.”? By conducting the CF measurement in illumination and at open-circuit condi-
tions, two Gaussian trap distributions were revealed. The lower energy distribution
was attributed to states in the bulk. An attempt-to-escape frequency v, was not men-
tioned; thus this work cannot be directly compared with other CF works, although the
lower energy distribution is plausibly from the same deep states as those previously
mentioned.'®*° The higher energy Gaussian was attributed to the states at the HTL
interface. The concentration of these states was significantly higher than that of the
bulk states. Interestingly, unencapsulated devices with HTLs based in water solvents
showed additional trap states at the blend-HTL interface.”> This work highlights the
importance of defect considerations when choosing these interface buffer layers.

Interface trap states have also been identified near the cathode.”® Such states were
revealed by CV measurements on an ITO/PEDOT:PSS/P3HT:PCBM/ALI structure,
measured in the dark as well as under illumination.”® The ionized acceptor density
was similar in both dark and illuminated conditions (ca. 4-5.0 x 10'¢ cm™3). However,
in the illuminated case, the built-in voltage was shifted negatively by 0.6 V. This
shift is explained using a model that incorporated kinetically slow surface states
at the organic—metal junction.”? Under illumination, an accumulation of minority
charges leads to charging of the interface states, which, in turn, induces band unpin-
ning and the V|, shift.”> Although a quantification of these states and their affects on
OPV performance has not yet been determined, this work highlights the importance
of defect considerations at organic—electrode interfaces.

7.5.5 ORIGINS OF DErecT STATES: OXYGEN,
STRUCTURAL, AND SYNTHESIS RESIDUALS

To look into the origins behind the traps in BHJ structures, we first revisit the 2010
TSC work on ITO/PEDOT:PSS/P3HT:PCBM/Ca/Al structures.?® Upon exposure to
air, in contrast to the case of neat P3HT, the magnitude of the 105 meV trap appeared
to decrease in these PBHT:PCBM devices.?®® Yet, a new band at 142 meV emerged
with a concentration increasing with exposure time.?® Overall, the total trap density
in the measured energy spectrum remained constant through 100 hours of exposure
time.?® Note that these measurements only provide a lower limit for the total trap
density because charge-carrier recombination could be masking an increase in trap
density and/or leading to the apparent reduction in the 105 meV band. Nonetheless,
clearly oxygen is contributing to the deeper states. The above work also showed a
decrease in carrier mobility and increase in charge density.?® This is in line with
the works and discussion on neat systems. Coupling their data with modeling, the
authors assert that increased carrier densities degrade J,_, and the increased deep(er)
trap concentration lead to a lowering of V,, and FF,?® potentially through more trap-
assisted recombination or space charge effects. The point of extra charge carriers
degrading J, is supported by Seemann et al., who showed that oxygen-induced
degradation of devices is ascribable to excess mobile holes and immobile anions.*®
Further, a direct correlation between generated photocurrent and free carrier con-
centration in P3BHT:PCBM devices was shown by Guerrero et al., who found J,
n~01478 It seems clear that defects originating from oxygen exposure significantly
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affect the long-term stability of organic devices. Of course, the topic of degradation
is vast, and although aspects of it are related to defects, a comprehensive treatment
of the topic is beyond the scope of this chapter. A full review on OPV degradation
can be found in the literature.”*

Turning to the yet deeper (ca. 380 meV) band discussed previously, its link to
film morphology was elucidated to by Nalwa et al., who applied the CF method to
P3HT:PCBM devices in which the active layers were spin coated at different rates.'®
Each spin rate produced a different film thickness, which greatly changes the film
drying time, and therefore, ordering and chain packing within the layer.”? It has been
shown in several reports that better packing or self-organization leads to higher crys-
tallinity and better OPV performance. Thus, Nalwa et al. set out to investigate how
the deep-trap energetic profile changes with the film self-organization or growth
rate.! They found that films spun at lower speeds (thicker, dried slowly) contained
nearly a magnitude less deep traps than those spun at higher speeds (thinner, dried
faster). Defect densities of 3.3 x 10 and 2.1 x 10'¢ cm™3 and mean energies of 360 and
380 eV were found for devices with active layers spun at 400 and 1000 rpm, respec-
tively.'o If the assumed attempt-to-escape frequency (v, = 1 x 10'2 s7!) is accepted,
this band closely matches the reports discussed above, and the data indicates that
the deep defect band originates from intrinsic structural disorder or impurities. A
similar conclusion was reached by Sharma et al. for CuPc devices.%

Seemann et al. also shed light on this deep band using impedance measure-
ments.*® As shown in Figure 7.17, the measured capacitance increased and parallel
resistance decreased with exposure to synthetic air (20% O,, 80% N,), especially in
the presence of light.*® They attributed this to an increase in charge carriers induced
by oxygen doping. It can also be seen that this response is frequency-dependent.
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FIGURE 7.17  Spectrally resolved device capacitance (a) and device resistance (b) extracted
from the admittance of a typical solar cell measured under nitrogen in the dark after exposure
of the cell to different degradation conditions. The data are normalized to the respective val-
ues at 100 Hz before the first exposure of the device to synthetic air. (Reprinted from Solar
Energy, 85, 6, A. Seemann, T. Sauermann, C. Lungenschmied, O. Armbruster, S. Bauer, H. J.
Egelhaaf, and J. Hauch, 1238-1249, Copyright 2011, with permission from Elsevier.)



Defect States in Organic Photovoltaic Materials, Thin Films, and Devices 195

201 ;
—10.5% [Pd] /
| —s53%(rd)
151 —0.53% [Pd]

——0.26% [Pd]

104 —0.07% [Pd]

-200 0 200 400 600 800
Voltage (mV)

FIGURE 7.18 Effect of palladium impurities on the -V characteristics of P3HT/PCBM
organic solar cells. (P. A. Troshin, D. K. Susarova, Y. L. Moskvin, I. E. Kuznetsov, S. A.
Ponomarenko, E. N. Myshkovskaya, K. A. Zakharcheva, A. A. Balakai, D. Babenko, and
V. F. Razumov: Advanced Functional Materials, 20, 24, 4351-4357, 2010. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

According to the CF interpretation summarized in Section 7.3.5, this may indicate
oxygen induced changes in the ca. 300-500 meV deep-defect distribution.

In addition to oxygen/humidity, trace impurities left from the material synthesis
also play a role in the defect landscape. In the case of the commonly used palladium
catalyst, this has been shown for P3BHT:PCBM devices.??# Troshin et al. investigated
the effects of an intentional addition of tetrakis(triphenylphosphine)palladium(0)
(Pd(PPh,),) to P3BHT:PCBM cells.?? As can be seen in Figure 7.18, this intentional
addition (from 0% to 10.5%) has a drastic effect on the OPV device performance
parameters; performance reduction was noticeable even at a concentration of 0.07%.%
In another study, similar results were found for a palladium addition in higher-
efficiency organic solar cells based on PTB7: 5% (Pd(PPh,),) was directly linked to
greater trap-assisted recombination.'” The negative impact of trace impurities is also
seen in other works on nonpalladium residuals. Leong et al. showed that trace concen-
trations of (MePT)DTS(PTTh,) in the molecular material p-DTS(PTTh,), originate
from the synthesis process.”” Through generation—-recombination investigations, the
authors found the presence of more energetic trap states even at very low contami-
nant levels. Consequently, the efficiency of BHJ structured cells (ITO/molybdenum
oxide/p-DTS(PTTh,),:PC,,BM.Al) was limited to 3%'© whereas devices based on
more purified p-DTS(PTTh,), exhibited efficiency of 6.5%. To date, there has been
no direct link of synthesis residuals to specific defect energies/locations although it
clearly appears that they play an important role in altering OPV performance.

7.6 CONCLUSIONS

In summary, this chapter discussed the current state of the identification and char-
acterization defect levels in organic photovoltaic materials, thin films, and devices.
Several techniques have been leveraged to study these midgap states. This list includes
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optical (PSD, UV-Vis), capacitance (CV, CF, DLTS), and current (TSC, SCL model-
ing, Poole-Frenkel modeling) measurements, and each has contributed important—
complementary and supplementary—aspects to the overall theme. A compilation of
the literature on defects depicts organic materials as disordered semiconductors with
a distribution of both energetically shallow and deep trap bands within the bandgaps.
Upon blending these materials to form the contemporary BHJ cells, energetic disor-
der increases, and new defect bands appear. These defect states have been shown to
stem from both intrinsic (for example, structural disorder) and extrinsic (for example,
oxygen, synthesis residuals) sources, and it is quite clear that such states can have
profound effects on the electronic properties, efficiency, and stability of OPV devices
or organic electronic devices in general. This is shown by several works highlighting
the effects of traps on the OPV performance, citing enhanced trap-assisted recombi-
nation, Fermi-level pinning, space-charge effects, and others. Although these midgap
traps have mostly a negative impact, it should also be remembered that they can give
advantageous inherent doping, improving conductivity, and interfacial electric fields.
It is clear that further progress in understanding the nature, sources, effects, and miti-
gation of the defects will be crucial to the optimization of OPVs and organic elec-
tronic device in general.
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8.1 INTRODUCTION

Polymer solar cells (PSCs) have been attracting considerable attention as a promising
renewable energy source owing to their unique advantage of light weight, low cost, high
flexibility, and easy roll-to-roll fabrication.'* Since Yu et al. first reported a poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene (MEH-PPV):[6,6]-phenyl-C61-
butyric acid methyl ester (PC61BM) bulk heterojunction (BHJ) PSC structure in 1995,
significant progress in BHJ-PSC technology has been achieved.’ During the past decade,
the power conversion efficiency (PCE) of the champion small-area PSCs has been dra-
matically improved to 10.6%.5-!! For PSCs, BHJ structure plays a determinative role in
all of the major photoelectric conversion processes, including charge separation, which
relies on effective donor/acceptor interfaces; charge transport, which is critically deter-
mined by the morphology of the thin film; and charge extraction, which can only occur
at high-quality interfaces between donor(acceptor)/electrodes. In order to improve PCE
of BHJ-PSCs so as to meet the requirement for commercial applications, a balanced
consideration of photocurrent, photovoltage, and fill factor (FF), which are determined
by the photoactive materials'>!? and device architectures,'*-1¢ needs to be implemented.

Despite the recent advances in synthesizing novel conjugated low bandgap polymer
donors with deep-lying highest occupied molecular orbital (HOMO) energies and fuller-
ene acceptors leading to appreciably high PCE,-+6791315 optimization of the device
structure, particularly the interfaces between donor(acceptor)/electrodes, has been dem-
onstrated to be so crucial that such interfaces play a determinative role on efficient charge
transport and extraction."-*!71®8 Numerous studies of various donor(acceptor)/electrode
interfaces demonstrate that a wide range of interfacial materials are effective in enhanc-
ing the PCE of BHJ-PSC devices, including organic molecules, inorganic dielectrics,
and composites of organics with inorganic dopants etc.!” Incorporation of such interfacial
layers benefits the efficiency enhancement of PSCs because they can act as either a dedi-
cated electron transporting layer or an exciton blocking layer, which allows the selective
transport of only one type of charge carrier (hole or electron) but prevents the other one
from reaching the electrode and quenching charge injection.®-?° Besides, the interfacial
layer generally plays the role of an isolating buffer layer capable of prohibiting the chemi-
cal reaction between the active layer and metal electrode as well as the diffusion of metal
ions into the active layer.!2-22

In this chapter, we review the recent state of the interfacial materials incorporated
as buffer layers at the donor(acceptor)/electrode interfaces toward efficiency enhance-
ment of PSCs, including both anode buffer layers (ABLs) sandwiched between the
active layer/anode and cathode buffer layers (CBLs) applied between the active layer/
cathode. The crucial role of the interfacial materials on the photovoltaic parameters
of PSC devices with both conventional and inverted structures is discussed, and the
correlation between the molecular structure of the interfacial materials and enhance-
ment performance is emphasized.

8.2 ANODE BUFFER LAYERS (ABLs)

The typical BHJ-PSC device structure includes a transparent electrode based on
indium tin oxide (ITO) and an ABL aiming to reduce the roughness of ITO and
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obtain an efficient hole extraction from the donors with deep-lying HOMO levels
within the active layer. The role of ABL is thus to improve the anode efficiency in
collecting and extracting holes.

The work function of ITO is usually reported at around 4.7 eV, which is aligned
neither with the lowest unoccupied molecular orbital (LUMO) level of accep-
tor fullerenes and fullerene derivatives, nor with the HOMO level of most com-
mon donor polymers.>?32* It has been reported that the Ohmic contact of the ITO/
donor or ITO/acceptor interface is a critical factor for high-efficiency PSCs, affect-
ing sensitively the maximum attainable open circuit voltage (V,.) in conventional
and inverted solar cells.?* The maximum V,_ is correlated with the energy offset
between the HOMO of the donor and the LUMO of the acceptor® in the case of
Ohmic contacts.?’ In fact, both the efficiency and stability of a BHJ-PSC device
have been shown to be strongly affected by the extraction of charge carriers at the
donor(acceptor)/electrode interfaces.?0-2226 On the other hand, ITO has no selectiv-
ity in collecting positive and negative carriers and cannot provide a required selec-
tivity of carriers due to its high work function relative to the energy levels of the
active materials. Thus, an ideal ABL incorporated between the active layer and ITO
anode for the conventional-structure BHJ-PSCs should meet the following require-
ments: (1) high hole transporting mobility; (2) easy deposition onto anode surfaces
via straightforward methods, such as spin coating, vapor deposition, or self-assembly;
(3) good conformal matching to the substrate; (4) facile thickness control; and (5) being
transparent with a well-defined microstructure free of pinhole defects.'”?”

8.2.1 PoLv(3,4-ETHYLENEDIOXITHIOPHENE):POLY
(sTYRENE SULFONATE) (PEDOT:PSS)

Poly(3,4-cthylenedioxithiophene) (PEDOT) doped with poly(styrene sulfonate) (PSS)
(see Scheme 8.1 for the chemical structure) was first applied as an ABL to improve the
performance of PSC in the late 1990s,8 following the success in the similar application
in the field of organic light-emitting diodes (OLEDs).? It was revealed that the incorpo-
ration of PEDOT:PSS as ABL was advantageous for the photodiode device because it
improved the hole collection properties of the ITO anode.?®

n
OO =

SO;  SOsH SOH SO;  SOsH

SCHEME 8.1 Chemical structure of PEDOT:PSS.
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PEDOT is insoluble in most solvents but can be dispersed in water by using PSS
as a counter ion, which also serves as an excellent oxidizing agent, as a charge com-
pensator, and as a template for polymerization.*® Different grades of PEDOT:PSS
dispersions with different electric conductivities are now commercially available
for low toxicity, antistatic coating, hole injection layer, and transparent electrode
applications from H. C. Starck (Leverkusen, Germany).'® A comparison of different
poly(3-hexylthiophene-2,5-diyl) (P3HT):PC61BM BHIJ-PSCs incorporating differ-
ent types of PEDOT:PSS ABLs is summarized in Table 8.1, revealing the contribu-
tion of its conductivity to the short-circuit current (J,.) and fill factor (FF).

PEDOT:PSS films have high transparency in the visible range, high mechanical
flexibility, and excellent thermal stability and can be fabricated through conventional
solution processing. PEDOT:PSS films can also be easily nanostructured to enhance
the localized light intensity to the active layer and generate more power.3! The other
advantages of PEDOT:PSS ABL are its high work function (usually reported between
4.8 and 5.2 eV),* allowing the formation of an Ohmic contact with the most common
donor polymers and its efficiency in transporting holes and blocking electrons to the
anode.?*3* Owing to its enormous advantages, PEDOT:PSS has been nowadays the
most widely used ABL in conventional-structure BHJ-PSCs.

Considering the limited conductivity of PEDOT:PSS, the thickness-dependent
conductivity is expected for the PEDOT:PSS ABL, and accordingly, the perfor-
mance of PSC devices can be changed by varying the thickness of the PEDOT:PSS
layer. A couple of studies have been reported concerning the thickness effect of the
PEDOT:PSS layer on the performance of PSCs.?6-3235-38 For instance, Kim et al.
examined a broad thickness range (3—625 nm) of PEDOT:PSS ABLSs in order to
understand its thickness effect on P3BHT:PC61BM PSCs,*? revealing that the opti-
cal transmittance was gradually decreased with the PEDOT:PSS thickness, but the
device performance was noticeably improved with only a 3-nm-thick PEDOT:PSS
layer, and it was almost similar in the thickness range of 30—225 nm in the presence
of a gradual decrease in the surface roughness (see Figure 8.1). This phenomena

TABLE 8.1

Photovoltaic Parameters of ITO/PEDOT:PSS/P3HT:PC61BM/Al Conventional
Solar Cells for a Light Power Intensity of 100 mW cm?, Made by Using
Different Commercially Available PEDOT:PSS Formulations with Different
Electric Conductivity

Conductivity Fill Factor ~ PCE
PEDOT:PSS (S cm™) Ve V) J.(MA cm™?) (%) (%) Reference
Baytron 4083 ~10-3 0.61 8.37 60 3.09 39
(H. C. Starck)
Baytron P ~0.4 0.61 10.0 54 3.29 40
(H. C. Starck)
Baytron PH 1000 ~1 0.61 11.42 54 3.73 41

(H. C. Starck)
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FIGURE 8.1 Work function (a) and contact angle (b) as a function of the thickness of the
PEDOT:PSS layers; inset images in (b) show the water drops on the PEDOT:PSS layers. (The
contact angles of the wet-cleaned ITO/glass substrates and the UV-ozone-treated ITO/glass sub-
strates were ca. 10° and 70°, respectively.) The PEDOT:PSS layers that were coated on both
glass substrates and ITO-coated glass substrates were examined, but almost similar results
were obtained within given error bar ranges. (Reprinted with permission from Jeong, J. et al.,
Org. Electron., 14 (11). Copyright 2013, Elsevier.)

was interpreted by the compensation effect between the reduced electrical resistance
(increased conductivity) and the decreased optical transmittance as the thickness of
the PEDOT:PSS layer increased.*

On the other hand, previous studies also revealed that PEDOT:PSS has some
drawbacks, including (1) the extreme acidity of its dispersion (pH ~ 1-2) leads to
indium loss from the ITO contact*?’; (2) it is highly hygroscopic because of the pres-
ence of water from both the dispersion and the humidity uptake in the ambient con-
ditions®; and (3) the difficulty in controlling its morphology.** In order to improve
the different commercially available types of PEDOT:PSS, many efforts have been
made, focused on the treatment of PEDOT:PSS by either physical methods or chemi-
cal approaches involving chemical additives.'®

8.2.1.1 Physical Treatments of PEDOT:PSS

Thermal treatment is the simplest physical treatment and has been widely adopted
for PEDOT:PSS. In 2011, Kim et al.*® found that PEDOT:PSS ABL incorporated
between ITO and the P3HT:PC61BM active layer in the conventional BHJ-PSC
devices resulted in dramatic enhancement of J,_ upon an annealing treatment in the
75°C-230°C temperature range for 15 min. A plausible explanation for the improved
performance upon annealing treatment of PEDOT:PSS ABL was the change of its
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electrical conductivity induced by the change of PEDOT:PSS work function and the
variation on its surface roughness due to the vertical distribution of PSS moiety.'®

UV treatment of PEDOT:PSS has also been proved to be beneficial for the effi-
ciency enhancement of PSCs by Lee et al. It was revealed that UV treatment did not
damage PEDOT:PSS but increased its work function and, consequently, improving
the Ohmic contact with the P3HT donor. The main advantage of the UV treatment
is the high reproducibility and the facility of including it as a supplementary step
in a continuous fabrication process. Besides, a similar treatment, UV-ozone-treated
PEDOT:PSS film was used as the ABL in CuPc/Cg,-based organic solar cell (OSCs).*6
The morphology of the PEDOT:PSS film was not affected by the UV-ozone treat-
ment. However, the PCE was found to increase by about 20% compared to the refer-
ence device without UV-ozone treatment. The improved performance was attributed
to the increased work function of the PEDOT:PSS layer, which increased the extrac-
tion efficiency of the photogenerated holes and decreased the recombination prob-
ability of holes and electrons in the active organic layers.

O, plasma-treated PEDOT:PSS ABLs were found to improve the hole collec-
tion as reflected by the improvement of FF in PSCs made of low-molecular-weight
materials.*>47

8.2.1.2 Additives in PEDOT:PSS

Several different types of additives have been applied to improve the properties of
PEDOT:PSS ABLs, specifically the conductivity, including (i) alcohols (mainly
sorbitol, methanol, and glycerol); (ii) polar solvents, such as dimethyl sulfoxide
(DMSO) and N,N-dimethylformamide (DMF); (iii) nanomaterials, such as gold
nanoparticles, graphene, and metal nanoparticles; and (iv) salts, zwitterions, ionic
liquids, acids, cosolvents, and surfactants.

Because the pristine PEDOT:PSS film spin-coated from the aqueous PEDOT:PSS
solution usually has a conductivity lower than 1 S.cm™!, an improvement of the con-
ductivity of PEDOT:PSS is crucial for enhancing the performance of PSCs for which
various methods have been investigated, for example, using salts,*® zwitterions,*
ionic liquids,® acids,’! cosolvents,’ and surfactants.”® Alcohols, such as sorbitol,
methanol, and glycerol, have been widely used as an additive of PEDOT:PSS to
increase the conductivity of PEDOT:PSS ABL in PSCs.**3455 For instance, upon
doping PEDOT:PSS ABL by sorbitol, the BHJ-PSC devices based on a blend of a
polyfluorene copolymer (DiO-PFDTBT) and PC61BM exhibited higher J,. but lower
V.. compared to those with an unmodified PEDOT:PSS dispersion as ABL, and this
phenomena was interpreted by the segregation of PSS on top of PEDOT.>*

Recently, polar solvents, such as DMF, have been widely used to modify the
PEDOT:PSS ABL.3¢5 DMF has the highest dipole moment (3.86 D) among common
organic solvents,*® and this can result in a large phase separation in PEDOT:PSS.
DMEF distributed the positively charged PEDOT segments over the entire thin film
to the greatest extent and significantly increased the conductivity by increasing the
probability that carriers would be transported through the conductive pathway with-
out being recombined or trapped in the thin film. On the contrary, PEDOT:PSS thin
film made from methanol solution did not show any noticeable reduction in resistivity
because the dipole moment of methanol (1.68 D) was not sufficiently high to change
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the orientation in PEDOT:PSS.%® The changes in the resistivity as a function of DMF
content were investigated (see Figure 8.2). Even a small amount of DMF (that is, 10 wt%)
lowered the resistivity of PEDOT:PSS from 3.51 x 107" Q cm to 4.33 x 102 Q cm.
Minimum resistivities of DMF-treated PEDOT:PSS thin films were observed at
10-50 wt%. When 50 wt% DMF was used to dope PEDOT:PSS, the resistivity
(4.89 x 107 Q cm) of the film decreased by about 100 times compared to the pris-
tine film (3.51 x 10" Q cm). The conductive pathways were more extensive with
solvents that have a large dipole moment and increase J,.. In contrast, when larger
amounts of DMF were used (for example, >60 wt%), the resistivity consequently
increased to 2.57 x 1072 Q cm. In addition, the PEDOT:PSS ABL surface became
more hydrophobic because the proportion of the insoluble PEDOT on the surface of
the PEDOT:PSS thin film was higher when a solvent with a high dipole moment was
used, following the changes in the resistivity.*® The rough surface also increased the
surface contact area between the active layer and the PEDOT:PSS ABL. As a result,
the P3HT:PC61BM BHJ-PSCs incorporating PEDOT:PSS ABL doped by 50 wt%
DMF had a PCE of 3.47%, much higher than that with the pristine PEDOT:PSS thin
film as ABL (2.10%).5

In another similar report, the conductivity of PEDOT:PSS was systematically
changed by polar solvent DMSO addition (up to 80% by weight) into the water
dispersion, and its effect on the efficiency enhancement of P3HT:PC61BM BHJ-
PSC devices was revealed.” It was revealed that the conductivity of PEDOT:PSS
was enhanced dramatically by DMSO doping, and the maximum conductivity
reached 1.25 S/cm when the doping concentration was 10 wt%, which increased
about three orders of magnitude compared with that of the undoped PEDOT:PSS.
Upon the incorporation of DMSO-doped PEDOT:PSS as an ABL, the BHJ-PSC
device (ITO/PEDOT:PSS/P3HT:PC61BM/LiF/Al) showed an improvement of hole
transport as well as an increase of J, and a decrease of series resistance, owing to

14 Pristine PEDOT:PSS PEDOT:PSS with methanolj
/ a
‘ ™~ - - L= L} .
\ PEDOT:PSS with acetone
£ -~ .
3} . *
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FIGURE 8.2 Resistivity of PEDOT:PSS thin films after treatment with different concen-
trations of various polar solvents ranging from O to 80 wt%. Polar solvents are methanol,
acetone, and DMF. (Reprinted with permission from Yang, J. S. et al., ACS Appl Mater Inter,
4, 10, 5394-5398. Copyright 2012, American Chemical Society.)
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the higher conductivity of the doped PEDOT:PSS. Consequently, the DMSO-doped
PEDOT:PSS ABL improved the performance of the BHJ-PSC device with a PCE of
4.45%.%°

More recently, tetramethylene sulfone (TMS), a solvent additive with a high boiling
point and dielectric constant, was used as an additive to increase the conductivity of
PEDOT:PSS ABL from 0.04 S/cm to 188.65 S/cm with 10 wt% doping ratio.®® BHJ-PSC
devices incorporating the TMS-doped PEDOT:PSS ABL were compared with those
based on an unmodified PEDOT:PSS ABL, revealing higher J,, and V,_ but lower FF.

The role of other additives, isopropanol and deionized water, in ink jet-printed
PEDOT:PSS ABLs and their effect on P3HT:PC61BM BHIJ-PSCs were also
reported.®’ Depending on the layer deposition technique, the presence and role of
additives can be determining for the processability of PEDOT:PSS dispersion.'® To
control film morphology, formation, and thickness, the optimized ink of 18:9:73
vol% (PEDOT:PSS:deionized water:isopropanol ratio) with the substrate at 30°C and
a solution flow rate between 1.5 and 3.5 mL min~! was determined in order to take
advantage of surface tension gradients to create Marangoni flows that enhance the
coverage of the substrate and reduce the roughness of the film. As a result, the high-
est PCE of spray-coated P3HT:PC61BM BHIJ-PSC devices was 3.75% with J, V.,
and FF being 9.8 mA cm2, 550 mV, and 70%, respectively.!

Recently, the application of a localized surface plasmon resonance (LSPR) effect
induced by addition of gold nanoparticles (Au NPs) has been attracting much atten-
tion as a means for increasing the photocurrent of PSCs via effective light trap-
ping.®>-%7 Enhanced J. and FF along with an 8% ~ 13% improvement in PCE were
achieved with the incorporation of Au or Ag NPs in PEDOT:PSS ABL due to the
LSPR effect.’’# Interestingly, PCE of the P3HT:PC61BM BHJ-PSC devices was
dramatically enhanced to 3.80% with an enhancement ratio of ~16% upon the incor-
poration of Au@SiO, core/shell NPs (2 wt%) in PEDOT:PSS, which was higher than
that obtained by incorporating bare Au NPs (~13%).*° The Au@SiO, NP-incorporated
device exhibited a much higher pure LSPR-induced enhancement on both light
absorption and J, and the good electrical-conducting property of Au NPs should be
responsible for the enhancement of J for the bare Au NP-incorporated device. The
SiO, shell also provided an insulating barrier to limit the good electrical conducting
properties of Au NPs and plays the role of “surfactant,” fulfilling the good dispersion
of Au NPs in the PEDOT:PSS layers. Moreover, upon a further DMF treatment of
Au@Si0, NPs, PCE increased further to 4.22%.4°

Hydrophilic grapheme oxide (GO) was used by Chen et al. as an additive of
PEDOT:PSS in P3HT:PC61BM BHIJ-PSCs, leading to an enhancement of PCE
from 2.1% to 2.4% compared to a reference device made with pristine PEDOT:PSS
ABL.% Furthermore, it was found that the preannealing treatment of GO resulted
in further enhancement of PCE by 1.8 times of that of a reference cell made with
pristine PEDOT:PSS ABL (see Table 8.2).13

Conductivity of PEDOT:PSS ABL was also found to be improved by adding a
small amount of functionalized single-walled carbon nanotubes (SWCNTSs) because
of the facilitated carrier transport through SWCNTSs.® Such a conductivity improve-
ment of PEDOT:PSS ABLSs contributed directly to the enhancement of PCE from
1.94% to 2.12%, which was primarily due to the improvement of both FF and J..
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TABLE 8.2
Nonexhaustive Survey of Conventional Polymer:Fullerene BHJ-PSCs,
Including PEDOT:PSS Modified with Additives as ABLs

Pin Isc
(mW (mA Voe FF PCE
Additive Cell Architecture cm~?) cm-?) ) (%) (%) Ref.
T™S ITO/PEDOT:PSS:additive/ 100 9.08 0.55 45 2.24 60
(10 wt%) P3HT:PC61BM/TiO, /Al (5.77) (0.53) 51 (1.48)
DMSO ITO/PEDOT:PSS:additive/ 100 8.68 0.55 40 2.09 60
(15 wt%) P3HT:PC61BM/TiO, /Al (5.77) (0.53) (&28) (1.48)
Au NPs ITO/PEDOT:PSS:additive/ 100 10.6 0.62 56 3.69 40
(2 wt%) P3HT:PC61BM/Al (10.0) 0.61) (54) (3.29)
Au@SiO, ITO/PEDOT:PSS:additive/ 100 10.6 0.62 57 3.80 40
NPs (2 wt%) P3HT:PC61BM/Al (10.0) 0.61) (54) (3.29)
Au@SioO, ITO/PEDOT:PSS:additive/ 100 11.8 0.63 57 4.22 40
NPs (2 wt%) P3HT:PC61BM/Al (10.0) (0.61) (54  (3.29)
+ DMF
SWCNTs ITO/PEDOT:PSS:additive/ 100 6.91 0.59 52 2.12 69
P3HT:PC61BM/Al (6.68) 0.61) (48) (1.94)
Fe,0O; ITO/PEDOT:PSS:additive/ 100 11.1 0.63 52 3.68 70
(0.7 Wt%) P3HT:PC61BM/Al (8.93) (0.62) (50)  (2.79)
Graphene ITO/PEDOT:PSS:additive/ 100 10.2 0.56 42 2.40 68
oxide P3HT:PC61BM/LiF/Al (6.90) (0.60) (50) (2.10)
Annealed GO ITO/PEDOT:PSS:additive/ 100 14.2 0.62 43 3.80 68
P3HT:PC61BM/LiF/Al (6.90) (0.60) (50) (2.10)
DMF ITO/PEDOT:PSS:additive/ 100 12.0 0.60 48 3.47 56
(50 wt%) P3HT:PC61BM/LiF/Al (8.65) (0.59) 41) (2.10)
Sorbitol ITO/PEDOT:PSS:additive/ 100 11.27 0.53 49.1 2.93 55
(8 wt%) P3HT:PC61BM/Al (8.82) (0.56) 43) (2.12)
DMSO ITO/PEDOT:PSS/P3HT: 100 11.09 0.63 63.7 4.45 59
(10 Wt%) PC61BM/LiF/Al (8.04) (0.64) (662) (3.41)

Note: The photovoltaic parameters are compared to those measured for a reference cell (values in paren-
theses) in which the ABL was unmodified PEDOT:PSS.

Very recently, a solution-processed neutral ABL was developed by in situ for-
mation of MoO; in aqueous PEDOT:PSS dispersion (MoO,-PEDOT:PSS).”" This
MoO;-PEDOT:PSS composite film took advantage of both the highly conductive
PEDOT:PSS and the stability of MoO, in ambient conditions; consequently, it pos-
sessed a smooth surface and considerably reduced hygroscopicity. The resulting
MoO;-PEDOT:PSS ABL-incorporated BHJ-PSC devices based on poly[2,3-bis-
(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQI): [6,6]-phenyl-
C71-butyric acid methyl ester (PC71BM) showed considerable improvement in PCE
from 5.5% to 6.4% compared with the reference device made with pristine PEDOT:PSS
ABL. More importantly, the device with MoO,-PEDOT:PSS ABL showed considerably



210 Organic Solar Cells

improved stability with the PCE remaining at 80% of its original value when stored
in ambient air in the dark for 10 days, whereas the reference device made with pris-
tine PEDOT:PSS ABL showed complete failure within 10 days.”' Likewise, aque-
ous PEDOT:PSS dispersion doped by other metal oxides, such as V,0,"> and Fe,O,
NPs,”? was also investigated. Fe,0O, NPs contributed to increased light harvesting
at an optimum doping concentration of 0.1 to 0.7 wt% in PEDOT:PSS aqueous
dispersion, resulting in an enhanced external quantum efficiency (EQE). On the
other hand, a higher concentration of Fe,O; NPs led to decreased J,, because Fe,O;
NPs hindered the hole transport. As a result, an optimized PCE of 3.68% with
a 32% enhancement was obtained for the device incorporating Fe,O, NP-doped
PEDOT:PSS ABL.”®

8.2.1.3 ITO-Free PSCs Based on Modified PEDOT:PSS

Given that a high conductivity of PEDOT:PSS can be achieved by additive dop-
ing as described above, a novel approach has been proposed to replace the ITO
anode by modified PEDOT:PSS with high conductivity (more than 100 S cm™) as
the transparent anode. Recent studies reveal that the addition of such solvents as
dimethyl sulfoxide (DMSO),”37 sorbitol,*** methanol,” and ethylene glycol (EG)’®
improves the conductivity of PEDOT:PSS by two to three orders of magnitude.>>?
For instance, conductivity as high as 735 S cm™ for PEDOT:PSS (PH 1000 from
H. C. Starck) with the addition of 6 vol% EG solvent was obtained, and a solvent
posttreatment remarkably increased the conductivity to 1418 S cm, which, however,
decreased with extended posttreatment time of more than 2 hr.** In another study, the
effect of the molecular weight/chain length of the EG and polyethylene glycol (PEG)
additives on the conductivity and other properties of PEDOT:PSS film was system-
atically investigated.”” The conductivity of PEDOT:PSS increased with increasing
EG concentration and saturates at 6 vol% addition while the conductivity reached
saturation at 2 vol% PEG concentration and even decreased afterward. The aver-
age conductivity was significantly improved from 0.3 S cm™ to 805 S cm™ with
2 vol% PEGs having molecular weights from 200 to 400, and PEGs with molecular
weights higher than 600 still brought about conductivity enhancement. The authors
suggested that the conductivity enhancement was attributed to the phase separation
between PEDOT and PSS chains promoted by the additives, leading to better con-
nected and bigger PEDOT chains. Consequently, BHJ-PSC devices based on a PEG-
treated PEDOT:PSS anode showed a PCE of 3.62%, higher than that obtained by EG
treatment (3.51%) and comparable to that based on an ITO counterpart (3.73%) (see
Table 8.3).

Ouyang et al. used cosolvents, such as methanol/ethanol with water to treat
PEDOT:PSS and succeeded in improving the conductivity of PEDOT:PSS by three
orders of magnitude, and an alternative treatment of PEDOT:PSS with water or such
a common organic solvent as ethanol, isopropyl alcohol, acetonitrile, acetone, or
tetrahydrofuran alone did not change its conductivity remarkably. This phenomenon
was interpreted by the preferential solvation of PEDOT:PSS with a cosolvent.>?> Chu
et al. also found that the conductivity of PEDOT:PSS film was significantly improved
by four orders of magnitude by either immersing the film in methanol or dropping
a small amount of methanol onto the film or a combination of the two methods.”
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TABLE 8.3
Photovoltaic Performances of PSCs with PEDOT:PSS Treated with Different
Additives as Anode Electrodes

P, mW J_ (mA Voe FF PCE

Anode Electrode Cell Architecture cm-2) cm-2) V) (%) (%) Ref.
PEDOT:PSS-EG Glass/Anode/ 100 9.85 0.58 61 3.51 77
6 vol% P3HT:PC61BM/Ca/ (9.38) (0.58) 68) (3.73)
Al
PEDOT:PSS-PEG200 Glass/Anode/ 100 9.80 0.58 63 3.62 77
2 vol% P3HT:PC61BM/Ca/ (9.38) (0.58) 68) (3.73)
Al
PEDOT:PSS-PEG300 Glass/Anode/ 100 9.73 0.58 63 3.59 77
2 vol% P3HT:PC61BM/Ca/ (9.38) (0.58) 68) (3.73)
Al
PEDOT:PSS-PEG400 Glass/Anode/ 100 9.22 0.58 64 3.43 77
2 vol% P3HT:PC61BM/Ca/ (9.38) (0.58) 68) (3.73)
Al
PEDOT:PSS-PEG600 Glass/Anode/ 100 8.32 0.58 66 3.19 77
2 vol% P3HT:PC61BM/Ca/ (9.38) (0.58) 68) (3.73)
Al
PEDOT:PSS/ Glass/Anode/ 100 9.51 0.58 67 3.71 75
methanol-drop P3HT:PC61BM/Ca/ (9.18)  (0.58) (70) (3.77)
Al
PEDOT:PSS/GMS Glass/Anode/ 100 12.16 0.61 53 3.9 41
1 mg/mL P3HT:PC61BM/AL (1142)  (0.61) (54 (3.75)
PEDOT:PSS/GMS Glass/Anode/ 50 8.22 0.70 65 7.06 41
1 mg/mL PTB7:PC71BM/Al 824)  (0.72)  (67) (1.77)
PEDOT:PSS/Ag Plastic/Anode/ 100 9.74 0.61 52 3.8 36
nanowires P3HT:PC61BM/Ca/ (10.8) (0.61) (64) 3.4
Al

Note: The photovoltaic parameters are compared to those measured for a reference cell (values in paren-
theses), in which the electrode was ITO/PEDOT:PSS without the additive.

They confirmed that PSS was washed away from the PEDOT:PSS film with metha-
nol treatment (see Scheme 8.2). Methanol with a reasonably high dielectric constant
induces a screening effect between the positively charged PEDOT chains and the
negatively charged PSS chains, leading to a phase separation on the nanometer scale
characterized by segregation of the excess PSS and facilitating PSS removal from the
film and finally resulting in the improved conductivity of PEDOT:PSS. Furthermore,
ITO-free P3BHT:PC61BM BHI-PSC devices using standalone PEDOT:PSS anodes
treated by dropping 150 uL methanol solution onto the film showed a PCE of 3.71%,
which is almost equal to that based on ITO anode (3.77%).

More recently, Yang and Wu et al. developed a new approach to improve the
conductivity of PEDOT:PSS by formation of a PEDOT:PSS/surfactant bilayer film.
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SCHEME 8.2 Schematic illustration of the mechanism of conductivity enhancement of
PEDOT:PSS films by treatment with methanol. The core—shell structure is changed to a linear/
coiled structure. The removal of PSS leads to the thickness reduction of the film and also brings
about bigger and better-connected PEDOT chains. (Reprinted with permission from Alemu, D.
et al., Energy Environ. Sci., 5 (11). Copyright 2012, Royal Society of Chemistry.)

A surfactant layer, glycerol monostearate (GMS), was spin coated onto PEDOT:PSS
film, leading to a remarkable improvement of the conductivity of PEDOT:PSS film
from ~1 S.cm™ to 1019 S.cm™!. The conductivity improvement of PEDOT:PSS by
GMS modification resulted from the GMS-induced segregation of PSS chains and
the conformational change of the conductive PEDOT chains within PEDOT:PSS.
Although the highly hydrophobic —(CH,),CH; groups of GMS preferentially
interacted with the hydrophobic PEDOT of PEDOT:PSS, the highly hydrophilic
—COOCH,-CHOH-CH,OH groups preferentially interacted with the hydrophilic
PSS chains with the hydrozyl groups playing an important role in the consequent
phase separation between the PEDOT and PSS chains. Using the PEDOT:PSS/GMS
bilayer films as the transparent anodes replacing ITO, high-efficiency ITO-free BHJ-
PSC devices based on a thieno[3,4-b]-thiophene/benzodithiophene (PTB7):PC71BM
system exhibited a PCE of 7.06%, which was the highest one for ITO-free BHJ-PSC
devices reported to date. Furthermore, the universality of the PEDOT:PSS/GMS
bilayer anode for BHJ-PSC devices was confirmed by employing it in versatile active
layer systems, for which comparable PCEs to the corresponding devices, based on
the traditional ITO anode, were obtained in all cases, demonstrating its potential in
the high-efficiency ITO-free BHJ-PSCs.*

An organic—inorganic composite embedding Ag nanowires into PEDOT:PSS
was also applied as effective ITO replacement for ITO-free PSCs, resulting in high-
quality devices with PCE being on par with or even better than those based on ITO
electrodes due to a precise control of the nanoscale morphology of the compos-
ites.’¢ The optimum PEDOT:PSS/Ag nanowires composites contributed to PCE of
4.2% and 3.8% for P3HT:PC61BM BHJ-PSC devices on glass and plastic substrate,
respectively. Noteworthy is that the latter device showed an even higher PCE than
that fabricated on ITO on plastic (3.4%), indicating its promise of high-efficiency,
flexible, roll-to-roll PSCs. In particular, among the photovoltaic parameters, FF was
revealed to be the most enhanced parameter on plastic, and the enhancement was
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attributed to the lower composite sheet resistance and the increased effective contact
interfacial area with the active layer.3¢

8.2.2 MEetAaL OXIDES

Semiconducting metal oxides have been widely used to improve device performance
as ABL substituting the PEDOT:PSS layer in both conventional and inverted PSCs.
Numerous reports demonstrate that the devices with a metal oxide ABL showed
performances similar to or better than devices with a PEDOT:PSS ABL. Such metal
oxides as molybdenum oxide (M0oO,/Mo00O,),”® tungsten oxide (WO,/WO,),”” and
vanadium oxide (V,05/VO,),89-82 etc., as n-type semiconductors have work func-
tions exceeding 6 eV and could behave as strong acceptors with organic materi-
als (see Figure 8.3). When they are used as anode interlayers, Fermi-level pinning
occurs, and the built-in potential increases.”” For instance, a P3HT:PC61BM BHJ-
PSC device with a 5-nm-thick MoO; film as ABL showed the highest PCE of 3.3%,
which was slightly higher than that with a PEDO:PSS ABL (3.18%).83 On the other
hand, p-type metal oxides, such as NiO, with large work functions also allow a good
matching between the valence band and the HOMO level of most photoactive poly-
mers and thus can be applied as ABLSs, t00.33:34-86

In terms of the fabrication technique, semiconducting metal oxides were typically
deposited via vacuum evaporation in early studies, and the details can be found in
previous dedicated reviews by So and Meyer et al.8”8 For this technique, however,
the metal oxide ABLs require relatively high-temperature treatment for getting good
performance, rendering it incompatible with polymer substrates for future roll-to-
roll manufacturing.®® Therefore, a solution-processable technique with low-temperature
annealing for incorporating metal oxide ABLs is in great demand for high per-
formance PSCs, and recently fabrication of MoO;, WO,, V,0s, or NiO, ABLs via

0
== T
m | M
2t ¢l ®lLumMo
= lHOMO
¢
4—

Energy (eV)
o
|

8F E E
S
10F
o =
O o
w w
12F

FIGURE 8.3 The energy level diagram of the state-of-the-art photovoltaic polymers, electron-
accepting fullerene derivatives, and transition metal oxides. (Reprinted with permission from
Chen, S. et al., J. Mater. Chem., 22 (46). Copyright 2012, Royal Society of Chemistry.)
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low-temperature solution-processable techniques have succeeded in several studies,
which are reviewed in the following section.’s-82.84

Recently, Choy et al. developed a simple one-step method to synthesize low-
temperature solution-processed MoOj and V,0O5 with oxygen vacancies as n-dopants
for good ABL performance.”® Sub-bandgap states could be generated by the oxy-
gen vacancies as indicated by the fluctuated features, which may push the Fermi
level close to the conduction band in the MoO5 and V,0O5 films. Using MoO3 and
V,05 as ABLs, PCE of PBDTTT-C-T:PC71BM BHIJ-PSC devices improved to 7.75%
and 7.62%, respectively, which were better than that of the control devices using
PEDOT:PSS as ABL (7.24%). Noteworthy, is that the oxygen level of MoO5 and
V, 05 can be controlled by this method for achieving high-performance PSCs.”!

Li et al. prepared CuO, ABL through a low-temperature and inexpensive method
of spin coating a copper acetylacetonate (Culacac],) solution in 1,2-dichlorobenzene
onto ITO followed by an annealing treatment at 80°C. The as-prepared CuO, ABL
showed high light transmittance and an excellent hole extraction property due to its
high work function. Upon incorporating CuO, as ABL, an Ohmic contact formed,
and the resistance of the entire device decreased, and this benefited the enhance-
ment of PCE by reducing the separated charge recombination losses. The BHIJ-
PSC devices incorporating CuO, ABL exhibited enhanced performance over the
PEDOT:PSS-based devices, approaching as high as 7.14% for the device based on
a PBDTTT-C:PC71BM active layer.”?> In another work by the same group, a nickel
acetate (NiAc) layer was prepared as ABL by spin coating its aqueous solution and
then it was thermally annealed at 150°C for 30 min.% The resultant NiAc layer was
highly transparent in the visible range and showed an effective hole collection prop-
erty. The PCE of the PBHT:ICBA BHJ-PSC device with NiAc ABL reached 6.08%,
which was among the best efficiencies in the P3HT-based PSCs.%

Similarly to MoO;, molybdenum sulfides (MoS,) were fabricated using a solution-
processed method followed by thermal decomposition of (NH,),MoS,.”* The calculated
S/Mo ratios were 3.0, 2.85, 2.33, and 1.80 for the MoS, film annealed at 150°C, 200°C,
300°C, and 400°C, respectively. This trend indicated that, with increasing temperature,
MoS; in MoS, films slowly decreased and finally converted to MoS, at 400°C com-
pletely. Both MoS; and MoS, were found beneficial to the device performance as ABLs
due to the low-lying valence band (from 5.64 eV at 150°C to 5.81 eV at 400°C). Although
the carrier collection of MoS, processed at high temperature was improved, the chance
of recombination at the interface was also increased because of the lower conduction
band (CB), which was a reason for the lower V,_ of the device with MoS; processed
at high temperature. Thus, MoS; could result in higher V., and MoS, could lead to
higher J.. When the components of MoS, and MoS, reached a relatively appropriate
balance (300°C), both V,_ and J,, were improved, and the highest PCE of 3.90% for
P3HT:PC61BM BHIJ-PSC devices was obtained.”®

In addition to metal oxides and sulfides, a metal halide Bil; was also reported very
recently to function as ABL in PSCs. Chu et al. reported that the P3BHT:PC61BM
BHI-PSC devices incorporating a novel solution-processable Bil; nanosheets as
ABL, which were prepared by hydrothermal processing, followed by a simple and
cost-effective wet milling method, exhibited a PCE of 3.5%, comparable to that
based on PEDOT:PSS ABL.**
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8.2.3 POLYMERS AND SMALL-MOLECULE ORGANIC MATERIALS

Many organic materials have been successfully applied as ABLs in PSCs, includ-
ing both polymers®-1%° and small-molecule organic materials, which are in some
cases in combination with PEDOT:PSS. These include PEDOT:PSS/pentacene,®
PEDOT:PSS/acid-doped poly(aniline) nanotubes (a-PANIN),'?-192 PEDOT:PSS/
poly[(9,9-dioctylfluorene)-co-N-(4-(1-methylpropyl) phenyl) diphenylamine] (PFT):4,4"-
bis[(p-trichlorosilylpropylphenyl) phenylamino]biphenyl (TSPP),'% copper phthalo-
cyanine (CuPc),'%* Poly(styrenesulfonic acid)-graft-poly(aniline) (PSSA-g-PANI),!03
PFTTSPP,' PFT: 5,5'-bis|(p-trichlorosilylpropylphenyl) phenylamino]-2,2"-bithiophene
(TSPT),'"7 etc.

One of the most popular polymeric ABLs is poly(aniline) (PANI) in different
forms, which was used as a sole ABL or in a combination with PEDOT:PSS.?6-100
Recently, Ecker et al. reported that PANT blended with PSS incorporated as ABL
into PSCs enhanced hole injection from low work function metals, such as Al (work
function of 4.3 eV), and consequently can be used to establish high-efficiency and
air-stable PSCs.”® In addition, Chen et al. showed that efficient hole injection can
be realized with a high work function metal, for example, Au (5.2 eV), due to the
presence of a strong interface dipole.”’ In a more recent study reported by the same
group, they employed PANI as an ABL in an inverted poly[(4,40-bis(3-(2-ethyl-
hexyl)dithieno[3,2-b:30-d]silole)-2,6-diyl-alt-(2,5-(3-(2-ethylhexyl)-thiophene-2-yl)
thiazolo[5,4-d]thiazole)]:indene-C60 bisadduct (PSEHTT:ICBA) solar cell.”® PANI
ABL can block electrons and transport holes to the appropriate electrode due to
the higher LUMO of PANI (2.6 eV) relative to that of ICBA (3.4 eV) and the same
HOMO (5.1 V) of PANI and ICBA. The device performance as a function of PANI
layer thickness was investigated, revealing that a 18 nm thickness was optimum for
the PANI layer in a transparent flexible PSC. The optimal device showed a J, of
11.60 mA cm™2, a V. of 0.89 V, a FF of 66.87%, and thus, a PCE of 6.87%, which
was improved by 14.5% over their previously reported record efficiency of 6%.%°
Kim et al. added a self-assembled structure composed of terephthalic acid and long
alkyl chains to PANI for inducing a high crystallinity of PANI film through the
improved orientation of extended PANI chains.’® The electrical and optical proper-
ties of blended PANI film were improved compared with the conventional PANI
film. The optimized flexible PSCs fabricated with the modified PANI film as the
anode and P3HT:PC61BM as the active layer showed a PCE of 1.02%.1%0

A new class of conductive polyelectrolyte films with tunable work function and
hydrophobicity based on a copolymer of ethylenedioxythiophene (EDOT) was devel-
oped by Nakamura et al. as a novel ABL in PSC devices.!®® Several advantages were
claimed for this copolymerization strategy: (i) The polymers were more hydropho-
bic, making film formation from aqueous solution possible; (ii) the variation of the
copolymer ratio allowed easy control of the distribution of the counteranions along
the polymer backbone; and (iii) the use of monomers with a variety of functional
groups can influence the surface energy of the films. As a result, the work function
of these films was found to be easily tunable over a range of almost 1 eV and reached
values as high as those of PEDOT:PSS.!%%110 The new ABL materials did not need the
addition of any insulating or acidic material that might limit the film conductivity or
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device lifetime. BHJ-PSC devices built with these ABLs showed improved V,_ over
those of the known PSS-free conductive EDOT-based polymers with values as high
as that obtained for PEDOT:PSS.1%8

Tris-(8-hydroxyquinoline)aluminum (Alq3) and its derivatives, which were com-
monly used as light-emitting materials in OLEDs,'''"11¢ were recently applied also
as ABLs in inverted P3BHT:PC61BM BHJ-PSCs.!"”!18 Because of the positions of the
HOMO levels of P3HT and Alq3, an extraction barrier for the photogenerated holes
to escape the device was created. To reduce the height of such a barrier, the position
of the HOMO level of the Alg3 can be elevated by attaching different substituents on
the 8-hydroxyquinoline ligand. Three new Alq3 complexes with electron-donating
amino substituents were synthesized successfully, and the performed spectroscopic
and electrochemical characterizations confirmed that 5-amino substitution of the
hydroxyquinoline ligand was directly correlated with the position of HOMO levels
in the complexes while the LUMO levels remained unaffected. Although the com-
plexes exhibited extremely low emission properties compared to the parent Alg3,
they performed nicely as ABLs in the inverted P3HT:PC61BM BHIJ-PSC devices
with improved FF and PCE.""°

Very recently, Ma et al. designed and synthesized a series of small-molecule
organic materials, TPDA, TPDB, and TPDH, which comprise the same backbone
TPD (N,N'-diphenyl-N,N’-bis(3-methylphenyl)-(1,1"-biphenyl)-4,4"-diamine) and dif-
ferent carboxyl side chains (see Scheme 8.3) as new ABLs in PSCs.'?° Because of the
introduction of the weakly acidic carboxyl groups, TPDA, TPDB, and TPDH exhib-
ited improved solubility in polar solvents. Besides, TPDA, TPDB, and TPDH showed
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SCHEME 8.3 Molecular structures of selected organic materials used as ABLs.
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higher transmittance in the visible range compared to the conventional PEDOT:PSS
ABL. More importantly, absorption and UPS spectroscopic studies confirmed
the desirable energy-level alignment for efficient hole-transporting and electron-
blocking ability of TPDA, TPDB, and TPDH. As a result, a highest PCE of 6.51%
was obtained by a TPDB ABL-incorporated device based on a poly(benzo[1,2-b:4,5-
b’]-dithiophenethieno[3,4-c]pyrrole-4,6-dione) (PBDTTPD):PC61BM active layer,
which showed ~15% enhancement over the control devices with the conventional
PEDOT:PSS ABL. Moreover, a better device stability was also achieved by using
TPDB ABL (Table 8.4).12

TABLE 8.4
Nonexhaustive Survey of Other Organic Materials as ABLs in Conventional
Solar Cells

P, Jse
Thickness mW  (mA Voo FF PCE
ABL (nm) Cell Architecture cm2) cm™?) V) (%) (%) Ref.
Polyaniline 18 ITO/CBL/PSEHTT: 100 11.6 0.89 67 6.87 98
(PANI) ICBA/ABL/Al
Alg3 4.3 ITO/CBL/ 50 291 0.51 60 2.36 119
P3HT:PC61BM/
ABL/Al
Al(5-pipq)s 3.66 ITO/CBL/ 50 3.20 0.48 64 2.63 119
P3HT:PC61BM/
ABL/Al
PEDOT:PSS/ 3-5 ITO/ABL/P3HTV/ 100 3.42 0.63 55 1.19 95
pentacene Cq/BCP/Al (5.25) (0.20) (53) (0.73)
CuPc 10 ITO/ABL/P30OT:Cy/ 1.3 0.17 0.46 35 2.1 104
BCP/LiF/Al 0.17)  (0.40) 37 (1.8)
PEDOT:PSS/ 30/50 ITO/ABL/ 100 10.96 0.64 60 4.26 101
a-PANIN P3HT:PCBM/Al (8.83) (0.64) (55) (3.39)
PEDOT:PSS/ 40/50 ITO/ABL/ 100 8.43 0.57 58 2.78 102
a-PANIN P3HT:PCBM/Al (7.33)  (0.56) 53) .17)
PFT:TSPT 25 ITO/ABL/ 100 9.31 0.54 63 3.14 107
P3HT:PCBM/LiF/Al (8.04) (0.52) (64) (2.69)
PEDOT:PSS/ — ITO/ABL/ 100 4.97 0.91 37 1.67 103
PFT:TSPP MDMO-PPV:PCBM/ (5.80) (0.47) “41) (0.74)
LiF/Al
PFT:TSPP 10 ITO/ABL/ 100 4.62 0.89 54 2.23 106
MDMO-PPV: (375)  (047) @l) (0.73)
PCBM/Al
PSSA-g- 40 ITO/ABL/ 100 10.9 0.59 62 3.99 105
PANI P3HT:PCBM/Al 9.7) (0.56) 61) (3.31)

Note: The photovoltaic parameters are compared to those measured for a reference cell (values in paren-
theses), when available, in which the ABL was PEDOT:PSS.
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8.2.4 SELF-ASSEMBLED BUFFER LAYERS

Many approaches, such as oxygen-plasma etching, UV-ozone treatments'?! and
self-assembed monolayers (SAMs) of dipolar molecules,'?> have been developed to
improve the properties of ITO substrates. As one of the most promising methods,
SAM-modified ITO electrodes have also been employed for PSCs, for which a less
air-sensitive buffer layer was inserted between the active layer and ITO electrode in
order to reduce the amount of degradation and the amount of oxygen and moisture
diffusion inside the active layer.!??

Cho et al. modified ITO substrate using SAMs with different terminal groups,
—CH3, —CF3, —-NH2, which were based on N-propyltriethoxysilane, trichloro(3,3,3-
trifluoropropylsilane), and aminopropyl triethoxysilane, respectively, and managed
to control the hole injection barrier of the ITO closer to the HOMO energy level of the
P3HT:PC61BM active layer and the surface energy of the ITO substrate. The authors
found that SAMs with electron-withdrawing groups (—CF,) increased the work func-
tion of the ITO/active layer interface (from 4.7 to 5.16 eV) more than SAMs with
electron-donating groups (—CH3), and the phase separation of the P3HT:PC61BM
active layer was a more important factor than the matching between the injection
barrier and the active layer’s HOMO level. Under the optimized condition, the device
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SCHEME 8.4 Schematic representation of the formation of self-assembled multilayers
by the soft-imprinting method. (a) The CF;—silane solution was deposited on the surface of
the PDMS film. (b) The CF;—silane-coated PDMS film was inversely attached onto the ITO
surface. (c) The top transparent PDMS film is peeled off from the ITO substrate. (d) After
the removal of the stamp, the self-assembled multilayers of CF; were formed onto the ITO
surface. (e) Chemical structure of the CF;—silane material. (f) The polymer solar cell device
structure consisting of ITO/CF;-layer/P3HT:PCBM/Ca/Al. (Reprinted with permission from
Huang, L. C. et al., Soft Matter, 8 (5). Copyright 2012, Royal Society of Chemistry.)
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based on the CF3 SAM-treated ITO afforded the highest PCE of 3.15%, which was
comparable to that with PEDOT:PSS ABL.30-82.124

Chao et al. employed self-assembled multilayers with terminal —CF; groups to modify
the surface of ITO substrates by the soft-imprinting method (see Scheme 8.4) and inves-
tigated the effect of such treatments on the morphology of the P3BHT:PC61BM active
layer. The CF;-layer-modified ITO exhibited a work function of 5.12 eV, which was
0.42 eV higher than that of the plasma-treated ITO and close to the HOMO level of P3BHT
(5.2 eV). Thus, the hole injection barrier from the active layer to the ITO anode was
reduced. Accordingly, the PCE of the PAHT:PC61BM BHIJ-PSC device in the absence of
a PEDOT:PSS layer was 3.42% for a CF;-silane-treated ITO anode, which is higher than
that of the corresponding device with PEDOT:PSS ABL (3.18%). The enhanced PCE
resulting from CF;-silane modification was attributed to the increase of both J. and FF,
and a significant decrease in series resistance was also observed in the device.'?

8.2.5 GRAPHENE OXIDES

Graphene is considered to be a potential candidate for application as an electrode
in various organic electronic devices because of its high electrical and thermal con-
ductivities, transparency, and flexibility.!?6-13° However, fine patterning of graphene
is not easy because of its small thickness and high sensitivity to contamination from
residue of photoresists.'*'-1** Nevertheless, upon oxidation forming GO, cyclohexane-
like units decorated with hydroxyl, ether, carbonyl, and carboxyl groups would be
attached onto the graphene planar.!®> These functional groups enable water dis-
persibility of GO sheets, allowing them to be facilely spin coated on the patterned
ITO surface. In the past few years, comprehensive works have been done on the
application of GO in organic electronic devices.*¢ In particular, its application as an
efficient ABL in BHJ-PSCs leading to enhancement of both efficiency and stability
has been extensively reported.’¥-'#! In 2011, Na et al. reported that, by replacing the
PEDOT:PSS ABL with a GO layer modified by p-toluenesulfonyl hydrazide, the
P3HT:PC61BM BHIJ-PSC device exhibited not only a comparable PCE to that based
on PEDOT:PSS ABL, but also a considerably enhanced shelf lifetime.'*> In a further
study by the same group, the application of a moderately reduced GO prepared by a
simple and fast thermal treatment of solution-processed GO as an efficient ABL in
P3HT:PC61BM BHJ-PSC device was reported, and the device based on a reduced
GO thermally treated at ~250°C exhibited a highest PCE of 3.98%, quite compara-
ble to that based on conventional PEDOT:PSS ABL (3.85%). The enhancement was
attributed to the better conducting property of moderately reduced GO than that of
the insulating GO.'*? Furthermore, the BHJ-PSC device with thermally treated GO
showed superior stability compared to that based on conventional PEDOT:PSS ABL
under the atmospheric condition without any encapsulation process.!#?

The dramatic improvement in the stability of the BHJ-PSC device with a GO
ABL compared to that with a PEDOT:PSS ABL was also reported by several other
groups.!37:138:140.143.144 For instance, Lee et al. found that PCE of the BHJ-PSC device
fabricated on a GO-buffered ITO substrate can maintain 84% of its initial value
after 132 days of operation-storage cycles whereas PCE based on bare ITO substrate
dropped below 1/1000 of its original value after 60 days.'*
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Application of GO as the ABL in inverted-structure BHJ-PSCs was investigated
as well."! Yusoff et al. incorporated two different solution-processed aluminum-
doped zinc oxide (AZO) and trilayer GO as CBL and ABL, respectively, in inverted
PCDTBT:PC71BM PSC devices.*? The fabricated inverted PSC devices showed
superior performance compared to the conventional devices, with a PCE being
higher than 5%, while that based on the conventional PSCs has a PCE of around
2.81% only.

Recently, Chao et al. found that a composite of solution-processed GO and vana-
dium oxide (GO/VO,) as ABL exhibited a significant enhancement in their electron-
blocking properties and sol-gel-precursor blocking abilities, compared to the buffer
layer of VO, only. As a result, the GO/VO, composite afforded a high V. and FF
as well as a PCE of 6.7% for the inverted poly{(5,6-difluorobenzo-2,1,3-thiadiazole-
4,7-diyl)-alt-(3',4"-di-(2-octyldodecyl)-2, 2;5',2";5",2"”-quaterthiophene-5,5"-diyl)}
(PTh4FBT)):PC71BM BHIJ-PSC device.!**

8.3 CATHODE BUFFER LAYERS (CBLS)

For a given polymer:fullerene-derivative conventional-structure BHJ-PSC device,
generally there is an energy level offset between the work function of the cathode
(typically 4.3 eV for Al cathode) and the LUMO level of the fullerene-derivative
acceptor (for example, —4.0 eV for PC61BM), resulting in unfavorable electron extrac-
tion due to charge accumulation and, consequently, a recombination loss of charge
carriers. Therefore, to decrease such an energy level offset is of high importance for
the optimization of the electrical contact between the active layer and the cathode.
CBLs incorporated between the active layer and the cathode have been extensively
investigated in recent years and found to improve the cathode efficiency in electron
collection and extraction effectively. Following the pioneering work applying the low
work function metal Ca as an efficient CBL,'* so far, the reported CBL materials
include other low work function metals, such as Ba;!%¢ n-type metal oxides, such as
TiO, and ZnO; alkali metal compounds, such as LiF; organic materials, including
small-molecule organic materials; nonconjugated polymers and water/alcohol-soluble
conjugated polymers; SAMs; and graphenes.>~!! For these versatile CBL materials,
the common requirements are threefold besides the stability: (1) providing an Ohmic
contact with the acceptor material, such as PC61BM; (2) transporting electrons effi-
ciently; and (3) blocking holes.!8-20.147-151

8.3.1 Low WOoRk FUNCTION METALS

Stimulated by the wide application of the low work function metals, such as cal-
cium (Ca) as the interfacial materials for polymeric light-emitting diodes (PLEDs),
Yang et al. first applied Ca as a CBL inserted between the Al cathode and organic
active layer and improved successfully the device performance via the formation of
ideal Ohmic contact at the interface as confirmed by the increase of V, .!1> Brabec
et al. studied systematically the influence of the work function of a cathode on V,,
of the poly(2-methoxy-5-(3',7"-dimethyloctyloxy)-1,4-phenylenevinylene) (MDMO-
PPV): PC61BM BHIJ-PSC devices and claimed that a Fermi level-pinning between
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the cathode and the fullerene reduction potential via charged interfacial states would
occur, accounting for the observation that a variation of the cathode work function
influenced the open circuit voltage in only a minor way.'”? In a more recent study
by Chen and Wu et al., ultraviolet and x-ray photoemission spectroscopy (XPS and
UPS) results revealed that chemical reactions occurred at the P3HT/Ca interface, and
a 0.8 eV downward shift of the HOMO level of P3HT was observed while the energy
levels of PC61BM remained unchanged, leading to the increase of the energy level
difference between the HOMO of P3HT and LUMO of PC61BM and consequently
the increase of V.. The authors further claimed that the better contact properties
with Ca cathodes reduced the series resistance and leakage current, contributing to
the increase of FF.!33 However, the very low work function of Ca (2.9 eV) enables Ca
CBL quite reactive, and thus the Ca-incorporated PSC devices are sensitive to the
moisture in the ambient atmosphere and suffer from poor stability.!>*

Very recently, Heeger et al. introduced a 10-20 nm thick barium (Ba) CBL in
a small-molecule BHJ solar cells composed by p-DTS(FBTTh,),:PC71BM active
layer, and increased the FF up to 75.1%, which is one of the highest values reported
for an organic solar cell, and the PCE reached 8.6% with an increase of 46% com-
pared to the device without Ba CBL. The role of Ba was proposed to prevent trap-
assisted Shockley-Read-Hall (SRH) recombination at the interface and to increases
in shunt resistance with the decreases in the series resistance. These resulted in an
increase in the charge collection probability leading to high FF.146

8.3.2 N-TyPE METAL OXIDES

The LUMO energy levels of n-type semiconducting metal oxides are generally close
to that of PC61BM and the work function of Al cathode and thus are favorable for
electron extraction. In particular, titanium oxide (TiO,) thin films prepared from a
sol—gel process have attracted extensive attentions as a CBL (see Scheme 8.5).155:156
This solution-processed buffer layer is multifunctional as both an electron-transporting/
hole-blocking layer and an oxygen barrier and optical spacer, leading to signifi-
cant enhancements in the device’s efficiency and stability. For instance, in a recent
report by Park et al., a high PCE of 6% was achieved for the PCDTBT:PC,,BM BHJ-
PSC device by incorporating a TiO, CBL, which functioned as an electron extraction
layer and optical spacer.'>” To further improve the performance of a TiO,CBL, Park
et al. doped Cs into the TiO, layer by mixing Cs,CO, solution with a nanocrystal-
line TiO, solution and successfully lowered the work function of TiO, for more effi-
cient electron extraction. As a result, the P3BHT:PC61BM solar cells showed further
enhancement in PCE compared to that using only pure TiO, buffer layers.'3
Inspired by the superior performance of TiO, as a CBL, Jen et al. incorporated a
solution-processed thin film of ZnO nanoparticles as a CBL to improve the efficiency
of P3BHT:PC61BM BHJ-PSCs.">*19° The Fermi level of ZnO (4.3 €V) matches well with
the LUMO of PC61BM (4.3 eV), and this facilitated efficient electron transfer and
extraction from the P3BHT:PC61BM active layer to the Al cathode. In addition to the
optical spacer effect, the low-lying valence band of ZnO also prevented hole carriers
in the active layer from reaching the cathode. A buffer layer of a thin film of ZnO
nanoparticles was advantageous because of its high electron mobility (2.5 cm? V-! s71)



222 Organic Solar Cells

Conventional device Device with optical spacer

Glass 1TO Al Glass ITO |PEDOT

T N

Al

Optical spacer

|E|? (Arb. unit)

—
B
=

OR

OR==Ti — OR

OR

|

OH

OH =—Ti ==OH

44eV|43eV
ITO [PEDOT:PSS| P3HT:PCBM | TiOy Al

4.8 eV
— !l e!

SCHEME 8.5 (a) Schematic representation of the spatial distribution of the squared opti-
cal electric field strength E? inside the devices with a structure of ITO/PEDOT/active layer/
Al (left) and ITO/PEDOT/active layer/optical spacer/Al (right). (b) Schematic illustration of
the device structure with a brief flow chart of the steps involved in the preparation of the
TiO, layer. The energy levels of the single components of photovoltaic cell are also shown.
(Reprinted with permission from Kim, J. Y. et al., Adv. Mater., 18, 572. Copyright 2006,
Wiley-VCH Verlag GmbH & Co. KGaA.)
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and solution processability.'®"192 Furthermore, the electrical and electronic proper-
ties of ZnO can be easily tuned by modifying the ZnO surface with a self-assembled
(SAM) functional molecular layer. This provided a versatile way to engineer the
contact between the ZnO CBL and different metal cathodes (Table 8.5).163.164

Al,O, was also applied as a CBL in inverted-structure P3HT:PC61BM solar cells
by Kippelen et al. using the atomic layer deposition technique. The ultrathin Al,O,
CBL was found to reduce the work function of ITO and turned ITO into an electron-
collecting electrode. Interestingly, the measured J-V curves of the unexposed devices
showed an s-shape kink, which was eliminated upon exposure to UV illumination.
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TABLE 8.5
Nonexhaustive Survey of Conventional and Inverted Solar Cells, Including
Metal Oxide Cathode Buffer Layers

P, (mW J_ (mA Voe FF PCE

CBL Cell Architecture cm?) cm2) V) (%) (%) Ref.
TiO, ITO/PEDOT:PSS/ 90 11.10 0.61 66 5.00 155
P3HT:PC61BM/CBL/AL (7.50) (0.51) 54) (2.30)
TiO, ITO/PEDOT:PSS/ 100 6.10 0.81 42) 2.10 156
MEHPPV:PC61BM/CBL/Al (5.10) (0.81) (1.70)
TiO, ITO/PEDOT:PSS/ 100 10.60 0.88 66 6.10 157
PCDTBT:PC71BM/CBL/Al
TiO,:Cs ITO/PEDOT:PSS/ 100 10.76 0.58 67 4.2 158
P3HT:PC61BM/CBL/AI
ZnO ITO/CBL/P3HT:PC61BM/ 100 11.90 0.59 60 4.18 161
MoO,/Ag (8.50) (0.33) 21) (0.57)
7ZnO NPs ITO/CBL/P3HT:PC61BM/ 100 10.69 0.62 54 3.61 159
PEDOT:PSS/Ag
ZnONPs/ ITO/CBL/P3HT:PC61BM/ 100 12.00 0.63 61 4.54 160
Cy-SAM PEDOT:PSS/Ag
Al O, ITO/CBL/P3HT:PC61BM/ 67 10.10 0.57 64 5.34 165
PEDOT:PSS/Ag (1040)  (0.63) (58)  (5.49)
CaO ITO/PEDOT:PSS/ 100 10.08 0.78 66 5.19 166
P3HT:PC61BM/CBL/AI (10.23)  (0.63) 59) (3.83)

Note: The photovoltaic parameters are compared to those measured for a reference cell (values in paren-
theses), when available, without the buffer layer.

This phenomenon was interpreted by the change in the conductivity of ITO aris-
ing from oxygen desorption/absorption. Consequently, the Al,O; CBL-incorporated
device exhibited a FF of 0.64 and a PCE of about 2.8%.!%

Xie et al. used calcium oxide (CaO) as a CBL in conventional P3HT:PC61BM
BHJ-PSC devices and compared its performance with that of LiF. The authors found
that the V. and PCE were both increased upon the introduction of both CaO and LiF
CBLs (1 nm thick) in preannealing devices, and a postthermal annealing after cath-
ode deposition resulted in further enhancement of PCE incorporating a LiF CBL, but
that of the device with CaO CBL decreased. They also found that, when the postan-
nealed cell with Ca/Al cathode was exposed in air, V,. and PCE (4.60%) were largely
enhanced probably due to the conversion of Ca to Ca0.!%¢

8.3.3 AikALl METAL COMPOUNDS

Inorganic fluorides have been widely used as CBL materials in PSCs as in OLEDs.
Among them, lithium fluoride (LiF) is the most commonly used, and the optimal
thickness of LiF is limited to less than 1 nm because thicker LiF layers were found
to be unfavorable for efficient electron collection. The formation of dipoles at the LiF
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interfacial layer was reported so that the control of the work function of the cathode
contact is evident in PSCs.!198 Brabec et al. revealed the insertion of thin interlayers
of LiF under the cathode (Al or Au) for the MDMO-PPV:PC61BMBHJ-PSCs sig-
nificantly enhanced the FF and afforded high V,.. Compared to devices without the
LiF CBL, the PCE increased by more than 20% up to 3.3%. Substitution of the LiF
by another insulating interlayer of SiO, resulted in lower overall PCE. In the case of
a LiF/Au cathode, substantial efficiency enhancement was observed compared to a
pristine Au cathode and PCE reached up to 2.3%. The formation of a dipole moment
across the junction, due to either orientation of the LiF or chemical reactions lead-
ing to charge transfer across the interface, was suggested as the mechanism for the
enhancement by LiF CBL (Table 8.6).'%

Other metal fluorides, including NaF, KF, and CsF, were also applied as CBLs,
leading to improved performance of BHJ-PSC devices. Compared to LiF, NaF exhib-
ited an improved PCE, FF, and V,, with an ultrathin layer thickness (<0.2 nm).'7
Alternatively, using CsF as CBL, the PCE of MDMO-PPV:PC61BM BHIJ-PSC
devices was higher than with LiF CBL as well. These results could be explained by
the lower series resistance of CsF, which was almost constant in the range of the CsF
thicknesses studied (0.4-3 nm).!”!

Another alkali metal compound, caesium carbonate (Cs,CO,), which was first
proposed for OLED devices, was successfully applied as a CBL in both conventional
and inverted PSCs.3*172173 For instance, Yang et al. demonstrated a highly efficient
inverted P3BHT:PC61BM BHIJ-PSC with a low temperature annealed Cs,CO,as CBL.

TABLE 8.6
Nonexhaustive Survey of Conventional and Inverted Solar Cells Including an
Alkaline-Based CBL

Py,
mW  J.mA V, FF PCE
CBL Cell Architecture cm?) cm?) V) (%) (%) Ref.
LiF ITO/PEDOT:PSS/ 80 5.25 0.82 61 3.30 169
MDMOPPV:PC61BM/CBL/Al (0.76) (53)
CsF ITO/PEDOT:PSS/ 100 5.26 0.72 37 2.20 171
MEHPPV:PC61BM/CBL/Al (1.40)
Cs,CO;4 ITO/PEDOT:PSS/ 130 5.95 0.52 66 1.55 34
P3HT:PC61BM/CBL/Al (7.44) 0.42) (52) (1.25)
Cs,CO; ITO/CBL/P3HT:PC61BM/ 130 8.42 0.56 62 2.25 34
V,04/Al (6.97) (0.30) 41) (0.66)
Cs,CO;4 ITO/PEDOT:PSS/ 100 9.50 0.56 60 3.10 173
P3HT:PC61BM/CBL/AI (1120)  (041)  (50)  (2.30)
Cs,CO; ITO/CBL/P3HT:PC61BM/ 100 11.13 0.59 64 4.19 172

anneal V,04/Al

Note: The photovoltaic parameters are compared to those measured for a reference cell (values in paren-
theses), when available, without the buffer layer.
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By this approach, the PCE of the inverted device increased dramatically from 2.3%
to 4.2%, with J,, of 11.17 mA/cm?, V,, of 0.59 V, and FF of 63% under AMI1.5G
100 mW/cm? irradiation. Ultraviolet photoelectron spectroscopy (UPS) showed that
the work function of the annealed Cs,CO; layer decreased from 3.45 to 3.06 eV.
Further x-ray photoelectron spectroscopy (XPS) results revealed that Cs,CO; could
decompose into a low work function, doped cesium oxide Cs,O upon annealing,
which accounted for the work function decrease of Cs,CO; and device efficiency
improvement upon Cs,CO; CBL incorporation.!7?

8.3.4 ORGANIC MATERIALS

8.3.4.1 Small-Molecule Organic Materials

A variety of organic materials, including small-molecule organic materials, non-
conjugated polymers and water/alcohol—soluble conjugated polymers, and fullerene
derivatives have been successfully applied in BHJ-PSCs via the facile solution pro-
cessing approach in recent years (see Scheme 8.6). Among them, small-molecule
organic material is more readily available than polymers and advantageous in terms
of its certain molecular weight and assembly structure. Several groups used a thin
layer (1-10 nm) of bathocuproine (BCP) as CBL.”>'7+17> For instance, Feng et al.
investigated the effects of BCP CBL on the P3BHT:PC61BM BHIJ-PSCs, and found
that, obvious enhancements of V. (from 0.38 to 0.65 V) and FF (from 44% to 63%)
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SCHEME 8.6 Chemical structure of some organic materials used as CBLs.



226 Organic Solar Cells

were achieved by using a 2-nm BCP layer compared with the device without a BCP
CBL. As aresult, the PCE of the device improved significantly from 1.63% to 4.11%.
They studied the underlying mechanisms of BCP CBL for BHJ-PSCs utilizing XPS,
which revealed that the major role of BCP is to prohibit aluminum carbide formation
and energy level shift at the interfaces.!”

Copper phthalocyanine (CuPc) and pentacene as p-type organic semiconductors
have also been applied as effective CBLs in P3HT:PC61BM BHIJ-PSCs in spite of
their poor hole-blocking properties.'”> Hou et al. compared the CBL performance of
CuPc and pentacene with respect to BCP, and found that the PCE of the CuPc CBL-
based devices was only slightly worse than that based on a BCP CBL whereas the
PCE of the device incorporating a 1-nm-thick pentacene CBL even surpassed that
with a LiF CBL.!7® More recently, Kim et al. demonstrated that introducing a thin
pentacene layer as a CBL resulted in a better than 50% improvement in the PCE of
P3HT:PC61BM BHIJ-PSCs. An additional path for electron transfer provided by the
thin pentacene layer appeared to be mainly responsible for the improvement along
with the increase in the V,_ that occurred with increasing pentacene thickness.!””

Several small-molecule electron transporting materials, including 2-(4-biphenyl)-
5-(4-tert-butylphenyl)1,3,4-oxidiazole (PBD), tris-8-hydroxy-quinolinato aluminum
(Algs), and Bis[2-(2-benzothiazoly)phenolato]zinc(Il) (Zn(BTZ), were incorporated
as a CBL in P3HT:PC61BM BHIJ-PSCs via thermal evaporation, and it was found
that the insertion of these CBLs improved V, . and PCE owing to the increased built-
in potential at the interface between the photovoltaic active layer and the Al elec-
trode.'”® Ma et al. synthesized a new alcohol-soluble electron-transporting material,
4,7-diphenyl-1,10-phenanthroline-2,9-dicarboxylicacid (DPPA), which was used to
modify ZnO and then incorporated as a CBL into inverted P3HT:PC61BM BHJ-
PSCs, resulting in an enhancement of about 10% compared with the device without
DPPA. Moreover, DPPA was also used as the sole CBL, affording PCE enhance-
ment as well due to the improved interfacial contact between the substrate and active
layer.'””

Li et al. applied a solution processable titanium chelate, titanium (diisopropoxide)
bis(2,4-pentanedionate) (TIPD), as a CBL in poly (2-methoxy-5-(2'-ethylhexyloxy)-
1,4-phenylenevinylene) (MEH-PPV):PC61BM BHIJ-PSCs, and found that introduc-
ing a TIPD buffer layer reduced the interface resistance between the active layer and
Al electrode, and consequently, the PCE with TIPD CBL reached 2.52%, increased
by 51.8% compared with that without a TIPD CBL (1.66%).3° More recently, the
same group further applied TIPD as a CBL in inverted-structure poly(4,8-bis-
alkyloxybenzo(1,2-b:4,5-b")dithiophene-2,6-diyl-alt-(alkyl thieno(3,4-b) thiophene-
2-carboxylate)-2,6-diyl) (PBDTTT-C):PC;,BM BHJ-PSCs, achieving a high PCE of
7.4%, which was enhanced by 16%. The authors proposed that the high PCE ben-
efited from the hydrophobic surface and the suitable electronic energy levels of the
TIPD CBL."®!

Very recently, Yang et al. applied three amino-containing small-molecule organic
materials—biuret, dicyandiamide (DCDA), and urea—as CBLs in P3HT:PC61BM
BHIJ-PSCs, resulting in PCE enhancements of 3.84%, 4.25%, and 4.39% for biu-
ret, DCDA, and urea, which were enhanced by ~15%, ~27%, and ~31%, respec-
tively, compared to that without any CBL. The authors proposed that the efficiency
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enhancement was due to the conjunct effects of the formation of a dipole layer between
the P3BHT:PC61BM active layer and the Al electrode, which decreased effectively
the energy level offset between the work function of Al and the LUMO level of the
PC61BM acceptor, and the coordination interaction between the lone-pair electrons
on the nitrogen atoms of the amino group with Al atoms, which prohibited the inter-
action between Al and the thiophene rings of P3HT. The latter effect accounted par-
tially for the dependence of the CBL performance of these three amino-containing
CBLs on their chemical structures specifically the number of the amino groups.'®?

Amphiphilic surfactant was also incorporated as CBL in BHJ-PSCs by Yang et
al. Oleamide was initially doped in the P3HT:PC61BM solution and then migrated
onto the P3BHT:PC61BM active layer surface via self-assembly, resulting in a sig-
nificant efficiency enhancement by ~28% at the optimum oleamide doping ratio of
2.5%. The PCE enhancement was found to be primarily due to the increase of FF by
~22%, and this resulted from the formation of an oleamide interfacial dipole layer,
which could lower the work function of Al, and consequently, facilitated the electron
extraction by the Al cathode because of the decreased energy level offset between
the work function of Al and the LUMO level of the PC61BM acceptor.'83

8.3.4.2 Nonconjugated Polymers

Several nonconjugated insulating polymers used as CBLs in PSCs have been
reported. Zhang et al. reported the first study of application of nonconjugated poly-
mers as CBLs by inserting a thin poly(ethylene oxide) (PEO) interlayer between
the P3HT:PC61BM active layer and the Al cathode via spin coating. The V. was
dramatically enhanced up to 200 mV and noticeable enhancements of FF and J,
were observed as well, resulting in the enhancement of PCE by 50%. They proposed
that PEO had a similar function as LiF, that is, the built-in potential was increased
upon inserting the PEO interfacial layer, thus improving charge transportation.'84
Chen et al. applied a thin poly(ethylene glycol) (PEG) CBL by adding up to 5 wt%
of PEG to the P3HT:PC61BM solution followed by the spontaneous migration of
PEG to the surface of the active layer. The PEG CBL reduced the contact resistance
after undergoing chemical reactions with the Al atoms of the cathode, leading to
the improved efficiency of electron collection and, consequently, the enhancement
of PCE.'® A similar self-organization behavior was also reported in the BHJ-PSC
device containing poly(dimethylsiloxane)-block-poly(methyl methacrylate) (PDMS-
b-PMMA) as CBL, which was at first mixed into the P3BHT:PC61BM active layer
solution and then surface-segregated from the active layer due to the low surface
energy of the PDMS block. A plausible interpretation of the enhancement of the PCE
was that the PDMS-b-PMMA interface layer suppressed charge carrier recombina-
tion at the organic—metal interface, but the detailed mechanism was not yet clear.'
Besides, fullerene end-capped PEG was also reported by two groups independently
to form a CBL via self-assembly, resulting in not only the significant enhancement
of the P3HT:PC61BM device performance, but also the improved thermal stabil-
ity. The enhancement of the device performance upon addition of fullerene end-
capped PEG was mainly attributed to the increase of V,. and FF, which is due to
the generation of the interfacial dipole moment and the improved vertical morphol-
ogy of the P3BHT:PC61BM active layer with the uniform distribution of PC61BM
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crystallites in the P3HT matrix, respectively.'®”!88 Recently, Yang et al. applied a
poly(vinylpyrrolidone) (PVP) CBL in P3BHT:PC61BM BHIJ-PSCs by means of either
spin coating or self-assembly, resulting in significant efficiency enhancement. The
PCE of the device with PVP CBL (3.90%) was enhanced by 29% under the optimum
PVP spin-coating speed of 3000 rpm, which led to the optimum thickness of the
PVP layer of about 3 nm. The incorporation of a PVP CBL led to not only the for-
mation of a dipole layer between the P3HT:PC61BM active layer and Al electrodes,
but also the chemical reactions of PVP with Al atoms, and the overall effect of PVP
CBL was the increase of the charge carriers collected by the Al cathode, and thus an
overwhelming increase of J,, was observed.'®

8.3.4.3 Water/Alcohol-Soluble Conjugated Polymers

Water/alcohol-soluble conjugated polymers can be processed from water or other
polar solvents, which offer good opportunities to avoid interfacial mixing upon fabri-
cation of multilayer polymer solar cells by solution processing and can dramatically
improve charge injection from a high work function metal cathode resulting in great
enhancement of the device performance.’”!°! A series of amino N-oxide functional-
ized polyfluorene homopolymers and copolymers (PNOs) were synthesized by oxi-
dizing their amino functionalized precursor polymers (PNs) with hydrogen peroxide.
Excellent solubility in polar solvents and good electron injection from high work
function metals made PNOs good candidates for interfacial modification of PSCs.
Both PNOs and PNs were used as CBLs in BHJ-PSCs and the resulting devices
showed much better performance than devices based on a bare Al cathode. Based
on the comparison to PNs, the amino N-oxide groups in the PNO structure not only
enhanced alcohol solubility, but also significantly enhanced the ability of interlayers
to reduce electron injection barriers. As a result, BHJ-PSCs based on PNOs/Al cath-
ode also exhibited higher V,, J,., and FF than those of PNs/Al cathode devices.!*?
Wu et al. applied alcohol/water—soluble poly [(9,9-bis(3"-(V, N-dimethylamino)
propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN) as a conjugated poly-
mer CBL in the conventional BHJ-PSC device based on thieno[3,4-b]-thiophene/
benzodithiophene (PTB7) and PC71BM and achieved a certified PCE as high as
8.37%.1%3 Later on, the same group used PFN CBL in an inverted-structure BHJ-PSC
device and achieved a certified efficiency of 9.2% (see Scheme 8.7). The role of the
PFN CBL on the efficiency enhancement was interpreted by the conjunct effects,
including an enhanced built-in potential across the device due to the existence of an
interface dipole, improved charge-transport properties, elimination of the buildup of
space charge, and reduced recombination loss due to the increase in built-in field and
charge carrier mobility.!**

8.3.4.4 Fullerene Derivatives

Some fullerene Cg, derivatives have been investigated as CBLs by different groups.
For instance, Wei et al. synthesized a novel fullerene derivative with a fluorocarbon
chain (F-PC61BM) and applied it in P3HT:PC61BM BHJ-PSCs. In F-PC61BM, the
C,4, moiety worked as an electron-accepting and transporting material, and the per-
fluoroalkyl group gave a low surface energy to the material. When a small amount
of F-PC61BM was mixed in the P3HT:PC61BM solution for spin coating, it was
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= 2-ethylhexyl

ITO cathode

CgHy7 " CgHyy

SCHEME 8.7 Schematic of the inverted-type PSCs, in which the photoactive layer is
sandwiched between a PFN-modified ITO cathode and an Al, Ag-based top anode. Insets:
chemical structures of the water/alcohol-soluble conjugated polymer and electron donor
materials used in the study. (Reprinted with permission from He, Z. et al., Nat. Photon., 6,
591. Copyright 2012, Nature Publishing Group.)

expected that F-PC61BM spontaneously migrated to the surface of the organic layer
during spin casting, owing to the low surface energy of the fluorocarbon, and formed
avery thin layer of F-PC61BM in a single step. Indeed, F-PC61BM CBL-incorporated
P3HT:PC61BM BHJ-PSCs exhibited a PCE of 3.79%, much higher than that without
CBL (3.09%). It was found that the surface dipole moment induced by the F-PC61BM
CBL could be the origin of the improvement in the device performance.!®> Hsieh et
al. applied a CBL of a cross-linked fullerene derivative (C-PCBSD) on the top of an
ITO/ZnO cathode in inverted P3HT:PC61BM BHIJ-PSCs. In situ cross-linking of
PCBSD was carried out by heating at a low temperature of 160°C for 30 min to gen-
erate a robust, adhesive, and solvent-resistant thin film. This cross-linked network
enabled a sequential active layer to be successfully deposited on top of this interlayer
to overcome the problem of interfacial erosion and realized a multilayer inverted
device by all-solution processing. This C-PCBSD interlayer exerted multiple positive
effects on both P3BHT/C-PCBSD and PC61BM/C-PCBSD localized heterojunctions
at the interface of the active layer, including improved exciton dissociation efficiency,
reduced charge recombination, decreased interface contact resistance, and induction
of vertical phase separation to reduce the bulk resistance of the active layer as well
as passivation of the local shunts at the ZnO interface.'*®

Very recently, Li et al. developed several new functionalized fullerene derivatives,
namely [6,6]-phenyl-C61-butyricacid 2-((2-(dimethylamino)ethyl)(methyl)amino) ethyl
ester (PCBDAN), [6,6]-phenyl-C61-butyric acid 2-((2-(trimethylammonium)ethyl)
(dimethyl)ammonium) ethyl ester diiodonium (PCBDANI), and an amine group
functionalized fullerene derivative DMAPA-C,,, as CBLs in versatile BHJ-PSC
devices based on different photoactive layers."”'°® For PCBDAN and PCBDANI,
the polar side chain with the amine end group made the fullerene derivatives
alcohol-soluble and able to form a dipole interfacial layer between the active layer
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and Al electrode. Both PCBDAN and PCBDANI were applied as CBLs in dif-
ferent PSCs based on P3HT:PC61BM, P3HT:ICBA, and PBDTTT-C-T:PC71BM,
affording enhanced PCE in all cases. Thus, PCBDAN and PCBDANI can be used
as universal CBLs in PSCs."7 In another report by the same group, DMAPA-Cq,
was applied as a CBL in different BHJ-PSCs based on P3HT:PC61BM, PBDTTT-
C:PC71BM, and PBDTTT-CT:PC71BM. It was revealed that PCE of the three
systems with DMAPA-C,, CBL reached 3.88%, 6.29%, and 7.42%, respectively,
which were much higher than those of the corresponding PSCs with the Al-only
cathode and even slightly higher than those of the corresponding Ca/Al devices of
these systems.!*8

8.3.5 SELF-ASSEMBLED MONOLAYERS (SAMs)

SAMs, which were mainly used to modify CBLs made of zinc oxide (ZnO), have also
been used as CBLs in PSCs (see Scheme 8.8). Jen et al. applied different ZnO-based
CBLs, which were modified by SAMs of different saturated carboxylic acids with vari-
ous dipoles and terminal groups R—-COOH (R = -C, H,,SH, —C, H,;, or —C,F,,),
and found that carboxylic acid could tune the contact property between ZnO and the
cathode due to different interactions of the hydrophobic terminal groups with metal.
With the appropriate choice of SAM modifiers, the BHJ-PSC devices showed dra-
matically improved PCE, and even high work function metals, such as Ag and Au,
could be used as efficient cathodes.!*’

PCBM-COOH
COOH
Hs
X—QCOOH
MUA
BA-X (X = H, SH, CHs, OCH,, CF5, CN)
NN NN OO
LA

SCHEME 8.8 Compounds able to form self-assembled monolayers used to modify cath-
ode buffer layers. (Reprinted with permission from Po, R. et al., Energy Environ. Sci. 4 (2).
Copyright 2011, Royal Society of Chemistry.)
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The study on SAMs was extended to Cy, derivatives with different anchoring groups
(carboxylic, phosphonic, catechol). The formation of the C¢, SAM onto the surface of
ZnO was investigated by processing the SAM through either a solution immersion
technique or a solution spin-coating method. It was found that Cy, SAMs with the
carboxylic acid and catechol termination could be formed onto the surface of ZnO by
a simple solution spin-coating process, whereas all three anchoring groups could be
formed by a solution immersion technique. P3HT:PC61BM BHIJ-PSCs were fabricated
under different processing conditions to form SAM leading to twofold, 75%, and 30%
efficiency improvement with the carboxylic acid, catechol, and phosphonic acid Cy,
SAMs, respectively. The main contribution to the variation of efficiency from different
SAMs was due to the V,_ affected by different anchoring groups and functionalization
of the Cyy SAM. The SAM formation condition influenced the device performance.
Because of the strong acidic nature of the phosphonic acid anchoring group, immers-
ing the ZnO substrate into a solution containing the C, phosphonic acid SAM for an
extended period of time led to degradation of the ZnO surface. This, in turn, led to
devices without any photovoltaic activity whereas weaker acids, such as carboxylic
acid, and catechol-based C¢, SAMs can be assembled onto ZnO, leading to devices
with an average PCE of 4.4% and 4.2%, respectively.?*

8.3.6  GRAPHENES

Application of graphene derivatives as CBLs has been much less reported compared
to GO ABLs as discussed above, and up to now there are only two successes. As the
first success, Dai et al. applied cesium-neutralized graphene oxide (GO-Cs), which
was prepared through simple charge neutralization of the peripheral carboxylic acid
groups of GO with Cs,CO,, as an excellent CBL for P3BHT:PC61BM BHIJ-PSCs.
PSCs with a GO-Cs CBL exhibited a PCE of 3.67%, much higher than that of cor-
responding devices with state-of-the-art ABL and CBLs (3.15%) (see Scheme 8.9).20!
Chen et al. also reported that a GO/GO-Cs (cesium neutralized GO) bilayer modified

& PBHT/PCB
%

Normal device Inverted device

SCHEME 8.9 Device structures of (left) normal and (right) inverted BHJ-PSCs with GO as
ABL and cesium-neutralized graphene oxide (GO-Cs) as CBL. (Liu, J.; Xue, Y. H.; Gao, Y. X;
Yu, D. S.; Durstock, M.; Dai, L. M.: Hole and Electron Extraction Layers Based on Graphene
Oxide Derivatives for High-Performance Bulk Heterojunction Solar Cells. Adv. Mater. 2012.
24.2228. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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with ultrathin Al and MoO; could function as an efficient interconnecting layer in
tandem PSCs to achieve a significantly increased V,, reaching almost 100% of the
sum of the subcell V,, under standard AM 1.5 conditions.?

Very recently, Yang et al. reported a new graphene-fullerene composite (rGO-
pyrene-PC61BM), in which [6,6]-phenyl-C61-butyric acid methyl ester (PC61BM)
was attached onto reduced graphene oxide (rGO) via the noncovalent function-
alization approach, as CBL. When rGO-pyrene-PC61BM was applied as CBL in
P3HT:PC61BM BHIJ-PSC devices, an improved PCE of 3.89% with an enhanced
ratio of ca. 15% compared to that of the reference device without CBL (3.39%) was
observed. Contrarily, the comparative devices incorporating the pure rGO or pyrene-
PC61BM component as CBL showed dramatically decreased PCE, indicating the
importance of composite formation between rGO and pyrene-PC61BM components
for its electron extraction property.20?

8.4 SUMMARY AND OUTLOOK

In the past two decades, the efficiency of PSCs has been dramatically increasing to
10.6%, and the interfacial materials, including both ABLs and CBLs, play determina-
tive roles in efficient charge transport and extraction. A wide range of interfacial mate-
rials have been developed and demonstrated to be effective in enhancing the PCE of
BHIJ-PSC devices, including organic molecules, inorganic dielectrics, and composites
of organics with inorganic dopants, etc. For ABL materials, PEDOT:PSS are the most
commonly used and are proved to be effective in smoothing the surface of ITO and
modulating the work function of ITO, which however, suffers from some drawbacks,
such as acidity, hygroscopy, and sensitivity to oxygen exposure. Semiconducting p-type
metal oxides, such as MoO,, NiO, WO,, V,0;, etc., represent alternative ABL materials,
demonstrating similar or better performances than devices with a PEDOT:PSS ABL.
Although semiconducting metal oxides were typically deposited via vacuum eva-
poration in some early studies, a solution-processable technique with low-temperature
annealing for incorporating metal oxide ABLs has been successfully developed recently
but only for limited types of metal oxides; thus further development of other metal oxide
ABL materials and/or new solution-processable techniques is needed.

On the other hand, incorporation of CBL appears more facile and flexible because
it can be fabricated via either thermal deposition or a solution-processable technique.
Therefore, many different types of CBL materials have been developed in recent years
as reviewed here, including low work function metals, such as Ca and Ba; n-type metal
oxides, such as TiO and ZnO; alkali metal compounds, such as LiF; organic materials,
including small-molecule organic materials; nonconjugated polymers and water/alcohol—
soluble conjugated polymers; self-assembled monolayers (SAMs); and graphenes, etc. In
spite of the great progress in CBL research, the solution-processable technique of CBLs
needs to be optimized further to improve the reproducibility of the CBL performance,
especially for metal oxides. Besides, for the newly developed organic CBL materials,
which usually have large dipole moments beneficial for electron transport and lowering
the interfacial barrier for charge carrier collection by cathode, their stability toward post-
treatment and the correlation between their molecular structures and CBL performance
are yet to be investigated further.



Interfacial Materials toward Efficiency Enhancement of Polymer Solar Cells 233

Up to now, the record PCE of 10.6% was achieved by tandem PSCs, for which
the interconnection layers play a determinative role as well. The interfacial materials
developed for single-junction BHJ-PSC devices may function as ideal interconnec-
tion layers for tandem PSCs. Besides, recently, the transparent PSCs have drawn
great attention from researchers, and some of the interfacial materials for single-
junction BHJ-PSC devices may be suitable for a transparent anode or cathode as
well. Finally, all-solution-processed PSCs are very important for commercial appli-
cation of PSCs, which places a high demand on the stability of PSCs, and this can
be improved by interfacial modification via solution-processable interfacial material
incorporation. Thus, the promising progress achieved for interfacial materials pro-
vides a versatile and practical solution for commercialization of the low-cost PSCs.
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9.1 INTRODUCTION

9.1.1 ORrcAaNIC PHOTOVOLTAICS AND THEIR NANOPHASE SEPARATION

Organic photovoltaics (OPVs) are cost-effective thin-film devices that can be printed
onto flexible substrates and integrated into building materials (Brabec et al. 2001;
Thompson and Fréchet 2008). They are regarded as one of the most promising renew-
able energy sources for the near future (Mayer et al. 2007; Nelson 2011). In the past
two decades, tremendous efforts from both academia and industry have been devoted
to this quickly evolving field, leading to breathtaking improvement of the device power
conversion efficiencies (PCEs) (Bian et al. 2012; Brabec et al. 2010; Dennler et al. 2008;
Inganis et al. 2009; Liang and Yu 2010). Up to now, a record efficiency of 10.6% has
been obtained from polymer-based bulk heterojunction (BHJ) tandem devices (You et al.
2013). These achievements arose from improvement of materials and device optimiza-
tion. However, further developments will rely more and more on a sophisticated inter-
disciplinarity of material science, device physics, interface science, and optical science.
Such a highly interdisciplinary research frontier calls for more insightful contributions,
for instance, further development and application of cutting-edge nanostructure charac-
terization techniques, to address fundamental challenges in OPV research (Chen et al.
2012c; DeLongchamp et al. 2012; Liu et al. 2013a). Those characterization techniques
will largely complement input from manufacturing engineering (such as innovative pro-
duction instruments, processes, and ink formulas) to realize a path toward possible com-
mercialization of OPVs (Krebs et al. 2010a,b; Sgndergaard et al. 2012).

Fundamental mechanisms of OPVs can be found in other chapters of this book or
from reviews in this field (Brabec 2004; Brabec et al. 2001; Coakley and McGehee
2004; Mayer et al. 2007; Nuzi 2002; Spanggaard and Krebs 2004). In order to get an
OPV device to function, an electron-donating component and an electron-accepting
component are used in couple (Brabec et al. 2001). Under the concept of a BHJ, donors
and acceptors are blended intimately to increase the interfacial area (Halls et al. 1995;
Yu et al. 1995). Both donor and acceptor materials should absorb sunlight efficiently
to generate excitons, which will subsequently diffuse to domain interfaces and split
into charge carriers. Subsequent transport and collection of the charge carriers at their
respective electrodes leads to an internal current. The energy offset of the frontier orbit-
als of the donor/acceptor materials and the work functions of asymmetric electrode
materials provides voltage to drive an outside circuit (Thompson and Fréchet 2008). To
obtain high PCE, simultaneous improvement of open circuit voltage (V,.), short circuit
current (J), and fill factor (FF) need to be achieved (He et al. 2011). Although V.
is more related to the intrinsic properties of the active layer materials and electrodes
(Brabec et al. 2002; Graham et al. 2013; Vandewal et al. 2009; Yamamoto et al. 2011),
J,. and FF are factors that can be manipulated by varied processing methods and post-
treatments through the kinetic control of the morphology or nanophase separation of
the active layer mixture (Liu et al. 2013a). For example, BHJ films with vertical nano-
phase separation (or a gradient BHJ), with donor enriched at the anode and acceptor
enriched at the cathode side, have many advantages over the uniform BHJ films, which
leads to efficiency enhancement. A gradient BHJ film with a donor-rich anode side and
an acceptor-rich cathode side provides not only better pathways for hole and electron
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transport to their corresponding electrode, but also a better match of the distribution
of currents in the devices. Therefore, gradient BHJ films may reduce the piling up of
charges in the active layer and the leakage of photogenerated charges to the wrong
electrodes, thus increasing the charge collection and diminishing charge recombina-
tion. Several groups have used thermal evaporation of small molecules SubPc and Cy,
to accurately control the vertical profile of donors and acceptors (Pandey and Holmes
2010; Xue et al. 2005; Yang et al. 2004). These studies demonstrate that the gradient
BHJ devices have larger J. than the donor/acceptor planar structure due to the increased
interface area. Meanwhile, the vertical phase separation improves charge carrier trans-
port compared to a uniformly mixed heterojunction leading to an enhancement in both
the J,. and FF (Pandey and Holmes 2010).

Solution-processed BHJ solar cell devices are currently the most efficient type of
OPYV devices. The fundamental benefit is that the nanosized phase separation of donor
and acceptor results in a large interfacial area in the blended active layer (Halls et al.
1995; Yu et al. 1995). Currently, the state-of-the-art BHJ thin film consists of a bicon-
tinuous, interpenetrating network of donor/acceptor domains with length scales com-
mensurate with the exciton diffusion length. Devices based on this concept intrinsically
bear a large J.. Because J,, and FF are strongly affected by the details of the internal
nanophase separated structure, a systematic study of the structure—property relation-
ship, or nanostructure-performance correlation, is of paramount importance (Dang et
al. 2013; Hoppe and Sariciftci 2006; Liu et al. 2012a; Ruderer and Miiller-Buschbaum
2011). Up to now, although tremendous efforts have been made to reveal a clear nano-
morphology of BHJ OPVs, no cohesive picture has yet been obtained (Liu et al. 2013a).
This is attributed to the limitation of characterization methods and the complication of
the BHJ structure itself. In real-world scenarios, multilength scale morphology is com-
monly observed, which adds difficulties in their resolution and interpretation (Chen
et al. 2011b; Gu et al. 2012; Yin and Dadmun 2011). In addition, although chemically
modified fullerenes (such as PCBM) are often used as acceptors, the vast variety of
donor materials also brings about tremendous challenges in morphology characteriza-
tion and the realization of a generalized correlation between morphology and perfor-
mance (Bian et al. 2012; Chochos and Choulis 2011). In BHJ blends, structural order
of the materials, interactions between and miscibility of the components, as well as
surface and vertical segregation, are key factors that determine the morphology of
spin-coated blends with and without postdeposition treatment (Brabec 2004; Coakley
and McGehee 2004; Hegde et al. 2012; Liu et al. 2012a). Some OPV blend systems
show a uniform mixing in as-spun films due to the fast solvent evaporation, which
require additional posttreatment to enhance the nanophase separation of active layers
(Liu et al. 2012a). In other cases, however, as-spun OPV films naturally demonstrate
large-sized phase segregation, far beyond the suitable length scale for efficient charge
generation, which also makes novel film-processing techniques necessary in order to
reduce the size of these phase domains (Liu et al. 2013a).

9.1.2 MANIPULATION OF NANOPHASE SEPARATIONS IN OPVs

Before we elaborate on characterization methods and case studies of OPV nano-
phase separation, herein we briefly discuss various treatments for manipulating and
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controlling the nanophase separation in polymer:fullerene BHJs, such as solvent
selection, solvent drying, rate/solvent vapor annealing, thermal annealing, and pro-
cessing additives (Campoy-Quiles et al. 2008).

9.1.2.1 Solvent Selection

Both polymer:fullerene film morphology and device performance are highly depen-
dent on the solvents from which the films are deposited (Park et al. 2009). The degree
of phase separation between donor and acceptor generally varies with different sol-
vents. On one hand, the time for preparing a dry film through spin coating depends
on the evaporation rate (vapor pressure) of the depositing solvent. A longer drying
time generally results in a larger domain size. On the other hand, the phase separa-
tion between donor and acceptor is influenced by their solubility in the processing
solvent (Hoppe et al. 2004; Zhang et al. 2006). For a poly(p-phenylene vinylene)
(PPV):PCBM system, the PCBM domains increased from tens of nanometers using
chlorobenzene to hundreds of nanometers using toluene as the depositing solvent
even with the same bending ratio of PPV to PCBM and the same solution concentra-
tion (Hoppe et al. 2004; Shaheen et al. 2001). Such a difference in domain size was
attributed to the PCBM solubility in the processing solvent (Hoppe et al. 2004).

Recently, several groups have reported using solvent mixtures to modify the nano-
phase separation of solution-processed BHIJs. Typically, there are two types of sol-
vent mixtures. One consists of solvent pairs in which both polymers and fullerenes
are considerably soluble, such as dichlorobenzene (DCB) and chlorobenzene (CB).
Park et al. reported that, for the poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-
b;3,4-b’]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCDTBT):PCBM system,
the phase separation between polymer donor and fullerene in the deposited film
becomes finer by increasing the amount of DCB in the solvent, leading to larger pho-
tocurrent (Park et al. 2009). In addition, Zhang et al. observed that, for the APFO-
3:PCBM system, mixing CB with chloroform as the depositing solvent resulted in
smoother film surfaces and smaller domains, which translate to larger J. (Zhang
et al. 2006). The other option involves solvent pairs in which either the polymer or
fullerenes is much less soluble in one solvent than in the other. Moule et al. revealed
that introducing a polar solvent nitrobenzene (NtB) into CB as the processing solvent
controls the aggregation of P3HT in the deposited film (Moulé and Meerholz 2008).
Moreover, Chu et al. demonstrate that, after adding 13% (v%) of the solvent dimethyl
sulfoxide (DMSO) into the DCB processing solvent, the PCE of PCDTBT:PCBM-
based devices increases from 6.0% to 7.1%. This increase in PCE was also ascribed to
the aggregation and improved packing of PCDTBT molecules, resulting in enhanced
charge mobility (Chu et al. 2011).

9.1.2.2 Thermal Annealing

Most as-prepared polymer:fullerene (such as PBHT:PCBM) films are less crystalline,
for spin coated P3HT:PCBM blends also show peaks in GIXD, which limits their
charge carrier mobility. Thermal annealing, either postthermal annealing (on real
device) or prethermal annealing (on the active layer only), is one of the most effective
methods to improve the crystallinity of polymers and/or fullerenes. The enhanced
crystallinity, as evidenced by XRD, increases the near-infrared region absorption
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and the hole/electron mobility (Chu et al. 2011; Moulé and Meerholz 2008) and reduces
charge recombination as a result of the improved percolation pathway (Chen et al.
2009b). Both electron and hole mobility of thermal annealed films could be increased
by orders of magnitude (Mihailetchi et al. 2006). As reported by Campoy-Quiles et
al., thermal annealing could also induce a vertical phase separation in some poly-
mer/fullerene systems. For example, upon annealing of P3HT/PCBM blends, P3HT
chains were initially crystallized, followed by diffusion of PCBM molecules to nucle-
ation sites and then PCBM growth to form aggregates at the surface of the blend films
(Campoy-Quiles et al. 2008). For the PCDTBT:PCBM system, a thin PCDTBT layer
can be formed at the cathode side after annealing at 140°C for a few minutes, but this
thin PCDTBT layer hampers the charge transportation and collection, which is detri-
mental for the device efficiency (Synooka et al. 2013). In addition, thermal annealing
could enhance the charge collection efficiency, arising from an increase in the surface
roughness of the OPV active layer and, thereby, the contact areas with metal cathode
(Li et al. 2005). However, the thermal annealing process is not compatible to many
other low bandgap polymer systems because it can cause overly large PCBM and/or
polymer domains. In those systems, the interfacial area between donors and acceptors
is decreased upon thermal annealing, which results in much lower J..

9.1.2.3 Solvent Annealing

Solvent annealing is a versatile method in which a thin film is exposed to an atmosphere
of solvent vapors that diffuse into the deposited layer, the extent of which is depen-
dent on, and thus controllable by, exposure time. Solvent annealing has effects simi-
lar to thermal annealing to some extent and results in an increase in crystallinity
and change in nanophase separation (Campoy-Quiles et al. 2008; Hegde et al. 2012).

The solvent vapor increases molecular mobility of the components in the active
layer, allowing the system to evolve toward a more thermodynamically stable mor-
phology. Moreover, compared to thermal annealing, with which structure develops
in seconds, solvent annealing provides more precise morphological control (Chen et al.
2013b). Most importantly, solvent annealing is performed at room temperature that
is very suitable for low-bandgap polymers, which usually have high glass transition
temperatures (7,) or no observable 7, (Blouin et al. 2008; Lu et al. 2011) and are
therefore difficult to modify by temperature change.

9.1.2.4 Blending Solvent Additive

Adding a solvent additive to the depositing solution is another effective method to
control the nanophase separation of the deposited polymer/fullerene film (Lee et al.
2008; Liang et al. 2010; Peet et al. 2007). Generally, two criteria for incorporating
additives to control the blend-film morphology were proposed: (i) selective solu-
bility of the fullerene acceptor and (ii) a higher boiling point (lower vapor pres-
sure) than the process solvent (Lee et al. 2008; Lou et al. 2011). Difunctionalized
alkanes, such as alkanedithiols or diiodooctane (DIO), are widely used additives to
enhance the PCE of as-cast BHJ active layers. The additive can decrease the size
of the polymer and fullerene domains and form better interpenetrating networks,
contributing to larger J,. and FF (Liang et al. 2010). Lou et al. found that the active
layer of a Poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl}
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{3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl}) (or PTB7):PCBM
system is highly aggregated without an additive (Lou et al. 2011). The level of aggre-
gation was significantly decreased after adding 3% v/v DIO in the processing solvent,
facilitating the intercalation of PCBM into the polymer networks. Su et al. found the
solvent additive (1,6-diiodohexane or DIH) can decrease the average size of fullerene
aggregation from 150 nm to around 35 nm (Su et al. 2011). The PCE of a polymer/
PC;,BM-based device increased from 5% to 7.3% due to the increased photocurrent.
On the contrary, Lee et al. found that, for another polymer:PCBM system, solvent
additives result in larger polymer/fullerene domains relative to those formed without
solvent additives. In addition, connectivity of domains appears to improve with the
additive, which results in improved charge transport and collection (Lee et al. 2008).

The presence of a solvent additive has also been shown to affect the vertical dis-
tribution of the polymer donor and acceptor (Yao et al. 2008). For example, Yao et
al. found that there was a vertical phase separation in a P3BHT/PCBM film when
1,8-octanedithiol OT was added into DCB as the processing solvent (Yao et al.
2008). The vapor pressure of DCB is 200 times higher than that of OT so that OT
concentrates in the film during deposition. Due to a lower solubility of PCBM in
OT, PCBM therefore forms clusters and readily precipitates in the presence of OT.
Considering the higher surface energy of PCBM, PCBM therefore enriches the bot-
tom of the deposited film.

The additive method was also applicable to small molecular molecule solar
cells to increase the small molecule donor crystallinity (Perez et al. 2013; Sun et
al. 2012). The efficiency was very sensitive to the additive ratio. A small additive
concentration of 0.25% was used to enhance the 5,5-bisf(4-(7-hexylthiophen-2-yl)
thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridineg-3,3'-di-2-ethylhexylsilylene-2,2’-
bithiophene, (DTS(PTTh,),):PCBM device performance (Sun et al. 2012). Increasing
the additive volume ratio to 1% drastically decrease the PCE from 6.7% to 0.43%
(Sun et al. 2012).

9.2 CHARACTERIZING VERTICAL AND PLANAR
NANOPHASE SEPARATION

9.2.1 SCANNING PROBES

Scanning probe microscopy captures surface images of a sample by using a physi-
cal probe that scans the samples, in which atomic force microscopy (AFM) is the
most widely used scanning probe technique in characterizing phase separation of the
polymer:fullerene BHJ organic solar cells.

Binnig, Quate, and Gerber invented the AFM in 1986 (Binnig et al. 1986). It is
a very high-resolution scanning probe microscopy with demonstrated resolution of
fractions of a nanometer, which provide sufficient resolution to resolve length scales
comparable to the exciton diffusion length in organic solar cells. The basic principle
of operation is as follows: the tip, mounted on the cantilever, is approached to the
sample surface and is subject to an attractive or repulsive interaction with the sample.
This leads to a bending of the cantilever, which is detected and converted into an
electronic signal.
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For OPV studies, scanning probe methods have the powerful potential to cor-
relate local device performance to local phase structure, which is rather unique as
compared to many other nanophase detection methods (Giridharagopal and Ginger
2010). Variants of scanning probe microscopies that are applied in OPV research
include photoconducting AFM (pcAFM), time-resolved electrostatic force micros-
copy (trEFM), scanning Kelvin probe microscopy (SKPM), and near-field scanning
optical microscopy (NSOM) (Giridharagopal and Ginger 2010).

9.2.2 TecHNIQUES USING ELECTRONS

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
are two well-known electron microscopy techniques. SEM has its advantages because
of simple sample preparation requirements, and TEM provides significantly higher
resolution. Detecting nanophase separation of OPV materials in TEM can be experi-
mentally challenging for a couple of reasons: (1) Conventional TEM studies of organic
or hybrid films suffer significantly from poor contrast caused by their low atomic num-
bers, and (2) in addition, organic compounds are notorious for their electron beam
sensitivity and difficulties in high-resolution TEM studies (Martin et al. 2005).

To overcome these obstacles, several TEM techniques have emerged as promising
and powerful approaches. These include low-dose high-resolution TEM imaging,
low eV plasmon imaging of energy-filtered TEM (EFTEM), core-loss elemen-
tal mapping in EFTEM, electron energy-loss spectroscopy (EELS) imaging, 3-D
tomography, and cross-sectional EFTEM. Among these approaches, EFTEM is
among the most widely used because of its versatility and superior compatibility,
and tomography produces the most revealing data in three dimensions.

Low-electron-dose high-resolution TEM imaging enables direct imaging of lattice
fringes of organic and polymer crystallites in OPV active layers. For example, Sun
et al. reported crystal lattice imaging and crystallite orientation variation in small
molecule donor/PCBM high-performance OPV blends (Sun et al. 2012). Drummy
et al., achieved low-dose lattice imaging of P3HT crystallites in P3HT/PCBM films
(Drummy et al. 2011). Local crystalline structure, crystal defects, and crystal orien-
tation distribution of donors or acceptors can be then correlated with device perfor-
mance although a direct correlation can be extremely complex. Therefore, there is a
need to carefully examine structures over a broad range of length scales.

EFTEM imaging uses selected energy ranges in the EELS spectrum to produce
contrast in TEM images and therefore requires the TEM to be equipped with an
EELS spectrometer and energy filter. Often the bulk plasmon peak in the low loss
portion of the spectrum is used to distinguish between the donor- and acceptor-rich
domains. This low eV plasmon peak occurs at different energies for the two compo-
nents as it depends on the material’s electronic structure. For example this plasmon
peak is at ~22 eV for pure P3HT and at ~25 eV for pure PCBM (Herzing et al. 2010;
Pfannmoeller et al. 2011). Selecting an energy window of ~8 eV and centering it at
19 eV will preferentially allow electrons that have interacted with the P3HT to result in
P3HT-rich regions appearing brighter in the EFTEM image, and repeating the same
procedure with a window centered at 30 eV will preferentially allow electrons that
have interacted with the PCBM to form the image (Drummy et al. 2011). If there is
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sharp phase separation, these two types of images will be complementary and can
be overlaid to form a composite image showing distinct phase positions (Figure 9.1).
This technique has relatively low beam damage with image exposure time only on
the order of seconds or less under proper imaging conditions and can be easily appli-
cable to other donor-acceptor systems (Ajuria et al. 2013).

Core-loss EFTEM may also be used when distinctive elements are found in the
phases, such as sulfur in P3BHT (Domanski et al. 2013). Representative sulfur maps
of two high-performance, low-bandgap polymer (DTBT and DTffBT)/PCBM blends
(Zhou et al. 2011) are shown in Figure 9.2, obtained using a conventional three-
window method. Figure 9.3 shows a combined sulfur-carbon map of a benchmark,
high-performance, low-bandgap polymer PBDTTT-C-T/PC,,BM blend, in which the
sulfur map is shown in green, indicating the polymer-rich domains, and the carbon

200 nm 200 nm

@ ' (b) ©

FIGURE 9.1 (See color insert.) Low eV plasmon-based EFTEM images of P3HT/PCBM.
(a) 19 eV-centered energy window highlights the P3HT-rich domains. (b) 30 eV-centered window
highlights the PCBM-rich domains. (c) Artificially colored composite image shows the P3HT
in blue and PCBM in yellow. (Light and dark areas correspond to sample thickness variations.)
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FIGURE 9.2 (See color insert.) Sulfur maps of representative, high-performance, low-
bandgap polymer (DTBT and DT{fBT)-based OPV systems ([a] DTBT/PCBM, [b] DTffBT/
PCBM). The details of the synthesis and molecular structure of DTBT and DTffBT polymers
are reported elsewhere (Zhou et al. 2011). The higher sulfur content regions are shown with
brighter colors. The corresponding thickness maps (not shown) are almost featureless.
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FIGURE 9.3 (See color insert.) Combined sulfur-carbon maps of low-bandgap polymer
PBDTTT-C-T/PC,,BM-based, high-performance, OPV systems. The sulfur map is shown
in green and carbon in red. PCBM has a higher carbon density, corresponding to higher
carbon content, and the polymer is rich in sulfur. (From P. Adhikary et al., Nanoscale 5(20):
10007-10013, 2013.)

map is shown in red, revealing the PCBM-rich regions (Adhikary et al. 2013). To
confirm the consistency between core-loss imaging and the low-eV plasmon imag-
ing method described above, both methods were used to image an identical area of a
PBDTTT-C-T/PC,,BM film. In Figure 9.4, the dotted circles highlight an acceptor-
rich dot-shaped area, which is brighter in the carbon map and 30 + 4 eV image. The
solid-line circles highlight a donor-rich Y-shaped area, which is darker in the carbon
map and 30 + 4 eV image. Both the dot- and Y-shaped domains show distinctive
contrast reverse in the sulfur map and 19 + 4 eV image. The results suggest that our
low-eV plasmon imaging and core-loss elemental mapping have a high degree of
consistency in terms of nanophase identification. Although the elemental mapping
takes significantly longer exposure time (up to 10 s for each window and 30 s per elemen-
tal maps or longer), it contains quantitative information about elemental distribution.
In contrast, low-eV plasmon imaging typically has complicated background signals
that are not easily correctable.

Another analytical TEM technique available for OPV characterization is EELS
imaging. In this technique, the beam is scanned across the sample while an EELS
spectrum is recorded at each pixel. Unlike EFTEM imaging, the advantage of this
technique is that the spectra are saved for later analysis. The resultant spectra can be
fit with an empirical model and feature changes with position on the sample recorded
quantitatively (Hunt and Williams 1991). Figure 9.5 shows color-coded changes
in position of the bulk plasmon peak in a P3BHT/PCBM BHIJ cross-section, which
enables phase identification. It is important to point out that care must be taken when
employing this technique because the beam is concentrated on a relatively small
area. To avoid beam damage, close monitoring of the imaged areas is necessary; oth-
erwise, beam-induced morphological changes can easily occur (Herzing et al. 2010).

Tomography is a 3-D imaging technique during which images are taken at vari-
ous sample tilt angles. A computer program is then used to track positions of distinc-
tive features in the sample and to reconstruct a 3-D model (Midgley and Weyland
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FIGURE 9.4 Energy-filtered TEM of a benchmark low-bandgap, polymer-based (PBDTTT-
C-T/PC,,BM) OPV layer in planar views. For elemental mapping, a typical energy slit win-
dow is 10 eV with a conventional “three-window” method; for O eV and plasmon imaging
(19 and 30 eV), a typical energy window of 8 eV (or 4 eV) is used. Panels (a) to (f) represent
0 eV image, carbon map, sulfure map, thickness map, 30 eV as well as 19 eV image of the
PBDTTT-C-T/PC,,BM system at an identical imaging area.
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FIGURE 9.5 (See color insert.) Bulk plasmon peak position reveals phase separation in a
P3HT/PCBM BHI cross-section. The higher energy plasmon peak (red) corresponds to the
PCBM-rich phase, and the lower energy plasmon peak (yellow) corresponds to the P3HT-rich
phase. A layer of platinum on top also shows a plasmon peak similar to that of PCBM. The
silicon substrate shows the lowest energy plasmon peak (blue).
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2003). Although this is a much more time-consuming technique than EFTEM, it
offers much more information than simple 2-D projection images. A drawback for
using tomography in OPVs is that there is limited contrast between phases within
the blends, and these phases must be visible for proper reconstruction (Andersson
et al. 2009). In addition, the sample must also be robust enough to withstand very
many exposures to the electron beam. Nevertheless Loos and coworkers successfully
applied this technique in a few organic or hybrid photovoltaic systems (van Bavel
et al. 2009, 2010). In order to address the issue of contrast in tomography, one can
combine tomography with EFTEM imaging (EFTEM tomography) to identify phases
and produce contrast (Herzing et al. 2010; Midgley and Weyland 2003). In this way,
a 3-D reconstruction with phase identification can be produced.

As revealed by tomography results, the vertical phase morphology is a crucial
aspect in determining the charge transport and power conversion efficiency of BHJ
OPVs because it determines both exciton generation and the charge transport path-
way (van Bavel et al. 2010). Alternatively, cross-sectional TEM can be used to
complement or substitute for the often-tedious tomography experiments. Figure 9.6
shows the vertical phase separation of a high-performance PBDTTT-C-T/PC,,BM
organic photovoltaic film with energy-filtered TEM in its cross-sectional views. The
sample preparation involves focused ion beam techniques, which will be elaborated in
Section 9.2.3. In Figure 9.6, the elastic image (0 eV) shows a distinctive layer structure
in a cross-sectional view of the OPV device. Layers 1 and 2 represent ion and electron
deposited Pt cap layers, 3 and 4 are the active layer and PEDOT:PSS, and finally, 5
and 6 are the ITO and glass. The low-eV plasmon imaging of the same area is also
shown in Figure 9.6 with polymer-rich domains in red and fullerene-rich domains in
green. The combination of cross-sectional TEM and energy-filtered TEM present a
powerful way to monitor process conditions and correlate with device performance.

(b)

FIGURE 9.6 (See color insert.) Elastic (0 eV) and composite energy-filtered TEM image of a
high-performance OPV blend (PBDTTT-C-T/PC,,BM) in cross-sectional views. (a) The elas-
tic image (0 eV) shows distinctive layer structures in a cross-sectional view of the OPV device
(layers 1 and 2 represent ion and electron deposited Pt cap layer, 3 and 4 for active layer and
PEDOT:PSS, and finally, 5 and 6 for ITO and glass). (b) Low-eV plasmon imaging of the
same area with polymer-rich domains in red and fullerene-rich domains in green.
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9.2.3 TecHNIQUES UsING lONs

A well-established technique for preparing cross-section TEM samples employs the use
of a focused ion beam (FIB), typically Ga*. The instrument is often equipped with a
scanned electron probe as well as the ion beam, which allows dual function as a SEM.
Preparation using a FIB is accomplished by focusing the ion beam onto various areas of
the sample so that the material is sputtered away. This is done in such a way as to leave
a thin lamella of untouched sample that can be removed and thinned further to produce
an electron-transparent lamella suitable for examination in a TEM. Using a FIB for OPV
sample preparation has several advantages over other techniques. The FIB technique
allows the user to precisely select the location for sample extraction. It also produces
a very uniform thickness sample (usually less than 100 nm), which is very helpful for
proper interpretation of TEM generated data, such as image contrast and electron energy
loss spectra. Soft organic materials are often prepared for TEM using an ultramicrotome
that slices thin sections from the sample. When an ultramicrotome is used in OPV appli-
cations, the OPV material must be transferred from the original substrate (that is, silicon
or glass) to a softer material that can be sliced. This process may introduce contami-
nation, and the slicing procedure may introduce morphological changes (for example
shearing and tearing) not present in the virgin specimen (Bassim et al. 2012; White et al.
2001). For these reasons, FIB is an attractive alternative to prepare cross-section samples.

The main drawback with the FIB technique is that the very nature of the method
causes the destruction of the sample. It is, therefore, necessary to take precautions to
limit beam damage brought on by sample heating, knock-on damage, and radiolysis
(Bassim et al. 2012). The first precautionary measure is the deposition of a protective
platinum layer over the area of interest before milling. This limits direct exposure to
the beam during milling; however, the deposition of this Pt layer is accomplished by
either electron beam or ion beam exposure. Bassim and De Gregorio (Bassim et al.
2012) showed in several coal samples prepared via FIB (for x-ray studies) that exposure
to the electron beam was more damaging to the sample than exposure to the ion beam.
It was suggested that less than 1 keV electrons be used for imaging and exposure time
minimized. The implications of this are unclear for TEM studies because the final
sample will be exposed to the electron beam in the TEM at much higher energies. It
is assumed that if the sample is resilient under the TEM beam, the SEM beam should
negligibly affect it. Current practice is to deposit an initial layer of platinum with the
electron beam and a subsequent ion beam deposited layer. The ion beam is preferable
for deposition when possible because deposition occurs more rapidly. Sample heating
under the ion beam is an issue in organic materials due to the lower thermal conductiv-
ity (compared to inorganic materials). This heating may be mitigated during the final
thinning by leaving a frame of native material around the thinned area. This reinforces
the mechanical structure while providing a heat sink. Additionally, the beam current
and energy should be reduced during the final thinning process. The local heating due
to an incident ion beam is given by (Bassim et al. 2012)

JV
AT = Ero (91)
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where AT is the change in temperature, J is the beam current density, V is the accel-
erating voltage, k is the thermal conductivity, and r, is the beam radius. The current
density can be found by J =1/ (nroz) where [ is the beam current. A final polish with
beam currents <50 pA and accelerating voltages <10 kV should be adequate to ensure
limited beam-induced heating. It has been shown in crystalline specimens (Kato
2004) that the amorphized surface layer (due to beam damage) decreases approxi-
mately linearly with beam energy, and for beam energies of 10 keV, the amorphized
layer is ~10 nm (in silicon). While this does not translate directly to organic materi-
als, it is worth noting that there will always be some amount of surface damage,
and the lower the beam energy, the thinner the damaged layer will be. It should be
noted here that this carbon layer likely has a higher thermal conductivity than the
polymers of interest and may actually decrease beam heating, thereby (somewhat)
protecting the underlying polymers, although we know of no direct study to verify
this. Unfortunately, there is uncertainty of the amount of damage introduced by the
FIB from one sample to the next. In order to address this inconsistency, it is possible
to prepare a single sample with multiple layers of interest. For instance, Moon et al.
demonstrated this technique (Moon et al. 2011) in which layers of P3HT, PCBM,
and two BHJs were each separated vertically by layers of ITO and PEDOT:PSS. A
single FIB sample was then able to capture the cross-section of each material, and
the milling conditions for each were, necessarily, identical, eliminating any question
about differences introduced by the FIB fabrication.

In addition, secondary ion mass spectroscopy (SIMS) and helium ion microscopy
(HIM) are among other useful ion-related tools to determine the nanoscale mor-
phology of OPV active layers. SIMS can be used, coupled with isotopic labeling, to
extract depth profiles of conventional and inverted OPV devices based on a given
ion species or to generate ion maps with moderate resolution (Andreasen et al. 2012;
Norrman et al. 2009, 2010). HIM (Ramachandra et al. 2009) utilizes the helium ion
as a probe source, which provides high surface contrast, high spatial resolution (up to
4 angstrom), and large depth of view. HIM has the potential for nanoscale chemical
analysis and is compatible with soft materials without the tedious sample preparation
required for TEM. Pearson et al. reported the first HIM study of the P3HT/PCBM
system, in which the internal structures of the BHJ devices were accessed via HIM
after controlled plasma etching (Pearson et al. 2011). Figure 9.7 is a HIM image
representative of the DTffBT/PCBM (Zhou et al. 2011) OPV system, which shows
large surface contrast that is not available in conventional TEM/SEM techniques.
Moreover sample preparation of HIM is much less tedious than that of TEM, which
includes floating the film on water and picking up with a grid.

9.2.4 TecHNIQUES UsING X-RAvs

X-ray-based characterization techniques are important in studying OPV nanophase
separation, including grazing incidence small angle x-ray scattering (GISAXS),
resonant soft x-ray scattering (RSoXS), x-ray reflectivity (XRR), and x-ray photon
spectroscopy (XPS). In combination, they contribute toward a better understanding
of the 3-D nanophase morphology of the active layer in a real device or device-like
scenarios.
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FIGURE 9.7 Representative HIM image of DTffBT/PCBM based OPV systems, which
shows large surface contrast that is not available in conventional TEM techniques. (From
H. Zhou et al., Angewandte Chemie-International Edition 50(13): 2995-2998, 2011.)

GISAXS is a nondestructive scattering probe suitable to characterizing the lateral
phase inhomogeneities of OPV active layers. In a GISAXS experiment, a thoroughly
collimated x-ray beam strikes the flat surface of a film at a fixed incidence angle (a,),
from which the scattered x-ray beams, with in-plane and out-of-plane exit angles 20,
and ay, are recorded on a 2-D detector for nanophase analysis (inset of Figure 9.8).
Shao et al. monitored the lateral domain morphology of PCBM dispersed in various
deuterated P3HT matrices using GISAXS (Shao et al. 2014). In these studies, the
in-plane GISAXS profiles (Intensity vs. g,) were fit using a scattering model of that
combined the Guinier-Porod model (Hammouda 2010) and the polydisperse hard-
sphere model with a Schulz distribution (Griffith et al. 1987) as shown in Figure 9.8a
through f. In Figure 9.8, g, and g, refer to the in-plane and out-of-plane scattering
wave vectors, g, = ko[sin(20)cos(a)] and g, = k[sin(a,) + sin(a)], respectively, and
k, is the elastically conserved wave vector modulus. In the model fits, the Guinier-
Porod and polydisperse hard-sphere models account for the phase-separated PCBM
domains with two different ranges of sizes; that is, the Guinier-Porod model char-
acterizes the larger domains (low-g, region) and the hard-sphere model character-
izes the smaller domains (high-g, region). The radii of gyration (R,s) of the large
and small PCBM domains in the annealed P3HT/PCBM films (150°C) were ~5.5
and ~10.0 nm, respectively. Liu et al. and Wu et al. also reported similar GISAXS
results, in which PCBM domains with Rg ~ 2.7 nm and 7.0 nm were observed in the
as-spun and annealed (150°C) P3HT:PCBM film, respectively (Liu et al. 2011; Wu
et al. 2011).

The recent development of RSoXS has made it possible to enhance electron den-
sity contrast by tuning x-ray photon energy close to the absorption edges of constitu-
ent materials (Ade 2012). This has been particularly powerful in enabling RSoXS
to probing OPV blends with relatively low electron density contrasts (Ade 2012;
Chen et al. 2011b; Lu et al. 2013; Swaraj et al. 2010). Indeed, RSoXS is an excel-
lent alternative to GISAXS and transmission SAXS, which use hard x-rays, and
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small-angle neutron scattering (SANS). Contrary to conventional SAXS in which
the samples must be either freestanding films or prepared on x-ray transparent sub-
strate with considerable thickness, RSoXS samples can be quite thin, making it
suitable to study the in-plane structure of a device in transmission geometry. Also,
RSo0XS provides tunable electron density contrast by simply varying the x-ray pho-
ton energy. Recently, Chen et al. (2011b) and Swaraj et al. (2010) have successfully
applied RSoXS to investigate the lateral phase morphologies of OPV active layers,
in which the authors quantitatively analyzed the RSoXS curves by calculating pair
distribution function P(r) from the measured scattering curves and obtained the size
and purity of phase domains (Figure 9.9a and b).

XRR has been shown to be viable in the investigation of the composition profiles
of the donor and acceptor in the direction perpendicular to the surface plane of OPV
blend films (Kirschner et al. 2012; Liu et al. 2011; Ruderer et al. 2009). However,
electron density contrast between the organic donor and acceptor is often very low,
and hence, XRR has often been used in conjunction with neutron reflectivity in order
to complement each other. In standard x-ray/neutron reflectometry measurement, a
slit-collimated x-ray or neutron beam impinges onto the flat surface and interface of
the film at shallow incidence angles, a;s. At each a;, only the reflected specular beam
that reflects at angle (), which is identical to a;, is recorded to explore the verti-
cal depth profile of the sample film. As is typical in any scattering experiment, the
phase information is lost; therefore, the analysis of the measured reflectivity curve is
generally carried out by constructing an electron density model or scattering length
density (SLD) profile from which the calculated reflectivity profile using Parratt for-
malism (Parratt 1954) is compared with experimental reflectivity data until a good-
ness of fit with at least y? is attained. Using the obtained electron density or SLD
depth profiles, the composition depth profiles of constituents are readily determined
by expressions described in the literature (Keum et al. 2013; Liu et al. 2011).

PTB7:PC, BM/DCB+DIO —PTB7:PC,;BM/DCB+DIO
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FIGURE 9.9 (a) RRSoXS curve for film spun-cast from PTB7/PCBM/1,2-dichlorobenzene/
diiodooctane solution and (b) the pair distribution function calculated from the RSoXS curve
in (a). (Reprinted with permission from W. Chen et al. 2011, 3707-3713, Copyright 2011,
American Chemical Society.)
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In addition, XPS offers a unique opportunity for a quantitative analysis of the ele-
mental composition near the surface and interfaces of an OPV blend film (Orimo et al.
2010; Xu et al. 2009). In XPS measurements, films are irradiated by a series of focused
x-ray beams, and the total numbers of electrons that escape from the film at different
excitation energies are counted on the detector to identify the elemental composition of
the sample surface. Xu et al. (2009) have recently investigated the interfacial composi-
tions of P3HT and PCBM in P3HT/PCBM OPV films by peeling off the films from
the substrates using a water floatation method and measuring the XPS spectra of the
top and bottom surfaces. It was shown that P3HT tends to enrich at the free surface of
the film due to its lower surface-free energy than PCBM whereas PCBM was found to
prefer the film/substrate interface due to its interaction with the substrate. Orimo et al.
have studied the effects of thermal annealing on the composition of P3HT and PCBM
at the Al electrode/active layer interface using XPS (Orimo et al. 2010). In this study,
two devices, preannealed and postannealed devices in which the active layers were
annealed prior to and after Al deposition, respectively, were examined using XPS. The
XPS results revealed that in the preannealed device P3HT is enriched in the Al inter-
face, and in the postannealed device PCBM is accumulated at the Al interface. The
accumulated PCBM at the Al interface of the postannealed device was found to serve
as a hole-blocking layer, resulting in an improved open circuit voltage and hence PCE.

Other x-ray-related techniques in the nanophase characterization of OPV include
near edge x-ray absorption fine structure (NEXAFS) spectroscopy and scanning
transmission x-ray microscopy (STXM) (Giridharagopal and Ginger 2010).

9.2.5 TecHNIQUES USING NEUTRONS

Neutron techniques have been instrumental in developing a recent paradigm shift
in the understanding of the structure and phase separation of conjugated polymer/
fullerene mixtures (Chen et al. 2011a, 2012a, 2013a,b; Kiel et al. 2010a,b; Lee et al.
2011; Lu et al. 2011; Parnell et al. 2010; Yin and Dadmun 2011). Among the neutron
techniques, SANS is a powerful technique to study the planar morphology of con-
jugated polymer/fullerene mixtures on length scales from 1 nm to more than 100 nm,
providing detailed information about the morphology, miscibility, and interfaces
(Chen et al. 2011a, 2013a,b; Kiel et al. 2010a; Yin and Dadmun 2011). The experimen-
tal determination of the details of this morphology is difficult due to minimal con-
trast between the Cg, fullerene and the carbon-based polymer in electron microscopy
and the thin film nature of the materials studied in photovoltaics. Fortunately, SANS
provides sufficient contrast to unequivocally determine the structure of fullerenes
in an organic medium due to the fact that the neutron SLD of a protonated polymer
matrix (that is, SLD of P3HT is 0.7 x 10-° cm™?) differs significantly from that of the
fullerene (that is, SLD of PCBM is 4.4 x 10-® cm~?) (Chen et al. 2013a), which is very
similar to that of deuterated organic compounds. In neutron scattering, the coherent
scatting intensity can be modeled as
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where N/V is the number density of scattering particles, V,, is the scattering particle
volume, and Ap? is the square of the difference of the scattering length density of
phases. Usually a significant increase of scattering intensity is associated with fuller-
ene phase separation, which dramatically increases the SLD contrast between phases.
P(Q) is the form factor, which is associated with the shape and size of domains. S(Q)
is the interparticle structure factor. A careful analysis of the scattering curves can
provide information about domain shape and size, concentration of fullerene aggre-
gates, interfacial area between the fullerene-rich phase and polymer-rich phase, and
miscibility of the fullerene in polymer (Chen et al. 2011a, 2013a,b; Kiel et al. 2010a;
Yin and Dadmun 2011).

Neutron reflectometry is another powerful and essential technique to study the
vertical morphology of polymer/fullerene mixtures with high spatial resolution of
about a few angstroms (Chen et al. 2012a; Kiel et al. 2010b; Lee et al. 2011; Lu et
al. 2011; Parnell et al. 2010). In neutron reflectometry, a well-collimated beam is
incident on the smooth surface of a sample with a small incident grazing angle,
and the intensity of the reflected beam is obtained as a function of neutron transfer
momentum, Q = 4xsind/A, where 0 is the incident angle, and A is the wavelength of
the neutron. The measured reflectivity can then be analyzed to extract the scattering
length density profile of the sample (Nelson 2006). The experimentally determined
SLD profile is then analyzed to determine the concentration depth profile of each
component in the system. For instance, the fullerene concentration depth profile is
determined using the equation

q)(z)fullerene = M (93)

fullerene — pPolymer

where $(2)perene 18 the volume fraction of fullerene at depth z, p(z) is the experi-
mentally determined scattering length density at depth z, and ppgyme, 80d Pryjierene aT€
the SLD of the conjugated polymer and fullerene, respectively. A careful analysis
of neutron reflectometry curves provides information about the interface, miscibil-
ity, and composition depth profile perpendicular to the sample surface (Chen et al.
2012a; Kiel et al. 2010b; Lee et al. 2011; Lu et al. 2011; Parnell et al. 2010).

9.3 CASE STUDIES

One of the core structural aspects of the active layer of an OPV is the 3-D nano-
phase morphology of the BHJ blends. In an attempt to understand the nanophase
morphology buried in the active layer and its correlation to the PCE of OPYV, vari-
ous combined techniques have been actively applied (Chen 2011b; Liu et al. 2011;
Lu et al. 2011, 2013; Ruderer et al. 2009; Shao et al. 2014). For example, Li et al.
have successfully employed bright field TEM and cross-sectional TEM to map out
the BHJ morphology embedded in P3HT/PCBM OPV (Li et al. 2012a). Liu et al.
have utilized GISAXS and XRR and neutron reflectometry to obtain the informa-
tion about the nanophase domains and distributions of blending components in a
direction parallel and perpendicular to the surface plane of P3HT/PCBM blend film
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(Liu et al. 2011). Shao et al. have combined real and reciprocal space measurement
techniques, that is, energy-filtered TEM, GISAXS, and NR to systematically study
the lateral and vertical nanophase separations of P3HT and PCBM occurring in the
active layer (Shao et al. 2014).

9.3.1 NANOPHASE SEPARATION IN OPV WITH THE
SECOND-GENERATION SEMICONDUCTING POLYMERS

Cis- and trans-polyacetylene have been known as the first generation of semiconducting
polymers since their discovery in the 1970s (Heeger 2010). Among the second-
generation semiconducting polymers, poly(3-hexyl thiophene) (P3HT) has been
shown to be one of the most successful and widely studied materials in organic elec-
tronics (Heeger 2010). In OPVs based on a binary blend of electron-donating P3HT
and electron-accepting [6,6]-phenyl C,, butyric acid methyl ester (PCBM), PCE as
high as 4%—5% has been achieved through the manipulation of kinetic nanophase
separation between donor and acceptor (Brabec et al. 2010; Li et al. 2005; Reyes-
Reyes et al. 2005).

Due to the chemical dissimilarity, P3BHT and PCBM that are homogeneously
dissolved in good solvent are phase separated during the film formation process.
Indeed, the phase separation of donor and acceptor is greatly affected by the rate of
solvent evaporation, and if the rate of solvent evaporation is faster than or comparable
to that of phase separation, the resultant morphology is trapped in a state far from
the equilibrium. Hence, thermal or solvent annealing has typically been applied for
more evolved phase separation. Also, if one or both components preferentially seg-
regate to the air/film, bulk, or film/substrate interfaces, the phase separation is dis-
torted dramatically from that in the bulk. In a photoactive layer of OPV, the ideal
phase morphology is known to be BHJ, in which the dissimilar electron donor and
acceptor are phase separated and form a nanoscale bicontinuous network as shown
in Figure 9.10 (Li et al. 2007, 2012a; Yang et al. 2005). In such a BHIJ layer, the

~100 nm

~20 nm

FIGURE 9.10 Conceptual BHJ morphology model with bicontinuous interpenetration net-
work of electron-donating polymer and electron acceptor. (Reprinted by permission from
Macmillan Publishers Ltd., Nature Photonics, G. Li et al., Polymer Solar Cells, 6, 153-161,
Copyright 2012.)
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unique nanophase morphology delivers many advantages in the device performance.
The nanoscale phase network ensures a large interfacial area between the donor and
acceptor and, hence, effective charge separation, and the bicontinuity of donor and
acceptor phase facilitates efficient charge transport and collection. In practice, how-
ever, current OPV systems, for example, consisting of a blend of P3HT and PCBM,
still suffer from many drawbacks in terms of the nanophase morphology (Keum
et al. 2013; Kiel et al. 2010a—c; Lee et al. 2011; Orimo et al. 2010; Parnell et al.
2010; Tsai et al. 2010). Spin casting the P3BHT/PCBM blend solution onto a substrate
to prepare a thin film usually generates stratified morphology perpendicular to the
surface plane of the substrate due to the fundamental interfacial effect existing in
the thin film. It has been shown that PCBM tends to accumulate on the top and/or
bottom interfaces depending on the fabrication condition. Also, further stratification
and the growth of phase domains are inevitable as heat is generated during device
operation, in effect annealing the active layer. As a result, the domains become much
larger than the maximum length of exciton diffusion (<10 nm), the interfacial area
between donor and acceptor is reduced, and hence the device performance degrades
(Markov et al. 2005). For the origin of the stratification, it has been hypothesized that
the relatively hydrophilic PCBM tends to migrate toward the hydrophilic substrates,
such as PEDOT:PSS (Oh et al. 2011), CsCO; (Xu et al. 2009), and SiOy (Bjorstrom
et al. 2005), resulting in the PCBM accumulation near the substrates. de Villers et al.
have also discussed the origin for the interfacial accumulation of PCBM in terms of
the solubility difference between P3HT and PCBM as follows (Tremolet de Villers
et al. 2009). During the film-forming process, solvent evaporates first from the top
surface, resulting in a solvent-rich region near the substrate. In this case, more sol-
uble PCBM in solvent as compared to P3HT tends to migrate toward the solvent-
rich region near the substrate leading to the film stratification. More recently, using
neutron reflectometry, Keum et al. have demonstrated that the film stratification
occurring during film formation and thermal annealing can be due to the unique
crystallization habit of P3HT in thin film and the partial miscibility between amor-
phous P3HT and PCBM (Keum et al. 2013). Figure 9.11a and b shows measured and
modeled neutron reflectivity curves for as-spun and annealed P3HT/PCBM films
deposited on Si-substrate and the volume fraction profiles of PCBM, vpcpys obtained
from the neutron reflectivity modeling in Figure 9.11a. The reflectivity modeling was
based on the Parratt formalism (Parratt 1954). From the changes in vpcgy, it is evi-
dent that spin casting P3HT/PCBM onto Si-substrate results in stratified morphology
with PCBM accumulations near the free surface and Si interface. It is also seen that
increasing annealing temperature accompanies increased stratification. For the film
stratification, it is proposed that, because P3HT remains less crystalline in the two
interfacial regions (free surface and substrate interface) than in the bulk region and
PCBM is miscible with amorphous P3HT, PCBM preferentially diffuses to the two
interfacial regions and accumulates, resulting in the stratification. Recently, Wu et al.
have examined the effect of thermal annealing on the size of PCBM domains using
GISAX (Wu et al. 2011). Figure 9.11c and d shows in-plane GISAXS profiles for the
P3HT/PCBM film measured at 30°C, 60°C, 100°C, 130°C, and 150°C and during
the subsequent isothermal annealing at 150°C, when the GISAXS profiles were fit
using a polydisperse sphere model with Schulz distribution (Griffith et al. 1987). As
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FIGURE 9.11 (a) Measured and model fit NR profiles of as-cast and annealed P3HT/PCBM
film and (b) volume fraction profiles of PCBM (vpg,,) extracted from the NR data model fit
shown in (a). The annealing temperatures were as indicated and the annealing time at each
temperature was 90 min. (c) GISAXS profiles for the P3HT/PCBM film measured at 30°C,
60°C, 100°C, 130°C, and 150°C and during the subsequent isothermal annealing at 150°C.
The data were fit (solid curves) using a polydisperse sphere model with the Schultz size
distribution. (From W.L. Griffith et al., Physical Review A 35: 2200-2206, 1987.) (d) Time
evolution of the diameter (D) of PCBM domains at 150°C. (a and b reprinted with permis-
sion from J.K. Keum et al., Morphological Origin for the Stratification of P3HT:PCBM Blend
Film Studied by Neutron Reflectometry, Applied Physics Letters, 103, 223301. Copyright
2013, American Institute of Physics.) (c and d reprinted with permission from W.-R. Wu et al.
2011, 6233-6243. Copyright 2011, American Chemical Society.)

shown in Figure 9.11d, the PCBM domains grew quickly from ~7.0 to ~18.0 nm in
diameter at 150°C within 60 s due to phase separation.

In an effort to optimize the phase morphology, various diblock copolymer surfac-
tants have been used as a compatibilizer or interfacial modifier between donor- and
acceptor-rich domains. For example, Sun et al. have shown that a P3BHT-b-polystyrene
(P3HT-b-PS) diblock copolymer can act as an interfacial compatibilizer at the inter-
face between P3HT and PCBM, where the added small amount of P3HT-b-PS pref-
erentially stays at the interface between P3HT and PCBM and stabilizes the domains
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while reducing the film stratification and domain growth during thermal annealing
(Sun et al. 2012). Chen et al. have also reported reduced domain size by the added
small amount of P3HT-b-polyethylene oxide (P3HT-£-PEO) to the P3BHT/PCBM
blend (Chen et al. 2012b). The reduced stratification and size of phase domains
might result in the improved charge transport and collection. However, the existence
of P3HT-b-PS and P3HT-b-PEO at the donor—acceptor interface could negatively
affect the open circuit voltage of the devices due to the existence of a nonconduc-
tive PS- and PEO-block in the donor—acceptor interface. It has been reported that
the presence of nonconductive DIO in the interface between donor and acceptor can
result in the reduced open circuit voltage of the OPV (Su et al. 2011). In this case, the
average distance between donor and acceptor increases by the DIO, and hence, the
probability of exciton dissociation at the donor—acceptor interface is reduced, result-
ing in the reduction of open circuit voltage.

9.3.2 NANOPHASE SEPARATION IN OPV WITH THE
THIRD-GENERATION SEMICONDUCTING POLYMERS

The majority of OPV research efforts gradually shifted to the third generation of semi-
conducting polymers or the low-bandgap (LBG) polymers due to their improved light
absorption and performances (Bian et al. 2012; Zhou et al. 2012). A 9.2% PCE has been
achieved for single-layer low-bandgap polymer devices (He et al. 2012). LBG polymers
are usually constructed by donor—acceptor hybridization or quinoid resonance (Zhou
et al. 2012). The prosperity of LBG polymers has also enriched the content of nanophase
separation study. It was shown that both chemical structure and processing conditions
had profound effects in affecting the resultant BHJ thin-film morphology. It should also
be noted that a chemical additive is widely used in optimizing the morphology of LBG
polymers (Liu et al. 2013a). In the following discussions, we will focus on a few well-
studied LBG polymers and their nanophase morphologies.

PCPDTBT is one of the most well-studied low-bandgap polymers. It has a band-
gap of 1.46 eV and absorbs deeply in spectrum. By blending PCPDTBT with PCBM
and fabricating solar cells through a conventional approach, a moderate efficiency
~3% is recorded (Peet et al. 2008). In the earlier stage of research, PCPDTBT was
thought to be low in crystallinity because it mixes well with PCBM. Such intimate
mixing between the donor and acceptor makes it difficult to phase separate into
bicontinuous morphology, which causes the serious charge recombination. For this
reason, high PCBM loading is required in its device fabrication. Posttreatments, such
as thermal annealing were applied to the system, yet no improvement was seen.
Importantly, Heeger and coworkers developed a very effective method of adding
a high boiling point bad solvent into the BHJ solution to modulate the morphology
formation of PCPDTBT blends in processing (Peet et al. 2007). Although only a tiny
amount of additive was added (usually ~3 v%), the PCE of the devices was increased
to above 5%. This observation opened a new route to optimize the morphology,
and it quickly became a standard procedure to fabricate LBG polymer OPVs. After
testing a variety of additives and combinations of the additive and the host solvent,
herein the requirements for processing additives have been summarized as follows:
(1) There must be a selective solubility for PCBM, and (ii) it must have a higher
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boiling point than the host solvent (Lee et al. 2008). Detailed morphology character-
ization revealed that phase separation between PCPDTBT and PCBM by using an
additive was the main factor for the increased efficiency, demonstrated by AFM and
TEM images (Lee et al. 2008). GIXD characterization showed the ordered packing
of PCPDTBT chains, and the chain packing took the edge-on orientation similar to
that of P3HT (Agostinelli et al. 2011; Rogers et al. 2011). In situ UV-vis and GIXD
were used to monitor the chain packing or crystal evolution process during solvent
evaporation (Peet et al. 2008). Russell and coworkers characterized the morphology
of PCPDTBT:PCBM blends in detail (Gu et al. 2012). By using x-ray/neutron scat-
tering and diffraction methods in combination with TEM, they demonstrated a mul-
tilength scale morphology, which comprised domains of pure, crystalline PCPDTBT
fibrils and another domain of a PCBM-rich mixture with noncrystalline PCPDTBT
aggregations. The fibril-to-fibril spacing forms the major length scale of phase-
separated morphology and determines the performance of the blends.

Besides the processing optimization and morphology tuning, synthetic effort was
also employed to improve the performance of the material. Yang and coworkers
synthesized poly{[4,40-bis(2-ethylhexyl)dithieno(3,2-b;20,30-d)silole]-2,6-diyl-alt-
(2,1,3-benzothidiazole)-4,7-diyl} (PSBTBT), a silole-containing polymer (Hou et al.
2008). By replacing the five-position carbon of PCPDTBT with a silicon atom, the
stacking of the polymer chain is improved, and thus the crystallinity of the poly-
mer was largely improved also. GIXD showed a strong edge-on orientation of the
crystallites (Chen et al. 2010; Scharber et al. 2010). The higher crystallinity of the
polymer is thought to be responsible for the better charge transport and reduced
bimolecular recombination. Thermal annealing was demonstrated to be effective to
increase PCE from 3.8% to 5.6%. GIXD and SANS showed that the crystallization
of PSBTBT and segregation of PCBM occurred during spin coating, and thermal
annealing increased the ordering of PSBTBT and enhanced the segregation of the
PCBM, forming domains ~10 nm in size, leading to an improvement in photo voltaic
performance (Lu et al. 2011).

Conjugated polymers based on diketopyrrolopyrrole (DPP) have also been widely
used in OPVs (Li et al. 2013). DPP has a planar conjugated bicyclic structure, which
leads to strong m—m interaction and high crystallinity. Its strong electron withdrawing
property also leads to a low bandgap when polymerized with proper comonomers.
Janssen and coworkers reported a DPP-quarter thiophene polymer, which showed 4%
PCE when processed from a chloroform-dichlorobenzene solvent mixture (Wienk et
al. 2008). The low-bandgap property of this polymer effectively extended the EQE
to around 900 nm. Other polymers were also developed, and enhanced performance
was recorded (Bijleveld et al. 2009, 2010; Bronstein et al. 2011; Li et al. 2012b;
Meager et al. 2013; Ye et al. 2012; Zhang et al. 2011; Zhou et al. 2009). Although
DPP polymers demonstrate excellent absorption, its miscibility with PCBM is poor.
When the BHJ blends were directly casted from chloroform, large (>200 nm wide)
fullerene clusters dominate the morphology. This macroscopic phase separation
leads to poor efficiency around 2% (Bijleveld et al. 2010; Wienk et al. 2008). In
morphology optimization, it was seen that by using either solvent mixtures or adding
additives, the phase became much more uniform, and fibril-like polymer domains
were well developed (Bijleveld et al. 2010; Wienk et al. 2008). Frechet and coworkers
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studied the effect of a bridge molecule of DPP-based polymer (Woo et al. 2010). As
the furan was incorporated into the conjugated polymer as a bridge molecule, the
solubility of the polymer was dramatically increased. They also used a processing
additive to develop the BHJ morphology with nanoscale phase separation. When the
mixture of polymer and PCBM was spin coated with chlorobenzene, macroscopic
phase separation was observed. However, after addition of 9% of 1-chloronaphtha-
lene to the chlorobenzene, the nanoscale phase separation was achieved, and 5% effi-
ciency was achieved. Russell and coworkers characterized the morphology details of
solvent mixture-processed BHJ blends and proposed a poor solvent-induced crystal-
lization to explain the morphology formation mechanism (Liu et al. 2012b). In sol-
vent mixture processing, 1,2-dichlorobenzene was a poor solvent for DPP polymer;
its presence promotes the crystallization of DPP polymer into fibrils with smooth
distribution of PCBM. A fibril network morphology was observed for this system,
and the interfibril spacing determined the length scale of phase separation as sup-
ported by TEM and resonant soft x-ray scattering. In a following study, they com-
pared the morphology of a series of DPP polymers with varied chemical structures
and showed that slight variation of chemical structures had a profound effect on the
properties of the materials, such as absorption, crystallization, and phase separation
when blended with PCBM. It was shown that solvent mixture processing and solvent—
additive processing achieved the same results in terms of nanomorphological con-
trol, and the interfibril spacing was shown to be a key parameter in determining the
device performance (Liu et al. 2013b; Ferdous et al. 2014).

Low-bandgap polymers combining thieno[3,4-b]Jthiophene and benzodithiophene
are another category of high-performance LBG materials. Although their absorp-
tion is not as deep as PCPDTBT or DPP polymers, the suitable energy levels led
to enhanced open circuit voltage and thus increased PCE (Zhou et al. 2012). Yu
and coworkers developed a series of thienothiophene-benzodithiophene polymers
(PTBI1 to PTB7) (Liang et al. 2009, 2010; Liang and Yu 2010). The PCE of 7.4% was
achieved based on BHJ solar cells of PTB7/PC;,BM blends (Chen et al. 2009a; Liang
et al. 2010). The PTBx series showed interesting crystal packing: the chains were
found to order on the substrate at the face-on orientation. GIXD images revealed
the intensive out-of-plane (OOP) (010) peaks for the neat polymer, which is rather
different from many other conjugated polymers used in organic solar cells (Chen et
al. 2011b; Collins et al. 2013; Hammond et al. 2011). In terms of their device prepa-
rations, an additive is also necessary to reduce the PCBM aggregation and optimize
the nanophase morphology (Liang et al. 2010). The combined results of resonant soft
x-ray scattering and energy-filtered TEM microscopy yielded a hierarchical mor-
phology picture of PTB7:PCBM blends (Chen et al. 2011b). Characterizations using
scanning transmission x-ray microscopy showed that PCBM aggregation is criti-
cal in realizing optimal nanomorphology (Collins et al. 2013). Better resolved TEM
combined with RSoXS, GISAXS, and GIXD showed that PTB7:PCBM blends had a
multilength scale morphology, originating from the unique structure order of PTB7
materials (Liu et al. 2014). More specifically, PTB7 can form two different types of
ordered structures; the larger sized aggregation forms the 140-nm phase separation,
and another size-scaled phase separation around 20-30 nm (as revealed by scattering
methods) is responsible for the large current of the devices.
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9.3.3 NANOPHASE SEPARATION IN OPV wiTH SMALL-MOLECULE
SEMICONDUCTORS

Small molecule-based BHJ (SM-BHJ) solar cells are based on blends of small
molecules and fullerenes, and there is a dramatic growth in these promising sys-
tems in recent years (Garcia et al. 2012; Liu et al. 2013c; Love et al. 2013; Perez et
al. 2013; Sun et al. 2012; van der Poll et al. 2012; Walker et al. 2011; Wang et al.
2013). Recently, a PCE of 10.1% for a SM-BHJ based solar cell has been demon-
strated (Liu et al. 2013c), which is comparable to polymer-based BHJ solar cells.
Additionally, SM-BHIJ based solar cells offer some advantages relative to polymer-
based solar cells, such as the fact that their well-defined structure readily allows their
functionalization and purification. Similar to a polymer-based solar cell, morphol-
ogy and nanophase separation of a SM-BHJ solar cell is crucial for the optimization
of an OPV system. Love and coauthors demonstrated the morphological control of a
SM-BHJ system (p-DTS[FBTTh,], and PC,,BM) using thermal annealing and sol-
vent additive (Love et al. 2013). The as-cast sample shows a relatively modest PCE
of 1.8%, however, thermal annealing and solvent additive processing lead to PCE
up to 5.8% and 7.0%, which is associated with morphology change. The bright field
TEM images shows that there is no significant crystallization or phase separation
observed for the as-cast film. Thermal annealing results in the crystallization of
p-DTS(FBTTh,),, which shows wire-like structure with 40-50 nm width in TEM. A
different image is observed for the film processed with 0.4% 1,8-diiodooctane (DIO),
which shows a continuous network with smaller width (30—40 nm). These results
show that the formation of interconnected network of crystalline small molecule
domains is crucial for the optimization for the SM-BHJ system.

Besides the crystallization of SM, the aggregates of fullerene have also been found
to be crucial in the optimization of a SM-BHIJ device. Wang and coauthors studied the
impact of DIO on the morphology and device performance of a DPP-based SM-BHJ
device (Wang et al. 2013). The grazing incidence x-ray diffraction results shows the ratio
of the PCBM aggregates to SM crystallites is strongly impacted by the concentration
of DIO. The results shows that a smaller concentration of DIO (below 0.5%) mainly
enhanced the crystallization of SM, and a higher concentration of DIO induced the
aggregates of PCBM. The best PCE was found with 3% DIO. The morphology of the
SM/fullerene mixture consists of the SM crystalline phase, miscible phase of SM and
fullerene, and a pure fullerene phase. A delicate balance among these phases is the key
for the optimization of morphology of the active layer of a SM-BHIJ device.

9.3.4 NANOPHASE SEPARATION IN ADVANCED TERNARY OPVs

Nanophase separation is equally or even more important for other types of advanced
organic solar cells, for example, ternary blend BHJ organic solar cells. Ternary blend
BHJ solar cells are made from the blends of two donors and one acceptor or two
acceptors and one donor in order to enlarge the absorption window. As the fundamen-
tal device configuration of a ternary blend BHJ is identical to the binary solar cells,
the fabrication process of a ternary BHJ is simple (Ameri et al. 2012; Khlyabich et al.
2011, 2012). Two donors and one acceptor ternary blends are particularly interesting
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as donor materials can have red-shifted absorption more readily (Ameri et al. 2012;
Yang et al. 2012), and some improvement of device performance can be achieved
(Ameri et al. 2012; Khlyabich et al. 2011, 2012; Yang et al. 2012). For example, You
and coworkers showed in thin devices that the efficiency of poly (benzodithiophene-
dithienylbezotriazole) TAZ and poly (benzodithiophene-dithienylbezothiadiazole)
DTBT blended with PCBM was improved compared to binary blends (Yang et al.
2012). Brabec and coworkers showed that average performing P3HT/PCBM binary
solar cells can be enhanced by introducing the low-bandgap material Si-PCPDTBT
(Ameri et al. 2012).

The BHIJ active layer consists of an interpenetrating network (~10 nm) of a hole
conductor and an electron acceptor. The prerequisite of improving photocurrent
using the ternary components strategy is to keep efficient charge separation and
transport properties of single-layer devices. The phase separation of a ternary BHJ
organic solar cell may negatively impact transport; for example, if the higher band-
gap donor material surrounds the PCBM, the holes or/and electrons produced in
the low-bandgap material will never contribute to the current due to energy transfer
restriction. Similarly, the polymer with the higher LUMO might be dispersed in a
matrix of polymer with the lower LUMO, thus trapping holes. This indicates that the
morphology in the ternary blend device is even more critical than in binary blends.
Furthermore, many factors, including the material-material interactions, play an
important role in the final morphology. For example, it is likely that PCBM has dif-
ferent miscibility in the two donor materials, which could induce a different PCBM
ratio in each donor-rich phase (Ma et al. 2013).

9.4 CONCLUSION

Interfacial arrangements are well known as an important factor in determining the
local properties and performance of polymer-based hybrid systems (Kobayashi et al.
2011; Song et al. 2012, 2013). In this chapter, we explored, in detail, the nanophase
separation of cutting-edge OPV systems and demonstrated that the fundamental
understanding and controllable manipulation of nanophase separation are both nec-
essary and urgent in order to further improve these novel energy conversion devices.
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10.1 INTRODUCTION

Polymer solar cells (PSCs) are promising candidates for future photovoltaic devices
[1-8] owing to their low cost of material production and device processing, low tem-
perature processing for flexible devices, and ease of fabrication [7,9—11]. However,
due to their lower lifetime and efficiency, PSCs require deeper understanding to
eradicate the aforementioned drawbacks. One of the most important parameters
that influence charge transport and recombination dynamics in bulk heterojunction
solar cells is the nanomorphology [12—15]. In the past, several methods, such as
polymer:fullerene weight ratio, thickness of active layer, charge-selective interfacial
layers, choice of solvents [16], solvent additives [17], solvent annealing, and thermal
annealing [7] have been utilized to obtain optimized morphology to attain higher
power conversion efficiency. Also, over the last decade, several groups have been
working on defining and resolving different aspects of morphology, such as domain
size, purity, crystallinity, miscibility, interface sharpness/roughness, lateral and ver-
tical phase separation, or aggregation [12,18-22]. In most cases, such morphological
attributes are correlated with device performance in steady-state illumination, and
there is still a lack of understanding of the effect of domain size, purity, and their
spatial distribution on the charge transport and recombination behavior. Bimolecular
recombination has widely been shown to be the dominant recombination mechanism
in bulk heterojunction solar cells [23]. Hence, there is a need to understand the role
of processing conditions in order to achieve optimal nanomorphology to suppress the
bimolecular recombination in bulk heterojunction solar cells.

Lyons et al. [20] performed a rather interesting morphological alteration using
Cahn-Hilliard modeling and correlated it with solar cell performance as predicted
by Monte Carlo simulations. In the paper, domain purity and interface sharpness
were emphasized, assuming domain sizes were below 10 nm. However, the authors
neglected the effect of domain aggregation, which can lead to lower donor—acceptor
interface and cause charge accumulation at the donor—donor interface. Another
important study is by Spoltore et al. [24] in which the authors report the role of
polymer crystallinity on the bimolecular recombination order and defect density;
however, the authors failed to analyze the role of domain size and crystallinity on
the device efficacies. Most studies on recombination kinetics of polymer bulk het-
erojunction solar cells provide lesser insight on the nanomorphological parameters,
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such as domain purity, domain size, and interfaces; hence, it is hard to visualize the
role of morphological parameters on charge transport.

In this chapter, we have sequentially studied and analyzed the role of different
fullerene ratios and solvent additives on morphological and structural features, such
as domain purity (crystallinity), size, and interfaces, after which we have correlated
nanomorphology with charge carrier lifetime and carrier concentration, which was
derived from small perturbation transient optoelectronic measurements. Finally,
the effects of nanomorphology on steady-state current voltage characteristics were
discussed.

10.2 EFFECT OF FULLERENE RATIO AND SOLVENT ADDITIVE
ON THE NANOMORPHOLOGY AND CHARGE TRANSPORT
IN PBT-T1-BASED BULK HETEROJUNCTION SOLAR CELLS

10.2.1 UV-VisiBLe ABsorprTiON OF PBT-T1

Figure 10.1a shows the chemical structure of poly{Thiophene-2,5-diyl-alt-[5,6-
bis(dodecyloxy)-benzo[c][1,2,5]thiadiazole]-4,7-diyl (PBT-T1). The difference between
the previously reported polymer [25] and the PBT-T1 polymer is the change in the solu-
bilizing side chain alkoxy group from C,,H,,0 to C;,H,;0 [26]. Synthesized PBT-T1
was found to be soluble in a wide range of organic solvents, such as xylene, anisole,
chloroform, chlorobenzene, and dichlorobenzene. The UV-visible optical absorption
of PBT-T1 in chloroform solvent and as a film is shown in Figure 10.1b. When cast as
film, a red shift of absorption onset from 640 nm in chloroform solution to 714 nm
in solid film was observed. The optical bandgap of PBT-T1 calculated from the onset
of optical absorption in solution and solid film was 1.92 eV and 1.73 eV, respectively.
Two vibronic peaks at 612 nm and 661 nm were observed in PBT-T1 film’s absorp-
tion, which indicated structural order within the polymer when cast as a film.
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FIGURE 10.1 (a) Chemical structure of PBT-T1 polymer. (b) Normalized UV-visible
absorption of PBT-T1 in chloroform solution and solid film. (Reproduced from Venkatesan,
S. et al., Nanoscale, 2014. With permission.)
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Cyclic voltammetry measurements were performed on PBT-T1 to calculate the
HOMO and LUMO levels of the PBT-T1. The HOMO and LUMO levels of PBT-T1
are —5.44 eV and -3.12 eV, respectively. Hence, PBT-T1 possessed optimal bandgap
and energy levels for photovoltaic applications.

10.2.2  UV-VisiBLe ABsorPTION AND XRD SpectrA of PBT-T1:PC,,BM
Fitms witTH DIFFeRENT FULLERENE RATIOS AND SOLVENT ADDITIVE

PBT-T1 was blended with PC,BM in different weight ratios, and solvent additive
1,8-diiodooctane (DIO) was added to a 1:2 (PBT-T1:PC,,BM) blend solution. The
reason that we added DIO to a 1:2 (PBT-T1:PC,,BM) blend solution is that this ratio
provided us higher photovoltaic performance as shown in Figure 10.5. To study the
role of fullerene ratio and solvent additive on the optical properties and polymer
crystallinity, UV-visible spectroscopy and x-ray diffraction measurements were
done as shown in Figure 10.2a and b, respectively.

The absorption spectrum of 1:1 blend film had the same characteristic vibronic
peaks as that of the pure polymer film shown in Figure 10.1, which indicated that
the structural order was maintained within the polymer phase when blended with
PC,BM in a 1:1 weight ratio. When the PBT-T1:PC,,BM blending ratios were
increased to 1:2 and 1:3, a blue shift in the onset of optical absorption was observed.
The absorption peak blue shifted from 616 nm in 1:1 to 598 nm for 1:2 and to 585 nm
for 1:3 blend films. Broadening of the vibronic shoulder was also observed, which
suggested a higher degree of disorder in films with 1:2 and 1:3 weight ratios. A similar
trend was also observed for poly (3-hexylthiophene) (P3HT); the structural order of
P3HT was disrupted when higher PCBM ratios were used [27-29]. Hence, increasing
PCBM blending ratios led to breaking of the polymer chain packing, which resulted
in higher amorphous phase of polymer. This was further supported by in-plane XRD
measurements shown in Figure 10.2b. A sharp peak at 20 = 4.4° was found in both
the PBT-T1:PC¢,BM 1:1 blend ratio film without an additive and 1:2 blend ratio films
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FIGURE 10.2 (a) UV-visible optical absorption of PBT-T1:PC¢,BM thin films and (b) paral-
lel beam XRD measurements of PBT-T1:PC,,BM thin films. (Reproduced from Venkatesan,
S. et al., Nanoscale, 2014. With permission.)
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with a DIO additive. As seen in 1:2 blend films cast from DCB with DIO additive,
the shoulders in absorption spectra (Figure 10.2a) were distinctively highlighted,
which suggested a higher degree of structural order within the polymer phase. XRD
spectra also showed that crystalline chain packing within the polymer phase was
not disrupted by the addition of PC,BM when DIO was used as a solvent additive.
However, the peak was completely suppressed in 1:2 blend films cast without DIO
additive. XRD results proved that the loss of interchain packing order is induced
with a higher ratio of PCBM. A small peak at 20 = 8.8° was also observed for films
processed with DIO additive, which corresponded to second-order (200) diffraction.
The (200) diffraction is suppressed for 1:1 blend films, which indicated that films
cast from DIO possessed higher structural order.

10.2.3 AFM ToroGraPHY AND PHASE IMAGES OF PBT-T1:PCy,BM FiLms
WITH DIFFERENT FULLERENE RATIOS AND SOLVENT ADDITIVE
Figure 10.3 shows the AFM topography (Figure 10.3a through d and phase 10.3e

through h) images of PBT-T1:PCBM thin films in which (Figure 10.3a and e) 1:1,
(Figure 10.3b and f) 1:2, and (Figure 10.3c and g) 1:3 were cast from DCB without

1400 nm
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400'nm

FIGURE 10.3 AFM (a—d) topography and (e—h) phase images of PBT-T1:PC,BM thin
films. (a, e) 1:1, (b, f) 1:2, and (c, g) 1:3 films cast from DCB without additive, and (d, h) 1:2
cast from DCB with DIO additive. Dimension of AFM images are 1 pm by 2 pm. (Reproduced
from Venkatesan, S. et al., Nanoscale, 2014. With permission.)
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additive, and (Figure 10.3d and h) 1:2 were cast from DCB with 2.5 v% DIO as a
solvent additive.

Large fiber-type domains with width ranging from 40 to 50 nm were observed
in 1:1 blend film, which showed a root mean square (RMS) roughness of 2.34 nm.
When the PCBM weight ratios were increased to 1:2 and 1:3, shorter and thinner
fiber-like domains were observed. The RMS roughness measured for 1:2 and 1:3
blend films were 0.375 nm and 0.407 nm, respectively. The 1:2 blend film exhibited
a thinner network of fibers whose widths ranged from 15 nm to 20 nm. The widths
of the fiber were measured from average values obtained in several line profiles
on the topography images and were cross-verified with their corresponding phase
images. As the PCBM weight ratio increased to 1:3, shorter and thinner fiber-shaped
domains were observed. AFM results correlated with absorption and XRD spectra
showed that higher fullerene loading not only led to disruption of interchain packing,
but also led to formation of smaller domains. When the PC(,BM ratio was low, the
polymer phase aggregated into larger domains as seen in 1:1 cast films. When the
PC4,BM ratio was increased to 1:2 or 1:3, ratio polymer aggregation was prevented,
which led to formation of smaller amorphous phases. When DIO was added to a
PBT-T1:PC4,BM (1:2) blend solution, it led to formation of nanocrystalline polymer
domains confirmed by XRD and as seen in Figure 10.3d and h. These domains were
of the similar shape as in the 1:1 cast films but had smaller dimensions. The average
widths of fiber-type domains were about 30 nm, and lengths ranged from 30 nm to
35 nm. Films cast with DIO additive had RMS roughness of 1.75 nm.

10.2.4 CURRENT-VOLTAGE CHARACTERISTICS OF PBT-T1:PC,,BM

SoLAR CeLLs witTH DIFrereNT FULLERENE RATIO
PBT-T1 was blended with PC,;BM in different weight ratios in dichlorobenzene
(DCB) to determine the optimum mixing ratio for photovoltaic devices. The current

voltage characteristics of PBT-T1:PC,,BM with different weight ratios of PBT-T1 to
PCBM is shown in Figure 10.4.
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FIGURE 10.4 (a) [lluminated current—voltage characteristics and (b) semilog plot of dark
current—voltage characteristics of PBT-T1:PC, BM solar cells. (Reproduced from Venkatesan,
S. et al., Nanoscale, 2014. With permission.)
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Solar cells having a 1:1 blended active layer (PBT-T1:PC,,BM) showed the lowest
current density, fill factor, and open circuit voltage with respect to active layers with
higher PCBM weight ratios. Comparing the best devices in 1:2 and 1:3 blended solar
cells, it is observed that J,, is comparable between both; however, on average, 1:3
devices showed lower FF and J,_ consistently. The low J,. and FF in 1:1 blend devices
is attributed to large aggregated domains observed in the AFM images. When
PCBM loading was increased to 1:2 and 1:3, finer phase separation was observed,
which led to improvement in J,. and FF. The solar cell parameters are summarized
in Table 10.1.

From the dark J-V curves shown in Figure 10.2b, it is seen that, among all blend-
ing ratios, the 1:2 (PBT-T1:PC,,BM) showed the lowest dark current below thresh-
old voltage (0.82 V), which indicated the lowest recombination current among all
devices cast with only DCB as solvent. The diode parameters calculated from dark
current—voltage characteristics are given in Table 10.2.

Shunt resistance was the highest for cells processed in the 1:2 weight ratio. 1:2
cells also possessed lower series resistance compared to cells with 1:3 blend active
layers. The reverse saturation current (J,) and ideality factor (n) were measured from
the exponential region of the dark current—voltage regions. A significant decrease
in both J,, and n were observed for 1:2 blend solar cells. J,decreased by almost four

TABLE 10.1
Photovoltaic Characteristics of PBT-T1:PC,,BM Solar Cells

Vo (V) Jic (MA/cm?) FF n (%)
1:1 (PC4,BM) 0.87 (0.82) 4.29 (4.26) 036 (0.36)  1.36 (1.25)
1:2 (PC4,BM) 0.93 (0.92) 7.29 (7.11) 047 (0.46)  3.18(3.02)
1:3 (PC,BM) 0.91 (0.93) 7.26 (6.92) 043 (0.41)  2.82(2.65)

Note: Values in parentheses are average values of six to eight devices.

TABLE 10.2

Dark Current-Voltage Parameters of PBT-T1:PCBM Solar Cells
Ry, (Qcm?)? R, (Qcm?)? Jo (MA/cm?)® n°

1:1 (PC4BM) 255 % 10° 9.9 1.78 x 109 291

1:2 (PC,BM) 3.19 x 104 12.1 2.07 % 10 1.76

1:3 (PC4,BM) 1.05 x 10* 27.4 8.46 x 107 2.52

* Ry, and R, values are calculated by inverse slopes of linear fits to dark J-V curves
near 0 V and 1V, respectively.
b J, and n values are calculated from exponential fit to the linear portion of semilog
4V
plot of dark J-V curves as per equation J =J,\e™" -1/ where J, is the intercept

and v is the slope.
nkT
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orders of magnitude from 1:1 to 1:2 blend devices and is further increased by 24
times when PC¢,BM loading was increased from 1:2 to 1:3. The ideality factor of the
diode was observed to be lowest in 1:2 blend solar cells. Low J,, and n were indicative
of reduced trap-assisted recombination [30] in the solar cells blended in a 1:2 weight
ratio. Hence, 1:2 was found to be the optimum mixing ratio for PBT-T1:PCBM solar
cells.

10.2.5 CuURRENT-VOLTAGE CHARACTERISTICS OF PBT-T1:PC,,BM
SoLAR CEeLLs PROCESSED WITH ADDITIVE

To further enhance the power conversion efficiency in 1:2 blend devices, additive
DIO was used in small volume concentration (2 or 2.5 v%). The current—voltage char-
acteristics of PBT-T2 (1:2) solar cells with and without DIO is shown in Figure 10.5.

A significant improvement in fill factor and power conversion efficiency were
observed for solar cells processed with additive DIO. For 1:2 blended devices with
2.5 v% DIO, the average FF increased from 0.46 to 0.65. Average J,. increased
slightly from 7.12 mA/cm? to 7.53 mA/cm?. A 60 mV decrease in V. is observed for
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FIGURE 10.5 (a) Device schematic of inverted PBT-T1:PCBM solar cells, (b) illuminated
current—voltage, (c) semilog plot of dark current—voltage characteristics, and (d) EQE spectra
of PBT-T1:PC4,BM and PBT-T1:PC,,BM devices blended in a 1:2 weight ratio. (Reproduced
from Venkatesan, S. et al., Nanoscale, 2014. With permission.)
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devices cast with DIO additive, which was due to a narrowing of bandgap that led
to a slightly higher HOMO level. The higher HOMO level was caused by improved
crystallinity induced by lower solubility of polymer in DIO leading to an upward
shift in the HOMO level of PBT-T1 as observed in other polymers [31,32]. The solar
cell parameters are tabulated in Table 10.3.

In devices processed with additive DIO, J, and n were suppressed as seen in the dark
current-voltage curves (Figure 10.5b). The diode characteristics derived from dark are
tabulated in Table 10.4. J; reduced in PBT-T1:PC¢,BM solar cells from 2.07 x 10~ mA/
cm? to 4.66 x 1071 mA/cm?, which indicated the lowest charge carrier recombination in
active layers processed with DIO. Inclusion of DIO as a solvent additive led to decrease
in R, and more significantly enhanced R, by almost two orders of magnitude. Due to
reduced R, and increased Ry, the fill factor improved from 0.47 to 0.66. Improvement
in FF led to an increase in device efficiency from 3.18% to 4.53% (42% enhancement).

The power conversion efficiency is further enhanced by employing PC,,BM as an
acceptor, which led to the highest power conversion efficiency of 5.65%.

Improvement in J, using PC,,BM was due to increased photocurrent genera-
tion in 400 nm to 600 nm as seen in external quantum efficiency (EQE) spectra
(Figure 10.5¢). Enhancement of photocurrent in the 400—600 nm spectral region
was attributed to the enhanced absorption coefficient of PC,,BM in visible spectra.
For PC,,BM, a slightly lower concentration of DIO (2 v%) was required compared to
PC4BM (2.5 v%) due to higher solubility of PC,,BM in DCB [33].

TABLE 10.3
Solar Cell Parameters for PBT-T1:PCBM (1:2) Solar Cells
Vi (V) Jc (mA/cm?) FF 1 (%) Enhancement (%)

1:2 (PC4,BM) 0.93(0.92)  7.29(7.11)  047(0.46)  3.18(3.02) —

(No DIO)

1:2 (PCy,BM 0.86 (0.86)  7.97(7.53)  0.66(0.65)  4.53(4.22) 42.45

with 2.5% DIO)

1:2 (PC,,BM 0.88(0.87)  10.39(9.84)  0.62(0.62)  5.65(5.35) 77.67

with 2% DIO)

TABLE 10.4
Diode Parameters of PBT-T1:PCBM (1:2) Solar Cells Derived from Dark
Current-Voltage Characteristics

Ry, (Qcm?)? R, (Qcm?)? Jo (mA/cm?) n
1:2 (PC¢BM) (No DIO) 3.19 x 10* 12.1 2.07 x 10 1.76
1:2 (PC4,BM with 2.5% DIO) 9.43 x 10° 52 4.66 x 101 1.47
1:2 (PC,,BM with 2% DIO) 2.80 x 10° 2.9 1.27 x 10710 1.39

2 Ry, and R, values are calculated by inverse slopes of linear fits to dark J-V curves near 0 V and 1V,
respectively.
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10.2.6 PHOTO-CELIV AND EXTRACTED CHARGE CARRIER DENSITY
VERsUS DELAY TiME oF PBT-T1 SoLAr CELLS

Photo-CELIV measurements were done with varying delay times to find the mobil-
ity and to measure extracted charge carrier density as a function of delay time. Figure
10.6a serves as a visual guide to the reader showing a typical photo-CELIV signal
obtained along with indications of ¢, j,, and Aj. The shaded portion in the graph
shows the extracted charges (Q,,,) from the photo-CELIV signal. Figure 10.6b shows
the photo-CELIV curves at 4 ps delay time for PBT-T1:PC,BM solar cells with dif-
ferent PC,,BM weight ratios and 1:2 solar cells processed with 2.5 v% DIO additive.
The results from Figure 10.6a are summarized in Table 10.5.

From Figure 10.6b, higher Aj was observed for 1:2 solar cells compared to 1:1
and 1:3 ratios, indicating higher charge carrier density. The 7, observed for 1:2 was
3.5 ps. For the 1:1 blend devices, a slightly shorter ¢, of 3.05 ps was observed, and
the 1:3 device showed the longest 7, of 5.25 ps. 7, indicated the voltage required
to extract the photogenerated trapped charge carriers, and hence, for 1:1 and 1:2
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FIGURE 10.6 (a) Typical photo-CELIV curve, (b) photo-CELIV measurements of
PBT-T1:PC¢,BM solar cells at 4 ps delay time between light pulse and voltage ramp, and
(c) extracted charge carrier density from photo-CELIV curves with varying delay times.
(Reproduced from Venkatesan, S. et al., Nanoscale, 2014. With permission.)
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TABLE 10.5

Charge Carrier Mobility, t,,,, and Extracted Charge Carrier Density (n,,,)
Values Estimated from the Photo-CELIV Measurements at 4 ps Delay Time
along with Thickness Values

toax (PS) Mobility (cm?/Vs) Thickness (nm)  n,, (cm=)

1:1 3.05 3.06 x 10 80 1.26 x 10
1:2 35 4.04 x 10 110 3.14 x 10
1:3 5.25 1.86 x 107 120 7.15x 10"
1:2 (DCB + 2.5% DIO) 2.85 6.98 x 105 110 6.16 x 105

blend devices, lower bias voltage was required to extract the maximum charges.
Higher bias voltage was required for 1:3 devices owing to the amorphous nature of
the polymer that led to charges being occupied in deeper defect states. However, the
extracted charge carrier density of 1:3 was higher than that of the 1:1 blend devices
due to finer phase separation as observed in AFM images. The 1:2 blend devices
showed the highest mobility of 4.04 x 107> cm? V-! s~! among all blend devices pro-
cessed from DCB. For 1:2 devices processed from a DCB and DIO mixture, the
mobility was further enhanced to 6.98 x 10~° cm? V-! s7! due to the shorter ¢,,,, and
higher extracted charge carrier density (n,,,). Figure 10.6¢c shows the variation of
extracted charge carrier density (n,,) with delay time used in photo-CELIV mea-
surements. The n_, reduced with higher delay times due to higher recombination
of charge carriers before the voltage ramp is applied. The log—log plot of n,, versus
delay time showed power law decay typical of bimolecular recombination [34]. The
decay of n,, in the 1:1 and 1:3 blend devices was found to be much faster than that
in the 1:2 blend devices attributed to higher recombination in 1:1 and 1:3 solar cells.
The 1:2 ratio devices with and without DIO additive showed reduced recombination
decay with delay time, which led to higher extracted carriers.

10.3 EFFECT OF SOLVENT ADDITIVE ON THE
NANOMORPHOLOGY AND CHARGE TRANSPORT
IN PDPP3T:PCBM SOLAR CELLS

Figure 10.7a shows the device schematic used to study the effect of solvent addi-
tive on the nanomorphology and charge transport in PDPP3T:PCBM solar cells
[35]. Here, the inverted devices were specifically chosen due to higher stability. The
devices studied showed minimal (<5%) degradation after complete testing. Zinc
oxide (ZnO) acts as an electron transport layer and molybdenum oxide (MoO;) as a
hole transport layer. ITO and silver act as a cathode and anode, respectively. Active-
layer morphology was altered with different commonly used additives for polymer
bulk heterojunction solar cells, namely CN, DIO, and ODT. For comparison, active
layers without any solvent additives (pristine) were also spin casted. Chemical struc-
tures of the additives are shown in Figure 10.7b.
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FIGURE 10.7 (a) Device structure of inverted PDPP3T:PCBM solar cells, and (b) chemical
structures of PDPP3T, 1,8 diiodooctane, 1-chloronapthalene, and 1,8 octanedithiol. (Reproduced
from Venkatesan, S. et al., Nanoscale, 6, 2, 1011-1019, 2014. With permission.)

10.3.1 EFTEM Imaces or PDPP3T:PCBM FiLms
MoODIFIED WITH SOLVENT ADDITIVES

The active layer morphology of PDPP3T:PCBM bulk heterojunction was modified
using different solvent additives, namely 1-chloronapthalene (CN), 1,8 diiodooctane
(DIO), and 1,8 octanedithiol (ODT).

To investigate the effect of solvent additive on the bulk morphology and donor
purity of these films, energy-filtered TEM (EFTEM) was used to map the donor
purity as shown in Figure 10.8. For comparison, films without additive were also
studied and termed as “pristine” in future sections.

In the pristine films, no contrast inversion is observed between the donor and
acceptor maps. The bright regions in the donor map are also bright regions in the
acceptor map, which suggested that donor (PDPP3T) and acceptor (PCBM) are
highly intermixed without clearly separated donor-rich or acceptor-rich domains in
pristine films. It has also been reported by others that spatial randomness in maps
of films cast without additives is due to formation of a mixed phase in which the
fullerene molecules intercalate between an amorphous or semicrystalline matrix of
polymer chains [36,37]. Therefore, the brighter and darker spots in pristine films
were only caused by the thickness variation. However, in the DIO, CN, and ODT
additive-processed films, a contrast inversion between donor and acceptor maps is
observed; that is, brighter regions in donor maps corresponded to darker regions
in acceptor maps. The bright regions indicated high-purity donor domains in the
donor maps, which correspond to the dark regions that represented acceptor-poor
domains in the acceptor maps in DIO, CN, and ODT films. Such spatial correla-
tion indicated that high-purity donor-rich and acceptor-rich domains were formed in
the blend films when cast with solvent additives. In the case of DIO and CN films,
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FIGURE 10.8 EFTEM donor and acceptor maps of PDPP3T:PCBM films cast with differ-
ent solvent additives. (Reproduced from Venkatesan, S. et al., Nanoscale, 6, 2, 1011-1019,
2014. With permission.)

tripod-shaped and rod-like domains of polymer-rich regions were observed. Most of
these domains were 10-20 nm in width. These domains were much larger than the
domain sizes observed in films cast with ODT additive; however, ODT films showed
higher aggregation of donor domains possibly due to the high boiling point of ODT.

10.3.2 SetecTeD AREA ELECTRON DIFFRACTION AND RAMAN
SpecTRA OF PDPP3T:PCBM THIN FiLms

To analyze the crystallinity of the polymer, selected area electron diffraction (SAED)
and Raman spectroscopy were performed on PDPP3T:PCBM thin films shown in
Figure 10.9. The grayness intensity of SAED images shown in Figure 10.9a was plot-
ted versus the diffraction radius as shown in Figure 10.9b.

The peak at 50-65 pixels is due to the d-spacing of PCBM [38]. The peak was
observed at a radius of 120 pixels, which is attributed to the d-spacing of PDPP3T.
A broad peak was observed for pristine films. However, there was negligible or no
change in domain crystallinity when PDPP3T:PCBM films were cast with different
solvent additives, implying no change in domain crystallinity. Similar behavior was
also obtained in the Raman spectra shown in Figure 10.9c in which a negligible
change in full width half maximum (FWHM) at 1421 cm™' was observed for all
films processed with additives. This was attributed to the C=C stretching in the
polymer’s molecular structure related to n electron delocalization arising from chain
packing as emphasized in previous reports [17,39,40]. As seen in the Raman spectra,
the FWHM at 1421 cm™' was the highest for pristine samples, indicating poor chain
packing compared to films processed with solvent additives. Hence, use of different
solvent additives did not change or had negligible impact on the domain crystallin-
ity or chain packing in the donor-rich domains; however, they affected the donor
domain size as observed from EFTEM maps.
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FIGURE 10.9 (a) Selected area electron diffraction (SAED) pattern of PDPP3T:PC¢,BM thin
films. (b) Radial grayness profile of SAED images. (c) Raman spectra of PDPP3T:PC(,BM
thin films. The numbers in the legend show FWHM at 1421 cm™' denoting the C=C bond
stretching extracted from Lorentz Fit of Raman peaks. (Reproduced from Venkatesan, S.
et al., Nanoscale, 6, 2, 1011-1019, 2014. With permission.)

10.3.3 EFrecT OF SOLVENT ADDITIVES ON THE SURFACE
MorpHoLoGY oF PDPP3T:PCBM FiLms

Tapping mode atomic force microscopic (AFM) imaging was performed to analyze
the surface morphology and phase separation of PDPP3T:PCBM films. Figure 10.10
shows the topographic (a—d) and phase (e-h) images of PDPP3T:PCBM films cast
with different solvent additives.

The topographic images of all films exhibited the fiber type of morphology. These
fibers showed widths of 25 nm to 40 nm. With the addition of solvent additives, forma-
tion of longer fibers was observed for PDPP3T:PCBM films attributed to enhancement
in the structural order of the polymer. Additives serve as good solvents for fullerenes
but poor solvents for the polymer phase, leading to polymer aggregation into more
crystalline domains. Such structural ordering led to larger polymer domains, which
thereby resulted in higher RMS roughness of the film’s surface. The RMS roughness
increased from 2.67 nm for pristine films to 5.13 nm, 4.18 nm, and 5.53 nm for films
cast with DIO, CN, and ODT additives, respectively. Shorter fiber-like domains were
observed for pristine films, which indicated higher density of domain boundaries.
Domain boundaries can act as traps for charge recombination. On the other hand, the
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films cast with additives show longer fiber-like domains whose lengths varied from
80 nm to 120 nm. Films cast with ODT additive showed aggregation of polymer fibers
and also possessed the longest fibers with lengths of 100 nm to 150 nm.

10.3.4 CURRENT-VOLTAGE CHARACTERISTICS OF PDPP3T:PCBM SoLAR CELLS

The effect of solvent additive on the photovoltaic performance of PDPP3T:PCBM
solar cells was evaluated by performing current versus voltage spectroscopy as
shown in Figure 10.11.

The J. increased significantly for all solar cells processed with additives com-
pared to pristine devices. The solar cell parameters extracted from the current—
voltage measurements are summarized in Table 10.6.

Among all additives, the cells processed with DIO showed the highest J,_ of 10.75
mA/cm? and the highest power conversion efficiency (n) of 4.77% having a V,, of
0.68 V and FF of 0.65. Pristine solar cells showed the highest fill factor of 0.68 due to
high shunt resistance (R,) of 2345 Qcm?. The high fill factor of PDPP3T:PCBM solar
cells is attributed to high ambipolar mobility of PDPP3T [41,42]. Cells processed
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FIGURE 10.11 (a) Current density—voltage characteristics of PDPP3T:PC¢,BM solar cells
under AM1.5 illumination. (b) Semilog plot of dark current density—voltage of PDPP3T:PCBM
solar cells. (Reproduced from Venkatesan, S. et al., Nanoscale, 6, 2, 1011-1019, 2014. With
permission.)

TABLE 10.6
Photovoltaic Properties of PDPP3T:PC, BM Solar Cells Using Different
Solvent Additives

Jic (MA/cm?) Voo (V) FF n (%) Ry, (Qcm?) R, (Qcm?)
Pristine 5.55 0.68 0.68 2.58 2345 6.5
DIO 10.75 0.68 0.65 4.77 1541 5.8
CN 9.50 0.67 0.68 433 1533 5.6

ODT 9.54 0.46 0.46 2.01 780 23.8
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with additive ODT showed s-shaped current voltage characteristics, which also pos-
sessed the lowest power conversion efficiency. ODT-processed solar cells showed
similar J (9.54 mA/cm?) to CN- and DIO-processed cells but possessed lowest FF
and V,, compared to all the other cells. The higher series resistance (23.8 Qcm?) and
lower shunt resistance (780 Qcm?) in the ODT devices than those in the DIO or CN
cells led to a lower FF. The ODT cell also showed the lowest threshold voltage; this
can be seen as an earlier onset of dark current in the medium-bias voltage range as
compared to the pristine, DIO, and CN cells, which led to a corresponding lower V.
in the ODT cells.

Domain impurity in pristine cells gave rise to a high density of traps that acted as
recombination centers. Solvent additives enhanced domain purity, which led to vast
improvement in short-circuit current density. However, ODT additive led to s-shaped
J-Vbehavior due to charge accumulation, leading to low FF. Accumulation of charges
is attributed to inefficient bicontinuous transport pathways due to aggregation of pure
polymer domains [43]. Aggregation also led to more polymer—polymer interfaces,
which reduced the built-in potential resulting in lower V... DIO and CN additives
gave rise to desirable distribution consisting of crystalline polymer domains evenly
distributed throughout the bulk of the film. This led to reduced recombination within
the polymer domains and efficient charge transport due formation of bicontinuous
pathways.

10.3.5 Errect OF SOLVENT ADDITIVE ON CHARGE TRANSPORT AND
RecomsINATION DyNAMICS OF PDPP3T:PCBM Sotar CELLs

To study the charge collection and recombination dynamics in PDPP3T:PCBM solar
cells, transient photocurrent (TPC) and transient photovoltage (TPV) spectroscopy
were performed. The TPC plot is shown in Figure 10.12a, and the recombination
lifetime and coefficient extracted from TPV spectroscopy is shown in Figure 10.12b
and c, respectively.

As seen in Figure 10.12a, cells processed with CN and DIO additive showed faster
decay of photocurrent than those processed without additive and cells processed with
ODT additive. By fitting the TPC curves with mono-exponential decay functions, the
charge collection time was calculated to be 220.6 ns and 246.4 ns for CN- and DIO-
processed cells, respectively. Slow photocurrent decay in ODT-processed cells was
observed with decay lifetime of 342.6 ns, which indicated charge accumulation as
supported by the s-shaped behavior in the J-V results in Figure 10.12a.

Figure 10.12b shows the variation of charge carrier lifetime on the charge car-
rier concentration for the pristine and different additives PDPP3T:PCBM solar
cells. Charge carrier lifetime decreased and bimolecular recombination coefficient
increased with an increase in carrier concentration, which is attributed to bimolecular
recombination from distribution of tail trap states present within the bandgap of the
polymer [24]. For ODT-processed devices, a higher charge carrier lifetime at higher
charge carrier densities is observed, which indicated lower bimolecular recombina-
tion order. The bimolecular recombination order ()) is derived from the slope of the
charge carrier lifetime versus charge carrier density plot. The bimolecular recombi-
nation order was 4.13 for pristine solar cells. The bimolecular recombination order
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FIGURE 10.12 (a) Transient photocurrent decay of PDPP3T:PCBM solar cells. Numbers
indicated in parentheses in the legend show charge carrier lifetime in the short-circuit condition
obtained by fitting the decay function with the mono-exponential equation. (b) Charge car-
rier lifetime versus charge carrier density plot of PDPP3T:PC,,BM solar cells with apparent
bimolecular recombination order (A) and (c) bimolecular recombination coefficient versus
charge carrier density of PDPP3T:PC¢,BM solar cells. (Reproduced from Venkatesan, S. et
al., Nanoscale, 6, 2, 1011-1019, 2014. With permission.)

decreased from 4.13 to 2.99 and 3.93 for DIO- and CN-processed devices, respec-
tively, which indicated a lower trap-assisted recombination in DIO and CN cells. The
ODT-processed solar cells had the lowest bimolecular recombination order of 1.29
and showed the lowest increase in bimolecular recombination coefficient with an
increase in charge carrier density as seen in Figure 10.12c.

Because bimolecular recombination is shown to occur at the donor—acceptor
interface [44—46], pristine solar cells showed enhanced bimolecular recombination
due to excess donor—acceptor interfaces caused by intermixing of amorphous poly-
mer with fullerene. Bimolecular recombination is lower for DIO- and CN-processed
cells as the interface states are reduced due to higher crystallinity of the polymer.
However, in ODT-processed cells, a higher donor—donor interface led to suppressed
bimolecular recombination but, at the same time, led to slow charge carrier transport
due to lack of bicontinuous charge transport pathways.
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Correlating the nanomorphological and structural characterization to the device
results, we can emphasize that the domain purity plays a significant role in J,, because
the high purity donor and acceptor domains, even at different domain sizes, in the DIO,
CN, and ODT cells led to a comparable /. (9.5-10.75 mA/cm?), which is much higher
than that (5.55 mA/cm?) of the pristine cells in which the donor and acceptor are inter-
mixed. As discussed in Section 10.3.5, the high purity donor domain sizes are within
the exciton diffusion lengths and seem to have negligible effects on J,.. However, the
smaller high purity donor domains in the ODT cells can affect the V,  and FF as a
result of charge transport and recombination. Fullerene intercalation between poly-
mer chains (shown in Figure 10.13a for pristine films) leads to higher impure polymer
domains as well as highest interdomain interfaces and/or isolated regions giving rise
to higher bimolecular recombination as charge recombination is enhanced by the trap
states present at the interdomain interfaces. However, lower PCBM intercalation in the
additives-added films (Figure 10.13a and b) led to lower bimolecular recombination
due to the formation of high purity donor domains and acceptor domains that reduced
donor—acceptor interfaces and improved electron/hole transport pathways. This caused
a higher J, in the additive-added (DIO, CN, and ODT) cells than in pristine devices.
However, the smaller donor domains in ODT cells led to higher series resistance and

FIGURE 10.13 Nanomorphology when (a) processed without additives, showing highly
intermixed domains, (b) processed with additive CN or DIO and domain purity is higher
and having adequate interdomain interfaces, and (c) processed with additive ODT and
smaller domain of pure domains may lead to lower interdomain interface. (Reproduced from
Venkatesan, S. et al., Nanoscale, 6, 2, 1011-1019, 2014. With permission.)
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lower shunt resistance, causing a lower FF than the DIO and CN devices. The donor and
acceptor domain purity, distribution, and size affect charge collection to the electrodes,
bimolecular recombination at the domain interfaces, and charge carrier lifetime. In
order to attain high photovoltaic device performance, it is necessary to both suppress
bimolecular recombination and reduce charge transport/collection time. Hence, it is
important to select appropriate solvents, additives, and active layer processing condi-
tions to create ideal morphology in bulk heterojunction devices consisting of optimum
polymer domain purity, size (within exciton diffusion length), and distribution.

10.4 SUMMARY

Effects of PCBM weight ratios on the optical and electrical characteristics of a bulk
heterojunction 2,1,3-benzothiadiazole-based polymer, namely PBT-T1:PCBM film, were
investigated and correlated with changes to nanomorphology. Increasing PCBM loading
in active layer blends led to more amorphous polymer chains with smaller domain sizes.
The 1:2 mixing ratio was found to be optimum for device performance due to low series
and shunt resistance. The addition of small amounts of additive DIO in parent solvent
for the 1:2 mixing ratio led to enhanced photovoltaic performance due to a reduction in
series resistance, larger shunt resistance, and higher charge carrier mobility caused by
improved crystallinity of the polymer. Photo-CELIV measurements with varying delay
time showed that 1:2 cells exhibited higher density of extracted charge carriers and was
further enhanced when processed from a DCB + DIO solvent mixture. Power conver-
sion efficiency for single junction devices at the 1:2 blending weight ratio with additive
and PC,,BM reached up to 5.65% with a high open circuit voltage of 0.9 V. In addition,
charge transport and bimolecular recombination dynamics were correlated with nano-
morphology in polymer solar cells by studying the role of domain purity and domain
size on charge transport and recombination kinetics in inverted bulk heterojunction solar
cells. Domain purity was found to play an important role in short-circuit current density,
and the fill factor is mainly dependent upon domain sizes. Further work to reduce charge
recombination in polymer solar cells should be directed toward attaining high domain
purity and optimal domain sizes with lower density of trap states.
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11.1  INTRODUCTION

Unlike a conventional inorganic semiconductor in which the charge carriers are
immediately generated upon the exposure to light, an organic semiconductor forms
a spatially localized electron—hole pair (that is, a Frenkel-type exciton).:> These exci-
tons typically have large binding energy of around 0.5 eV, which means that the gen-
erated excitons need to migrate to the donor—acceptor interface for their dissociation.
The excitons diffuse randomly and are not influenced by an electric field as they are
electrically neutral. Hence, the length scale of organic phases must be comparable
to the exciton diffusion length (L = (D-1)"> = ~10 nm, where 7 is the lifetime of the
exciton, and D is the diffusion coefficient).>-> To understand the exciton migration
process, the energy transfer mechanism should be invoked and can be written as

D+A—->D+"A

where D and A are the donor and the acceptor, respectively. The asterisk represents the
excited state of molecules. The energy transfer may occur either by the dipole—dipole
interaction or by the electron exchange interactions. The energy transfer through
electron exchange interactions requires an orbital overlap between molecules and is
sometimes referred to as “Dexter energy transfer” or “orbital overlap mechanism.”¢’
In this case, the electron is transferred from the LUMO of the donor to that of the
acceptor, and the hole is also simultaneously transferred from the HOMO of the
donor to that of the acceptor. As the Dexter transfer is governed by the orbital overlap
between the electron density of both the excited donor (‘D) and the nearby ground
state acceptor (A), the rate of the Dexter transfer can be expressed as

kDexter & <‘P(*D)lP(A)| Hex |lP(D)lP(*A)>2

where H., is the electron exchange operator. The form of the H,, operator is exp(—Rp,),
where R, is the distance between the donor (D) and the acceptor (A).

The energy transfer can also occur via the dipole—dipole interaction, and it is
sometimes termed as “Forster energy transfer.”®” In this mechanism, the energy is
transferred by the overlap of dipolar electric fields of “D with A. Similarly, the rate
of Forster energy transfer can be also calculated and written as

Kpraer & <PCD)P(A)| Hyp I¥(D)P(A)>

Forster
where Hpp, is the dipole—dipole energy transfer operator and has the form of

> /Ros. Here, ., and p., are the strength of an oscillating dipole by “D and
*A, respectively. By considering the degree of contribution from Forster and Dexter
energy transfers, the overall rate of energy transfer can be expressed as

kgr o o <P(D)P(A)| Hpp, 'P(D)P(CA)S? + f <P(D)F(A) H,, ¥(D)P(A)>2

where o and f are the degree of contribution from Forster and Dexter energy trans-
fers, respectively. Because the matrix element is squared, the rate constant is simply
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proportional to the exp(-2R,,) and 1/Rp,,° for Dexter and Forster energy transfers,
respectively. The falloff in the rate of energy transfer from the exchange mechanism
is steeper than that from the dipole—dipole interactions. Consequently, the range of
distance between “D and “A for Forster energy transfer is relatively larger (that is, 1 ~
10 nm) than that of Dexter transfer (that is, with a typical length scale of 0.1 ~ 1 nm).
Nonetheless, the rate constant (kgr) drops to the negligibly small value compared to
the lifetime of "D as the intermolecular separation increases.

The energy transfer rate constant has a connection with the exciton diffusion
coefficient, D, and their relationship can be written as'®!!

A
D= g 2 Rlz)AkET(RDA)
N

where A is a factor for disorder in the thin film. Here, the energy transfer rate con-
stant, kg is defined by the Dexter or Forster energy transfer rate depending on the
system. Because the diffusion length (L) is expressed as L = (D(R,,)-7)""?, the interfa-
cial engineering between the donor and the acceptor materials would be a key factor
for the efficient charge separation in solar cells. In the following, the methodologies
for engineering the donor—acceptor interface are elaborated.

11.2  GRAFTING CONJUGATED POLYMERS ONTO
SEMICONDUCTOR INORGANIC NANOPARTICLES

11.2.1 INTRODUCTION

Conjugated polymers (CPs) have garnered increasing attention due to their advantageous
properties, such as light weight, flexibility, roll-to-roll production, low cost, and large
area. After the discovery of CPs such as poly(3-hexylthiophene) (P3HT), the photovol-
taic devices utilizing CPs as electron donors and fullerene derivatives as electron accep-
tors offer a promising route to organic light-harvesting devices. However, the fullerene
derivatives are expensive and cannot be synthesized on a large scale. Moreover, their
limited charge mobility leads to many studies in searching for other promising materials
as electron acceptors.!! It is worth noting that the size and shape of semiconductor inor-
ganic nanoparticles (that is, CdS, CdSe,"? CdTe,'* PbSe,*!> and ZnO'®!7) can be precisely
controlled.'® They possess high intrinsic carrier mobility and their bandgap can be tuned
by controlling the nanoparticle size. Moreover, a large surface area originated from the
nanosize of particles ensures the effective charge separation as the exciton diffusion
length is typically around 10 nm for organic solar cells. In this context, semiconductor
nanoparticles have been used as electron-accepting materials to reduce current losses
from the recombination process, thus improving photovoltaic performance.!*-?!

In the early study, hybrid solar cells utilizing inorganic nanoparticles (that is, CdSe
nanorods or NRs) as electron donors and P3HT as electron acceptors were fabricated.??
The device was composed of ITO/PEDOT:PSS/P3HT:CdSe NRs/Al as shown in
Figure 11.1. The power conversion efficiency (PCE) was 1.7% with an open circuit volt-
age (V,,) of 0.7 V, fill factor (FF) of 0.4, and current density (J,,) of 5.7 mA/cm?.
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FIGURE 11.1  (a) Structure of regioregular P3HT and the schematic representation of energy
level for CdSe nanorods and P3HT. (b) Illustration of the device structure. (c) I-V characteris-
tic curve. (From W. U. Huynh, J. J. Dittmer, A. P. Alivisatos, Science, 295, 2425-2427, 2002.
Reprinted with permission of AAAS.)

However, the overall performance of hybrid devices was not satisfactory as
expected when considering the high intrinsic mobility of inorganic materials. Several
reasons are speculated as follows:?3-?° First, the use of insulating ligands (surfactant)
was unavoidable during the nanoparticle synthesis to prevent their aggregation as
well as to obtain the mono-disperse size distribution. Such ligands form a barrier
of several Angstrom thickness surrounding nanoparticles, thereby impeding the
transport of electrons to adjacent nanoparticles or from CPs. Moreover, the poor
miscibility of surfactant-capped nanoparticles within the CP matrix results in the
micro-scale phase segregation during the film spin casting, leading to the formation
of isolated domains. These micro-sized domains inhibit the charge transport and
separation as they trap charge carriers within domains, and the size of domains is
bigger than the diffusion length of excitons. As a result, efforts have been made to
increase the interfacial area between CPs and inorganic nanoparticles through the
surface modification of inorganic nanoparticles.

11.2.2 LiGAND EXCHANGE

Ligand exchange is the chemical reaction that replaces one ligand with another via
adsorption—desorption dynamics, thus permitting the binding of a broad range of
functional groups on the surface of nanoparticles. Briefly, small amounts of nanopar-
ticles with a given ligand coverage are injected into a large volume of selected sol-
vent to dissociate the certain amount of the original capping ligands. The desired
ligands are then introduced to replace with original ligands. The reaction processes
and rate can be described as follows:*

Adsorption: M + L — ML, (d[MLJ/d#), = k,[]M][L] (11.1)

Desorption: ML — M + L, (d[MLJ/d#),= —k,[ML] (11.2)
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where M and L refer to the surface bonding sites of nanoparticles and the free-
state ligand concentration, respectively. The [ML] is the concentration of ligands in
bonded state, and k, and k, are the absorption and desorption reaction rate constant,
respectively. The average surface ligand coverage (0) can be expressed as

0 = [MLJ/([M]+[L])

As the number of bonding sites ((M] + [ML]) is constant for a given system,
Equations 11.1 and 11.2 can be rewritten as

Adsorption: M + L - ML, (d[6]/df),= k,(1 — ©)[L]
Desorption: ML — M + L, (d[0]/df) = —k4[0]

Clearly, the average surface ligand coverage depends on the adsorption rate constant,
k,; the desorption rate constant, k; and the concentration of ligands. The adsorption rate
and desorption rate are usually determined by the chemical nature of the ligands, which
is correlated with the binding ability of functional groups to the nanoparticle surface as
well as the steric effects resulting from adjacent chains capped on nanoparticles. Thiols,
amines, phosphonic acids, carboxyl acids, and phosphine oxides are the most com-
monly used ligands. When designing the ligands for photovoltaic applications, several
aspects of ligands need to be considered: (1) the head group should have a high affinity
for nanoparticles, (2) the energy level of ligands (for example, in case of CP as ligands)
need to be well matched with nanoparticles in light of their applications, and (3) the end
group must provide nanoparticles with good solubility in the solvents of choice.

To this end, novel CP ligands named pentathiophene phosphonic acid (T5) and
terthiophene phosphonic acid (T3) were designed and synthesized (Figure 11.2).3!
The phosphonic acid moiety serving as the head group renders its strong anchor-
ing to the surface of nanoparticles, and the oligohexylthiophene chains as the end
group provide good solubility in most of the organic solvents as well as the excellent

CeHis CeHis C5H13

S e B
— LUMO

C6H13 C6H13
Pentathiophene phosphonic acid (T5)

E— HOMO

CsHB T3 CdSe T
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a

FIGURE 11.2 (a) The molecular structure of ligands. (b) Schematics of the proposed energy
level alignment in the CdSe-oligothiophene complexes. (D. J. Milliron, A. P. Alivisatos, C.
Pitois, C. Edder, J. M. J. Fréchet: Advanced Materials, 2003, 15, 58—61. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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FIGURE 11.3  (a) Optimized structure of thiophenedithiobenzoate in its negative ion form.
(b) Optimized structure after the complexation of a Cd** ion. (c) Electronic energy level
alignment for CdSe QDs and carbodithioate oligothiophene. (Reprinted with permission
from Querner, C. et al., Chemistry of Materials, 18, 4817-4826. Copyright 2006, American
Chemical Society.)

miscibility with CPs, especially P3HT, due to their similar structure. The energy
level of synthesized CP ligands compared with inorganic nanoparticles (for example,
CdSe quantum dots or QDs) is illustrated in Figure 11.2b.

The energy level of T3 molecules and CdSe QDs is type I, and the energy level TS
molecules and CdSe QDs are classified as type II. At the type I interface, the energy
transfer occurs while the charges are transferred at the type II interface. Generally, the
type Il interface is preferred for photovoltaic devices due to the charge transport charac-
teristics whereas the type I is suitable for LED applications as charges can be confined
in the core (for example, CdSe QDs), thus facilitating the charge recombination. In this
regard, the energy level of CP ligands must be carefully designed to meet the need
for specific applications. Indeed, the luminescence quenching in T5-CdSe QDs was
observed, and the nanoparticle fluorescence increased after the complexation with T3
ligands. The carbodithioate oligothiphenes were also rationally designed and grafted
onto the nanoparticle surfaces (for example, CdSe QDs) for solar cells via the ligand
exchange process as shown in Figure 11.3.3 A staggered (type II) alignment ensures the
charge separation: The electron transfers from the CP ligand to nanoparticles, and the
hole transfers from nanoparticles to the ligand. Although the ligand was sophisticatedly
designed to fulfill the conditions noted earlier in (1) and (2), it failed to satisfy the condi-
tion (3), thereby resulting in a poor miscibility with CPs. Consequently, its application in
hybrid solar cells based on a spin-coating technique is rather difficult.

11.2.3 Direct GRAFTING OF CONJUGATED POLYMERS WITH NANOPARTICLES

Although direct ligand exchange is simple, its efficiency is usually low as the tar-
geted CP chains are longer than the passivated ligands.> As a result, inorganic
nanoparticles prepared with simple ligand exchange sometimes exhibit the phase
separation when mixing with CPs, which is detrimental for solar cell applications. To
address this problem, a two-step process utilizing bifunctional ligands for coupling
was introduced.?* First, the original ligands of nanoparticles were exchanged with
designed bifunctional ligands. The bifunctional ligand is usually short to increase
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the efficiency of ligand exchange. One end of the bifunctional ligand is tethered to
the surface of nanoparticles, and the other end undergoes the coupling reaction with
CPs. For example, P3HT was grafted onto CdSe NRs, utilizing bifunctinoal ligands,
such as arylbromide phosphine oxide and thiols. Arylbromide-functionalized phos-
phine oxides or thiols were first introduced to CdSe NRs by ligand exchange. The
vinyl-terminated P3HT was then grafted onto the CdSe NR surface via Heck cou-
pling of arylbromide functionalities and vinyl end groups as depicted in Figure 11.4.
The grafting density was 250 and 400 P3HT chains per NR for phosphine oxide and
thiol functionalities, respectively. This result is consistent with the fact that the thiol
ligands coordinate more effectively than the phosphine oxide ligands.

In the approach noted in Section 11.2.3, it is necessary to remove all fatty insulat-
ing ligands covering nanoparticles (that is, alkyl phosphonic acid) through the ligand
exchange process by utilizing small molecules, such as pyridine. After that, the
designed bifunctional ligands were introduced. However, this process is usually time-
consuming. In this context, to circumvent the previously mentioned problem (that
is, a two-step ligand exchange), CPs (that is, vinyl-terminated P3HT) were grafted
onto bifunctional ligand-capped nanoparticles via Heck coupling in the absence
of the ligand exchange as illustrated in Figure 11.5.3% Specifically, monodispersed
CdSe QDs were prepared with [(4-bromopheynyl)methyl]dioctylphosphine oxide
(DOPO-Br), yielding DOPO-Br-capped CdSe QDs. The as-prepared DOPO-Br
capped CdSe QDs were grafted with vinyl-terminated P3HT via Pd-catalyzed Heck
coupling without further treatment. However, the weak binding strength of phos-
phine oxide with nanoparticles and the difficulty in controlling the shape of nanopar-
ticles are the limitations of this approach.

Br
O’ PV\/\N

5
N

r{=p=0] Jo=¥ Br

v 3\/ il .
\ N\ ’\’\’\"P=O O=P~/\/~/~ 813
Mo G Ay —

Ligand exchange

A

Z

4
=z
N

!

Z

PD,(dba)s, P(tBu)s,

< /‘/ NO CgH17 CgHiy methyldicyclohexylamine
- — Br Br
SH HS
@N N:\:/> CgHy7 CgHiz

4

Z
N

g
2

CeHir CgHy7 GgHyy

Br
CdSe nanorods Br H
HS CEH 17
CeHiz

8

Poly(3-hexylthiophene)
ligands

2

Br
CBHW

HS

?

CgH
CSH” 87
Br

2

H:

CgHyy CgHy7

FIGURE 11.4 Schematic illustration of grafting technique. (Reprinted with permission
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FIGURE 11.5 TIllustration of grafting vinyl-terminated P3HT onto CdSe QDs utilizing
bifunctional ligands (DOPO-Br). (Reprinted with permission from Xu, J. et al., Journal of the
American Chemical Society, 129, 12828-12833. Copyright 2007, American Chemical Society.)

By far, the intimate contact between the donor and acceptor materials can be
achieved via the grafting technique mentioned above. Although an intimate contact
facilitates the exciton dissociation, which solely happens at the donor—acceptor inter-
face, the efficient charge transport is not determined only by the intimate contact of
donor and acceptor. The charge transport properties can be tuned by controlling the
size and shape of nanoparticles. For example, anisotropic NRs carry the advantage
over QDs because the one-dimensional structures easily form continuous pathways
for charge transport, and QDs require more hopping processes. However, the aniso-
tropic shape of nanoparticles cannot be achieved with a previous direct grafting
method because of the characteristic of DOPO-Br ligands that do not bind selec-
tively to the certain facets of nanoparticles. To render unidirectional growth of CdSe
nanoparticles, the ligands should bind selectively to the surface of CdSe NRs (that is,
[0110] and [1120] facets), which highly depends on the moiety of ligands. The phos-
phonic acid is one of the most widely used ligands for the growth of the elongated
shaped CdSe nanoparticles due to its selectivity. In this context, CP-grafted CdSe
NRs were prepared by introducing a new bifunctional ligand, 4-bromobenzyl phos-
phonic acid (BBPA).3¢ The phosphonic acid group of BBPA can strongly coordinate
with (0110) and (1120) facets of CdSe NRs and promote elongated growth of CdSe
NRs, yielding BBPA-capped CdSe NRs. Subsequently, the end-functionalized P3HT
was grafted with a bromide group of BBPA-capped CdSe NRs via Heck coupling or
click chemistry. For the Heck coupling strategy, the procedure was similar to the
reaction between DOPO-Br-capped CdSe QDs and vinyl-terminated P3HT. For the
click reaction, the bromide group of BBPA was converted into an azide group, form-
ing N;-BPA-capped CdSe NRs. The ethynyl-terminated P3HT was then grafted with
the N;-functionalized CdSe NRs via the catalyst free Huigen 1,3-dipolar cycload-
dition, producing P3HT-CdSe NR nanocomposites (Figure 11.6). It is worth noting
that the P3HT-CdSe NR nanocomposites prepared by click chemistry are based on
the catalyst-free reaction, and the Heck coupling method requires a Pd catalyst. As
a result, nanocomposites produced by click chemistry are desirable for solar cells as
there is no need for further purification.
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FIGURE 11.6 (a) Direct grafting of vinyl-terminated P3HT onto CdSe NRs by Heck cou-
pling. (b) Grafting of ethynyl-terminated P3HT onto CdSe NRs by click reaction. (L. Zhao
et al.: Advanced Materials, 2011, 23, 2844-2849. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.)

In spite of the intriguing properties of anisotropic structure, inorganic NRs usually
lie down parallel on the substrates after spin casting. Thus, it does not allow for the
exploitation of the full potential of the charge transport property of NRs. In this regard,
tetrapods carry advantages over NRs and QDs due to their three-dimensional struc-
tures with four arms emanating from the core. The tetrapod shape allows a continuous
charge transport pathway regardless of their orientation and ensures the large interfa-
cial area for charge separation. Recently, CdTe tetrapods were prepared with BBPA
ligands and then grafted with prepared ethynyl-terminated P3HT via click chemis-
try, yielding P3HT-CdTe tetrapod nanocomposites as shown in Figure 11.7.37 Clearly,
the nearly complete fluorescence quenching of P3HT-CdTe tetrapod nanocomposites
was observed in Figure 11.7f, indicating the efficient charge transfer from the elec-
tron-donating P3HT onto the electron-accepting CdTe tetrapods. As we discussed in
Section 11.1, the interfacial engineering of nanocomposites is important to increase
the efficiency of charge separation. Therefore, these semiconductor CPs—grafted inor-
ganic nanoparticles (QDs, NRs, and tetrapods) can possibly be promising materials as
building blocks for solar cell applications due to their inherent intimate contact.

11.2.4 IN Situ GROWTH OF NANOPARTICLES WITHIN THE CP MATRIX

An ideal route to organic—inorganic hybrid nanocomposites is to synthesize uncapped
inorganic nanoparticles within the CP matrix, thereby bypassing any further treat-
ment, such as ligand exchange.?® To avoid the use of insulating ligands, the in situ syn-
thesis of inorganic nanoparticles in the polymer matrix was developed. In this method,
a critical condition needs to be met, that is, the solvent of choice should dissolve both
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FIGURE 11.7 TEM images of (a) BBPA-functionalized CdTe tetrapods; (b) close-up of
individual BBPA-functionalized CdTe tetrapods; the close-up of an arm marked with a
dashed circle is shown as the inset; (c, d) P3BHT-CdTe tetrapod nanocomposites; and (e, f)
absorption and emission spectra. (Reprinted with permission from Jung, J. et al., Langmuir,
29, 8086-8092. Copyright 2013, American Chemical Society.)

CPs and precursors. Recently, CdSe nanoparticles have been synthesized with no
need for surfactant by utilizing the steric hindrance stemming from hexyl side chains
of P3HT, yielding a simple mixture of CdSe/P3HT.* In this work, pyrophoric and
explosive dimethylcadmium was used as a precursor due to the insolubility of other
precursors in organic solvents, that is, octadecene (ODE) and 1,2,3-trichlorobenzene
(TCB), chosen for P3HT. Although the size and shape of nanoparticles based on the
conventional method can be controlled by tuning the concentration of precursors and
temperature, their control in the in situ growth approach was still challenging (Figure
11.8). However, the elimination of the need for ligand exchange and grafting proce-
dures as well as the naturally intimate contact between nanoparticles and CPs make
the in situ growth method a promising route to high-efficiency hybrid solar cells.
Interestingly, anisotropic CdS nanocrystals in the CP matrix (for example, P3HT)
based on the in situ growth method can also be prepared. Specifically, cadmium
acetate was chosen as the precursor, and the mixture of 1,2-dichlorobenzene (DCB)
and dimethyl sulfoxide (DMSQ) was used as the solvent.’® In this work, the binary
solvent was required to dissolve both precursors and polymers (for example, DCB
for P3HT and DSMO for cadmium acetate). The shape evolution from a QD to a
NR can be clearly observed with an increased Cd-precursor concentration (Figure
11.9). The growth mechanism of NRs was elucidated by FTIR measurement. As
shown in Figure 11.9¢, the 1106 cm™' peak that is assigned to S-C stretching of P3HT
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FIGURE 11.8 (a, ¢) TEM images of CdSe QDs synthesized at 200 and 260°C, respectively.
(scale bar = 20 nm). (b, d) Corresponding selected area electron diffraction patterns. Insets
show the high-resolution TEM images (scale bar = 5 nm). (Reprinted with permission from
Dayal, S. et al., Journal of the American Chemical Society, 131, 17726—17727. Copyright
2009, American Chemical Society.)
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FIGURE 11.9 TEM images of CdS NRs within the P3HT matrix at the cadmium acetate con-
centrations of (a) 2.5, (b) 8.3, and (c) 12.45 mg/ml. (d) HRTEM image of NR. (e) FTIR spec-
tra before and after adding cadmium acetate in the reaction and after the reaction. (f, g, and h)
Proposed synthesis mechanism of CdS/P3HT nanocomposites. (Reprinted with permission from
Liao, H.-C. et al., Macromolecules, 42, 6558—6563. Copyright 2009, American Chemical Society.)
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shifts to 1101 cm™ after mixing with cadmium acetate, indicates the reduction in
bond energy of S-C. It suggests that the system experiences the additional inter-
molecular interaction at the expense of S-C bond energy, probably resulting from a
strong dipole—dipole or ion—dipole interaction between the Cd** ions and S atoms.
Based on this study, it was found that CdS NRs were grown along the backbone of
P3HT chains after Cd** ions anchored on the sulfur atoms of P3HT as illustrated in
Figure 11.9f, g, and h.

11.3 SELF-ASSEMBLY OF NANOPARTICLES
AND CONJUGATED POLYMERS

11.3.1 INTRODUCTION

Hybrid nanocomposites composed of CPs as the electron donor and inorganic
nanoparticles as the electron acceptor have received much attention for photovoltaic
applications due to the efficient electron transfer, high electron affinity, and large
surface area.**#! However, the performance of such hybrid solar cells has not yet
been successful due probably to the microscale segregation of nanoparticles rather
than the nanoscale phase separation, thereby hindering the charge separation and
transport. The challenge in hybrid devices is to achieve a large interfacial area
between electron donors (that is, CPs) and acceptors (that is, nanoparticles) in order
to facilitate exciton dissociation while providing simultaneous continuous path-
ways for electrons and holes, respectively. The electron transport can be optimized
through controlling the shape and size of semiconducting inorganic nanoparticles.
For example, compared to QDs, NRs offer more efficient electron transport to the
electrode due to the reduced number of hopping processes as in QDs. While semi-
conductor inorganic nanoparticles have high electron mobility, the hole mobility of
most CPs is three orders of magnitude less than that of nanoparticles, thereby result-
ing in charge accumulation in the film and thus increasing the possibility of recombi-
nation between holes and electrons within the device. In this regard, several studies
have been performed toward increasing the charge mobility of CPs. It is well known
that the mobility of CPs (for example, P3HT) is highly dependent on its crystallinity,
the orientation of the crystallites with respect to the charge transport direction, and
on its molecular weight.*>-46 Therefore, careful control over the film morphology by
the choice of solvent and the deposition conditions is required.

11.3.2 CoNJUGATED POLYMER NANOFIBER

There have been many studies in controlling the film morphology of CPs, espe-
cially for P3HT. P3HT exhibits high hole mobility (up to 0.1 cm?/V-s) owing to the
strong n—=n stacking when the film morphology is precisely controlled. P3HT can
form fibrils when polymer chains lie parallel to each other, thus offering good n—n
stacking along the length of the fibril. It has been found that P3HT is readily crystal-
lized from poor solvent in the form of nanowires (NWs) with the length of microm-
eter and the width of nanometer. P3HT chains are packed normal to the NW axis as
illustrated in Figure 11.10.4
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FIGURE 11.10 [Illustration of the molecular arrangement of P3HT NWs. (Ihn, K. J.;
Moulton, J.; Smith, P.: Journal of Polymer Science Part B: Polymer Physics, 1993, 31, 735-742,
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

Greenham et al. fabricated devices utilizing CdSe NRs and P3HT nanofibers by
careful choice of high boiling solvent, that is, 1,2,3-trichlorobenzene (TCB), thio-
phene, and chloroform for comparison.*® The devices prepared by using TCB and
thiophene have higher PCE than those by chloroform as the higher boiling point
solvent increases the drying time, thereby allowing the large-scale self-organization
of P3HT as shown in Figure 11.11. Indeed, P3HT films deposited using high boiling
point solvent (that is, TCB) clearly shows the fibrilar structure whereas P3HT does
not form the fibrilar structure in case of thiophene and chloroform.

The photovoltaic devices have also been fabricated utilizing P3HT fibrilar struc-
tures as electron donors and CdSe NRs as electron acceptors. Clearly, the perfor-

FIGURE 11.11 Tapping-mode AFM images of P3HT films deposited from (a) TCB, (b) thio-
phene, and (c) chloroform. TEM images of P3HT films deposited from (d) TCB, (e) thiophene,
and (f) chloroform. (Sun, B.; Greenham, N. C., Physical Chemistry Chemical Physics, 2006,
8 (30), 3557-3560, Reproduced by permission of The Royal Society of Chemistry.)
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mance of devices fabricated using high boiling point solvent TCB is the best as
shown in Table 11.1.

The increase in the current density of devices fabricated by thiophene and TCB
shows the clear evidence of self-organization of P3HT, which leads to higher hole
mobility due to the electron delocalization via the n—r interaction. Interestingly, the
external quantum efficiency (EQE) of the device fabricated using chloroform shows
a steady decrease whereas the device fabricated using TCB retains the EQE up to
100 mW/cm? (Figure 11.12). The higher EQE of the device fabricated using TCB
even at high light intensity is consistent with the higher hole mobility of P3HT as the
poor charge carrier transport leads to high carrier density in the film, which results
in enhanced bimolecular recombination and redistributes the electric field within the

TABLE 11.1

The Open-Circuit Voltage, V,., Short-Circuit Current
Density, /., Fill Factor, FF, and Power Conversion
Efficiency, n, of Solar Cells under AM 1.5 Light Condition

Solvent V,/V J./mA cm? FF n

Chloroform 0.66 -6.12 0.41 1.8%
Thiophene 0.60 -8.44 0.45 2.4%
TCB 0.62 -8.79 0.50 2.9%

Source: Sun, B.; Greenham, N. C., Physical Chemistry Chemical Physics,
2006, 8 (30), 3557-3560, Reproduced by permission of The Royal
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FIGURE 11.12 The EQE as a function of the light intensity for devices prepared by using
TCB (o), thiophene (), and chloroform (O). (Sun, B.; Greenham, N. C., Physical Chemistry

Chemical Physics, 2006, 8 (30), 3557-3560, Reproduced by permission of The Royal Society
of Chemistry.)



Inorganic—-Organic Nanocomposites and Their Assemblies 321

device, thus suppressing the field-assisted charge separation. However, the focus of
this work noted above is to achieve the higher crystallinity of P3HT, and the location
of inorganic nanoparticles has not yet been considered.

11.3.3 HyBrID NANOFIBRILS

P-type/n-type integrated one-dimensional nanostructures are very promising struc-
tures for solar cells as they possess an extremely efficient donor—acceptor interface,
a nanometer-scale phase separation, and an anisotropic continuous charge transport
pathway for both electrons and holes. In this context, CdSe QD-decorated P3HT
NWs were prepared by a two-step self-assembly process. P3HT N'Ws were first pre-
pared in a poor solvent, followed by the deposition of CdSe QDs on the surface of
P3HT N'Ws by noncovalent interactions between P3HT and CdSe QDs as illustrated
in Figure 11.13.4°

With this simple two-step assembly process, CdSe QD-decorated P3HT NWs
can be prepared. The CdSe QDs were compactly deposited on the surface of P3HT
NWs as clearly evidenced in TEM images (Figure 11.14). Such compact alignment
of CdSe QDs along P3HT N'Ws may increase the electron mobility by forming the
continuous route for electron transport.>®

Notably, the measurements on photophysical properties also support the intimate
contact between donors and acceptors (Figure 11.15). The maximum absorption peak
of hybrid nanowires was shifted from 450 nm to 470 nm, reflecting a coordinate

/\

FIGURE 11.13  Schematicillustration of the stepwise self-assembly of CdSe QD-decorated P3HT
NWs. (Reprinted with permission from Xu, J. et al., Macromolecular Rapid Communications, 30,
1419-1423. Copyright 2009, American Chemical Society.)

FIGURE 11.14 TEM images of (a) P3HT nanowires, (b) CdSe QDs, and (c) CdSe QDs/
P3HT coaxial nanowires. (Reprinted with permission from Xu, J. et al., Macromolecular
Rapid Communications, 30, 1419-1423. Copyright 2009, American Chemical Society.)
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FIGURE 11.15 (a) Absorption spectra, and (b) emission spectra of pristine P3HT, simple
blends of P3HT/CdSe QDs, and P3HT/CdSe QD coaxial nanowires. (Reprinted with permis-
sion from Xu, J. et al., Macromolecular Rapid Communications, 30, 1419-1423. Copyright
2009, American Chemical Society.)

interaction between CdSe QDs and P3HT due to the partial electron transfer from
P3HT to CdSe QDs. The intimate contact of inorganic particles with P3HT facili-
tates the exciton dissociation and the charge generation, thus inducing the photolu-
minescence quenching. As a result, the efficiency of exciton dissociation and charge
generation can be measured by monitoring the photoluminescence. The quenching
in the coaxial CdSe QD-incorporated P3HT N'Ws was more obvious as compared to
that in simply blended composites. The absorption spectra and emission spectra both
signified the intimate contact of CdSe QDs and P3HT NWs.

It is noteworthy that although the investigation of photophysical properties can
provide information on the binding characteristic, it is indirect evidence. In order
to fully understand the binding structure of nanoprticle-decorated CP N'Ws (that is,
CdS-decorated P3BHT NWs), further studies were conducted using x-ray photoelec-
tron spectroscopy (XPS) and time-resolved photolumninescence (PL) spectroscopy
(Figure 11.16).>! The S, peaks of XPS are precisely analyzed to identify the binding
characteristic between CdS QDs and P3HT during the assembly. The XPS spectra
of CdS-grafted P3BHT N'Ws show the appearance of new intermediated peaks, which
can be assigned to the C-S-Cd bond. This observation supports the formation of
intimate contact between CdS QDs and P3HT. Indeed, the transient PL measurement
also shows a shorter lifetime (that is, faster exciton dissociation) in the case of CdS
QDs-grafted P3BHT NWs compared to the simple mixtures of CdS QDs/P3HT N'Ws.

The aforementioned methods can achieve a one-dimensional coaxial structure at
nanoscale via the coordination of thiophene units to QDs. However, the steric hindrance
of the alkyl side chains limits the close packing of QDs. To solve this problem, P3HT
was end-functionalized to accommodate the assembly of QDs as shown in Figure 11.17.32
For example, the ligating moieties, such as thiols and phosphonic acids, were chosen as
a functional group to modify polymer chain ends (that is, forming P3HT-SH and P3HT-
PO;H,). Chain-end—functionalized P3HT were found to both assemble rapidly and form
NWs. They can be served as templates for the organization of CdSe/P3HT nanofibrils. It
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FIGURE 11.16  XPS spectra of S, in (a) a simple mixture of CdS/P3HT N'Ws, and (b) CdS-
grafted P3HT NWs. (c) Time-resolved photoluminescence spectra. (Reprinted with permis-
sion from Ren, S. et al., Nano Letters, 11, 3998—4002. Copyright 2011, American Chemical
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FIGURE 11.17 (a) Schematic representation of fibril formation from end-functionalized
P3HT. (b, c) TEM images of CdSe QDs/P3HT NWs. (Pentzer, E. B.; Bokel, F. A.; Hayward,
R. C.; Emrick, T.: Advanced Materials, 2012, 24 (17), 2254-2258. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.)
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is worth noting that the p-type/n-type integrated one-dimensional nanostructures can be
promising building materials for solar cells, as such structures maximize the interfacial
area for charge dissociation, and ensure an efficient charge transport by forming a high
crystalline structure along with the aligned QDs.

11.4 ALIGNMENT OF NANORODS

11.4.1 INTRODUCTION

Up to now, there has been much research focused on the interface between inorganic
nanoparticle acceptors and conjugated-polymer donors to facilitate the exciton dis-
sociation. The study of controlling the film morphology of photoactive layers should
also be highlighted. Generally, the solar cell devices are fabricated using roll-to-roll
or spin-casting processes to minimize the cost owing to both the solution process-
able properties of nanoparticles and conjugated polymers. During these processes,
micro-sized phase separation usually occurs, and thus it is not easy to control the
film morphology. For example, CdSe NRs lie parallel to the substrate and thus fail to
maximize the efficient charge transport that benefits from the anisotropic structure
of NRs. An ideal device geometry would consist of a bicontinuous pathway for both
holes and electrons, thereby reducing the electron hopping processes. In this context,
vertically oriented NRs spanning the full thickness of the film is considered as one
of the ideal morphologies in hybrid photovoltaic cells.”® Within this structure, the
bandgap of NRs can be optimized by tuning the diameter, and the light absorption
can also be tuned by the NR length. A vertically oriented assembly of inorganic NRs
can be prepared by the following methods: (1) self-evaporative drying, and (2) exter-
nal fields, such as magnetic field or electric field.>*-8

11.4.2 ALIGNMENT OF NANORODS

Basically, the total coupling energy between NRs is expressed as follows:3°
Vi) = VO G) + V) + Vo)

where VY(jj) is the van der Waals interaction energy, Vsic(jj) is the energy from
steric repulsion, and V(i) is the dipole—dipole potential energy between the ith and
jth NRs. Although the van der Waals force between NRs is relatively weak during
the self-assembly process in solvent, it becomes essential when the concentration
of NRs increases. The van der Waals interaction combined with the dipole—dipole
interaction would lead to the formation of assembly when they overcome the repul-
sive force. In this sense, it is of importance to control the distance of nanoparticles
to manipulate forces.

Vertical assembly of NRs has been prepared via a solvent-assisted evaporation
technique, in which a pinned edge of a drying droplet led to the capillary flow of
materials from within the droplet volume to the pinning site. This causes NRs to
form a smectic or nemectic superstructure. One more important force is the entro-
pically driven depletion force regardless of its weak strength. The physical origin
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of the depletion force is coming from the overlap of the restricted volume of the
NRs, and this increases the volume accessible to small particles (Figure 11.18a).%
Consequently, the entropy increases and thus decreases the Gibbs free energy, result-
ing in an attractive interaction between NRs.

The depletion force between hydrophobic colloidal semiconducting NRs can be
controlled by the use of additives, yielding vertically aligned NR arrays. The addi-
tive molecules that dissolved in NR solutions drive the solvent away from the surface
of NRs and lead to the appearance of depletion force as illustrated in Figure 11.19.
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FIGURE 11.18 (a) Schematic illustration of the physical origin of depletion force. (b) Photo-
graphs of NR solution before and after the assembly by depletion force. (c) Sketch of the
assembly mechanism. (d) TEM images of vertically aligned NRs. (Reprinted with permis-
sion from Baranov, D. et al., Nano Letters, 10, 743-749. Copyright 2010, American Chemical
Society.)
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FIGURE 11.19  An elevated temperature increases the percentage of vertically aligned NRs
(marked as O) and decreases the required NR concentration for an ordered phase transi-
tion (line). (Reprinted with permission from Baker, J.L. et al., Nano Letters, 10, 195-201.
Copyright 2009, American Chemical Society.)
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As aresult, the depletion force induces the NR aggregation. In general, the required
concentration of additives for the assembly decreases with the increased molecular
weight. It was found that anisotropic NRs were preorganized in clusters of ordered
particles directly in solution and followed by deposition of monolayer on substrates.
Thus, to further understand the mechanism of alignment, several factors influencing
the degree of assembly will be discussed in the following.

11.4.2.1 Temperature

The rotational and translational diffusion constants (D) depend on the temperature
as expressed in the following:

D « T/,

where 1, is the shear viscosity. The shear viscosity decreases as the temperature (7')
increases. As noted in the equation, the speed of self-assembly would be faster upon
heating, which means that the system can have more time for lowering its free energy.
Therefore, the increasing number of particularly aligned NRs at an elevated temper-
ature indicates that the aligned state is thermodynamically favorable. However, even
further higher temperature led to degradation of the aligned state as the entropic
effects on alignment are against by enthalpic interaction (Figure 11.19).°¢ The entro-
pically driven ordering may become less important at a higher temperature.

11.4.2.2 Aspect Ratio

Although the depletion force becomes stronger between NRs with a higher aspect
ratio, it was found that the low aspect ratio NRs aligned more rapidly than those with
high aspect ratio. This is possibly because the kinetic effect outweighs the effect
from the depletion force. For example, the diffusion constant for rotation, D™, can
be given as

Dt « In(L)/L?

where L is the length of NRs. Hence, as the length of the NRs increases, the rota-
tional diffusion constant decreases. The reduction in rotational diffusion constant
makes the vertical assembly of NRs difficult. The experimental results also show
that the increase in the aspect ratio decreases the degree of alignment (Figure 11.20).
For NRs with the aspect ratio (AR) approaching 25, they cannot be aligned as sup-
ported by the D™ calculation (that is, a decrease in the degree of alignment of ~97%
when AR goes from 5 to 25). The kinetic consideration itself is not sufficient to
conclude the general influence of AR on alignment. However, little changes in ther-
modynamics with the change of AR are expected.

11.4.2.3 Substrates

The interaction between substrates and NRs in solution can also influence the assem-
bly of NRs. For example, the favorable interactions between NRs and substrates can
lead to a parallel orientation of rods on the substrate rather than a vertical alignment
to maximize the contact area, thereby minimizing the energy. At a certain threshold
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FIGURE 11.20 The degree of assembly (marked as O) of NRs depending on the AR of NRs.
The line represents the calculated rotational diffusion constant. (Reprinted with permission
from Baker, J.L. et al., Nano Letters, 10, 195-201. Copyright 2009, American Chemical Society.)

(that is, weaker attractive interaction between NRs and substrates), a strong tendency
of vertical alignment of NRs can be observed (Figure 11.21). Ligands on NRs are
repelled by the substrate if the Hamaker constant of the substrate is greater than that
of the solvent. In general, the NR-substrate interactions are relatively weak com-
pared to other factors, enabling the alignment of rods on a wide range of substrates.

11.4.2.4 Concentration

The concentration of NRs determines the nearest neighbor distance in solution,
which is of importance for the superlattice formation. For example, NRs were ran-
domly distributed at a low concentration (that is, 8 x 107 mol/L), and optimal con-
centration (that is, ~1 x 10~¢ mol/L) resulted in perpendicular orientation of rods
(Figure 11.22).9° This phenomenon could be explained by the energy concept. As
described in Section 11.7.2, the dipole—dipole interactions that depend on the dis-
tance between NRs play an important role in vertical assembly. The optimal concen-
tration ensures that the attractive forces (dipole—dipole interaction) can outweigh the
repulsive forces, thereby resulting in assembly.

11.4.2.5 Solvent

The nature of a solvent, such as solubility, dielectric permittivity, and volatility, influ-
ences the assembly. The solubility directly affects the ability of dispersion of NRs,
which usually have hydrophobic ligands. Random aggregation of NRs was observed
in poor solvent as shown in Figure 11.23b. The dielectric constant of solvents is also
a key factor for the assembly of NRs. It influences both the dipole—dipole and the
Coulomb interactions, which would be screened in a solvent with high dielectric
constant, thereby resulting in random distribution of NRs. Indeed, the assembly of
NRs in a solvent with high dielectric constant, that is, chloroform (g, = 5), was not
observed (Figure 11.23a) in spite of the excellent dispersion of NRs in it. The volatil-
ity of solvents directly determines the evaporation rate, which plays a very crucial
role in the self-assembly of NRs. For example, cyclohexane has a comparable dielec-
tric constant (that is, €, = 2.02) to that of toluene (that is, €, = 2.34), but the degree of
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() Solvent evaporation

Low concentration

Medium concentration

Optimum concentration

FIGURE 11.22 TEM images of CdS NR arrays with a concentration of (a) 8 x 10~7 mol/L,
(b) 1.4 x 10~° mol/L, (¢) 2.1 x 10-° mol/L, and (d) 3.2 x 10-® mol/L. (e-f) SEM images show-
ing the monolayer and multilayer of CdS NRs. (g) Schematic representation shows the depen-
dence of the NR concentration on assembly. (Singh, A. et al., Journal of Materials Chemistry,
2012, 22 (4), 1562—1569. Reproduced by permission of The Royal Society of Chemistry.)

100 nm 100 nm
(b)
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@

FIGURE 11.23 TEM images of CdSe NRs in (a) dichloromethane, (b) chloroform, and
(c) cyclohexane. (Singh, A. et al., Journal of Materials Chemistry, 2012, 22 (4), 1562—1569.
Reproduced by permission of The Royal Society of Chemistry.)



330 Organic Solar Cells

NR alignment prepared from cyclohexane is not good as that prepared from toluene
due to the lower boiling point of cyclohexane as shown in Figure 11.23c.

11.4.2.6 Rate of Evaporation

The evaporation rate of solvents affects the degree of NR assembly as it controls the total
time for the dipole—dipole attraction. The toluene NR solution with the optimized con-
centration with different drying time has been studied. The degree of vertical assembly
indeed reduced with the increase in the evaporation rate as seen in Figure 11.24.

11.4.2.7 Surface Ligands

The chemical compositions of the surface passivation of NRs also play a significant
role in the assembly of NRs. Surface modification would change the dispersibil-
ity of NRs in solvent, which influences the organization of NRs by controlling the
time for dipole—dipole interactions between NRs. Moreover, the length of ligands
is also of importance as it is directly related to the excluded volume for depletion
force to occur as well as the repulsion force from the steric hindrance. When the
excluded volume decreases, the region for depletion interactions will be reduced,
thereby resulting in random orientation of NRs. For example, pyridine-capped NRs
could not be aligned vertically, yet fatty alkyl chain-capped NRs could form vertical
alignment as shown in Figure 11.25d. Even though the chain length of surfactant is
similar (that is, MUA and TDPA), the degree of assembly can be totally different.
For example, the assembly of 11-mercaptoundenoic acid (MUA)-capped NRs was

@

FIGURE 11.24 The effect of the evaporation rate; TME images of NRs with (a, ¢) the
higher evaporation time (3—4 min for evaporation) and (b, d) slow evaporation time (7-8 min
for evaporation). (Singh, A. et al., Journal of Materials Chemistry, 2012, 22 (4), 1562—1569.
Reproduced by permission of The Royal Society of Chemistry.)
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FIGURE 11.25 TEM images of TDPA-capped CdSe NR assembly in PVK (a) and P3HT
(b) matrix. The inset (c) is an AFM image showing the fibrilar structure of P3HT at the surface
of the composites. Ligands such as (d) pyridine and (¢) MUA prevent the formation of ordered
NR arrays. (Reprinted with permission from Modestino, M.A. et al., Macromolecules, 44,
7364-7371. Copyright 2011, American Chemical Society.)

not successful despite the fact that MUA-capped NRs have almost similar excluded
volume with TDPA-capped NRs. This is because of the chemical nature (functional-
ity) of passivation ligands. The electric repulsion between NRs would increase due
to the carboxyl group of MUA, preventing the formation of NR arrays as shown in
Figure 11.25¢.9!

11.4.2.8 External Fields

The upscaling of a vertically aligned NR monolayer is restricted in the case of sol-
vent assisted self-assembly. In this regard, external fields are employed to facilitate
the NR alignment. When the torque of the NRs induced by an electric field is greater
than the thermal excitation energy (k7'), anisotropic structures with a dipole moment
can be aligned parallel along the electric field. The torque of NRs in the electric
field can be expressed as T = P x E, where P and E are dipole moment and electric
field, respectively. The calculated dipole moment of CdSe NRs was ~1450 D, and
the electric field was 107 V/m. The strength of the torque applied on the NRs is
then 4.872 x 1072° Nm based on the assumption that the NRs and electric field are
orthogonal.®? This value is one order of magnitude larger than thermal energy at
room temperature. Therefore, vertical alignment of NRs can be facilitated with the
help of an electric field.

In general, the combination of a DC electric field and solvent-assisted evaporation
can be used for assembly as illustrated in Figure 11.26.92 The electric field will rotate
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FIGURE 11.26 (a) Schematic of electric field-assisted assembly. (b) Magnified image.
(Reprinted with permission from Ryan, K.M. et al., Nano Letters, 6, 1479-1482. Copyright
2006, American Chemical Society.)

NRs perpendicular to the substrate, and the evaporation of solvent confines NRs
laterally and assemble them into an array.

Moreover, the electrophoresis method uses an electric field on charged particles
in solution to cause electromigration of particles toward the oppositely biased elec-
trode for deposition (Figure 11.27).9 The vertical orientation of NRs (that is, CdS
and CdSe) is caused by both inherent overall NR charge and its constituent dipole
moment from its noncentrosymmetric wurtzite structure. The inherent charge in
NRs causes the NRs to migrate to the oppositely biased electrode, and the dipole
moment that arose from noncentrosymmetry leads to orientation of NRs parallel to
the electric field, producing perpendicular assembly of NRs.

FIGURE 11.27 (a) Schematic of electrophoresis setup. (b) Photographs of ITO glass before
and after CdS NRs deposition. (c) TEM image of vertically aligned CdS NRs. (d) A cross-
section SEM image. (S. Ahmed, K. M. Ryan, Chemical Communications, 2009, 6421—-6423.
Reproduced by permission of The Royal Society of Chemistry.)
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11.4.3  ALIGNMENT OF NRs IN THE POLYMER MATRIX

In order to fabricate photovoltaic devices utilizing a vertically aligned semiconducting
NR assembly, it is necessary to incorporate electron donor materials, such as CPs in
the film. To this end, several research groups have reported vertical alignment of NRs
within polymer matrices. The vertically aligned NRs have been prepared in the presence
of a polymer matrix such as P3HT, poly(9-vinylcarbazole) (PVK), and polystyrene (PS)
(Figures 11.25a and c and 11.28a).%! Vertical NR arrays were formed throughout the film
regardless of the polymer morphology. This observation implies that polymer—NR inter-
actions are relatively weak compared with other interactions, such as the NR-NR inter-
action, thus enabling perpendicular assembly of NRs over a variety of systems. However,
NRs aligned vertically exclude polymers from the NR array, which is the limitation of
this study, considering that hybrid solar cells need electron-donating materials to be cov-
ered on electron-accepting NRs to facilitate exciton dissociation as well as to maximize
the charge transport characteristic though a bicontinuous pathway.

Electric fields were then applied to mediate the assembly of inorganic NRs in
polymer matrices. The desired nanostructure would be vertically aligned CP-covered
NRs to maximize the exciton dissociation though the increased interfacial area
between donors and acceptors and the charge transport benefitting from the aniso-
tropic structure. Several groups aligned NRs in the polymer matrix by applying an
electric field. However, they observed corralled NRs due to the unfavorable polymer—
ligand interaction (Figure 11.28).

The highly unfavorable interaction between polymer and ligands forces a phase
separation between them to minimize the interfacial tension, leading to densely
packed NRs.** When miscible ligands with the surrounding matrix were used, no
aggregation was observed as shown in Figure 11.29. This fact demonstrates that the
interfacial energy plays a significant role in corralling the NRs. However, even with
the combination of an external field (that is, the electric field), vertical assembly of
NRs covered by CPs has not yet been achieved. In this sense, CP-grafted semicon-
ducting NRs have garnered much attention to be used for assembly in photovoltaic
applications.

Polymer

Top surface

Polymer

(@) ?od::" ) !

100 nm
FIGURE 11.28 (a) TME image of the CdSe NR assembly in polystyrene. (b) The cross-
section TEM view of P3HT/CdSe NR nanocomposites. (Reprinted with permission from
Modestino, M.A. etal., Macromolecules, 44, 7364-7371. Copyright 2011, American Chemical
Society.)
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FIGURE 11.29 TEM images of (a) CdSe NRs capped with PEO in a PMMA matrix and
(b) CdSe NRs capped with PS in the PMMA matrix. (Reprinted with permission from Gupta,
S. et al., Nano Letters, 6, 2066-2069. Copyright 2006, American Chemical Society.)

11.5 CONCLUSION AND OUTLOOK

In this chapter, an overview is given on the methodologies in the interfacial engi-
neering of organic—inorganic semiconductor materials based on the ligand exchange
approach, the direct grafting technique that utilizes bifunctional ligands, and the
direct nanoparticle growth method in the presence of CPs. The intimate contact
between electron-donating CPs and electron-accepting inorganic nanoparticles can
be successfully achieved by these techniques as confirmed by the time-resolved PL
measurement. Although the charge separation can be facilitated due to their inher-
ent intimate contact, the optimization of charge transport via the control over the
morphology is of key importance. In order to maximize the charge carrier mobility
of CPs, their crystallinity can be controlled by self-assembly via the utilization of
unfavorable solvent or thermal treatment, yielding CP N'Ws. Moreover, inorganic
nanoparticles are incorporated on the surface of CP N'Ws to create both n-type and
p-type channels. An ideal device geometry is composed of a bicontinuous pathway
for both holes and electrons with a maximized interfacial area between donors and
acceptors, thereby reducing the electron hopping processes and electron—hole recom-
bination. Vertical alignment of NRs has been studied to achieve these goals by a
solvent evaporation process and/or by the application of external fields. However, the
vertical alignment of NRs capped by CPs has not yet been obtained. In this regard,
vertically assembled CP-grafted NR nanocomposites could possibly be promising
materials as building blocks for photoactive layers in solar cells. The inherent inti-
mate contact between CPs and NRs would facilitate the charge separation, and the
bicontinuous geometry would ensure the efficient charge transport to the electrodes.
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12.1 INTRODUCTION

Addressing climate change, pollution, and energy insecurity problems all at once
requires major changes in our energy infrastructure. Over the past decade, a number
of studies have proposed large-scale renewable energy plans, mainly based on wind,
water, and sunlight resources.'* As shown in Figure 12.1,’ the solar energy resource
potentially dwarfs all other renewable and fossil-based energy resources combined.
The yearly sustainable renewable supply of solar energy received by the emerged
continents alone is more than 30 times larger than the total planetary reserves of coal
and 1500 times larger than the current planetary energy consumption.! Therefore,

* This chapter is based on the published review paper: Tayebeh Ameri, Ning Li, and Christoph J. Brabec.
2013. Highly efficient organic tandem solar cells: A follow up review. Energy Environ. Sci. 6:2390—
2413. Reproduced by permission of The Royal Society of Chemistry.
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FIGURE 12.1 Comparing finite and renewable planetary energy reserves (Terawatt years).
Total recoverable reserves are shown for the finite resources. Yearly potential is shown for
the renewables. (From Perez, R., and M. Perez, The IEA SHC Solar Update 50:2-3, 2009.)

photovoltaic (PV) technology is the object of steadily growing interest from both
academic and industrial protagonists.

After the worldwide PV market more than doubled in 2010, the market grew
again by almost 30% in 2011 despite difficult economic conditions. In 2011, the PV
industry production reached a worldwide production volume of around 35 GW, and
another moderate increase is expected for 2012. Yearly growth rates over the last
decade were, on average, more than 40%, which makes the PV industry one of the
fastest growing industries at present.%” The most rapid growth in annual produc-
tion over the last five years could be observed in Asia, where China and Taiwan
together now account for almost 65% of worldwide production (Figure 12.2a). With
a cumulative installed capacity of more than 66 GW, the European Union is leading
in PV installations with two thirds of the total worldwide almost 100 GW of solar
PV electricity generation capacity at the end of 2012 (Figure 12.2b). The wafer-
based silicon solar cells are still the main technology and have around 85% of the
market share.® The challenge facing the PV industry is cost-effectiveness through
much lower embodied energy. Although the cost of PV systems, especially in the
last two years, has significantly reduced, solar power in comparison with fossil
energy sources is still expensive. To bridge this difference in costs and make solar
power a primary energy source in our society, the solar industry is working on the
consistent further development of existing technologies and on the exploration of
new solar technologies.
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FIGURE 12.2 (a) World PV cell/module production from 2000 to 2012. (b) Cumulative PV
installations from 2000 to 2012. (From Jiager-Waldau, A. PV Status Report 2012.)

Among all the alternative technologies, the thin-film approach deserves to gain
more attention and is likely to represent about 26% of the overall production by
2015.6 All the attractive and beneficial features of organic materials, such as their
strong absorption coefficient, ease of processing, mechanical flexibility, and abil-
ity to tailor the bandgap, have brought them into the focus of attention for thin-film
PV applications. Organic solar cells (OSCs) represent a new technology that could
lead to the most significant cost reduction in the mid/long term.®-!! Various printing
and coating techniques, such as inkjet, slot die, screen, gravure, spray, and others,
are established and already demonstrated for OPV production. The attractive fea-
ture of these printing and coating methods is their high production speed of up to
several meters per second. With a single production line some 100,000 m? of film
per day can be produced, which, at an efficiency of 5% (that is, 50 W m™2), cor-
responds to a daily capacity of 5 MW. Therefore, a single printing or coating facil-
ity could produce modules with the production energy volume of over I GW per
year.'>!3 Obviously, the printing and coating processes are orders of magnitude more
productive than the currently largest production facilities for silicon-based PVs. In
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addition, the investment in the printing equipment is many times cheaper than for
conventional inorganic solar technologies. This illustrates the potential of printed
solar power, which can also be easily set up at different locations.

Recently, a large number of OSCs with power conversion efficiencies (PCEs)
beyond 6% and up to 10% were reported, making this topic, more than ever, promis-
ing."*-16 However, there is still significant room with respect to research and devel-
opment necessary to make high-performance OSCs ready for the market. In this
regard, various strategies are currently in the exploration phase at different levels of
maturity. Among them, the well-known concept of tandem solar cells is one of the
most promising approaches to tackle the main losses in single-junction OPV devices
and improve the device performance.

Based on our previous work,!” we aim to review the most important and novel
developments that have been recently reported on organic tandem solar cells. In the
first part, we introduce some brief theoretical considerations addressing the potential
of single and tandem solar cells. The working principles and importance of the inter-
mediate layer are explained as an important subject for fully functional tandem solar
cells. Furthermore, the benefits of optical simulations to verify the ultimate effi-
ciency potential of novel materials are discussed. Then, we present and discuss the
experimental achievements with considerably high performance recently reported in
the literature. Finally, we discuss the intricacies of the precise performance measure-
ment of bulk heterojunction (BHJ) organic tandem solar cells based on complemen-
tary absorber materials and describe the applicable method in this regard.

12.2 FUNDAMENTAL LIMITATIONS

Understanding the fundamental limitations of PVs will lead to the achievement of
a systematic approach toward further developments of the solar cell technologies.
Although the theoretical considerations of PVs have already been described in detail
in our previous review, their importance encourages us to address them briefly here
as well.

12.2.1  SINGLE-JUNCTION SOLAR CELLS

The fundamental limitations of the energy conversion efficiency of a solar cell are
mainly based on the thermodynamical losses. In PVs, only the photons having energy
larger than the bandgap of a photoactive material can be absorbed and contribute to
the energy conversion. On the other hand, thermalization of the hot charge carriers
is another important contributor to losses. Considering a light source of AM 1.5 G,
the maximum efficiency (n) achievable with a material having a bandgap energy, E,,
is calculated by

N(E,) = J(E,) X Vi (E,) X FF (12.1)

where FF is the fill factor (ideally equal to 1), V,_ is the open circuit voltage, and J,,
is the short-circuit current density, which is calculated by
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%

Jo(E,) = f 1,,(E) x EQE(E) x dE (12.2)
Eg

where /,,(E) given in s™' m= J™! contains the spectrum of the light source, and EQE
is the external quantum efficiency (ideally 1 for a photon absorbed). According to
the basic investigation of Shockley and Queisser, and considering the spectral losses
alone, a solar cell has a peak theoretical efficiency of 48% for a material with E,
close to 1.1 eV.!® Materials with a bandgap smaller than this suffer from reduction in
the open circuit voltage (V, ), and those with a bandgap larger than 1.1 eV are limited
by the decrease of the short-circuit current (J ). Including the effects of blackbody
radiation and the radiative/nonradiative recombination of charge carriers, the theo-
retical maximum efficiency reduces down to 30.1% for a single device under 1 sun
illumination.'® However, this basic calculation describes the fundamental limitations
of a solar cell based on inorganic semiconductors. OSCs face further restrictions due
to the natural specifications of organic semiconductors.

In organic materials with a small dielectric constant, absorption is governed by
Frenkel excitons. The binding energy of Frenkel excitons is around 0.3 eV, and the
exciton lifetime is typically in the order of ns.'>?° Therefore, to achieve substan-
tial energy conversion efficiencies, these excited electron—hole pairs need to be
dissociated into free charges with a high yield. Excitons can be dissociated at inter-
faces of materials with different electron affinities. Blending conjugated polymers
(donor) with high electron affinity molecules (acceptor), such as fullerene derivatives
(PC¢BM and PC,;BM), has proven to be an efficient way for rapid exciton disso-
ciation. It is shown experimentally that a minimum offset of 0.3 eV either between
the donor and acceptor’s lowest unoccupied molecular orbital (LUMO) or highest
occupied molecular orbital (HOMO) levels is required to achieve an efficient charge
transfer between the two components.?! Correspondingly, the V. is limited by the
difference between the acceptor LUMO and the donor HOMO levels, which also
defines the built-in field (V,;). Considering a contact loss of another 0.3 eV,?>-2* the
V.. obeys the following empirical equation:>

)— 0.3 (12.3)

Acceptor
- ‘E LUMO

1
Donor
Voc = ; ‘EHOMO

For single-junction OSCs with a donor having a bandgap energy of 1.5 eV, a prac-
tical efficiency of nearly 11% can be expected based on the following assumptions: a
0.6 eV loss in V. (accounting for the minimum required LUMO level offset and con-
tact losses), taking into account absorption/internal quantum efficiency (IQE) limi-
tations (assuming EQE = 65%), and charge carrier transport losses (assuming FF =
65%). In early April 2011, a new efficiency record of >10% from a solution-processed
small molecule was reported by Mitsubishi Chemical and certified by Newport.?
This breakthrough did narrow significantly the performance gap between OPV tech-
nology and competitive thin film PV technologies as shown in Figure 12.3.
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FIGURE 12.3 Comparison of the world records between thin-film PV technologies of a-Si
(star), dye-sensitized (square), and OSCs (circle and triangle) from 1985 to present. (From
http://www.orgworld.de.)

Figure 12.4a summarizes the efficiency of donor—acceptor organic solar cells ver-
sus the bandgap energy of the donor and the LUMO offset between the two materi-
als, assuming an EQE and FF of 65%.>> This model can be used as a guideline for
the material selection and material development for BHJ solar cells. Obviously, the
LUMO offset of the materials has an even more pronounced influence on device effi-
ciency than the bandgap of the absorber. To go significantly beyond 10% efficiency,
both EQE and FF need to be improved. This would shift the efficiencies shown in
Figure 12.4a to higher values but does not change the shape of the contour plot.

12.2.2 TANDEM SoOLAR CELLS

The performance limitation of single-junction devices is released by employing
tandem devices. Tandem or multijunction devices simultaneously tackle absorption
and thermalization losses by absorbing the higher energy photons in a wide band-
gap cell (higher voltage and lower photocurrent) and the lower energy photons in
a smaller bandgap cell (lower voltage and higher photocurrent). The detailed bal-
ance limit of the performance of a tandem structure was investigated by De Vos in
1980.%7 The optimal combination of bandgaps for multijunction structures reaches
42% to 53% efficiencies by increasing the number of stacked cells from two to four
subcells. Currently, a device based on InGaP/GaAs/InGaAs with an efficiency of
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FIGURE 12.4 (a) Efficiency of a donor—acceptor OSC versus the bandgap energy of the
donor, and the LUMO offset between the two materials. (Scharber, M. C., D. Miihlbacher,
M. Koppe et al.: Design rules for donors in bulk-heterojunction solar cells—Towards 10%
energy-conversion efficiency. Advanced Materials, 2006, 18, 6, 789-794. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with permission.) (b) Efficiency of a donor—
acceptor tandem OSC made of two subcells stacked in series versus the bandgap energy of
the top and bottom donors; both top and bottom donor—acceptor couples are assumed to have
a LUMO offset of 0.3 eV. (Dennler, G., M. C. Scharber, T. Ameri et al.: Design rules for
donors in bulk-heterojunction tandem solar cells-towards 15% energy-conversion efficiency.
Advanced Materials, 2008, 20, 3, 579-583. Copyright Wiley-VCH Verlag GmbH & Co.
KGaA. Reproduced with permission.) Updated efficiencies predicted for (c) single-junction.
(Reprinted from Progress in Polymer Science, 38, 12, Scharber, M., N. Serdar Sariciftci,
Efficiency of bulk-heterojunction organic solar cells, 1929-1940. Copyright 2013, with per-
mission from Elsevier.) and (d) tandem solar cells based on EQE = 80 and FF = 0.75. (Li, N.,
D. Baran, G. D. Spyropoulos et al.: Environmentally printing efficient organic tandem solar
cells with high fill factors: A guideline towards 20% power conversion efficiency. Advanced
Energy Materials, doi: 10.1002/aenm.201400084, 2014. Copyright Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced with permission.)

37.7% + 1.2%, and an active area of 1.047 cm?, possesses the certified world record
of multijunction solar cells under AM 1.5 G.?

In an approach similar to the one applied for single-junction cells, Dennler et al.?
investigated the maximum efficiency possible for organic tandem solar cells. In this
study, both top and bottom donor—acceptor couples were assumed to have a LUMO
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offset of 0.3 eV, and the LUMOs of the first donor (ELUMOI) and the second donor
(ELUMO?2) were fixed to —4 eV, which is the optimum value for BHJ composites
with PC,BM as the acceptor. An ideal fully transparent intermediate layer placed
between the subcells was assumed to ensure a loss-free recombination of charge
carriers in the intermediate layer. The V. of the tandem cell is then calculated as the
sum of the respective V,_ of both subcells.

V.

ocTandem

=V

ocBottom

+V

ocTop

(12.4)

An EQE of 65% and an IQE of 85% were considered constant over the absorption
region of both subcells. As a result, the J, of bottom and top subcells is calculated as

Jsepotom (Egy) = ef 1,,(E) x EQE(E) x (1 - Mirror,) x dE (12.5)
E

el

_EQE/(E) x (1-Mirror,, ) xdE

JscBottom (E ,2) =e I h(E)XEQEz(E)x 1
] bf ’ IQE, (E) (12.6)

2.2

where E, ; is the bandgap energy of the donor used in the bottom cell, E,, the band-
gap energy of the donor used in the top cell, 1, the flux of photons in AM 1.5 G, and
EQE,/IQE, absorption of the bottom cell. Mirror,  represents the loss of absorp-
tion in the cell implemented in the tandem versus the standalone single cell that
would have a perfect mirror as a top electrode. This loss is induced by the absence
of significant reflection at the interface between the bottom cell and the intermedi-
ate layer. Depending on the thickness of the bottom cell, these losses were estimated
to be about 15%, on average, according to detailed optical simulations based on the
transfer matrix formalism (TMF).2® Tandem operation requires the current densi-
ties of both subcells to be matched at the maximum power point. Assuming further
that the FFs of the single subcells are identical, as well as their shunt resistances,
Kirchoff’s law predicts that the J of a tandem cell is equal to the smallest J_ of the
single cells.

J.

scTandem

= Min [J.

scBottom?

J.

scTop]

12.7)

Based on this consideration, the maximum efficiency of an organic tandem solar
cell can be calculated as a function of the bandgaps as presented in Figure 12.4b.
This calculation suggests that tandem cells have a 30% higher efficiency potential as
compared to single-junction devices. Figure 12.4b shows that a maximum efficiency
of up to 15% can be achieved by combining a bottom donor having a bandgap of
1.6 eV with a top donor having a bandgap of 1.3 eV. Under the given assumptions,
the most efficient tandem cells require materials with a bandgap energy difference
of only 0.3 eV.
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Owing to the rapid development of novel active materials and device optimiza-
tion methods, state-of-the-art single-junction solar cells achieved more efficient PV
parameters. Recently, Scharber et al.”? updated the efficiency prediction for single-
junction OSCs based on EQE = 0.80 and FF = 0.75. According to the updated
prediction, a maximum PCE of ~15%, as shown in Figure 12.4c, is achievable for
single-junction solar cells based on a donor material with a bandgap of 1.45 eV. Thus,
the theoretical efficiency of organic tandem solar cells should also be correspond-
ingly improved. Based on the updated assumptions (EQE = 0.80 and FF = 0.75), as
shown in Figure 12.4d, a maximum PCE of 21% is suggested for organic tandem
solar cells incorporating a bottom cell with a bandgap of ~1.6 eV and a top cell with
a bandgap of ~1.2 eV.30

In previous studies,?®31-33 the narrow absorption window, characteristic of organic
materials, is not considered. When calculating the potential of organic (single and
multijunction) solar cells, Minnaert and Veelaert®* investigated the influence of
different spectral absorption widths on the efficiency potential of organic tandem
and triple-junction solar cells. According to their simplified model, the efficiency
decreases rapidly as soon as one subcell has a low absorption window. The maxi-
mum efficiency of an organic tandem cell as a function of the absorber’s spectral
width of the subcells is presented in Figure 12.5. Interestingly, this study suggests
that it would not pay off to try developing organic materials with an absorption win-
dow broader than 400 nm. More than 90% of the absolute maximum efficiency can
be achieved by having absorbers with a spectral width of 400 nm for both subcells.
In addition, the optimum bandgap of the cells shifts toward higher energies for nar-
rower absorption windows. Similar conclusions were drawn for the efficiency poten-
tial of triple-junction solar cells as a function of the different absorption windows of
the three subcells.
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FIGURE 12.5 The maximum efficiency in the ideal scenario for an organic tandem cell as
a function of the absorption windows of the subcells. “Absorption window 1" refers to the
bottom subcell with the highest absorber bandgap, directed at the sun. (From Minnaert, B.,
and P. Veelaert. 2012. Guidelines for the bandgap combinations and absorption windows for
organic tandem and triple-junction solar cells. Materials 5 (10):1933-1953.)
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FIGURE 12.6 Schematic representation of an organic tandem device comprised of two
subcells having different, complementary absorption spectra in a normal (a) and an inverted
configuration (b). (Ameri, T., N. Li, and C. J. Brabec, 2013, Highly efficient organic tandem
solar cells: A follow up review, Energy Environ. Sci., 6, 2390-2413. Reproduced by permis-
sion of The Royal Society of Chemistry.)

Figure 12.6 shows the most frequently reported configurations of organic tandem
solar cells. Indeed, the two cells involved in the device can be connected either in
series (two-terminal) or in parallel (three-terminal), depending on the nature of the
intermediate layer, and on the way, the intermediate layer and the two electrodes are
connected. In the vast majority of reports, however, the series connection is used. In
this case, the device can be fabricated in the conventional (or normal) architecture or
in the inverted one® as depicted in Figure 12.6a and b, respectively. The intermediate
layer has to ensure the alignment of the quasi-Fermi level of the acceptor of the bot-
tom cell with the quasi-Fermi level of the donor of the top cell (or vice versa for an
inverted architecture). Following the same principle, an infinite number of devices
can be theoretically piled up this way.

12.3 WORKING PRINCIPLES OF THE INTERMEDIATE LAYERS

In the context of photovoltaic operation, free charge carriers generated in the active
layer are selectively extracted through an electron-transporting layer (ETL) at the
cathode or a hole-transporting layer (HTL) at the anode. Depending on the tandem
architecture, a semitransparent electrode (in parallel connection) or a semitranspar-
ent recombination layer consisting of an ETL and HTL (in series connection) is
required to connect the two subcells.

Owing to the lack of a printed semitransparent electrode, highly efficient parallel-
connected tandem devices are more difficult to realize than the series-connected
ones.”3637 Recently, several solution-processed semitransparent electrodes, such
as highly conductive poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)*#* and silver-nanowires (AgNWs),%0-42 have been reported to substi-
tute ITO, exhibiting promising electrical and optical properties.

Different from the parallel-connected tandem device, the intermediate layer
(IML) of the series-connected tandem device functions as a recombination layer
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between the electrons and holes selectively collected from different subcells. In
this case, the energetic diagram of the device can be represented as in Figure 12.7.
When compared to the complex semitransparent electrode for the parallel-connected
device, the solution-processed recombination layer for the series-connected device is
straightforward to engineer under the following requirements:

e The IML should be highly transparent to minimize the optical losses.

¢ A quasi-ohmic contact should be formed between the ETL and HTL to ease
bipolar recombination.

¢ The recombination of the charge carriers in the IML needs to be balanced
to maximize the short-circuit current.

e The processing of the IML should match the requirements for mass pro-
duction, that is, solution-processing, low-temperature treatment, thickness
requirement, etc.

e The IML should be robust enough to protect the underlying active layer
from damage during processing of the upper layers.

e The IML should be environmentally stable to enhance the reliability and
lifetime of the tandem device.

e The optical spacer effect of the IML on the light propagation inside the
tandem device should be considered for further optimization.

In the past several years, multiple efficient IMLs were developed for organic
tandem solar cells.” Due to the lack of conductivity, ultrathin thermally evapo-
rated metal layers were frequently evaporated between ETL and HTL to form an

‘«—— Hole-transporting layer
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FIGURE 12.7 Simplified band diagram of a tandem cell made of two subcells connected
in series via a recombination layer. (Ameri, T., N. Li, and C. J. Brabec, 2013, Highly effi-
cient organic tandem solar cells: A follow up review, Energy Environ. Sci., 6, 2390-2413.
Reproduced by permission of The Royal Society of Chemistry.)
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equivalent ohmic contact. An IML with nonohmic contact properties typically has
s-shaped J-V characteristics.#-0

However, to keep the tandem architecture as simple as possible, a directly formed
ohmic contact between the ETL and HTL is preferred. Most fundamental solution-
processed IMLs are based on combinations of metal oxides (ETL) with a highly conduc-
tive PEDOT:PSS (HTL), such as TiOx/PEDOT:PSS (PH500),>->2 ZnO/PEDOT:PSS
(PH500),%* (Orgacon),’*% or (Clevios F CPP105D),*® etc. In these combinations,
the highly conductive PEDOT:PSS plays a crucial role in forming the quasi-ohmic
contact. We have reported on an efficient IML consisting of aluminum-doped ZnO
(AZO) and low-conductive PEDOT:PSS Al14083.7 Solution-processed ZnO is not
well defined in terms of its electrical and semiconducting properties (density of states
and density of charge carriers) and may differ for various processes and routes. Due to
the promising electrical properties of AZO versus ZnO, the quasi-ohmic contact that
formed between the ETL and HTL is not limited by the conductivity of PEDOT:PSS.
Consequently, the thickness of this intermediate layer could be extended from ~50 to
160 nm without compromising the efficiency of the tandem device.

However, owing to the thermal-annealing requirements of most solution-processed
IMLs, efficient tandem solar cells reported until now were mainly based on a ther-
mally stable donor material for the bottom cell, such as poly(3-hexylthiophene-2,5-
diyl) (P3HT).> Very recently, we demonstrated solution-processed, efficient IMLs that
were deposited by doctor-blading in air and treated at fairly low temperatures (<80°C)
and still exhibited promising reliability and reproducibility.®-%° These IMLs facilitate
the use of novel and high-efficiency donor materials for the bottom cell in tandem
architecture as well as the use of flexible substrates for roll-to-roll mass production.

As a novel approach, applications of CVD-grown graphene® as well as solution-
processed graphene oxide® in the IML of organic tandem solar cells were reported
in 2011. Tung et al. reported an IML based on water-soluble graphene oxide (GO)/
PEDOT:PSS gel and ZnO for tandem solar cells in a normal architecture by a direct
adhesive lamination process.®? Later, the authors were able to further modify the
properties of the GO-based interfaces by adding a small amount of single-walled
carbon nanotubes (SWCNTSs) into GO, which did not affect their solution process-
ability but improved the vertical resistance of the resulting thin film. This allowed
the use of thicker 3—4 nm GO thin films rather than, for example, 1-2 monolayers.5
Based on a rather similar fabrication procedure, GO—SWCNT composites in combi-
nation with ZnO were employed as the IML in inverted as well as normal architec-
ture tandem solar cells.5*

Moreover, Zhou et al.>> demonstrated that ethoxylated polyethylenimine (PEIE)
can be used to universally modify the work function of electrodes. PEIE was dem-
onstrated to serve as an efficient IML with highly conductive PEDOT:PSS (PH1000)
although the interface properties between PEIE and PEDOT:PSS were not well
understood.®® Liu et al. demonstrated a novel IML consisting of conjugated poly-
electrolyte (CPE) bilayer and modified PEDOT:PSS for solution-processed small-
molecule tandem solar cells in a normal architecture.” A notable PCE of 10.1% was
obtained for the tandem solar cell based on two identical subcells.

In addition to its function as a recombination layer, the IML of a tandem device
may have further functionality. One example is the optical spacer effect, improving
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the tandem device performance by adjustment of the electrical field distribution
within each subcell’s active layer. Using PEDOT:PSS Al4083/AZO as an IML, opti-
cal simulations suggested a slight tuning of the photon absorption, resulting in an
enhancement of J, for P3BHT:PCBM/Si-PCPDTBT:PCBM subcells as a function of
the IML thickness. This effect was also confirmed through experimental results in
which, for a given thickness of the active layers, the J. of the tandem device increased
from 7.24 to 7.68 mA cm as the IML was increased from ~50 to 160 nm.”” A differ-
ent but also attractive approach was demonstrated by J. Yang et al.®® who investigated
plasmonic effects in an inverted tandem cell configuration by blending Au nanopar-
ticles (NPs) with the intermediate layer. A 20% improvement in PCE was suggested
due to plasmonic near-field enhancement.

12.4 OPTICAL SIMULATIONS OF THE TANDEM SOLAR CELLS

In order to fully exploit the efficiency potential of promising materials, the combina-
tions of absorbers versus layer sequence have to be understood. In addition, even for
donor materials with attractive absorption properties, suitable acceptor molecules
have to be chosen to ensure balanced photogeneration. Moreover, the thicknesses
of the top and the bottom cells must be carefully optimized to match the photocur-
rent from each subcell. In this regard, optical simulations are frequently employed
to exploit the ultimate efficiency potential for different material combinations of the
materials as a function of layer thickness.

Optical simulations of tandem solar cells were carried out with different method-
ologies, such as the Rigorous Coupled Wave Analysis (RCWA)®-7! or the TMFE.”>7
Using these methods, the number of absorbed photons in each layer is calculated
by considering the reflection, the transmission, and the electric field distribution for
periodic structures. A multilayer OSC can be treated in the simplest case as a one-
dimensional system, and the amplitude of the electromagnetic field vector is coher-
ently calculated for all layers. Prior to the simulations, the complex refractive indices
(n + ik) of all the layers have to be determined. The imaginary part of the complex
index of refraction (k) is directly measured by UV-vis spectrometry, and the real part
(n) by variable angle spectroscopic ellipsometry (VASE).

All the aforementioned concepts were successfully demonstrated by Dennler et
al.,® performing detailed optical simulations of tandem solar cells based on the
following organic semiconductors: poly(3-hexylthiophene) (P3HT), poly[2,6-(4,4-
bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1,3-benzothi-
adiazole)] (PCPDTBT), 1-(3-methoxycarbonyl)propyl-1-phenyl[6,6] C4, (PC(,BM),
and 1-(3-methoxycarbonyl)propyl-1-phenyl[6,6] C;, (PC,,BM). The structure of the
tandem cells is depicted in Figure 12.8a. An 8-nm-thick TiOx and 25-nm-thick
PEDOT:PSS were employed as the IMLs. For each active layer pair, the thick-
ness of both the bottom (d,, between 0 and 300 nm) and the top (d,,, between 0
and 600 nm) active layers was varied and the number of photons absorbed (V,,) in
those layers under AM 1.5 G was calculated. An example of such a calculation with
PCPDTBT:PC,BM as the bottom cell and P3HT:PC,,BM as the top cell is shown
in Figure 12.8b. N, for the bottom (N, [bottom]) and the top (N, [top]) cells are
represented in the three-dimensional space as surfaces, blue and red, respectively.

ottom
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FIGURE 12.8 (a) Schematic diagram of the structure of the tandem cells simulated by
Dennler et al. for different material combinations as bottom and top subcells. (b) Number
of photons absorbed in the bottom active layer and in the top active layer versus the thickness
of the bottom and the top active layers in a 3-D plot. The yellow line indicates the isoline 1,
where N, (bottom)/N,,;, (top) = 1. (c) Thickness relationship for reaching an equal number of
photons absorbed in the top and the bottom cell, for each material combination. (d) Number of
photons absorbed in both active layers (isoline 1) versus the thickness of the PCPDTBT-based
active layer for various material combinations. (Reprinted with permission from Dennler,
G., K. Forberich, T. Ameri et al., 2007, Design of efficient organic tandem cells: On the
interplay between molecular absorption and layer sequence, Journal of Applied Physics, 102,
12, 123109, Copyright 2007, American Institute of Physics. From Yang, J. et al., ACS Nano 5
(8):6210-6217, 2011.)

The two surfaces N, (bottom) and N, (top) cross each other along a tortuous line
defining the pair (dyouoms diop) Tor which N, (bottom) = N, (top). This line is called
“isoline 1.” The isoline 1 reports the optimum thicknesses of the active layers under
the assumption that the top and bottom cells have the same IQE and FF, inde-
pendent of the active layer thickness. In contrast, the current of the whole tandem
device would be optimized along another isoline for which N, (bottom)/N,, (top) =
const # 1.
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Figure 12.8c shows the isoline 1 versus the thickness of the top and the bottom
active layers for five different material combinations and layer sequences. This plot
gives a quantitative understanding of the impact of layer design upon the tandem
cell performance. Obviously, PCPDTBT:PC,,BM for the bottom cell combined with
P3HT:PC,BM for the bottom cell (case 1) and in vice versa sequence (case 5) have
such different absorption properties that tuning of the active layers’ thickness and
achieving a balanced N, are very challenging. Replacing PC,,BM by PCyBM in
the bottom cell (case 2) allows one to utilize a thicker bottom cell compared to case 1.
Interestingly, cases 3 and 4, using both the same blends but in a reversed layer
sequence, show quite similar behavior with no obvious saturation for the thickness
range investigated.

Valuable information can be deducted from the N, plotted versus the thickness
of the single layers as shown in Figure 12.8d. This one displays the N,;, along the
isoline 1 versus the thickness of the PCPDTBT-based cell. This way of plotting was
chosen because PCPDTBT cannot be processed in thick layers without losing its per-
formance. As such, it is more critical to optimize the thickness of this cell. The opti-
cal interference effects cause quite unregularly shaped curves. N, for a single film
thickness of the PCPDTBT layer can be matched by multiple layer thicknesses of the
P3HT layer. Specifically, the case 3, in which PCPDTBT:PC,,BM is used as the bot-
tom layer and P3HT:PC,,BM as the top layer, appears to be the most promising one
for a reasonable thickness range of PCPDTBT between 130 and 230 nm. Under these
conditions, the number of absorbed photons becomes maximized, which is reflected
in higher current densities compared to the other scenarios. Despite intuition, the
most efficient configuration puts the low bandgap polymer as the front absorber and
the wide bandgap polymer as the back absorber. However, due to the specific optical
absorption profiles of the two polymers and the thickness limitation of PCPDTBT,
a configuration with the low bandgap polymer as the front or the bottom absorber
allows higher performance as compared to other layer sequences.

Interestingly, Kim et al.>' experimentally identified the same configuration as the
most promising one. The diagram was approximately a 135 nm PCPDTBT:PC,,BM
layer for the bottom cell and 155 nm P3HT:PC,,BM layer for the top cell, resulting
in efficiencies of 6.5%. However, beyond the fact that these results demonstrated
excellent agreement between simulation and the experiment, it became very clear
that the choice of the right acceptor plays a major role in the current balance of the
tandem cells.

A direct comparison between the calculated photocurrent (based on optical simu-
lations) and the experimental results allows identification of the current limiting
subcell. For instance, according to the simulation results presented in Figure 12.8,
around 7.3 x 10'° photons per s per cm? are absorbed in each of the 135-nm-thick
PCPDTBT and 155-nm-thick P3HT layers. Assuming an IQE of 100%, this N,
would yield a short-circuit current density of 11.7 mA cm~2, and the current reported
for this device is about 7.8 mA cm2. This indicates that the limiting subcell driving
the J in the tandem has an IQE of 67%, a value in good accordance with the IQE
values that have been determined for PCPDTBT:PC,BM single devices. Hence, this
suggests that the performance of the device is limited by the PCPDTBT subcell for
this combination.
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12.5 REVIEW OF EXPERIMENTAL RESULTS

From the very first organic tandem solar cell based on evaporated small molecules
reported by Hiramoto et al. in 19907° until the breakthrough of a 6.5% solution-
processed tandem cell reported by Kim et al. in 2007,>! a detailed review of the
reported organic multijunction solar cells is presented in our previous work."” Since
then, a growing number of records (around or higher than 5%) have been reported
in which the tandem/multijunction structure improves the performance of the indi-
vidual single subcells. Fabrication and reproducibility of highly efficient organic
tandem solar cells have been reported to be very challenging. Currently, research-
ers have mainly focused on the exploration of novel materials that are suitable for
tandem devices. Thus, the PCEs of organic tandem solar cells have been rapidly
boosted in the last several years by up to 10%—12%. In addition, new approaches on
the design of IMLs, device architecture, and reliability of tandem solar cells have
attracted considerable attention in recent years. In this section, the recent results of
different types of highly efficient organic tandem solar cells obtained by various
groups are reviewed.

12.5.1 HigHLY ErriciENT TANDEM ORGANIC SOLAR
CeLLs BASED ON NOVEL MATERIALS

Recently, a great deal of effort is made to improve the PCE of organic tandem solar
cells based on novel materials, including polymers as well as vacuum- and solution-
processed small molecules. In the following, we present a review of highly efficient
tandem solar cells based on both material categories.

12.5.1.1 Polymer-Based Tandem Organic Solar Cells

In 2012, Gevaerts et al.» reported efficiencies of more than 7% for a normal structured
tandem device. In this case, the large bandgap polymer of poly[N-9’-heptadecanyl-2,7-
carbazole-alt-5,5-(4',7’-di-2-thienyl-2',1,3’-benzothiadiazole)] (PCDTBT)"7-3° mixed
with PC,,BM and the novel low bandgap diketopyrrolopyrrole-quintetthiophene
copolymer (PDPP5T)3!-34 blended with PCBM were employed as bottom and top
cells, respectively. Two different optimal layer thicknesses (80 and 210 nm) were
identified, providing power PCEs of 5.6%—-5.8% for single PCDTBT:PC,,BM cells.
In these devices, there is a tradeoff between FF and J while the V,_ is constant.
The single cell of PDPP5T:PCBM with an optimized thickness of 120 nm led to
efficiencies of 5.3%. Optical simulations, assuming a spectrally averaged IQE of
70% for PCDTBT:PC,,BM and 76% for PDPPST:PCBM, predicted the maximum
efficiency for a 170-nm PCDTBT:PC,,BM bottom cell combined with a 120-nm
PDPPST:PCBM top cell. The intermediate layer consisted of a 30-nm-thick layer of
4-5 nm ZnO NPs and a 20-nm layer of pH neutral PEDOT:PSS. Experimentally, the
authors demonstrated a 7.0% efficient tandem device with a V,_ of 1.44 V, FF of 0.54,
and J of 9 mA cm~2. The experimental results closely match the optical prediction as
well as calculated efficiency extracted from the reconstructed J-V characteristics of
the tandem device. Based on the same device architecture, Li et al. improved the PCE
of a tandem solar cell by up to 8.9% by replacing PDPP5T with a novel low bandgap
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polymer, poly[[2,5-bis(2-hexyldecyl-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4-c]-
pyrrole-1,4-diyl]-alt-[3",3"-dimethyl-2,2":5',2"-terthiophene]-5,5"-diyl] (PMDPP3T)
for the top cell.®> Single-junction solar cells based on PMDPP3T mixed with PC, BM
and PCBM reached PCEs of 7.0% and 6.2%, respectively. The optimized thicknesses
for bottom and top cells were determined by optical simulations to be 155 and 150 nm,
respectively. Compared to the corresponding subcells’ PCEs, the optimized tandem
cell with the same layers and thickness achieved an unparalleled increase of about
50%. Moreover, by integrating the EQE spectra of subcells with a AM 1.5 G solar
spectrum, they found that photocurrents generated from the bottom and top cells
were not matched. The PMDPP3T:PCBM-based top cell delivered a J,, of more than
11 mA cm™ in a tandem solar cell, and the PCDTBT:PC,,BM-based bottom cell
reached only a J, of 9.2 mA cm™. Therefore, they suggested an additional photo-
active layer of the same low bandgap material, creating a triple-junction cell with
a 1 + 2 configuration, that is, one junction based on a wide bandgap polymer and
two junctions based on a low bandgap polymer, to further improve the efficiency of
organic tandem solar cells. Experimentally, they demonstrated a triple-junction cell
based on PCDTBT:PC,,BM (125 nm) as a bottom cell, PMDPP3T:PCBM (95 nm) as
a middle cell, and PMDPP3T:PCBM (215 nm) as a top cell with V. =2.09V, J =
7.34 mA cm2, and FF = 0.63, resulting in a PCE of 9.64%.

Zhou et al.% reported on inverted polymer tandem solar cells wherein highly con-
ductive PEDOT:PSS (PH1000) in combination with ethoxylated polyethylenimine
(PEIE) acted as an efficient charge recombination layer. This surface modification
with PEIE led to a high work function contrast between the two opposite interfaces
of the charge recombination layer in contact with the bottom and top cells in a tan-
dem cell configuration where the subcells are connected in series. The bottom sur-
face of the PEDOT:PSS displays a high work function of 4.9 eV whereas the top
surface modified by PEIE displays a low work function of 3.6 eV. A 200-nm-thick
P3HT:ICBA and 80-nm-thick poly[(4,8-bis-(2-ethylhexyloxy)-benzo[1,2-b:4,5-b’]
dithiophene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-b]thiophene)-2,6-diyl]
(PBDTTT-C):PCBM blend were employed as the bottom and top photoactive layers,
respectively. With this combination, tandem cells displayed excellent performance:
V,.=148V,J =74 mA cm2, FF=0.68, and PCE = 7.5%, averaged over 25 devices
among which the champion cell showed V, .= 1.5V, J,,=7.7 mA cm~2, FF = 0.68, and
PCE = 8.2% under 100 mW cm= AM 1.5 illumination. It is worth mentioning that
no posttreatment, such as thermal annealing and/or UV illumination was required
to activate the PEIE buffer layer.®¢ The authors also tested PH1000/branched poly-
ethylenimine (PEI) as the recombination layer in tandem solar cells. The cells with
PH1000/PEI yielded very similar results to those of PHIOO0/PEIE. This is consistent
with the fact that the reduction of the work function of PH1000 by coating PEIE or PEI
is similar.%® Based on the similar IML, PEDOT:PSS/PEIE, bin Mohd Yusoff et al.
demonstrated a tandem solar cell with an averaged V, of 1.52 'V, J, of 8.73 mA cm2,
and FF of 0.67, resulting in a PCE of 8.91%.8” A wide bandgap polymer poly(4,4-
dioctyldithieno(3,2-b:2',3’-d)silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl)
(PSEHTT) mixed with ICBA (120 nm) and a low bandgap polymer poly[(4,40-bis(2-
ethylhexyl)dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-
diyl] (PSBTBT/Si-PCPDBT) mixed with PC,;BM (220 nm) were used in bottom
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and top cells, respectively. Compared to the PCEs of optimized subcells, the cor-
responding tandem solar cells reached an improvement in PCE by ~50%. Moreover,
they investigated the influence of different IMLs on the performance of tandem solar
cells. Based on the same active materials and layer thicknesses, they demonstrated
that tandem solar cells based on PEDOT:PSS/ZnO neutralized PEDOT:PSS/ZnO,
and Graphene/TiO, IMLs obtained V,_ of 1.40, 1.20, and 1.14 V and PCE of 8.30%,
6.04%, and 5.11%, respectively. This study revealed that the IML not only serves as
the charge recombination electrode between subcells, but ensures the presence of
suitable energy alignment for efficiently recombining the charges from the subcells.
The generation of a reverse built-in potential in IML might directly influence the V,,
of tandem solar cells. Based on the same subcells, the authors demonstrated else-
where efficient organic tandem solar cells incorporating a TiO, and graphene oxide
(GO) based IML.%¥ The architecture of tandem solar cells was ITO/GO (10 nm)/
PSEHTT:ICBA (80 nm)/TiO, (40 nm)/GO (10 nm)/PEDOT:PSS/PSBTBT:PC,,BM
(110 nm)/ZnO (10 nm)/Al (150 nm). The tandem solar cells with an active area of
0.04 cm? obtained an averaged V,, of 1.62 V, J,. of 8.23 mA c¢cm™, and FF of 0.63,
resulting in an averaged PCE of 8.40% over 117 devices. They observed that insert-
ing a thin layer GO (10 nm) between TiO, and PEDOT:PSS allows for drastically
improved device stability for devices under continuous illumination. The efficiency
of the tandem solar cell dropped to about 8.3% of the initial PCE after 720 hr and
remained at 80% initial PCE after 2880 hr of continuous illumination at 48°C-50°C
with 30% relative humidity.

Chang et al. reported on a tandem solar cell based on a fluoro-containing low band-
gap polymer, poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta|2,1-b;3,4-b’]dithiophene)-
alt-4,7-(5-fluoro-2,1,3-benzothia-diazole)] (PCPDTFBT) mixed with PC,)BM as the
top cell.® By modifying the active layer morphology with a high boiling point 1,3,5-tri-
chlorobenzene and modifying the ZnO buffer layer with a fullerene self-assembled
monolayer (Cy,-SAM), single-junction solar cells based on PCPDFBT:PC,,BM
obtained a PCE of 6.6%, which was among the highest PCE values for cyclopenta[2,1-
b;3,4-b’]dithiophene (CPDT)-based organic solar cells. The tandem solar cells based
on P3BHT:ICBA (150 nm) as the bottom cell and PCPDTFBT:PC,;BM (100 nm) as
the top cell with an inverted architecture reached a V,, of 1.57 V, a J of 7.83 mA
cm~2, and a FF of 66.5%, resulting in a PCE of 8.2%. The combination of modified
PEDOT:PSS (Clevious P VP A1 4083 diluted with equal volume of isopropyl alcohol
and 0.2 wt% of Zonyl FSO fluorosurfactant), PEDOT:PSS (PH1000) and ZnO was
used as an IML to connect the bottom cell, P3BHT:ICBA 150 nm, and the top cell,
PCPDTFBT:PC,BM 100 nm. They noted that the use of PEDOT:PSS (PH1000)
ensures the ohmic contact between modified PEDOT:PSS and ZnO. The tandem
solar cells without PEDOT:PSS (PH1000) usually showed a s-shaped kink in J-V
characteristics and therefore a deteriorated PCE.

Jo et al. demonstrated an efficient inverted architecture single-junction solar cell
based on a low bandgap polymer, poly[{2,5-bis(2-octyldodecyl)-2,3,5,6-tetrahydro-
3,6-dioxopyrrolo[3,4-c]pyrrole-1,4-diyl}-alt-{[2,2'-(1,4-phenylene)bisthiophene]-
5,5'-diyl}] (PDPPTPT), (E, ~ 1.49 eV).” The PCE of this DPP-based single-junction
solar cell was improved from =5.5%°! up to 7% by incorporating an additive mixture
consisting of 3 vol.% 1,8-diiodooctane (DIO) and 3 vol.% 1-chloronaphthalene (CN)
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into the chlorobenzene (CB) host solvent to optimize the BHJ nanomorphology and
thus to improve the cell performance. Moreover, an ultrathin conjugated polyelec-
trolyte (CPE) layer, poly(9,9"-bis(6”-N,N,N-trimethylammoniumhexyl) fluorene-
coalt-phenylene), with bromide counterions (FPQ-Br) was employed between the
ZnO and BHJ layers to improve the electron transport and interfacial contact. The
tandem solar cells based on a wide bandgap thieno[3,4-c]pyrrole-4,6-dione (TPD)-
terthiophene copolymer (£, ~ 1.8 e¢V) mixed with PC;,BM as the bottom cell and
PDPPTPT:PC,,BM as the top cell reached a V,, of 1.60 V, a J, of 8.4 mA cm~, and
a FF of 0.64, resulting in a champion PCE of 8.58%. The IML consisted of a con-
ductive PEDOT:PSS (Clevios CPP105D) layer and ZnO NPs. The use of ZnO NPs
as the ETL in the IML is due to its relatively low annealing temperature (=80°C),
which does not affect a change of BHJ nanomorphology in the bottom cell. The CPE,
which modified the ZnO layer in the bottom and top cells, played an important role
in optimizing the tandem solar cells. Without the CPE layers, the tandem solar cell
based on the same active layers obtained a PCE of 7.23% along with a J. of 7.5 mA cm™,
and a FF of 0.60.

Li et al.”?> demonstrated two efficient conjugated copolymers, PBDTFBZO and
PBDTFBZS, consisting of dialkylthiol substituted benzo[1,2-b:4,5-b’]dithiophene
donor and monofluorinated benzotriazole acceptor blocks. The optical bandgaps of
both polymers were determined to be ~1.8 eV. Single-junction solar cells based on
PBDTFBZS:PC,,BM with 3% DIO obtained a high PCE of 7.74% along with a V,_ of
0.88 V, a J, of 12.36 mA cm™, and a promising FF of 0.712. Tandem solar cells with
an inverted architecture based on PBDTFBZS:PC,,BM as the bottom cell were con-
structed. A diketopyrrolopyrrole (DPP)-based copolymer (PNDTDPP)?* mixed with
PC,,BM was employed as the top cell in the tandem architecture, which is ITO/ZnO
(40 nm)/PBDTFBZS:PC,,BM (150 nm)/PEDOT:PSS/ZnO/PNDTDPP:PC, . BM
(120 nm)/MoO; (10 nm)/Ag (100 nm). The tandem solar cells obtained a V,. of 1.59 V, a
J,, of 9.10 mA cm2, and a FF of 0.65, resulting in a PCE of 9.40%, exhibiting an improve-
ment by 48% compared to the corresponding reference single-junction solar cells.

Based on two commercially available conjugated polymers, GEN-2 (Merck)®*-4
and pDPP5T-2 (BASF),’8%0 we demonstrated efficient organic tandem solar cells
with inverted architecture incorporating a low-temperature, solution-processed
IML.3%% The functionality of the IML was fully investigated and reported previ-
ously.>® It is notable to mention that all layers of the tandem solar cells, exclud-
ing two electrodes, were fabricated by doctor blading at a fairly low temperature
(<80°C) 1n air, exhibiting an excellent compatibility with the roll-to-roll mass pro-
duction of organic tandem solar cells. The architecture of tandem solar cells was
ITO/ZnO/GEN-2:PCBM/PEDOT HIL3.3/ZnO/Ba(OH),/pDPP5T-2:PC, . BM/Mo0O,/
Ag. Zhang et al.> found that modifying the AZO layer with an ultrathin solution-
processed Ba(OH), layer could dramatically enhance the PCE of the single-junction
solar cells with an inverted architecture, especially for the DPP-based solar cells.
In this work, we successfully used the same recipe to modify the ZnO for pDPP5T-
2:PC,,BM-based solar cells. The tandem solar cells on glass and flexible substrate
obtained a PCE of 7.66% and 5.56%, respectively, which were the highest efficien-
cies reported until now for organic tandem solar cells fabricated by a mass produc-
tion—compatible method in air.
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The breakthrough in organic tandem solar cell performance was made by Yang’s
group. In 2012, Dou et al.>3 demonstrated the rational design of a novel low-bandgap
conjugated polymer, poly{2,6-4,8-di(5-ethylhexylthienyl)benzo[1,2-b;3,4-b]dithio-
phene-alt-5-dibutyloctyl-3,6-bis(5-bromothiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-
dione} (PBDTT-DPP) with an optical bandgap of 1.44 eV for tandem solar cells.
PBDTT-DPP blended with PC,,BM gave PCEs greater than 6% for single-junction
solar cells in both normal and inverted architectures. Among more than 300 devices
processed, the best devices gave the following values: V, = 0.74 V, J =~ 13.5 mA cm™,
and FF = 65%. The high V,_ can be attributed to the deep HOMO level of —5.3 €V,
and the high J. and FF can be attributed to the high hole mobility of PBDTT-DPP
(the hole mobility of PBDTT-DPP:PC,,BM with a 1:2 weight ratio was found to be 2.9 x
10~* cm? V-1 s71). Finally, a PCE of 8.62% was certified by the National Renewable
Energy Laboratory (NREL) for an inverted architecture tandem solar cell comprised
of P3BHT:ICBA and PBDTT-DPP:PC,,BM as the bottom and top cells, respectively.
A combination of m-PEDOT:PSS/ZnO ensured the efficient charge carriers recom-
bination in the IML. The resulting tandem device showed a FF of 0.66, V,_of 1.56 V,
and J, of 8.26 mA cm2.

The substitution of S by Se on the DPP unit (PBDTT-SeDPP) led to a reduced
bandgap (optical bandgap of 1.38 eV) and an enhanced hole mobility (6.9 x 10~* cm?
V-I's71) compared to S-based PBDTT-DPP.%® A higher photocurrent of 16.8 mA cm2
and a PCE of 7.2% were obtained in a single junction of PBDTT-SeDPP:PC,,BM.
Even more importantly, this new Se-containing polymer significantly enhanced
the tandem device performance by up to 9.5%. Tandem solar cells with an inverted
architecture were fabricated using PBDTT-SeDPP:PC,,BM as the top cell and
P3HT:ICBA as the bottom cell. The averaged PCE from 20 tandem devices was
9.5% with a V,, of 1.52 V, a J, of 9.44 mA cm™, and a FF of 0.66. The V, of the
tandem device is almost the sum of two subcells (0.84 V and 0.69 V), indicating
the effectiveness of the high-performance IML of PEDOT:PSS/ZnO. The FF of the
tandem device is around the average of the two subcells (70% for the bottom cell and
62% for the top cell). The major improvement compared to the previously reported
tandem cells based on PBDTT-DPP is the J,, (from 8.3 mA cm™ to 9.4 mA cm™2).

Finally, efficiencies of 10.6% were achieved by the same group based on a devel-
oped structure of the reported low-bandgap polymer of PCPDTBT.”” First, a signifi-
cantly enhanced V. was obtained by introducing two strong electron-withdrawing
fluorine atoms on the benzothiadiazole (BT) unit, forming the difluorobenzothia-
diazole (DFBT) unit to lower the HOMO level. Second, the bandgap was further
decreased by inserting a strong electron-donating oxygen atom into the cyclopentadi-
thiophene (CPDT) unit, creating the dithienopyran (DTP) unit. These two strategies
led to the novel polymer poly[2,7-(5,5-bis-(3,7-dimethyl octyl)-5H-dithieno[3,2-
b:20,30-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothiadiazole)] (PDTP-DFBT) with
a bandgap of 1.38 eV, which also showed a high hole mobility (3.2 x 1073 cm? V! s71)
and deep HOMO level (-5.26 eV). Single-junction devices based on PDTP-DFBT
showed a high quantum efficiency of >60% from 710 to 820 nm, and the spectral
response extends to 900 nm. This led to a PCE of 7.1% and 7.9% when blended
with PCBM and PC, BM, respectively. Tandem devices based on the bottom cell
of P3BHT:ICBA and the top cell of PDTP-DFBT:PCBM obtained the certified PCE
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of 10.6% with a J of 10.1 mA cm2, FF of 68.5%, and V,_ of 1.53 V under standard
reporting conditions (25°C, 100 mW cm~2, AM 1.5 G). The device architecture is
ITO/ZnO/P3HT:ICBA (220 nm)/PEDOT:PSS/ZnO/PDTP-DFBT:PCBM (100 nm)/
MoOs/Ag (Figure 12.9a). The J-V characteristics of this tandem device, certified by
NREL, are shown in Figure 12.9b. The efficiency of 10.6% ranks at the world’s top
level among polymer PV cells that are available at the moment. In addition, You et al.
constructed the tandem solar cells based on two identical PDTP-DFBT:PC,,BM sub-
cells.”® They found that the modified PEDOT:PSS in the IML doesn’t work well with
the PDPTP-DFBT:PC,,BM; a thin MoOx layer was therefore thermally evaporated
on top of the bottom cell to overcome the contact problem. Finally, the tandem solar
cells based on an 80-nm-thick bottom cell and a 100-nm top cell obtained a V,,
of 1.36 V along with a J of 11.5 mA c¢cm™ and a FF of 0.65, resulting in a PCE of
10.2%, leading to an improvement by ~26% compared to the corresponding cham-
pion single-junction solar cells. However, compared to the traditional tandem solar
cells with complementary absorption, the identical subcell-based tandem solar cells
cannot reduce the thermalization losses. PCE of this kind of tandem solar cells is
still limited by the S-Q limit for single-junction solar cells'® due to relatively low V.
Nevertheless, considering the thickness limit for most organic active materials, this
1 + 1 approach, that is, tandem solar cells based on two identical subcells, stands a
chance to enhance both the IQE and EQE of organic solar cells and, as a result, to
further enhance their PCEs.

A brief summary of the reports dealing with highly efficient tandem organic solar
cells based on polymeric donors and their corresponding single subcells is presented
in Table 12.1.
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FIGURE 12.9 (a) Schematic of the 10.6% efficient tandem solar cell, demonstrated by You
et al. (b) J-V characteristics of the device as measured by NREL under AM 1.5 G illumina-
tion (100 mW/cm?). (Reprinted by permission from Macmillan Publishers Ltd., You, J., L.
Dou, K. Yoshimura et al., A polymer tandem solar cell with 10.6% power conversion effi-
ciency. Nat Commun, 4, 1446. Copyright 2013.)
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12.5.1.2 Small Molecule-Based Tandem Organic Solar Cells

Recently, Riede et al. presented a certified efficiency of 6.07% for a small molecule-
based tandem solar cell.” The absorption-complementary materials of fluorinated
zinc phthalocyanine derivative (F4-ZnPc) and dicyanovinyl-capped sexithiophene
derivative (DCV6T) blended with C, were evaporated as bottom and top active layers,

100 nm Al

10 nm n-Cep, 4%
5 nm p-DiNPB, 10%
25 nm p-DiNPB, 5%
5 nm p-BPAPF, 10%
5 nm BPAPF
at 90°C ‘ 1st subcell
5 nm Cgo Ag

5 nm n-Cego, 4% Recombination BCD
5 nm p-DiNPB, 10% contact

0-285 nm p-DiNPB, 5%|  Spacer layer

MoO:
10 nm DiNPB
F4-ZnPc or
2nd subcell
15 nm Cgo
5 nm n-Cgo, 4% I MoO.
| ITO | ITO
Glass substrate Glass
(a) (b)
|O_
O?=O K*
NS
n
CPE1 CPE2 CPE3

FIGURE 12.10 Schematic of (a) A vacuum-processed small molecule-based tandem solar
cell, demonstrated by Riede et al. (Riede, M., C. Uhrich, J. Widmer et al.: Efficient Organic
Tandem Solar Cells based on Small Molecules. Advanced Functional Materials. 2011. 21. 16.
3019-3028. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
and (b) A vacuum- and solution-processed small molecule-based tandem solar cell, demon-
strated by Lassiter et al. (Reprinted with permission from Lassiter, B. E, J. D. Zimmerman,
and S. R. Forrest, Applied Physics Letters, 103, 123305, 2013, Copyright 2013, American
Institute of Physics.) (c) Chemical structures of CPEs used in ref. 67 for solution-processed
small molecule based tandem solar cells. (Reprinted by permission from Macmillan Publishers
Ltd., Yongsheng, C.-C. C., Z. Hong et al. 2013. Solution-processed small-molecule solar cells:
breaking the 10% power conversion efficiency, Scientific Reports, 3, 33, 3356, Copyright 2013.)
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respectively. As shown in Figure 12.10a, a complicated IML of N,N'-diphenyl-N,N'-
bis(4'-(N,N-bis(naphth-1-yl)-amino)-biphenyl-4-yl)-benzidine (DiNPB), 5% p-doped
DiNPB (p-DiNPB), 10% p-DiNPB, 4% n-doped C,, (n-C,), and C, ensured the
recombination of holes and electrons extracted from the bottom and top cells.
Thickness variations of the transparent optical spacer p-DiNPB between both sub-
cells in the tandem solar cell were shown to cause a significant change in short-
circuit current density J,, due to optical interference effects whereas V. and FF were
hardly affected. The maximum efficiency of about 6.07% under standard test condi-
tions on a module-relevant area of nearly 2 cm? with V,_ = 1.59 V, FF = 0.61, and J,_ =
6.18 mA cm™ was reported for a spacer thickness of 150-165 nm.

Lassiter et al.'”° demonstrated an organic tandem solar cell incorporating solution-
and vacuum-deposited small molecules as the active layers. In this work, the authors
incorporated a solution-processed and solvent-vapor-annealed 2,4-bis[4-(N,N-
diphenylamino)-2,6-dihydroxyphenyl] squaraine'® (DPSQ)/C,, bilayer HJ for the
bottom cell and a boron subphthalocyanine chloride (SubPc):C,, graded HJ'%? for
the top cell. The tandem devices were fabricated with the following layer thick-
nesses: glass substrate/100 nm, ITO/20 nm, MoO,/13 nm, DPSQ/10 nm, C,,/5 nm,
PTCBI/0.1 nm, Ag/5 nm, MoO,/29 nm, SubPc:C,,/3 nm, C,,/7 nm, BCP/100 nm Ag
(depicted in Figure 12.10b). The IML consisting of PTCBI/Ag/MoO; was vacuum-
processed. The resulting tandem device was demonstrated with a PCE of 6.66%, FF =
0.54, J, =62 mA cm™2, and V,_. = 1.97 V, indicating a nearly loss-free IML. The
obtained efficiency for the tandem devices was at least 35% improved as compared
to the most efficient single cell.

Liu et al.%” designed and synthesized a two-dimensional conjugated small molecule,
SMPV]1, based on alkylthienyl-substituted benzo[1,2-b:4,5-b9]dithiophene (BDT-T) as
the core unit and 3-octylrodanine as the electron-withdrawing end group for high per-
formance solution-processed OSCs. The single-junction solar cells based on SMPV1
mixed with PC;BM (1:0.8 w/w) and 0.5 mg mL-! PDMS as additive obtained a PCE
of 8.02% along with a V,_of 0.937, a J_ of 12.17 mA cm™2, and FF of 0.704, which was
certificated by Newport Cooperation under AM 1.5 G irradiation (100 mW cm™2). The
single-junction solar cells with PDMS showed an averaged IQE over 80%, indicating
that the PDMS additive plays a positive role in free carrier generation in the BHJ films,
which may result from a more effective donor—acceptor interface due to the decreased
domain size. To further enhance the absorption of the SMPV1-based solar cells, they
demonstrated the tandem solar cells based on two identical subcells incorporating a
conjugated polyelectrolyte (CPE)-based, thermal-annealing free IML. Depositing a
CPE thin layer on top of the active layer normally leads to a surface dipole at the
interface between the photoactive layer and metal electrode, which can suppress the
interfacial recombination, and thus improve the device performance.!® The authors
developed a multilayered film based on bilayer CPE and a modified PEDOT:PSS, hav-
ing a well-defined molecular organization in a smooth geometrical arrangement, to
serve as the IML. The architecture of the tandem solar cells was ITO/PEDOT:PSS/
SMPV1:PC,,BM/CPE1/CPE2/M-PEDOT:PSS/SMPV1:PC, BM/CPE3/Al. The chem-
ical structures of CPEs, CPEI, CPE2, and CPE3, are depicted in Figure 12.10c. The
optimized tandem solar cell achieved a PCE of 10.1% along with a V, of 1.82 V, a
J. of 770 mA cm2, and a notable FF of 72%, corresponding to a 25% enhancement
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compared to the best single-junction solar cell. This study demonstrated the first
solution-processed small molecule-based solar cell exceeded the 10% milestone,
which was among the highest efficiencies of OPV devices.

Recently, a new record of 12% on vacuum-processed organic tandem solar cells
has been reported by Heliatek GmbH.'* With Yang’s group (2011) and Heliatek’s
new record-breaking efficiencies for OPV cells,””!4 the organics are now matching
the a-Si:H. So far, no technical details on this record efficient tandem solar cell have
been reported.

A summary of the small molecule-based tandem solar cells and their correspond-
ing single subcells is provided in Table 12.2.

12.5.2 HiGHLY EFriciENT TANDEM ORGANIC SOLAR
CeLLs BASED ON VARIOUS STRUCTURES

In addition to the novel organic materials, various device architectures have been
applied to enhance the efficiencies of tandem OPVs. A review of these structures,
including inorganic—organic hybrid and semitransparent tandem organic solar cells
is presented in the following.

12.5.2.1 Inorganic-Organic Hybrid Tandem Solar Cells

In 2012, Seo and his colleagues'® reported the record efficiency of inorganic—
organic hybrid tandem solar cells. Figure 12.14 shows the device structure of the
inorganic—organic hybrid tandem solar cells designed in their work. Thin films of
a-Si (p-type/intrinsic/n-type) were deposited as the bottom inorganic subcell using
plasma-enhanced chemical vapor deposition. The active layer of the organic top sub-
cell consisted of a blend of PBDTTT-C:PCBM. The organic and inorganic solar
cells were connected by a transparent ITO layer (50 nm) and a highly conductive
PEDOT:PSS layer (70 nm). The ITO, acting as an ETL, was deposited using mag-
netron sputtering. The PEDOT:PSS layer was used as the HTL. Consequently, elec-
trons extracted from the inorganic solar cells combined with holes extracted from
the OSCs at the ITO/PEDOT:PSS interface. The maximum PCE of 5.72% with a V,
of 142V, J of 6.84 mA cm=, and FF of 0.58 was achieved, which is higher than
that of either of the two subcells individually. The V,_ of the hybrid cell was 1.42 'V,
reaching 92% of the sum of the subcell V,_ values. This provided evidence that the
two subcells were indeed connected in series.

Beiley et al.l% demonstrated a novel device architecture, hybrid tandem photovol-
taic (HTPV), which is composed of an inexpensive and low-temperature processed
solar cell, such as an organic or dye-sensitized solar cell, that can be printed on top
of one of a variety of more traditional inorganic solar cells. Based on their modeling,
an OSC may be added on top of a commercial CIGS cell, as a HTPV cell, to improve
its efficiency from 15.1% to 21.4%, thereby reducing the cost of the modules by ~15%
to 20% and the cost of installation by up to 30%. In detail, the authors assumed light
is first incident on the organic top cell, which absorbs only light above its bandgap,
and allows lower energy photons to pass through to be absorbed by the inorganic
bottom cell. The organic top cells were modeled assuming a 90% IQE, a 0.70 FF, and
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0.6 V loss in V,, compared to the bandgap of the absorber. In ideal cases, in which the
top organic solar cells’ bandgap can be finely tuned and absorb 100% of the above-
bandgap light, the top cell can improve a commercial HelioVolt CIGS cell from
15.1% to 21.4% and the NREL CIGS cell from 19.9% to 23.5% in a two-terminal
device, in which the photocurrent generated by both subcells should be matched.
However, based on current OPV technology, in which the losses in V,_ are typically
higher than 0.6 V due to contact loss and the energy required for charge carriers
dissociation, an organic cell absorbing 75% of the light above 1.8 eV that achieves
a V., of 945 mV can only improve a HelioVolt CIGS cell by from 15.1% to 16.5%
PCE. Nevertheless, this novel approach has the potential to decrease module costs
by ~15% to 20% and installation costs by up to 30%, which would make solar power
economically competitive in many more places. Later, the authors!®’” experimentally
demonstrated an HTPV incorporating a semitransparent organic top cell based on
PBDTTPD:PC,,BM and an inorganic bottom CIGS cell. The PCEs of the HTPV cell
were estimated to be 11.7% and 14.5% when the light comes from a different side of
the semitransparent organic top cell. Although both efficiencies were lower than that
of the single-junction CIGS cell (15.7%), the semitransparent cell architecture paved
the way for HTPV technology approaching and exceeding the 20% milestone.

12.5.2.2 Semitransparent Tandem Organic Solar Cells

Chen et al.** reported on a normal architecture, semitransparent OSC based on an
efficient low-bandgap polymer PBDTT-DPP, which was used in the top cell of an
efficient organic tandem solar cell in previous work.3 The architecture of the semi-
transparent solar cell was ITO/PEDOT:PSS/PBDTT-DPP:PCBM (~100 nm)/TiO,/
AgNW. To form the AgNW-based top electrode, the AgNW dispersion in isopropyl
alcohol was spin coated (2 mg/ml dispersion, 2500 rpm, 10 drops) or spray coated
(0.05 mg/ml dispersion) onto the TiO, layer to form AgNW conducting networks.!%
The fusing process of the AgNW network was then carried out by applying diluted
TiO, sol—gel solution in ethanol at 3000 rpm and baking at 100°C for 10 s. The ITO
nanoparticle dispersion (10 wt%) was used as transparent conductive filler and was
spin coated onto the fused AgNW matrix to form the composite electrode. Mild
heating at 80°C for 1 min removed the residual solvent. The thickness of the trans-
parent composite electrode is around 400 nm. The semitransparent solar cell with a
maximum transmission of 66% at 550 nm achieved PCE of 4.02% and 3.82% under
the illumination from the ITO and AgNW sides, respectively, and the control device
based on the same active layer with an opaque reflective electrode obtained a PCE
of 6.03%.

Based on the same processing recipe for the top AgNW electrode, the authors
fabricated the semitransparent tandem solar cells based on PBDTT-FDPP-C,, and
PBDTT-SeDPP as active materials.!”” The combination of PFN/TiO2/modified
PEDOT:PSS (85 vol.% PH1000, 10 vol.% IPA, and 5 vol.% DMF)/PEDOT:PSS
(A14083). The tandem solar cells with an device architecture of ITO/PEDOT:PSS/
PBDTT-FDPP-C12:PCBM/PFN/TiO2/m-PEDOT:PSS/PEDOT:PSS/PBDTT-
SeDPP:PCBM/TiO,/AgNW obtained a PCE of 6.4% along with a V,_of 1.46 V, a J
of 7.2 mA cm™, a FF of 0.61, and an averaged transmission of 43%. Replacing the
PCBM with PC,;BM in the top cell led to an increase in PCE up to 7.3%, responding
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to an improvement in PCE by more than 30% compared to the optimized single-
junction semitransparent solar cells based on PBDTT-SeDPP:PC,,BM, and the
averaged transmission decreased to 30%. The authors observed that these semitrans-
parent tandem solar cells can be used in either top- or bottom-illumination modes
without any major differences in their device performances.

Jen’s group used a different approach to fabricating the semitransparent OSCs,
where a thin Ag film was thermally evaporated to form the semitransparent top elec-
trode.""%1"! The realized semitransparent solar cells based on poly(indacenodithio-
phene-co-phenanthro[9,10-b]quinoxaline) (PIDT-PhanQ):PC,,BM exhibited the
PCEs in the range of 2.6% to 5.63% and the averaged visible transmittance in the
range of ~30% to 13%.""° Chen et al. demonstrated the inverted architecture semi-
transparent OSCs by employing a thin thermally evaporated MoO,/Ag electrode.'!!
This device architecture was ITO/ZnO/Cy-SAM/PBDTTT-C-T:PC,,BM/Mo00O,/Ag,
and the thin Cy,-SAM was utilized to modify the ZnO buffer layer, thus enhancing the
device performance. The synthesis and characterization of the low bandgap polymer
based on benzo[l,2-b:4,5-b’]dithiophene (BDT) and thieno[3,4-b]thiophene units
(PBDTTT-C-T) was demonstrated elsewhere.''> By tuning the thickness of the reflec-
tive Ag electrode, the averaged visible transmittance accordingly varied from ~35.9%
to ~2.0%, and the corresponding PCE of the semitransparent solar cells increased from
4.25% up to 7.56%. It is notable to mention that the optimized semitransparent OSCs
obtained a PCE of ~6% along with an averaged visible transmittance of 25% and a
color rendering index close to 100. Later, Chang et al. demonstrated semitranspar-
ent organic tandem solar cells incorporating this thermally evaporated thin MoO,/Ag
electrode.'® The architecture of the tandem solar cells was ITO/ZnO/Cg,-SAM/
PIDT-PhanQ:PCBM/m-PEDOT:PSS/PEDOT:PSS  (PH1000)/ZnO/C,-SAM/PIDT-
PhanQ:PC,,BM/Mo0O,/Ag. The IML consisting of bilayer PEDOT:PSS and ZnO/Cy-
SAM was demonstrated and investigated in a previous publication.?® Based on the thin
active layers (total thickness of 155 nm), semitransparent tandem solar cells incorporat-
ing a thin top electrode (~10 nm Ag) obtained a PCE of 6.7% (under illumination at
100 mW cm~2) along with a V, of 1.70 V, a J,, of 5.81 mA cm, a FF of 0.67, and an aver-
aged visible transmittance of ~40% in the range between 380 and 700 nm. The authors
mentioned that an improved PCE of 7.4% was obtained under a low light intensity of
80 mW cm2, representing the highest value reported for a semitransparent solar cell.

A summary of the semitransparent organic tandem solar cells and their corre-
sponding single subcells is provided in Table 12.3.

12.6 TANDEM SOLAR CELL MEASUREMENT

For a better insight into the working mechanisms of organic tandem solar cells and
the accurate determination of the PCE, it is important to assess the performance of
each individual subcell in a tandem device. By knowing the EQE of the subcells, it is
possible to determine which of the subcells is limiting the performance. Nowadays,
much effort is devoted to the development of multijunction solar cells for record
efficiency, and hence, reporting the accurate performance has become an increas-
ingly important subject for the OPV community. EQE measurements are essential
to report precise PCEs of the tandem devices. Therefore, there is a strong need for
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a customized protocol to measure the EQE of these cells correctly. In contrast to
single-junction solar cells consisting of just one absorber layer, measuring the EQE
for a tandem cell is significantly more challenging, especially for the technologically
attractive two-terminal configuration in which the intermediate contact is buried
and subcells cannot be addressed individually. Although some detailed protocols for
EQE measurement of two-terminal tandem and triple-junction inorganic solar cells
were developed,''*-117 specific characteristics, such as a field-assisted charge collec-
tion and sublinear light intensity dependence, limit their use for organic tandem
solar cells. These properties necessitate that EQE experiments are carried out under
representative illumination conditions and electrical bias to maintain short-circuit
conditions for the addressed subcell.

A tandem cell is only able to pass current when both the wide and small bandgap
subcells are simultaneously excited with light. Therefore, the EQE of organic tan-
dem cells requires selective background illumination to optically bias one subcell
such that the other subcell, which is under investigation, is current-limiting over
the entire wavelength range.** Due to frequently observed sublinear light intensity
dependence of OSCs, the EQE under reduced light intensity, for example, under mono-
chromatized white light, is often overestimated compared to the response under
standard operating conditions (AM 1.5 G with a light intensity of 100 mW cm).!13
This consideration needs to be taken into account for EQE measurement as explained
in detail in the following.

In addition, under background illumination at short-circuit conditions, the current-
limiting subcell actually operates under reverse bias because the optically biased
subcell operates close to V... This effect is illustrated in Figure 12.11 for a 4.9%
organic tandem solar cell comprising wide and small bandgap polymers and a
ZnO/PEDOT:PSS recombination layer.""” Therefore, a forward bias voltage on the

4

T T T T

—— Optically biased subcell P
- - - Current-limiting subcell g
------- Tandem cell ,

Current density (mA/cm?)

-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

FIGURE 12.11 Influence of the bias voltage of the optically biased subcell on the current-
limiting subcell. B is the target value, and O is the obtained value when measuring the tan-
dem cell under the short-circuit conditions. (Gilot, J., M. M. Wienk, and R. A. J. Janssen:
Measuring the External Quantum Efficiency of Two-Terminal Polymer Tandem Solar Cells.
Advanced Functional Materials. 2010. 20. 22. 3904-3911. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.)
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tandem cell is required to compensate for this effect and to avoid the overestimation
of the EQE. The EQE overestimation depends on the magnitude of the slope of the
J-V curve around V =0 (for example, in Figure 12.11, the error induced is about 16%).

Gilot et al. developed a method to determine the magnitudes of the background
illumination and bias voltage during EQE measurements, based on the behavior of
single-junction cells and optical modeling.!" Figure 12.12a depicts a simplified sche-
matic diagram of the EQE set-up presented in their work. It consists of a tungsten—
halogen white light that is modulated with a mechanical chopper and then dispersed
by a monochromator. A further two semiconductor lasers are used for bias illumina-
tion with wavelengths tuned to excite the photoactive layers in the different subcells.
Their intensity can be varied with circular variable neutral density filters. A lock-in
amplifier referenced to the mechanical chopper is used as a measuring unit. The
device whose EQE measurement is presented here has been described elsewhere!'?°
and is based on PFTBT as a wide bandgap polymer and pBBTDPP2 as a small band-
gap polymer, both in combination with PCBM. The normalized absorption spectra
of individual films of the active layers of the subcells are displayed in Figure 12.12b
and show the wavelengths used for the bias illumination. Because the PFTBT:PCBM
layer is insensitive to light above 750 nm, bias illumination with a 780 nm laser is
well suited to generate excess charges in the small bandgap top cell and measure the
current-limiting wide bandgap bottom cell in the tandem device. On the other hand,
the low absorption of pPBBTDPP2:PCBM in the 500 to 550 nm region enables selec-
tive excitation of the small bandgap top cell in the EQE measurement of the tandem
cell with bias illumination from a 532 nm laser.

To simulate the 1-sun operating conditions for each subcell, the following proce-
dure was proposed by the authors: for the small-bandgap top cell, sufficient floodlight
is provided by the 532-nm bias illumination. This can be explained by considering

532 nm

f bias light 10_.
dN:r:lsti‘;;l > Neutral density
780 nm filter T filter
bias light *_,{\ Hot mirror

o
n
f

onochromato:
Lamp N

Normalized absorption

Beam- S;imple

Chopper splitter

0.0 e 2 :
JL..D 400 500 600 700 800 900

Wavelength (nm)
(a) (b)

FIGURE 12.12 (a) Setup for the EQE measurement of tandem solar cells. (b) Normalized
absorption spectra of both individual active layers (PFTBT:PCBM and pBBTDPP2:PCBM).
The dotted lines represent the wavelengths of the bias illumination. ([a] Gilot, J., M. M. Wienk,
and R. A. J. Janssen. Measuring the External Quantum Efficiency of Two-Terminal Polymer
Tandem Solar Cells. Advanced Functional Materials. 2010. 20. 22. 3904-3911, Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission. [b] From Burdick, J.,
and T. Glatfelter, Solar Cells 18 (3—4):301-314, 1986.)
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that although the 532 nm light is primarily absorbed by the wide bandgap bottom
cell (creating the optical bias), the small bandgap top cell also absorbs a substantial
amount at this wavelength, and the intensity of the 532-nm light can be tuned to
generate 1-sun operating conditions in the small bandgap top subcell. In this regard,
the appropriate AM 1.5 G equivalent intensity for 532-nm laser floodlight was deter-
mined from the absorption profile of the tandem subcells obtained by calculating
the number of absorbed photons using optical modeling. For the example described
here, the authors had found that, at this intensity and wavelength (532 nm), the wide
bandgap bottom cell absorbs approximately three times more light, which ensures
that the small bandgap top cell remains current limiting. For the EQE measurement
of the wide bandgap bottom cell, the 780-nm laser light could only be used as a
bias light for the small bandgap top cell, but could not act as a floodlight to have the
wide bandgap bottom cell operating under 1-sun conditions. Hence, the intensity of
the 780-nm bias light was just tuned to AM 1.5 G equivalent intensity for the small
bandgap single-junction cell, which ensures enough charge generation in the small
bandgap top cell, exceeding the charge generation in the wide bandgap bottom cell
at any wavelength of the modulated probe light. Afterward, a mathematical cor-
rection of the measured EQE is applied to correct for the sublinear light intensity
dependence of the current. This correction factor is determined as the average ratio
between the EQE measurements with and without a 1-sun intensity floodlight of a
wide bandgap single-junction device.

In the next step, the magnitude of the electrical bias was determined. The correct
electrical bias could be determined by making use of the J-V characteristics of the
single junction solar cells under illumination conditions representative for the sub-
cells in the tandem device. The number of absorbed photons and, subsequently, J.
was again calculated by optical modeling. However, during the EQE measurement,
the tandem cell also experienced the modulated probe light on top of the bias illumi-
nation, generating additional current in the subcells. Because the variation of probe
light intensity for different wavelengths caused a variable electrical bias, an aver-
age value of the electrical bias at wavelengths of minimal and maximal additional
current generation of the modulated probe light could be applied. In this work, the
wavelengths of 350 nm and 550 nm, respectively, for the wide bandgap bottom cell
and 350 nm and 800 nm for the small bandgap top cell were selected. As a result, the
average electrical bias needed for the EQE measurements was 0.60 and 0.90 V for
the wide bandgap bottom cell and the small bandgap top cell, respectively.

As illustrated in Figure 12.13, the applied optical and electrical bias influences
the EQE of the subcells of the organic tandem solar cell significantly. This clearly
demonstrates that careful determination of the magnitude of the optical and electri-
cal bias is essential for accurate EQE measurements.

Finally, the calculated J,, based on the subcells’ EQE spectra and accordingly
modified J-V characteristics of the single-junction solar cells, representative of bot-
tom and top cells, can be used to construct the J-V characteristics of the tandem
device.'"-12! The J,_ of a tandem device estimated via convolution of the EQE with
the AM 1.5 G solar spectrum has shown a comparable result to that obtained with a
class-A solar simulator. This demonstrates that the EQE was accurately determined
with the protocol developed by Gilot et al. The same approach can be employed to
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FIGURE 12.13 The EQE of the (a) wide bandgap bottom subcell and (b) small bandgap
top subcell after applying relevant optical and electrical biases. For the wide bandgap bot-
tom subcell an extra light intensity dependence (LID) correction is required. (From Burdick,
J., and T. Glatfelter, Solar Cells 18 (3—4):301-314, 1986. Gilot, J., M. M. Wienk, and R. A.
J. Janssen. Measuring the External Quantum Efficiency of Two-Terminal Polymer Tandem
Solar Cells. Advanced Functional Materials. 2010. 20. 22. 3904-3911. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission.)

measure the J-V characteristics of individual subcells in two-terminal organic tan-
dem solar cells, in which the EQE spectra of each subcell are obtained by varying
the electrical bias over the tandem cell.!?? Integration of the resulting EQE with the
AM 1.5 G solar spectrum for each value of V corresponds to measurement of the
J-V characteristics of the subcells under a solar simulator. In an EQE measurement,
indeed, the response of the cell to modulated light is measured, which means only
the photocurrent (/o) is determined. Therefore, just the J,;,,~V curve obtained
from Joi0 = Jiigne — Juark OF @ single reference cell measured under a solar simula-
tor can be compared to the curve from the EQE measurement. However, the lower
temperature in the dark measurement may cause an overestimation of J,,,.'"**'*
To determine the V. of the subcells, the photocurrent curve can be summed with
a measured dark curve of a single reference cell identical to the subcell. It is worth
mentioning that the long and intense illumination during the bias-dependent EQE
measurements may degrade the tandem cell as observed by Gilot et al.!??

12.7 SUMMARY AND OUTLOOK

Organic tandem solar cells have shown tremendous progress in recent years. As illus-
trated in Figure 12.14, PCEs over 10% were achieved. Although vacuum-processed
tandem solar cells have currently demonstrated higher record performance than solu-
tion-processed tandem solar cells, most efforts have been concentrated on the latter
one. This explains the importance of and attraction toward large-area roll-to-roll print-
ing of OSCs. According to the reports, the large bandgap subcell is dominantly based
on P3HT, which is well known for its high crystallinity, but also for its availability
at reasonable quality and costs. As a big advantage, P3HT is exclusively functional
with many different multiabduct fullerene derivatives, leading to the higher V,.. On the
low bandgap absorber side, more work needs to be done with special importance on
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FIGURE 12.14 Recent progress in PCE of organic tandem solar cells. (Ameri, T., N. Li, and
C. J. Brabec, 2013, Highly efficient organic tandem solar cells: A follow up review, Energy
Environ. Sci., 6, 2390-2413. Reproduced by permission of The Royal Society of Chemistry.)

absorbers outreaching into the 900 nm region. Appropriate low bandgap couples need
to be designed and synthesized based on the design rules for organic tandem solar cells.
Understanding the detailed operation mechanisms of the device, designing novel high
potential materials and improving the robustness of the intermediate layer will open the
door to further enhance the efficiency of organic tandem solar cells toward 20%.
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13.1 INTRODUCTION

Graphene is an allotrope of carbon that consists of a sheet of one-atom thick sp?
bonded carbon atoms as shown in Figure 13.1a. Since its isolation in 2004,' gra-
phene has attracted significant attention due to its outstanding electrical and physical
properties.> Single-layer graphene sheets exhibit properties such as high transpar-
ency, high electron mobility, excellent mechanical strength, and impressive thermal
conductivity. It has been proposed for applications in a variety of different fields and
technologies, including solar cells,®!! energy storage,'? batteries," fuel cells,'* and
in biotechnology. Although many applications of graphene have been suggested, its
commercial deployment remains limited due to the inherent difficulties of scalabil-
ity, reproducibility, and cost-effectively preparing graphene samples of high quality.

So far, chemical vapor deposition (CVD) has had the greatest success in pro-
ducing large-area graphene thin films and boasts impressive characteristics, such
as ~97% transparencies at ~200Q/[] sheet resistances.'> However, the drawback of
this method is that it tends to be very difficult to implement in practice and requires
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(a) (b)

FIGURE 13.1 (a) Ball-stick model of graphene that shows the sp?> bonding structure respon-
sible for its unique properties. (b) A typical optical image of a solution-processed graphene
film prepared by vacuum filtration on a SiO, substrate. (Reproduced from R. Bauld et al.,
International Journal of Modern Physics B, 26, 21, 1242004, 2012. With permission.)

extreme control of the deposition conditions in order to prevent the seeding of a sec-
ond layer. Other methods, including solution processing, end up with lower-quality
thin films but with much lower manufacturing costs and at a higher reproducibility.
A typical optical image of a solution-processed graphene film is shown in Figure
13.1b.

One particular application for solution-processed graphene thin films that has
been widely studied is their use as a flexible replacement for indium tin oxide (ITO)
as a transparent and conducting electrode in the construction of solar cells and digi-
tal displays. ITO films have excellent properties with transmittances of ~99% and
sheet resistances of ~10-30 Q/[], but its widespread use in computer displays and
limited supply of indium has resulted in a high price. The abundant supply of gra-
phitic carbon available in nature, combined with the high conductivity and transpar-
ency of graphene, makes it an excellent candidate for ITO replacement.

In this chapter, we will focus on how graphene can be used in organic solar cells
and, specifically, how it can be utilized as a cell electrode. In the first part of the
chapter, we will review the various methods for the production of solar-grade gra-
phene and graphene thin films, and in the second part, we will discuss the architec-
tures, performances, and perspectives of graphene-based organic photovoltaics.

13.2 METHODS FOR PRODUCING GRAPHENE ELECTRODES

13.2.1 SorutioN-BAseD GRAPHENE EXFOLIATION

The basic mechanism for exfoliation of graphite and the dispersion of graphene in
solution relies on a close matching of the surface energy of graphene and the surface
energy of a specific solvent. Ultimately, it will take some energy to create a liquid—
surface interface so that the minimization of this energy will provide the most stable
graphene-liquid dispersions. The theory of stabilization of graphene flakes in solu-
tion has been described thoroughly'*-'® and heavily relied on the results previously
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achieved for the dispersion of carbon nanotubes (CNT). Although theoretical knowl-
edge is certainly important in developing new dispersion methods, trial and error
approaches have been more successful in practice due to the complicated nature of
graphene dispersions.

The dispersion of graphene in the appropriate solvent is a necessary step for
preparing graphene thin films from graphite. The four primarily used methods of
dispersion include (i) the dispersion in aqueous solutions by the addition of stabiliz-
ing surfactants,'>?° (ii) the use of organic solvents,?! (iii) the treatment of graphite by
strong acids,??>?* and (iv) the oxidation of graphene with the formation and subse-
quent reduction of graphene oxide.?* To date, none of these methods have proven
more advantageous than another.

All of the four methods of dispersion rely on the same principle of surface energy
minimization and electrostatic stabilization. Specific advantages and drawbacks
arise when they are considered in the context of solar cell fabrication. In addition to
the transparency and conductivity of the films, features such as surface roughness,
voids, and “wettability” become very important in organic solar cells with graphene
contacts as will be discussed later.

13.2.2 OxipATION REDUCTION METHODS

The first solution exfoliation methods that have been developed are based on the dis-
persion of graphene oxide (GO) in water. GO is most often prepared using Hummer’s
method.? The procedure consists of the oxidation of graphite by refluxing it in the
presence of a strong oxidizer, such as potassium permanganate (KMnQO,), in con-
centrated sulfuric acid (H,SO,) for a period of up to three days.?>-!' The resulting
graphite oxide slurry can be easily dispersed in water by mild ultrasonication.’?> The
process ends with a clear yellow solution of GO flakes in water, which can be used
to prepare thin films.

GO films are insulating, so they must be reduced to improve their electrical
conductivity. Reduction of GO films can be done by exposure to strong reducing
agents, such as hydrazine monohydrate, or by heating up to high temperatures of
~500°C-1000°C under an inert atmosphere.’*3* Such treatments result in a partially
restored conductivity of reduced graphene oxide (RGO) films. The reduction removes
sp*-bonded O and OH functional groups, thereby restoring the delocalized n-electron
network typical of pristine graphene, which yields a dramatic increase in electrical
conductivity. However, the resultant RGO sheets are not infrequently damaged by
this process.

The harsh nature of the oxidation reduction scheme introduces a variety of defects
into the hexagonal lattice.3?> The presence of defects in the hexagonal structure tends
to reduce the mobility of the charge carriers by acting as scattering centers that
reduce the mean free path and moves the transport away from the ideal ballistic
transport seen in pristine graphene sheets produced by mechanical exfoliation. In
addition RGO tends to lose the unique electronic properties of graphene,?*> and
the sheet resistance of the resulting films is too poor to produce efficient solar cells.

Even with the destructive nature of this method, it is still appealing due to the high
concentration dispersions achievable—as high as 7 mg/ml.3¢ Oxidation reduction



382 Organic Solar Cells

techniques, in combination with a method to repair the defects, could result in a
practical production method. Chemical vapor deposition on RGO has shown some
promise to this end.’” Deposition on top of RGO films have resulted in an order of
magnitude improvement in conductivity over RGO, although CVD has a limited
throughput, and having to resort to CVD for the purposes of improving conductivity
essentially eliminates the benefits of solution-processed graphene films.

Less destructive oxidation methods exist that do not require an aggressive
oxidation scheme as utilized in Hummer’s method. One such method that shows
some promise involves the partial oxidation of graphene and sonication in DMF.3#
Exfoliation does not happen spontaneously as in strong oxidation of graphite, so
sonication is required to complete the dispersion. This, however, tends to reduce the
mean flake size by fracturing the graphene sheets, which then has implications to the
resulting film conductivities. Smaller flake sizes mean more flakes are required to
cover a given area, so this leads to the presence of more grain boundaries and hence
a higher resultant sheet resistance. An ideal solution-based method would require no
sonication or oxidation so as to produce pristine graphene.

Research into oxidation processes other than the Hummer’s method is one ave-
nue that yielded to some interesting results. Recently, oxidation by dicromate'¢ has
resulted in an alternate route to GO. The production of GO paper as a protective
coating is still an application of interest; hence future research into advanced oxida-
tion methods is certainly to be expected.

Dispersion of GO in solvents other than water have also been investigated by
Paredes et al.? GO was dispersed in a wide variety of organic solvents by sonication,
resulting in GO concentrations far less than what is seen in water. Concentrations
are on the order of ~0.1 mg/ml, but the ability to disperse GO in different solvents
opens up a range of processing possibilities and reactions that are simply not possible
in aqueous solution. With new high-yield methods of pristine graphene exfoliation
emerging, and a limited capability to repair RGO films, we suspect this route to
graphene films may fall out of favor with regards to the production of high-quality
devices.

13.2.3 ORGANIC SOLVENT EXFOLIATION

With the inherent limitations of GO exfoliation and reduction, searches have moved
to simple solvent-based exfoliation. It has been discovered that graphene can be exfo-
liated in a number of organic solvents.’%> This method shows promise due to its
inherent simplicity and the fact that it results in pristine monolayer sheets of gra-
phene with respectable electronic properties. The yield and solution concentrations
were once less than those achievable by oxidative methods, but with further develop-
ment, extremely high concentrations have been achieved. Graphene dispersion con-
centrations as high as 63 mg/ml have been achieved by dispersion and reprocessing
using N-methyl-2-pyrrolidinone.*> This specific dispersion has yet to be examined
to determine if it can produce high-quality conducting films, but the general trend
appears to be promising.

Unfortunately, sonication is required to assist in the dispersion, which will result
in smaller mean flake sizes and, hence, reduced film conductivities.***' Graphene



Graphene-Based Polymer and Organic Solar Cells 383

films created from these solutions tend to contain many multilayer graphene sheets
with only a minority of the flakes, ~1%, being monolayer.

13.2.4 SURFACTANT-ASSISTED EXFOLIATION

Surfactants have proven useful in dispersing nanotubes in solutions,”*~#’ so it is only
natural to try a similar method for the dispersion of graphite. Work by Lotya et al.'®
using water solutions of sulfonates has demonstrated the viability of this method.
More recent work*¥-3% has resulted in significant improvements in the concentration
of flakes in the solution, in the yield of monolayer graphene flakes in the solution, and
in the overall conductivity of the films. Recent work by Sharifi et al., focused on bio-
logically inspired surfactants, including ribonucleic acids (RNA), which not only led
to improved transport properties, but also opened an avenue toward biocompatible
devices. 5% A drawback of surfactant-assisted techniques may be in the amount of
surfactant that is left behind in the films, which may be detrimental to some specific
applications.

13.2.5 SupPErRACID EXFOLIATION

Chlorosulphonic acid has been proven effective to disperse nanotubes® and graph-
ite.”> Concentrations of graphene flakes up to 20 mg/ml and the formation of a liquid
crystal have been reported. Film conductivities of 110,000 S/m have been mea-
sured—comparable to that of micromechanical cleavage.’ This is likely due to the
fact this method leaves the graphene without functional groups, and the exfoliation
occurs without sonication, resulting in larger mean flake sizes.

The exfoliation is thought to be the result of protonation of carbon.’!3> The pro-
tonated sheets become positively charged, resulting in electrostatic repulsion. Due to
the high concentrations, sheet quality, and large flake size obtained by this method,
it appears that protonation is the way to go for solution-based exfoliation. However,
the resulting graphene is suspended in very corrosive acid, which presents difficul-
ties in creating a film directly from solution. Vacuum filtration can only be done on
very resilient filters, making it difficult to transfer the film to another substrate via
the vacuum filtration/etching method.

13.3 THIN-FILM PREPARATION METHODS
FROM GRAPHENE DISPERSIONS

13.3.1 Vacuum FILTRATION

The most commonly used solution-based method to fabricate graphene thin films is
vacuum filtration. This is, in large part, due to the ease of the method, the consis-
tency of film thickness attainable, and the obvious utility in preparing films from a
water-based solution or dispersion. Typically, with this method, a solution of exfoli-
ated graphite or graphite oxide in water or organic solvents is prepared as previously
described in Section 13.2. The suspension is left to sediment overnight and is subse-
quently centrifuged at several thousand rpm. The resulting supernatant is then used
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to prepare films using a vacuum-filtration apparatus originally proposed by Wu et
al.>* for carbon nanotube networks and adapted by Eda et al.?¢ for graphene films.
Graphene suspensions are vacuum filtrated through filter membranes with nanomet-
ric pore sizes. The filter membrane is chosen specifically to be etchable, typically a
nitrocellulose or ester-based membrane is utilized. After filtration, the membrane
is transferred film side down to any desired substrate and then dried under load in
an oven or vacuum desiccator. Once dry, samples are washed in sequential baths of
acetone and methanol to etch the filter membrane leaving behind a graphene film on
its substrate. A schematic of the vacuum-filtration method is shown in Figure 13.2.

This method is particularly useful because the film thickness is uniform, and
the total thickness of the film can be controlled by altering the concentration and
the filtrated volume of the dispersion. The graphene flakes tend to block the solu-
tion; hence, the procedure is self-regulating as regions of the filter that are high in
flake density will have lower flow rates, and so this mechanism results in a uniform
film.262735 In the case of fabrication of GO “bucky paper,” the films may even be
thick and flexible enough so they can simply be peeled off3¢-¢ without the need for
filter etching.

Monolayer films can also be created using this method,?® and the use of a nitro-
cellulose filter allows the film to be placed on any desired substrate by placing the
filter film side down on the substrate with pressure and then etching with acetone.
However, this method is not without its limitations. Clearly any graphene solution
that would dissolve or destroy the nitrocellulose filter could not be filtrated in this
manner as is the case with some organic solvents or superacid exfoliation.3 Using a
filter that is more resilient typically means it will be more difficult to etch. In the case
of exfoliation with chlorosulfonic acid, the films are generally examined directly on
a nanotube filter without the ability to transfer to another substrate.

\‘ Graphene thin film Graphene thin film
o on a membrane on a substrate
Graphene
suspension
Transfer

Vacuum filtration

FIGURE 13.2 Schematic of the vacuum filtration method used for depositing solution-
processed graphene thin films.?® This process includes dispersion of graphene or GO in water
or organic solvents, filtration on sacrificial filter membranes, transfer of the film onto the
requisite substrate, and etching the membrane, leaving behind the graphene thin film on its
substrate. (Reproduced from R. Bauld et al., International Journal of Modern Physics B, 26,
21, 1242004, 2012. With permission.)
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13.3.2 OTHER PREPARATION METHODS

Spin coating from graphene-containing solutions has been widely used as a simple,
proof-of-concept method to deposit graphene films onto flat surfaces. Film thickness
can be controlled by selecting different rotation speeds and solution concentrations.
Although relatively uniform thin GO films have been fabricated using this method,*
reproducibility tends to be lower than by vacuum filtration.

Other methods include drop casting (that is, placing a drop of the solution on a
substrate then drying it either in a controlled environment or in ambient conditions)
and dip coating. These are quick methods than can be used to examine the quality
and size of individual graphene flakes. Spray coating is also a popular method and
can be used to make thicker films. A solution is loaded into an airbrush and sprayed
onto a substrate.?’

13.4 CVD GRAPHENE

High-quality graphene films can be produced by chemical vapor deposition. The
most popular method that produces high-quality graphene films involves first grow-
ing graphene on copper foil,>” transferring the graphene to a polymer support, and
then moving the graphene thin film to the desired substrate. The polymer film is then
etched away, leaving behind a high-quality graphene thin film.’® Research in this
field focuses on the surface structure of the copper foil used and different methods
of film transfer. Different surface treatments can highly alter the resulting film mor-
phology and quality.

Graphene films produced by this method are often superior to the solution-processed
films described above in terms of mobility, transparency, and overall film conductivity.
In addition, these can be produced with a very high percentage of single-layer graphene.
This results in a very smooth film, which is ideal for solar cell construction. The benefits
of these types of films over solution-processed films are readily apparent; however, they
are lacking in some respects. These films are more expensive to produce than solution-
processed films due to the nature of the deposition. The process is, however, scalable to
large 30-inch films as shown by Bae et al.'* Films produced in this way have optical
and electrical characteristics that are superior to films of I'TO with sheet resistances
up to 30 €/[] at 90% transmittance in the visible range.

13.5 GRAPHENE IN ORGANIC SOLAR CELLS

While the potential associated with using transparent and conducting graphene
platelets in solar cells was recognized quite early,”> the most optimal architecture
for exploiting the outstanding properties of graphene in these devices is still unclear.
Several reports exist in the literature about the use of graphene-based materials in
photovoltaics and offer a variety of different and unrelated approaches about the
most appropriate utilization of such materials.>=> The vast majority of these reports
refer to the use of graphene in solar cells adopting thin film architectures.

In photovoltaics, the thin-film architecture is preferable over a planar architec-
ture only when the solar cell active layers display excessively poor carrier transport



386 Organic Solar Cells

properties, which requires them to be sandwiched between two collection electrodes
with much higher conductivity: a transparent “window” electrode and a “backing”
electrode. Additionally, thin-film solar cells may also benefit from the insertion of
additional conducting materials buried within the active layer in order to improve
their transport properties for allowing the cell to work in a tandem configuration or,
simply, for allowing a more efficient process of collection of photoexcited charge
carriers. Examples of thin-film solar cells are amorphous photovoltaic devices,
organic photovoltaics (OPV), and dye-sensitized solar cells (DSSC). Typical cell
architectures are shown in Figure 13.3.

A major difference between inorganic and organic thin-film photovoltaics rests
in the nature of the electron—hole pairs, or “excitons,” generated by light absorbed
in the active layer of the cell as demonstrated in Figure 13.3. Excitons are the bound
electron—hole pair that is created during photoexcition of an electron in the active
layer and are important in understanding how organic solar cells work and specifi-
cally why organic solar cells require transparent electrodes, such as graphene or ITO
in order to work efficiently. Simply put, the binding energy between an electron and
hole pair in an organic material is much stronger than in a solar cell-grade inorganic
material, such as silicon. Organic materials can have exciton-binding energies rang-
ing around 0.1 eV. This strong binding energy keeps the pair bound together, making
recombination, and hence energy loss, more probable.

Inorganic Organic
Long (e~—h*) diffusion Short (e~—h) diffusion
length (L ~ 100-500 nm) length (Lp ~ 5 nm)
X
orv
Light| |
ITO
p-n junction
* DPEDOT  p-type
DSSC

® Dye

Light I

=) C )

+ ptype - Sl
Electrolyte
- TiO, +

(a) (b)

FIGURE 13.3 Various types of thin-film solar cells: (a) Inorganic solar cells in which the
exciton diffusion length is relatively large, and a p-n junction architecture is suitable for
efficient excitonic dissociation processes. (b) Nanostructured organic solar cell architectures
with a high density of interfaces, for materials with short exciton diffusion lengths: bulk
heterojunction OPVs and DSSCs. (Reproduced from R. Bauld et al., International Journal of
Modern Physics B, 26, 21, 1242004, 2012. With permission.)
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In inorganic materials, excitonic diffusion lengths are relatively large (typically
~100-500 nm), and the excitons may cover relatively long distances before being
dissociated at the p-n interface and generate a hole current drifting toward the ITO
window electrode and an electron current drifting toward the backing electrode as
in Figure 13.3a. Conversely, excitonic diffusion lengths are very short in organic
materials (typically ~5—10 nm) as in Figure 13.3b. Because excitons in such materi-
als may only cover relatively short distances, they need to encounter a p-n interface
at distances within their diffusion length for being dissociated into an electron and
hole instead of recombining radiatively with the emission of a photon. This means
that, in organic solar cells, an extremely high surface area is required between the
p-type and n-type components of the photoactive layer for the excitons to encounter
a p-n interface as soon as possible and dissociate. Therefore, a suitable architecture
for thin-film organic solar cells is formed either by an ultrathin planar p-n junction,
or a nanostructured approach must be adopted in order to maximize the density of
p-n interfaces. Subsequently, the p-type and n-type constituents of the active layer
are frequently mixed at the nanoscale. Typical examples of nanostructured OPVs are
represented by bulk heterojunction OPVs and DSSCs as depicted in Figure 13.3b.

In OPVs, the active layer is formed by a p-type organic material (conducting polymers
or molecular nanocrystals) blended by an acceptor material, typically fullerene deriva-
tives. In order to prevent the recombination of the electron at the window electrode, a thin
electron-blocking, hole-transport layer is generally inserted at the interface between the
active layer and such electrode, generally formed by a transparent conducting ITO thin
film. The typical material of choice for organic hole transport layers is a water soluble
blend of poly-3,4-ethylenedioxythiophene:polystyrene-sulfonate (PEDOT:PSS).

For a transparent electrode (‘“window”) material, the most basic requirement is a
good tradeoff between the optical transparency and the sheet resistance. In addition,
a work function of the transparent conductor matching the energy level of one of the
two species of photoexcited carriers (either electrons or holes) is also essential for the
use of a graphene thin film as an electrode material. Graphene thin films can also be
treated and functionalized>® to assist in matching the work function to the materials
used in the active layer.

In addition, there is some evidence that solution-based graphene materials may
also play a role in the active layer of these devices. These applications include the use
of graphene to increase the conductivity of the active layer and to aid in the collec-
tion of charges during cell operation.

Applications of graphene thin films for solar cells have a number of common issues.
One general issue for assembling organic materials at the top of a graphene thin film is in
the poor wettability of graphene. The most popular organic layers used in optoelectronics
tend not to adhere well to the graphene surface, resulting in poor coatings and reduced
efficiencies or even outright device failure. Some remedies to these problems have been
found® and will be discussed in Section 13.5.1. This, of course, comes with the drawback
of another treatment step that will ultimately increase the net cost of the resulting cell.

Another issue is that, to date, no solution-processing method has been able to
produce films primarily consisting of single-layer graphene. Typically, distributions
of single-, double-, and multilayer sheets are found.*>#%>° This introduces an inher-
ent surface roughness in the films that is a source for electrical shorts between the
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electrodes, which, in turn, reduces the efficiency. A great deal of care must be taken
to reduce the occurrence of thick flakes, and this typically requires a “reprocess-
ing” of a dispersed solution. This is normally done by collecting the sediment after
a solution-dispersion process and redispersing in a solution. This tends to result in
better-quality films with lower mean flake thickness.*® Nonetheless, the inherent
roughness of graphene thin films compared to other electrode materials may also
be turned into an opportunity to increase the charge collection area with obvious
improvements in term of the efficiency of this process.

13.5.1 GRAPHENE AS A WINDOW ELECTRODE

In this section, we will be focusing on the use of graphene as a transparent con-
ductor in OPVs. Transparent graphene anodes synthesized by CVD have been
reported by Wang et al.,'! and polymeric solar cells were assembled on them. The
utilized active layers were the “standard” bulk heterojunctions of regioregular
poly(3-hexylthiophene) and phenyl-C61-butyric acid methyl ester (P3HT:PCBM).
These graphene-based devices demonstrated 0.21% efficiency when assembled on
a pristine graphene electrode, but the efficiency could rise up to 1.71% when the
graphene film was modified by pyrene butanoic acid succinimidyl ester (PBASE).
This was only 55.2% of the efficiency obtained from the ITO control device, which
may lead to conclude that P3BHT:PCBM is not the best platform for graphene solar
cells even when the quality of the graphene films is supposedly high as in the case
of CVD-grown graphene.

An interesting alternative to polymer—fullerene blends are OPVs assembled from
small polyaromatic molecules. This is a very promising approach because several
systems of small polyaromatic molecules are uniquely positioned to self-assemble
on graphene and create the most optimal interfaces for efficient charge collection.
The PEDOT blocking layer between graphene and the active layer of the cells is
sometimes avoided in these cases and can be replaced by the insertion of a hole-
blocking, electron-transport layer between the active layer and the backing electrode.
A possible choice for the hole-blocking layer is 2,9-Dimethyl-4,7-diphenyl-1,10-
phenanthroline'® (also known as Bathocuproine or BCP), the electron transport
material of choice for organic light-emitting devices. For instance, Gomez de Arco et
al.l® compared solar cells constructed from graphene and ITO electrodes fabricated
on flexible polyethylene terephthalate (PET) substrates and utilizing copper phtalo-
cyanine-fullerene (CuPc-Cy) active bilayers, and they obtained efficiency values of
1.18% and 1.27%, respectively—a figure that indicates that the graphene solar cell
possesses an efficiency comparable to the ITO control device within the fabrication
uncertainties. The message that can be extracted from this work is that a specific
design and specific solar cell architectures are required in order to optimize solar
cells assembled on graphene electrodes, and the optimization process cannot simply
rely on the results obtained from the optimization of organic solar cells on ITO.

P3HT:PCBM solar cells have also been fabricated'® by using graphene thin films
directly synthesized from organic reagents, which hold a normal-incidence transmit-
tance of ~85% at 4 nm thickness. The advantage of this approach should be in the
more accurate control of the roughness of the electrode and in smoother platforms.
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The highest external quantum efficiency (EQE) of this type of cells was observed at
520 nm monochromatic light,'” and at the same conditions, the efficiency of a control
ITO device was found to be 47%. Under 510 nm monochromatic light, the efficiency
of this graphene-based cell was 1.53%, similar to the ITO-based cell. However, under
AM 1.5 sunlight illumination, the graphene-based solar cell showed an efficiency of
n = 0.29%, which is, again, much lower than the value reported for the control cell
(n = 1.17%). The performance in terms of open circuit voltage of the graphene-based
cell and the control were comparable, which may indicate a limited n—n electron
conjugation between the graphene electrode and the active layer. The relatively low
values of short-circuit current, fill factor, and EQE were attributed by the authors to
the high resistance of the prepared graphene films.®

Graphene films prepared by spin coating a suspension of reduced graphite oxide
(or by reducing a thin layer of spin-coated GO) have been widely used as window
electrodes in OPVs.30 AFM characterization revealed that the thickness of these
RGO layers is 10 nm or less with a surface roughness lower than 3 nm. Additional
analysis demonstrated that the transparency of the film was better than 80% at less
than 20 nm film thickness, but the resistance of the films ranged from 1 to 5 MQ,%
which does not favorably compare with ITO. In fact, the organic solar cells fab-
ricated using these electrodes held efficiencies of ~0.4%, much inferior to those
attained with ITO as an electrode (0.84%). This was most likely due to the very large
sheet resistance of the RGO films.

In order to consider the application of graphene as a substitute for ITO anodes
in organic solar cells, an OPV was built from a stack of layers of graphene and
PEDOT:PSS/CuPc/C,,/BCP/Ag.® This helped to elucidate the complementary roles
of graphene and PEDOT:PSS in graphene-based OPVs and understand the influence
of factors, such as the work function and the surface wettability. Graphene sheets
with a controlled number of layers were used as transparent electrodes in this case,
and different preparation conditions have been explored in order to optimize the
solar cell photoconversion efficiency.” A challenge that has been identified was the
limited surface wettability of graphene electrodes by the aqueous suspensions used
to spin coat PEDOT, the hole-transporting layer. Uniform coverage of the graphene
surface by PEDOT plays a crucial role in the performance of graphene photovoltaic
devices. However, the hydrophobic surface of pristine graphene makes it difficult to
uniformly dispense aqueous suspensions of PEDOT:PSS on graphene.

In order to investigate such an issue, different sets of solar cells were built,’ and
graphene layers at different thicknesses were optimized. In one set of solar cells
reported,’ the wettability of the graphene surface by PEDOT:PSS was improved
by dissolving PEDOT in an organic solvent (dimethyl sulfoxide, DMSO) and by
replacing PSS with poly-(ethylene glycol) (PEG). As a result, the PEDOT/graphene
interface improved and the sandwich conductivity increased, which also resulted in
an improvement of the short-circuit current. However, an overall decrease in open
circuit voltage and fill factor prevented the taking advantage of benefits related to the
increase in short-circuit current. This effect was attributed to possible mismatches
between the work functions of the electrode and the active layer.’

Additional attempts to improve the graphene—polythiophene interface were also
reported by Park et al.” They reported the functionalization of graphene thin films
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by AuCl,, which was preceded by an oxygen plasma treatment of the films. Spin
coating of PEDOT:PSS on graphene films functionalized by AuCl, was found to be
much easier than on pristine graphene films, which significantly improved the device
performance. In these sets of devices, the AM 1.5 efficiencies of graphene-based and
ITO-based solar cells were found to be comparable with n = 1.63% and n = 1.77%,
respectively.’

13.5.2 GRAPHENE INSIDE THE ACTIVE LAYER

In addition to uses as solar cell electrodes, research has been done into including
small amounts of graphene into the active layer of an OSC. Graphene embedded
into the active layer can have several positive effects. It can increase the over-
all conductivity of the active layer, and it can assist in the collection of charge
carriers to the electrodes of the device. Work by Yu et al.®" has demonstrated
that incorporating a small (0.005 wt%) concentration of commercially produced
graphene powder into the active layer of an OSC can result in an improved
solar cell efficiency. The authors find that graphene can work as a good electron
acceptor and due to its large surface area and high conductivity, it is an espe-
cially effective method of ensuring that electrons reach the cathode of the solar
cell. However, this method does come with some drawbacks. Graphene tends to
increase the shunt resistance of the cell. A graphene sheet extending through
the entire active layer of the cell will provide an alternate current path for the
generated photocurrent and will effectively “short” the solar cell. The work by
Yu et al., showed that an improvement in power conversion efficiency is possible
with the incorporation of graphene; however, this is not an overall improvement.
The cells are purposely designed with a deficiency of acceptor material so that
graphene can provide the percolating conduction pathways needed for optimal
charge collection. It remains to be seen if an optimization of both the graphene
content and of the donor—acceptor ratio can result in a net improvement over
cells produced without graphene.

13.6 SUMMARY

In summary, we have reviewed some of the methods used for preparing disper-
sions of graphene in water and organic solvents and examined their success for the
fabrication of transparent and conducting films that are more cost-effective than
CVD-grown graphene. Device-grade transparent and conducting films have been
demonstrated, but the quality of the devices tends to be worse than devices fabri-
cated by CVD graphene albeit with the benefit of cheaper production costs.

We have also examined the use of graphene in solar cell devices and have shown
how graphene can be utilized in many different components of organic solar cells.
Graphene can be used effectively as a window electrode, and doped graphene can
also be used as an electron acceptor in organic photovoltaics. Solution-processed
graphene thin films are yet not yet able to effectively compete with ITO; we sus-
pect that further development in solution-processing techniques will result in the
more widespread adoption of graphene in several areas of optoelectronics and can
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potentially reduce the fabrication costs of organic solar cells. CVD deposition of
graphene remains a viable option as well; however, it is preferable that solution-
processed films can soon provide competitive electrical characteristics.
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FIGURE 4.2 (a) Chemical structures of P3HT and PCBM are shown. Pink beads designate
the CG representation of P3HT monomers, and a blue bead designates the CG represen-
tation of a PCBM molecule. The intramolecular degrees of freedom between the CG par-
ticles of P3HT monomers are highlighted, where rg represents bond length, 0. represents
bond angle, and @ represents planar angle. (Reproduced from C.-K. Lee et al., Energy and
Environmental Science 2011, 4, 4124-4132, 2011, with permission from the Royal Society of
Chemistry.) (b) Coarse-grained model of conjugated polymer with backbone beads (B) and
side-chain beads (S1 and S2) and acceptor molecule (A) are shown. (Marsh, H. S.; Jayaraman,
A., Morphological studies of blends of conjugated polymers and acceptor molecules using lan-
gevin dynamics simulations. Journal of Polymer Science Part B-Polymer Physics 51, 6477,
2013. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)

(a)

FIGURE 4.3 The molecular arrangement of P3HT and PCBM in systems of (a) 1:1
P3HT:PCBM and (b) 1:0.5 P3BHT:PCBM at 310 K are shown. Although at a higher con-
centration of PCBM clear percolation networks are formed, it is relatively sparse at low
concentrations.
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FIGURE 4.4 (a) A spatial-discretization scheme to evaluate the morphological properties
of photoactive layers. Polymer and PCBM domains are colored in red and blue, respectively.
(b) Domain size, (c) specific interfacial area, and (d) percolation probabilities are plotted
with respect to the PCBM weight percentage of the PBTTT:PCBM blends (solid lines and
symbols). The morphological properties of P3HT:PCBM blends are also plotted (dashed
lines) for comparison purposes. (From Lee, C.-K. et al., Energy and Environmental Science,
4, 4124-4132, 2011.) The gray-shadowed areas highlight the optimal blending ratio for the
PBTTT:PCBM blend from experiments. (¢) Snapshots of PBTTT:PCBM (blending ratio 1:3)
and (f) P3BHT:PCBM (blending ratio 1:1) are shown, and PCBM molecules are transparent
for clarity. (Reprinted with permission from Lee, C.-K. and Pao, C.-W., Journal of Physical
Chemistry C, 116, 12455-12461. Copyright 2012, American Chemical Society; Hwang, I.-W.
et al., Journal of Physical Chemistry C, 112, 7853-7857, 2008; Mayer, A. C. et al., Advanced
Functional Materials, 19, 1173-1179, 2009; Cates, N. C. et al., Nano Letters, 9, 4153—4157,
2009; Rance, W. L. et al., ACS Nano, 5, 5635-5646, 2011.)
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FIGURE 4.5 (a) Cluster size of PCBMs has been characterized by evaluating the size of the
largest cluster with temperature at various concentrations. The notations P1T1, P1T2, P1I1,
P1I2, PITII, and PITI2 correspond to the simulated systems in the study of Mortuza et al.?
in which systems with toluene, indane, and toluene-indane mixtures have the letters T, I,
and TI in the names, respectively, and 1 and 2 refer to different concentrations. (b) Potential
of mean force (PMF) for fullerene molecules in toluene and indane at 310 K are presented.
(Reprinted with permission from S. M. Mortuza, S. Banerjee, Journal of Chemical Physics,
137. Copyright 2012, American Institute of Physics.)

N =100 N =150

FIGURE 4.6 Effects of the P3HT degree of polymerization, N, on the morphology of
P3HT:PCBM blends are presented at a weight ratio of 1:1. P3HT monomers and PCBM beads
are colored in red and blue, respectively. (From J-M. Y. Carrillo, R. Kumar, M. Goswami,
B. G. Sumpter, W. M. Brown, Physical Chemistry Chemical Physics, 15, 17873-17882, 2013.
Reproduced by permission of The Royal Society of Chemistry.)




FIGURE 4.7 Molecular snapshot of the orientation of thiophene oligomers at the fullerene-
oligothiophene interface is shown. Oligothiophene molecules are placed on top of fuller-
ene molecules. (Reprinted with permission from Reddy, S. Y. and Kuppa, V. K., Journal
of Physical Chemistry C, 116, 14873-14882. Copyright 2012, American Chemical Society.)
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FIGURE 6.10 J-V characteristics of [ITO/20-nm-thick Zn(OEP)/30-nm-thick C/Al] cells
under irradiation with monochromatic light of 400, 440, 460, 485, 500, 545, and 590 nm
wavelengths. The inset shows the absorption spectra of 20-nm-thick Zn(OEP) (solid) and
30-nm-thick Cg films.
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FIGURE 9.1 Low eV plasmon-based EFTEM images of P3BHT/PCBM. (a) 19 eV-centered
energy window highlights the P3HT-rich domains. (b) 30 eV-centered window highlights the
PCBM-rich domains. (c) Artificially colored composite image shows the P3HT in blue and
PCBM in yellow. (Light and dark areas correspond to sample thickness variations.)
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FIGURE 9.2 Sulfur maps of representative, high-performance, low-bandgap polymer
(DTBT and DT{fBT)-based OPV systems ([a] DTBT/PCBM, [b] DT{fBT/PCBM). The
details of the synthesis and molecular structure of DTBT and DT{fBT polymers are reported
elsewhere (Zhou et al. 2011). The higher sulfur content regions are shown with brighter col-
ors. The corresponding thickness maps (not shown) are almost featureless.



FIGURE 9.3 Combined sulfur-carbon maps of low-bandgap polymer PBDTTT-C-T/PC, BM-
based, high-performance, OPV systems. The sulfur map is shown in green and carbon in red.
PCBM has a higher carbon density, corresponding to higher carbon content, and the polymer
is rich in sulfur. (From P. Adhikary et al., Nanoscale 5(20): 10007-10013, 2013.)
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FIGURE 9.5 Bulk plasmon peak position reveals phase separation in a P3SHT/PCBM BHJ
cross-section. The higher energy plasmon peak (red) corresponds to the PCBM-rich phase,
and the lower energy plasmon peak (yellow) corresponds to the P3HT-rich phase. A layer of
platinum on top also shows a plasmon peak similar to that of PCBM. The silicon substrate
shows the lowest energy plasmon peak (blue).
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FIGURE 9.6 Elastic (0 eV) and composite energy-filtered TEM image of a high-performance
OPV blend (PBDTTT-C-T/PC,,BM) in cross-sectional views. (a) The elastic image (0 eV)
shows distinctive layer structures in a cross-sectional view of the OPV device (layers 1 and
2 represent ion and electron deposited Pt cap layer, 3 and 4 for active layer and PEDOT:PSS,
and finally, 5 and 6 for ITO and glass). (b) Low-eV plasmon imaging of the same area with
polymer-rich domains in red and fullerene-rich domains in green.
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Current energy consumption mainly depends on fossil fuels that are limited
and can cause environmental issues such as greenhouse gas emissions and
global warming. These factors have stimulated the search for alternate, clean,
and renewable energy sources. Solar cells are some of the most promising
clean and readily available energy sources. Plus, the successful utilization of
solar energy can help reduce the dependence on fossil fuels. Recently,
organic solar cells have gained extensive attention as a next-generation

photovoltaic technology due to their light weight, mechanical flexibility, and
solution-based cost-effective processing.

Organic Solar Cells: Materials, Devices, Interfaces, and Modeling
provides an in-depth understanding of the current state of the art of organic
solar cell technology. Encompassing the full spectrum of organic solar cell
materials, modeling and simulation, and device physics and engineering,
this comprehensive text:

Discusses active layer, interfacial, and transparent electrode materials
Explains how to relate synthesis parameters to morphology of the photoac-
tive layer using molecular dynamics simulations

Offers insight into coupling morphology and interfaces with charge trans-
port in organic solar cells

Explores photoexcited carrier dynamics, defect states, interface engineer-
ing, and nanophase separation

Covers inorganic—organic hybrids, tandem structure, and graphene-based
polymer solar cells

Organic Solar Cells: Materials, Devices, Interfaces, and Modeling makes
an ideal reference for scientists and engineers as well as researchers and
students entering the field from broad disciplines including chemistry, material
science and engineering, physics, nanotechnology, nanoscience, and electri-
cal engineering.
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