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Preface

Energy harvesting is the capture of external energy from various naturally occurring
or prevalent sources. This harnessed energy is stored for or directly used in numer-
ous applications, most particularly electronics and electrical systems. The scope, sig-
nificance, and impact of energy harvesting research have generated a lot of interest
within the scientific community and the general populace at large. A number of
major advances in energy harvesting have relied on the identification and application
of functionalities of existing materials or microsystems in innovative manners or
with adapted designs.

This book aims to provide an overview of recent research advances utilizing
functional materials and microsystems for energy harvesting. The emphasis of the
coverage is on materials and devices, with resulting technologies capable of power-
ing ultralow-power implantable sensors up to large-scale electrical grids. The book
is presented as a collection of carefully selected contributions from international
researchers from both academia and industry.

The nine contributed chapters cover four key themes, starting with design of
microsystems, which enable and manage energy harvesting, before moving on to
chapters dealing with functional materials that underpin major advances in energy
harvesting technologies for thermal, solar, and mechanical energy.

Chapters 1 and 2 present approaches and circuit designs for energy harvesting,
storage, and use. Chapter 3 reviews opportunities for the combination of thermoelec-
tric materials and microsystems to contribute to energy harvesting, while Chapter 4
covers a breakthrough thermoelectric material technology utilizing thermopower
waves as energy sources. Chapters 5 through 7 present a variety of solar cell configu-
rations spanning polymer and monocrystalline silicon solar cells as energy sources
for low-power electronics and with approaches for optimization of energy capture
and conversion. Chapters 8 and 9 deal with harnessing mechanical energy from
ambient sources using piezoelectric vibrational energy harvesters. Thin film materi-
als for piezoelectric energy harvesting and a review of the designs and limitations of
this approach are covered.

We hope this coverage of functional materials and microsystems for energy har-
vesting provides readers with an appreciation of the new and emerging research
areas, as well as inspires further new ideas in a very significant research field.

Madha Bhaskaran and Sharath Sriram
RMIT University

Krzysztof Iniewski
CMCS Emerging Technologies Research, Inc.
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’I Powering Microsystems
with Ambient Energy

Gabriel Alfonso Rincon-Mora
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Abstract: The demand for portable, lightweight, and long-lasting elec-
tronics is relentless, filling a growing need in the military to lighten and
extend reconnaissance mission work; in space exploration for remote sen-
sors; in biomedical applications for monitoring, prognosis, treatment, and
others; and in consumer electronics for disposable and rechargeable every-
day products. Conforming to microscale dimensions means that energy
and power supplies, conditioning and processing microelectronics, sensors,
wireless transceivers, and other constituent subsystems must synergisti-
cally share a common miniaturized platform. Integrating and managing
microsources, however, present a myriad of diverse and interdependent
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mechanical, chemical, and electrical challenges. One pivotal constraint is
that ultrasmall systems cannot store the energy required to sustain practical
lifetimes, which is why energy harvesters have gained so much attention.
This chapter aims to illustrate how to energize and power microsystems
from ambient energy by reviewing system requirements, describing the
state of the art in miniaturized energy-harnessing transducers, and present-
ing energy-harvesting supply and charger microelectronics currently under
investigation and development.

1.1  MICROSYSTEMS

Considering today’s growing demand for and operational needs of portable micro-
electronics is critical in drafting a strategy for supplying a derivative application
space that is barely emerging, like wireless microsensors. The challenge is to under-
stand today’s market and needs well enough to predict the challenges society will
face at the time that research reaches a commercialization stage. Equally impor-
tant is comprehending not only the state-of-the-art of technologies needed to build
such systems, but also the trends that drive them so that today’s efforts can have a
chance at leveraging the future benefits of technologies currently under development.
Ultimately, though, predictions of this sort, however good they may be, amount to
speculation that scientists and engineers must continually fine-tune over time and
with experience.

1.1.1  MARker DEMAND

Consumers continue to enjoy and, in consequence, demand smaller and more func-
tionally dense products. Unfortunately, tiny devices necessarily constrain sources to
small spaces, limiting the amount of energy they store and how much power they sup-
ply to impractically low levels. Consider, to cite an illustrative example, that 100 uW,
which is drastically below what wireless telemetry requires today to transmit over a
distance of 100 m, completely discharges a 5 x 3.8 x 0.037-cm?® 1 mA-Hr thin-film
lithium ion battery (Li ion) in 10 h. Adding functionality, as in the case of cellular
phones and the applications they now support, only exacerbates the issue because the
extra power overhead drains a source that is already easily exhaustible even faster.
Although today’s efforts aim at reducing the energy that each additional function
requires, the cumulative load that wireless transmission and several low-power func-
tions present to a miniature source is nonetheless substantial, reducing the opera-
tional life of the system considerably, to the point at which consumers lose interest.
Perhaps a more significant application space emerges in the wake of integration in
the form of in situ but nonintrusive devices, such as biomedical implants. While the
motivation for and benefits of monitoring biological activity with in vivo contraptions
without frequently replacing or recharging batteries are for the most part obvious,
the commercial and societal advantages of retrofitting low-overhead, noninvasive
intelligence into expensive and difficult-to-replace technologies like the power grid
are arguably more economically, sociologically, and ecologically profound. Feeding
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performance metrics and the use of energy in a factory into a central processor,
for instance, to determine the optimal use of power cannot only save energy on a
grander scale when applied across a wide region, but also reduce the emission of
environmentally harmful by-products and the need for politically charged petro-
leum. From a commercial standpoint, the potential ubiquity for such miniature sen-
sors across factories, hospitals, airports, farms, homes, subway stations, shopping
malls, and other such centers rivals and quite likely exceeds that of cellular phones
at maybe 10 to 100 sensors for every 10 x 10 m? of surface area.

1.1.2 ENERGY AND POWER REQUIREMENTS

Modern microelectronic systems necessarily embed both analog and digital func-
tions—analog because they must not only manage and process continuous real-life
signals (e.g., seismic activity, sound waves, motion, temperature, pressure, and
others) but also draw energy and condition power from nonideal sources. Stateof--
the-art applications, however, also include digital blocks because binary processes
enjoy considerably higher noise margins, which is another way of saying they exhibit
higher signal-to-noise ratios (SNRs). The fact is that a small voltage variation, say,
from 20 to 400 mV, across a 0-1.8 V digital signal has little to no impact on the
output word and its bit-error rate (BER), whereas the same variation in a rail-to-
rail analog signal swing essentially eradicates more than 1% to 22% of the data.
All this is to say the system draws quiescent and switching power from the source,
as Figure 1.1 shows [1].

Because the going trend is to incorporate more functionality into a product, a
fixed supply voltage is no longer optimal, especially when seeking to extend opera-
tional life. While digital-signal processors (DSPs), for example, may draw milliwatts
at 1 V, voltage-controlled oscillators (VCOs) and analog—digital converters (ADCs)
can demand considerably less power at maybe 1.8 V and power amplifiers (PAs)
significantly more power at 3 V. The end result is a system that, to operate optimally,
includes multiple supply voltages capable of feeding diverse power levels.

In the end, irrespective of the supply voltages needed, featuring multiple tasks ulti-
mately burdens a source with additional loads. The problem with a miniature source
is that energy is scarce and power levels are low. One way of reducing power in the
system is to duty-cycle or time-division multiplex tasks across time so that no more

W)

10

7

Power (

FIGURE 1.1 General loading profile that a modern microsystem presents to a source
over time.
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FIGURE 1.2  Probability-density curve for radio-frequency (RF) power amplifiers (PAs) in
CDMA (code division multiple access) handset applications.

than one set of interdependent functions operates at any given point. Similarly, pow-
ering blocks only when absolutely necessary, as in on-demand, reduces energy that
the system would otherwise waste. As a result, systems today dynamically change
operating modes on the fly, as Figure 1.1 illustrates, where all average and peak power,
pulse width, and switching frequency change according to the tasks performed.

Extending the operational life of smart microsensors remains a challenge, even
after power-moding and duty-cycling functions. The point is that marketable micro-
systems must draw little to no power. Luckily, portable and sensor applications
naturally call for low duty-cycle operation because devices need not function con-
tinuously. The cellular phone, for instance, is for the most part alert—that is, ready to
receive calls—and while transmission demands milliwatts, awareness only requires
microwatts, which is why radio-frequency (RF) power amplifiers are mostly in the
light-to-moderate power region of operation, as Figure 1.2 demonstrates [2]. Said
differently, while talking continuously on the phone for 3 to 5 hours exhausts a fully
charged battery, idling might do so in 5 to 7 days.

While energy and power unavoidably relate, meeting the energy requirements
of a microsystem does not necessarily imply the source can also supply the power
needed. This means that reducing losses to save energy, for example, by shutting off
unused circuit blocks, is as important as duty-cycling tasks over time to decrease
power. The source and the circuits that manage the source must therefore account for
and respond to various mixed-signal modes whose average and peak power levels,
pulse widths, rise and fall times, and switching frequency change over time.

1.1.3 TecHNoLoGY TRENDS

Trends in technology dictate how and to what extent emerging applications succeed.
Not surprisingly, the public’s affinity to small microelectronic gadgets is motivat-
ing scientists and engineers to find innovative ways of confining products into tiny
spaces. Accordingly, incorporating as much as possible into the silicon die has been
and continues to be increasingly popular. Research and industry are not only building
more semiconductor devices on a common substrate, but also postprocessing copper
layers, microelectromechanical systems (MEMS), and MEMS-like inductors on top.

The problem with system-on-chip (SoC) integration is higher cost because arbi-
trarily adding processing steps of increasing complexity to the fabrication process
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diminishes the commercial appeal of the product. As a result, engineers are also
copackaging technologies, for example, like high-frequency gallium—arsenide
(GaAs) dies with low-cost complementary metal—oxide semiconductor (CMOS) dies.
Power integrated circuit (IC) designers are similarly integrating relatively mature
and, therefore, lower cost discrete 1-10 uH power inductors in the 2 x 2 x 1 mm?
range with their controlling CMOS and bipolar circuits. SoC and system-in-package
(SiP) integration, however, are often insufficient, so engineers are also explor-
ing system-on-package (SoP) strategies, for example, by attaching antennae and
thin-film Li ions to the external surface of the material encapsulating the silicon die.

Higher SoC integration means machinery with finer photolithographic resolu-
tions, for example, of 45 nm semiconductor devices with thinner barriers and smaller
junctions of increasing doping concentration. The resulting electric fields are more
intense and their corresponding breakdown voltages are consequently lower, on the
order of 1-1.8 V, constraining circuits to operate with lower supply voltages. While
reducing the voltages across charging and discharging parasitic capacitors and
steady-state loads mitigates power losses, a low supply also decreases usable dynamic
range, which translates to a lower SNR and, more generally, reduced noise margin.

Unfortunately, while additional on-chip functions inject and cross couple more
noise, SoC, SiP, and SoP designs suffer from diminished filtering capabilities,
challenging engineers to design with even lower dynamic ranges. The problem is
that, unlike in discrete printed circuit-board (PCB) implementations, on-chip solu-
tions cannot possibly hope to attenuate noise by sprinkling several nanofarad and
even microfarad capacitors across sensitive supplies, input pins, and output pins
without increasing the silicon real estate to cost-prohibitive levels. Just to cite an
example, consider that capacitance-per-unit areas of 15-20 fF/um? are typical in
state-of-the-art technologies and one 1 nF would occupy roughly 225 x 225 to 260 x
260 pum? of the die, which today probably represents one-quarter to one-eighth of the
total area of a relatively complex system. Regrettably, increasing areas beyond, say,
2 x 2 mm? decreases the commercial appeal of the chip because the silicon wafer’s
die density drops, which is indicative of how many chips and how much profits each
8- or 12-in. wafer produces. Inductors, incidentally, are even more costly because
air-gap inductors not only occupy considerable space, which limits inductances to
maybe 40-100 nH, but also exhibit relatively poor quality factors, which is another
way of saying they include considerable parasitic series resistances.

The lower filter densities and breakdown voltages that SoC, SiP, and SoP strate-
gies impose on the design shift the burden of attenuating noise to the power-supply
and signal-processing circuits of the system. Functional blocks, like phase-locked
loops (PLLs), ADCs, VCOs, and DSPs, must survive more noise in the substrate and
supplies and the linear and switched regulators that supply them must also generate
less and more effectively suppressed switching noise. In other words, higher band-
width and higher power-supply rejection (PSR) in supply and interface circuits are
necessary to counter the effects of noise in time, before they propagate through the
system. To add insult to injury, supply voltage variations must also be lower, on
the range of 10-50 mV, to extend dynamic range maximally under low breakdown
voltages; this is especially difficult without a large on-board capacitor in the presence
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of fast rising and falling load dumps—and all this with only cost-effective CMOS
and maybe bipolar—CMOS (BiCMOS) technologies.

1.2 MINIATURE SOURCES

The fundamental drawback of microscale sources is that limited space constrains
energy and power to miniscule levels. What is worse, technologies that store more
energy unfortunately suffer from lower power densities and vice versa. To illustrate
this latter point, consider that a capacitor, which responds quickly to changing loads,
supplies high power-per-unit volume, but only for a short while because energy
density is low. A fuel cell of equivalent dimensions, on the other hand, which inci-
dentally requires additional time to respond, stores more energy but sources less
power, as the Ragone plot of Figure 1.3 corroborates graphically [3]. For this reason,
Li ions are popular in cellular phones, tablets, laptop computers, digital cameras,
and other mobile products because they represent what amounts to a balanced alter-
native, with not only moderate energy and power densities, but also intermediate
speed. Super or ultra capacitors feature comparable trade-offs, plus additional cycle
life with higher leakage power. Additionally, the voltage range of super capacitors
extends to zero, below the headroom limit of a circuit, under which drawing energy
is less probable; this means the circuit may not leverage some of the energy stored
in the capacitor.

Compromising energy, power, and speed for cost is less appealing in small appli-
cations like wireless microsensors, where operational life (i.e., energy) is as impor-
tant, for example, as wireless telecommunication, which demands considerable
power. As a result, complementing the relatively higher power levels that inductors,
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capacitors, ultracapacitors, and Li ions supply with the energy that fuel cells can
store (up to 10 times as much as Li ions can) is gathering momentum in industry and
research circles alike. Miniature nuclear sources are also garnering attention, even if
nuclear energy produces less power, costs more, and poses safety concerns. Energy
transducers enjoy more popularity, though, because they are safe (unlike radioactive
isotopes), produce few to no by-products (unlike fuel cells), and convert energy from
a virtually boundless source: the surrounding environment. Ambient energy, unfor-
tunately, is not reliable or consistent, and small transducers produce substantially
low power levels. Nevertheless, the promise of extended and perhaps perpetual life
is sufficient motivation to fuel research efforts in all directions.

Harnessing ambient energy from light, motion, heat, and electromagnetic radia-
tion can certainly extend operational life, but only if power losses do not overwhelm
gains. Miniature transducers and accompanying microelectronic conditioners are
at the forefront of research and, at moderate scales, also at the edge of commercial-
ization. The fact that ambient energy represents a virtually boundless source for a
tiny harvester is almost sufficient motivation to drive research forward and entice
industry to invest in developing relevant technologies. Lower cost and the absence
of by-products further tilt the pendulum of public opinion on the side of harvesters,
relegating fuel cells and atomic batteries to special applications that the military and
the automobile industry, for example, might demand.

1.2.1 LigHT ENERGY

Solar light is perhaps the most appealing source because, when exposed to the
sun, photovoltaic (PV) cells can generate 10—15 mW/cm? [4], which is well above
those of its counterparts. In effect, incoming photons break loosely tied electrons,
as Figure 1.4 shows, and the built-in potential across the p—n junction shown in
Figure 1.4(a) pulls these free electrons to the n-type region to establish current flow.
The voltage that results across the cell, however, forward biases the parasitic diode
that Figure 1.4(b) models to sink and lose some of the generated current.

The problem with solar energy is that output power falls drastically when direct
sunlight is unavailable, down to 10-20 uyW/cm?. These power levels are so low that
the act of harnessing, which is the work performed by circuits to transfer energy
into a battery, may dissipate most, if not all of the power available, negating the
harvesting objective of the system. Notwithstanding, a few researchers find solace in

FIGURE 1.4 (a) Photovoltaic cell and (b) its corresponding electrical model.
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how often microsystems idle because producing any power whatsoever for extended
periods still translates to appreciable energy in the long run.

Industry and research today concentrate most of their efforts on either larger scale
systems, where larger surface areas compensate for the lower power densities that
artificial lighting generates, or smaller photovoltaic cells that receive direct sunlight,
where even 2 x 2 mm? can generate substantial power for a microsystem. Relying
on solar energy, however, limits wide-scale adoption because applications may not
always place harvesting nodes in places that receive direct sunlight, so overcast
days and evenings interrupt the harvesting process. Many applications, in fact, are
not only indoors, like wireless microsensors in factories, hospitals, and homes, but
also mobile, where the host may or may not receive sunlight, as with automobiles,
bicycles, airplanes, and people. All of this is to say that harnessing artificial lighting
is important, but also challenging under microscale constraints.

1.2.2  KINETIC ENERGY

By definition, mobile products, which represent an increasingly expansive market
space, move. And from a commercial standpoint, harnessing kinetic energy from
motion is attractive because vibrations are consistent and abundant—be it an engine
at 1,000 to 10,000 revolutions per minute or a person at one to two strides per second.
Kinetic transducers can also generate up to 200 uW/cm?, providing the onboard har-
vesting microelectronics more power to operate than artificial lighting can. Although
power is nowhere near what photovoltaic cells produce when exposed to direct sun-
light, harnessing power from dependable 1-300 Hz vibrations over extended periods
can accumulate appreciable energy.

Electromagnetic transducer. One way of drawing power from motion is electro-
magnetically [5], by allowing vibrations to move a mass attached to a conducting coil
about a stationary magnet, as Figure 1.5 illustrates. The electromagnetic field that
the magnet generates works against the kinetic force in the moving mass to dampen
and decelerate it, thereby transferring the energy in the mass into the coil in the form
of a voltage. The role of the spring is to avoid losing remnant energy by temporarily
storing and releasing whatever kinetic energy remains so that the mass may once
again move back toward the magnet. Unfortunately, harnessing energy this way is

lFSpring

Mass I Motion

4
Vo s

Energy-harvesting T Fbamping
Force

| Megne |

FIGURE 1.5 Transducing kinetic energy in vibrations into the electrical domain
electromagnetically.
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difficult in small spaces because power and voltages are substantially low at approxi-
mately 1 uW/cm? and tens of millivolts. Additionally, conforming and integrating a
magnet and a coil into a microsystem also present considerable challenges.

Electrostatic transducer. Perhaps a more effective means of harnessing ambient
kinetic energy is by pumping charge electrostatically into a storage device because
the power generated is on the order of 50-100 uW/cm? and variable capacitors are
more easily integrated with MEMS technologies. The idea is for vibrations to vary
the vertical or lateral separation distance between two parallel plates of a variable
capacitor Cy,y, like the ones that Figure 1.6(a) and 1.6(b) illustrate, so that, when a
battery or another capacitor fixes the voltage across Cy,y to precharge voltage V,,
a reduction in capacitance pumps charges q. out of Cy,g:

Cvar =qcVe = qc Vic, (1.1)

and generates output dqc/dt current [6]. Alternatively, a reduction in capacitance
raises Cy,g’s Ve when Cy,y is disconnected (i.e., with a fixed q¢) to augment Cy,’s
energy E:

Ec = 0.5CyarVe. 1.2)

This latter scenario produces a net energy gain because, while C,,y decreases lin-
early in E, v¢ rises quadratically. Allowing v, to increase to, say, 100-300 V, how-
ever, which is not atypical, exceeds the breakdown limits of most standard CMOS
and BiCMOS process technologies. As a result, at least for the time being, constrain-
ing v to voltages that near the breakdown limits of the process seems more practical
than fixing qc.
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FIGURE 1.6 (a) Top and (b) vertical views of variable MEMS parallel-plate capacitors or
varactors and (c) their corresponding electrical model.



10 Energy Harvesting with Functional Materials and Microsystems

- (o)
. . ©
u Shim Motion +
[:’ Piezoelectric
cantilever
S — FTensile e —"R\ VPZ

— 1:‘Compressive o " \:

(a) (b)

FIGURE 1.7 (a) Shimmed piezoelectric cantilever and (b) its corresponding electrical
model.

The electrical equivalent of these moving parallel plates is the variable-capacitor
model that Figure 1.6(c) shows. Unfortunately, the physical device also includes
parasitic static capacitors C,, C,, and C_. Contact material also introduces a series
of parasitic resistance Ry that dissipates ohmic power. Of these, Cp, C,, and C_ are
often more problematic because they drain some of the energy that C,, harnesses
from motion.

Piezoelectric transducer. Although piezoelectric transducers are perhaps more
difficult to integrate, they can generate higher power, up to maybe 200 pW/cm?.
Here, when fastened to a stationary base, as Figure 1.7(a) illustrates, a shimmed
piezoelectric cantilever generates electrical energy in the form of alternating charge
when mechanical energy in motion induces the material to bend and oscillate about
its fixed point [7]. The advantages of this approach are that piezoelectric research is
relatively mature in its evolution and transducers generate higher power than their
electrostatic and electromagnetic counterparts. The disadvantage, of course, is inte-
grating the device into a small space, which is why attaching it to the outer surface of
a chip is probably one of the best ways of realizing a small SoP platform.

Operationally, motion rearranges and polarizes the molecular structure of a
piezoelectric material to generate charge. The resulting electrical current, which ip,
in Figure 1.7(b) models, charges and discharges the capacitor Cp, that appears across
the terminals of the transducer. The magnitude and direction of i,, change with the
acceleration and orientation of the moving mass. Unfortunately, contacts and leak-
age paths introduce series and parallel resistances Rq and R, but not to the extent
that they negate the harvesting benefits of the structure. Ultimately, the energy that
Cp, receives is the power the transducer draws from motion, which returns to the
mechanical domain when uncollected.

1.2.3 THeRMAL ENERGY

Temperature represents another source of energy. Thermocouples that rely on the
Seebeck effect, for example, derive thermal energy from a temperature difference.
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FIGURE 1.8 (a) Thermocouple transducer built out of thermal piles and (b) the correspond-
ing electrical model.

Here, as in Figure 1.8(a), heat flux carries dominant charge carriers: electrons in
n-type and holes in p-type materials, from high- to low-temperature regions, much
like diffusion carries particles from high- to low-concentration regions. Here, how-
ever, departing electrons in the n-material leave behind ionized molecules in the hot
side that attract the electrons that the p-region generates when holes drift toward the
cold end. As these electrons flow from p- to n-type regions to deionize molecules,
they harness thermal energy and jump to higher energy states. This way, electrons
accumulating at the cold end of the n-type rod establish a negative potential with
respect to the holes that accrue at the cold side of the p-type counterpart, generating
thermally induced voltages across each pile. Since each n—p pile combination gener-
ates a small voltage vy, engineers often cascade several of these in series to produce a
combined voltage vy, which is higher. The silicon rods and interconnecting metals,
of course, introduce parasitic series resistances that Rg in Figure 1.8(b) models.

Unfortunately, high temperature alone is not sufficient to generate power. Said
differently, a thermocouple generates a voltage only when a temperature differential
exists. Designers, as a result, usually attach one of the terminals to a heat-absorbing
material. This requirement, however, impedes integration in several ways. In the first
place, a heat sink occupies considerable space. In the second, finding a cool source
against which to attach the transducer is not always possible. And, thirdly, output
power is proportional to the temperature difference across the device and, because
microsystems are tiny, temperature differentials are correspondingly low, below
maybe 10°C. The voltage and power levels they produce are consequently low at
about 15 pW/cm? [5], which nears the levels produced by photovoltaic cells when
illuminated with artificial lighting and electromagnetic transducers in response to
vibrations. Note that power is also proportional to the Seebeck coefficient of the
thermoelectric materials used.
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1.2.4 MAGNETIC ENERGY

There is also energy in a magnetic field, such as around an AC power line. Drawing
power from such a source inductively, however, is challenging in three respects. To
start, as in the case of harnessing kinetic energy electromagnetically, the power
levels and voltages generated are substantially low at microwatts and millivolts.
Unfortunately, the act of transferring energy already dissipates microwatts and,
therefore, drains most of the little power that is available. Plus, conditioning power
in the form of millivolts is, from an integrated circuit’s perspective, problematic. As
a result, some researchers opt to accumulate and convert magnetic energy into the
mechanical domain first, so that a kinetic transducer can then generate power in a
more benign form. Each conversion, however, suffers from power losses that further
reduce what little energy was available in the first place.

The second issue with an electromagnetic source is that power falls drasti-
cally with distance: quadratically in the far field and even faster in the near field.
Therefore, to produce practical power levels, the transducer should remain close to a
rich source. Inductively coupling energy across a near-field separation of, say, 8§ mm
to charge the battery of a portable device like a cellular phone wirelessly is possible
this way. However, increasing the separation beyond this point, which many remote
wireless-sensor applications demand, lowers system efficiency to such an extent that
extracting power is no longer practicable. The third challenge with harvesting mag-
netic energy is, of course, integration, because tiny inductors harness a small fraction
of the magnetic energy available.

1.2.5 CONCLUSIONS

As mentioned earlier, there is no ideal source because, while harvesters, atomic bat-
teries, and fuel cells store appreciable energy, they supply little power. Conversely,
inductors and capacitors source high power, but stow little energy. And Li ions and
super capacitors are moderate in both respects, sacrificing energy for power and
power for energy. Additionally, while filter passives supply power almost instanta-
neously, Li ions and supercapacitors require time to respond—and fuel cells even
more time—whereas atomic batteries and harvesters remain virtually unresponsive
to load changes. As a result, systems today normally supply what is close to instan-
taneous power, which refers to the rising and falling edges of the load shown in
Figure 1.1, with capacitors and semisustained bursts with a Li ion.

Relegating the tasks of storing energy and supplying power bursts to a Li ion or
supercapacitor, however, represents a compromise in energy that is difficult to accept
under microscale constraints where both energy- and power-density requirements
are severe. Replacing the Li ion with a fuel cell similarly trades power for energy,
loading capacitors and inductors with more power and, as a result, increasing output
voltage variations in response either to load dumps or space requirements. Further
decoupling energy from power is therefore important in microsystems, which is the
motivation for classifying technologies into energy sources, energy/power caches,
and power supplies.
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Harvesters, atomic batteries, and fuel cells fall under the category of energy
sources. Of these, atomic batteries are less popular because they are unsafe, and
costly and tiny fuel cells because they produce chemical by-products. Li ions and
supercapacitors basically cache energy and power for moderate loads, but while Li
ions are perhaps more mature and popular, ultracapacitors survive more charge—
discharge cycles, which is why the latter are garnering interest, albeit with higher
leakage. Lastly, capacitors and inductors both supply power, but only capacitors sup-
ply instantaneous current, so systems use capacitors to store charge and supply quick
load dumps and inductors to supply the collective steady-state needs of the load and
momentary demands of capacitors.

Of the ambient sources discussed here, solar energy generates the most power,
followed by kinetic energy when harnessed by piezoelectric or electrostatic transduc-
ers. Thermal and magnetic energy are less appealing under microscale integration
because their power and voltage levels are low. Similarly, artificial lighting also gen-
erates low power levels, as does drawing kinetic energy with an electromagnetic
device. As a result, some engineers favor solar photovoltaic and vibration-sensitive
piezoelectric and electrostatic transducers over their competing counterparts.

1.3 CONDITIONING MICROELECTRONICS

The role of the power-supply circuit in a system is to transfer energy from a source
and condition power to supply the needs of its load. Because energy is finite and
especially scarce in a microsystem, the overriding measure of success, outside con-
ditioning, is how much of the available power Py reaches the output as P,,. In other
words, power lost P, ¢ across the system determines one of the most important
parameters of a power supply: its efficiency 1 or

nEP—O=PIN_PO= Py
P P Py + Pross

(1.3)

For example, if the load demands 100 pW and the power supply dissipates 50 pW
to generate those 100 uW, the source supplies 150 pW and the system is 66.7% effi-
cient. Similarly, in the case of harvesters, if a source supplies 100 uW, but the system
dissipates 50 uW, the output only receives 50 pW at 50%.

Efficiency typically changes with output power P, because losses do not vary at
the same rate. At moderate to high power levels, for example, quiescent losses usu-
ally become a smaller fraction of a rising load, so efficiency is relatively high [8]—
for example, when losing 75 uW to drive a 1 mW load yields 93%. Microsystems,
unfortunately, normally demand lower power levels; this means that power losses
represent a larger percentage of the load—for example, when losing 50 uW to drive
50 uW is the result of 50% efficiency. What is worse, microsystems normally idle
and dissipate even less power—maybe 1-10 uW. Under these idling conditions, oper-
ational life is especially sensitive to power losses because the lifetime difference of
a1l uW and a 9 uW loss under a 10 uW load is close to 70%, or 1.7 times, and under a
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100 uW load is 10%, or 1.1 times; dissipating less than 1 uW is extremely difficult, if
not impossible, when powering alert functions and other vital blocks in the system.
All of this is to say that light-load efficiency is probably one of the most difficult
challenges to tackle in a microsystem, especially when the act of conditioning, in
and of itself, requires work.

1.3.1 LINEAR SwITCH

Perhaps the most accurate means of conditioning power is linearly because the cir-
cuit is always alert, ready to respond to any and all variations in load and source.
In other words, in addition to not generating switching noise, a linear conditioner
reacts to oppose the effects of disturbances injected and coupled into its output.
Admittedly, the circuit suppresses noise only up to its bandwidth [9], beyond which
the system is unable to respond. Nevertheless, a linear circuit is relatively simple, so
it reaps the high-bandwidth benefits that smaller devices and fewer transistors offer.

Architecturally, as Figure 1.9 shows, a controller modulates the conductance of a
series switch linearly to conduct whatever current the system demands. In the case
shown, p-channel metal-oxide semiconductor (MOS) field-effect transistor (FET)
My, is only a sample, though a popular embodiment of the switch. Low-dropout
(LDO) linear regulators, for example, use this topology and sample output voltage
Vv, to ensure that v, remains near a user-defined target. To illustrate another applica-
tion, sensing input current i;y and regulating Mg, ’s conductance or equivalent series
resistance Ry, to draw as much iy as the source allows satisfy the objectives of
a harvester.

Irrespective of its conditioning aim, what is ultimately important to conclude is
that the circuit does not generate switching noise; current iy only flows to the output
(i.e., in one direction), so input v; must exceed output v,,, and the circuit dissipates
conduction power across Mgy, as Pgy:

Psw =i (VIN - Vo) o< iIN(AVG)7 (1.4

and quiescent power through the controller as P for a total power loss P| ¢ of

Pross = Psw +Pc =iy (VIN _VO)+IQVLN’ (1.5)
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FIGURE 1.9 Basic architecture of a linear conditioner.
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where vy — v, is the voltage across Mgy, and I, that the current vy supplies to the
controller. Although all three points are important, the last one deserves attention
because microsystems cannot afford to lose power indiscriminately. Efficiency here,
in fact, cannot ever reach output-to-input voltage ratio v, /v;y because the voltage
across Mgy is vy — v, and 1 is a finite and load-independent physical requirement
for the circuit to operate properly:

P P i
m=-%=_ ‘o __Invo Vo (1.6)
P Po+Pross (11N +1q )VIN ViN

Consider, for example, that when a 3.6 V Li ion supplies a 1.8 V load, 1, is no bet-
ter than 50%, and that is only when I, is negligibly smaller than iy, which is largely
not the case in microsystems, particularly when they idle.

1.3.2  SwitcHED CAPACITORS

Introducing one or more intermediate steps into the energy-transfer process further
decouples the needs of the input from those of the output, adding flexibility to the
conditioning function. A transitional stage, therefore, receives, stores, and releases
energy when prompted, as a capacitor would when configured accordingly. Charge
pumps, as many circuit design engineers refer to them, switch the connectivity of
“flying” capacitors in alternating phases across a switching period Ty, to first receive
energy from a source, be it the actual input or a previous stage, and then release it
to a load, which could be just another stage. Charging several flying capacitors in
parallel, for instance, from input vy, as Cg, through Cgy illustrate in Figure 1.10, and
discharging them in series to a load effectively “steps up” or “boosts” the input vy to
a higher voltage v, which is an otherwise impossible feat for a linear conditioner to
achieve. Similarly, just to show how flexible the architecture can be, charging capaci-
tors from vy in series and connecting them in parallel to v, in the alternate phase
“steps down” or “bucks” vy to a lower voltage.

This flexibility, however, results at the expense of noise because decoupling v,y
from v, implies that v, and v, are, at times, disconnected, so i,, momentarily raises
vy and the load similarly discharges whatever output capacitance C,, is present at v,.
Allowing vy and v, to rise and fall this way before periodically loading and recharg-
ing them with the flying capacitors creates a systematic noise ripple in the input and
output. To this, the switches whose task is to reconfigure the connectivity of the
network, inject additional noise because the signals that drive them at switching fre-
quency fg, rise and fall quickly across maybe 10 ns or less—coupling displacement

O T @Hf—fbf%@

g g Phase 1 g Phase 2 [

FIGURE 1.10 Switching phases of a boosting two-step switched-capacitor charge pump.
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noise energy into sensitive nodes through parasitic gate—source and —drain capaci-
tors Cgg and Cpg that complementary MOS (CMOS) switches embody.

Because the voltages across conducting switches are dynamic and decrease with
time, switched-capacitor circuits do not dissipate the quasistatic and limiting vy — v,
voltage-drop conduction power that linear conditioners do across Mgy, Still, the
switches lose momentary switching losses when conducting current with decreasing,
but nonetheless, finite voltages across them. The initial voltage across the switch that
connects vy to the flying capacitors in phase 1 of Figure 1.10, for example, is the
voltage the load drooped in phase 2, which is often not a trivial amount. Similarly,
the fully charged flying capacitors and the drooped C,, also present a voltage differ-
ence to their connecting switch at the beginning of phase 2. To help quantify these
losses, consider that while v;y in Figure 1.11(a) loses energy E, to charge equivalent
flying capacitor Cg. from vy t0 Vin:

En=Qcvin=Ck (VIN - VC(INI))VIN = CrAvsy Vi, )

Cr’s energy Ec rises from E vy, to Eqgy, for a positive gain of AE:

AE¢ = Ecgn — Ecanny = 0.5Cevin® — 0.5CE Ve (1.8)

which is nonetheless a fraction of E y, so the switch loses the difference [10] as Egy:

ESW = EIN - AEC = OSCF (VIN2 - 2VINVC(INI) + VC(INI)Z) = O.SCFAVSWZ. (19)

Similarly, because connecting capacitors in parallel like in Figure 1.11(b) amounts
to charging them in series from a source whose voltage is the initial voltage across
the switch vy — Voanr OF Avgy, the switch consumes

Esw = 0~5CEQVSW2 = O-S(CF @ CO)(VC(INI) — Voann )2 o< iIN(AVG)2 (1.10)

of the energy that was initially stored in Crg as 0.5 CgoVean’s Where Crg is the series
combination of Cg and C,. In other words, charge pumps generally and necessarily
lose switching energy 0.5 CyoAvgy,? in the interconnecting switches.

FIGURE 1.11 Charging a capacitor with a switch from (a) an input source and (b) another
capacitor.
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Although this fundamental loss in the switch is by no means negligible, it decreases
with reductions in steady-state iyve, because all the capacitors droop less (so Avgy
is smaller) with lower currents, which is good for microsystems because they supply
and demand little power. In practice, however, vy still supplies the energy switch-
ing noise and leakage currents drawn from the capacitors, the quiescent power that
energizes the controller, and the power parasitic gate and base capacitors require
charging and discharging every time they switch. So to summarize, a charge pump
generates switching noise, can buck or boost its input, and dissipates 0.5 CroAvgy?
across interconnecting switches, which rises quadratically with iy ,vg, Relative to its
linear counterpart, the output is noisy and less accurate, but also flexible. The circuit
also impresses voltages across the switches that decrease not only with load but also
with time. Additionally, charge pumps dissipate power to charge and discharge para-
sitic capacitors that would normally not switch periodically in a linear conditioner.

1.3.3 SwitcHeD INDUCTOR

Just as charge pumps employ capacitors to transfer energy, magnetic-based switch-
ing converters use inductors to cache and release input energy temporarily to one or
several loads [11]. They achieve this by energizing and draining inductors in alternat-
ing cycles. In more specific terms, an input source v;y energizes a transfer inductor
Ly by inducing Ly to draw current from v,—that is, by connecting the other ter-
minal of Ly to a lower voltage like ground in phase 1 of Figure 1.12(a). During this
time, Ly’s current i, rises linearly, as the graph in Figure 1.12(b) shows, because
L’s voltage v, or Ldi, /dt is positive and, for the most part, constant at, in this case,
vy — 0, or more generally, at energizing voltage vi. Reversing the polarity of v, to,
say, —vq, as shown in phase 2 of Figure 1.12(a), causes Ly to release the energy it
received during phase 1. Because the circuit either regulates the voltage across a load
or charges a battery with a well-defined, low-ripple, slow-changing voltage, v, is, for
all practical purposes, a constant and, in this case, also Ly’s de-energizing voltage
vpe- As aresult, i; generally rises at vi,/Ly when vy energizes Ly across phase 1 and
falls at vp/Ly when Ly delivers energy to v, in phase 2 [12].

A switched-inductor conditioner embodies a few idiosyncrasies worth mentioning.
First, Ly conducts a steady-state current i; (4y, about which the ripple in Figure 1.12(b)
rides. Conducting current continuously like this places the circuit in what experts
call continuous-conduction mode (CCM). Inducing Ly to stop conducting current

Phase 1 Phase 2 tow 25y
Time (s)
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FIGURE 1.12  (a) Switching phases of a switched-inductor converter and (b) the time-domain
response of its inductor current.
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momentarily, which is equivalent to i, reaching zero and remaining there for a finite
fraction of the period, amounts to operating in discontinuous-conduction mode
(DCM). What sets i 4y, 18 either the power needs of a load or the sourcing capabili-
ties of its source.

Another trait or, rather, feature is that a switched-inductor circuit can buck or
boost vy because Ly can release energy to any output voltage as long as energizing
and de-energizing voltages v and vp; remain positive and negative, respectively. In
fact, permanently attaching Ly’s input terminal to vy is a derivative embodiment
of the general form shown in Figure 1.12(a) that, to release Ly’s energy, requires v,
to exceed vy. Likewise, connecting Ly’s output terminal to v, directly demands
that v,y stay above v, for Ly to energize. These two special cases implement the
well-known boost [13] and buck [14] configurations reported in the literature. One
last peculiarity to note is that inductors, unlike capacitors, receive or deliver energy,
but do not store it statically over time; this is not a problem in conditioners because
the overriding aim is to draw and deliver power—not store it, as rechargeable batter-
ies and large capacitors would.

Within the context of operational life and efficiency, the only elements in a power
stage that incur first-order conduction losses are the switches because a capacitor does
not conduct steady-state current and the steady-state voltage across an inductor is
zero. Interestingly, while capacitors hold the initial voltage across a switch by sourc-
ing whatever instantaneous currents are necessary, an inductor maintains its current
steadily by instantly swinging its voltage until it finds a suitable source or sink for
its current. In other words, after a connecting switch opens, i, raises or lowers Ly’s
open terminal voltage instantaneously until a source or sink clamps it. As a result,
the small series resistance Ry, in the interconnecting switches and power path drop
a voltage vgy or i; Rgy that consumes power Pgy, or i qys?Rsw- Since Rgy, is small,
vgw and Pgy, are both low. This quasi-lossless property is the driving force behind the
commercialization and general adoption of switched-inductor conditioners.

In practice, these conduction losses are small, but nevertheless finite, so they
reduce efficiency, as do second-order losses similar to those found in linear and
charge-pump circuits. The controller, for example, requires sufficient quiescent cur-
rent to manage the system and deliver a command signal in time before the onset
of the next switching cycle. The circuit also dissipates switching power to charge
and discharge the parasitic capacitors that the switches present to the controller.
When lightly loaded, in fact, second-order quiescent and gate-drive losses become
as important as and, in some cases, more important than first-order switch losses
because the voltage dropped and power lost across the switches fade with decreasing
load levels [15].

Note, however, that good and reasonably sized power inductors are bulky and
difficult to integrate [16]. The unfortunate truth is that on-chip inductances typically
fall below 100 nH and introduce considerable parasitic equivalent-series resistances
(ESRs) that further dissipate conduction power and degrade efficiency. Discrete
inductors, on the other hand, are considerably better and, to a certain extent, also
relatively small—for example, a 2 x 2 x 1 mm? 1 pH inductor that saturates at 1.8
A and introduces 0.2 Q of series resistance. Accordingly, switched-inductor con-
ditioners in microsystems should employ and co-package no more than one power
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inductor, which is why single-inductor multiple-output (SIMO) strategies are garner-
ing interest in research circles [11]. Using smaller inductances is certainly possible,
though at the expense of higher conduction losses because inductor ripple current Ai;
increases or gate-drive losses because switching frequency fq, rises to bound Ai, .

Because these magnetic-based circuits switch, they inject switching noise, like
charge pumps do. If Ly connects directly to vy or v, however, as in boost or buck
converters, Ly’s average current iy 4y, matches the source or load to keep the capaci-
tance at vy or v, from charging or discharging considerably. Even so, v,y and v, do
not source or sink ripple currents, so Ai; charges and discharges C; or C, to create a
corresponding ripple in vy or v,. Unfortunately, decoupling the input or output from
Ly with a switch, as in buck or boost converters, allows the source or load to charge
or discharge C or C, when the switch opens, increasing the ripple in vy or v,,. In
all, these magnetic conditioners generate switching noise, can buck or boost their
inputs, dissipate i ys,’Rgw across their interconnecting switches that rises quadrati-
cally with ijyvg), and, when applied to microsystems, should employ no more than
one co-packaged inductor.

1.3.4 CONCLUSIONS

In comparing performance, the functionality of the conditioners precedes all other
parameters, and in the case of microsystems, losses arguably follow because they
limit how long a system operates. So, on the first count, switching circuits can boost
their inputs while linear circuits cannot—except that a boosting function is not
always necessary. Consider, for example, that while boosting a 0.4 V photovoltaic
cell to charge a 2.7-4.2 V Li ion requires a switching circuit, bucking a 2.7-4.2 V Li
ion to supply a 1.8 V load does not.

From the perspective of power, as summarized in Table 1.1, the switch in a linear
circuit drops vy — v, continuously, whereas the terminal voltages across the switches
in a charge pump and a switched inductor decrease with load and across time. In
other words, switched circuits can dissipate less power than their linear counterparts.
Switched capacitors, however, typically require more switches to implement than
switched inductors, so capacitor networks dissipate more gate-drive losses Pgp.

Switch losses in all three cases, however, diminish with load, so when microsys-
tems idle, efficiency is more sensitive to second-order losses, which is where linear

TABLE 1.1
Comparing Conditioning Circuits
Firsr-Order Second-Order

Vo Loss P, Losses Switching Noise
Linear <Vin in(Vin = Vo) P, None
Switched C  <2viy  0.5CgoAvgy sy Po+Pop o< iineavay Cear, Vsw
AVgy o Iinava) t
Switched L <2vyy  ipgus/Rew Py +Pgp oc Aip o< 1/Ly, /Mgy

ILrMS) < HINAVG) And maybe ijyavc), Cpar
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circuits might gain an edge because they do not dissipate gate-drive power Pp,. The
problem is that miniature devices demand little to no power when idling and moder-
ate to substantial power when transmitting data wirelessly, so a linear circuit is more
appealing when idling and less appealing otherwise, and vice versa for a switched
inductor. In the end, functionality may become the deciding factor, which is why
operating in DCM and reducing switching frequency fg,, in magnetic-based convert-
ers is so important when the load is light, as is lowering quiescent power P, in all
three schemes. Notice, by the way, that parasitic series resistances in the inductor,
capacitors, and board also dissipate ohmic losses.

Noise in the output may not be a problem for charging a Li ion but is certainly
an issue when supplying a functional load like a data converter or sensor-interface
circuit whose sensitivity to noise in the supply is often severe. Noise at the input is
similarly problematic when drawing power from a PV cell because raising the volt-
age increases the current lost to the parasitic diode present and letting it drop lowers
how much current the cell generates. Linear switches outshine their switching coun-
terparts in this regard because they never disconnect from vy or v,,. Ripple current
Ai; in switched-inductor circuits, of course, adds noise. Charge pumps are probably
the worst because flying capacitors momentarily and necessarily disconnect from vy
and v,,. Switched-inductor circuits that decouple the outputs from the inductor also
suffer from similar effects, in addition to the A,L-induced noise already mentioned.
Ultimately, reducing noise amounts to raising fgy, (to shorten how long v,y and v,
float) and circuit bandwidth (to keep up with fg ), and, in the case of inductor cir-
cuits Ly (and fgy ), to reducing Ai, . Increasing fg,, however, by and large degrades
efficiency, and raising Ly demands more space, which is the conundrum engineers
eventually face when designing these types of circuits: when and how to trade accu-
racy, efficiency, and integration.

1.4 ENERGY-HARVESTING CHARGERS AND POWER SUPPLIES

The conditioners described in the last section form the foundation from which modern
chargers and power supplies draw inspiration. Since no converter is ideal, engineers
first prioritize specifications and then choose one or a combination of approaches
according to the most important parameters in the system. In a cellular phone, for
example, battery life is as sensitive to conversion efficiency as a large fraction of the
load is to noise in the supply. In such a case, a switched-inductor converter bucks a
Li ion voltage efficiently to a level that minimizes the power lost across a cascaded
linear voltage regulator, whose purpose is to filter the noise that the switcher gener-
ates in the first place and supply the power that the sensitive load demands. In a har-
vester, saving energy is the chief objective, so an efficient switched-inductor charger
might fit the bill, if power levels are sufficiently moderate for conduction losses to
remain significant. Note that supplying a functional load requires a voltage source
and feeding a battery a current source or charger, and while circuits may generate
these without feedback, shunt- or series-sensed control loops often modulate the con-
ductance or duty-cycle operation of the conducting switches to regulate them [17].
Space in miniature systems is so constricting that using a single sourcing
technology represents a sacrifice in energy, power, or both. In these applications,
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complementing the energy features of ambient energy with the power-generating
capabilities of Li ions and ultracapacitors offers appealing qualities that no one
source can. Justifying the need for both energy and power, however, is imperative
[18] because a hybrid supply is necessarily more complex than a single-source sys-
tem. From this viewpoint, most microsystems, like wireless microsensors, idle and
communicate information wirelessly, so their power range is vast and as critical as
energy because the latter sets operational life. Hybrid supplies in tiny devices are
therefore justifiable.

1.4.1 BATTERY-ASSISTED PHOTOVOLTAIC CHARGER—SUPPLY EXAMPLE

The switched inductor in Figure 1.13 draws power from both a 0.25-0.4 V PV cell
vpy and a 1.8 V power source vpg or battery to supply a 1 V load [19]. Relying on only
one small off-chip power inductor Ly is important because off-chip inductors are
bulky and their on-chip counterparts are poor, but altogether excluding the inductor
drastically reduces power-conversion efficiency. Input and output capacitors C and
C,, are also critical because they help keep Ly, the PV cell, and load currents i, ipy,
and i, from slewing vp, away from its maximum-power point and output v, away
from its target Vgpp.

When lightly sourced, Ly draws and delivers energy to vo—first from v, and
then from vpg. For this, switches S,y and Sg energize Ly from vy, and Spy and S,
subsequently drain Ly into v,. After that, Spq and S, similarly energize Ly, and Sy
and S, de-energize Ly into v,. Otherwise, when heavily sourced, Ly supplies P, to
the load from v,y and charges v,q with what remains of Pp,. As before, S,y and Sg
energize Ly, and S,y and S, drain Ly into v, but unlike before, S, opens after v,
receives sufficient energy to satisfy P, and i, therefore charges switching node vy, o
until diode D¢ forward-biases and charges vpg with i; .

The PV cell generates the most power when vpy nears its optimal value of Vpyopr)s
which means that this system should adjust Vpy t0 Vpyopr)- Since the switching net-
work induces a ripple voltage in vp, that shifts the PV cell from its maximum-power
point, vp,’s ripple Avpy, should be small. The circuit should also be able to modify and
track vpy to new targets to accommodate changes in light intensity and conditions.

Harvesting performance hinges on reducing power losses. Considering this,
tiny PV cells generate microwatts, ensuring that Ly conducts continuously without

-9

FIGURE 1.13 Battery-assisted photovoltaic buck—buck charger supply.
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FIGURE 1.14 Photovoltaic-voltage and inductor-current time-domain waveforms.

reversing the direction of current amounts to keeping its rippling current Ai; within a
small window, which happens when Ly switches quickly. Charging and discharging
the gates of power switches more often, however, requires more power, which is why
Ly should not conduct continuously and should switch slowly.

To ensure that Ly derives sufficient PV power P,y in one energizing (t;) and
de-energizing (tpg) sequence, i rises and peaks to iy py, (about 6 mA in Figure 1.14).
Transferring a larger energy packet E,y in 1.6 pus draws sufficient P,y from v, to
keep vpy from rising excessively over Vpyopr) across the remaining 11.4 ps of the
13 ps period Tgy. Had Epy been smaller and Ty, shorter, Avy,, would have been less
than 20 mV; however, the power lost in switching more often negates the benefits of
a smaller ripple.

Selecting the channel width—length ratios of the switches that balance conduction
and gate-drive losses in the system and choosing the i} pyg)~Tgy combination that
reduces the percentage of PV power P,y lost to P, ;5 enable the PV cell to supply the
load fully or partially and, when possible, recharge the battery. When lightly loaded,
the system regulates v, and steers excess Ppy to the battery to charge v, in staircase
fashion, as Figure 1.15 shows. When lightly sourced, the system draws both PV and
battery power to supply and regulate the load.

FIGURE 1.15 Battery-charge profile when heavily sourced.
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1.4.2 PiezoeLecTRIC CHARGER EXAMPLE

Drawing power from an intermittent source to supply the needs of an unpredictable
and uncorrelated load is challenging. As a result, harvesting and regulation are often
separate and distinct functions in a microsystem. While a regulator, for example, sup-
plies a load from a battery, a harvester can charge the battery. So, in the more spe-
cific case of tiny piezoelectric conditioners, chargers convert and condition rippling
sources to replenish capacitors, rechargeable batteries, or a combination of both
capacitors and batteries.

Typical battery-supplied implementations use a bridge-based rectifier to convert
an alternating signal into a steady-state voltage that subsequently feeds another con-
verter whose aim is to condition and steer power into a battery. Unfortunately, each
conditioning function dissipates power, and, collectively, they diminish the gains of a
microscale harvester. To minimize this loss, the piezoelectric charger in Figure 1.16
combines rectification and conditioning into one stage [20]. The underlying aim is
to derive power from positive piezoelectric voltages with harvesting inductor L,; and
reverse L,;’s current flow to draw energy from negative voltages.

First, through vp,;’s positive half cycle in Figure 1.17, switches S; and Sy remain
open to decouple the power stage from the transducer until v, reaches its positive
peak. S; and Sy then engage (at 15.73 ms) to discharge C,,; into L, until i peaks.
Since LC resonance drives this energy transfer, the system estimates L,;’s energizing
time by waiting for one-quarter of L,,—C,,,’s resonance period at 0.5 (L, ,Cp,1).
Note that sensing i;’s peak directly is more accurate, but also considerably more
lossy. After this, Sy opens and i; charges the parasitic capacitance at switching node
vgw quickly until noninverting diode-switch Dy forward biases and depletes L,; into
Vyar- During the negative half cycle, S; and Sy again open to disconnect the circuit
from the transducer until v, reaches its negative peak. Afterward, S; and Sy dis-
charge Cp,r into Ly (at 20.69 ms) for one-quarter of L;—C,,;’s resonance period. S;
then opens and D, conducts i; into V.. This way, the system deposits energy into
Var every half cycle in staircase fashion, as Figure 1.18 illustrates under vibrations
of various strengths.
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FIGURE 1.16  Single-inductor energy-harvesting piezoelectric charger.
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FIGURE 1.18 Battery-charge profile.

1.4.3 ELEcTROSTATIC CHARGER EXAMPLE

Harnessing energy from a variable capacitor Cy,y is possible because the work that
vibrations exert to separate the conducting plates decreases the device’s capacitance.
Asaresult, because charge q.is the product of Cy, and its voltage v or Cy 4V, reduc-
ing Cy raises v, and the quadratic gain that v.2 represents in energy 0.5 CysrVe?
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FIGURE 1.19 Electrostatic harvesting sequence.

overwhelms C,,g’s linear drop. Unfortunately, v often rises to 100-300 V, well
beyond the breakdown limits of low-cost CMOS process technologies.

Alternatively, clamping Cy,y to a large reservoir capacitor Cygg precharged to
VeLamp constrains ve and causes qc to fall in response to reductions in Cy g, Which
means that Cy, drives charge into Cygs. The cycle-by-cycle progression shown in
Figure 1.19 does just this: first, precharges Cy g t0 Ve ampe and then connects Cyyg
to Cggs so that reductions in C,,i pump charge into Cgpg. Afterward, the system
disconnects Cy,g, recovers remnant energy in Cy,g, and collects harvested charge
into Cggg. After vibrations finish resetting Cy g to Cyax, the system starts another
harvesting cycle by again precharging Cyg t0 Vi ampe [21].

Unfortunately, breakdown voltages in modern CMOS process technologies are
low at 1.8—5 V. This means that the energy Cy, holds at Cy;; with V¢ ,up can be so
low that conduction and gate-drive losses in the recovery process can dissipate most,
if not all of Cy,y’s energy. In these cases, skipping the recovery phase and clamp-
ing Cy,p directly to Vi, (instead of Cggg) during the harvesting phase are prudent
design choices because they reduce the sequence to precharge, harvest (to Vyap),
and reset and eliminate lossy energy-transfer transactions between Cypg and Vg,
The switching network of Figure 1.20 does just this: Precharge Cy,g at Cyax from
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FIGURE 1.20 Battery-clamped electrostatic harvesting charger.
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Viar With switches S; and S, and inductor Ly, connect Cy,p to Vg, and harvest
Cyar’s charge directly to Vy,p through Sy when C,,y falls to Cyy, and disconnect
all switches to allow vibrations to reset Cy,g t0 Cyax-

In this simplified progression, there are only two energy transfers: when pre-
charging C,, and harvesting into Vy,. For the first, while using a switch to connect
and precharge Cy, at Cy,x to Vyar 18 simple, it is also the lossiest option because
the switch consumes 0.5C;,xVgar?- This is the reason that Sg starts the precharge
phase by energizing inductor Ly from V,; and S subsequently drains Ly into Cy,x
[22]. Notice that C,, also charges when L energizes, so Ly caches only part of the
energy that C,, ultimately receives when Ly, finishes de-energizing into Cy,g.

Since Cy,y precharges to Vg, (at 0 and every 33 ms after that in Figure 1.21),
connecting Cy,y to Vg, r after precharge with S,; draws no current and, therefore, no
power from either Cy, or Vg, Afterward, through the first 16.5 ms of every cycle
in Figure 1.21, C, 4 falls to Cyy to drive harvesting current iy gy into Vg, r via Sy.
Because iy gy 1s low, Sy dissipates little power across this phase. When C,,; reaches
Cyun (at 16.5 and every 33 ms after that in Figure 1.21), all switches disconnect and,
through the ensuing 16.5 ms, vibrations separate Cy,’s plates until Cy,y rises to
Cyiax» at which point another cycle begins.

As with every harvesting system, the ultimate goal is to generate sufficient power
to output a net energy gain. The challenge is that miniature transducers generate
little power and conditioning circuits can easily dissipate much of that power. In the
electrostatic case presented, Vg,r invests 0.5 CyaxVpar® @s Epy to charge Cy i to
Viar at Cyax and harvests energy from Cy g as Cyg falls to Cyyy. As aresult, Vigur
loses energy when the cycle begins (at O and every 33 ms after that in Figure 1.21)
and harvests energy every half cycle after that to produce the staircase response
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FIGURE 1.21 Battery-constrained electrostatic harvesting charger.
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in Figure 1.21. In other words, C,,x generates more energy Eq than the system
invests in Eyy and dissipates in E; y4q:

EHARV = EOUT - EINV - ELOSS

= ACVARVBAT2 - O-SCMAXVBAT2 —Eross (1.11)

= O‘SCMAXVBATZ - CMINVBAT2 - ELOSSa

where E ;1 is the charge energy that V,; receives as AQ-Vgar Of (ACysrVear)Vear
when C,,y falls to Cy;y and AC,,y is the difference between Cy;,x and Cyyy. An
important observation to note here is that output power from Ej gy is ultimately
higher with larger Cy;,x—Cyn Spreads and lower power-conditioning losses.

1.4.4 CONCLUSIONS

Hybrid supplies in microsystems generally suffer from full-scale integration and
poor low-power efficiency. Tiny spaces, to start, constrain energy to such an extent
that efficiency concerns overwhelm all other performance metrics, which means
switched-inductor conditioners become almost indispensable. Power inductors,
unfortunately, are bulky and difficult to integrate; this means that miniaturized char-
gers and supplies cannot afford to use more than one. And even if they are more effi-
cient than linear and switched-capacitor implementations under moderate to heavy
loads, magnetic-based supplies still dissipate conduction, gate-drive, and quiescent
power. In fact, a fundamental challenge that designers face in ultra low-power char-
gers and supplies is keeping gate-drive and quiescent losses low—that is, managing
complex systems with little to no power.

Harvesters bear the additional burden of synchronizing circuits to often unpre-
dictable and uncorrelated ambient events and conditions. Not only that, starting and
operating a system with no initial energy is especially problematic. Many implemen-
tations, therefore, rely on a battery storing sufficient initial charge to bias and start
the system, much like cars depend on charged batteries to ignite their engines. In
other words, ultrasmall solutions often complement a harvesting source with another
technology, like a battery with some charge, to ensure that the system starts properly.

1.5 SUMMARY

The potential market space for miniature systems like wireless microsensors is vast.
One contributing factor is that adding intelligence to expensive and difficult-to-replace
infrastructures nonintrusively has the potential of updating and improving otherwise
obsolete and archaic technologies of scale. Power grids can manage not only energy
more efficiently with embedded instrumentation but also military base camps, space
stations, industrial plants, hospitals, farms, and others. Biomedical implants and por-
table and wearable consumer electronics also reap the benefits of microscale inte-
gration. Tiny spaces, however, limit energy and power, and modern mixed-signal
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systems demand both: energy for operational life and power for functionality, like
sensing, data processing, and wireless transmission.

Sadly, no single miniature source is ideal. While capacitors and inductors source
high power, for example, they store little energy. Fuel cells and nuclear batteries
may store more energy, but they supply considerably less power. Li ions and ultra-
capacitors are moderate in almost every way; however, sacrificing energy for power,
or vice versa, for the sake of adopting only one technology (for low cost) is quickly
becoming less viable under microscale constraints. From this perspective, harvest-
ing ambient energy is a good way of replenishing and complementing a power-dense
device that is easily exhaustible. In fact, harvesters do not release the by-products
that fuel cells do, nor do they impose the safety hazards or cost infrastructure that
nuclear batteries do.

Harnessing solar energy generates the most power at several milliwatts per square
centimeter; however, direct sunlight is not always available and artificial lighting out-
puts substantially lower power levels on the microwatt per square centimeter range.
Unfortunately, deriving power from thermal and magnetic sources in small spaces not
only produces millivolt signals that are difficult to condition but also generates only
microwatts per cubic centimeter. Although kinetic energy in motion cannot generate
the milliwatts that photovoltaic cells can when exposed to solar light, vibrations are
abundant and consistent, and piezoelectric and electrostatic transducers are capable
of producing moderate power levels from vibrations at around 100-300 uW/cm?. All
the same, research continues and the final verdict on the power capabilities of light,
thermal, magnetic, and kinetic transducers is far from certain.

Irrespective of the source, conditioning microwatts is difficult because the mere
act of transferring energy can dissipate much of the little power that is available.
Linear converters, for example, may be noise free, simple, and relatively fast, but their
conducting switches dissipate ohmic losses that only decrease linearly with output
current. And while losses in switched capacitors decrease quadratically with load,
switched inductors, whose losses also decrease at a similar rate, employ considerably
fewer switches, so gate-drive losses are corresponding low. At microwatts, though,
quiescent and switching losses become more significant, obscuring the boundary
regions where one conditioner’s efficiency clearly outperforms that of another.

Mixed-signal microsystems often reduce losses and increase integration densi-
ties by mixing multiple sourcing technologies with magnetic-based converters that
use only one inductor. Irrespective of the combination, hybrid supply circuits must
carefully manage energy and power flow for maximum life and accurately condition
power to supply a load and/or replenish a battery fully. Directing how and where
power flows from a tiny photovoltaic cell with only a single inductor, for example, is
as important as charging a co-packaged thin-film Li ion and regulating the voltage
across a load. How circuits load transducers, charge batteries, and synchronize to
ambient conditions eventually sets the operational life of a system. Designers must
therefore implement these and other basic functions without exhausting or stress-
ing the tiny sources in the microsystem; in other words, engineers must design
circuits that perform relatively complex tasks with little to no energy.
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2.1 INTRODUCTION

Interest in the recovery of available energy from the environment is constantly
increasing. The greenhouse effect in relation to climate change is a present and
future concern. The possibility of converting energy available in the human environ-
ment and the capacity to transform it into useful energy has resulted in the creation
of infrastructures capable of recovering tens of megawatts in the form of electrical
energy—thanks, for example, to wind turbines or wave energy systems. In this way
we can speak of energy harvesting on the macroscale, as is perhaps best known
to the general public, but the importance of energy recovery on the microscale is
even greater. What does one understand by recovery on the microscale? We should
think of energy recovery that can vary in the range of nanowatts to milliwatts [1].
Evidently, approximation to these levels of recovery and interest in it depend largely
on the field of application. The clearest example is in the field of portable consumer
products. The possibility of keeping a mobile telephone charged without the need
for a battery, with all the attendant environmental advantages, gives us a clear per-
spective. If electronic equipment generally could avoid the need for a battery, being
charged instead by the user’s own movements or by the difference in temperature
between it and the environment, the existing ambient light, or the electromagnetic
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waves it produces in the environment, and if we extend this to millions of mobile
telephones, we can extrapolate the enormous advantages of being able to develop
efficient electronic systems without batteries.

In existing applications, we can speak of small-scale recovery when we refer to
intelligent sensors capable of self-charging and able to transmit from the field to a
remote center of communication. The concept and development of these smart wire-
less sensors is referred to in the present chapter. The fields of application are broad,
as we will see, from the monitoring of the structural condition of bridges and high-
ways [2] to the level of so-called intelligent buildings [3]. In general, the conception
and development of intelligent and autonomous sensors that do not require the use
of batteries bring many advantages from the point of view of cost, maintenance [4],
etc. But the investigation and conception of these self-powered units also brings us
to the field of medical healthcare in various aspects, such as the remote monitoring
of chronic illnesses; avoiding continuous hospital admissions is a notable aspect [5],
known as pervasive healthcare [6]. This chapter will review the principal sources
of energy present in the environment that are capable of recovery and conversion to
electrical energy, with particular attention to those orientated to the microscale or
the nanoscale.

2.2 ENERGY HARVESTING

2.2.1  Tvypes oF ENERGY HARVESTING SOURCES AND POWER RANGES

There exist various sources for the recovery of energy present in the environment,
and those sources as well as the type of conducting element determine the admis-
sible levels of recoverable energy, as do the fields of application. Among the typical
sources and energy transducers available in the environment there are, for example,
vibrations [7], heat [8], light [9], and radio waves [10]. The available energy per
unit area, or volume, for each one of these sources depends heavily on the size,
operating conditions, and technologies available [1]. Table 2.1 introduces some val-
ues for vibrational sources, ambient light, radio frequency (RF) and thermoelectri-
cal sources. Vibrational energy is a typical approach to harvesting energy. Three
main solutions are developed based on the type of transducer or microgenerator:
piezoelectric (=200 uW/cm?), electrostatic (~50—-100 uW/cm?), and electromagnetic
(<1 uW/cm?). There are wide ranging scenarios where this type of harvesting is or
could be applied basically to monitor structural integrities. We can think of different
fields of application in terms of the following mapping:

a. Stiff structures that themselves produce movement (ships, containers,
mobile devices, housings of fans, escalators and elevators in public places,
appliances, refrigerators, bridges, automobiles, building structures, trains)

b. Elastic structures that show an elastic deformation of their walls (rotor blades,
wind mill blades, aircraft wings, pumps, motors, HVAC ducts, rotorcraft)

c. Soft structures with very low elastic modulus and high deformation ratios
(different textiles, leather, rubber membranes, piping with internal fluid flow)
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TABLE 2.1

Mapping of Available Energy Sources

Energy Source Performance

Ambient light Indoor: 10 uW/cm? (low illumination) Solar cells (6830 1x 10 W/m?)
Typical office: 100 uW/cm? Indoor solar cells (10 to 1400 Ix)

Outdoor: 10 mW/cm?
Full, bright sun: 10 mW/cm?

Vibrational 4 uW/cm? (human motion—hertz range) Microgenerators [11,12]
800 uW/cm? (machines—kilohertz ranges) 350 uW [13]
These numbers depend heavily on size, 22 uW [14]
excitations, technologies, etc. 400 uW [15]
Typically:

Piezoelectric ~ 200 uW/cm?
Electrostatic ~ 50-100 pW/cm?
Electromagnetic < 1 yW/cm?

RF GSM: 4 yW/cm? <1 uW/cm? transmitter [12]
WiFi: 1 uW/em? ~1 mW for proximate stations
These numbers depend heavily on (inductive coils)
frequency of operation and distance At 900 MHz, 1.1 m at 24.98 dBm
between base station and receiver. (0.315 W), ~20 uW [17]

At 4 MHz, 25 mm (subcutaneous
powering) > 5 mW [16]
Temperature Human: 25-60 uW/cm? Thermoelectric generators
Industry: 10 mW/cm? 60 uW/cm? Thermolife AT = 5°C [18]

Source: Derived from Colomer-Farrarons, J. et al. IEEE Transactions on Industrial Electronics 58 (9):
4250-4263.

For industrial applications, it is possible to take advantage of “fixed frequency”
vibrations because AC-driven motors and pumps produce vibration harmonics from
their drive frequency (for example, 60 Hz in the United States and 50 Hz in Europe).
For vehicles, the result is more random vibrations than in the other categories.
Although nearly all vehicular applications provide significant vibration amplitudes
and sufficient levels for energy harvesting, this energy is available more through
random occurrences such as bumps, rough surfaces, and dynamic frequencies than
through one particular frequency of interest.

Different industrial solutions exist in the market and some examples are intro-
duced. Advanced Linear Devices® has developed different energy harvesting mod-
ules. EnOcean GmbH defines self-powered sensor networks and monitors energy
harvesting from natural motion; MicroStrain®, the Volture system from Mide
Technology®, and the Perpetuum PMG® series harvest the vibrations in their installed
environment to generate electricity for wireless sensor and other applications.

Thermal generators are based on the Seebeck effect and convert the temperature
difference or heat into an electrical energy. An interesting example is the thermoelec-
tric generator (LPTG) by Thermo Life (Thermo Life Energy Corp, California) [18],
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measuring 0.5 cm? and 1.6 mm thick, that can supply energy to a biosensor when in
contact with the skin.

Interesting research has been presented by IMEC [19], which has demonstrated
the integration of a wireless autonomous sensor system in clothes. The system is fully
autonomous for its entire life and requires no service—such as replacing or recharg-
ing the battery—from the user. The shirt with integrated electronics can be washed
in a regular washing machine. The device is powered from a rechargeable battery.
The battery is constantly recharged, mainly through thermoelectric conversion of
the wearer’s body heat. The thermoelectric generator is divided into 14 modules to
guarantee user comfort. It occupies less than 1.5% of the shirt area and typically
generates a power of 0.8—1 mW at about 1 V at regular sedentary office activity.
However, if the user walks indoors, the power increases up to 2.7 mW at 22°C due to
forced convection. The thermoelectric generator is neither cold nor intrusive for the
user. In colder environments where other clothes need to be worn on top of the shirt,
the power generation is typically not affected. In summary, this is one of the major
fields with a huge rate of growth expected in the following years.

Ambient light is another typical example. In Nasiri, Zabalawi, and Mandic [20],
the utilization of indoor cells for extremely low conditions of illumination and low
voltages of operation is shown for a cell of 55 mm x 20 mm X 1.1 mm with a power
of 5 uW at 10 Ix to 200 uW at 1450 Ix for a voltage drop of 2 V. RF harvesting is
also applied, but depends heavily on frequency of operation and distance between
the base station and the receiver, where the energy conversion takes place. Typical
values for standard bands are 4 pW/cm? (GSM [global system for mobile communi-
cations]) and 1 pW/cm? (WiFi). In the case of inductive coils, an interesting case is
reported in Carrara et al. [16], where a complementary metal-oxide semiconductor
(CMOS) (solution is implemented in a 0.18 pm technology), operating with an input
carrier of 900 MHz and an input voltage of 250 mV in the integrated antenna in the
tag, will theoretically generate an average power of 25 uW, with an output voltage of
1.8 V to supply the tag electronics.

Attention is especially focused on body harvesting. The technological evolution
is defining a new scenario in which it will be possible to monitor patients anywhere
at any time (see Figure 2.1), which is of increasing interest. The traditional approach,
where patients are monitored during hospital or surgery visits, would be replaced
by continuous and remote monitoring, which could have a great impact on patients’
quality of life. This is the concept of pervasive monitoring [21,22]. Different sce-
narios can be envisaged in the continuous search to meet technological challenges
through miniaturization, intelligence, and autonomy of the biomedical devices
[23], looking for new implantable devices or capsules, like ultrasound pill cameras.
Here resides the importance of the autonomy of the devices and the importance of
body harvesting, which is addressed in more detail in Section 2.2.2, along with new
approaches. Some examples are introduced.

The conversion, for instance, of the natural motion of the body based on mechani-
cal (vibration) energy to electrical energy is one of the main research topics. In this
context, the power that can be harvested when a human being walks or runs has
been studied at different locations, with an average of 0.5 mW/cm? for hip, chest,
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FIGURE 2.1 Typical full wireless body sensor networks (WBSNs). (From Yang, G.-Z.
2006. Body Sensor Networks. London: Springer. With permission.)

elbow, upper arm, and head, and a maximum of 10 mW/cm? for the ankle and knee.
The mechanical energy can be converted to electrical energy based, for instance,
on electromagnetic, electrostatic, or piezoelectric principles. But following these
approaches just a few microwatts are available [23]. The other classical source of
harvesting is body heat. Taking into account that the total amount of power that is
waste in the form of heat is around 100 W, the energy that can be recovered, typically
using the Carnot engine, is in the range of 2.4 to 4.8 W, but just a few milliwatts are
really available [22].

Furthermore, in the function of the field and the application, if the quantity of
energy available for recovery is small, it is useful to be able to combine different
sources at the same time. In this way they are combined and at the same time the
system does not depend entirely on one source. A platform that combines different
sources [24] present in the environment to charge a microsystem is presented, in a
form that could, at the conceptual level, be autonomous. The combination of four
sources is envisaged [1]: the vibrational, based on the use of a piezoelectric generator
as the conducting element; light, based on the use of interior solar cells; RF signals,
through electromagnetic coupling between inductors; and, finally, a thermoelectric
element. This system is implemented and described in more detail in Section 2.3
of this chapter. The ability to recover energy on the micro- or nanoscale requires
the development of efficient conduction elements and this is a topic of great interest
[25] in which the great importance of energy modeling in the design of these new
self-powered nanodevices and the conception of nanonetworks is envisaged [26].
Recent references exist in the field of MEMS (microelectromechanical sensors) as
much on the aspect of the sensor as of the energy conductor. In Khoshnoud and de
Silva [27], a full review of new approaches is revised by the authors. Special inter-
est is focused on the field of energy harvesting for self-powered sensors and their
expected impact against the greenhouse effect [28].
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Recent developments have been published regarding new approaches for micro-
and nanoharvesting purposes in the field of transducers based on the piezoelectric
effect [29]. In Trolier-McKinstry et al. [30], the authors present a report on piezo-
electric thin films, looking for ultra low-voltage applications and low frequencies
of operation (from 50 to 500 Hz), with power densities as high as 10-* W/cm? at
1 g acceleration. Other energy harvesting sources and transducers are investigated.
Some solutions based on the electrostatic effect have been reported recently. In Liu,
Lye, and Miao [31], a sandwich parallel-plate combination of two capacitors is imple-
mented, with a final size of 1 cm?, capable of operating at low accelerations and low
frequencies, up to 50 Hz, with a maximum recovered power of 20 nW for a maxi-
mum acceleration of 10 ms=2. This is a technological approach, but in Peterson and
Rincon-Mora [32] a circuitry approach to improve the recovered energy is presented
that lowers conduction losses and increases the voltage across the plates.

In the field of light, there are new technological approaches [33] and circuitry
solutions to improve the maximum power point tracking (MPPT) technique, which
maximizes the power that is harvested. This technique represents an excessive over-
head of power when it is applied to systems recovering energy at the microscale.
Then, it is necessary to develop MPPT techniques with lower power consumption, as
in Lu et al. [34], where from an available power of 140 uW, it is possible to recover
46.65 uW: an efficiency of 33.15%—and with power consumption, in average light-
ing conditions, from 784 to 2152 Ix, of 180 uW, and efficiencies up to 39.51%.

New technological advances in nanomaterials present new opportunities in
the future development of the storage element, with special interest in grapheme
because it presents high electrical conductivity and mechanical stability, which are
ideal for new storage elements, such as supercapacitors [35]. At the nanoscale, there
is interesting work regarding nano-antennas, which are dipole antennas of 60 nm
of width, operating at the terahertz range, where small MOM (metal-oxide—metal)
tunneling diodes of 50 nm of range are envisaged for the AC rectification to recover
energy from the incoming signal [36].Special interest, at the micro- and nanoscale,
is focused on thermoelectric generators (TEGs), for energy harvesting purposes.
In Paul et al. [37], Si/SiGe heterostructure nanoscale materials, grown on Si sub-
strates, are derived to improve the thermoelectric performances at room tempera-
ture, improving the Seebeck coefficient compared with a bulk p-type Ge generator,
with comparable doping density.

In general, at the level of the implementation of the electronics associated with
these systems, they must present a trade-off between their level of intelligence and
the level of energy they can recover, and their own consumption. For instance, in the
case of TEG, a power management unit (PMU), which generates a DC voltage
level suitable for the rest of the electronics [38], is necessary and loads present in a
self-powered sensor node. A PMU [28] capable of setting up a low-input voltage from
the TEG—as low as 150 mW to an output voltage for ultra low-voltage circuitries
of 0.85-0.90 V is presented. In the case of vibrations coming from piezoelectric or
electrostatic transducers, the PMU unit presents a sensible circuitry, which is defined
by the integrated rectifier, as in the case of RF harvesting [36]. There is an interest-
ing possibility of combining full-wave active rectifiers [39] capable of working with
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low-voltage amplitudes and with high efficiencies up to 90% with a charge-pump
module to work with scavenged low voltages and generate regulated DC levels [40].
The charge pump, as a DC-DC converter, is designed to track the maximum power
point transfer, in the range of 10 to 200 uW, for specific load conditions, operating
from 0.5 to 2.5 V with efficiency close to 50%.

A more recent work by the same authors presents a different PMU with higher
efficiencies, up to 93% with an MPPT also implemented, and a greater input voltage
range of operation [41], from 0.44 to 4.15 V. In this case, the active rectifier also acts
as voltage doubler. In the field of RF harvesting, a key point is the design also of the
ACDC stage [42]. A very interesting setup is presented in Frizzell-Makowski et al.
[43], where a full battery-free dynamic on/off time (DOOT) control, with a buck
converter, is implemented, with efficiencies up to 95% and a low-power static con-
sumption, as low as 217 nW.

2.2.2 FieLps oF AppLICATION: FROM BRIDGE MONITORING
TO MEDICAL IMPLANTS

We have broadly introduced the types of sources that can recovery energy from
the environment, and among them we have introduced an application of interest
for monitoring the mechanical condition of infrastructures (e.g., bridges [2]) in the
application of sensors in the environment of intelligent buildings [3], surveillance
systems [43], and medical implants [22,23]. The solutions implemented extend:

* From the use of indoor solar cells [44], from the light present in the environ-
ment, for application in control of the environment in buildings in which the
low consumption of the electronics would permit the system to operate with
only 100 Ix to solutions in which the possibility of using electromagnetic
energy present is the environment is analyzed [45]

¢ From the electrical network, such as radiation from radio stations for mobile
telephones, to more revolutionary solutions such as those found in Zhu et al.
[46], in that of the automatic sensor based on a miniature airflow energy
harvester generator that consists of a wing attached to a cantilever capable
of generating up to 90 uW in conditions of airflow speed as low as 2 ms™!

An interesting work on very small self-powered sensors is reported in Lee et al.
[47]. This is a cubic millimeter approach rather than bulky solutions, greater than
1 cm?.

But particular interest is focused in self-powered devices destined for medical
applications. In the last 5 years, interest in the development of so-called body sensor
networks (BSNs) has increased [5]. The miniaturization of the main electronic sys-
tems involved in such systems (as depicted in Figure 2.2), such as the instrumentation,
the signal processing module, communications devices, and sensors), has opened up
the increasing evolution of this field, where not only single wearable sensors are con-
ceived, but also implantable solutions in the conception of e-health, where new trends
are introduced into the medical industry. The traditional approach, where patients
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are monitored during hospital or surgery visits, would be replaced by continuous
and remote monitoring, which could have a great impact on patients’ quality of life.
This is the concept of pervasive monitoring [21]. Such an approach should represent
a lower cost for health systems, thanks to the reduced number of visits and hospital
stays patients will require. Different scenarios can be envisaged in the continuous
search to meet technological challenges through miniaturization, from micro- to
nanotechnologies, intelligence, and autonomy [22]. As has been pointed out, special
interest has been taken in developments that address chronic illness [48], where tradi-
tional approaches are not capable of ruling out sudden death events— particularly in
the case of cardiovascular illness [49]. The opportunity of detecting symptoms early
in patients who are at risk, of monitoring patients who are following a course of treat-
ment, or of tracking how a disease is progressing offers the possibility of preventing
the worst case scenarios. In particular, it is of special interest to track the medical
parameters of patients who are not following the traditional clinical observation in
hospital. The trick is to monitor patients in their routine daily activities.

Another scenario focuses on elderly patients, who constitute a population at risk;
as people live longer, the need for medical resources increases. The possibility of
monitoring this substantial proportion of the population, remotely, from their homes,
will reduce medical cost [50]. However, BSN monitoring is also opening up new
options of interest to hospitals. People who undergo surgery may need to be tracked
via intensive monitoring immediately before and after the operation—not just while
they are confined to bed. Furthermore, the possibility of monitoring the patient’s
specific intervention zone after surgery is increasingly becoming a topic of interest
[51]. However, the development of such solutions is quite complex.

Different papers have been published recently that focus on applications in differ-
ent fields. These include, for instance, approaches that present multisensing platforms
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for patients who could be monitored in their daily lives at home [52]. A variety of
sensors are placed in a monitored home laboratory, where different activities are
tracked to provide information regarding the motion of the patient; however, this
is not limited to an option based on wearable sensors. The authors combine such
bodily devices with ambient sensors programmed for specific algorithms that have
the capability to identify just one activity at a time. Other approaches have focused
on single units that consist of different multisensors [53]. In such approaches a single
unit placed on the chest of the patient is able to monitor body motion, activity inten-
sity, and other parameters, such as heart rate, or provide electrocardiography (ECG)
data, etc.

BSN solutions are not just conceived as discrete external resources. Specific
and highly complex solutions are envisaged in the search for devices that are truly
implantable in the body and not just positioned on the body. The power consumption
is therefore one of the main issues to consider [54] in a BSN mode. Such systems
have been powered—but in external devices, where the approach is different than
it is for implantable devices [55], as is presented later. Ideally, the change toward
removing the use of batteries would be a priority. Concerns about the role of bat-
teries are also presented in Zheng et al. [56], where computing platforms based on
electronic textiles are considered as one of the fields of future development. Batteries
have a limited lifetime that may be as long as 10 years in some applications, but
the ideal approach would be to remove this element and ensure the reliability and
operability of the systems without the need to use an element that must be replaced.
This is particularly salient when considering implantable devices. The possibility of
ensuring a long-term working life of such devices, without the use of the batteries,
can improve the quality of life of patients without the need for any surgery.

Nowadays, the concept of new e-health systems already imposes very low-power
consumption restrictions on the electronic instrumentation, processing devices, and
communication systems in order to extend the operating life of batteries. If the bat-
teries are removed, then the system must be powered by different kinds of energy
sources present in the immediate environment—that is, the body itself or specific
solutions that will depend on the placement of the sensors. This situation produces
new challenges for engineers. Systems that rely on just one power source could be a
problem. If that energy source is not always available, the power could fail. So, differ-
ent approaches should be considered. In one case, if a battery is still used, that power
source could be combined with other possible scavenging sources in such a way that,
in terms of the operating protocol of the system, the battery lifetime is extended.
This could be achieved by recharging the battery when enough energy is recovered,
or the battery could be in an open-load configuration in which the required operating
energy is supplied by the scavenger module. If the battery is removed altogether, the
system must rely on a combination of different scavenger energy sources.

The types of sensors, their location, and the amount of data that must be pro-
cessed and transmitted define the power budget that must be considered in order to
define the power module.

The approach depicted in Figure 2.1 shows not only the monitoring objective of
such a system, but also the concept of a closed loop. In such a system, monitoring the
patient is not the only objective; the system also has to be able to generate electrical
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stimulation. This is a new approach. In some sense the monitoring sensor nodes must
take measurements periodically while sensors that also have a treatment functional-
ity can operate either periodically or be event driven, which thereby defines different
power consumption scenarios. The typical paradigm example of a sensor node with
functionality is the artificial pancreas [57]. Another key example is related to micro
nerve stimulation and recording, as in previous work [58], but for which bioamplifier
circuits and stimulator output stage circuits are being developed nowadays [59] for
regenerative microchannel interfaces.

Many examples are currently being developed in the field of implantable devices.
Some of them are presented in what follows, paying special attention to the power
involved, power supply, and operating ranges. In the field of pacemakers, Lee et al.
[60] present a programmable, implantable microstimulator with wireless telemetry
for endocardial stimulation in order to detect and correct cardiac arrhythmias. That
option lists the global power consumption as 48 uW, but it relies on a rechargeable
battery based on RF coupling. Later, an implantable device that is placed deep in the
body is presented. Another interesting case is presented in Langel et al. [61]. There,
a transcutaneous implantable device is developed based on an infrared radiation
(IR) link just a few centimeters from the emitter. The device is completely autono-
mous, battery free, and powered through an AC signal operating at the industrial,
scientific, and medical (ISM) radio band. It incorporates low-frequency operation at
13.56 MHz, with a global power consumption of 270 uW and an application-specific
integrated circuit (ASIC) size of 1.4 x 1.4 mm?.

An interesting approach is presented in Liao et al. [62]. There, for the particular
case of glucose monitoring, a noninvasive solution is presented based on an active
contact lens, whose size is limited to 0.5 x 0.5 mm?. In that case, the implant is
powered by a rectified 2.4 GHz RF power signal source at a distance of 15 cm with
a global power consumption of 3 yW. Some specific examples in the case of neuro-
science applications are also introduced. In Chiu et al. [63], a CMOS implementa-
tion is presented that operates as a stimulator of the dorsal root ganglion, which has
been experimentally probed with rats. A battery-free solution is envisaged with an
induced 1 MHz RF signal at a distance of 18 mm, at the standard medical implanted
communication system frequency (MICS) of 402 MHz. Another example of an
inductively powered neural SoC (system on chip) system is presented in Lee et al.
[64]. In a 0.5 um technology, a 4.9 x 3.3 mm? SoC is designed for a 32-channel wire-
less integrated neural recording system, with a power dissipation of 5.85 mW.

There are other implantable devices that are more oriented toward biomechanical
applications: in particular, the resources needed for monitoring prosthetic implants
that are used in human beings to replace joints and bones (Figure 2.3). Such implants
are designed to have a duration of 20 years, but degradation can lead to the neces-
sity to replace them, with all the associated inconveniences and risks to the patients.
The possibility of integrating electronics to monitor fatigue in the implants has clear
advantages in protecting against premature mechanical failures. The amount of
wear that implants suffer depends of many variables, but, in particular, on the level
of activity and weight of the patient. The typical locations of such implants are knee
joints, carpal and tarsal, scapula, and hip-socket joints. Arthroplasty applications
with monitoring electronics must ensure genuine autonomous long-term operation,
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in terms of capturing measurement data that are to be transmitted and powering
the system.

Interesting applications have been reported where self-powered systems are based
on piezoelectric transducers that use mechanical deformation to sense the strain, but
are also a harvesting power source for the system [65]. In such cases, human motion
is used to power the electronics and the battery is removed, as is presented later. In
Almouahed et al. [66], a knee implant is presented based on the use of piezoceramics
able to deliver a maximum average electrical power of 12 mW at the tibial base plate.
In Lahuec et al. [67], based on another approach, the estimated power is 1.8 mW. The
power levels are low, so the power consumption of the integrated electronics must
be very low [68].

The design of an implantable device must contemplate different modules for
implementation. The energy levels that are involved in the development of an inte-
grated solution will vary in terms of the final application and the level of intelligence
of the device. A system that must work continuously is not the same as a system that
works in bursts. Four modules are usually present in an implantable device:

1. The sensor or sensors involved, which fix the type of measurement and the
complexity of the front-end instrumentation, which is the signal conditioning

2. The data processing

3. The wireless module

4. The power management unit

If the system has to close the loop, the stimulation electronics—based on DC—
DC converters and drivers—are also involved in the power budget. The design of
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FIGURE 2.4 Some types of medical signals.

the front-end electronics [69] depends on the type of medical signals that must be
considered. It can be stated that these signals may vary from a few microvolts to
several millivolts, with a frequency band that varies from a few hertz to kilohertz, as
depicted in Figure 2.4. Typically, electroencephalogram (EEG) signals ranges from
1 to 50 uV and have low frequencies from 1 to 100 Hz. Electrocardiogram (ECG)
signals present the highest voltage level: in the range of millivolts. Electromyogram
(EMGQG) signals and action potentials present the highest frequencies: up to 10 kHz.

The power consumption levels (in terms of energy per operation) depend on the
electronics involved. If a microprocessor is needed, then a typical power consump-
tion of 300 uW for commercial solutions, such as the Texas Instruments® MSP430
microprocessor is far from the desired power budget. Favorable examples of spe-
cific microprocessors have been presented in Hanson et al. [70] and Zhai et al. [71].
Hanson et al. [70] present the Phoenix Processor, in a 180 nm technology, with a
power consumption of 226 nW, but with emphasis on the standby consumption,
which is as low as 35.4 pW. It has an area of 915 x 915 um? and operates at 0.5 V. It
evolved from Zhai et al. [71], where the subthreshold operating region is explored.

Analog—digital converter (ADC) conversion in terms of the needs of sample
conversion rates and the submicrowatt transmitters (as a function of the distance
between the implanted device and the exterior on the one hand and the data transmis-
sion rate on the other) are two of the key elements of these designs. Some pertinent
examples show how research aims to find ADCs with lower power consumption. In
Song et al. [72], ultra low-power front-end signal conditioning is implemented for an
implantable 16-channel neurosensor array, with a maximum power consumption of
50 uW per channel. The ADC is based on a commercial solution derived by Analog
Devices®; a 12-bit AD7495 micro-SO8 standard packaged chip. The complete sys-
tem has a total consumption of 12 mW.

Specific examples of ADCs for implantable applications have been also derived
as in Cheong et al. [73]. There, a 400 nW SAR ADC converter, with 8 bits of
ENOB (effective number of bits) and 80 kS/s is presented in 180 nm technology.
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The implantable blood pressure sensing microsystem developed in Cong et al. [74]
achieves 10-bit resolution with an integrated cyclic-ADC converter with 11-bit reso-
lution and a power consumption of 12 uW at 2 V. The pressure sensor has a full-power
dissipation of 300 uW. In Trung and Héfliger [75], an ADC converter, based on an
integrated ADC, for a blood glucose monitoring implant presents even better perfor-
mance at just 10.2 nJ per sample, with 10 ENOB, operating at very low frequencies.
Another example, in this case in the field of neural signal acquisition, is presented
in Muller, Gambini, and Rabaey [76], where the ADC has a power consumption of
240 nW based on a boxcar sampling ADC [77] operating at 20 kS/s.

Regarding the wireless module, different approaches depending on the type of
signal captured and the amount of data related to the types of complex signals define
a wide range of data transmission constraints from a few samples by second, as in
the case of heart rating (typically 25 Sps) or scenarios with data transmission rates of
several megabits per second, such as medical imaging [78] or recent developments in
endoscopic capsules [79,80].

The review in Bashirullah [81] analyzes in detail the parameterization of the dif-
ferent implantable devices in terms of three key variables: the size of the implant-
able device, the power involved, and functionality and performance. Two main
approaches to communications are considered depending on the type of placement
of the implant in the body: inductive coupling [82], when there is short distance
between the implant and the exterior of the body, and far field electromagnetic com-
munication [83]. The approach for a subcutaneous implant based on inductive links,
where coil misalignment and the effects of the geometry have a great impact on
performance [84], is not the same as solutions operating at high frequencies follow-
ing the MICS protocol [85,86]. For inductive link circuits, the operating frequencies
are in the range of a few megahertz, typically in the 13.56 MHz band, following the
ISM protocol, with characteristic data modulation methods for transmission, such as
BPSK (binary phase-shift keying), ASK (amplitude shift keying), or OOK (on-off
keying), and a data transfer rate that is not very fast: from a few kilobits per second
(100) to several megabits per second (1.6) [87].

In Simard, Sawan, and Massicotte [88], a high-speed OQPSK is presented with a
bit rate of 4.16 Mbps based on an inductive link, with high power levels and multiple
coils, operating at 1 MHz for the power link and at the ISM 13.56 MHz frequency for
the data. In Jung et al. [89], an implant OOK transmitter is presented that operates at
2.4 GHz in 180 nm technology and is able to transmit at 136 Mbps with a power con-
sumption of 3 mW. As has been pointed out [68], for the particular case of an ortho-
pedic implant, the power consumption for the full electronics must be low. The total
power consumption of the full electronics is not stated, but the DC-DC that recovers
energy from PZT (lead zirconate titanate) and the ADC converter that presents a
quiescent power consumption of 150 nW and an operating consumption of 12.5 uW at
1.8 V for a sample frequency of 4 kHz and an ENOB > 7 bits merit special attention.

2.2.3 PowerING SoLuTioNs FOR HUMAN WEARABLE AND IMPLANTABLE DEVICES

Thus far, we have introduced the concept of energy harvesting and of the basic
sources that permit the recovery of energy present in the environment (Figure 2.5).



44 Energy Harvesting with Functional Materials and Microsystems

Vibration Inductive

N Y

Solar —= bt -+— Wind
Node

f

Thermal

FIGURE 2.5 Combined power sources in a sensor node.

Several applications in the biomedical environment that have been presented have
enabled us to visualize the energy needs of these solutions. Specific cases have been
discussed, but at this point of development, more specifically, resources that could be
used in the strictly biomedical environment. The type of energy source required to
power a sensor node varies according to the final application and where the biomedi-
cal device is placed. This brings us to three approximations: (a) the possibility of
utilizing discrete elements of energy storage, (b) being able to use energy resources
present in the environment, and (c) being able to use energy from the human body
as a resource. The use of batteries could be a limitation for the envisaged sensor
nodes of the future, either on the outside of or implanted within the human body, as
in Figure 2.1. The use of large batteries ensures the duration of the system, but the
sensor nodes may be too large and heavy. So, smaller solutions with a high enough
energy density are needed, combined with ultra low-power electronics solutions that
ensure a trade-off between the autonomy of the system and the smart functionality
of the sensor, in terms of the sensor, signal processing and communications modules.

Ultra low-power electronics for biomedical applications based on lithium ion bat-
teries are common for nonimplantable solutions, such as BSNs, and also in implant-
able solutions [90,91]. Lithium ion batteries are divided into two types: (a) single-use
batteries, which are placed, for instance, in drug pumps, cardiac defibrillators, and
pacemakers; and (b) rechargeable batteries, which are used in artificial hearts. Both
types of batteries present an adequate energy density (around 1440 to 3600 J/cm?)
and, unlike some other batteries, they do not present the memory effect; that is,
they do not need to be discharged completely before a recharge phase. These bat-
teries have a better life cycle than other types, typically with 20,000 discharges and
recharge cycles, but with a finite lifetime limitation, which is typically several years
for a battery of 1 cm?.

A key aspect for these batteries is the need for battery-management circuitry to
ensure the range of operation, as lithium ion batteries are extremely sensitive to over-
voltage (maximum 4.2 V) and deep discharge (minimum 2 V), as well as to ensure
high energy efficiencies. An application conceived for biomedical applications has
been reported [92] with an average power efficiency of 89.7% and a voltage accuracy
of 99.9%. Other approaches are under development. Interest is especially focused
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on fuel cells, such as the methanol fuel cell [93], but these also have their draw-
backs. One is the need to replace the external reactant and the oxidant, which is
analogous to the problem of recharging batteries. Although higher levels of energy
are expected, based on the use of fuels such as methanol with an energy density of
17,600 J/cm?, the design issues are highly complex and proving to be very expensive.

Supercapacitors are another field that is being explored as an option for biomedi-
cal sensors instead of batteries, but they have a low energy density, which is a prob-
lem for systems that require a constant power source for long periods of time. In
Pandey et al. [94], a sensor is powered via a supercapacitor that is charged wirelessly;
in Shanchez, Sodini, and Dawson [95], an energy management ASIC is implemented
and tested to manage supercapacitors for implants.

The next issue concerns the power sources that are available in and around the
human body. With reference to sources of energy present in the vicinity of the human
body that permit the charging of implantable devices, we are able to emphasize
recent works, as in Ayazian and Hassibi [108], in which the possibility of using sub-
cutaneous photovoltaic (PV) cells for superficial implants with a recovery capacity
of a density to the power of 0. uW/mm? in conditions of strong light (sunlight) is
discussed. Another interesting approximation is at the level of ultrasound [109], with
advantages compared to solutions based on RF.

But we can consider other scenarios. For instance, is it possible to recover energy
from human bodily motion? Is it possible to recover energy from the body itself?
These are two questions addressed in this section. First, we introduce the concept
of a harvester system based on an energy harvester, an energy storage element, and
power management regulation (Figure 2.6). Four types of energy harvester based on
ambient sources— that is, systems that acquire electrical energy from environmental
energy sources—are introduced when this system is described: mechanical, solar,
thermal, and RF (the details of which are beyond the scope of the present chapter).
The power management unit has two main roles: (a) to generate a raw DC voltage
from the harvester unit, essentially acting as a conversion module; and (b) to regu-
late the output voltage from the energy storage unit to the sensor node electronics.
The energy storage unit receives energy from the conversion module and stores it.

Attention is especially focused on body harvesting. The energy can be generated
passively or actively. The natural motion of the body, where the conversion is based
on mechanical (vibration) energy to electrical energy, is one of the main research top-
ics [24]. In this context, the power that can be harvested when a human being walks
or runs has been studied at different locations, with an average of 0.5 mW/cm? for
hip, chest, elbow, upper arm, and head, and a maximum of 10 mW/cm? for the ankle
and knee. The mechanical energy can be converted to electrical energy based, for
instance, on electromagnetic [24], electrostatic [13], or piezoelectric [15] principles.

Power

Energy Harvester Management

Energy Storage

FIGURE 2.6 Schematic for an energy harvesting solution.
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TABLE 2.2

Examples of Human Power Actively Generated
Activity Power Generation
Finger (pushing pen) 03W

Legs (cycling at 25 km/h) 100 W

Hand and arm (Freeplay) 21W

Hand (AladdinPower) 3.6 W

There are several references to types of design that convert this mechanical
energy to electrical energy based on the three methods of transduction just men-
tioned [96]. The piezoelectric approach is of special interest because high voltages
are obtained for low strains with a maximum energy density of 17.7 mJ/cm?. Several
examples are presented in the literature. In particular, in Mhetre et al. [97], piezo-
electric microgenerators [98] are envisaged for drug delivery devices or dental appli-
cations. Examples of power generated actively are human power through peddling
activity [99], or examples such as the Freeplay® or AladdinPower® rechargeable
products (see Table 2.2). Walking alone has been analyzed and a prototype imple-
mented [100], but that prototype is excessively large for our purposes.

An extended analysis in terms of the placement of the harvester and the type
of everyday activity is presented in Olivares et al. [101]. Based on a commercial
cantilever beam harvester from Midé Technologies [102]—the PEH20W Volture—
these different scenarios have been analyzed. The greatest level of power extracted
(28.74 uW) was from a shank at the instep of the foot while the subject ran fast, and
the lowest level of power (0.02 uW) was also from a shank but while performing knee
rehabilitation exercises sitting down. As expected, the maximum levels are obtained
for activities and placements where higher amplitudes and impacts are produced.

An example of a wearable wireless sensor based on a kinetic energy harvester has
been presented [103]. Electromagnetic transduction is used for an average human
motion at 0.5 Hz, with a simple architecture implemented via commercial compo-
nents and a supercapacitor, but not used as a final storage element of the system. It
is used to transfer the charge to a smaller supply capacitor, thus improving system
start-up. In Zainal Abidin, Hamzah, and Yeop Majlis [104], a MEMS piezoelectric
generator is used to harvest energy from vibrations; it also uses supercapacitors as
storage elements. An example of a MEMS designed for implantable devices is given
in Martinez-Quijada and Chowdhury [105], where it is stated that the microgenerator
is able to generate more energy per unit volume than conventional batteries—that is,
an RMS power of 390 uW for 1 mm? of footprint area and a thickness of 500 pm,
which is smaller than the volume of a typical battery in a pacemaker.

The other main source of power from the human body is heat, which is limited by
the Carnot efficiency that states that the maximum power that can be recovered is in
the range of 2.4 to 4.8 W when other possible sources are available, like arm motion
(0.33 W), exhalation (0.40 W), or breathing band (0.42 W). In the case of body heat,
thermoelectric generators are used [106]. Specific designs must be considered when
working with thermoelectric generators in these conditions, as the voltages generated
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are very small and DC-DC converters with a specific step-up are conceived in order
to boost the voltage [107]. An example of a thermogenerator is Thermolife®, which
generates 60 pW/cm? for a temperature difference of 5°C [11]. It should also be stated
that the recovery depends on the specific placement of the thermoelectric generator.
Placing it in the neck is not the same as placing it in the head, both of which are
parts of the body that are warmer than other zones. The recovery range is 200 to
320 mW for the neck and 600 to 960 mW for the head (three times the surface area
of the neck).

There are other approximations in the area of the recovery of energy from the
human body itself. From the concept of a fuel cell, the biogenerator for implantable
devices has emerged. In some ways, the basic concept is the use of fluids in the body
as a fuel source for the fuel cell; this would be an inexhaustible energy source. An
interesting approach is the use of glucose as a fuel source and the oxygen dissolved in
blood [110,111]. Advanced approaches also explore a shift to the use of white blood
cell capacities in biofuel cells [112] or approaches such as that in Muller, Gambini,
and Rabaey [76], where the fuel cell is based on the use of a microorganism to con-
vert the chemical energy of glucose into electrical energy in a PDMS (polydimethyl-
siloxane) (plasma desorption ionization mass spectrometry) structure [113].

2.3 MULTISOURCE SELF-POWERED DEVICE CONCEPTION

At this point, a sensor node could be powered by following different approaches;
the choice depends on the placement of the sensor, which defines its accessibility, its
size, and its weight. A battery, a supercapacitor, and a fuel cell are possible choices
on the one hand. On the other, the use of some kind of energy harvesting source
that recovers energy from the body, mostly based on vibration to electrical conver-
sion or thermoelectric generation, is also envisaged. However, there are some other
approaches that can also be considered, depending on the placement of the sensor;
these include, the possibility of using environmental resources to harvest energy
from for the sensor node, such as light [9,114] or radio waves [10].

The approach introduced previously is RF coupling, both as a way to supply
energy to the sensor node and to use the RF link for communications purposes,
typically for short distances between the master and slave modules and typically in
the 13.56 MHz ISM band. For instance, at 4 MHz and a distance of 25 mm, for sub-
cutaneous powering of a biomedical device, the energy recovered was 5 mW [115].
A particular example of this is introduced in Zhang et al. [116]. There, the rectifier
module is designed to work at the 915 MHz ISM bandwidth (only in region 2). The
performance of the RF source is quite small, from a typical 4 uW/cm? for GSM to
1 uW/cm? for the WiFi band. For coils, typical values are lower than 1 uW/cm?, but
with as much as 1 mW for close inductive coils (a few centimeters). In the 915 MHz
ISM bandwidth, at 1.1 m, the energy recovered is around 20 uW [12]. New approaches
are being developed. In particular, the use of ultrasonic powering instead of RF pow-
ering is of great interest. In Zhu, Moheimani, and Yuce [117] and Yong, Moheimani,
and Yuce [109], 1 V is generated with a power capability of 21.4 nW.

At this point the issue that we need to consider is the possibility of placing or
using more than just one energy harvester. This approach, combining indoor solar
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cells, RF coupling at the ISM 13.56 MHz band, and mechanical vibration based on
piezoelectric transducer, was presented in Colomer-Farrarons et al. [1], together with
experimental results. The system does not rely on only one harvesting source, and
the objective is to use different energy harvesters. A specific power management unit
has been designed for a multisource and multiload energy harvesting system with
the aim of establishing a minimum number of conversion stages and magnetic com-
ponents, and of developing a specific algorithm [118]. An approach to the envisaged
platform architecture for a multiharvesting WSN has been presented [119]. Another
interesting example, commented on in Lahuec et al. [67], has the particularity that
it combines the possibility of recovering energy from the motion of a human being
based on PZTs, with recovering energy from the RF signal, depending on the operat-
ing mode; however, no more details have been reported.

The combination of a vibration energy harvester and charging circuitry for a lith-
ium ion battery has been presented [120]. The architecture proposed in references 1
and 121 has been used to demonstrate the feasibility of combining different harvester
sources for a 1 cm? multisensor node. This is a generic architecture envisaged for a
generic self-powered smart sensor that could be applied in different fields of appli-
cations, such as the integrity of structures, surveillance, and medical devices and
implants. Electromagnetic coupling, with an indoor solar-cell module and a piezo-
electric generator, was used. The platform envisaged is defined as a multiharvesting
power chip (MHPC) with a total power consumption of 160 uW. The integrated
circuit is designed with 0.13 um technology, which is a low-voltage technology up to
3.3 V. The capacity of a small system to recover a few microwatts from the energy
present in the environment of the multisensor node, combining vibration, light, and
RF, is a proof of concept and recovers a total power of more than 1 mW.

The system is initially analyzed with each different source working alone. The
system recovers 360 uW from the piezoelectric generator, which is a commercial
PZT (QP40W) [122], operating at 7 m/s? at 80 Hz. Then, two indoor solar cells
[123] under indoor conditions of 1500 Ix are used, with a total harvesting power of
2.76 mW. Finally, an RF link generator (TRF7960) emitting at full power (200 mW)
with a distance between the base station and the antenna receiver of 25 mm is used
and recovers 4.5 mW. The total power expected to be recovered from the combina-
tion of the three harvested sources would be 7.8 mW, but the experimentally recov-
ered power was 6.2 mW [1,121]. The difference of 1.6 mW between the theoretical
total and the actual amount of power that was recovered is due to variations in the
effective load conditions for the light and RF modules.

This suggests that research is needed into the trade-off between the implementa-
tion of peak power tracking circuitry for the light and RF modules and the improve-
ment that could be achieved, compared with the cost in silicon area and the power
consumption of each module. The three main elements in the design of the MHCP
ASIC are as follows:

1. A bandgap reference circuit is based on peak regulation.

2. A linear dropout (LDO) regulator i based on the bandgap reference circuit,
which uses a PMOS switch and an error amplifier [1]. The PMOS (p-type
metal-oxide semiconductor) switch of the LDO regulator is placed at the
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output stage of the simple two-stage amplifier, where MN1 and MN2 define
the ground current. These elements have a power requirement of 30 uW.

3. Two integrated rectifiers must be placed in the MHCP chip, one for AC/DC
rectification of the piezoelectric generator signal and the other one for the
RF-coupled signal.

The MHCP has its own control unit that plays the role of the power management
unit, based on the concept presented in Colomer-Farrarons et al. [4]. The system
combines a control switch for each of the energy harvester channels in order to be
able to operate as a single and independent harvesting channel, with independent
storage elements for each channel—that is, multiple storage device configuration
(MSD mode of operation) [1] or combining of all them into a single storage device
(SSD mode of operation). In SSD mode, the PMU controls the energy stored in
the single storage element (a supercapacitor) and transfers energy when an adequate
voltage is reached in the capacitor. When the voltage reaches the low-value thresh-
old (Vmin), the system opens the charge transfer to the load until the maximum
voltage level (Vmax) is reached again. The PMU also incorporates power on reset
(POR). This circuit is used to reduce the power consumption of the module during
the start-up phase.

Based on this MHCP ASIC conception, a CMOS architecture for an implant-
able device [124] is envisaged. Nowadays, interest in nanobiosensors is increasing
in the field of medical diagnosis. The development of such devices and the telemedi-
cine environments that can be derived from them has great market potential, as has
been pointed out before. Different approaches are required for discrete, small cubic
centimeter devices and for implantable devices; the performance, communications
capabilities, etc. are very different. The size of the implantable device is envisaged
as that of a capsule, ideally less than 4.5 cm long and 2.5 cm in diameter, following
the same philosophy as some subcutaneous implantable contraceptive devices such
as Norplant®, Jadelle®, and Implanon®.

One proposal is an event-detector implantable system, or an event detector that
works as an alarm. When the concentration analyzed moves out of the range of
accepted values and reaches a threshold value, the alarm is activated. The proposed
generic implantable architecture is presented in Colomer-Farrarons and Miribel-
Catala [121]. It is composed of three BioSensor electrodes, an antenna, and the
electronic modules. Such a system combines different modules. The antenna and
the AC/DC module are used to supply energy to the device (inductive powering)
and the communication setup (backscattering) based on AM modulation. Then, a
low-voltage and low-power potentiostat is integrated. The BioSensor is the only part
of the implantable device interacting with the biological environment. It detects the
desired target generating an electrical signal. The BioSensor’s design must be care-
fully selected as a function of the target sample to be detected and the total size of
the device.

Several BioSensor configurations formed by simply two, three, or four electrodes
can be used for single target detection, and more complex array structures of micro-
sensors can be introduced for multianalyte detection. The antenna and its associated
electronics are used for two main aspects. Firstly, it is used to supply energy to the
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implantable device (inductive powering) working together with an integrated AC/DC
module. Secondly, the same antenna transmits the information to the external reader
through the communications electronic setup (backscattering). In this scenario, one
antenna is used for both power generation and communication. This reduces the
antenna operation frequency to tens of millihertz due to the inductive power drop
caused by the human skin. Moreover, the amount of transmitted information is lim-
ited and the size of the antenna is considerable.

Another scenario considers the use of two antennas in the same implantable
device: one for the communication and the other for powering. In this case, the com-
munication link can be established around hundreds of megahertz (usually in the
400 MHz ISM band), allowing higher communication rates and reducing the size
of the antenna. On the other side, the second antenna is focused to power the elec-
tronics through a dedicated inductive link operating at lower frequencies than the
communication antenna. In that way, each antenna can be optimized for its func-
tionality. Then, the integrated electronics is introduced to drive the BioSensor and
to generate the data to be transmitted. Usually, a low-voltage, low-power potentiostat
circuit or similar instrumentations are used to control the implantable sensors.

2.4 SUMMARY AND CONCLUSIONS

This chapter introduces a review in the state of the art of energy harvesting and
focuses interest on the idea of using different types of energy harvesting sources
to drive ultra low-power electronics. This approach is followed in order to develop
new portable biodevices for human wearable and implantable devices. In that way,
it would be possible to envisage new autonomous smart healthcare portable instru-
ments able to be adapted easily to daily human activity. The importance of har-
vest energy from normal human activities introduces the enormous advantage of
reducing bulky batteries from small handheld devices, allowing miniaturization and
weigh reduction of the portable instruments.
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3.1 INTRODUCTION

Most industrial and transportation processes worldwide waste 50%—70% of the fuel
energy input, leading to vast amounts of wasted thermal energy that is both avail-
able and recoverable. Recent studies indicate that approximately 12.5 quads of ther-
mal energy are available across a spectrum of transportation platforms, including
light-duty vehicles (e.g., passenger vehicles, minivans, and sport utility vehicles),
and heavy vehicles (e.g., class 4—class 8 trucks) in the United States alone. Recent
additional studies indicate that there are another approximately 10 quads of thermal
energy available across a variety of industrial processes, including aluminum, glass,
steel, cement, paper and pulp, and other processes in the United States. This energy
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typically is dissipated to the environment in exhaust and coolant systems of these
vehicles and industrial processing plants. Thermoelectric power generation (TEG)
is one important technology that is available to recover this energy and convert it to
useful electrical energy. TEG systems are typically quiet, low maintenance, capable
of high reliability and stealthy operation when designed properly, and can transi-
tion gracefully to different power levels when necessary. TEG power technology
has been used to recover waste energies in certain niche energy recovery applica-
tions (e.g., truck exhausts, wood-burning stoves) and in small combustion-driven
systems (e.g., natural gas line sensors). Recent advancements in thermoelectric
(TE) materials have created the potential to harness this energy and convert it at
much better energy conversion efficiencies (near or greater than 10%) than in past
applications. Thermoelectric energy recovery systems using new TE materials have
thermal, structural, and thermoelectric design challenges to overcome in design-
ing high-performance, robust, and flexible systems that take advantage of these new
materials. Thermoelectric, thermal, and structural considerations are necessarily
interdependent in these system designs and must be dealt with simultaneously to
satisfy the TE system’s operational requirements and achieve the high performance
and robustness desired. This chapter discusses these design challenges and various
design and analysis techniques used to overcome them in current and future systems.

Nomenclature

English

A Area (m? or cm?)

A; Total fin area (m? or cm?)

G, Specific heat (J/kg-K)

D, Hydraulic diameter (m or cm)

E Electric field intensity (V/m)

h, h, Convective heat transfer coefficient (W/m?-K or W/cm?-K)
K Thermal conductance (W/K)

L TE element length (m or cm)

m External to internal electrical resistance ratio
m, Exhaust mass flow rate (kg/s)

m,, Control volume mass (kg)

N Number of TE couples

1 Current (amperes)

J Current density (amperes/m? or amperes/cm?)
P Power (watt)

Pr Prandtl number

q Heat flow [watt]

Q Heat flow [watt]

R Electrical resistance (ohms) or thermal contact resistance (K/W)
Re Reynolds number

t Time [seconds]
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T Temperature (K)

U Overall heat transfer coefficient (W/m?-K or W/cm?-K)

UA Heat exchanger conductance (W/K)

\'% Voltage (volt or microvolt)

X Length position along TE element (m or cm or mm)

Z TE material figure of merit (= a?/px) (1/K)

Greek

o Seebeck coefficient (V/K or pV/K)

B Heat loss factor

S Electrical contact resistance ratio

A d Change in

€ Heat exchanger effectiveness

r TE element geometry factor, Ae/L (m or cm)

Iy, Fluid density (kg/m?)

r Heat exchanger heat transfer to required pumping power ratio
Thermal conductivity (W/m-K or W/cm-K)

n Conversion efficiency

Nk Fin heat transfer efficiency

p Electrical resistivity (ohm-m or ohm-cm)

c Electrical conductivity (S/m or S/cm)

Ug Fluid viscosity (N-s/m?)

Subscripts

h Hot side of TE device

c Cold side of TE device

cen Center of

ch Channel

conn Connector

contact  Electrical contact resistance value

Cross Cross-sectional

ex Heat exchanger value

exh Exhaust flow quantity

f Fluid

int Internal TE device resistance

loss Heat loss quantity

max Maximum power or efficiency

nat Natural convection

TE TE element or thermoelectric

o External load resistance

s Surface

opt Optimum design conditions

c,amb  Ambient

1,2,3

Location of the TEG/control volume in direction of flow
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3.2 THERMOELECTRIC DESIGN—OPTIMIZATION
AND CONSTRAINTS

Thermoelectric (TE) technology can recover and convert a portion of the waste
heat from a variety of industrial, commercial, transportation, and military sys-
tems through temperature differentials between the various exhaust streams or hot
environments and cooling environments available in these applications. Table 3.1
shows some typical waste exhaust stream temperatures available in various indus-
trial and transportation applications. The US Department of Energy, Office of
Energy Efficiency and Renewable Energy, has performed extensive analysis of
petroleum-derived fuel use across the United States [1]. This analysis typically uses
separate fuel-use categories for light-duty vehicles, minivans and sport-utility vehi-
cles (SUVs), and medium-/heavy-duty vehicles. The transportation energy data [1]
show that in 2002, for example, the fuel usage by light-duty vehicles, minivans,
and SUVs represented approximately 16.27 quads of energy (1 quad = 10" Btu).
Approximately 35% of this energy was dissipated in the high-temperature exhaust
streams of these vehicles; therefore, approximately 5.7 quads of waste thermal energy
were available to recover in exhaust streams in this vehicle category in 2002. This

TABLE 3.1
Available Waste Energy Temperatures in Different
Economic Sectors

Economic Sector and Applications Available Stream Temperatures

Industrial Sector

Water/steam boilers ~150°C
Aluminum smelting ~960°C
Aluminum melting ~750°C
Glass furnaces 485°C-1400°C

Transportation Sector
Light-duty vehicle exhaust 350°C-600°C (depending on location)
Heavy-duty vehicle exhaust 300°C-500°C (depending on location)

Sources: Industrial sector: US Department of Energy, Industrial Technologies
Program, Energetics, Inc. & E3M, Inc. 2004. Energy use, loss and oppor-
tunities analysis: US Manufacturing and Mining. Transportation sector:
Hendricks, T. J., and W. T. Choate. 2006. US Department of Energy,
Industrial Technology Program, http://www.eere.energy.gov/industry/imf/
analysis.html; Hendricks, T. J., and J. A. Lustbader. 2002. Proceedings of
the 21st International Conference on Thermoelectrics, Long Beach, CA,
IEEE catalogue no. 02TH8657, 381-386; Hendricks, T. J. and J. A.
Lustbader. 2002. Proceedings of the 21st International Conference on
Thermoelectrics, Long Beach, CA, IEEE catalogue no. 02TH8657,
387-394; Crane, D. T., J. W. LaGrandeur, and L. E. Bell. 2010. Journal
of Electronic Materials 39 (9): 2142-2148.
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same transportation energy data [1] show that in 2002 the fuel usage by medium-/
heavy-duty vehicles was approximately 5.03 quads of energy. Approximately 30% of
this energy was dissipated in the high-temperature exhaust streams of these vehicles,
so another approximately 1.5 quads of waste thermal energy were available to recover
in exhaust streams in this vehicle category in 2002. In 2008, the energy usage in the
light-duty vehicle, minivan, and SUV sectors rose to approximately 16.4 quads and
the medium-/heavy-duty vehicle sector stayed roughly the same at approximately
5.02 quads [1]. Therefore, the high-temperature waste thermal energy available in
these two vehicle sectors has stayed roughly equivalent during that time period.

The US Department of Energy Industrial Technologies Program office also has
estimated waste thermal energy dissipated in various industrial processes throughout
the United States [2,3]. This analysis categorized and characterized waste thermal
energy in industrial processes such as aluminum smelting, glass processing, steel
processing, paper and pulp processing, cement processing, and several others. The
analysis found considerable waste of thermal energy in these industrial processes
and, therefore, highly significant opportunities for industrial waste heat recovery.
Table 3.2 shows typical process efficiencies for some of these processes [2].

Tables 3.1 and 3.2 show that there are enormous amounts of industrial waste ther-
mal energy available for recovery and that waste occurs at temperatures that are
quite compatible with the temperature-dependent performance of many TE materi-
als discussed in other chapters in this handbook. Estimates indicate there are approx-
imately 10 quads of waste thermal energy available in various industrial processes
and about 1.8 quads of this waste thermal energy are recoverable [2], meaning it is at
temperatures where it could be recovered.

Waste heat in these exhaust streams and processes can be recovered either within
a heat exchanger integrated with a TE device hot side tied directly into the exhaust

TABLE 3.2
Typical Process Efficiencies in Key US
Industrial Processes and Applications

Industrial Process Typical Thermal Efficiency
Paper drying ~48%

Glass processing 45%—-79%
Aluminum processing 40%—-65%

Cement calcination 30%—-70%
Distillation column 25%—-40%

EAF steelmaking ~56%

Power production 25%—-44%

Steam boilers ~80%

Source: US Department of Energy, Industrial Technologies
Program, Energetics, Inc. & E3M, Inc. 2004.
Energy use, loss and opportunities analysis: US
Manufacturing and Mining




64 Energy Harvesting with Functional Materials and Microsystems

stream (i.e., real-time recovery) or by storing it in a thermal energy storage medium
for use in the future. New opportunities for efficiently recovering waste heat have
been created because of advances in micro- and nanotechnologies. The key to iden-
tifying TE waste heat recovery applications is to determine when thermal exchange
between existing process fluids in a given system is not an available option or pro-
vides no useful technical or economic benefit, or when electrical power generated by
TE systems has a beneficial intrinsic value within the system.

Extensive system-level research has been performed in the past 5 years to design
TE systems to recover and convert waste thermal energy to useful electrical energy
in various industrial and transportation systems. This work has been useful in
demonstrating what TE conversion efficiencies and power levels are possible with
newer, advanced TE materials (i.e., skutterudites, lead—antimony-silver—telluride
nanocomposites, half-Heuslers) and more conventional TE materials (i.e., bismuth
telluride) in these different waste energy applications.

Designing TE generator systems for these waste heat recovery (WHR) applica-
tions typically involves two processes: design optimization, which follows design tech-
niques discussed in Angrist [7] and Rowe [8], and design performance prediction,
which follows techniques discussed in Hogan and Shih [9], Hendricks et al. [10], and
Crane [11].

3.2.1 TE DesiGN OPTIMIZATION

Design optimization generally involves maximizing the TE conversion efficiency, TE
power output, power density, specific power (i.e., power per mass), or other relevant
design parameter for the TE system or application of interest. The TE conversion
efficiency, n, is typically given by

n=P/Q, G.D

where P = power output and Q,, is the thermal energy input to the TE hot side [7,8].
The power output is generally given by

(N-ot-AT)’

P:{M'RO} (32)

where
R, and R are familiar internal and external load resistances, respectively
AT =T, -T,

T, = TE device hot-side temperature
T, = TE device cold-side temperature
o = |o| + |ot,| for a single couple

This equation indicates the multiplier, N, the number of couples in a device, for a
multiple couple system.
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Optimization of conversion efficiency for a given set of TE materials and TE ele-
ment geometries is discussed at length in Angrist [7] and Rowe [8] and leads to the
well-known relationship:

(P} [n-1.] (1+2'T)" -1 13
MNmax = ( Qh )max - |: Th :| (1 + Z*T)I/Z + E ( . )
T

h

where T = (T, + T.)/2. Recent design optimization techniques have leveraged these
basic equations to develop more sophisticated analysis and optimization algorithms
because, in most waste heat recovery and TE power system designs, the external
exhaust and ambient temperatures, T, and T,,,, are usually known more clearly
as requirements or bounding conditions. Consequently, it is difficult to surmise a
priori what the best combination of T, and T, for a given TE material set will be in
any given waste heat recovery application, or whether maximum efficiency condi-
tions, maximum power, or maximum power density conditions are going to be the
most appropriate system parameters to optimize. In addition, and more importantly,
it is necessary to couple the TE device optimization closely with the hot-side and
cold-side thermal design optimization to create high-performance TE power systems.
This necessarily requires one to analyze and optimize the TE design based on the
external exhaust and ambient temperatures, T,,, and T, ,, in any given application.

Hendricks and Lustbader [4,5] first began investigating this and developing more
powerful optimization techniques that laid the foundation for the advanced optimi-
zation techniques discussed later. Their approach created a “system of optimiza-
tion design equations” that coupled the hot-side heat transfer, Q,, and cold-side heat
transfer, Q,, design optimization with the TE device design optimization. The analy-
sis considers the TE system schematically represented in Figure 3.1 where a simple,
multiple-couple TE system is depicted. This type of system configuration is common
whether one is considering bulk elements or thin-film elements.

Industry & Vehicle
Exhaust Hot Side Heat Exchanger
Tex! I{’lh Th e T ) E— e ) e |
ot
Exhaust D,
P N P N P N
.... N Couples
. Tcold
Environment
Ambient Fl
mblent How | Cold Side Heat Exchanger
Tamb' rhc
Ambient Qeex

NN

l External Load

Power Out

FIGURE 3.1 Industrial or vehicle thermoelectric energy recovery system schematic.
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Angrist [7] and Rowe [8] discuss that the amount of heat required on the TE
device hot side, Q,, is given by

Qh:

N'[Q'I'Th_;"lz'(pp+pn+2'Rconmct,h)+(KP"YP+Kn"Yn).(Th_Tc)

(3.4a)
e |

From Equations (3.2) and (3.4a) it can be deduced with straightforward math-
ematics that the amount of cold-side heat dissipated, Q_, is given by

Q.=

N'|:(X'I'Tc +%_12 '(pp+pn+2’Rcontact,0)+(KP"YP+Kn"Yn)'(Th_TC)

(3.4b)
ot |

The current, I, and resistance, R, ,, are given by

nt>

= Nooo(T-T) (3.5)
N-Rix +R,
Rint = & + & + Rcontact (36)
Yo Vo
and
o= |O(‘p| + |0(‘n| and Rcmltacl = chmacl,h + Rcomact,c'
The voltage of the system is given by

Vo=I'R,=0-AT—1-Ryy 3.7

on a per-couple basis. Angrist [7], Cobble [12], and Rowe [8] show that this entire
system of equations (Equations (3.2) and (3.4-3.7)) can be optimized to achieve the
maximum conversion efficiency, 1,,,,, when

Yo [PaKp (3.8)
Yoo \PpKn

This is basically a TE element design requirement, and Z" in Equation (3.2) is given by
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2

[Vor s+ oy % ]

5

Z:

3.9

Furthermore, the maximum efficiency with respect to external resistance is
achieved when

R 2 =
Mgy = 0 =,/(1+9d 1+98)-Z -T 3.10
P (N'Rint)opt \/( ' ) +( ' ) ( )

where 0 = (R e/ Rind)-
Hendricks and Lustbader [4,5] formulated this set of optimization equations into
a set of self-consistent design optimization equations given by

[NQ; L =£,(T,,,T.) (3.11a)

(I) (T, T.) (3.11b)
nJopt

(;)Ow —£,(T,,T.) 3.11¢)

(Y“) - /M=fg(Th,Tc) 3.11d)
Yo Jopt Pp  Kn

nmax=(PJ :[T‘“_T°]~ m°P‘_l_8T =£,(T,, T.) (.11e)

Qn T mopt+(1+8)?°
h

These are functions of only temperatures T, and T, because the TE material prop-
erties generally are functions of temperature in any design optimization or design
performance analysis. Recognizing the importance of hot-side and cold-side heat
transfer and heat exchanger performance in heat recovery systems, Hendricks and
Lustbader completed the system optimization analysis for TE systems depicted in
Figure 3.1 by simultaneously including the design analysis for the hot-side and cold-
side heat exchangers. Their analysis includes hot-side and cold-side heat losses by
parametrically accounting for them with heat loss factors, By, By e, Bew and Bere.
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which are basically heat loss fractions of incoming energy to a given heat exchanger
or interface. The thermal equation for the heat transfer supplied by the hot-side heat
exchanger to the TE device then becomes

(Tcxh _Th)'(l_Bh,TE)
1
+R
iy - Cpp € - (1= By ) “"“]

(3.12)

Qh,TE = |:

The thermal equation for the heat transfer dissipated by the cold-side heat exchanger
from the TE device then becomes

(T = Tums)

(I_B"*)+Rm,c]-(1—[3c,m)

m.-C,. &

Qe = |: (3.13)

The heat loss fractions are generally defined as the amount of heat loss compared
to the heat loss entering a given component, whether it be within the heat exchangers
themselves or the interfaces at which heat is entering or leaving the TE device hot
side or cold side. Therefore, the heat loss fractions are generally defined as

B _ Qloss,h,TE B _ Qloss,h,ex B _ Qloss,c,TE B _ Qloss,c,ex
hTE = hx = ¢TE = x = ~
Qh,TE Qh,ex Qc,TE Qc,ex

Ry, » and Ry, . in Equations (3.12) and (3.13) are the sum of all thermal resistances
at the interface between the TE device and the hot-side and cold-side heat exchang-
ers, respectively. Energy balance requirements then couple these thermal transfer
relationships to the TE design optimization equations in Equations (3.11a)—(3.11e)
to complete the system design optimization. Figure 3.1 shows that this was basically
a four-lumped-node design optimization model that simultaneously accounted for
heat exchanger and TE device performance in the design optimization. This set of
optimization equations specified the family of optimum TE designs, including the
number of couples, p-type and n-type element areas, voltage and current output,
power and maximum conversion efficiency for any given T, and T, and a specific
exhaust temperature, T, ,, and ambient temperature, T,, ;.

This design optimization analysis is required in waste energy recovery applica-
tions because what is usually known are the exhaust flow conditions and ambient
temperatures in a given waste energy recovery environment or situation. The goal is
to identify the best T, and T, conditions at which to operate to create the maximum
conversion efficiency or power output, important information about the TE design at
those conditions, and performance sensitivities and trade-offs around these optimum
design points. The optimum selection of T, and T, involves critical trade-offs in con-
version efficiency, power, and hot-side and cold-side thermal transport in any given
waste energy recovery application. These trade-offs are demonstrated in Figure 3.2
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FIGURE 3.2 Maximum efficiency—power output map for typical TAGS: PbTe [21,22] TE
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and the associated discussion. In fact, this is the case in most TE power generation
analyses and applications whether they are necessarily waste energy recovery related
or not.

Figure 3.2 shows typical results produced from this optimization analysis in the
form of maps depicting the relationship between maximum efficiency and power
(maximum efficiency—power) that can be created for any TE energy recovery system
design and any set of temperature-dependent TE material properties. Two different
maximum efficiency—power maps are shown: (a) one with constant specific power lines
superimposed, and (b) one with constant power-per-area lines superimposed on the
map. These analyses were performed using typical p-type TAGS-85 and n-type PbTe
thermoelectric properties [21,22], but they can be created for any p-type/n-type TE
material combination, including segmented element designs. These maps are quite
powerful in the amount of information that is conveyed in one design optimization
map. They are generally created for a given exhaust temperature, ambient tempera-
ture, hot-side heat exchanger UA, (defined in Section 3.3), and exhaust mass flow
rate, m,,.

The main efficiency—power curves represent the loci of optimum designs having
maximum efficiency and the plotted power at varying TE hot-side temperatures, T,
and cold-side temperatures, T,. The shape of these curves is produced directly from
the coupling and interaction between the hot-side heat exchanger performance (and
heat transfer) and the TE device performance in the optimization analysis described
by Equations (3.11)—(3.13). As T, increases for a given T, the TE device efficiency
increases, but for a constant T,,; and UA, the hot-side heat transfer is decreasing.
Consequently, the power increases with the TE efficiency up to a point where maxi-
mum power is achieved, after which the power decreases because hot-side heat trans-
fer decreases too much to offset the TE efficiency increase. Each optimum design
along these curves has a different number of couples, N; optimum p-type and n-type
element area, Ap and A ; and current, I, as T}, and T, combinations vary as shown in
Figure 3.2. These curves first clearly demonstrate the trade-off between maximum
efficiency and power for the conditions of a given exhaust stream, T,,,, UA,, and m, in
typical waste energy recovery applications. The constant hot-side temperature lines
help to identify where TE designs with equivalent T, lie and their relationship to one
another in efficiency and power. The efficiency—power curves tend upward and to
the right (efficiency and power increasing) as either or both T,,, and UA, increase
in magnitude. The analytical power of these curves is that they effectively and rap-
idly provide the opportunity to identify and investigate multiple TE system designs
throughout the potential design domain for a given waste heat recovery application.

Figure 3.2(a) also shows lines of constant specific power (power per TE device
mass). The mass accounted for here is only estimates of the TE device mass, includ-
ing insulating ceramics, copper interconnections straps, and the TE elements them-
selves. It is clear in Figure 3.2(a) that specific power generally increases as one
transitions into regions of higher maximum efficiency. Figure 3.2(b) also shows lines
of constant power flux (power per area), which also can be related to the hot-side heat
flux because of the maximum efficiency information included in the map. It is clear
that power flux increases as one moves into regions of higher maximum efficiency,
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which can have significant ramifications in applications where TE device miniatur-
ization is critical.

These maximum efficiency—power maps show the potential points of optimum
design and the efficiency—power sensitivities and design trade-offs available for
given waste heat recovery applications. These maps can be generated for any selec-
tion of p-type and n-type TE materials discussed in other chapters of this book, and
for any particular single-material element or segmented-element design. They also
define “preferred TE design regimes” or preferred optimum design regions, which
are superior because of (1) their higher maximum efficiency with only a small power
penalty, and (2) their higher specific power performance.

Hendricks and Lustbader [4,5] also extended the design optimization techniques
described earlier and, based on Equations (3.11a)-(3.11e), to segmented-element
optimization using the techniques described in Swanson, Somers, and Heikes [13].
The same types of maximum efficiency—power maps discussed before can be gener-
ated in the resulting segmented-element design optimization analyses.

Additional numerical, system-level, TE design optimization has been dem-
onstrated by Crane [14], Crane and Bell [15,16], and Crane and Jackson [17].
Constrained, nonlinear minimization functions were defined to solve the multi-
parameter design problems using either gradient-based, genetic algorithms or a
hybrid of the two approaches. A better understanding of the interactions between
various design variables and parameters can be gained from this type of multiparam-
eter optimization approach. More than 20 different design variables, including fin
and TE dimensions and dozens of different design parameters, can be optimized. A
selection of different design constraints includes minimum power density, maximum
hot- and cold-side pressure drops, maximum total mass, and minimum output power.
Additional constraints include maximum TE surface temperatures and maximum
temperature gradients across the TE elements to help improve design robustness.
Choices for analysis objective function include maximum gross or net power, maxi-
mum efficiency, and maximum gross or net power density, which can be based on
either total mass or TE mass. An optimization analysis can be conducted once the
design variables, parameters, constraints, and objective function have been selected.
The result is a nominal design that can be fine-tuned through parametric analysis on
selected variables and parameters and then used in an operating model where the
design conditions can vary.

3.2.2 TE DesIGN PERFORMANCE

TE system design performance is the second stage of the design process where
an optimum design identified in the design optimization process is then analyzed
for a variety of nominal and off-nominal design conditions. A more sophisticated
multiple-node and/or multiple-volume analysis is typically employed at this stage.
Analytically exact techniques have been described by Sherman, Heikes, and Ure [18]
for p—n TE couple designs shown in Figure 3.1. Hogan and Shih [9] describe a typi-
cal performance analysis approach based on solving Domenicali’s equation [19] for
one-dimensional energy balance in the p-type and n-type elements within a device:
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( K(X)- aT(X))——p P41Tx)- a(;f(X) (.14)

and the equation for heat flux within the elements:

q(x) = J-T()-0(x) — K(x)- aT(X)

(3.15)

These equations are valid in typical parallelepiped or constant diameter cylindri-
cal TE elements used in most typical TE devices. Mahan [20] and Hogan and Shih
[9] describe how Equations (3.14) and (3.15) can be reformulated into a coupled set
of first-order differential equations for T(x) and q(x) within the TE element design
given by

K(x)- dT—S‘) =J-T(x)-0x) — q(x) (3.16)
dq(x) 2 J-ox)-q(x)
4 - PeT [1+Z(x) T(x)]- <) (3.17)

Hogan and Shih [9] originally presented Equation (3.17) as

dq(x) 2 J-o(x)-q(x)
o =p(x)-J*-[1-Z(x)- T(x)] - T

This has since been shown to be a typographical error in reference 9, per discussions
with Hogan (July 19, 2010) and an errata sheet that shows the correction as shown
in Equation (3.17).

Hogan and Shih discuss how coupled Equations (3.16) and (3.17) can be solved for
T(x) and q(x) profiles in the TE element with iterative numerical analysis techniques
and appropriate boundary conditions on the cold-side and hot-side temperatures of
given a TE device. The p-type and n-type elements are typically nodalized into a
number of finite isothermal TE layers in the lengthwise direction (i.e., x-direction)
as shown in Figure 3.3. Equations (3.16) and (3.17) are applied in a finite-difference
formulation at each ith layer to yield

A
Ty =T +—

i

qi+]:qi+|:pi'J2'(l+al ’E)_J (xl ql}.Ax (319)

(I T-05 —q;) (3.18)

Pi - K Kj
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FIGURE 3.3 Typical isothermal layer nodalization used in TE elements in iterative numeri-
cal techniques in solving Equations (3.16) and (3.17).

This formulation corrects the typographical error in reference 9 per discussions with
Hogan (July 19, 2010) and an errata sheet created. This technique does not necessar-
ily couple the q(x) profile with hot-side and cold-side heat exchanger performance,
but it does provide useful T(x) and q(x) information for any given T, and T, conditions
of interest and provides required hot-side heat transfer, Q,, and cold-side heat trans-
fer, Q,, that the heat exchangers must accommodate.

In order to truly perform a system-level design performance analysis, the solu-
tion to these differential equations must be coupled with hot-side and cold-side heat
exchanger analysis. Hendricks et al. [10] have recently used thermoelectric analysis
routines within the ANSYS® version 12.0 analysis software package, which solve
relationships similar to Domenicali’s equation (Equation (3.14)) within a TE device
design subject to appropriate thermal boundary conditions, to perform this type of
system-level design performance analysis. This type of analysis relies on character-
izing the UA, of the hot-side heat exchanger design using a given hot-side exhaust
temperature and mass flow rate entering the heat exchanger design and details of the
heat exchanger structure and interfaces. The ANSYS® version 12.0 software analysis
code generally allows one also to nodalize the TE elements as shown in Figure 3.3;
it uses variational principles and finite volume techniques applied to the conserva-
tion of energy and continuity of electric charge to solve a set of simultaneous equa-
tions for heat flow, current, and temperatures within the TE elements under transient
or steady-state conditions [23]. Under steady-state conditions, these relationships in
their most general, three-dimensional form are given by

V-(T-[0]-7)-V-([x]-VT) = ¢ (3.20)
V-([6]-[a]-VT)-V+([c]-E)=0 (3.21)
where

[o] = Seebeck coefficient matrix
[o] = electrical conductivity matrix
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[K] = thermal conductivity matrix
J = current density vector

E = electric field intensity vector
T = temperature

The heat generation term, ¢, in Equation (3.20) generally contains the p-J* heat
dissipation term in Domenicali’s equation. These general relationships converge down
to Domenicali’s relationships in one-dimensional analyses depicted in Figure 3.3.
The power of the ANSYS® analysis is that it allows any temperature-dependent ther-
moelectric properties to be used in each of the nodalized layers in Figure 3.3, so
that it is straightforward to model segmented element designs in a system design.
Furthermore, ANSYS® 12.0 theoretically allows one to couple the solution of
Equations (3.20) and (3.21) to hot-side and cold-side heat exchanger performance
models to produce system-level predictions.

The results of such an analysis produce TE module efficiency—power maps simi-
lar to those shown in Figure 3.4. These maps show the module efficiency—power for
various external load resistances and temperature differentials that are created across
the TE module directly because of the interaction and coupling of the TE device and
hot-side and cold-side heat exchanger performance. The external resistance ratios
(R/N-R,,) and temperature differentials AT = (T, — T,) are superimposed on the
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module efficiency—power curves in Figure 3.4. The analysis includes the effect of
interface contact resistance and parasitic thermal losses. It is clear in the Figure 3.4
results how temperature differential, AT = (T, — T,), increases across the TE module
as the external load resistance increases. This is the direct result of the trade-off
between system voltage and current and TE heat flows, power, and conversion effi-
ciency as the external resistance is varied.

The analysis in Figure 3.4 was performed for exhaust flow temperature, T,,,, from
780 to 733 K, exhaust mass flow rate, my, of 0.16 kg/s, and a UA, of approximately
377 W/K; however, the analysis can be performed at various exhaust flow conditions,
T, exhaust mass flow rate, m,, and heat exchanger performance characterized by
the UA,. Figure 3.4 also shows, for example, a typical impact of reducing the exhaust
temperature, T,,,, from 795 to 748 K alone on the power output and module effi-
ciency. The benefit of depicting the analysis results in this manner is that the maxi-
mum efficiency and maximum power points, and their relationship to one another
and other nonoptimum performance points, in the overall potential operating perfor-
mance space can be quickly and clearly seen. Critical design performance decisions
concerning various operating points then can be made quickly and intelligently with
regard to what the entire design performance envelope looks like.

One noteworthy and clearly identified performance characteristic is that the point
of maximum power occurs at an external resistance condition of R, > N-R,, in this
type of design performance analysis, because it is performed at constant T,,, and
T,,, conditions and not constant T, and T, conditions. In fact, Figure 3.4 demon-
strates clearly that AT does not stay constant along the module efficiency—power
curves. Hendricks et al. [10] discuss the reasons for this, which are directly tied to the
TE power output relationship in Equation (3.2). Determining the external resistance
that defines maximum power point when AT is not constant leads to the following
relationship described in Hendricks et al. [10]:

2. Ro,opt : (N : Rint + Ro,opt) . a(AT)
AT IR,

Ro,opt =N- Rint + (322)

This relationship clearly shows that the optimum external resistance that maximizes
power is greater than N-R,,.. In fact, this equation can ultimately be cast into a qua-
dratic relationship for R, which can be explicitly solved for R, in any given
design performance analysis.

Figure 3.4 also clearly shows that the maximum TE module efficiency condition

occurs at R . value where

Roop > Roop >1 (3.23)
N- Ri“t efficiency N- Rim power

which are both greater than 1. However, the maximum module efficiency—power
point can be quite close in magnitude to the maximum power condition. Therefore, in
waste heat recovery applications and other TE power generation applications where

0,0pt
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AT is not constant, one must not assume that the [R, ,,/(N-R;,)] = 1 condition applies.
Each particular design performance analysis must establish these operating points

and their relationship to one another in any given waste heat recovery application.

3.2.3 SectioNeD TE DEesIGN OPTIMIZATION

Table 3.1 shows that there are many waste heat recovery applications where avail-
able exhaust gases and exhaust streams could be at high temperatures and, therefore,
provide large temperature differentials across TE waste heat recovery devices. This
is especially true if effective thermal cooling techniques can keep cold-side tem-
peratures low. Large available temperature differentials create the opportunity to
utilize a relatively advanced TE design technique called “sectioned design.” With
high exhaust stream temperatures and therefore large temperature differentials, the
exhaust flow through the hot-side heat exchangers in a TE waste heat recovery sys-
tem can undergo relatively large temperature drops along the flow length as it trans-
fers its thermal energy to the TE device hot side. In addition, the hot-side thermal
transfer decreases significantly along the flow length. Consequently, the TE devices
within the design can experience large differences in hot-side temperature and hot-
side thermal transfer as the exhaust flow temperature decreases. It is impossible to
design one optimal TE device that operates at maximum performance levels as hot-
side temperature and thermal flows significantly decrease in these situations. One
would therefore like to create optimum TE device designs that accommodate this
change in hot-side temperature and hot-side thermal transfer as they decrease with
flow length. Sectioned design allows this type of TE device optimizing as the exhaust
flow conditions change with flow length. Figure 3.5 schematically shows a typical
example of this type of “dual-sectioned TE design” approach where the exhaust flow
temperatures decrease significantly along the flow length, and the TE hot-side tem-
peratures in each of the two sections are quite different.

Any number of sections can be added to satisfy given design requirements in
any waste heat recovery application, but the actual measurable performance benefits
gained are dependent on the magnitude of the overall (T,,, — T,,,,) temperature dif-
ferential available. Cost considerations and system complexity issues often constrain
the maximum number of sections to about three. This was the number of sections
described by Crane, LaGrandeur, and Bell [6]. Each TE section was optimized for
a particular temperature and heat flux range in the direction of gas flow. This helps

—) Hot-Side Heat Exch. —) Hot-Side Heat Exch.

Cold-Side Heat Exchanger P, Cold-Side Heat Exchanger EI
2

FIGURE 3.5 Typical dual-sectioned TE system design.
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avoid TE incompatibility in the direction of fluid flow [15]. The TE section nearest
the hot gas inlet comprised TE couples made of two-stage segmented elements to
account for the large temperature gradient and heat flux between the hot and cold
heat exchangers. Located axially downstream of the high-temperature TE section
in the direction of gas flow, the medium-temperature TE section also is made up of
two-stage segmented elements of the same materials as the high-temperature TE sec-
tion. However, these elements are thinner than the elements in the high-temperature
TE section due to the lower heat flux and temperature gradient. Segmented elements
are not required for the lowest temperature TE section. Each of these TE sections can
be operated on one electrical current or on different electrical circuits, allowing for
more optimal current densities per TE section.

The design optimization and design performance analysis techniques discussed
can generally be used to design each of the sections. However, there are unique and
complex design trade-offs associated with the amount of heat transferred, the con-
version efficiency, and power generated in each section. These must be fully evalu-
ated in any TE energy recovery system design to achieve the optimum performance.
Figure 3.6 illustrates some of these trade-offs in a simple dual-sectioned design
shown in Figure 3.5. The dual-sectioned design creates significant design trade-offs
between power output and efficiency in each section when seeking the optimum
overall system performance, whether that is maximum overall system efficiency
or maximum system power output. There are two sets of maximum efficiency—
power curves in Figure 3.6; one for section 1 designs using lead—antimony—silver—
telluride (LAST) materials and a second for section 2 designs using bismuth telluride
materials in Figure 3.5. The maximum efficiency—power curves identify the loci
of maximum efficiency designs defined by techniques in Equations (3.11)—(3.13).
The resulting maximum efficiency—power maps in each section are produced by the
coupled interdependence of the TE device design and hot-side and cold-side heat
exchangers in sections 1 and 2.

Figure 3.6 illustrates a tremendous amount of design optimization information for
the two sections of this dual-sectioned design. The section 1 efficiency—power curves
show the various maximum efficiency—power points for several different hot-side and
cold-side temperature combinations (T, ;, T; ) resulting from the coupled interaction
between the TE device design and hot-side heat exchanger design characterized by
a UA, =375 W/K. These curves show the range and domain of efficiency and power
combinations possible in section 1, with inevitably different TE couples and p-type
and n-type TE areas at each design point on the curve. The design analysis does
identify the TE couples and TE areas required at each design point, although this
information is not explicitly shown on the curves. The hot-side heat exchanger design
and its performance at each T, along the section 1 efficiency—power curves then
produce unique entrance exhaust temperatures to section 2 (shown in Figure 3.5).
This situation creates a family of maximum efficiency—power curves for the section
2 design, one for each of the section 1 T, conditions along the section 1 curves.
Figure 3.6 shows four such section 2 design curves corresponding to four selected
design points on the section 1 curve for a cold-side temperature condition of 312 K.
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As the section 1 design changes, efficiency and power output varies and, therefore,
impacts input exhaust temperature on section 2. There is a uniquely defined section 2
maximum efficiency—power curve that dictates its efficiency—power characteristics
resulting from the coupled performance of the TE device designs and the hot-side
heat exchanger design in section 2. The four section 1 points selected for T, = 312 K
demonstrate that, as section 1 power decreases and efficiency increases, the section 2
power output generally increases while the section 2 efficiency stays roughly the
same. This section 2 efficiency is largely governed by the TE material properties for
bismuth telluride materials at the temperatures used in section 2. Different section 2
TE materials and properties would exhibit different efficiency—power sensitivities
and performance.

This behavior and interactions between sections 1 and 2 create a maximum total
system power point because the increases in section 2 power only offset or over-
ride the section 1 decreases in power up to a point. The maximum total system
power point generally does not occur even close to the maximum point for section 1.
Understanding this design power trade-off and knowing where the maximum total
system power point resides are critical to designing a dual-sectioned system to satisfy
any given efficiency—power requirement, whether maximum efficiency or maximum
power is of paramount interest in a given energy recovery application. This behav-
ior and interaction between section 1 and section 2 designs can occur in general at
any common cold-side temperature (T, and T, ,) conditions, as shown in Figure 3.6,
and in general for any combination of TE materials in the two sections. Figure 3.6 also
shows the maximum efficiency—power reduction that occurs as cold-side tempera-
tures increase (black lines for sections 1 and 2). In both of these cases, the maximum
total power point may shift as a result of the impact of TE material performance or
cold-side temperature effects on power output and it is crucial to quantify this shift
if it occurs. These design interactions become more complex as more sections are
added in a multiple-sectioned design.

3.2.4 TRANSIENT DESIGN PERFORMANCE

Steady-state models discussed earlier give an effective means to choose a nominal
design point and optimize the design for a particular set of operating conditions.
However, a thermoelectric generator in waste heat recovery applications may see
a variety of operating conditions, which change frequently as a function of time. A
primary example of this application is exhaust heat recovery in an automobile or
heavy truck. In this case, a TEG is integrated into a car or truck exhaust stream and
the exhaust temperature and mass flow conditions result from the transient engine
load conditions dictated by the particular drive cycle that the vehicle experiences.
Figure 3.7 shows an example of the temperatures and mass flows downstream of the
catalytic converter in the exhaust system that are produced in a new European drive
cycle (NEDC), a common automotive drive cycle used in European countries.

In order to model the TEG in different drive cycles and other dynamic operating
conditions, steady-state models for TE couples and devices are defined first. Energy
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FIGURE 3.7 Time-dependent exhaust gas mass flow and temperature downstream of the
catalytic converter for an inline 6 cylinder, 3.0 L displacement engine operating on the new
European drive cycle (NEDC).
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FIGURE 3.8 Schematic of TE subassembly with heat exchangers (HEXs) showing model
temperature locations.

balance equations are described by Crane [11] as follows with locations shown sche-
matically in Figure 3.8:

1
th + 5 Ichorm,h - UATE—conn (Tcen,h - Thl) = O (324)

1
Qh2 + 5 Ichonn,h - UATE—conn (Tcen,h - Th2) =0 (325)

UATE—conn (Tcen,h - Thl) + UATE—conn (Tcen,h - Th2) - UAcross,conn (Tsh2 - Tcen,h) = 0 (326)
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hAh (Tﬂl - Tsh2) - UAcross,conn (Tsh2 - Tcen,h) - hAnat (Tsh2 - Too)

(3.27)
+ UAcmss,ch,h,l—Z (ATshl) - UAcross,ch,h,2—3 (ATshZ) = 0
thphATfh —hA(Ty, - Ty) =0 (3.28)
where
Qui =0 1Ty K AT = )17 (R + 2Raana) (3.29)

Equations (3.24) and (3.25) represent conductive heat transfer from the TE elements
into their connectors. Equations (3.26) and (3.27) represent conductive heat transfer
from these connectors through the fluid-carrying channel wall by way of the fins
to fluid convective heat transfer connectors. They include the losses due to natural
convection and radiation (Equation 3.29). is an energy balance equation for convec-
tive heat transfer into the fluid. is the standard equation for thermoelectric heat flow
in power generation. The model solves these governing equations simultaneously for
steady-state temperatures at each node in the direction of flow. The number of simul-
taneous equations varies with the number of TE elements in the direction of fluid flow.

These energy balance equations were then translated into differential equa-
tions based on Equation (3.30) and integrated into the S-function template of
MATLAB®/Simulink®:

dT
mvolcpa =Q,-Q (3.30)

The (m,,,, C,) term in Equation (3.30) represents the thermal mass of each control
volume. This could be a TE element, TE connector, heat exchanger, or fluid thermal
mass depending on the control volume. The direction of heat flow is important to
make sure that the signs for Q, and Q, are correct. Otherwise, the differential equa-
tions cannot be solved correctly.

A baseline for the transient model is the optimized design from the steady-state
model. Inputs for the model are similar to those of the steady-state model. Operating
condition inputs include the hot- and cold-side inlet temperatures and flows and
external electrical load resistance. External electrical load resistance can be set equal
to the internal resistance of the TEG or it can be set at a particular constant external
load. A simulated electrical load controller can be attached to the model as an addi-
tional Simulink block in order to model the effects of a varying electrical load that
is not necessarily optimal. Outputs for the model are again similar to those of the
steady-state model.

The model can be operated in a stand-alone mode as is or the S-function can be
cut and pasted into a larger systems-level model. BMW and Ford have both used ver-
sions of this model in their larger automotive systems-level models [6]. The model
can be run using single hot-side inlet flow and temperature conditions or using the
hot-side inlet flow and temperature conditions for a drive cycle.
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FIGURE 3.9 Schematic of multiple parallel section TEG (V stands for valve).

Additional systems-level attributes have been added to the transient model to aid in
its use as part of a larger system. A maximum hot inlet temperature can be defined to
prevent TE element overheating or overheating of any other part of the TEG device.
A maximum hot flow can be defined to prevent excessive backpressure in the sys-
tem, which can reduce engine performance if the TEG is integrated into the exhaust
system of a vehicle. In addition, to better match the thermal impedance of a dynamic
thermal system as defined in Crane and Bell [16], the TEG can be broken into a num-
ber of TE sections in parallel (see Figure 3.9) as opposed to sections in a series as
described earlier. Having multiple TE sections can allow the TEG to operate better
at low flows when the design has been optimized for higher flow rates as each of the
parallel sections can be operated together or in various advantageous combinations.

Figure 3.10, a transient simulation example, shows the time-dependent power out-
put, hot-side fluid, and TE surface temperatures for the TEG being driven toward
steady-state by a set of constant operating conditions from an initial set of condi-
tions. The temperature curves in these figures are at different axial positions on the
TEG in the direction of flow as a function of time. The colder the temperatures are,
the farther they are from the TEG inlet. Figure 3.11, another transient simulation
example, shows efficiency and power output along with the TE surface and hot-side
fluid temperatures for the TEG for an NEDC automotive drive cycle. The importance
of these analysis results is that they quantify and highlight the response time of this
system design in this energy recovery application. This is an important design metric
that is impacted by a specific system’s component weights and volumes as well as the
materials and fluids used throughout the system design. System transient response
is also governed by other design parameters, such as the exhaust temperature and
mass flow rate and ambient environmental conditions, and it requires knowledge of
the specific heats and density of each material and fluid used throughout the design.
It must be characterized for each specific design and for each specific set of operat-
ing conditions, boundary conditions, and environments anticipated or of interest in a
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FIGURE 3.10 Simulated outputs for the transient TEG model using constant operating con-
ditions. Temperature graphs show temperatures as a function of time at different axial posi-
tions along the TEG in the direction of fluid flow. The hottest temperature curves are nearest
to the TEG hot gas inlet, while the coldest are nearest to the TEG hot gas outlet.

given energy recovery application. The amount of work required to produce credible
and accurate transient response analyses should not be underestimated.

3.3 THERMAL SYSTEM DESIGN AND CONSIDERATIONS
IN THERMOELECTRIC SYSTEMS

3.3.1 THERMAL SYSTEM DESIGN RELATIONSHIPS

Many waste energy recovery applications in today’s environment require solutions
that are compact, environmentally friendly, quiet, vibration free, without ozone-
impacting fluids, and highly reliable with few or no moving parts. Advanced thermo-
electric energy recovery and conversion systems envisioned in the future for waste
energy recovery applications generally require that a temperature differential be
maintained across the TE device while the required thermal energy is transferred
in/out of the system. In any event, nearly isothermal interfaces are required on the
hot and cold sides of the TE device to achieve predictable maximum performance
conditions. Therefore, heat exchanger configurations that transfer the thermal energy
in or out of the device must be capable of providing these nearly isothermal con-
ditions on the interfaces with the TE conversion device and operating under their
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FIGURE 3.11 Simulated outputs for the NEDC automotive drive cycle using an optimized
TEG from the steady-state model. Temperature graphs show temperatures as a function of
time at different axial positions along the TEG in the direction of fluid flow. The hottest
temperature curves are nearest to the TEG hot gas inlet, while the coldest are nearest to the
TEG hot gas outlet.

influence. Furthermore, these heat exchangers will have significant weight and vol-
ume requirements on their design to assist in minimizing overall heat recovery sys-
tem weight and volume.

One must realize the importance of heat transfer at both the hot side and cold side of
any TE energy recovery system. A simple rewrite of Equation (3.1) (and Equation (3.3)
for maximum efficiency conditions) demonstrates the relationship between TE device
efficiency and these hot-side and cold-side (and parasitic loss) thermal transfers:

L — Qh - Qloss - Qc . (331)

=4, Q

This simple relationship focuses on the thermal transfers involved in creating the
power from the TE system.

Hendricks [25-27] describes the use of the e-NTU (number of transfer units) analy-
sis method [20] for various basic heat exchanger configurations, counterflow, parallel
flow, cross flow, and parallel counterflow. It is clear from Kays and London [24] that
heat exchanger effectiveness, €, is generally expressed by the following relationship for
any flow configuration:
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€= 8[NTU,(Cmin C. ),ﬂow configuration]. (3.32)

The € relationship in Equation (3.32) is generally a rather complex one for the vari-
ous heat exchanger flow configurations. In a heat exchanger that is providing or creat-
ing a nearly isothermal interface on one side as it transfers thermal energy, the ratio

[C’"i“/cmax ] 50 (3.33)

and the Equation (3.32) relationship generally simplifies to

£= 1—exp|:_CUA]. (3.34)

min

In the advanced waste energy recovery and conversion systems considered herein,
it is highly desirable that any heat exchangers coupled with the advanced TE energy
conversion system should satisfy the nearly isothermal interface condition and
should therefore closely follow the € relationship in Equation (3.34). Heat exchanger
design techniques and “TE design sectioning” techniques are usually employed to
help ensure this condition as closely as possible. UA, the overall heat transfer con-
ductance times the heat transfer surface area, and C,;, are defined by Kays and
London [24]. The UA,, or UA, of typical hot-side or cold-side heat exchanger designs
is evaluated by the techniques shown in Kays and London [24] and typically given by

1
ZRm,c,i '

where the thermal resistances R, ,; and Ry, . ; account for all the convective thermal
resistance effects of the flow and all the conductive thermal resistance effects of the
heat exchanger structures. Evaluation of the thermal resistances Ry, ,,; and R, ., is
therefore specific to any given hot-side and cold-side heat exchanger designs and the
application. The quantity C,,;, is given by C,;, =m,, - C,,, or C,;, =m, - C, ., depend-
ing on whether one is considering the hot-side heat exchanger or the cold-side heat
exchanger, respectively.

UA, and UA_ (Equation 3.35) are used in Equations (3.12) and (3.13) to determine
the hot-side and cold-side heat transfers on the TE devices. In general, UA, and UA,
are dependent entirely on the heat exchange fluids used, flow conditions, and the
structure of the heat exchanger in any given WHR application. There can be a wide
variety of heat exchanger structures and they can demonstrate some rather unique
and innovative concepts. Figure 3.12 shows an example of a particularly simple and
common design known as a flat-plate, parallel-extended-fin design that will be used
for illustrative purposes only. The UA of this type of structure is dependent on the

or UA, = (3.35)

min
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FIGURE 3.12 Common flat-plate, parallel-extended-fin heat exchanger structure.

heat transfer coefficient in the flow channels and the thermal conductance of the
structure itself. The UA of this simple structure is given by

UA = ! (3.36)

1L, A '
Mr-he Ay Kg-W-L

where h, = channel heat transfer coefficient, 1 = fin thermal transfer efficiency, A; =
total fin and base heat transfer area, and ¥, = thermal conductivity of the plate struc-
ture (and usually the fins themselves).

The thermal conductance term in Equation (3.36) is generally straightforward to
evaluate and quantify as is the fin efficiency and fin area. However, the heat trans-
fer coefficient, h,, is generally a function of channel Reynolds number, Re, and the
Prandt]l number, Pr, of the fluid [28]. There are a number of different heat transfer
correlations of the following form:

h, oc <1 Re™. Pp" (3.37)
D

h

where D, = channel hydraulic diameter, K, = fluid thermal conductivity, and m ~
0.5-0.8 and n ~ 0.33. Therefore, the heat transfer coefficient, h_, is dependent on the
fluid properties and the channel velocities and, therefore, the mass flow rate through
the heat exchanger, as well as the channel dimensions, w,, and H. The Reynolds
number is generally given by

Re= Yi * Ve - Dy

Wa

where V,, = fluid channel velocity, v, = fluid density, and p,; = fluid viscosity.
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In addition, the heat transfer coefficient is not constant throughout the flow length,
generally starting out high at the flow entrance and decreasing with flow length. This
is another important motivation for sectioned TE designs discussed in Section 3.2
because the actual heat transfer into the TE device hot side can decrease with flow
length. Therefore, one generally desires to have slightly different TE device design
along the flow length to truly optimize system performance as the UA, decreases
with flow length. Consequently, even this simple flow arrangement has some subtle
and sometimes difficult challenges in evaluating the heat exchanger UA. There are
many other heat exchanger configurations that are much more complex than this;
the evaluation of their UA values is much more complex and often requires detailed
thermal models. It is not possible to discuss how to evaluate the UA of every pos-
sible heat exchanger design option in this work. Suffice it to say that it is imperative
to analyze the specific convective heat transfer conditions and environments and the
conductive heat transfer of the heat exchanger structure properly when evaluating
various heat exchanger design options in any given TE WHR system design.

In waste heat recovery applications, the heat exchanger fluids used vary from dif-
ferent gases (i.e., air, nitrogen, helium) to different liquids (i.e., water, water—glycol
mixtures, oil). Many of these gases are major constituents of typical waste heat
exhaust flows. The fluids’ properties can vary significantly and are critical to the UA
evaluation and heat exchanger performance as discussed earlier. Generally, the UA of
heat exchangers using gases is low due to their generally low thermal conductivity,
low Pr, and Equation (3.37) relationships, which make the first term in the denomi-
nator of Equation (3.36) dominate the UA evaluation. The UA of heat exchangers
using liquids can be quite high because of their high thermal conductivity and high
Pr; therefore, the first term in the denominator of Equation (3.36) becomes quite low.
Table 3.3 shows the typical values for common heat exchanger fluids in WHR appli-
cations and provides a good comparison between typical gas and liquid properties.
These properties and the resulting heat exchanger UA are critical factors in deter-
mining what fluids to select in WHR applications because these directly determine
the temperature differential, AT = T, — T, across the TE device and therefore the
TE device performance. Hendricks [26,27] presents the representative UA values of
some heat exchanger designs with different fluids, but the UA evaluation is generally
quite application specific using the relationships discussed previously. It is not pos-
sible to quote specific UA values for all the different and innovative gas and liquid
heat exchanger options and configurations in WHR applications, but for a given heat
exchanger volume, the UA of liquid heat exchangers is generally an order of magni-
tude or more higher than the UA of gas heat exchangers.

In detailed system modeling, whereby the heat exchanger can be broken up or
nodalized lengthwise with sufficient refinement, the UA can get small enough that
effectiveness in Equation (3.33) can be approximated with

—CUA]z UA _ UA,  UA, (3.38)

e=1-ex =
p[ Cmin 1’hh : Cp,h rhc : Cp,c
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Equations (3.12) and (3.13) then reduce to

(Ton = T)-(1-Bre)

Qne = (3.39)
I _r
[UAh.(l—th) “"“]
Qm=r )(T" ~ o) (3.40)
[LJAZX + th,c } : (1 - BC,TE)

It is also quite important to evaluate the pressure drops associated with convec-
tive heat exchangers as one endeavors to increase the UA by modification of heat
exchanger channel dimensions and overall geometry. The pressure drop through the
heat exchanger is generally given by relationships of the form

APex o< f(Re) Yo - \/ch2 (341)

where f(Re) is the friction factor. There is a close relationship between the heat
exchanger UA and its pressure drop. As channel dimensions decrease, the heat trans-
fer coefficient increases through Equation (3.37) because the flow channel velocities
generally increase for a given mass flow rate and the hydraulic diameter decreases.
However, the pressure drop and, therefore, pumping power also increase as the
channel dimensions decrease. It has been shown that there are actually optimum val-
ues of UA as a function of heat exchanger pressure drop [26,27]. This UA—pressure
drop optimization is application specific and must be quantified along with optimiz-
ing TE device performance to maximize overall TE system performance in any given
WHR application. It is crucial that these optimization processes be performed in an
integrated and strongly coupled manner in the overall TE system design. This is why
analyses in Figures 3.2 and 3.6 are so critical in the TE system design optimization.

3.3.2 MicrotecHNOLOGY HEAT EXCHANGERS IN TE SysTems

In the energy recovery applications found in the transportation sector and indus-
trial processing sector, there is generally a large amount of waste energy available
to be captured and converted. This can range from 10s of kilowatts to megawatts
of available thermal energy. There is also a general requirement to develop com-
pact, lightweight, and low-cost energy conversion and heat exchange systems in any
WHR design application. Therefore, in almost all applications the heat exchange
systems must satisfy a general requirement to transfer very high heat fluxes
(i.e., 10-100 W/cm?) across nearly isothermal interface conditions. This is particu-
larly true of the unique energy conversion systems using advanced TE conversion
materials envisioned in the next 5-10 years.

Microchannel heat exchangers are one heat transfer technology that is capable
of providing this high performance. Their high performance is due to their small
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channel sizes, typically 10 um to 1 mm for w,, in Figure 3.12, which thereby cre-
ates very high heat transfer coefficients relative to conventional larger channels due
to the Equation (3.37) relationship. Heat transfer coefficients can be approximately
400-1000 W/m?-K in air and 4000-10,000 W/m?-K in water, for example. Liao and
Zhao [29] reported heat transfer coefficients of 2500-5000 W/m?2-K in microchannel
designs using supercritical carbon dioxide. These high heat transfer coefficients can
create high UA values in gas and liquid microchannel heat exchanger designs, while
the flow remains under laminar flow conditions in most microchannel flows. This
laminar flow feature allows one to decouple the heat transfer augmentation from
pressure drop effects in the microchannel design process. This, in turn, creates the
opportunity to achieve the heat transfer augmentation while controlling increases in
pressure drop through innovative designs.

Hendricks [25-27] discusses the usefulness of microtechnology or microchannel
heat exchanger (MHEX) designs in satisfying future TE system requirements. There
will be increasing demands to minimize weight and volume in various waste heat
recovery applications as thermoelectric technology and systems evolve in the future.
The TE devices themselves will need to be lighter and more compact, which will
necessarily require them to accommodate and dissipate higher heat fluxes on the hot
and cold sides, respectively. Higher performance heat exchangers, with higher UA
values and higher heat exchange effectiveness and therefore higher heat flow capa-
bility dictated by Equations (3.12) and (3.13), will be required to allow these more
compact TE devices to achieve their full performance potential. Microtechnology
heat exchangers can produce the required higher UA and effectiveness levels and
satisfy thermal transfer requirements with lower weight and lower volume designs
(typically 1/5 to 1/10 of the weight and volume of comparable macrochannel designs)
with the same thermal duty and mass flow rates.

3.3.2.1 Microtechnology Heat Exchanger Design Challenges

There are several design challenges associated with integrating MHEXs with
advanced TE devices in satisfying TE system requirements. In addition to satisfying
the basic TE optimization criteria, either maximum efficiency or maximum power,
any optimum design must satisfy the following five additional criteria:

1. Interfacial heat flux matching requirements at both the TE device hot and
cold sides

. TE power maximization criteria

. Minimizing pressure drop losses

. Corrosion and fouling

. Structural design to satisfy fabrication and operational requirement

(O I SN USIN \S]

Interfacial energy balances require that the TE device heat flow at the hot-side and
cold-sides (Equations (3.4a) and (3.4b)) must equal the heat exchanger heat flows dic-
tated by Equations (3.12) and (3.13). Since it is desirable to match up the interfacial
contact area between the TE device and heat exchanger, this furthermore requires that
interfacial heat fluxes between the TE device and heat exchangers must also match.
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Recent studies have also shown that in the case of maximizing TE system power,
a critical thermal design criterion also derives from the key relationship:

( L ]: fll < ,TE - Material - Properties (3.42)

Through this relationship there exists an optimum ratio

D Ruu, /ZRC,M
i i opt

that maximizes the power output; this is an additional criterion above and beyond
normal TE design optimization conditions. These are the same hot- and cold-side
thermal resistance summations as given in Equation (3.35). Recent research shows
this relationship dictates that hot- and cold-side microtechnology heat exchangers
must satisfy the critical criterion

Z Rh,th,i
ZRCJh,i

to maximize TE system power output.

MHEX designs must also minimize parasitic pressure drop losses, as discussed
in Section 3.3.1, which create TE system cold-side pumping power requirements,
thereby lowering the net TE system power output, and limit potential heat transfer in
energy recovery heat exchangers on the TE system hot side. This places important
design constraints on possible microchannel dimensions and inlet/outlet fluid mani-
folding approaches and designs in any given application.

Corrosion and fouling within the microchannel heat exchangers, which can
severely limit TE system lifetimes and reliability, are a constant design concern,
as in all heat exchanger designs. It is necessary to minimize these two effects by
using appropriate flow filtration systems and surface coatings on the microchannel
surfaces. An entire book chapter could be written on this topic alone and the reader
is referred to various flow filter hydraulics and material science references for further
information on this topic.

Microtechnology heat exchangers in TE systems must satisfy crucial structural
stress and displacement requirements in their operational environments—including
structural stresses induced by compression forces, thermal expansion induced
forces, and vibrational and shock forces—just as in other conventional heat exchange

>10—30 (3.43)
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applications. MHEX designs have additional structural requirements during their
fabrication processes because of their typically small fin, channel, and interlayer
thickness dimensions that are often on the order of only a few millimeters. Buckling
stresses and other deformation stresses in improperly designed devices can lead to
channel deformations, yielding of critical heat transfer surfaces, and delamination or
voids at critical interfaces during fabrication processes.

3.3.2.2 Design Methodologies

Hendricks [26] and Krishnan, Leith, and Hendricks [30] have discussed various
design approaches and methodologies to microchannel heat exchanger design for
different configurations. These two references discuss methodologies and thermal
transfer and fluid dynamic relationships to determine the UA and thermal resistance,
Ry, of different MHEX designs (see Equations (3.35) and (3.36)). It is critical to
determine the impacts on the MHEX UA of varying channel dimensions, flow rates,
and parasitic pressure drops, which translate into pumping power. Figure 3.13 shows
and exemplifies the typical UA-pumping power relationship or “map” as these design
parameters vary for a constant mass flow rate and heat exchanger footprint area in a
water—copper MHEX design similar to that shown in Figure 3.12. The key constant

Laminar Water Flow, Peng-Peterson Correlation
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FIGURE 3.13 Microchannel heat exchanger UA versus pumping power in various water-
copper microchannel designs. (Hendricks, T. J. 2008. Proceedings of American Society of
Mechanical Engineers 2nd International Conference on Energy Sustainability, Jacksonville,
FL, paper no. ES2008-54244. Used with permission from American Society of Mechanical
Engineers, New York.)
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MHEX footprint condition in this design analysis is often imposed by heat flux and
TE device interface requirements in a given TE system application. Figure 3.13
clearly shows a typical relationship of UA with pumping power as the microchan-
nel widths decrease across a wide range of potential design parameters for a given
frontal area and heat exchanger footprint area. UA generally increases sharply to a
maximum for small pressure drop and pumping power increases as microchannel
widths decrease from the 503 to 350—-400 um point. This desirable optimum design
regime is crucial to achieving high-performance designs for TE power systems.
The maximum UA point as pumping power varies is created by a complex inter-
play between total heat transfer area, convective heat transfer coefficient, and fluid
pressure drops for the constant mass flow and heat exchanger footprint conditions
[26]. As microchannel widths decrease further below the 350-400 pum range, UA
decreases with the further penalty of larger pressure drops and pumping powers,
creating an undesirable design regime that should be avoided. This UA maximum
is a unique design point that must be determined for any particular design applica-
tion using either gas or liquid flow. Increasing mass flow rates generally increases
UA in this analysis as microchannel velocities increase, thereby increasing convec-
tive heat transfer coefficients, while increasing microchannel heights actually can
decrease UA as microchannel velocities decrease, fin efficiencies decrease, and
hydraulic diameters increase—all effects that decrease the convective heat transfer
coefficient. This UA—pumping power relationship or “map”” and associated optimum
design regions are significantly influenced by the convective heat transfer correla-
tion used in the analysis and the assumptions and constraints used (i.e., constant
mass flow rate, constant pressure drop). However, Figure 3.13 generally shows the
methodology and approach used in TE system design integration. It is paramount to
quantify this UA—pumping power map across the entire possible design domain and
uniquely determine optimum MHEX designs and off-optimum design sensitivities
to critical design parameters for any given TE energy recovery system application.
Interface heat flux conditions at the heat exchanger-TE device interface are
equally important in TE system designs. A common design goal is to maximize this
interface heat flux—and therefore the MHEX heat flux—in order to maximize TE
system power output, while simultaneously satisfying TE device footprint require-
ments created and driven by TE device design optimization criteria. Figure 3.14(a)
exemplifies a typical relationship between interface heat flux and microchannel
dimensions across a wide spectrum of design parameters for constant frontal area
and heat exchanger footprint area (noted in the figure) in a water—copper MHEX
design similar to that shown in Figure 3.12. Interfacial heat flux increases to maxi-
mum levels at about 350—400 pm for various microchannel heights in Figure 3.14(a);
this condition corresponds to the maximum UA condition and desired design regime
in Figure 3.13. This result again demonstrates that there can be optimum microchan-
nel dimensions in any given application and the exact point of heat flux maximum
varies slightly with microchannel height along the loci of maximums (dashed line)
depicted in Figure 3.14(a). Interfacial heat flux decreases significantly as microchan-
nel widths continue decreasing below 350 um due to decreasing UA (in Figure 3.13)
and subsequent heat transfer for the constant mass flow and frontal area conditions.
The effect of water flow rate on interfacial heat flux, also shown in Figure 3.14(a),
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FIGURE 3.14 (a) Heat flux and (b) heat transfer/pumping power factor in various water—
copper microchannel designs. (Hendricks, T. J. 2008. Proceedings of American Society of
Mechanical Engineers 2nd International Conference on Energy Sustainability, Jacksonville,
FL, paper no. ES2008-54244. Used with permission from American Society of Mechanical
Engineers, New York.)
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demonstrates that optimum microchannel dimensions are not changing as mass flow
rate varies.

Figure 3.14(b) shows the effective heat transfer rate to required pumping power
ratio, I" [26], for the same range of microchannel widths and heat exchanger fron-
tal area and footprint assumptions in Figure 3.14(a). It is clear that I" is increasing
sharply in design regions associated with maximum interfacial heat flux and contin-
ues increasing sharply at larger microchannel widths, due to smaller pumping pow-
ers with simultaneously small decreases in the interfacial heat flux in Figure 3.14(a).
This is a highly desirable design regime as the loss in interfacial heat flux can be
insignificant as I" continues increasing sharply. Similarly to Figure 3.13 results,
the associated optimum heat flux design regions are significantly influenced by the
convective heat transfer correlation used in the analysis and the assumptions and
constraints used. Nevertheless, Figure 3.14 and Hendricks [26] show the method-
ology and approach to microchannel heat exchanger design for TE energy recov-
ery system applications. It is paramount to quantify the heat flux—I" relationships
and design regimes, as well as sensitivities and trade-offs across the entire possible
design domain, and uniquely determine optimum heat flux designs and off-optimum
design sensitivities to critical design parameters in any given TE system application.

Figure 3.15 shows similar UA—pumping power relationships and heat flux—I rela-
tionships for a helium gas microchannel heat exchanger design for a constant heat
exchanger frontal area and footprint area. Many of the same trends and behavior
are exhibited in this gas flow design, as shown in Figures 3.13 and 3.14, except that
pumping powers are exorbitantly high and I" values are therefore quite low in this
case for the heat exchanger frontal area and footprint area given. The same, more
desirable heat flux—I" design regimes exist at large microchannel widths. These gen-
erally higher pumping powers for gas flow microchannel heat exchanger designs
create serious design challenges in TE energy recovery systems, which still warrant
further research and engineering work.

Krishnan, Leith, and Hendricks [30] discussed analysis methodologies and
design techniques for employing and optimizing microchannel honeycomb designs
to enhance gas flow heat transfer in TE systems. This work specifically focused on
microchannel designs for automotive heating and air conditioning system applications.

3.3.2.3 Examples of TE/Microtechnology Integration

There are recent examples [10,11,25,26,30-32] where microtechnology heat exchange
technology was investigated or implemented in TE systems. Figure 3.16 displays
a recent rectangular honeycomb copper microchannel design that was demon-
strated and characterized for a TE cooling system in an automotive application.
This particular microchannel heat exchanger design occupied 8 cm x 4 cm X 2 cm
in volume and demonstrated low pressure drops (0.52 kPa at ~18 cubic feet per
minute air flow) and low thermal resistances near 0.1 C/W, and it was capable of
250-300 W of thermal transfer at temperature and flow rate conditions consistent
with automotive heating and air conditioning requirements [30]. Wang et al. [32]
demonstrated successful performance of several microtechnology heat exchangers
incorporated within a unique, pioneering hybrid TE—organic Rankine cycle sys-
tem, which integrated a TE topping cycle with an organic Rankine cycle and vapor
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FIGURE 3.15 (a) Heat exchanger UA and (b) hot-side heat flux in helium flow microchannel
designs. (Hendricks, T. J. 2008. Proceedings of American Society of Mechanical Engineers
2nd International Conference on Energy Sustainability, Jacksonville, FL, paper no. ES2008-
54244. (Used with permission from American Society of Mechanical Engineers, New York.)
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FIGURE 3.16 Recent rectangular honeycomb microchannel design for TE Systems in auto-
motive application.

compression system to provide simultaneous power production and cooling capac-
ity from a waste-heat-driven source. The TE subsystem used an air microchannel
heat exchanger on the hot side and a liquid R-245fa microchannel heat exchanger
on its cold side. The organic Rankine cycle operating with R-245fa working fluid
used a microchannel heat exchanger for its boiler and recuperator devices [32]. All
these microchannel heat exchangers operated stably with low pressure drops and
good thermal performance per their design specifications; the organic Rankine cycle
(ORC) boiler and recuperator microchannel heat exchangers exhibited actual ther-
mal effectiveness generally above 90%.

There is a common misconception that microchannel heat exchangers necessar-
ily produce high pressure drops and, therefore, have high pumping power. This is
not true, as evidenced by the designs in Figure 3.16 and Wang et al. [32]. In fact, if
a microchannel heat exchanger is properly designed and properly scaled, its pres-
sure drop need not be any higher than a conventional macrochannel heat exchanger
design for a given heat transfer duty and mass flow rate. This also has been shown
in numerous examples in Yang and Holladay’s work [33]. The cost of microchan-
nel systems also is being driven down as production volumes increase in potential
high-volume applications for automotive and heavy vehicles; industrial processes;
residential and commercial heating, ventilation, and air conditioning systems; and
power generation.

3.4 STRUCTURAL DESIGN AND CONSIDERATIONS
IN THERMOELECTRIC SYSTEMS

The TE modules in TE heat recovery systems are generally constructed of multiple
TE elements that are often bulk elements arranged in an array that is thermally
in parallel and electrically in series, as shown in Figure 3.17, or as thin-film ele-
ments that encounter a substantial temperature differential across a length dimension
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perpendicular to and much greater than the thinnest film dimension. The structural
design and analysis is a critical aspect of high-temperature thermoelectric heat
recovery systems because of thermally induced expansion stresses from materi-
als with even slightly mismatched coefficients of thermal expansion, compression
stresses, and tensile stresses developed within the TE elements and module. In bulk
element arrays, the TE module is commonly under significant compression of 30 psi
up to 200 psi in order to create adequate thermal transport across critical hot- and
cold-side interfaces between heat exchanger and TE device surfaces. This compres-
sion can be applied at room temperature or the system can be designed to achieve
these compressive pressures as it expands to higher temperatures, depending on the
details of the design. In thin-film element designs the thermal contact can be sup-
plied compressively also, but often compression is exerted perpendicular to the ele-
ment length at the element ends in some fashion that is highly design dependent. In
any event, the hot side of the TE element can be at temperatures of 600 to 1300 K,
while the cold side can be held at 350 to 500 K.

In addition, the TE elements themselves are electrically connected with a variety
of electrically conducting and diffusion barrier materials, which often have different
coefficients of thermal expansion from those of the base TE materials. In any event,
the combination of compression and thermally induced expansions as the system
heats up creates very complex structural displacements and stresses in the TE ele-
ments and generates the potential for large structural stresses that can damage the
TE element and modules. Figure 3.17 shows a magnified structural displacement
map created from a typical structural analysis using the ANSYS® software package
for a typical rectangular parallelepiped TE element/module design. It highlights how
the elements respond to the expansive and compressive forces encountered in the
module and in a system. It is not only the TE elements that expand, but the electrical
connecting materials and diffusion barrier materials also expand, putting complex
tilting and distortion forces on the elements.

As one can see, the TE elements can experience complex expansive displace-
ments and tilting displacements that create complex structural tensile and compres-
sive stresses at various locations in the TE device. Element corners at the rectangular
parallelepiped TE device hot side are particularly susceptible to high tensile stresses
(i.e., dark regions in the top corner areas), for example, as the device components
expand during heating to operational conditions. This fact does not necessarily
change whether one is considering a bulk material TE element/module design as
shown in Figure 3.17 or a thin-film TE element/module design that others have con-
sidered in some TE heat recovery applications.

Figure 3.17 exemplifies the type of structural analysis that is required in designing
TE elements and modules for thermoelectric heat recovery systems. These element
and module structural analyses are generally quite complex and three dimensional
in nature. They require strict and comprehensive evaluation of boundary conditions
and often require multiple “load steps” as boundary conditions change during fab-
rication and operation to analyze the TE element, component, and module stresses
and displacements properly for all expected environments. The required material
properties for performing these analyses are typically Young’s modulus, Poisson’s
ratio, coefficient of thermal expansion, and mechanical fracture strengths for each
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TABLE 3.4
Typical Structural Properties of Common TE Materials Compared
to Semiconductors and Common Metals [34, 35]

Coefficient of Fracture

Young’s Thermal Toughness, Fracture
Modulus,  Poisson’s Expansion K. Strength,
Material E (GPa) Ratio, v (/°C) (MPa-m©3) 6;/(MPa)
Si 163 0.22 2.6 x 10 0.7 247
Ge 128 0.21 59x%x10° 0.60 231-392
GaAs 117 0.24 6.9 x 10 0.46 66
PbTe 58 0.26 19.8-20.4 x 10-¢
LAST/-T (Michigan 24.6-71.2 0.24-0.28 — 15.3-51.6
State Univ.)
LAST (Tellurex Corp.)  54-55 0.27-0.28 21 x 10°° — 15-38 (ROR)
LASTT (Tellurex Corp.) 46.3-46.8 0.26-0.27 21 x 10°¢ — 25-40 (ROR);
46-58 (BOR)
ZnSe 76.1 0.29 8.5x10° 0.9 ~60
(293-573 K)
Zn,Sb, 57.9-76.3 0.64-149  56.5-83.4
Bi,Te, 40.4-46.8 0.21-0.37 14.4 x 107 (L); 8-166
21x 10 (| )

Skutterudites

Bayg;Yby,Co,Sby, () 136 (n)  0.14-025(n) 122x106(n) 1.7 (n) 86 (n)

CeyssFessCoosSby, (p) 133 (p)  0.22-029 (p) 14.5x106(p)  1.1-28(p) 37 (p)
Stainless steel 205 18.5x 10 300
Copper 129 15-18 x 10 198

Source: Hall, B. D. et al. 2007. Technical presentation at Materials Science and Technology 2007
Conference, Detroit, MI.
Notes: 1 = perpendicular to current flow (element length); [l = parallel to current flow (element length);
ROR = ring-on-ring fracture strength; BOR = ball-on-ring fracture strength; LAST = lead—
antimony—silver—telluride; LASTT and LAST/-T: lead—antimony—silver—telluride—tin.

of the materials used for each component in the TE module design. Table 3.4 shows
some typical structural property values of common TE materials compared to semi-
conductors and common metals.

There are generally no consistent “rules of thumb” or set of equations that one
can employ even to get close to accurate structural analysis results. What is generally
required is a complete three-dimensional analysis using a general structural analysis
code, such as ANSYS®, COMSOLP®, or other such structural analysis software pack-
ages. Furthermore, the TE element and module structural analyses must be tightly
coupled with the TE optimization and performance analyses discussed earlier in
this chapter to develop optimum, survivable TE element and module designs that
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satisfy all operational requirements in the environments anticipated for any ther-
moelectric heat recovery system. For example, in structural analyses exemplified
in Figure 3.17, it is often found that longer, thinner TE elements lower the destruc-
tive tensile stresses that develop. However, the TE design optimization equations
shown in Section 3.2 dictate that longer TE elements will necessarily produce lower
power designs. Consequently, requirements for maximizing power output from the
TE heat recovery system are in conflict with the requirement to lower structural
stresses and ensure TE element and module survival during operational conditions
and environments. Therefore, it is imperative that the structural design and analy-
sis be strongly integrated with the thermoelectric and thermal design optimization
processes described previously in achieving a truly optimum design for TE heat
recovery systems.

3.5 CONCLUSION

Advanced, high-performance TE energy recovery systems will have a unique and
critical role in recovering waste energy in automotive and industrial applications
worldwide, with the subsequent benefit of helping to increase global energy effi-
ciency. Optimal design of these systems requires design optimization accounting for
three crucial, interdependent design areas: thermoelectric design, thermal design,
and structural design. Copious consideration and attention to detail in these three
design regimes are equally important to that of obtaining high-performance TE
materials in developing TE devices and systems that achieve their full performance
potential for these applications. This chapter provides the foundation and methodol-
ogy for addressing these three critical system design facets and their role in achiev-
ing high-performance TE waste energy recovery systems and solutions. If one wants
this technology to achieve its full performance potential in future applications, then
one must explore comprehensive system design domains using the techniques dis-
cussed herein.
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4.1 INTRODUCTION

There is a growing need to reduce the size of current energy sources in order to real-
ize fully the potential of many fascinating systems, such as “smart dust,” integrated
microelectromechanical (MEMS) systems and biomedical electronic devices such
as cardiac microdefibrillators [1]. Large-scale deployment of applications such as
hybrid cars with high efficiency has also been hampered for a long time due to lack
of power sources that match their dimensional scale and deliver the required power
densities [2].

Miniaturization of energy sources is also highly desirable for applications such
as heat engines, where a large power surge is required solely at the start. However,
heavy and bulky batteries have to be accommodated for the entire journey, thereby
reducing the efficiency of the entire system.

Batteries have been the most commonly used power source for a long time.
Although there have been recent advances reported in fabricating three-dimensional
Li ion micro- and nanobatteries, their specific power and energy densities are still
quite low (0.3 kW/kg and 0.4 kWh/kg, respectively) [2]. Additionally, a reduction in
size makes them lose their energy discharge capabilities. The reduction in size is
also hampered by disruption of ionic flow near the electrodes and by electrical shorts
that impede their performance [3]. Consequently, batteries continue to be heavy and
bulky, thereby limiting their use for micro- and nanoscale applications.

Fuel cells are another commonly used energy generation technology. However,
they require large volumes and expensive electronics while exhibiting very low spe-
cific power (power-to-mass) ratios [4,5].

Energy can also be stored and released at high rates using supercapacitors.
Although such systems exhibit a high specific power, they are rendered inefficient
due to their high self-discharge rate. They have to be charged at regular intervals in
order to maintain the stored energy [6].

In addition to the aforementioned limitations, all such energy sources are capable
of generating only DC output; however, for practical applications, an AC output is
highly desirable. Thus, none of the currently used energy generation technologies
have so far enabled reliable miniaturized energy sources with a high specific power.

Consequently, novel techniques for energy generation need to be explored in order
to achieve true miniaturization of power sources. New thermopower, wave-based
energy sources are particularly attractive as they are capable of generating higher
specific power (power-to-mass ratio) compared to conventional sources such as bat-
teries and fuel cells, especially at smaller dimensions.

Choi et al. first demonstrated that chemically driven carbon nanotube-guided
thermopower waves are capable of producing specific powers as large as 7 kW/kg
[7]. In their work, aligned arrays of multiwalled carbon nanotubes coated with a
several-nanometers-thick layer of cyclotrimethylene-trinitramine (TNA) were devel-
oped (Figure 4.1). In such devices, the energy is stored in the chemical bonds of the
fuel (TNA, in this case), which enables them to maintain their energy for a long
period of time. A laser or microheater was used at one end to initiate an exother-
mic decomposition reaction of TNA. The thermally conductive MWNT conduit
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FIGURE 4.1 Schematic of the thermopower wave system showing the reaction propagation
mechanism across a TNA-coated carbon nanotube.

accelerated the reaction along their length, creating a unidirectional thermal wave
up to 10,000 times faster than the reaction wave in bulk. This thermal wave also
entrains electronic carriers, resulting in output power, and, hence, these waves were
coined as “thermopower waves.”

The main limitation of the MWNT-based thermopower systems is the low voltage
generated, which is generally in the range of 30-50 mV with a maximum reported
voltage of 200 mV for masses in the range of just a few milligrams. Additionally, the
amplitude of the oscillations is also low (20-30 mV generally). The reason for this
limitation is that MWNTs exhibit a relatively low Seebeck coefficient (80 uV/K).
In order to increase the output voltage and thus improve the performance of such
systems, materials such as bismuth telluride (Bi,Te;), antimony telluride (Sb,Te;),
and transition metal oxides such as zinc oxide (ZnQO) with large respective abso-
lute Seebeck coefficient values of 287, 243, and 367 uV/K can potentially replace
MWNTs as the core thermoelectric materials for thermopower energy generation
systems. Another desirable property of the core thermoelectric material is a high
electrical conductivity, which results in a larger power output.

This chapter provides an overview of the thermopower wave technology. Such
systems, based on MWNTs and thin films of thermoelectric materials such as Bi,Te,,
Sb,Te,, and ZnO, will be discussed. These materials exhibit a high Seebeck coeffi-
cient and high electrical conductivities. A high thermal conductivity is also required
for sustaining the propagation of the thermopower waves. As the thermal conduc-
tivity of Bi,Te; and Sb,Te; materials is low, thermally conductive alumina (Al,O;)
is used as the substrate in order to compensate for this deficiency. Additionally, in
order to show the influence of the substrate thermal conductivity on the behavior
of the thermopower waves, a substrate with low thermal conductivity (terracotta) is
also used.

It has been shown that Bi,Te;- and Sb,Te;-based thermopower systems are capa-
ble of generating oscillatory voltages up to 400 mV with complementary polarities
and specific power as high as 1 kW/kg. ZnO-based thermopower devices generated
the highest voltage and oscillations of the order of 500 mV and a specific power of
up to 0.5 kW/kg [2,8,9].
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4.2 THEORY OF THIN FILM-BASED
THERMOPOWER WAVE OSCILLATIONS

In order to simplify the theoretical analysis, we assumed the system to be a one-
dimensional space model and transformed it to a nondimensional system in order
to predict the occurrence of oscillatory combustion linked to the heat losses in the
system. The theoretical approach is of particular importance as it can be used to
predict the behavior of the system, the velocity of the wave front, and the possibility
of oscillations.

The thermoelectric film is thin when compared to the Al,O, substrate. Therefore,
the majority of the heat is exchanged with the thermally conductive Al,O; substrate.
As aresult, we consider one-dimensional approximations for both the fuel/Al,Oj; sys-
tem and the fuel/terracotta system in our calculations. It means that fuel exchanges
heat either with a thermally conductive substrate of alumina with £ = 20 W/m.K or
the much less thermally conductive substrate terracotta with k = 1 W/m.K. Assuming
the solid fuel combustion to be exothermic and oxygen supplied in excess and gov-
erned by Arrhenius kinetics with volumetric heat loss, the dimensional equations for
the conservation of heat and mass are [10]

oT o*T _ hS
Py = kax2 + pQAwe E/RT—V(T—Tu) @1
p—aw = —pAwe ¥R @.2)
ot

where
T and w denote the temperature and the concentration of the fuel, respectively
x and t describe space and time variables
p is the density of the fuel (kg/m?)
¢, is the specific heat of the fuel (J/kg.K)
k is the thermal conductivity of the fuel (J/s.m.K)
Q is the heat of reaction (J/kg)
A is the pre-exponential rate constant (/s)
E is the activation energy (J/mol)
R is the universal gas constant (8.314 J/mol.K)

Heat is transferred from the fuel layer to the Bi,Te,/substrate layer and to the sur-
roundings. As we are using a one-dimensional averaged model, the term

hS
(T-T, 4.
V( a) “.3)

models both the transfer to Bi,Te;/substrate and the Newtonian cooling to the ambi-
ent surrounding, which is at a temperature 7, [10]. In the latter case, S/V is the
surface-area-to-volume ratio of the fuel (/m) and h is the heat transfer coefficient
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from the fuel to the quiescent surroundings (J/s.m?.K) [10], which is typically quite
small. The term pQAwe FRT in Equation (4.1) accounts for the exponential decom-
position reaction of the fuel.

As a first step toward analyzing the combustion, we applied the model presented
by Mercer, Weber, and Sidhu [10]. Defining the nondimensional temperature to be
u = RT/E and rescaling space and time coordinates by

QAR

PQAR and s
kE c. E

p

respectively, leads to the nondimensional version of the governing equations:

du du

gzﬁ+we_1lu—f(u—ua) @4
%—V: = Bwe 11 .5)

where we define
B= 1?;; , 4.6)

a parameter related to the properties of the fuel, and the nondimensional volumetric
heat transfer,

hSE

(= . @.7)
VRpQA

Depending on the value of system parameters, we can predict thermopower waves
with or without oscillations [11,12]. For simplification in our theoretical analysis,
we start with a one-dimensional space model and transform it to a nondimensional
system to predict the occurrence of oscillatory combustion linked to the heat losses.

The determination of all the necessary parameter values is the key to being able
to apply the model to a real system. The solution of the model presented by Mercer
et al. [10] assumes that the ambient temperature is absolute zero (u, = 0). Ambient
temperatures are typically very small compared to the reaction temperature and,
hence, this assumption has little effect on the overall behavior of the solutions to
this model.

For the fuel (which is a combination of nitrocellulose and sodium azide in our
case), the value parameters are as follows: S/V = 1/240/um, p = 1600 kg/m’, ¢, =
1596 J/kg.K, Q =4.75 x 10° J/kg, E = 1.26 x 10° J/mol, A = 10° s7!, and h =2 x 1073
J/sm2 XK. In all cases, the B value is 5.09 for the nitrocellulose fuel layer. Two extreme
conditions are now considered for the substrate:
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a. A highly thermally conductive substrate (k = 20 W/m.K): This system
is similar to the schematic shown in Figure 4.1. The fuel is deposited on
Al,O, (with a thin layer of Bi,Te, in between) with a thermal conductiv-
ity of approximately 20 W.m~L.K-!. This results in the nondimensional heat
loss parameter ¢ = 1.7 x 10—4. The oscillation period is directly related to
B and /. For B = 5.09, the critical heat loss value for the onset of oscillations
is smaller than ¢/B = 0.000035 (see reference 2 for details). Furthermore,
the model predicts that there would be a time of approximately 0.05 s
between peaks in the oscillating signal. In this case an oscillatory behavior
is predicted; hence, the slower and faster propagation speeds are strongly
dependent on very fine-scale details of the solution to the model; the slower
one is of the order of 0.002 m/s and the faster one of an order of magnitude
higher. Due to the oscillatory behavior, a two-dimensional model will bet-
ter account for the various paths of heat conduction to provide accurate
velocity predictions in this case.

b. A substrate with a low thermal conductivity (k = 1 W/m.K): The fuel
is deposited on terracotta (with a thin layer of Bi,Te, in between) with a
thermal conductivity of approximately 1 W/m.K. The change in thermal
conductivity of the substrate affects the heat loss parameter. In the case
of terracotta, the heat loss parameter is obtained as ¢ = 2 x 1075 and it is
predicted that oscillations will cease to exist [2].

Next, we apply the model proposed by MclIntosh, Weber, and Mercer [13] to pre-
dict the reaction propagation velocity for the fuel/terracotta system. The equation is
as follows:

1 (w2 b
e~ L= Lot (et o) @8)

where c is the wave speed in meters per second. Using Equation (4.3), the average
reaction propagation velocity is estimated to be approximately 0.007 m/s. The veloc-
ity measured for experiments on the fuel/terracotta system is about 0.009 m/s, so the
simulation agrees reasonably well with the measurements. Hence, the mathematical
model is able to predict the oscillation period and the reaction propagation velocity
reasonably well.

4.2.1 CHARACTERIZATION

4.2.1.1 X-Ray Diffraction (XRD)

XRD was carried out using a Bruker D8 DISCOVER microdiffractometer fitted
with a GADDS (general area detector diffraction system). Data were collected at
room temperature using CuKo-radiation (o = 1.54178 A) with a potential of 40 kV
and a current of 20 mA and filtered with a graphite monochromator in the parallel
mode (175 mm collimator with 0.5 mm pinholes).
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4.2.1.2 Scanning Electron Microscopy (SEM), Atomic Force
Microscopy (AFM), and Raman Spectroscopy

Scanning electron microscopy (SEM) was conducted using the FEI Nova Nano SEM
to investigate the structure of the ZnO films. Atomic force microscopy (AFM) was
carried out on the ZnO films using an AFM-Bruker D3100 in order to assess their
surface roughness. The Raman spectra were recorded with a system incorporating
an Ocean Optics QE 6500 spectrometer and a 532 nm, 40 mW laser as the excita-
tion source.

4.3 THERMOPOWER WAVE SYSTEMS

4.3.1 MuitiwaLLED CARBON NANOTUBE (MWNT)-BASED
THERMOPOWER SYSTEMS

Choi et al. first demonstrated the phenomenon of thermopower waves using MWNTS as
a core thermoelectric material [14]. In their system, they synthesized MWNTSs encased
in a 7 nm thick annular coating of cyclotrimethylene trinitramine (TNA) (Figure 4.1).

The free-standing films exhibit high porosity (95%—99%) and are able to incorpo-
rate approximately 3—45 times TNA by mass. Subsequently, a NaN,/water solution
was applied and allowed to dry in ambient conditions.

The reaction was initiated at one end of the TNA-MWNTs using laser irradia-
tion or a high-voltage electrical discharge. This resulted in a self-propagating reaction
wave specifically along the direction of the nanotube orientation (Figure 4.1) at veloc-
ities more than four orders of magnitude larger than the bulk combustion rate of TNA.

Such a directional thermal wave evolves a corresponding thermopower wave in
the same direction, resulting in a high specific power electrical pulse with a constant
polarity. The measurement setup is shown in Figure 4.2(a). Ignition via laser irradi-
ation at one end of the MWNT results in a voltage oscillation peak of the same dura-
tion as the corresponding reaction wave.

This demonstrates that the thermopower wave is uniquely distinct from conven-
tional, static thermopower in the fact that single polarity pulses are observed over
the duration of the reaction for the high-velocity waves. A moving thermal gradi-
ent across a conductor results in static regions of maximum, minimum, and zero
voltages as a result of the Seebeck effect. However, the voltage signal obtained as a
result of thermopower wave propagation is oscillatory in nature while exhibiting a
constant polarity (Figure 4.2b); this suggests that the wave traverses the system faster
than the cooling time of its posterior region, resulting in highly directional energy
pulses [7,15].

As discussed earlier, the main limitation of MWNT-based thermopower wave
systems was the low voltage and very limited oscillatory behavior. Therefore, in
order to make such systems practically useful, the output from the thermopower
wave-based devices needs to be enhanced. This prompted an investigation of other
thermoelectric materials, such as Bi,Te;, Sb,Te;, and ZnO that exhibited high
Seebeck coefficients and electrical conductivity. Thermopower devices based on
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FIGURE4.2 (a) Schematic of the experimental setup fora MWNT-based thermopower wave
system and (b) output voltage profiles with opposite polarities obtained from MWNT-based
thermopower wave system.

thin films of the previously mentioned thermoelectric materials have been developed
and the results are discussed later in this chapter.

4.4 BI,TE;- AND SB,TE;-BASED THERMOPOWER WAVE SYSTEMS

In this section, thermopower wave generation is demonstrated in the thin film geom-
etry by coupling exothermic chemical reaction of nitrocellulose to Bi,Te; and Sb,Te,
films supported by a highly thermally conductive alumina (Al,O;) substrate in com-
parison to a much less thermally conductive terracotta (baked natural polysilicate)
substrate (Figure 4.3) [2].

These devices produced a high specific power of the order of 1 kW/kg and generated
voltages of the order of 100—150 mV with large oscillation amplitudes in the range of
50-140 mV. The generated voltage and the amplitude of oscillations for Bi,Te;-based
devices were significantly larger than for MWNT-based thermopower devices.

Subsequently, Sb,Te; was used as the complementary thermoelectric material.
Sb,Te, is a p-type semiconductor, while Bi,Te; is an n-type [16,17]. Such a contrast
ensures that the voltage output from these thermopower wave sources with identical
characteristics (one based on Bi,Te; and the other based on Sb,Te;) produce both
positive and negative polarities. The combination of these two can result in an alter-
nating signal, which is required for practical applications. Similarly to Bi,Te;, Al,O;
and terracotta are used as the substrates. They are chosen due to their contrasting
thermal conductivities, which will help observe the effect of thermal properties of
the system on the thermopower wave propagation. A detailed comparison of Sb,Te;-
and Bi, Te;-based thermopower wave devices is presented later in this section.
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FIGURE 4.3 Difference in thermal conduction rates of Al,O; and terracotta.

4.4.1 EXpPerRIMENTAL DETAILS OF THIN FitM THERMOPOWER WAVE SYSTEMS

4.4.1.1 Preparation of Fuel

The fuel used for the exothermic reaction was a combination of nitrocellulose
(CcH3(NO,),05) and sodium azide (NaN,). Nitrocellulose was used due to its large
enthalpy of reaction (4.75 x 10° J/kg). It was prepared by dissolving millipore nitro-
cellulose membranes (N8645, Sigma Aldrich) in acetonitrile (15 g/L). Using a pipette,
this solution was then dropcast on the Bi,Te; and Sb,Te, films and left to dry. The
acetonitrile evaporated, leaving an adhesive and solid nitrocellulose layer deposited
on top of the thermoelectric materials. NaN; was used to serve as a primary igniter
due to its low activation energy (40 kJ mol~! for NaN,, compared to 110-150 kJ
mol~! for nitrocellulose) [18,19]. NaN, (14314, Alfa Aesar) in aqueous solution (50 mg
mL") was then added on top of the nitrocellulose layer, using a pipette. The total
thickness of the fuel layer was ~240 um [2,8].

4.4.1.2 Fabrication of the Bi,Te; and Sb,Te, Films

The Sb,Te; and Bi,Te, films were deposited on thermally conductive Al,O; sub-
strates and nonthermal-conducting terracotta substrates using RF (radio frequency)
magnetron sputtering, under identical deposition conditions. High purity (99%)
Sb,Te,, Bi,Te,;, and ZnO targets (Vin Karola Instruments) were used for sputtering.
The chamber was pumped down to a pressure of 2 x 1075 torr before starting the
sputtering process.

Al O, substrates with linear dimensions of 12—15 mm (L) x 4—6 mm (W) x 100 um
(H) were utilized after being cleaned using acetone, isopropyl alcohol, and distilled
water. The substrates were held at a constant temperature of 100°C throughout the
sputtering process, in which a power of 100 W and an argon atmosphere with 10 mtorr
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process pressure were used. Sputtering time of 90 min resulted in a 6-um-thick
Sb,Te, and 5 um Bi,Te, films, respectively. Electrical contacts between the copper
tape electrodes and the thermoelectric layer were made using adhesive conductive sil-
ver paste (42469, Alfa Aesar). The resistance between the electrodes for Sb,Te, films
and Bi,Te, films ranged from 6 to 12 Q and 2 to 10 Q, respectively [8,20].

4.4.1.3 Characterization of Films

Figure 4.4(a) and 4.4(b) shows scanning electron micrographs of Sb,Te, and Bi,Te,
films, respectively. The images clearly highlight the difference between the struc-
tures of the two films with Bi,Te, exhibiting a more irregular structure compared
to Sb,Te;. This confirms the polycrystalline nature of Bi,Te;. The SEM images also
show that Bi,Te, films are more porous than Sb,Te; when they are deposited on
Al,O, substrates under identical conditions.

A surface profilometer (Ambios Technology XP-2) was used to investigate the
morphology of the Sb,Te, and Bi,Te, surfaces and that of the substrate further. The
average surface roughness of Sb,Te, and Bi,Te; was determined to be 0.4 and 0.7 pm,
respectively. This indicates that the Bi, Te, films are more porous, thereby confirming
the earlier observation made from the micrograph in Figure 4.4(b). A greater poros-
ity enables more fuel to be placed on the surface of the films. Additionally, a higher
porosity is also important to facilitate increased thermal conduction between the
fuel and thermoelectric films [2], resulting in a more sustained reaction propagation.

FIGURE 4.4 The SEM images of (a) Sb,Te, film on Al,O; (b) Bi,Te, film on AlL,O;.
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X-ray diffraction measurements were carried out on the Sb,Te, and Bi,Te,; sam-
ples in order to assess the crystallinity of the films. The XRD pattern for Sb,Te,
(Figure 4.5a [1]) shows three well defined peaks, which indicate its crystalline struc-
ture. In the case of Bi,Te,, the XRD pattern reveals a more polycrystalline structure
(Figure 4.5b [1]) [21]. On addition of nitrocellulose, different effects on the XRD pat-
terns of Sb,Te, and Bi,Te, are observed (Figure 4.5a and b [2]). For Bi,Te,, the peak
at 18.1 20 (006) plane for rhombohedral Bi,Te; (ICDD no. 1-75-0921) is no longer
exhibited in the samples with nitrocellulose (Figure 4.5b [1]). Possibly, incoherent
scattering and adsorption effects may be responsible for the disappearance of this
peak. It is also probable that the nitrocellulose coating on both the Sb,Te, and Bi,Te,
samples effectively masks the surface, thus inhibiting the penetration of x-rays to
and collection of scattering data from this particular peak. This effect is particularly
acute for the relatively low-intensity (006) Bi, Te, peak, which lies in the same region
as the principal XRD reflections for nitrocellulose (ICDD no. 03-0114) [2]. Sb,Te,
on the other hand, does not show any significant diffraction peaks in this region.
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FIGURE 4.5 (a) The XRD pattern of Sb,Te, (1) before thermopower wave propagation,
(2) after adding nitrocellulose, and (3) after thermopower wave propagation. (b) The XRD
pattern of Bi,Te, (1) before thermopower wave propagation, (2) after adding nitrocellulose,
and (3) after thermopower wave propagation.
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Thus, the masking effect caused by the nitrocellulose layer only results in a general
decrease in diffraction intensity across its entire diffraction pattern. The XRD pat-
terns of the samples following consumption of the nitrocellulose are also shown
(Figure 4.5a and b [3]) and will be discussed later [8].

4.4.2 ResuLts AND DiscussioN

Figure 4.6 shows the schematic of the setup used for the thermopower experiments.
Ignition takes place at one end of this system and the reaction self-propagates to
the other end. A custom-made blow torch with a localized flame tip is used to initi-
ate the reaction. Samples with low mass of nitrocellulose or NaN; (masses below
15 mg/75 mm?) showed no sustained wave front propagation in any direction. Several
samples using different masses of the fuels were prepared and tested.

For both Bi,Te, and Sb,Te, systems, identical masses were used to ensure statisti-
cal comparison. Ignition at one end of the system, shown in Figure 4.6, results in an
accelerated self-propagating reaction wave that drives a simultaneous wave of free
carriers. This wave of carriers results in a flow of current and voltage across the
devices. The voltage signal exhibited a positive polarity for waves initiating at the
positive electrode for p-type Sb,Te, and the opposite polarity for the n-type Bi,Te,.
The duration of the output signal corresponds to the reaction time, thus enabling us
to calculate the reaction propagation velocity. Even in oscillatory mode, the thermo-
power waves always exhibit a constant polarity during the reaction, depending on the
direction of wave front propagation. This suggests that the wave passes through
the system faster than the cooling time of its posterior region [2,22].

FIGURE 4.6 Schematic of a thin film thermopower wave generation system.
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4.4.3 COMPARISON OF SB,TE;- AND Bi,Te;-BAsED THERMOPOWER DEVICES

4.4.3.1 Thermopower Devices Based on Al,O, Substrate

The thermal conductivity of Al,O; is much higher than that of Bi,Te; and Sb,Te;.
Both Bi,Te; and Sb,Te; films are comparatively thin (<10 um compared to the
~100 pm thick Al,O, substrate). Thus, we can assume that the Al,O; substrate will
dominate the thermal conduction process [2].

Figure 4.7(a, b) shows typical voltage measurements across the fuel/Sb,Te;/Al,0;4
and the fuel/Bi, Te;/Al,O; systems, respectively. The voltage profiles of Figure 4.7(a, b)
can be divided into an initial reaction phase followed by a cooling down phase. The
reaction phase consists of a rising voltage and continues until all the combustion fuel
is consumed.

This is followed by a region of exponential decay [15]. The voltage generated
depends on the sample mass, especially the amount of fuel used (which is a combi-
nation of nitrocellulose and sodium azide). Sb,Te;-based devices generated voltages
as large as 200 mV with oscillations in the range of 10—40 mV. On the other hand,
Bi,Te; devices generated voltages as large as 140 mV with larger oscillations gener-
ally within the range of 40—140 mV. Figure 4.7(a, b) also shows the difference in the
oscillation amplitudes of the Sb,Te; and Bi, Te, devices. The reason for the difference
in oscillatory behavior can be attributed to the larger thermal conductivity of Sb,Te,
(2.5 times that of Bi,Te;). Oscillation amplitude difference between the two devices
corresponds to the difference in thermal conductivities of the two materials. A larger
effective thermal conductivity means that the reaction will propagate faster, poten-
tially affecting the oscillation amplitude.
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FIGURE 4.7 Comparison of oscillations between Sb,Te;- and Bi,Te;-based thermopower
devices. (a) Oscillatory thermopower voltage signal for Sb,Te, device using Al,O; substrate.
(b) Oscillatory thermopower voltage signal for Bi,Te, device using Al,O5 substrate. We can
see that Bi,Te;-based devices exhibit amplitudes approximately three times larger than those
of Sb,Te;-based devices. The difference is similar to the variation in the thermal conductivi-
ties of Bi,Te; and Sb,Te,.
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The change in thermal conductivity affects the heat loss parameter as discussed in
Section 4.2. The higher thermal conductivity of Sb,Te; compared to Bi,Te; enhances
the heat transfer. Hence, faster combustion velocities are predicted for Sb,Te;-based
devices and the system is closer to the parameter values where oscillations in the
combustion occur. However, as the model is based on a one-dimensional average
over all the layers, the resultant changes predicted are not as dramatic as observed
in the experiments. Abrahamson et al. [15] have employed a similar averaged one-
dimensional model. They have solved their model numerically (rather than use
the asymptotic results that we have) with a set of estimated parameter values and
found corresponding results to those reported in this work, albeit for carbon nano-
tube-guided thermopower waves, which are on a smaller scale than the thin-film-
based devices.

The analysis of voltage and power as a function of mass shows an optimal mass
range for both Sb,Te,- and Bi,Te;-based devices (Figure 4.8a, b). A very low amount
of fuel does not generate enough heat to sustain the propagation of the exothermic
reaction. Too much fuel, on the other hand, may provide more heat energy, but the
unreacted accumulated fuel mass renders the reaction unsustainable [2]. As a result,
we observed an optimal mass range (22-26 mg for ~75 mm? samples) that sustained
the wave front propagation. Both types of devices exhibited well-matched trends in
terms of the relation between voltage and mass (Figure 4.8a).

Comparison of peak power versus mass for the two different materials is shown
in Figure 4.8(b). The peak power was determined using the equation

P= x’ 4.9)

in which P is the peak power in watts, V is the peak output voltage in volts, and R is
the resistance in ohms.

The resistance of the Sb,Te, films ranged from 6-12 Q, while Bi,Te, films’ resis-
tances were between 2 and 10 Q. The difference between the resistances can be
attributed to the larger electrical conductivity of Bi,Te;. Hence, we expect the power
output from Bi,Te;-based devices to be higher. Experimental observations show that
the peak power generated by Sb,Te,-based devices is ~6 mW, while Bi,Te;-based
devices on an average generate 67% larger power with the peak value of ~10 mW.
The resistance of the thermoelectric films remains almost the same even after the
end of the reactions. The resistance dependence on temperature is defined by the
following equation:

RT)=R,[1 + 0. (T-T)] 4.10)

where T is the temperature, 7, is the reference temperature, R, is the resistance at 7,,
and o is the temperature coefficient of resistivity of the material. Since Sb,Te; and
Bi,Te, are semiconductors, they exhibit negative temperature coefficient of resistiv-
ity [23,24]. Hence, it is expected that the resistance actually decreases during the
reaction propagation in our case.
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Additionally, the XRD pattern of the samples after the thermopower wave propaga-
tion, confirms that the structures of Sb,Te, and Bi,Te; remain unchanged (Figure 4.5a
and b [3]), as the peaks remain dominantly unaltered. The average wave front propa-
gation velocity for Sb,Te;-based devices was approximately 0.7 m/s compared to
~0.3 m/s average propagation velocity for Bi,Te;-based devices. Propagation veloci-
ties for Sb,Te,-based devices were generally 2-2.5 times higher than the velocity for
Bi,Te;-based devices (Figure 4.8c). This nicely corresponds to the difference in the
thermal conductivities of the two thermoelectric materials.

A higher thermal conductivity of the thermoelectric material provides an extra
path for heat conduction (i.e., the surface of the Sb,Te, film) in addition to the path
provided by the thermally conductive Al,O, substrate. This will consequently cause
the wave to travel faster on Sb,Te,, as the thermal wave generated from the exother-
mic reaction travels approximately 2.5 times faster than on Bi,Te;.

4.4.3.2 Thermopower Devices Based on Terracotta Substrate

The oscillatory behavior and wave front velocities strongly depend on the thermal
conductivity of the substrate. Terracotta has an identical thermal conductivity to
Bi,Te;. However, thermal conductivity of Sb,Te, is 2.5 times higher. Consequently,
we expect the rate of heat conduction for Sb,Te;-based devices to be approximately
2.5 times faster than for Bi,Te;-based thermopower devices.

Figure 4.9(a,b) shows the voltage signals obtained for Sb,Te,/terracotta and
Bi, Te,/terracotta systems, respectively. In line with our expectation, we can see that
the reaction propagation for the Sb,Te,/terracotta device is approximately three times
faster than the Bi,Te,/terracotta device. This endorses our explanation that the reac-
tion propagation velocity depends on the thermal conductivity of the material. The
voltages generated by both devices are comparatively low because a relatively high
thermal conductivity is essential for a sustained thermopower wave propagation and
to maintain a high reaction temperature [2].
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FIGURE 4.9 Comparison of thermopower voltage signals on terracotta substrates for
(a) Sb,Te, films; (b) Bi,Te, films.
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4.5 ZnO-BASED THERMOPOWER WAVE SOURCES

4.5.1 FasricaTioN oF ZNO THIN Fitms

The ZnO films were deposited using RF magnetron sputtering. A high-purity (99%)
ZnO sputtering target (Vin Karola Instruments) was used in the process. The sputter-
ing process was started after the chamber was pumped down to 2 x 10~ Torr. AL,O,
substrates were used after being adequately cleaned using acetone, isopropanol, and
distilled water successively and dried using a high-pressure nitrogen gun. The sub-
strates were kept at room temperature during the sputtering process. RF sputtering
power of 160 W was used throughout the deposition process. The sputtering process
was carried out under an atmosphere of 100% argon (Ar).

A sputtering time of 60 min resulted in ~1 pum ZnO layer. Adhesive conductive sil-
ver (Ag) paste (42469, Alfa Aesar) was used to make electrical contacts between the
copper tape electrodes and the ZnO samples. ZnO films exhibited a room tempera-
ture resistance of approximately 3 k€ [9]. However, as ZnO exhibits a relatively high
negative temperature coefficient of resistance, the resistance is considerably lower at
the reaction temperature. This property will be discussed later in the chapter.

4.6 RESULTS AND DISCUSSION

Zinc oxide, an N-type semiconducting oxide, is an outstanding candidate as the core
thermoelectric material for thermopower-based energy sources. ZnO exhibits a rela-
tively high Seebeck coefficient (approximately —360 uV/K at 85°C), which increases
with temperature, and a high electrical conductivity at elevated temperatures of
above 300°C (ZnO film resistance of 250 Q at 300°C—nhence, it is suitable for opera-
tion in thermopower wave sources), high thermal conductivity (15 W/m.K at 300°C),
and good chemical stability [25,26]. The temperature dependence of the Seebeck
coefficient and electrical conductivity is discussed in this chapter.

It has been shown that ZnO-based thermopower devices are capable of generat-
ing significantly larger voltages and oscillation amplitudes than previously reported
systems utilizing MWNTs, Bi, Te,, and Sb,Te, as the core thermoelectric materials.

The ZnO films were deposited on alumina (Al,O5) substrates using RF magnetron
sputtering. Previous work carried out on RF sputtered ZnO films shows that their
resistivity can vary up to eight orders of magnitude depending on the sputtering power
and the substrate temperature [27-29]. Consequently, a high sputtering power (160 W)
was used and no substrate heating was applied in order to synthesize crystalline and
electrically conductive ZnO thin films (~1.2 um). Nitrocellulose [C,Hg(NO,),05] was
used as the fuel, due to its large enthalpy of reaction (4.75 x 10° J/kg) [30]. Sodium
azide (NaNj5) in aqueous solution (50 mg/mL) was then added to serve as a primary
igniter to lower activation energy (40 kJ/mol for NaN; compared to 110-150 kJ/mol
for nitrocellulose).

Similarly to Bi,Te;- and Sb,Te;-based thermopower wave systems, ignition is ini-
tiated at one end using a blow torch with a fine tip, resulting in self-propagating reac-
tion waves that travel at a rapid pace to the opposite end. This accelerated reaction



122 Energy Harvesting with Functional Materials and Microsystems

100
‘Wave propagation < 175
0 >
. =2 =
S = 225 =
£ -100 2 °
~ Q
g L
E‘P_z()o ] iﬁg =275 =
s Cooling down 9]
> 4 ° L]
-300 g -325 ® Measured values
L
& mKim et al ¢
-400 v v v -375 - - v
7.5 8 8.5 9 9.5 25 45 65 85
Time (ms) Temperature ("C)

(a) (b)

FIGURE 4.10 (a) Oscillatory thermopower voltage signal obtained using the fuel/ZnO/
AlLO; device. (b) Measured and literature values of the Seebeck coefficient at different
temperatures [25].

wave entrains a simultaneous wave of electrical carriers, resulting in an oscillatory
voltage output.

A typical thermopower voltage signal obtained across a sample of the fuel/ZnO/
AL O; system is shown in Figure 4.10(a). The moving temperature gradient results in
voltages with peak magnitudes of up to 500 mV and oscillations with peak-to-peak
amplitude of up to 400 mV. The power obtained from these devices can be as large
as | mW.

Using the theoretical model presented in Section 4.2, we were able to predict
the oscillatory behavior and the propagation velocity of the thermopower waves
[10]. The theoretical analysis concluded that the oscillatory behavior and wave front
velocities strongly depend on the thermal conductivity. A change in thermal con-
ductivity affects the heat loss parameters of the system. It was demonstrated that a
higher thermal conductivity enhances the heat transfer through the thermoelectric
core, resulting in a proportional increase in combustion velocities. Consequently,
Sb,Te,-based systems exhibited combustion velocities that were almost 2.5 times
faster than the Bi,Te;-based devices, reflecting the difference in the thermal conduc-
tivities of the two materials [8].

Hence, based on the aforementioned analysis, it is expected that a higher thermal
conductivity of ZnO (~15.0 W/m.K) compared to Bi,Te; (1.0 W/m.K) and Sb,Te,
(2.5 W/m.K) would result in a faster wave velocity and larger oscillations. The veloc-
ity of the waves in our system was assessed using the duration in which the output
voltage exists. We have previously shown that the duration of the voltage signal cor-
responds to the reaction wave propagation time, which enables us to calculate the
linear propagation velocity of the thermopower waves [8,20]. A high thermal conduc-
tivity of the ZnO thermoelectric material provides an extra path for heat conduction
(i.e., the surface of the ZnO film) in addition to the path provided by the thermally
conductive Al,O; substrate. As a result, we initially expect the rate of heat conduc-
tion for ZnO-based devices to be approximately 15 times faster than for Bi, Te;-based
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thermopower devices. Propagation velocities for the ZnO-based devices were mea-
sured to range between 12 and 35 m/s, which was generally 15-25 times higher than
the velocities for Sb,Te;- (1.2 m/s) and Bi, Te,- (0.4 m/s) based devices demonstrated
previously [8,20]. This difference nicely corresponds to the variation in the ther-
mal conductivities of these materials and is in excellent agreement with theoreti-
cal expectations.

It has been previously shown that in a thin film thermopower system configura-
tion in which nitrocellulose is incorporated as the fuel, the reaction temperature
remains under 300°C [8,20]. As a result, the Seebeck coefficient and resistance of
the ZnO films within this range needed to be estimated. Kim et al. have shown that
the Seebeck coefficient of ZnO increases with temperature. In their work, it has been
demonstrated that the Seebeck coefficient of ZnO is approximately =300 pV K-! at
85°C [25]. The Seebeck coefficient of the ZnO films was measured to be approxi-
mately =360 uV K-! (Figure 4.10b). At 300°C, the Seebeck coefficient is expected
to be approximately —500 uV K! based on linear extrapolation [25]. It has been
reported that ZnO exhibits a negative temperature coefficient of resistance at temper-
atures up to 350°C [31,32]. The ZnO film resistance was measured at temperatures
of up to 300°C, and the value of the temperature coefficient of resistance is in close
agreement with Caillaud, Smith, and Baumard (approximately —3.5 x 1073/°C) [31].
At 300°C, the resistance was reduced to approximately 250  (from 3.4 kQ at room
temperature). Figure 4.11(a) illustrates the Raman spectra (indicated as “1”) of the
as-grown ZnO structure. The peaks observed at around 436 and 576/cm correspond
to the E, (high) and the dominant A, (LO) modes, respectively. The E, (high) is a
characteristic mode of the ZnO hexagonal wurtzite-type lattice [33]. The Raman
peaks after the deposition of nitrocellulose (spectrum “2” in Figure 4.11a) show the
presence of strong C—H and NO, bonds [34].

After the thermopower wave propagation, the C—H and NO, bonds disappear,
while carbon peaks appear on the Raman spectra (spectrum 3 in Figure 4.11a). The
exothermic reaction causes the C—H bonds to decompose, while carbon is left behind
as the residual product. The x-ray diffraction pattern in Figure 4.11(b) reveals that
the ZnO films are highly crystalline with a strong c-directional (002) preferred ori-
entation. Addition of nitrocellulose results in an acute reduction in intensity of the
25.3° 20 Al,O; substrate peak. This is because the 25.3° 20 Al,O, substrate peak
lies in the same region as the principal XRD reflections for nitrocellulose (ICDD
no. 03-0114). A general decrease in diffraction intensity due to the nitrocellulose
coating inhibiting x-ray penetration is observed [8]. The XRD pattern following
thermopower wave propagation shows strong ZnO peaks (Figure 4.11b), verifying
that ZnO remains largely intact at the end of the process.

Using AFM, the roughness of the ZnO films was determined to be approximately
250 nm (Figure 4.12).

It has therefore been shown that ZnO is excellent for application as a core mate-
rial for thermopower wave-based energy sources as it exhibits a high Seebeck coef-
ficient (-360 uV/K), electrical conductivity (250 Q resistance at 300°C), and thermal
conductivity (15 W/m.K) [25]. The aforementioned properties of ZnO resulted in a
highly oscillatory voltage output of the order of 500 mV and peak specific power of
the order of 0.5 kW/kg.
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FIGURE 4.11  (a) Raman spectra of (1) ZnO film, (2) nitrocellulose-coated ZnO film (m peak
denotes strong NO, bonds; ¢ denotes strong C—H bonds), and (3) after the reaction (o peak
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FIGURE 4.12 Samples of AFM images: (a) two-dimensional image of the ZnO film sur-
face; (b) three-dimensional profile of the ZnO film surface
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4.7 CONCLUSION

It has been shown that thermopower waves offer a truly unique method of scaling
down the dimensions of energy sources while maintaining high specific powers.
Thermopower wave systems appear to be an attractive technology for micro- and
nanoscale energy generation systems, as their efficiency and the energy discharge
rates increase with a reduction in dimensions.

Such systems therefore provide an excellent opportunity for future small size
sources that are compatible with low-dimensional electronics.

Furthermore, such systems currently use solid fuels for the exothermic chemical
reaction. Replacing solid fuels with liquid fuels can help integrate such sources with
micro- and nanofluidic platforms, making a novel combination. This will transform
the thermopower wave energy generation systems into a replenishable and sustain-
able energy generation technology.
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Abstract: The thin, flexible, and low-cost nature of polymer solar cells (PSCs)
makes them a suitable energy source for low-power consumption electronics.
Recent technological advances have considerably enhanced the power conver-
sion efficiencies and lifetimes of PSCs. This chapter presents an overview of
recent technological advances in PSCs, and their integration into large-scale
fabrication processes as well as their impact on the cost of the final products.
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5.1 INTRODUCTION

Our ever increasing global demand for energy and subsequent resource consumption
has emphasized a need for more efficient and sustainable power generation technolo-
gies. However, the largest roadblock to widespread adoption of any type of environ-
mentally sustainable energy is cost. As a result, continuous efforts in product and
process innovation are underway to increase affordability and availability of “green”
energy. Photovoltaics are perhaps the most attractive energy producers as the sun
is the most accessible and sustainable energy source found on Earth. Silicon (Si)-
based photovoltaics (PVs) can achieve high-power conversion efficiency (PCE) with
an average life span of 20 to 30 years, but their high manufacturing costs and rigid,
fragile structure discourage greater use. Currently, Si-PVs account for 13% of market
share in the global renewable energy sector and a mere 3% of the total global energy
generation sector [1]. In the last decade, several viable lower cost alternatives to
Si-PVs have been developed. These include a number of thin-film technologies such
as copper—indium—gallium-selenium (CIGS) PVs, dye-sensitized PVs, amorphous
silicon PVs, and organic polymer PVs.

One of the most important challenges in sensors and systems deployed in wire-
less, portable, or wearable applications is designing and selecting an appropriate
energy system. For most electronics, the energy required to power the microproces-
sor is negligible; however, the sensor and actuator elements may consume significant
amounts of power. In applications that require ultralightweight systems, such as
medical applications for remote care and home monitoring, often the primary energy
source is a battery that is substantially larger than the system it powers in order to
meet the requirements for wireless use.

Recent developments in biomedical devices demonstrate power consumption
measured in the milliwatt and even nanowatt range. Marzencki et al. [2] have pre-
sented a wearable wireless sensor system requiring 2.1 V operating voltage with
1.86 to 16.6 mW power used in conjunction with a mobile phone for data collection;
Xiaodan et al. [3] have reported on a 1 V sensor interface chip requiring a mere
450 nW of power. In order to take advantage of these devices’ small footprint and
flexible nature, a powering system that is comparably small and flexible is needed.
For wearable systems, in particular, the battery footprint becomes a very important
issue. Recent efforts to reduce this battery footprint along with increasing device
lifetimes and reliability have included supplementary power sources using solar
or mechanical energy harvesting. Integrated solar cells on outdoor wireless sensor
nodes and vibration energy harvesters used on automotive sensor units are some
commonly found examples. Assisted powering of autonomous electronic devices
with energy harvesting is a nontrivial challenge that requires the matching of func-
tion and environment, and, hence, there is no universal solution (e.g., photovoltaic
energy harvesting is not suitable for a subcutaneous implantable biosensor).

Of solar harvesting technologies available today, polymer solar cells (PSCs) offer
the most flexibility in manufacturing processes and, thus, ease of integration. With
thicknesses of the PV layers only in tens of nanometers, PSCs require very little
material and can potentially be recycled. PSC inks can be printed on thin, flexible
substrates, such as plastics, paper, metal siding, roofing tiles, etc., using roll-to-roll,
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TABLE 5.1

Cost Breakdown of Primary Materials for the Proposed Energy
Harvesting System Compared with Current Energy Harvesting
and Storage Devices

Raw Material  Processing/Overhead Total Cost
Materials ($/m?) ($/m?) Total ($/m?) ($/watt)
PSC: 23.40 23.08 46.48 <1.0
mc-Si? 208.00 135.50 343.50 2.34
Li ion battery® N/A 0.77

2 Kalowekamo, J. and Baker, E. (2009). Solar Energy 83:1224—-1231.
b Wee, J. (2007). Journal of Power Sources 173:424-436.

ink jet, spray coating, and many other scalable print-based manufacturing methods.
Recent advances in polymer solar cell technology have increased the PCE to higher
than 12% (Heliatek GmbH), and efficiencies could reach as high as 17% in the near
future [4]. Combined with the low costs of manufacturing, PSCs can potentially
offer a very attractive subdollar-per-watt figure and are anticipated to greatly surpass
silicon-based solar cells in both use and application range.

Despite their exciting outlook, a number of challenges hinder the commercial
use of PSCs. Stability of PSC organic molecules has been elusive and greatly limits
the lifetime and performance of PSCs. Oxygen, in particular, rapidly degrades the
photovoltaic function, requiring manufacturing to be run in an inert environment and
PSCs to be packaged in protective encapsulates. The primary focus of PSC research
today is to address challenges in overcoming high manufacturing costs due to the
need for specialized equipment, as well as performance issues that are limiting wide
use. An additional challenge in realizing the full potential of PSCs is that they must
be integrated with an efficient energy storage system that is as thin, lightweight, and
flexible as the PSC. Table 5.1 gives the cost estimates for the energy harvesting sys-
tem components in comparison to monocrystalline solar cells [5] and Li-ion batteries
[6]. The costs for PSC components assume roll-to-roll manufacturing and processing
in an ambient environment. The cost per unit area of producing the devices is well
below a dollar per square centimeter, and the cost per power generated is well below
that of state-of-the-art technologies available today.

This chapter reviews recent technological advances in PSCs, including novel poly-
mer materials and nano-optics. The integration of PSCs into large-scale fabrication
processes as well as their impact on the cost of the final products is also reported.

5.2 POLYMER SOLAR CELLS: THEORY CONSIDERATIONS
AND SURVEY ON EXISTING AND NEW POLYMERS
Classically, PSCs are made of a thin film of a semiconductor material inserted

between two electrodes, with one of the electrodes being transparent. The semicon-
ductor material is typically either a bulk-heterojunction (BHJ) blend or a bilayer of
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FIGURE 5.1 Schematic of (a) a standard PSC configuration, and (b) energy diagram under
flat band condition of a conventional P3BHT:PCBM PSC.

an active electron donor polymer and an electron acceptor polymer (Figure 5.1a).
Under illumination, excitons are created in the donor region. Due to the electric
field built by the mismatch of the Fermi levels of the two electrodes (Figure 5.1b),
the excitons are able to diffuse to the junction and separate into holes and electrons.
The holes remain in the donor, while the electrons are passed to the acceptor. It is
also common to have an interlayer made of a conductive material between the semi-
conductor layer and the anode in order to improve charge transfer to the electrodes
and, in some cases, to smooth the indium tin oxide (ITO) surface. Depending on the
configuration of the PSC, this interlayer is usually referred to as a hole collector or
an electron blocking layer.

To enhance the power conversion efficiency of a PSC, the quality and/or the nature
of the electrodes should be improved, and the ratio of the number of charge carriers
collected by the PSC to the number of incident photons should also be increased.
This ratio is known as external quantum efficiency (EQE) and gives the amount of
current density (J,,) that a PSC can generate under a certain light spectrum (®):

-4
Jo = e Ixx EQE(A)®@(L)d\ (GR))

where A, g, h, and ¢ are the wavelength, electron charge, Plank’s constant, and speed
of light in vacuum, respectively.

The reliance on ITO as a transparent electrode remains a key factor in the perfor-
mance of PSCs. More precisely, the trade-offs between conductivity and transmis-
sion, which depend highly on the method of deposition [7], as well as cracking and
release of destructive oxygen atoms into the active layer, are major problems inherent
to ITO [8]. Although transparent films of carbon nanotubes [9,10] or highly conduc-
tive polymers [11] have been proposed as replacements to ITO, the PCE of PSCs has
not been drastically enhanced.

Ideally, conjugated polymers should exhibit low bandgaps to broaden the absorp-
tion range and a crystalline structure to enhance charge mobility. Other factors, such
as the separation between the highest occupied molecular orbital (HOMO) of the
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donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor, play
a role in choice of the polymeric material used for PSC. The HOMO and LUMO
of the PSC semiconductor materials can be tuned by modifying their backbones or
side groups. The focus for low bandgap materials is mainly on those organic materi-
als with an absorption range extended into the infrared. It is evident that there is a
substantial gain in current density if the bandgap is decreased via an increase of the
cut-off wavelength from 650 to 1000 nm [12,13]. In theory, lowering the bandgap of
a polymer blend means increasing the strength of both the donor and the acceptor.
In practice, the latter can be achieved through use of electron-withdrawing groups
on the acceptor and electron-donating groups on the donor [12]. Some examples
of electron-withdrawing groups are chemicals such as CN, NO?, quinoxalines, and
pyrozines; examples of electron-donating groups are thiophene and pyrrole [12].

The use of bulk heterojunction configuration can further enhance the maximum
theoretical current density of the PSC. For a PSC to reach maximum power conver-
sion efficiency the open-circuit voltage (V) needs also to be considered [14]. The
latter can be achieved, for instance, by increasing the acceptor LUMO in combina-
tion with low bandgap materials. This process is referred to as energy level align-
ment, and the range of energy levels for the acceptor is usually fixed by the fullerene
materials. For poly(2-methoxy-5-ethylhexyloxy-1,4-phenylenevinylene) (MEH-PPV)
and PCBM, the alignment between the LUMO can result in an efficient charge
transfer. The charge transfer can become more efficient if MEH-PPV is replaced
with poly(3-hexylthiophene) (P3HT) since the difference in energy levels is higher
for P3HT compared to MEH-PPV, at the expense of a lower (V) [12]. Over the
past decades, a wide variety of electron donor materials that includes polymers and
small molecular compounds has been developed. P3HT is one of the most common
and widely used polythiophenes. The advantage of P3HT lies within the intrinsic
directionality property of the thiophene ring that allows regularity in the structure
where all the molecules can add in a head-to-tail fashion [12]. P3HT is a regioregular
polymer, with a maximum absorption wavelength varying with the percentage of
head-to-tail couplings, and is also dependent on the molecular weight.

The power conversion efficiency depends highly on how the polymer materials
are being deposited. The first generations of PSCs were based on a bilayer structure
in which the donor and acceptor materials were deposited on top of each other. In
this configuration, the charge separation occurs at the interface between the donor
and acceptor, which helps minimize carrier recombination. However, in a bilayer
structure, the charge transfer between two layers is limited by the low surface area
of the contact between the donors and acceptors. The limited donor—acceptor con-
tact can be solved by using bulk heterojunction materials where the donor and the
acceptor material are mixed together, creating a contact between the donor and
the acceptor throughout the bulk of the material. The contact surface area between
the donor and the acceptor is several orders of magnitude larger than that of the
bilayer systems. Currently, the best choices of materials for BHJ PSCs are a com-
bination of fullerene compounds with p-type polyconjugated polymers. For BHJ
P3HT:PCBM cells, PCEs near 5% have been achieved compared to only 1%-2%
PCE for the bilayer configurations [15,16].
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TABLE 5.2

Device Characteristics for New Polymer Materials
Materials J.. (MA/cm?) V,. (V) FF PCE  Ref.
PBDTTT-CF* 152 076 0.669 773 50
PCPDTBT® 16.2 062 055 55 5l
PCDTBT® 10.6 088 066 61 52
PBDTDTBT! 10.7 092 057 566 53
P3HT/IC60BA® 10.61 084 073 648 54

@ Poly[4,8-bis-substituted-benzo[ 1,2-b:4,5-b0]dithiophene—2,6-diyl-alt—
4-substituted-thieno[3,4-b]thiophene—2,6-diyl].

> Poly[2,1,3-benzothiadiazole—4,7-diyl[4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b:3,4-b"]dithiophene-2,6-diyl]].

¢ Poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl—
2,1,3-benzothiadiazole—4,7-diyl-2,5-thiophenediyl].

4 Poly[4,8-bis(2-ethylhexyl-2-thenyl)-benzo[ 1,2-b:4,5-b"]
dithiophene-alt-5,5"~(4",7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)].

¢ Indene-C60 bis-adduct.

Even though over the past decade P3HT has been established as the most effec-
tive electron donor for PSCs, new materials with longer absorption range have been
synthesized. Some examples of new polymers meeting the aforementioned criterion
are reported in Table 5.2.

P3HT:PCBM-based PSCs have been susceptible to rapid degradation when
exposed to an ambient environment. New materials such as PCDTBT have improved
PSC stability in air; however, the fabrication process still requires an inert environ-
ment to avoid oxygen and moisture trapping within the layers. Recently, PAHT:PCBM-
based PSCs, using an ITO anode and an indium metal cathode fabricated, stored, and
tested entirely in air without encapsulation, exhibited less than 10% loss in power
conversion efficiency after 200 days [17]. The fabrication process of indium-based
PSCs is depicted in Figure 5.2(a) and does not require any physical vapor deposition

Coating Polymer
ey 4

l Heat

In cathode E
-—

(2) (b)

@ r3uTPCBM
@ Indium
© Oxygen/Moisture

FIGURE 5.2 (a) Schematic of the fabrication process of indium-based PSCs, and (b) a
simplified diagram proposed model of indium interaction with oxygen atoms and moisture.
(Omrane, B. et al. 2011. Applied Physics Letters 4:263305.)
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system since the indium cathode is deposited using a heat-press system in air. X-ray
photoelectron spectroscopy shows that this improvement in ambient stability is
correlated with the diffusion of indium from the cathode into the active polymer
(Figure 5.2b). Diffusion and formation of In,O; within the P3HT:PCBM decreases
the amount of oxygen within the device available to oxidize the active polymer
layer [17].

5.3 POLYMER SOLAR CELLS: NANO-OPTICS
FOR ENHANCING EFFICIENCY

5.3.1 GRATING STRUCTURES

Subwavelength geometries and the generation of surface plasmon polaritons (SPPs)
is a rapidly developing area of research in photonics [18], recently targeting potential
applications for solar cells [19-23]. Maximizing the absorption of the incident light
in PSCs is the key to improving their efficiency. To optimize PSC cells, two consid-
erations need to be taken into account:

* Reducing the charge carrier transport paths by decreasing the active layer
thickness in order to reduce carrier scattering
* Increasing active layer thickness to promote higher photon absorption [24-26]

Light trapping is one of the techniques used for increasing the absorption of pho-
tons in PSCs. The structures or layers that cause the light to be reflected internally
can result in light trapping, which increases photon absorption and consequently
improves the power conversion efficiency of PSCs [24,27,28]. One of the reported
configurations for light trapping consists of a transparent polymer microprism with
V-profiled grating structures on the surface. The PEDOT:PSS and the photoactive
layer are sandwiched between the microprism substrate and the top electrode [24,28].
Figure 5.3 demonstrates the aforementioned structure.

Light trapping can also be achieved by using diffraction gratings within the PSC
cells. These structures can enhance and improve the power conversion efficiency of
the PSCs by increasing the absorption of the incident light [27]. In such configura-
tions, the optical system of the PSC cell consists of a waveguide (i.e., diffraction
grating) and a light guide (i.e., glass substrate). The refractive index of the substrate
material defines the paths for the propagating diffracted orders of the incident light
[27]. Niggemann et al. [27] report that the glass light-guiding effects are noticeable

Grating period

Top electrode

Photoactive layer

' PEDOT:PSS
Prism substrate

FIGURE 5.3 Schematic of a prism structure used to induce light trapping. (Adapted from
Niggemann, M. et al. 2008. Physica Status Solidi 205:2862-2874.)
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FIGURE 5.4 Schematic of a PSC with light trapping structures. (Adapted from Niggemann,
M. et al. 2004. Thin Solid Films 451-452:619-623.)

for wavelengths larger than 650 nm where the transverse electrical (TE) polarization
is absorbed by the active layer. Figure 5.4 depicts a PSC with a grating structure
where the substrate acts as a light guide.

The use of reflective structures in PSCs is widely suggested due to the importance
of light trapping effects for improving solar cells. Diffraction gratings not only can
diffract light, but also can reflect diffracted light back into the active area. The dif-
ferent refractive index of the polymer used in a PSC cell and air can also cause reflec-
tion of the outgoing rays of light at the air—polymer interface, which in turn increases
the chance of photon absorbance by the active layer of the cell [26,27]. In addition,
Dal Zilio et al. [26] showed that by implementing a microlens system to a PSC cell,
the efficiency can be improved by up to 25%. However, the presence of a reflective
layer should not be neglected [26]. Diffraction gratings can also increase the absorp-
tion for the wavelengths around 500 nm as well as the near infrared (NIR) region for
PSC using low-bandgap polymers. These types of polymers are known to have poor
light absorption around the aforementioned wavelengths [29].

5.3.2 SURFACE PLASMON AND PLASMONIC STRUCTURES

With recent advancements in nanotechnology-related fields, harvesting surface plas-
mons (SPs) [18] and fabrication of structures that induce surface plasmon resonance
(SPR) have become within reach for an easy integration with PSC [30]. This phe-
nomenon was theorized and later introduced as a way to improve the power conver-
sion efficiency of PSCs. This improvement is attributed to the enhanced optical field
caused by SP structures that significantly increase the light absorption in the active
polymer layer [31]. Diffraction gratings covered with a thin metallic layer not only
act as a waveguide but can also generate SPR from the incident light. The generated
SPR results in enhancement of the photoelectric conversion in the active layer, which
translates into an increase of the PSC short-circuit current [31]. In Figure 5.5, a basic
incorporation of grating coupled plasmonic structures in PSCs is illustrated.

Metal contact
PEDOT:PSS ——

Thin metal film (Au, Ag,...) ——

—— P3HT:PCBM

Grating structure

FIGURE 5.5 Schematic of a grating coupled surface plasmonic PSC.
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There are other methods in which SP contributes to the enhancement of PSC
power conversion efficiency. The PSC front electrode, which is typically made of
ITO, is known to be a poor electrode due to its non-negligible sheet resistance and its
tendency to degrade over time when in contact with acidic layers such as PEDOT:PSS
[32]. Although finding a suitable replacement for ITO with a similar optical transpar-
ency and better conductivity has been challenging, the discovery of extraordinary
optical transmission (EOT) through arrays of nanoholes by Ebessen [32] opened up
the way to new promising candidates based on a thin metallic layer exhibiting SPR.
The intensity of the electric field at the boundary of the nanoapertures (when light is
passing through) is at its maximum and this extraordinary phenomenon can be used
to enhance the light absorption of the materials within the perimeter [32,33]. Reilly
et al. [32] have demonstrated that 30-nm thick Ag film populated with nanoholes of
92 nm in diameter improves the incident photon-to-current conversion efficiency
(IPCE) by 50% compared to 130-nm thick ITO film. It should be noted that the plain
30-nm thick Ag film had demonstrated 20% less IPCE in Reilly’s experiment. This
improvement in efficiency is thought to be the result of the portion of photons that
have been coupled to the surface of the metal, but could not transmit into the far
field, yielding an increase in the overall absorbance [32].

Enhancement of PSCs by the incorporation of SP is not limited only to metallic
nanogratings or thin film of nanohole arrays. The SP can also be generated in metal-
lic nanoparticles (NPs), and due to their small dimensions, NPs can be easily used
within the active polymer layer [34,35]. The presence of metallic NPs in the active
layer not only increases the light absorption via SP generation, but also contributes
to light scattering, which can serve as a light trapping structure within the cell [35].
The diameter of the NPs and the absorption efficiency are directly correlated, and
it was shown that the larger metallic NPs improve the light absorption of the active
layers [35]. Vedraine et al. [35] used numerical calculations to show that the spacing
between the incorporated NPs also affects the absorption. Smaller spacing reduces
considerably the absorption due to the reflection occurring at the surface of the NPs,
preventing the light from reaching the active polymer layer [35].

The NPs are known to induce a localized plasmonic resonance (LPR), whereas
the nanohole arrays and nanogratings on thin metallic film induce SPR [34]. The
incorporation of these two types of resonance with narrow but yet different reso-
nance wavelengths can considerably enhance the efficiency of PSCs by extending
the absorption bandwidth in the active layer [34]. In a PSC depicted in Figure 5.6
a metallic grating and NPs were used. The metallic grating is used to enhance the
power conversion efficiency by inducing SPR, but also acts as a back reflector that
satisfies the light trapping strategy. The LPR is achieved by the NPs within the active

—ITO
Au Nanoparticles ———_

Ag layer

Grating structure

Substrate

FIGURE 5.6 Schematic of a dual plasmonic (LPR and SPR) configuration used in a PSC.
(Adapted from Li, X. et al. 2012. Advanced Materials 24:3046-3052.)
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layer. Device configurations similar to Figure 5.6 have shown power conversion effi-
ciency as high as 8.79% for a single junction polymer-fullerene-based BHJ solar
cell [34].

5.3.3 QuanTtum Dors

Apart from plasmonic structures, other techniques such as quantum dots (QDs) have
been used to enhance PSC efficiency. Depending on their sizes and dimensions,
QDs can increase the absorption of light in the active layers and lead to improve-
ment of the power conversion efficiency [36]. The photoactive polymer in PSC cells
is unable to absorb the NIR portion of the spectrum; therefore, the effective spec-
tral range is limited to the visible wavelengths. However, this effective range can
be expanded with the help of QDs [36]. It was shown that the changes in size and
geometry of QDs can affect the charge separation efficiency of these nanoparticles,
and this unique property can be used to extend the range of spectral absorption of
PSCs [36]. Inorganic QDs such as CdSe are good electron acceptors and are used to
enhance the charge transport within the device [37]. These QDs can be incorporated
to interlayers such as Cs,CO; and MoOj; to modify the work function and improve
the power conversion efficiency [37]. It was also shown that the incorporation of
a CdSe QD layer can prevent Cs from diffusing from the interlayer into the active
layer. QDs such as CdSe, CdTe, and PbTe are commonly used in PSCs, but despite
their positive optical effects, ideal multiple carrier generation, and their low cost,
these materials are extremely toxic and hazardous, which prevent them from being
used in devices for large-scale manufacturing [38]. Graphene QDs (GQDs) can be
a suitable substitute for the aforementioned QDs since their bandgap and, therefore,
their optical properties are inversely proportional to their size [38].

5.3.4 INVERTED STRUCTURE

BHJ PSCs have shown a great potential for reaching power conversion efficiency in
the vicinity of 8% using a combination of SP structures in an inverted PSC [34]. The
advantage of the inverted structures is a good ohmic contact that provides a better
charge-carrier collection within the active layer. It also prevents the acidic interlayer
from direct contact with the ITO [39]. In an inverted structure, the ITO cathode is
modified by n-type metal oxides or carbonates such as titanium oxide or caesium
carbonate [39]. In this configuration, the use of PEDOT:PSS and low work function
metal cathode is avoided. The top electrode enables a vertical phase separation in the
active layer and is self-encapsulated by air-stable metals [39]. The achieved power
conversion efficiency reported by inverted devices is much higher than the conven-
tional structures used for PSCs; consequently, power conversion efficiencies greater
than 10% can potentially be accessible in the near future.

Recently, He et al. [39] reported an inverted PSC structure with an efficiency of
9.2%, using a poly[(9,9-bis(3"-(N,N-dimethylamino) propyl)-2,7-fluorene)-alt-2,7-(9,9—
dioctylfluorene)] (PFN) as the ITO surface modifier and a blend of [6,6]-phenyl C71-
butyric acid methyl ester (PC,;BM) and thieno[3,4-b]thiophene/benzodithiophene
(PTBT7), which is a replacement for conventional P3HT. Figure 5.7 depicts the PSC
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FIGURE 5.7 Schematic of an inverted PSC configuration with a MoO, as an interlayer.
(Adapted from He, Z. et al. 2012. Nature Photonics 6:591-595.)

configuration used by He et al. The reported fill factor and the short-circuit current
density (J5) were 69.99% and 17.46 mA/cm=, respectively [39].

5.4 MANUFACTURING TECHNIQUES: FROM SMALL-SCALE
TO LARGE-SCALE PRODUCTION

One of the advantages of PSC technology when compared to traditional silicon-based
solar cells is the exceptionally low initial capital investment required in specialized
equipment and installation, and subsequently lower fabrication costs. Production of
silicon photovoltaics remains based on silicon and integrated circuit (IC) processes,
despite being costly and energy intensive. Compared to PSCs, Si-PVs have much
higher associated material costs and lower production volumes; they require ultra-
clean environments, high-temperature processing, and vacuum-based systems. In
contrast, PSC technology takes advantage of commercially available equipment and
low-temperature processes; they have shown the potential for in-air manufacturing
and the upscaling of small-scale fabrication methodologies into large scale to reduce
fabrication and material costs as well as capital investment. This section reviews
manufacturing techniques commonly used at the laboratory scale and introduces
processes required for large-scale manufacturing of PSCs.

5.4.1 SpIN COATING, SCREEN PRINTING, SPRAY COATING, AND INK-JET PRINTING

Among research laboratories, spin coating remains a widely used technique to
deposit thin polymer films over flat surfaces with an unmatched precision over the
thickness. Spin coating relies on centrifugal force to spread the polymer solution
uniformly over the substrate. Films as thin as tens of nanometers can be achieved by
choosing the appropriate viscosity, contact angle, and spin rate.

Screen printing is a commonly used industrial technique for fast and inexpensive
deposition of films over large areas. In screen printing, the polymer ink is poured
onto the screen and forced through the openings of the mesh by means of the move-
ment of a blade or squeegee, as shown in Figure 5.8. Screen printing requires ink
with viscosity 10 to 100 times higher than any other coating technique. Although the
fabrication of PSCs by screen printing has been demonstrated [40], the low viscosity
of the polymer inks makes it very challenging to control the thickness of the active
polymer at the submicron scale.
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FIGURE 5.9 (a) Schematic of a spray coating setup, and (b) a PSC panel fabricated by spray
coating at CiBER Labs (Simon Fraser University) using IIDIME Technologies Corp. technology
(US Patent Application 12/954614) of indium-based cathode for PSC stability improvement.

In spray coating, the polymer ink is atomized by the action of mixing the ink with
compressed gas through the spray gun, creating small droplets of approximately one
to tens of microns that are expelled toward the substrate, as shown in Figure 5.9(a).
To obtain sufficient film morphology and uniformity, the droplets should dry upon
impact with the surface. The thickness of the obtained film depends on several vari-
ables, including the viscosity of the polymer ink, the distance of the spray gun from
the substrate, the surface roughness of the substrate, the surface temperature of the
substrate, the flow rate in the spray gun cavity, and the compressed gas pressure.
Although thin films can be obtained by spray coating, the resulting surface mor-
phology is generally rough and prone to defects. Several research laboratories have
demonstrated the effectiveness of this technique [41], including CiBER Labs (Simon
Fraser University, Canada) with support provided by IIDIME Technologies Corp.
(US Patent Application 12/954614) in conjunction with an indium-based cathode for
PSC stability improvement (see Figure 5.9b).

Industrial ink-jet printing is a relatively new technology with notable limitations
in ink formulation and speed. The two basic methods for droplet formation and con-
trol are continuous (CIJ) and drop-on-demand (DoD) systems. CIJ printing is one of
the earliest ink-jet technologies and operates in a continuous stream mode, making it
a fast ink-jet method but lacking high-quality printing. In DoD systems, the droplets
are created by the fluid displacement generated by the deformation of a piezoelectric
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FIGURE 5.10 (a) Schematic of DoD operation (i: not actuated and ii: actuated). (b) A
DoD ink-jet printer, Fujifilm Dimatix 2800 at CiBER Laboratory (Simon Fraser University,
Canada).

actuator upon an applied electric pulse as depicted in Figure 5.10. By controlling
the frequency and voltage, the droplet generation can be precisely adjusted, and the
effectiveness of this technique has been demonstrated by several research groups
[42,43]. Successful ink-jet printing of polymer solar cells requires the development
of inks that dry sufficiently slowly, in combination with a printing scheme that fires
narrowly spaced droplets to make single pixels coalesce over a reasonably large area
before drying.

A summary of the advantages and disadvantages of each of the small and medium
fabrication techniques is reported in Table 5.3.

5.4.2 Rotl-to-RoLL PRINTING

Roll-to-roll (R2R) manufacturing is a process widely used to print polymer inks on
flexible plastics or metal foils through a series of rolling cylinders at high speed in a
large production volume. Typically, R2R processing refers to a combination of two
or more of the techniques mentioned in this section.

Doctor blading is a coating technique commonly used in conjunction with R2R
processes. In doctor blading, an excess of polymer ink is poured on the substrate,
and a blade is used subsequently to disperse the polymer ink uniformly on the sur-
face, as shown in Figure 5.11. Depending on the separation between the blade and
the substrate, the desired thickness can be achieved. Other variables affecting the
film formation are the viscosity of the ink, the rolling speed, and the temperature of
the substrate.

Slot-die coating is another R2R-based printing technique where the ink is
pumped through a coating die/applicator with defined slots. The dimension of the
slot, the pump speed of the ink, the distance of the die from the substrate, and the
rolling speed define the thickness of the wet layer, as shown in Figure 5.11(b). This
coating technique has been demonstrated as a feasible suitable candidate for PSC
fabrication [44].
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TABLE 5.3
Advantages and Disadvantages of Small- and Medium-Scale
Fabrication Processes

Fabrication Method ~ Advantages Disadvantages

Spin coating ¢ Excellent thickness control ¢ High material waste
Homogeneous film
Low viscosity
Thin layers

Limited size

Not patternable
Flat surfaces only

Screen printing High solids content Poor resolution

Thick layers
Low-cost pattern change e Low speed

Low printing pressure Ink drying takes a long time
Large-area application

Screen blocking

Spray coating e Large-area application e Moderate waste
e Low-cost pattern change ¢ Generation of vapors
¢ Noncontact ¢ Relatively low resolution
e Thin layers ¢ Nonuniform films

Low-viscosity inks
Curved substrates possible

Ink-jet printing  High resolution « Stringent ink properties
* Noncontact * Noncontinuous print
 Thin layers ¢ Limited ink reservoir
e Low-viscosity inks
* Low waste

Low-cost pattern change

Printing
Coating die cylinder

!; Deposited film

Substrate Doctor
blade

Ink

Doctor blade

Accumulated
ink Substrate
Printed

Substrate pattern

Form cylinder

Ink tray

(@) (b) (©

FIGURE 5.11 Schematic of (a) doctor blading coating, (b) slot-die coating, and (c) gravure
printing.

A third technique commonly used for R2R manufacturing is known as gravure
printing. Here a pattern is engraved in the form of very small cavities in a metal-
lic cylinder; upon contact with a large reservoir of ink, the engraved cells on the
cylinder are filled with a small volume ink to be applied to the substrate. A doctor
blade is used to remove any excess of ink on the cylinder prior to application on the
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FIGURE 5.12  Schematic of (a) offset lithography printing, and (b) flexographic printing

substrate. During the imprinting step, the polymer ink is transferred from the cells to
the substrate by a combination of surface tension and pressure applied on the print-
ing cylinder as illustrated in Figure 5.11(c). The successful use of gravure printing for
fabrication of PSCs has been reported previously [45,46].

Other large-area, high-volume fabrication techniques include offset lithography
and flexographic printing, both illustrated in Figure 5.12. In offset lithography, sur-
face wettability is used to control precisely the location of the polymer ink on the
substrate. On the other hand, flexographic printing works in a similar way to gravure
printing, with the exception that the flexible plate is mounted to a cylinder surface
and is typically made from rubber (Table 5.4).

Roll-to-roll-based processes have a number of challenges that must be addressed
before industrial-scale manufacturing of PSCs can be successful. For instance, the
deposition of metal cathode requires physical vapor deposition and a highly con-
trolled environment to prevent contamination of the interface between the cath-
ode and the active layer, as well as potential oxidation of the metal. Silver-based
pastes have been proposed as an alternative due to their ease of integration into the
roll-to-roll process; however, conductive silver inks are a relatively new technol-
ogy, and many silver-based inks require curing temperatures above the annealing
temperatures of the polymer inks. Indium-based cathodes [17], for instance, can be
deposited using a heat press or a slot die, which allows an easier integration into
roll-to-roll processes. However, this technique has not yet been shown beyond the
laboratory scale.

Nano-optics integration for industrial-scale fabrication processes presents even
more challenges. For example, conventional direct writing nanofabrication tools
such as focused ion beam or electron beam lithography are not compatible with stan-
dard R2R techniques and, in general, exhibit very slow throughput. However, recent
work has shown that these state-of-the-art tools can be used to fabricate robust metal
stamps that may be integrated into R2R processes via UV casting or hot embossing
techniques [30].
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TABLE 5.4
Advantages and Disadvantages of Large-Scale Fabrication Processes
Fabrication Method  Advantages Disadvantages
Doctor blading « Simple operation principle * High-viscosity inks

* Homogeneous films * Not patternable

« Continuous coating * Frequent cleaning and sharpening
Slot die coating ¢ Continuous coating  Limited patterns

¢ Contact free * Die clogging

¢ Low material waste * High-viscosity inks

¢ Precise ink application * Complex cleaning and die change
Gravure printing  Simple operation principle » Expensive printing cylinders

 High resolution * Solid tones reproduced via ink

¢ Low-viscosity inks spreading

¢ High speed and throughput * Missing dots
¢ Excellent solvent resistance * Smooth and compressible substrate
¢ Precise ink application

Offset lithography  High resolution and speed * Ink—water balance
printing ¢ Low-cost printing plates e Water limits the choice of materials
¢ Versatile printing process * High surface strength of the substrate
¢ No excessive spreading * Rough ink layer
¢ Waterless process possible * Complex process

* High pressure

Flexographic ¢ Accurate and adjustable ink ¢ Poor print resolution and register
printing transfer e Low printing speed
¢ Low-cost printing plates « Difficult to print solid tones and
¢ Wide range of substrates details via the same printing unit
* Low nip pressure * Poor solvent resistance of the plates

5.5 MANUFACTURING COST ANALYSIS
FOR POLYMER SOLAR CELLS

Successful commercialization of an innovative product requires early viability
assessment [47]. The investment methodology for new materials (IMM), established
by Maine and Ashby [47], offers a guide on assessing research and product devel-
opment directions. The first step to evaluating a technology is its viability, which
involves assessing the technical performance, production cost, and market value.
While the technical performance has been discussed in earlier sections, this sec-
tion focuses on understanding the manufacturing cost of polymer solar panels and
thereby assessing the viability of the technology.

A manufacturing cost analysis is essential to evaluating cost efficiency of manu-
facturing polymer solar panels and determining their price competitiveness against
conventional silicon solar panels. The technical economic cost model is a cost analy-
sis methodology developed to model cost structures more effectively by relying less
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on historical data, past experiences, and specific accounting practices [48]. In con-
trast, a technical economic cost model accounts for how changes in process control
variables influence production rates and how changes in output volume affect relative
cost of capital equipment, labor, raw materials, etc. Over the past 20 years, technical
economic cost models (sometimes referred to as process-based models) have been
utilized to compare manufacturing processes for novel technologies. These analyses
are critical since manufacturing cost is a key element in considering an addition to
new or improved performance attributes in any technology. For example, a manu-
facturing process may only be cost competitive on a low annual production volume,
while losing this advantage at larger annual production volumes.

In general, a technical economic cost model consists of the following components:

1. Process input: working hours per day, working days per year, production
rate, machine downtimes, wage rate, and product lifetime

2. Variable costs: raw materials, direct labor, and energy

3. Fixed costs: equipment purchase, manufacturing facility rental, fixed over-
head, maintenance, tooling, working capital

Conducting a manufacturing cost analysis for polymer solar cells allows identifi-
cation of an economically feasible process for scaled-up manufacturing. This analy-
sis involves defining a manufacturing process for each of the following three types
of production methods: batch, semicontinuous, and continuous. A batch production
process requires less capital investment, but yields a smaller maximum annual produc-
tion volume. A semicontinuous process requires more capital investment in automated
production equipment, but yields a larger maximum annual output. Adoption of a
continuous process requires a huge capital investment in fully automated equipment
for roll-to-roll production, but the maximum annual output is also at larger scale.

Two major cost drivers for manufacturing scale-up are raw materials and direct
labor, while other cost components in the technical economic cost model are less
significant. The cost breakdown for the three production methods is as follows:

Batch Semicontinuous  Continuous
Raw materials ~ 49%—-75% 71%-94% 68%—-97%
Direct labor 0.04%—-17% 0.1%-20% 0.1%-22%
Others Less significant ~ Less significant Less significant
Total 100% 100% 100%

In all three manufacturing processes, it is evident that the cost of raw materials is
the largest cost driver among all cost components. In the batch production process,
cost of raw materials represents 75% of total production cost at small production
volumes (i.e., 3 MW) annually. As production volume increases to 30 MW and then
300 MW annually, cost of raw materials reduces to only 49% with the batch process.
In the semicontinuous process, cost of raw materials ranges from 94% in smaller
production volumes to 71% in larger production volumes. Finally, in the continu-
ous process, cost of raw materials ranges from 68% to 97% of total production cost,
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depending on the level of production. Direct labor cost represents a distant second
important factor in determining manufacturing cost.

The manufacturing process of choice would depend in large part on the pro-
duction demand of the entity and how much capital is available for investment in
manufacturing equipment. Recent technological advances have warranted continued
research to improve performances of polymer solar panels. The attributes that are
key to improving overall performance include higher power conversion efficiencies
and increased lifetime of the polymer solar cells. For instance, CiBER Labs (Simon
Fraser University) is conducting research on integrating nanoscale structures into
PSCs to potentially enhance their performances. Higher power conversion efficien-
cies will increase energy production capacity of a manufacturing process, thereby
reducing the unit manufacturing cost of power produced.

In addition to technical performances, the price of raw materials such as the poly-
mer inks/powders used in the functional layers of polymer solar cells is also crucial
to the unit manufacturing cost. With improvements in technical performance, the
manufacturing cost of polymer solar panels is expected to decrease in the coming
years. By assuming that all cost components remain the same, the authors are work-
ing toward an improvement of power conversion efficiency to 60 W/m? and life-
time to 2 years, which would ultimately match the cost of conventional silicon solar
panels. While they are still in early stages of development for large-scale, low-cost
manufacturing, polymer solar technology is potentially a very low-cost option for
flexible renewable energy due to its low material usage, low processing cost, and low
installation cost.
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6.1 INTRODUCTION

Polymer solar cells (PSCs), a potential green energy source, are under intense
investigation in both academic and industrial sectors [1-12]. To overcome today’s
energy issues, utilization of the ubiquitous solar energy has become a promising
idea worldwide [13]. At present, inorganic photovoltaics (PVs) are the dominant
technology in the market. However, high material and manufacturing costs limit
their wide acceptance. Organic photovoltaics (OPVs) provide promise as a low-cost
technology due to their advantages of light weight, mechanical flexibility, and mass
production by roll-to-roll solution processing. Significant progress has also been
made in the production of organic light-emitting devices (OLEDs) and realization of
thin-film transistors (TFTs) [14,15]. Intense research has been carried out to obtain
high-efficiency, stable, low-cost, and high-speed production of organic solar cells
[16]. Current research on synthesis of new narrow bandgap materials to absorb a
broader range of the solar spectrum [17], optimization of phase segregation in the
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FIGURE 6.1 (a) Normal and (b) inverted structure polymer solar cell configuration.

bulk heterojunction (BHJ) layers [18], interfacial modification for better charge car-
rier collection [19,20], design of novel configuration, and improvement in processing
[18] have dramatically increased the efficiency and lifetime in recent years.

Regular device structure, as shown in Figure 6.1(a), with low work function metal
as the top electrode is generally used to fabricate polymer solar cells [21,22]. Work
functions of electrodes (anode and cathode) should be aligned with the highest occu-
pied molecular orbits (HOMOs) of donors and the lowest unoccupied molecular
orbits (LUMOs) of acceptors for effective charge collection. For this purpose, low
work function metals have been chosen as cathodes for effective matching with the
LUMO of the acceptor [23,24]. With regular device structure, power conversion effi-
ciencies (PCEs) for bulk heterojunction PSCs have been over 8% [25]. However, this
device structure has some disadvantages:

1. Need of a high vacuum to deposit the top metal electrode, which is not suit-
able for mass production by roll-to-roll processing [26]

2. Low lifetime due to degradation of cells in air

3. Inherent vertical phase segregation in the polymer active layer [27,28]

To overcome these limitations, inverted configuration has been used widely in
recent years; this involves high work function metal or metal oxide as the top elec-
trode (anode) and low work function metal as the bottom electrode (cathode), as shown
in Figure 6.1(b). This structure reverses the nature of charge collection as compared
to regular structure devices. This higher work function top electrode (metal oxides
and metal) protects cells from damage by moisture and oxygen in air, enabling the
ideal roll-to-roll processing and high stability [28,29]. High and low work function
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electrodes as anode and cathode that are commonly used are silver (Ag) or gold (Au)
and indium tin oxide, (ITO), respectively [30-33]. Furthermore, utilization of the
inherent vertical phase separation in the active layer enhances the efficiency [27].
Various n-type transparent oxides including ZnO, TiO,/TiO,, Cs,CO,, and Nb,O;
are used as an interfacial layer to collect electrons efficiently [29,33-38]. Conjugated
semiconducting electrolytes and self-assembled functional molecules have recently
drawn attention as surface modifications of ITO and even replacing the transpar-
ent conducting oxides for inverted device structure [19,20]. A very thin layer of
these materials is deposited to ensure high transparency so that sufficient light gets
absorbed by the active layer. Similarly, p-type oxides such as NiO,, VO,, WO,, and
MO, are used between the active layer and the top metal as anodic modification to
collect holes efficiently [39-44].

Effectiveness of these materials also depends on the electrode work function and
active layer materials. So selection of interfacial layers should support an ohmic con-
tact between electrodes and active material. In 2006, Li et al. [31] demonstrated that
relative positioning of two interfacial buffer layers; that is, vanadium oxide (V,0O;)
and cesium carbonate (Cs,CO;) can alter the polarity of a solar cell. V,O5 was used as
the hole injection layer and Cs,COj; as an electron injection layer. Utilizing V,0O5 and
Cs,CO; interfacial layers, both regular and inverted polymer solar cells can be made
[31]. In 2009, Krebs, Gevorgyan, and Alstrup [45] demonstrated inverted device geom-
etry with substrate/ITO/ZnO/poly(3-hexylthiophene) (P3HT):fullerene derivative
[6,6]-phenyl C61 butyric acid methyl ester (PCBM)/poly(3,4-ethylene dioxythiophene
doped with polystyrene sulfonate) (PEDOT:PSS)/Ag and compared its performance
with a regular structure device of substrate/ITO/PEDOT:PSS/P3HT:PCBM/Al. For
both structures, power conversion efficiency reached 2.7% under ambient conditions
(AM1.5G, 1000 Wm2, 40% =+ 5% relative humidity). Furthermore, they transferred
the inverted device model to a full roll-to-roll process. A flexible substrate, polyethyl-
eneterephthalate (PET), was coated with ITO. After converting the ITO layer into
stripes, the ZnO layer, active layer, and PEDOT:PSS layer were deposited using a slot-die
coating. Then silver paste was coated on the top using a screen printing technique [45].

6.1.1 THEORY OF THE ORGANIC SOLAR CELL

OPV devices are based on carbon-based organic semiconductors in which charge
transport is mainly by the delocalization of electrons along conjugated polymer
backbones [16]. Carbon atoms are sp? hybridized and form three sigma bonds with
neighboring atoms. The fourth orbital (P,) is perpendicular to the plane of sp? orbit-
als. Delocalization of the charges in organic semiconductors is due to the overlap-
ping of the P, electron wave functions [46]. Upon light illumination, photons are
absorbed by an active layer and electron—hole pairs are generated as excitons. Unlike
inorganic semiconductors, organic semiconductors have a relatively low dielectric
constant (€, = 2—4). This causes the coulombic interaction between electron and hole
to be strong and form tightly bonded excitons. Typical binding energy of Frenkel
exciton is around 0.3-1.0 eV [13,47].

Effective conversion of light into electricity depends on several steps: (1) absorp-
tion of photons to create excitons, (2) diffusion of excitons to interface, (3) dissociation
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of excitons into free charges, and (4) charge transport to respective electrodes. The
absorption efficiency (1,) depends on absorption spectra of organic materials, film
thickness, and device architecture [48]. For donor—acceptor-based devices, light is
mainly absorbed in donor material (i.e., a conjugated polymer). Since the absorption
coefficient of organic materials is high (typically exceeding 10° cm™ [49]), a very low
thickness of 100-300 nm is sufficient for efficient light absorption. Improved absorp-
tion efficiency can be achieved by utilizing low bandgap materials [50]. In addition,
tandem device structures combining two or more subcells with complementary
absorption bands can be used to harvest a broader spectrum of solar radiation [51].

Once excitons are generated, they diffuse toward the interface. The exciton dif-
fusion efficiency (ngp) mainly depends on the exciton diffusion length (L) and
donor—acceptor interface. Typical exciton diffusion length in conjugated polymers
is ~4-20 nm [52,53]. If the distance between exciton generation location and donor—
acceptor interface (L) is larger than L, then excitons will decay through radiative
or nonradiative recombination before reaching to the interface. L, is equal to (D7),
where D is diffusion coefficient and 7 is exciton lifetime [54]. Strong electric fields are
needed to dissociate the excitons, which can be supplied through externally applied
electric fields or through interfaces. Since, at interface, change of potential energy is
tremendous, it acts as a local strong electrical field for exciton dissociation [53]. The
exciton dissociation (or charge transfer) efficiency (n.;) depends on the donor—acceptor
LUMO offset and/or internal electric field at donor—acceptor interface, which should
exceed exciton binding energy [55,56]. Photophysics study of conjugated polymers
in solar cells has shown that photo-induced charge transfer from donor to acceptor is
ultrafast within 100 fs [57]. Similarly, the charge collection efficiency () depends
on the morphology and mobility of the active layer. The mobility has an impact on
carrier extraction and losses through recombination [58]. Thus, the overall efficiency
of current generation under incident light (i.e., external quantum efficiency (Ngqg)) can
be calculated as Ngee(A.V) = Ny(M)MepNer(V)Nec(V), where V is the voltage across
the cell and A is the wavelength of incident light [48]. In addition, other parameters
that determine the cell efficiency are short circuit current (J,.), open circuit voltage
(V. ), fill factor (ff), series resistance (R,), and shunt resistance (R,) [24].

6.2 NORMAL STRUCTURE SOLAR CELLS

At early stages, most organic solar cells, including single layer, bilayer, and bulk het-
erojunction devices, were fabricated using normal device structure by sandwiching
photoactive layers between two electrodes. Generally, higher work function electrode
ITO served as the anode and the low work function electrode Al as cathode [59]. For
example, normal device structure of [ITO/PEDOT:PSS/polymer:PCBM/Al uses ITO
to collect holes and Al to collect electrons. The PCEs of single layer solar cells with
pure conjugated polymers were very small, in a range of 103% to 10-'% [57]. In
1986, Tang demonstrated a two-layer organic solar cell using two conjugated small
molecules: copper phthalocyanine (CuPc) and a perylene tetracarboxylic derivative
[60]. Although the power conversion efficiency was low (around 1%), it was a mile-
stone for the development of organic solar cells using donor—acceptor blends. Much
work was then done to improve the performance of the bilayer organic solar cells.
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However, efficiency of organic solar cells with both a single layer and bilayers
was limited by exciton diffusion length and the area of donor—acceptor interface.
The planar junction concept provides a very small interfacial area of donor—acceptor
interface, limiting dissociation of excitons and hence photocurrent generation [61].
This problem was drastically solved by the introduction of a new concept known as
“bulk heterojunction.” This concept includes mixing of donor and acceptor materi-
als so that both interpenetrate each other, forming large donor—acceptor interfacial
area for exciton dissociation. In addition, it provides the nanoscale bicontinuous per-
colated pathways for charge transport [46,57,61]. The BHJ structure showed a great
advantage over single layer or bilayer structures as excitons can dissociate effectively
throughout the active layer, generating comparatively large numbers of free elec-
trons and holes. It was first demonstrated by Hiramoto, Fujiwara, and Yokoyama via
coevaporation of donor and acceptor molecules under high vacuum [62,63]. However,
the first efficient bulk heterojunction polymer solar cells were shown by researchers
in 1995 using polymer—polymer and polymer—fullerene blends [61,64]. Fullerene has
become the dominating electron acceptor as it has high electron affinity and capabil-
ity of charge transport [57]. Regular solar cells have achieved efficiency up to 8%
[25]. However, some issues, including vertical phase separation and stability, exist in
regular structure solar cells. A new device architecture called inverted bulk hetero-
junction (IBHJ) structure has recently emerged as a dominating structure for longer
stability and higher device performance.

6.3 INVERTED STRUCTURE SOLAR CELLS

As discussed earlier, inverted structure device uses high and low work function elec-
trodes as anode and cathode, respectively, reversing the nature of charge collection
compared to normal device configuration. Ag/Au and ITO are used as anode and
cathode, respectively. Generally, plastic or glass coated with ITO is used as substrate.
ITO is widely used as an electrode because of its high conductivity and transmit-
tance, and suitable work function. Since ITO is expensive, several alternatives, such
as graphene, aluminum doped ZnO [65], carbon nanotubes, and conducting poly-
mer films have also been used [66—68]. Some interfacial layers, including Cs,CO;,
Ca, ZnO, TiO,, AZO, Nb,0s, and nonconjugated polyelectrolytes (NPEs), have been
used to modify ITO for effective collection of electrons [19,20,29,33-38].

These layers are normally very thin to ensure adequate transparency for light to
reach the active layer. Most of these layers are solution processed and spin coated on
the top of the ITO surface, which provides less fabrication complexity. Polymers are
typically spin coated using a solution process because they have large molar mass
and can decompose under excessive heating. Donor—acceptor materials are dissolved
in a solvent such as dichlorobenzene (DCB), chlorobenzene (CB), chloroform, and
toluene [53,69-71]. Some other techniques, such as doctor blading, screen printing,
and ink-jet printing, can also be used for active layer deposition. For small mole-
cules, vacuum evaporation/sublimation are usually used to deposit thin film. Usually,
a vacuum < 10~ mbar is maintained to deposit thin films by thermal evaporation
[53,72]. Similarly, some hole transporting layers such as MoO;, WO,, NiO, V,0;,
and PEDOT:PSS have been used between the anode and active layer for effective
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collection of holes [39-44]. PEDOT:PSS is deposited by solution processing, but
MoO;, V,0s, and WO, are generally deposited by evaporation under high vacuum.
However, some people have also reported solution processing of MoO;, V,0s, and
WO, [73-75]. Device fabrication using solution processing techniques of all involved
layers is the ultimate goal of organic solar cells so that roll-to-roll processing and
mass production are viable, which can reduce the cost to a great extent.

For example, an inverted device structure of ITO/ZnO/polymer:PCBM/MoO,/
Ag utilizes ITO to collect electrons and Ag to collect holes. ZnO transports elec-
trons from PCBM to ITO (cathode) and MoO; transports holes from polymer to Ag
(anode). In 2005, Glatthaar et al. [76] reported a device configuration with inverted
layer sequence and compared cell performance with a regular structure device. Al
was chosen as the bottom electrode and deposited on the top of glass followed by
electron-beam deposition of a titanium layer (20 nm). Then P3HT:PCBM was spin
coated on the titanium layer. The PEDOT:PSS layer was placed between the photo-
active layer and the Au grid (anode). Light was illuminated from the Au grid side
and an efficiency of 1.4% =+ 0.3% was obtained under AM 1.5 solar illumination [76].
In 2008, the Yang group [37] demonstrated an inverted device structure with glass/
ITO/Cs,CO;/RR-P3HT:PCBM/V,0/Al. They reported the inverted device struc-
ture with an efficiency from 2.3% to 4.2%. Further, they demonstrated that device
efficiency can be improved by reducing the work function with annealing treatment.
X-ray photoelectron spectroscopy (XPS) results showed that the modification of
Cs,CO; work function can be tuned from 3.45 to 3.06 €V with an annealing treatment
at temperatures below 200°C. They used XPS to reveal that Cs,CO; decomposes into
an n-type doped semiconductor after the thermal annealing process [37].

In 2012, He et al. [77] demonstrated a certified efficiency of 9.2% with an inverted
device structure. An alcohol-/water-soluble conjugated polymer, poly [(9,9-bis(3"-
(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)] (PFN) was
used to modify ITO surface. XPS measurements showed that deposition of a thin
layer of PEN (10 nm) reduces the ITO work function from 4.7 to 4.1 eV. This modi-
fied ITO forms an ohmic contact with the photoactive layer and can be used as the
cathode for an inverted device structure. The overall device structure for inverted
configuration was ITO/PFN/PTB7:PC71BM/MoOs/Al or Ag. Furthermore, by replac-
ing the highly reflective anode MoO; (10 nm)/Al (100 nm) with a transparent layer
of MoO; (10 nm)/Ag (20 nm), they also demonstrated a semitransparent polymer
solar cell that can be applied in building windows, foldable curtains, and invisible
circuits. Under front and rear side AM 1.5G illumination, they reported an efficiency
of 6.13% and 4.96%, respectively [77].

6.4 COMPARISION BETWEEN INVERTED
AND REGULAR STRUCTURES

6.4.1 ErrecT OF VERTICAL PHASE SEPARATION

Spin coating is a common process for making uniform thin polymer—acceptor films.
The polymer—acceptor blend is phase separated during the spin-coating process,
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forming a complex morphology. The blend of two polymers, including polysty-
rene (PS) and polymethylmethacrylate (PMMA), undergoes vertical stratification,
making the interface between the stratified layers unstable; this finally forms the
phase-separated thin film [78]. The vertical phase segregation of the polymer blend
is due to the surface energy difference between the components of the blend. The
component with lower surface energy is attracted toward the interface with air to
lower the overall energy. Similarly, the component with higher surface energy is
attracted toward the substrate [27,79]. Xu et al. [27] studied the vertical phase sepa-
ration of P3HT:fullerene derivative blends. Through XPS and atomic force micros-
copy (AFM) analysis, they observed enrichment of P3HT at the free (air) surfaces
and fullerene derivatives at the organic/substrate interfaces. They prepared a blend
of PCBM and [6,6]-(4-fluoro-phenyl)-C61-butyric acid methyl ester (FPCBM) with
P3HT separately and spin coated on glass. For XPS analysis, blend films were lifted
off the substrates and transferred to a conductive surface.

Figure 6.2 represents the comparison of compositions of the films spin coated on
glass substrates prepared by fast grow, slow grow, fast grow with annealing, and slow
grow with annealing, respectively. The fast-grow and slow-grow films showed higher
PCBM or FPCBM concentration on the bottom surfaces at the organic/substrate
interface. When thermally annealed, the slow-grow films showed invariant concen-
tration of PCBM or FPCBM, while fast grow showed slight decrease in PCBM of
FPCBM concentrations at both sides of the films. The comparison based on XPS
results indicated that this vertical phase separation of donor and acceptor can be
beneficial for inverted device structure because inverted structure will involve
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face (organic/substrate interfaces) spin-coated on glass substrate. (Reproduced with permis-
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the polymer:fullerene blend film with acceptor-enriched regions toward the cathode
and donor-enriched regions toward the anode. This alignment of regions toward cor-
responding electrodes can assist in efficient charge dissociation, charge transport,
and charge collection at the interface. [27].

Subbiah et al. [80] studied the effect of vertical distribution of blended components
in bulk heterojunction solar cell based on poly[(4,4"-bis(2-ethylhexyl)dithieno[3,2-
b:2’,3’-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diylJ(PDTS-BTD) and
[6,6]-phenyl-C71 butyric acid methyl ester (PC,BM). XPS and Auger electron
spectroscopy (AES) depth profiles were measured and they observed that PC,,BM
was rich at the bottom surface and polymer-rich region on the top surface of
PDTS-BTD/PC71BM blend films. To compare the effect of vertical phase segregation
on device performance, they fabricated both regular and inverted solar cells. Regular
device structure was glass/ITO/PEDOT:PSS (or MoO,)/PDTS-BTD:PC,,BM/LiF/Al
and inverted device structure was glass/ITO/ZnO/PDTS-BTD:PC, BM/MoO,/Ag.
The illuminated J-V characteristics are shown in Figure 6.3; a PCE of 4.42% with
a J, of 13.08 mA/cm?, V. of 0.61 V, and an ff of 0.55 was achieved for regular
device structure using PEDOT:PSS. Replacing PEDOT:PSS with MoO; in a regu-
lar device, a PCE of 4.91% with a J,, of 12.97 mA/cm?, V,. of 0.62 V, and an ff of 0.61
was observed. However, the inverted device with the ZnO electron transport layer
showed enhanced device performance compared to a regular device. A higher PCE
of 5.51% with a J, of 16.48 mA/cm?, V, of 0.58 V, and ff of 0.57 was demonstrated
in the inverted device. In addition, inverted devices showed a maximum EQE of 63%
at 720 nm compared with 50% in regular devices. This significant PCE enhancement
in the inverted device was attributed to efficient charge extraction due to inhomoge-
neous vertical distribution of donor and acceptor components in the active layer [80].
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FIGURE 6.3 J-V characteristics of PDTS-BTD:PC71BM solar cells with regular and
inverted architecture. (Reproduced with permission from J. Subbiah et al. 2012. Solar Energy
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6.4.2 DEVICE STABILITY

Regular organic solar cells (OSCs) involve PEDOT:PSS on the top of ITO. De Jong,
Van [jzendoorn, and De Voigt [28] used Rutherford backscattering (RBS) to show
that the ITO/PEDOT:PSS interface is unstable due to etching of ITO from the strong
acidic nature of PEDOT:PSS. Degradation of the interface was observed as cer-
tain concentrations of indium migrated to the PEDOT:PSS film. Figure 6.4 shows
the migration of indium into PEDOT:PSS during 0-20 h. They reported 0.02 at.%
indium migration into the PEDOT:PSS film in prepared samples. An increase of
indium concentration to 0.2% was found after 10 h exposure to air. When annealed
in a nitrogen environment at 100°C, it took 2500 h to increase indium concentration
to 0.2%. This indicates that the ITO/PEDOT:PSS layer is very sensitive to air. Due to
the hygroscopic nature of PSS, PEDOT:PSS film can absorb moisture when exposed
to air and forms an aqueous acid environment, which can etch ITO and cause the
etched products to migrate into the PEDOT:PSS film [28].

Lee et al. [81] demonstrated a more stable and efficient inverted solar cell than
regular structure solar cells. Inverted devices with ITO/Cs,COs/active layer/MoO5/
Al showed a higher PCE of 4.01% compared to 3.63% in regular solar cells with
ITO/PEDOT:PSS/active layer/LiF/Al. Furthermore, they compared the stability of
inverted with regular devices in air. Figure 6.5 shows the stability of inverted and
regular BHJ solar cells in air as a function of time. Within 40 days at 295 K, the
PCE of the inverted solar cell decreased to about 93.5% of its initial value while
the regular structure solar cell decreased to 87.7%. Absence of PEDOT:PSS and
use of the MoO; layer for hole transport were the possible reason for improved sta-
bility in inverted over regular structure device. In addition, they also demonstrated
that the optical field distribution in the active layer is better for an inverted device
using the MoO; layer [81].
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Chu et al. [82] demonstrated an inverted BHJ solar cell using annealing-free ZnO
nanocrystals as an electron transport layer. An active layer was a blend of a low-
bandgap polymer and PC,;BM with nitrobenzene by 4% volume as an additive. A
significant PCE of 6.7% was achieved with higher device stability. These unencap-
sulated inverted solar cells retained 85% of original efficiency, even after 32 days
of storage in air. They demonstrated that processing additive makes an important
contribution to device stability [82]. Use of ZnO in inverted PSCs can block the UV
light and protect the active layer from photodegradation, resulting in longer device
lifetime. A device with ZnO as buffer layer showed no degradation when continu-
ously illuminated for 4 h at AM L.5. In addition, the efficiency only dropped by 5%
and 10% after 47 and 160 days of storage in a glove box respectively [25].

Hau et al. [29] compared the stability and performance of regular BHJ solar cells
with inverted solar cells with ZnO as an electron selective layer. Regular devices with
LiF/Al as electrode showed an average PCE of ~2.4% compared to those of ~3.5%
and ~3.6% for inverted solar cells with sol-gel processed ZnO and ZnO nanoparticles
respectively. The improvement of performance in inverted solar cells is contributed
to the ZnO sol-gel layer, providing an additional n-type interface for photocurrent
generation. Under storage in ambient conditions, regular devices with LiF/Al as elec-
trodes degraded very fast, as PCE reduced below half of its original value after 1 day
and even died fully after 4 days. However, PCE of the inverted device structure
retained above 80% over 40 days in air. The improved stability is contributed to the
PEDOT:PSS/Ag electrode as a cathode. PEDOT:PSS on top of the active layer in
this case prevented the active layer from oxygen. Ag electrode upon oxidation in air
can form silver oxide (AgO), modifying the work function from —4.3 to 5.0 eV. The
work function of AgO is more aligned with that of PEDOT:PSS (-5.1 eV) for effec-
tive charge collection [83,84]. However, in regular BHJ solar cells where low work
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function metals such as Ca/Al are used as cathodes, Ca reacts with oxygen and water
at room temperature and degrades devices [85].

Using experimental refractive indices and extinction coefficients with optical
modeling based on one-dimensional transfer matrix formalism (TMF), He et al. [77]
showed that an inverted structure device can harvest optimum light from the incident
solar spectra. They also studied the stability of encapsulated normal and inverted
structure devices under ambient conditions. After 62 days, the inverted structure
device showed a higher stability, retaining 95% of its initial efficiency (~9%). However,
normal device structure degraded to half of its original efficiency after 10 days.
These results justify that inverted structure devices can provide higher performance
and stability.

6.5 DIFFERENT CATHODE INTERFACIAL LAYERS
USED IN INVERTED SOLAR CELLS

6.5.1 ZNO

In 2008, Kyaw et al. [33] reported an inverted solar cell with ZnO and MoO; as elec-
tron- and hole-selective layers, respectively. The molar concentration of ZnO pre-
pared from zinc acetate precursor was varied from 0.75 to 0.1 M in order to increase
the optical transmission from 75% for 0.75 M to 95% for 0.1 M. The inverted device
architecture was FTO/ZnO/P3HT:PCBM/MoO;/Ag. Because of the higher transmit-
tance of 0.1 M ZnO over 0.75 M ZnO, the J,, and ff improved from 5.986 mA/cm?
and 47% to 8.858 mA/cm? and 57% [33]. Later in 2008, Hau et al. [86] investigated
and compared the performance of both inverted and regular structure solar cells by
employing low-temperature-processed ZnO nanoparticles as an electron selective
layer. The ZnO buffer layer reduces oxygen diffusion into the photoactive layer and
minimizes chemical or physical damage in the photoactive layer. ZnO exhibited high
electron mobility and low-temperature-induced crystallinity. The regular device
structure is glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al, while the inverted struc-
ture is glass/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag. The regular structure gave,
on average, a J,, = 7.87 mA/cm?, V. = 0.598 V, ff = 50.9%, and PCE of ~2.4%; the
inverted structure resulted in an average performance with J,, = 11.08 mA/cm?,V, =
0.617 V, ff = 51.3%, and PCE of ~3.5%. The ff was similar for both device structures,
but the J,. and V,. improved in the inverted architecture. The enhanced performance
in inverted solar cells was attributed to the additional n-type interface provided by
the ZnO nanoparticles [86].

In 2010, Cheun et al. [36] reported an inverted polymer solar cell using a
ZnO-modified ITO electrode as the electron selective electrode. The ZnO, with vary-
ing thickness from 0.1 to 100 nm, was deposited by atomic layer deposition (ALD).
They studied the effect of ZnO thickness variation on the ITO/ZnO properties and
device performance. The device structure used in their work was glass/ITO/ZnO/
P3HT:PCBM/PEDOT:PSS/Ag. As illustrated in Figure 6.6(a), the J-V characteristics
at ZnO thickness less than 10 nm showed an S-shaped curve resulting in low effi-
ciency below 1%. However, no S-shape was observed for the ZnO layer with thick-
ness greater than 10 nm, and an efficiency of 2.13% was achieved. Figure 6.6(b)
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FIGURE 6.6 (a) The J-V curve of the P3HT:PCBM inverted solar cell incorporating
ZnO electron transport layer and (b) the variation of ITO work function as a function of ZnO
thicknesses. (Reproduced with permission from H. Cheun et al. 2010. Journal of Physical
Chemistry C 114:20713-20718.)

illustrates the dependence of ITO/ZnO work function on the ZnO layer thickness.
It was found that there was negligible variation of the ITO/ZnO layer work function
on the ZnO thicknesses. While the ITO work function was measured at 4.7 €V, the
work function of the ZnO-modified ITO was around 4.3 eV, which is close to the
LUMO level of PCBM. From the AFM measurement, the surface roughness of 1.89,
2.32, and 2.41 nm for 5, 10, and 20 nm ZnO films, respectively, was also considered
insignificant to cause the difference in the J-V characteristics. They explained that
the thinner ZnO layer has a larger surface-to-bulk ratio, causing grain defect to play
a significant role in reducing the electrical conductivity of the ZnO film. The reduced
conductivity originates from the presence of oxygen at grain boundaries, which acts
as an electron trap. However, this low conductivity can be improved by UV irradia-
tion. UV illumination induces photogenerated electrons and holes in ZnO. These
photogenerated holes desorb negatively charged oxygen molecules trapped at the
grain boundaries, whereas remaining photogenerated electrons act as free electrons
increasing the charge carrier density of ZnO [36,87,88].

In 2012, Ka et al. [89] investigated the effect of annealing temperature of ZnO
prepared from an aqueous solution of ammine-hydroxo zinc complex on device per-
formance of an inverted polymer solar cell. The spin-casted ZnO was annealed at
temperatures ranging from 25°C to 150°C. For the device structure of glass/ITO/
ZnO/P3HT:PCBM/-Mo00O,/Ag (Figure 6.7), the ZnO annealed at temperatures rang-
ing from 25°C to 60°C exhibited S-shaped J-V curves with PCE less than 0.2%. This
S-shaped feature at lower temperatures was thought to result from low probability
of dissociated excitons reaching the electrodes. However, a sudden change in J-V
behavior was observed at 70°C annealing temperature, resulting in J,, = 9.7 mA/cm?,
V,.=0.59V, ff=0.49, and PCE = 2.6%. At annealing temperature of 80°C and above,
the device efficiency improved and saturated with J,, = 10.0 mA/cm?, V,. = 0.59 V,
Jf=10.62, and PCE = 3.6%. The values of the optical bandgap Eg obtained from
transmission spectra reduced from 5.60 eV at 25°C to 3.45 eV at 80°C suggested that
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FIGURE 6.7 J-V curves of a P3BHT:PCBM inverted solar cells with varying ZnO thick-
nesses. (Reproduced with permission from Y. Kaetal. 2012. Organic Electronics 14:100-104.)

the superior performance at higher temperatures is possibly caused by the alignment
of energy levels. This implies that a large energy barrier exists for photogenerated
electron extraction from LUMO of PCBM to the ZnO at lower temperatures [89].

Small et al. [90] incorporated a sol-gel film of ZnO—poly(vinyl pyrrolidone) (PVP)
nanocomposite as electron selective layer. The ZnO—PVP nanocomposite synthetic
route allows the size and concentration of the nanoclusters to be desirably controlled.
In addition, the problem of nanoparticle aggregation in ZnO sol-gel without the PVP is
avoided. They used a low-bandgap polymer polydithienogermole-thienopyrrolodione
(PDTG-TPD) as the photoactive layer material. Initial light illumination resulted in
J,. =10.9 mA/cm? and ff ~ 25.5%. However, with continuous light exposure, device
performance increased significantly, eventually reaching J,, = 12.9 mA/cm? and
Jf ~ 63.7%. The authors further subjected the surface of the ZnO-PVP nanocom-
posite with UV-ozone treatment for different times of 5, 10, 20, and 30 min in order
to remove PVP from the surface. The 10 min UV-ozone resulted in optimal perfor-
mance with J = 144 mA/ecm?, V,. = 0.86 V, ff = 68.8%, and PCE = 8.5% for the
best cell. At 5 min, the ff reduced; this was attributed to incomplete removal of PVP
from the surface of the ZnO film. Beyond 10 min, the ff also decreased due to excess
oxygen adsorbed on the surface of the ZnO film. AFM topography investigation of
the as-prepared and UV-ozone-treated surface resulted in root mean square (r.m.s.)
roughness of 7.07 and 9.18 nm, respectively. The increase in r.m.s roughness with
UV-ozone treatment further suggested the removal of PVP from the surface of the
7Zn0O nanoclusters [90].

Adhikary et al. [91] studied the dependence of device performance with UV-ozone
treatment on ZnO films prepared from sol-gel ZnO without PVP. The device structure
of ITO/ZnO/(diketopyrrolopyrrole-terthiophene)(PDPP3T):PC60BM/Mo0O;/Ag was
used for this purpose. Figure 6.8 shows a J-V characteristic curve of PDPP3T:PC,,BM
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FIGURE 6.8 J-V plots of PDPP3T:PC60BM solar cells at different UV ozone treatment
times on ZnO films. (Reproduced with permission from P. Adhikary et al. 2013. /IEEE
Transactions on Electron Devices 60(5):1763—-1768.)

with different UV-ozone treatment time on ZnO films. ZnO films treated with
UV-ozone yielded higher device performances than the as-deposited ZnO films. An
efficiency of 4.45% with J,. = 9.3 mA/cm?, V,.=0.69 V, and ff = 69.5% was obtained
for 5 min UV-ozone treated devices. Increased J, and fill factor for 5 and 20 min
UV-ozone treated devices is supposed to be due to removal of organic solvents from
the ZnO film. Longer UV-ozone treatment time (20 min) showed decrease in J,,
compared to 5 min, which contributed to the increased p-type defect (oxygen inter-
stitials) formed in ZnO films. These defects act as a charge trapping site, reducing

the electron extraction efficiency [91].

6.5.2 TO,

In 2009, Kim et al. [34] reported photovoltaic behavior of inverted solar cells under
different times of light soaking employing solution-processed titania as electron
transport layer (ETL). The device architecture is glass/ITO/TiO,/P3HT:PCBM/Au.
The J-V characteristics of devices are shown in Figure 6.9. The device performance
as shown in Figure 6.9(a) resulted in J,. = 1.57 mA/cm?, V,. = 0.36 V, ff = 0.21,
and PCE = 0.09%. Under continuous illumination in air, the device performance
improved and saturated after 10 min with /. = 8.02 mA/cm?, V,.=0.38 V, ff=0.51,
and PCE = 1.5%. However, a reference cell without incorporation of the titania layer
resulted in J,, = 3.82 mA/cm?, V, = 0.12 V, ff=0.17, and PCE = 0.10%, as illustrated
in Figure 6.9(b).

The photovoltaic behavior without titania did not exhibit any significant change,
even with continuous illumination, suggesting that the titania layer must be respon-
sible for photovoltaic behavior improvement. They explained that illumination excited
electrons from the valence band into the conduction band in titania. The excited elec-
trons, however, first filled the shallow electron traps in titania; continuous illumination
resulted in total filling of these traps, causing saturation. The direct consequence of
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FIGURE 6.9 J-V curves of (a) titania incorporated and (b) titania absent inverted solar cells
measured in air. (Reproduced with permission from K. Chang Su et al. 2009. Applied Physics
Letters 94:113302.)

improved titania photoconductivity is the reduction in series resistance and increase
in J,, as observed in Figure 6.9(a) [34]. In 2011, Kang et al. [20] studied the ETL
crystallinity effect on the J-V characteristics of organic solar cells. ALD deposited
a 10 and 20 nm thick TiO, layer as electron transport layer to provide conformal
and pin-hole-free TiO, film. The inverted device has a structure of glass/ITO/TiO,/
P3HT:PCBM/PEDOT:PSS/Ag. For the 10 nm TiO, device, continuous illumination
improved device performance (J,. and V, ), which eventually saturated after 20 min.
However, there was no significant improvement for the 20 nm TiO, device under
prolonged illumination.

The absence of improved photovoltaic behavior in the 20 nm TiO, film was stud-
ied through x-ray diffraction (XRD) analysis. Figure 6.10 shows the XRD pattern
of the as-deposited 10 and 20 nm TiO, film. No clear peak could be observed in the
10 nm film in Figure 6.10, supporting that the 10 nm TiO, film had an amorphous
structure, while the 20 nm film exhibited clear peaks, indicating suitable crystalline

=20 nm TiO,
=10 nm TiO,

- (101) Anatase

Intensity (a.u.)

20 30 40 50 60 70 80
20 (deg.)

FIGURE 6.10 XRD spectra of the 10 and 20 nm TiO, film. (Reproduced with permission
from K. Yong-Jin et al. 2011. Applied Physics Letters 99:073308.)
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properties. Under continuous illumination, the improvement in device performance
of 10 nm TiO, was attributed to the filling of shallow electron trap states within the
amorphous phase TiO,. However, such improvement was not seen for 20 nm TiO,
as it contained a crystalline phase. A critical thickness is necessary for crystalline
behavior to emerge. This critical thickness was also believed to depend on the TiO,
growth temperature but in the work of Yong-Jin et al., the critical thickness for TiO,
crystallinity was greater than 10 nm [35].

In 2012, Kim et al. [88] reported the inverted solar cell dependence on UV irra-
diation of the TiO,/ITO cathode. Their investigation was based on glass/ITO/TiO,/
P3HT:PCBM/PEDOT:PSS/Ag device architecture. Figure 6.11 illustrates the effect
of different light irradiation on the J-V characteristics. As shown in Figure 6.11(a),
the device without any special light illumination results in an S-shaped J-V curve;
however, white light irradiation for about 20 min recovered the normal J-V curve
without any S-shape.

In order to understand the origin of white light soaking, Kim et al. filtered AM
1.5 G solar spectrum to expose the as-prepared devices to red, green, blue, and UV
light. As depicted in Figure 6.11(b), the S-shaped behavior persisted after expos-
ing the device to red, green, and blue light. However, the device showed significant
improvement in J-V curves after UV irradiation. The performance improvement
resulted from reduced series resistance of the ITO/TiO, interface. Figure 6.12 shows
the energy diagram of the ITO/TiO, interface before and after UV irradiation.
Exposure of TiO, to air during device fabrication absorbs oxygen [O,(g)], forming
O,~. This O, acts as trap sites affecting the charge transport properties. As shown
in Figure 6.12(a), a wide Schottky barrier (Ep) is formed at the ITO/TiO, interface
because of energy difference between the work function of ITO (4.8 eV) and the work
function of TiO, (4.45 eV). Since photogenerated electrons cannot tunnel through this
thick width of Ej, they are accumulated at the interface, forming an S-shaped J-V
curve. However, after UV irradiation, electron—hole pairs are generated and the pho-
togenerated holes combine with O, (i.e., trap sites), leaving photogenerated electrons
as free electrons; this increases the charge carrier density of TiO,. This increase in
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FIGURE 6.11 The influence of (a) white light, and (b) red, green, blue, and UV light on
the J-V behavior of an inverted polymer solar cell incorporating TiO, electron transport
layer. (Reproduced with permission from J. Kim et al. 2012. Journal of Applied Physics
111:114511-114519.)
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Applied Physics 111:114511-114519.)

charge carrier density induces the rearrangement of Fermi level at the interface of
ITO and TiO,, narrowing the E; width as shown in Figure 6.12(b). Reduction of E
width supports the accumulated electrons to tunnel through the barrier, enhancing
the device performances [88].

6.5.3 NBs,O,

Solution-processed ZnO and TiO, thin films are normally used as an ETL for
inverted polymer solar cells. These metal oxide layers are very transparent to the
visible and near infrared regions as they have large bandgaps. However, the prepara-
tion of TiO, and ZnO is reported to be relatively complicated. TiO, sol-gel solution
preparation requires a long time, several steps, and an inert atmosphere. Similarly,
ZnO nanoparticle size is hard to control and needs moderate time for preparation.
Siddiki, Venkatesan, and Qiao [93] reported Nb,O; as a new ETL for double junc-
tion PSCs with a relatively simple process. At room temperature, niobium ethoxide
(Nb(OC,Hys)s) precursor was mixed with ethanol and acetic acid to prepare the Nb,Os
sol-gel solution [92]. This precursor mixture was stirred for an hour and left for a day.
Further, the solution was diluted with ethanol before spin coating. The spin-coated
Nb,Os sol-gel solution showed good attachability on the top of polymer:fullerene
active layer [92,93].

Wiranwetchayan et al. [94] investigated the role of oxide thin dense layers Nb,Oj
and TiO, in inverted structure PSCs. A power conversion of 2.7% and 2.8% was
achieved for Nb,Os- and TiO,-based inverted solar cells, respectively. As shown in
Figure 6.13, the conduction band (CB) of TiO, is lower than the LOMO energy level
of PCBM, allowing electron transport from PCBM to TiO,. However, CB of Nb,Oj
is higher than the LUMO of PCBM, which denotes an obstacle for electron transport
from PCBM to Nb,Os. But the power conversion of 2.7% with Nb,O; as buffer layer
suggested that the electron transfer from PCBM to the collecting electrode should
be through a tunneling process. They also showed that further increase in thickness
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of Nb,O; beyond tunneling distance degrades the device performance. For effective
inverted structure PSCs, their experiment demonstrated that a thin oxide film is nec-
essary to be deposited on FTO to prevent direct contact of FTO and P3HT. A thin
oxide layer will enhance the formation of a continuously uniform PCBM film block-
ing the recombination of holes from P3HT in collecting electrodes. In conclusion,
despite easy processing, Nb,Os as an electron transport layer lags behind in terms of
device performance [43].

6.5.4 NONCONJUGATED POLYELECTROLYTES AS A CATHODE INTERFACIAL LAYER

In order for PSCs to be viable for commercialization, long-term stability and large-
scale printability requirements make an inverted device structure an advantageous
approach. However, the high work function of the bottom ITO cathode that is ~4.8
eV forms a Schottky barrier with the LUMO level of fullerene. Inorganic metal
oxides, such as titanium dioxide (TiO,) or zinc oxide (ZnO), have been widely
used as interfacial materials. These metal oxides require high annealing tempera-
tures (over 200°C) to achieve crystallinity and sometimes require a post-UV treat-
ment to enhance device performance [20,88,90,94]. For typical printing processes,
high-temperature annealing of metal oxides is a limiting factor to flexible plastic
substrates. Post-UV treatment of metal oxides in devices causes photo-oxidation of
conjugated polymers, degrading device performance.

To overcome these issues of metal oxide layer, polymer-based interfacial materi-
als, such as conjugated polyelectrolytes (CPEs), nonconjugated polyethylene oxide
(PEO), and NPEs have been used. Kang et al. [20] demonstrated two NPEs, poly-
ethyleneimine (PEI) and polyallylamine (PAA) containing nonconjugated back-
bones and functional amines. Polymer-based interlayers around 1-2 nm typically
form ultrathin interfacial dipoles. These NPEs modified the work function of ITO
from 4.8 to 4.2 eV and 4.0 eV for PAA and PEI, respectively. A Schottky barrier
between ITO and PC;BM was successfully transformed to an ohmic contact in
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FIGURE 6.14 (a) Chemical structures of NPEs (PEI and PAA), and (b) before and after
self-assembly of NPEs on ITO surface. (Reproduced with permission from H. Kang et al.
2012. Advanced Materials 24:3005-3009.)

order to achieve higher device performance. As a result of the Schottky-to-ohmic
transformation, device performance became UV independent with high PCEs of
6.3%. ITO/NPEs also showed similar optical and morphological properties as
those of bare ITO, which is a promising aspect for application in inverted PSCs.
Figure 6.14(a) shows the chemical structures of PEI and PAA. Functional amines on
NPEs offer two advantages: (1) they are water soluble, enabling solution processing
and multilayer stacking without intermixing with BHJ composites; and (2) they can
be protonated in aqueous solution by accepting protons (H*) dissociated from water.
Figure 6.14(b) illustrates that NPEs create electrostatic self-assembly and form
strong dipoles across the interface between NPE and ITO surfaces. These surface
dipole moments pointing outward from ITO can reduce the work function of ITO
through a downward vacuum level shift [19,20].

6.6 DIFFERENT ANODE INTERFACIAL LAYERS (HOLE
TRANSPORT LAYERS) USED IN INVERTED SOLAR CELLS

A buffer layer is generally placed between the active layer and high work function
metal anode. Such a layer multifunctions—for example, as hole transport layer,
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electron block layer, exciton block layer, and protection layer for the underlying
active layer. Some of these layers include MoO,, V,0;, WO,, PEDOT:PSS, and
CuO,. These buffer layers should be properly matched with the energy levels of poly-
mers and anode materials and possess good hole transporting capability. In addi-
tion, the thickness of these layers should be optimized as it contributes to the device
series resistance. Higher thickness may result in lower ff and eventually decrease the
device performance [31,40,41,95]. PEDOT:PSS is a widely used hole transport layer
in PSCs [96]. However, for inverted PSCs, MoOj as hole transport layer has shown
tremendous progress recently.

Zhao et al. [97] demonstrated that the MoO; layer between the active layer and Ag
anode improves both fill factor and photocurrent. It also works as an optical spacer to
adjust optical field distribution. A PCE of 3.86% was achieved with P3HT:PC,BM-
based active layer [97]. Sun et al. [73] reported a PCE of inverted solar cell over 4%
using solution-processed MoO, as anodic modification, which is comparable to their
thermally deposited MoO,. Using air plasma treatment, MoO; was reduced to MoO,,
where x < 3 and got similar device performance as with thermally deposited MoO,
[73]. Liu et al. [98] showed a new concept utilizing a work-function tunable transpar-
ent MoO,—Al composite layer as cathode buffer layer and MoO;/Al as the anode.
Inverted PSCs based on PCDTBT:PC,,BM blend showed a high PCE of 6.77% with
an ff of 70.7%. Because this device structure involves a simple combination of only
two materials (MoO; and Al) as both the cathode and anode buffer layer, it may ease
device fabrication and reduce cost in large-scale application [98]. Although the vac-
uum evaporation of hole transport layers (HTLs) (e.g., MoO, and V,0;) gives higher
performance, development in solution processing of these layers has great impor-
tance as it can eliminate the need for a high vacuum evaporation process, which can
ultimately reduce the overall cost and even ease the steps for roll-to-roll processing.

Lin et al. [40] showed that sol-gel derived copper oxide (CuQ,) as an interlayer at
the organic/metal interface. This interlayer can form an ohmic contact between the
polymer and electrode, improving the ff, R, and R, of the device. Furthermore, CuO,
can also enhance light absorption by redistributing light intensity [40]. Vanadium
pentoxide (V,0s) can also be used as hole transport layer. The Yang group demon-
strated inverted and regular PSCs with V,Os as hole transport layer. In regular device
structure, they even compared the performance of PEDOT:PSS, V,0s, and MoO; as
hole selective layers. Devices with MoO; as a hole selective layer showed a higher
PCE of 3.33% compared to 3.18% and 3.10% of PEDOT:PSS- and V,0s-based devices,
respectively [41]. In another study, they demonstrated an inverted device structure
with V,05 as hole selective layer with a PCE of 2.25% [31]. Yusoff, Kim, and Jang
[99] showed spin-coated V,05 and ZnO nanoparticles as hole and electron extraction
layers. A PCE of 5.53% was obtained for the P3BHT:ICBA-based regular device struc-
ture [99]. Kettle et al. [39] studied three hole transport layers PEDOT:PSS, sputtered
nickel oxide (NiO), and MoO; in PCPDTBT:C71-PCBM-based regular solar cells.
In their experiments, PCEs of 3.89%, 3.74%, and 3.84% were demonstrated for sput-
tered NiO-, PEDOT:PSS-, and MoO,-based devices, respectively.

Hancox et al. [74] reported a solution-processable V,0y hole extraction layer.
Devices based on a P3HT:PCBM active layer generated a PCE of 3.17%, 3.34%,
and 3.31% for hole extraction layers of PEDOT:PSS, V,0y (solution processed),
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and MoO, respectively. Under 60 min of continuous illumination at 100 mW/cm?
AM 1.5G in N, atmosphere, devices with V,0y, MoO,, and PEDOT:PSS retained
89%, 94%, and 68% of the starting efficiencies, respectively [74]. Espinosa et al.
[44] demonstrated hydrated V,0Os as a hole transport layer for full roll-to-roll pro-
cessing. A device structure of PET/ITO/ZnO/P3HT:PCBM/V,0,.(H,0O)n/Ag was
employed. ITO and Ag were deposited using a screen printing technique while ZnO,
P3HT:PCBM and V,0O were deposited using slot-die coating. Modules containing
16 serially connected cells with an active device area of 360 cm? yielded a PCE up to
0.18% for the roll-to-roll processing technique only [44]. Tungsten oxide (WO;) has
also been applied as an anode interfacial layer between the photoactive layer and top
electrode in inverted PSCs.

By applying 10 nm of WO, between the active layer and Ag anode, Tao et al. [42] dem-
onstrated a PCE of 2.58% for inverted PSC with an ITO/nc-TiO,/P3HT:PCBM/WO,/
Ag device structure. WO, has a high work function of —4.8 eV making WO, capa-
ble of collecting hole and blocking electrons. In addition, they also demonstrated a
transparent inverted PSC with ITO/nc-TiO,/P3HT:PCBM/WO,(10 nm)/Ag(13 nm)/
WO,(40 nm) where the 10 nm WO, layer acts as a hole transport layer and both ITO
and Ag/WO; act as transparent electrodes. When illuminated from the ITO side, a
PCE of 1.80% was achieved. Similarly, a PCE of 0.96% was achieved when illumi-
nated from the Ag/WO, side. This concept of transparent inverted PSC structure
can be utilized for the design of tandem solar cells where multiple photoactive lay-
ers can be employed to absorb a wide range of the solar spectrum [42]. A solution-
processed WO, (s-WO;) as anode buffer layer has also been demonstrated by Tan
et al. [75]. This s-WO, showed higher transparency in the visible range and higher
hole mobility of 9.4 x 103cm?/V-s, which is advantageous for effective hole collec-
tion and transportation. Applying this s-WO; anode buffer layer in a regular structure
based on P3HT/IC, BA, a PCE of 6.36% was demonstrated under the illumination of
AM 1.5G, 100 mW/cm? [75].

6.7 CONCLUSION

The inverted bulk heterojunction solar cell is emerging as a strong alternative to
regular solar cells. Due to advantages of inherent vertical phase segregation and
the capability of giving higher efficiency and stability, recently more research has
been based on inverted solar cells. The interfacial layer has a great impact on the
performance and stability of the inverted solar cells. Lots of materials for inter-
facial layers have been studied for better aligning the work function with the active
layer and electrodes, efficient charge transfer, surface and work function modifica-
tion, enhancement of optical properties, and improving the quality and easiness of
processing. Some widely used materials and their effects have been discussed in
this chapter. Whatever the device configuration is, some key factors that need to be
focused on are synthesis of low-bandgap polymers to increase J,,, appropriate lower-
ing of HOMO level of donor material to realize higher V,, search for and selection of
materials to align work functions of different layers effectively, and design of tandem
structures to harvest a wide range of solar spectra. In addition, more research has to
be done to further improve the stability and processing to favor mass production and
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cost reduction. Integrating these factors, organic solar cells can move closer to real-
ize the target efficiency (15%) and stability to compete with the existing technology.
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Abstract: The performance of a monocrystalline silicon solar cell is determined
by a variety of optical and electronic physical mechanisms. Optimization of cell
performance requires finding trade-offs for the competing physical mecha-
nisms. In this chapter we use three-dimensional (3D) optical analysis and elec-
tronic transport analysis to determine optimization space for a solar cell with
textured surface and point rear contacts. Optimization of the surface texture,
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antireflective layers, contact size and pitch, and junctions can improve the over-
all solar cell efficiency by over 4%. Comparison between three-dimensional
analysis and the simplified two-dimensional and one-dimensional approaches
is provided with recommended validity ranges for each approach.

7.1 INTRODUCTION

A solar cell is designed to trap as much sunlight as possible and to convert most of
it into electricity. Light trapping is important in the wavelength range from 0.3 to
1.2 um, which is where most of the solar irradiation energy is contained and which
can be converted into optically generated free electrons and holes in silicon. The
amount of light that can be trapped inside the solar cell is determined by the surface
texture and by the contacts and antireflective layers that cover its front and rear sur-
faces. Usually, the smaller the contacts are, the better is light trapping, because front
surface contacts act as a shadow and rear surface contacts degrade reflection of the
long wavelengths.

Electrical efficiency of the solar cell also depends on the location and size of the
front and rear contacts. Usually, the larger the contacts are, the better is conduction
of the cell. This brings the demands of optical performance and the electrical per-
formance of the cell into conflict. Modeling such competing physical mechanisms
enables achieving a trade-off and optimization of the overall performance of the cell.

In this work, we demonstrate how three-dimensional simulation can be used to
find trade-offs in combined optical and electrical performances of the solar cell. In
addition to maximizing performance, we also address tightening of the performance
spread to improve parametric yield.

The next section is dedicated to modeling optical effects, followed by a section
that adds electronic effects and looks at the overall cell performance.

7.2 MODELING OPTICAL EFFECTS

7.2.1  TEXTURED SURFACE

Most of the monocrystalline solar cells on the market have surface texture [1,2].
Typical measured texture consists of overlapping pyramids with random heights
and locations.

The sizes of the pyramids vary from 2 to 20 um depending on the etching process.
All facets of the pyramids of any size have the same crystal orientation of {111},
which is the densest surface in silicon crystal lattice. The {111} facets have the same
angle of 55° with respect to the wafer plane.

Area of the textured surface is \/§ =1.73 times larger than area of a flat surface
on which the pyramids are formed. This ratio is independent of the pyramid size or
whether the pyramids are random or regular.

Typically, both the front and the rear surfaces of the silicon wafer are randomly
textured, but here we will look at different cases, with flat, regularly textured, and
randomly textured pyramids. An example of a randomly textured silicon surface
used in simulations is shown in Figure 7.1.
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Zoom-in

20 um * 20 um surface

FIGURE 7.1 Simulated solar cell surface with random texture. Average pyramid height is
4.2 mm.

Typical pyramid height is considerably larger than the longest relevant light wave-
length. However, different wavelengths in the solar spectrum exhibit very distinct
optical behaviors in terms of refraction at the interfaces and in terms of how quickly
they get absorbed in silicon. In this work, we use the Sentaurus tool suite [3] for opti-
cal and electrical analysis of the solar cells.

7.2.2  OpticAL PERFORMANCE OF REGULAR SURFACE PATTERNS

Reflectance changes across the solar spectrum and is very sensitive to the surface
texture and films deposited on the surface. Transmittance becomes nonzero only for
the long wavelengths, because short waves do not get deep enough to reach the rear
surface and escape from it.

Figure 7.2 illustrates reflectance as a function of the light wavelength for different
wafer surfaces. The legend describes the top surface of the wafer before the slash and
the rear surface after the slash. For example, flat/flat curve is for the wafer with two
flat surfaces. About 60% of the short wavelengths are reflected and, therefore, 40%
of them absorbed.

At the middle of the relevant solar spectrum, reflectance drops to about 30%,
absorbing the other 70%. Toward the long wavelengths, reflectance increases back to
about 50%, with the rest split between absorption and transmittance.

Changes to the top surface affect the entire spectrum. Introducing regular pyra-
mids on the top surface moves us to the textured/flat curve with much better perfor-
mance than the flat/flat case, except at the longest wavelengths.

Changes to the rear surface affect only the long wavelengths that can reach it.
Introducing regular 4.2 um tall pyramids to the rear surface moves us to the textured/
textured curve, which brings down reflectance above 1 um.

On the other hand, the introduction of antireflective nitride film on the top surface
dramatically reduces reflectance in the middle of the spectrum without much effect
toward the ends of the solar spectrum.

Having antireflective nitride film on the rear surface reflects more infrared light
toward the top than the rear surface covered by aluminum. This is important for the
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FIGURE 7.2 Calculated solar cell reflectance as a function of light wavelength. The flat/flat
curve is for the silicon wafer with flat top and rear surfaces. The textured/flat curve is for the
silicon wafer with textured top and flat rear surfaces. The textured/textured curve is for
the silicon wafer with textured surfaces on both sides. All textured surfaces consist of regular
pyramids that are 6 mm wide and 4.2 mm tall.

solar cells with point rear contacts, because the rear contacts are aluminum and the
rest of the rear surface is covered with nitride. Therefore, part of the light reflects off
the nitride-covered rear surface, whereas the other part reflects off the aluminum-
covered rear surface. The ratio of aluminum contact area to the area of nitride-
passivated rear surface determines the overall optical behavior of such solar cells.

So far, we have been analyzing regular texture with the pyramids that are facing
up, which is difficult to obtain practically, but is easy to model. It is possible to manu-
facture regular texture with the pyramids facing down by using photolithography
and wet etching. However, the need for the photolithography step makes the process
too expensive for competitive manufacturing. Therefore, the industry is using wet
etching without any masks, which gives random texture with the pyramids that are
facing up.

7.2.3 REeGULAR VERSUS RANDOM TEXTURE

It is more difficult to model random texture, as it involves a larger simulation domain
with multiple overlapping pyramids and requires robust 3D geometry and mesh algo-
rithms to handle such complex geometries. Due to the recent advances in mature
simulation tools, such analysis is possible and its results are reported next.

When comparing the reflectance of the structure with regular pyramids to the
ones with random texture, one remarkable observation is that the optical perfor-
mance of random texture is noticeably better than performance of the regular tex-
ture, especially in the ultraviolet part of the solar spectrum. Let us find out why.

One hypothesis is that the random texture performs better due to the random
lateral locations of the pyramids. Figure 7.3 shows a side view of the regular and
random textures that exhibit very different skylines. The regular texture has rows of
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FIGURE 7.3  Sketch of the side view for regular texture on the left and random texture on
the right. The two skylines are very different.

pyramids that cover exactly half of the area in the range from the foot of the pyra-
mid to the top of the pyramid. The other half of that area belongs to the air between
the pyramids.

Now, let us look at the rays that bounce out of the top surface. The rays that bounce
at large angles that are close to vertical will definitely escape from the solar cell and
will contribute to the wasteful reflectance. The rays with low bouncing angles that
are close to the surface have a chance of being recaptured by the other pyramids.
Figure 7.3 shows that about half of such rays will be captured by the regular texture,
with the other half escaping.

In contrast, shifted pyramids of the random texture cover the entire skyline and
can capture all of the low angle rays. This should explain the better optical perfor-
mance of the random texture.

Let us perform analysis of another structure that can help to confirm this hypoth-
esis. Specifically, let us model reflectance of the surface that has pyramids of the same
height but placed at random lateral locations. Moreover, because we can control where
those “random” locations are, we can keep the pyramids at the same lateral locations
as we had for the true random pyramids. This ensures that there is only one variable
changing at a time and the results are cleaner and easier to interpret. A structure like
this would be nearly impossible to make experimentally, but is easy to model.

Figure 7.4 proves this hypothesis by confirming low reflectance of the texture
with randomly placed pyramids of the same height.

Actually, performance of the artificial texture with randomly placed pyramids
of the same height is about 20% higher than the performance of regular pyra-
mids with the same height, which is quite substantial. And it is slightly higher than
performance of the true random texture.

Figure 7.5 illustrates why it happens. Due to the limited size of the simulation
domain with 20 um by 20 um surface and about 100 pyramids, the skyline of the truly
random texture has some holes and, therefore, misses some of the low angle rays.
In contrast, the artificial texture with randomly placed pyramids of the same height
has much better skyline coverage, which explains its superior optical performance.

If we look at the structure with regular pyramids that are facing down, the skyline
there is flat as in a random texture with pyramids facing up. However, the random
pyramids have an advantage that most of the light scattering events happen at the
bottom of the pyramids, because pyramid tips make up only a small portion of the
overall surface area. The rays that are coming from the pyramid feet have a good
chance of bumping into neighbor pyramids even at slightly upward ray angles.

On the other hand, in regular pyramids that are facing down, most of the sur-
face area and, therefore, most of the scattering events happen close to the top of the
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FIGURE 7.4 Reflectance of different textures as a function of light wavelength. The regular
texture has 4.2 mm tall pyramids, the random texture has pyramids of random height and ran-
dom lateral placement, and the “random same height” texture has pyramids that are 4.2 mm
tall, but laterally placed into the same locations as the “random texture.”

True random pyramids Randomly placed pyramids
with the same height

FIGURE 7.5 Side view of the simulated structures with randomly placed pyramids of ran-
dom height on the left and randomly placed pyramids of the same height on the right. In both
cases, simulation domain size is 20 mm X 20 mm, so we see a 20 mm wide (i.e., lateral) and
20 mm deep (in the direction perpendicular to the page) structure.

skyline. Therefore, any rays that bounce with an upward angle escape into the air,
reducing the optical solar cell performance.

To summarize this section, we discussed behavior of different light wavelengths
with several types of silicon surface roughness and found that the best optical per-
formance is achieved by random texture. If the randomly placed pyramids have the
same or at least similar size, it would further improve the performance, but might be
difficult to manufacture.

The next section takes optically generated carriers from this section and discusses
how they travel through the cell to its contacts to generate solar power.
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7.3 MODELING ELECTRONIC EFFECTS

For the monocrystalline silicon cells, one appealing strategy to increase the effi-
ciency is to introduce point contacts on the rear surface instead of the conventional
structure with a contact that covers the entire rear surface.

With point contacts on the rear surface of a solar cell, several competing physical
mechanisms determine its performance. On the one hand, different optical reflectiv-
ity and surface recombination rates for the silicon—aluminum interface and passiv-
ated silicon—nitride interface suggest that reducing rear contact area would boost cell
efficiency. On the other hand, current crowding, contact resistance, and bulk recom-
bination will contribute to cell performance degradation with shrinking rear con-
tact area. Furthermore, the trade-off between these factors will be affected by any
change in doping concentration, silicon quality, and cell size. It has been reported
[1,4] that rear point contact can increase the open circuit voltage (Voc) and short
circuit current (Jsc), at the cost of reducing cell fill factor. Therefore, there is a large
optimization space to find the best solar cell design.

Optimization of the placement, including size and location, of rear point con-
tacts is performed using 3D simulation with Sentaurus TCAD tools [3]. The simu-
lation work flow starts from processing a precalculated optical generation profile,
according to different optical reflectivity at rear surfaces with or without the
contact. Sentaurus Device Editor creates a 3D structure with the processed optical
profiles. Sentaurus Device performs electrical analysis of the structure to calculate
illuminated currents. The results are processed to extract photovoltaic parameters
like Jsc, Voc, fill factor, and power conversion efficiency.

7.3.1 DErRNITION OF SIMULATION CELL STRUCTURE

7.3.1.1 Structure Definition

The monocrystalline silicon solar cell consists of a p-type silicon substrate, front
and rear surfaces covered with a passivated nitride layer, a silver front contact stripe,
and rectangular aluminum rear contacts with a heavily doped region underneath the
contact metal.

The solar cell structure and simulation domain boundaries are defined based on
three criteria, which are illustrated in Figure 7.6 together with various geometry
parameters. First, the length (along the X-axis) of the simulated element is half of
the front contact pitch, with the assumption that front contact pitch is larger than rear
contact pitch. Second, the width (along the Z-axis) of the simulated element is half
of the rear contact pitch; therefore, only half of the rear contact will be placed along
this direction. Third, the placement of the first rear contact along the X-direction is
controlled by an offset parameter, and the placement of other rear contacts, if any,
is decided by the rear contact size and pitch. The definitions of p—n junctions are also
shown in Figure 7.6.

The number and location of rear contacts can be controlled through adjustment
of the geometry parameters. The rear contact area coverage in percentage is then
calculated as a measure that describes the rear contacts.
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FIGURE 7.6 Definition of solar cell structure and simulation domain (left); doping profiles
with p-type Si wafer, blanket n-type top surface doping, and local n+ and p+ junctions around
the contacts.

7.3.1.2  Meshing Strategy

Mesh is one of the most important aspects in determining simulation efficiency and
accuracy. The general practice is to apply coarse mesh to the whole region first and
then to zoom into areas that require high resolution and refine the mesh in those
regions. Fine mesh is necessary whenever there are material interfaces, p—n junc-
tions, and contacts. Also, specifically for solar cells, it is expected that there be a
sharp gradient of light-generated carriers within the first 30 to 40 um from the top
surface. Therefore, it is recommended to refine vertical mesh spacing toward the top
surface to resolve the optically generated carrier profile.

7.3.2 MODELING METHODOLOGY

To develop an accurate simulation setup for solar cell optimization, all major physi-
cal mechanisms need to be modeled properly.

7.3.2.1 Impact of Optical Reflectivity on Optically
Generated Carrier Profile

The different optical reflectivity at the rear surface for silicon—aluminum interface
(i.e., with rear contact) and with passivated silicon—nitride interface (i.e., without
rear contact) determines the amount of light retention within silicon and thus the
number of optically generated carriers that can be trapped and absorbed in the solar
cell. Because rear contact regions trap less light through reflection, it is desirable to
have a smaller rear contact area from this point of view.

To simulate this mechanism, two different optical generation profiles must be
placed in regions with or without the rear contact. No optically generated carriers
are placed in the region underneath the front contact stripe due to the shading effect.
Within each region, it is assumed that the optical profile is distributed uniformly
along the horizontal plain (X—Z plain in the simulation).
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7.3.2.2 Surface Recombination Rate

In addition to optical reflectivity, different interfaces also demonstrate different sur-
face recombination rates. Because the carrier recombination velocity at the silicon—
aluminum interface is much higher than that of the silicon—nitride interface, the
decrease of rear contact area coverage reduces the chance of carrier recombination
and improves the solar cell performance. This factor is modeled by defining different
prefactors of the surface recombination velocity associated with different interfaces.

7.3.2.3 Contact Resistance

Contact resistance is affected by factors such as material properties and the dimen-
sion of the contact. For a given set of material properties, the decrease in rear contact
area will increase contact resistance and degrade the solar cell performance.

7.3.2.4 Bulk Recombination

In the lightly doped silicon substrate, recombination is dominated by the defect-
induced Shockley—Read—Hall recombination. In regions with high doping concen-
trations, such as the p—n junction at the front surface and the selective doping areas
underneath contact metal, Auger recombination becomes significant. Therefore, both
bulk recombination mechanisms are modeled as a function of doping concentration.

With the physical models mentioned previously and the capability to control the
cell structure, we can vary the sizes of different parts of the solar cell, or depth and
doping level of the junctions, or physical properties of silicon and its interfaces,
and then investigate their impact on solar cell performance.

7.3.3 CURrReNT CROWDING

Consider a solar cell that has 1 mm distance between top contact finger lines and
2.8% rear contact area coverage. The simulated cell power conversion efficiency is
20.93% (Jsc =26.93 mA/cm? and Voc = 687 mV). Figure 7.7 demonstrates the cross-
sectional view of hole current distribution at different locations.

7.3.4 OpmimizING EFriciENCY OF SoLAR CELLS

With the other properties fixed, we vary the rear contact size to change its area cov-
erage. Figure 7.8 illustrates relevant competing physical mechanisms that determine
design trade-offs.

Figure 7.9 shows calculated cell power conversion efficiency as a function of the
rear contact area coverage. The nonmonotonic trend is a result of multiple competing
physical mechanisms and points toward an optimal design around 5% rear contact
area coverage. Compared with the design, which has the full backside covered by
rear contact, the best design offers more than 1% gain in cell efficiency.

For a different set of p—n junctions, or silicon properties, or contact pitches, the
optimum design will be somewhat shifted, but can be found using the same model-
ing methodology. For instance, when the substrate doping level is low, the high bulk
resistance causes a bigger problem in solar cells with smaller rear contact, because
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FIGURE 7.7  Slices along X-direction show hole current distribution at different cross sections.
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FIGURE 7.8 Design trade-offs for optimizing the size of rear point contacts.

current crowding becomes the dominating constraint of the cell efficiency. On the
other hand, when substrate doping is high, the low bulk resistance is unlikely to play
an important role in determining the cell performance. Therefore, small rear point
contacts are desirable with high substrate doping, while the full surface rear contact
is preferable when the substrate doping is low.
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FIGURE 7.9 Efficiency of a solar cell as a function of rear contact area coverage.

7.3.5 CoMmrARING 3D witH 2D anp 1D

Next we compare the three-dimensional simulation results with the simplified
two-dimensional and one-dimensional counterparts. To minimize the impact of
mesh-related numerical noise, the same meshing strategy is adopted in all simulations.

However, due to the nature of 1D simulation, which only allows variations
along one direction (Y-axis), the structure used in 1D simulation is slightly modi-
fied by extending the front contact to cover the whole top surface and removing the
heavily doped region under the front contact. The whole rear surface is also fully
covered by rear contact, making it impossible to change the rear contact area cover-
age. Therefore, a valid comparison among 1D, 2D, and 3D simulations can only be
drawn from structures with 100% rear area coverage. Two groups of comparison are
performed with different parameter settings. Both results show that 1D simulation
calculates cell efficiency that is about 2% lower than the 2D or 3D results, which
demonstrates that 1D simulation is definitely insufficient to solve problems like this.

A comparison between 3D and 2D simulation results is shown in Figure 7.10.
Noticeable discrepancies of up to 0.5% in simulated cell efficiency are observed
when rear contact area coverage is small in Figure 7.10. Such discrepancies can be
explained by the current crowding effect, which is captured more accurately in 3D
simulations. The main geometrical difference between 3D and 2D simulation is that
the rear contact has a rectangular shape in 3D, but it is a stripe of infinite length
in 2D simulations. Therefore, the current crowding effect is almost doubled in 3D
simulation because each contact has four corners compared to two corners in the 2D
version, where current crowding takes place. According to Figure 7.10, the low sub-
strate doping makes current crowding a dominating constraint, resulting in a bigger
difference between 3D and 2D simulations.

Based on these observations, we conclude that 2D simulations are mostly good
enough to produce similar results to 3D simulations, except for certain cases where
we see up to 0.5% discrepancy in efficiency. However, it is recommended to use 3D
simulations when current crowding effects cannot be neglected.
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FIGURE 7.10 Three- and two-dimensional simulation comparison showing cell effi-
ciency as a function of rear contact area coverage, with a substrate doping concentration of
2.0x10% cm™.

7.3.6  JuNcTION OPTIMIZATION

Efficiency of the solar cell is almost insensitive to particular properties of the heav-
ily doped n+ selective emitters, as long as they provide good enough conduction
and low enough contact resistance. There are no optically generated carriers there
because the selective emitter is in a shadow of the optically opaque silver contact on
the top surface. Therefore, carrier recombination is not an issue in the emitters, so
they are usually doped as heavily as possible to provide good contact resistance and
good conduction.

Conversely, solar cell performance is very sensitive to the properties of blanket
n+ junctions. On the one hand, higher doping in the front n-type layer can reduce
resistance and, therefore, boost the cell efficiency. On the other hand, higher dop-
ing leads to higher recombination rates of minority carriers, which suppresses the
cell performance.

The phosphorous oxychloride (POCL) diffusion that is used in the industry to
make the n+ junctions creates surface doping of about 2:10%° cm= + 25%. The 50%
doping range happens due to the process variations. For a typical junction depth of
0.4 um, the efficiency is 18.8% =+ 0.25%, as can be seen on Figure 7.11.

Figure 7.11 also shows that a better junction with peak doping of 10 cm= and
junction depth of 0.6 um can simultaneously boost the efficiency by 2.25% and sig-
nificantly reduce the efficiency variability, from 0.5% down to 0.05%. Reduction of
variability tightens the efficiency spread and, therefore, improves parametric yield.
In terms of process flow, such junctions can be obtained by adding anneal with large
thermal budget to the standard POCL process to reduce the surface doping, or to etch



Monocrystalline Silicon Solar Cell Optimization and Modeling 189

Improved
22.0 7 junctions
21.0
€ 200-
&
.g) 190 - Industry
HEE) : ~-Xj=0.1um standard
o P POCL
T 18.07 Xj=04um junctions
O ~-Xj=0.6um
1707 - xj= 0.8 um
16.0 T T :
1.E+18 1.E+19 1.E+20 1.E+21

Peak Doping Concentration (cm—3)

FIGURE 7.11 Comparative performance and variability of different n+ blanket junctions.

away heavily doped surface layer, or to use alternative doping techniques such as ion
implantation or plasma doping.

Another option is to keep the conventional POCL doping process, but make shal-
lower junctions of about 0.1 pm deep. This will increase efficiency by about 1%, but
will not significantly reduce the variability.

To summarize this section, we discussed several design optimization criteria and
found optimization space of 4% in terms of efficiency for the junction design, 1% for
the rear contact size, and 4% for the substrate doping. Additionally, we found that
1D modeling is not accurate enough, but 2D modeling gives reasonable results most
of the time, with the maximum observed discrepancy with 3D modeling of 0.5% in
terms of cell efficiency.

7.3.7 AN ALTERNATIVE SOLAR CELL DESIGN

Among efforts to boost the performance of monocrystal silicon solar cells, the
all-back-contact cell design is regarded as an appealing candidate. Moving all con-
tacts to the back surface and leaving no metallization pattern on the front surface
eliminates the optical shading losses and allows the front surface to be optimized
without the trade-off between grid shading and series resistance. It is projected that
the worldwide fraction of all-back-contact solar cells in production will increase to
35% by 2020 from its current share of 5% [5].

For an all-back-contact solar cell, many options remain to be explored in order to
harvest the optimal cell efficiency. Take the front surface doping as an example for
which there are at least two approaches. Assuming the same lightly doped n-type
substrate, one way is to have a heavily doped n+ layer at the front surface, which
reduces the series resistance and provides a passivating drift field. The alternative
is a heavily doped p+ layer, which serves as a floating emitter and provides an even
larger drift field, but it needs careful design to minimize carrier recombination in the
heavily doped surface layer. It is therefore useful to explore the possibilities in
the all-back-contact cell design through TCAD simulations.
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FIGURE 7.12 Illustrations of various input parameters defining the geometry and doping in
the simulation structure. The oxide layer covering the back surface is not shown.

The comparison among various design options is performed using 3D simulation
with Sentaurus TCAD tools, with a simulation work flow and modeling methodolo-
gies similar to the point rear contact example described previously.

7.3.7.1 Structure Definition

The nominal structure is illustrated in Figure 7.12. The silicon substrate is lightly
doped with phosphorus to a concentration of 10" cm=, and the front surface bears
a heavily doped n+ layer with the peak doping of 6 x 10" cm=. Alternate n+ and p+
stripes are placed on the back surface, with a round contact in each stripe. A nitride
antireflecting layer covers the front surface, and the back surface outside the contacts
is covered by oxide.

Four types of variations in the cell design are considered in the simulation. These
include the front surface doping type, the contact pitch, the substrate doping level,
and changes to localized back surface doping.

7.3.7.2 Results and Discussion

Table 7.1 summarizes the impacts on cell performance due to each variable con-
sidered. It can be concluded that, for this particular setup, having a p+ junction
at the front surface can help increase cell performance when compared with the
other two alternative front surface treatments, which are n+ doped and no heavily
doped surface.

The cell efficiency of structures is directly related to the area of the heavily doped
regions on the back surface; therefore, structures with localized back surface doping
are not as good as the ones with n+ and p+ doping stripes.
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TABLE 7.1
Summary of Main Simulation Results
Substrate Front
Doping Doping Jsc Voc FF Eff.
Variable (cm3) Contact Style (cm3) (mA/cm?)  (mV) (%) (%)
Nominal 1IE+ 15 Stripe 6E + 19 34.12 6429 80.71  20.78
Floating front 1IE+ 15 Stripe —6E + 19 38.47 653.2 80.57 23.77
junction
Nonheavily 1E+ 15 Stripe 1E+ 16 37.09 6219 79.88 21.63
doped front
surface
Localized back 1IE+ 15 Circular 6E + 19 29.71 638.1 78.67 17.51
surface doping (R =80 um)
1E + 15 Circular 6E + 19 34.13 641.0 7991 20.52
(R = 170 pm)
Substrate doping 1IE+ 14 Stripe 6E + 19 35.03 6439 7934 21.01
1E+ 16 Stripe 6E + 19 28.91 641.1 82.94 18.04
Contact pitch 1IE+ 15 Stripe 6E + 19 34.16 643.4  80.00 20.64
1E+15 Stripe 6E + 19 33.43 6434  80.14 20.24

There are competing factors associated with changes in substrate doping. When
the doping level in silicon substrate increases, the carrier lifetime decreases, which
leads to lower conducting current. At the same time, the resistance is reduced,
which is beneficial to the cell efficiency.

With the bulk carrier lifetime of 500 us assumed in this simulation, an increase in
the pitch between n-contact and p-contact from 250 to 500 um leads to a 0.5% drop
in cell efficiency.

Due to the complex mechanisms involved in the all-back-contact solar cell design, if
any of the conditions is modified, the design trade-offs change, requiring reoptimization.

7.4 CONCLUSIONS

We discussed design of optical and electrical aspects of silicon solar cells using 3D
simulation with comprehensive physical models. Simulation results reveal signifi-
cant impact of surface texture and antireflective layers on sunlight capture. Robust
mesh and geometry building tools enable analysis of large simulation domains with
random texture. Simulations with about 100 random pyramids were large enough
to characterize random texture reproducibly. Detailed comparison of regular and
random textures reveals the exact reasons behind better optical performance of the
cell with random texture.

Electrical analysis of the solar cell with rear contact covering anywhere from
100% down to 1% area reveals significant optimization space of over 4% in terms
of efficiency. The large number of competing physical mechanisms leads to com-
plex cell behavior with the trade-off points determined by a combination of several
design parameters.
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The performed optical and electrical analyses suggest several possible ways to
improve cell performance and tighten its variability.
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8.1 INTRODUCTION
8.1.1 PiezoeLecTrRic MEMS

Microelectromechanical systems (MEMS) technologies have attracted considerable
attention for the development of next-generation functional microdevices. In general,
MEMS devices’ functionality is originated from three-dimensional microstructures
that can be fabricated by Si microfabrication technologies; therefore, Si-based mate-
rials are mainly used. If we think about microactuators, driving force is generally cat-
egorized into four systems: electrostatic, electromagnetic, thermal, and piezoelectric.
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FIGURE 8.1 Driving force of MEMS actuators.

Each system has advantages and disadvantages (Figure 8.1). The most popular
MEMS actuators are electrostatic systems, which are composed of simple materials
such as Si microstructure and metal electrodes. Furthermore, design and microfab-
rication of Si-based MEMS have already been established in semiconductor micro-
fabrication technologies. However, generated force of electrostatic actuators is only
attraction, and the stroke is limited in gap distance. On the other hand, functional
materials such as piezoelectric materials, which have gradually been integrated into
MEMS, can give new functionality on simple microstructures.

Piezoelectricity originated from the charge asymmetry in dielectric crystals.
Deformation of a piezoelectric material generates an electric dipole in a unit cell
of the crystal, and summation of individual dipoles becomes polarization, which is
converted to the electric output (Figure 8.2). Piezoelectricity has two characteristics:
One is the piezoelectric effect, which means the charge generation by external stress
or strain, and the other is the inverse piezoelectric effect, which is force generation
by an external electric field. These characteristics imply that the piezoelectric mate-
rials are inherently sensors and actuators. Therefore, if we integrate piezoelectric

@
WAV,

i)

FIGURE 8.2 Deformation of a piezoelectric crystal. Asymmetry of electric charge causes
polarization and electric output.
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materials into MEMS, microsensors or actuators are easily developed, especially in
simple microstructures.

8.1.2 PiezoeLecTrIC THIN FiLms

For integration of piezoelectric materials into MEMS, the piezoelectric materials
should be prepared in thin-film form. The most popular piezoelectric material is
Pb(Zr,T1)O, (PZT) because of its excellent energy conversion efficiency between
mechanical and electrical domains. The deposition and characterization of PZT thin
films have been intensively studied; recently, some piezoelectric MEMS composed
of PZT films have been developed as commercial products.

In the case of energy harvesters, the piezoelectric property is one of the most
important factors to determine power generation efficiency from environmental
vibration, and PZT thin films are commonly applied to small-scale vibration genera-
tors. However, issues still remain: deposition of the well-crystallized piezoelectric
films with complex composition and precise measurement of piezoelectric properties
of thin films. In addition, PZT contains toxic lead, which would be an issue for the
environment and human health.

In this chapter, the deposition process of PZT thin films is described from the
viewpoint of MEMS applications. In addition, the recent progress of the lead-free
piezoelectric thin films is introduced. Among a variety of piezoelectric MEMS, we
pick up the piezoelectric MEMS energy harvesters, and the basic characteristics and
applications of piezoelectric MEMS energy harvesters are presented.

8.2 PREPARATION OF PIEZOELECTRIC PZT THIN FILMS
8.2.1 DrposiTioN ofF PZT THIN FiLMs FOR MEMS

For the deposition of the piezoelectric materials, especially PZT-based perovskite
thin films, several deposition techniques have been studied: chemical solution depo-
sition (CSD; sol-gel deposition) [1], chemical vapor deposition (CVD) [2], pulsed
laser deposition (PLD) [3], and sputtering [4]. These four methods can produce
well-crystallized PZT thin films; however, each of them has advantages and disad-
vantages from the viewpoint of piezoelectric MEMS, as shown in Table 8.1. Among
these methods, CSD is one of the popular techniques to prepare piezoelectric PZT
thin films because it does not need expensive deposition apparatus. However, multiple

TABLE 8.1

PZT Deposition Process in MEMS

Process  Advantage Disadvantage

CSD Low cost Multiple coating

CVD Uniform coverage Cost of source material
PLD Reproducibility of target composition ~ Small area

Sputter Fast deposition rate Cost of apparatus
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spin-coating and baking processes are necessary to obtain a thickness of more than
1 um, which often causes composition variation along the thickness and reduction of
piezoelectric properties [5].

On the other hand, CVD is another candidate for high-quality PZT deposition.
The advantage of this method is excellent step coverage, which is useful for semi-
conductor memories (FeERAM). However, because the source materials of PZT are
expensive compared to the other methods, it is not suitable for the deposition of
micron-thick piezoelectric PZT films in piezoelectric MEMS. PLD is also a popular
method for PZT deposition; however, the deposition area with uniform thickness in
a Si wafer is usually small and it is difficult to fabricate piezoelectric MEMS devices
as commercial products.

For the PZT deposition in piezoelectric MEMS, radio frequency (RF)-magnetron
sputtering is a practical method to produce micron-thick PZT films in a single
deposition at lower cost. Sputtering deposition enables PZT films to be formed on a
variety of substrates with high deposition rates of more than 1 pum/h. On the other
hand, sputtering deposition synthesizes the films in a nonthermal equilibrium con-
dition; the deposited PZT thin films show unique characteristics that the PZT thin
films of CSD or CVD do not have. For example, sputtered PZT thin films usually
contain excess Pb, which is located not in A site but in B site [6,7]. Furthermore, the
sputtered PZT thin films have stable initial poling from bottom to surface, and this
phenomenon is useful from the viewpoint of long-term duration of the piezoelec-
tric MEMS sensors [4,8]. Sputtering deposition of the piezoelectric PZT thin films
has already been used in mass production, such as ink-jet printer heads and gyro
sensors [9].

8.2.2 SPUTTERING DEPOSITION

The RF-magnetron sputtering is a useful deposition technique, especially for the thin
films composed of complex chemical composition. Typical sputtering conditions of
the PZT thin films are listed in Table 8.2. The sputtering is performed under an
Ar/O, mixed gas atmosphere of 0.3 ~ 0.5 Pa, where the substrates were heated up to
around 600°C to grow the PZT films with perovskite structure. Postannealing with
the temperature around 600°C is also effective to crystallize PZT films deposited
at low substrate temperature. However, postannealing often involves fatal damage,

TABLE 8.2

Sputtering Condition of PZT

Target [Pb(Zr53Ti).47)O0505 + [PbO]y,
Film composition Zr/Ti = 53/47

Substrates (100)Pt/MgO, (111)Pt/Ti/Si
Deposition temperature ~ ~600°C

Sputtering gas Ar/O,=9/1 ~ 19/1

Pressure 0.3~0.5Pa

Film thickness 2 ~3um




Piezoelectric Thin Films and Their Application to Vibration Energy Harvesters 197

such as cracking or peeling of the films, especially for the thick PZT films due to
large thermal stress from the substrate.

Sintered ceramics are usually used as target materials to stabilize film compo-
sition. It is well known that the morphotropic phase boundary (MPB) exists at a
ZrTi ratio of 52:48, where dielectric and piezoelectric properties exhibit maxima.
Therefore, the PZT ceramic target with MPB composition is usually used for the
piezoelectric PZT films. Furthermore, since Pb and PbO are easily re-evaporated
from the deposited films, excess PbO was often added in the target to maintain stoi-
chiometory of the PZT films. Stabilization of Pb is an important factor to obtain
the PZT thin films with perovskite structure, and depletion of Pb usually causes a
pyrochlore phase in the deposited films. On the other hand, excess Pb is thought to
be settled in B site of the perovskite, and it does not cause the serious degradation of
the electric properties of the sputtered PZT thin films [6,7].

8.2.3 CRrystAL STRUCTURE OF PZT THIN Fitms

Piezoelectricity is originated from asymmetry of the crystal structure, which strongly
influences piezoelectric properties. Usually, PZT films are grown on Pt-coated
Si substrates with a Ti adhesive layer at the interface of Si. The x-ray diffraction
(XRD) patterns of the PZT films deposited on Pt/Ti/SiO,/Si substrates are shown in
Figure 8.3. The clear diffraction peaks from perovskite PZT is observed without the
other phases such as pyrochlore. On the other hand, the preferential orientation of
the PZT can be controlled by optimization of the sputtering conditions. Especially,
a seed layer such as (Pb, La)TiO,; (PLT) or SrRuO; (SRO) is effective in ensuing
perovskite growth and orientation control in PZT sputtering [10—12].

The preferential orientation of the piezoelectric thin films is one of the determin-
ing factors of the piezoelectric properties for piezoelectric thin films. Although PZT
thin films on Si substrates usually have polycrystalline structure, epitaxial substrates
such as MgO and SiTiO, enable epitaxial growth of PZT films by RF-sputtering,
PLD, or CVD. Epitaxial substrates can control orientation and domain structure
of the PZT films so that the electric properties including piezoelectricity can be
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FIGURE 8.3 XRD patterns of PZT thin films on Pt/Ti/Si substrates by RF-magnetron
sputtering.
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enhanced by perfect alignment of the polar direction. Recently, Pb-based piezo-
electric thin films have been grown on Si substrates by using a multilayered buffer
such as SrTiO,/MgO/TiN or SrRuO,/StTiO,. Baek et al. reported that Pb(Mg, ;Nb,,;)
0,-PbTiO; (PMN-PT) thin films were grown on miscut Si substrates with multi-
buffer layers by off-axis sputtering deposition, and large piezoelectric properties
could be obtained [13]. The epitaxial piezoelectric thin films of PZT or PMN-PT are
ideal materials for piezoelectric MEMS; however, the sputtering conditions are very
sensitive to the epitaxial growth of the piezoelectric films including buffer layers,
and the polycrystalline thin films with preferred c-axis orientation are usually used
for the practical applications.

8.2.4 EVALUATION OF PiEzOELECTRIC PROPERTIES FOR THIN FiLMS

Since the piezoelectric films are deposited on substrates, the piezoelectric effect of
the thin film is strongly suppressed by the existence of the substrate, and it makes it
difficult to measure the precise piezoelectric properties. Several measurement meth-
ods have been used to determine piezoelectric coefficient of the thin films [14]. One
of the most popular methods is the measurement of the thickness change originated
from the longitudinal piezoelectric effect using an atomic force microscope (AFM)
or laser interferometer [15,16]. Although this method offers ease of measurement
of the effective longitudinal piezoelectric strain, the transverse piezoelectric coef-
ficient, which is indispensable for the device design of piezoelectric MEMS, cannot
be obtained.

The most practical method to evaluate transverse piezoelectric properties of thin
films is the measurements of piezoelectric cantilevers. The piezoelectric properties
of d- and e-forms are expressed as the following equations:

T :CiJE'Sj —ekEy, (8.1)
Si :S,‘]E*Y}_dkiEk, (82)

where
k=1,2,3
,j=1,2,3,4,56
T, S, and E; are the stress, strain, and electric field components
c;® and s, are constant-electric-field elastic stiffness components and elastic
compliance components
e,; and d,; are piezoelectric coefficients

In order to evaluate transverse piezoelectric properties (ds, or e;;) of thin films,
unimorph cantilevers are often used as specimens. Unimorphs are composed of
double layers of piezoelectric and nonpiezoelectric materials, and most piezoelectric
MEMS sensors or actuators have these structure. Output of a unimorph is deter-
mined by transverse piezoelectric properties; for example, tip displacement of the
unimorph actuator is calculated by the following equation:
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Here, h, s,,, L, V, and d are the thickness, the elastic compliance, the length of the can-
tilever, the applied voltage, and the tip displacement, respectively [17]. The subscripts
s and p denote the substrate and the PZT thin film, respectively. If the dimension
and mechanical properties of the unimorphs are known, the transverse piezoelectric
coefficient dj, is obtained from Equation (8.3). Especially in the case in which the
thickness of a substrate is much larger than that of a piezoelectric thin film, trans-
verse piezoelectric coefficient d;; can be approximated as

2
dy=———5 == 8.4)

The mechanical properties of the thin films usually depend on the deposition
process and the substrate. Therefore, it is inevitable to measure the elastic proper-
ties of the PZT thin films precisely to obtain transverse piezoelectric coefficient dy,,
although they are difficult to evaluate.

On the other hand, in the case of a piezoelectric thin film on the substrate, the
effects of plane and shear strains can be neglected. If an external electric field is
applied to a unimorph actuator, two-dimensional in-plain strain is generated and the
transverse piezoelectric coefficient ey, is written as

E E

_ ci3S3 — Ty _ 1353 d

31 — - E E *
E;3 E;  siitsi

(8.5)

The effective transverse piezoelectric coefficient ey, , is defined as ey , = d)/
(s,,F + 5:,5) [18], and then Equation (8.5) is expressed as

Ci3
€31 =631 +CT€33- (8.6)
33

The effective transverse piezoelectric coefficient was defined to eliminate the
ambiguous mechanical properties of the thin films, and the following coefficient can
be determined from the displacement of a unimorph cantilever:

« _dy _ Enh’

=— 0. 8.7
T E, T v @7
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Here, E,, v, are Young’s modulus and the Poisson ratio of substrate [19,20]. The
effective transverse piezoelectric coefficient e, ,or e;," can be easily obtained from
the tip displacement of a unimorph cantilever and it is useful to evaluate the trans-
verse piezoelectric property as a kind of figure of merit.

8.3 LEAD-FREE PIEZOELECTRIC THIN FILMS

From the viewpoint of environmental impact of piezoelectric materials and devices,
lead-free piezoelectric materials have been strongly demanded. Recently, a variety
of lead-free piezoelectric materials has been studied and some of them show large
piezoelectric properties comparable with PZT ceramics [21,22]. Typical lead-free
piezoelectric materials are listed in Table 8.3. The studies on Ba, Bi, and alkali-based
perovskite materials exhibited relatively large piezoelectric properties. Recently, it
has been reported that the (K,;Na) NbO; (KNN)-based piezoelectric ceramics, whose
crystal orientation and additives are optimized, show a large piezoelectric coeffi-
cient and high Curie temperature that are comparable with PZT [26]. This discovery
boosted the research of lead-free piezoelectrics.

In order to integrate lead-free piezoelectric materials into MEMS, a variety of
lead-free piezoelectric ceramics has been prepared on Si substrates in the thin-film
form. The most promising lead-free piezoelectric thin films are KNN thin films.
Just like PZT thin films, KNN thin films can be deposited by several deposition
processes, such as RF-sputtering [27,28], CVD [29], and PLD [30,31]. In the case of
KNN thin films, RF-magnetron sputtering can produce high-quality thin films and
the sputtering conditions are almost the same as those of PZT. Shibata et al. reported
successfully fabricating the KNN thin films by RF-magnetron sputtering and con-
firmed excellent piezoelectric properties compatible with PZT [32,33].

TABLE 8.3

Piezoelectric Properties of Typical Lead-Free Piezoelectric Ceramics

System Composition dy; (pC/N) & Tc(°C) Ref.
BT-BKT 0.95BaTiO; — 0.05(Bi, ,K,,,) TiO; + Mn(0.1 we%) 76 779 168 21
BT-BNT 0.06BaTiO; — 0.94(Bi, ,Na, ,)TiO, 125 580 288 23
KNN (K, sNa, s)NbO, 80 430 420 24
<100>-KNN  (K{ 1,Nag 5,Lio o) (Nby T 105b0.0)O5 416 1570 253 25

BCT-BZT  0.5Ba(Zry,Tiyy)TiO; — 0.5(Bay,Cay ;) TiO; 620 3060 93 26
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8.3.1 PiezoeLecTriC PROPERTIES OF KNN THIN FiLms

The transverse piezoelectric properties were evaluated from the tip displacement
of unimorph cantilevers, and the transverse piezoelectric coefficient e, ; is cal-
culated by Equation (8.8). To examine the piezoelectric characteristics of the
sputtering-deposited KNN thin films, e;, ;was compared with that of PZT thin films.
First, the KNN and PZT thin films were deposited on Si substrates (200 um). The
thickness of the KNN and PZT thin films was 3 and 2 um, respectively. The film
composition of both films was close to MPB composition (KNN: K/Na = 45/55,
PZT: Z1/Ti = 50/50). XRD patterns of the KNN and PZT thin films are shown in
Figure 8.4. The KNN film shows a preferential orientation of (001) in a perovskite
unit cell. On the other hand, the PZT film shows relatively random orientation with
strong diffractions of (001) and (110). The cross-sectional SEM (scanning electron
microscopy) images of KNN and PZT films are shown in Figure 8.5. Both films
have very dense structure without pores or cavities at the interface of the substrates,
implying that the films strongly adhered to the substrates.
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FIGURE 8.4 XRD patterns of KNN and PZT thin films deposited on Pt/Ti/Si substrates.
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FIGURE 8.5 Cross-sectional SEM images of KNN and PZT thin films deposited on Pt/Ti/Si
substrates.

20 T T T T 15 20 15
—e— Displacement —e— Displacement

’é‘ 15 F ™%t ’g 15 F [ ™ esir
= s % 1190
g £ 5 £
1y S S
9 KNN/Si = g PZT/Si =
a 15 & & 15 &
v \Z]
A S5f A 5f

0 1 1 1 1 0 0 1 1 1 1 0

0 5 10 15 20 25 0 5 10 15 20 25
Voltage (V) Voltage (V)

(@ (b)

FIGURE 8.6 Displacement and calculated e, ; as a function of applied voltage; (a) KNN/Si
and (b) PZT/Si.

The KNN and PZT films on Si substrates were cut into beam shape (width of
3.4 mm, length of 20 mm), and one end of each beam was clamped in a vise so as
to create a simple unimorph cantilever (length of 16.5 mm for KNN/Si, 17.5 mm
for PZT/Si). The piezoelectric coefficient ey, » was calculated from the tip displace-
ment by applied voltages in the range of 5-20 V. Results for the KNN and PZT
films, respectively, are ey ;= —8.4 to —~11.0 C/m? and -9.3 to —11.1 C/m?, as shown
in Figure 8.6. Thus, the piezoelectric properties of KNN thin film are comparable to
those of PZT thin film.

8.3.2 MicroraBRICATION OF KNN THIN Fitms

At present, piezoelectric MEMS devices are usually made of PZT thin films, and the
PZT thin films are fabricated into a variety of microstructures by wet or dry etch-
ing processes [4,34,35]. Although the microfabrication process of PZT-based thin
films has been established, there are few reports on the microfabrication of lead-free
piezoelectric thin films. In the case of KNN thin films, effective wet- and dry-etching
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methods have not been established so far because KNN is stable for acid or alka-
line. Kurokawa et al. reported that the KNN thin film was microfabricated into a
microcantilever by reactive ion etching (RIE) with Ar/C,F; mixed gas and evaluated
etching characteristics of KNN thin film [36]. Microfabrication of KNN thin film
was conducted by magnetic neutral loop discharge (NLD) RIE, which could pro-
duce uniform and high-density plasma at low pressure and low electron temperature
[15]. The etching gas flow rate of Ar/C,F; was 50/2.5 standard cubic centimeters
per minute (SCCM) under the pressure of 0.15 Pa; the antenna power of 800 W and
bias power of 250 W were applied for 35 min. A Cr metal mask was used because
conventional photoresist could not sustain high-density plasma etching. Figure 8.7
shows the KNN thin films on a Si substrate after NLD-RIE etching. KNN thin films
were successfully etched into a cantilever-shaped structure. Then, cantilevers were
released by Si deep-RIE (DRIE), and the SEM image of the resulting KNN micro-
cantilevers is shown in Figure 8.8. Although the cantilevers were strongly bent by
the asymmetric internal stress of KNN thin films and electrodes, they showed clear
ferroelectric and piezoelectric properties.

Substrate A
Substrate

200 pm

FIGURE 8.7 SEM image of microfabricated KNN thin films on Pt/Ti/Si substrate.

Jrm—
250 pm

FIGURE 8.8 SEM image of KNN microcantilevers released from Si substrate by DRIE.
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8.4 VIBRATION ENERGY HARVESTERS

8.4.1 PiezoeLecTric MEMS ENERGY HARVESTERS

Recently, vibration energy harvesting technologies have attracted considerable
attention as an energy source for microdevices, especially for autonomous wireless
sensor nodes [37-39]. Vibration MEMS energy harvesters (EHs) can be long-life,
maintenance-free electric power sources to replace primary batteries. As vibrational
energy widely exists in the environment, it is therefore useful in areas where solar
power cannot be used. It is reported that the sensor nodes can be operated by small
power of about tens to hundreds of microwatts [6]; however, the generated power is
still insufficient and improvements in efficiency are strongly demanded.

Vibration generators are generally classified into three types: electromagnetic,
electrostatic, and piezoelectric systems. Among them, piezoelectric power genera-
tors show the highest power density [37]. Furthermore, because piezoelectric energy
harvesters have simple cantilever structures, integration with MEMS processing is
not difficult. Piezoelectric MEMS EHs are usually unimorph cantilever structures
constructed from piezoelectric PZT thin films on Si substrates. Because the vibration
amplitude of the cantilever is maximized at its resonance frequency, the resonance
frequency of the cantilevers should be adjusted to environmental vibrations.

However, conventional MEMS EHs have a higher resonance frequency of more
than 1 kHz because of the small size of the resonators, although the frequency of
environmental vibrations is generally less than 200 Hz [40]. Furthermore, PZT/Si
unimorph cantilevers are brittle materials and the output power is restricted by the
fracture strength of the cantilever under large vibration. Another challenge is the
lead-free piezoelectric energy harvesters. Among a variety of piezoelectric MEMS
EHs, PZT thin films are the most popular piezoelectric materials. On the other hand,
as described in a previous section, KNN thin films have been investigated for use in
lead-free piezoelectric MEMS, and piezoelectric MEMS EHs of lead-free thin films
are strongly desired.

Piezoelectric MEMS EHs of piezoelectric thin films are described in this chapter.
First, the power generation performance of simple lead-free KNN thin-film EHs is
compared with the PZT thin-film EHs. Next, we present the metal-based piezoelec-
tric MEMS EHs. The PZT thin films were directly deposited on the microfabricated
stainless steel cantilevers by RF-magnetron sputtering and fabricated vibration EHs
not only for a simple, low-cost fabrication, but also for a long lifetime of robust
piezoelectric cantilevers.

8.4.2 Power GENERATION OF PZT AND KNN THIN FiLms

Power generation performances of KNN and PZT thin films were evaluated. To
simplify the characterization, simple unimorph cantilevers of KNN and PZT thin
films without seismic mass were used for measurements. The samples were the same
cantilevers used in Section 8.3.1, and the transverse piezoelectric coefficient ey, ; of
KNN and PZT thin films was around —10 C/m?. The relative dielectric constants (€,)
of the KNN and PZT films were 744 and 872, and the dielectric losses (tan ) were
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7.1% and 3.9%, respectively. The power generation efficiency of the piezoelectric
thin films can be evaluated by the figure of merit (FOM) from the following equa-
tion [13]:

2
F0M=(e;1;f ) . (8.9)
r0

FOM represents the electromechanical coupling factor of the thin film materi-
als. Because piezoelectric and dielectric properties of the KNN and PZT films are
almost the same, their FOM is calculated to be around 15 GPa. This result indicates
that the lead-free KNN thin films have a comparable power-generation performance
to that of PZT thin films.

Output power of each unimorph cantilever was measured using the setup shown
in Figure 8.9. The cantilever was mounted on a shaker and connected lead lines
between the top and bottom electrodes to load resistance. Then, the output voltage
was measured under the continuous vibration. The frequency response of output
voltage is shown in Figure 8.10. The output voltage (for acceleration 10 m/s?, load
resistance R = 1 MQ) showed clear peaks at frequencies of 1036 and 892 Hz and
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Q
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FIGURE 8.9 Measurement setup of piezoelectric energy harvesters.
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FIGURE 8.10 Frequency response of output voltage; (a) KNN/Si, and (b) PZT/Si unimorph
EHs.
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FIGURE 8.12 Illustration of equivalent electric circuit of piezoelectric EH.
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the quality factor QO was 120 and 160 for the KNN and PZT cantilevers, respec-
tively. Figure 8.11 shows the average output power P = V?/(2R) as a function of load
resistance for KNN and PZT EHs. Measurements were performed at the resonance
frequency of each cantilever and the acceleration of 10 m/s?. Peak output power for
the KNN and PZT films was 1.1 uW at 1.7 kQ and 1.0 uyW at 1.2 kQ, respectively.
Thus, the lead-free KNN film performs comparably to the PZT film with respect to
power generation.

The power generation for the piezoelectric EHs can be characterized by consider-
ing the equivalent electric circuit [41]. The mechanical and electrical circuit model
is illustrated in Figure 8.12. The mechanical vibration of the EHs is simplified in a
lumped model, as shown in Figure 8.13, and the motion equation is

mZ+cz+kz =—my, (8.10)
where m, ¢, and k are mass, damping coefficient, and spring constant, and z and y
are relative displacement of mass and the displacement of the base. If the conversion

ratio between electric potential (V) and mechanical force (F) is I, Equation (8.10)
can be expressed as

F(t)=-my=-m(Y,sinot)” =mY,w*sinor =(_k+ jcom+c)z'+FV. 8.11)
Jjo
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FIGURE 8.13 Output voltage and electric power of (a) KNN and (b) PZT EHs as a function
of acceleration.

Then, the output voltage is expressed as the following equation:

jmY,0’RT

V= - > 5 — sin ot
k+ joo(c+KkCR+RT?) -’ (m+cCR)— jo’mCR

8.12)
_ m0)02Y0 KZ\PQ3

U j-{ye)+(1+k*)w}a-j(1+(¥/0))Q" + P’

2
mo=\/z we=L gL o_©® Q=7mm0 K2=L,
m RC , ®, c kC

sin ot

where m, a, ®,, C, R, and Q are the cantilever’s effective mass, acceleration, funda-
mental mechanical angular frequency, capacitance, load resistance, and mechani-
cal quality factor. K represents the generalized electromechanical coupling (GEMC)
factor. The averaged output power is obtained as

P=1J.Tv—zdt
7)o R
:mY02m3 K*PQ°
2 (@-1) + P Q- 1K) +(Q3/0%) (14 ¥2Q2 +2¥K°Q)

(8.13)

Maximum output power is obtained when the EHs are shaken at the resonance
frequency, and Equation (8.11) can be simplified as

p_W’imd® L% , (8.14)
2 (@RC) + (1 +a)ORCK2Q)2

where |, (= 1.566) is the correction factor for simple cantilever vibration at the first
resonance [42]. The optimal load resistance R, is obtained from the differentiation
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of Equation (8.14) by R, and the maximum output power P, is obtained at R
are expressed as

they

opt>

1 1
R, =— |—F—+ 8.15
" 0,C \ 1+Q°K* ®.15)

_W’ma’ KQ" (1+Q2K4)

20 1+(\/1+Q2K4 +1<2Q)2 .

P

opt

(8.16)

This equation implies that, if mechanical and electrical values are given, output
power can be determined by K and Q. The GEMC factor, an important parameter for
determining the output power of piezoelectric energy harvesters, is obtained from

2

2
(O] —®
KZ — short 2open , (817)
Oghort

where @, and ®,,., are the resonance angular frequencies of the associated short
and open circuits, respectively.

The energy harvesters were plotted in Figure 8.11 and calculated the output power
for the KNN/Si and PZT/Si energy harvesters in the case of K> = 1.7 x 1073 and 0.65
x 1073, respectively. The maximum output power and K? are higher for KNN/Si
than for PZT/Si. The performance of KNN thin-film EHs is comparable to or better
than that of PZT thin-film EHs. The acceleration dependence of the output power
was measured with accelerations ranging from 1 to 20 m/s? with the optimal load
resistance, and the results are shown in Figure 8.13. For both EHs, the output volt-
age proportionally increases, while output power increases with the square of the
acceleration, respectively. These results almost follow the theoretical prediction. The
KNN and PZT EHs generated stable electric power under the high acceleration to 20
m/s? and it reached 3.7 and 3.4 uW at 20 m/s?, respectively.

Because we used simple unimorph structures to evaluate the fundamental charac-
teristics of the films, our observed output power and GEMC factors are smaller than
those of other piezoelectric MEMS energy harvesters reported to date. However, the
output power of both types of EHs can easily be enhanced by attaching a seismic mass
to the cantilever tip and by further optimizing the harvester design and structure.

8.4.3 METAL-BASED PiezoeLEcTRIC MEMS ENERGY HARVESTERS

Piezoelectric MEMS EHs of metal cantilevers are advantageous to the long-term sta-
bility of the power generation due to excellent toughness of the metal. Furthermore,
strong toughness of the metal cantilevers enables the reduction of the thickness of the
cantilever and heavy tip mass attachment, which lead to the reduction of the resonant
frequency and enhancement of vibration. In this study, PZT thin films were directly
deposited on stainless steel cantilevers of ferritic stainless steel (SS430) cantilevers.
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The coefficients of thermal expansion (CTE) for SS430 and PZT are about 11.4 x
10-°K"and 9 x 10-° K-!, respectively. Considering that the CTE of typical austenitic
stainless steel (SS304) is 18.4 x 10-¢ K-!, the small difference in CTE between PZT
and SS430 is expected to mitigate the initial bending of the unimorph cantilevers.
The fabrication process is shown in Figures 8.14 and 8.15. First, 30-um thick SS430
cantilevers with tip masses were fabricated from a 300-pm thick stainless steel plate
in a two-step, double-sided spray etching process using ferric chloride solution. This

o A

Ferritic stainless steel (SUS430)

Photoresist

(a) SUS430 substrate with photoresist (c) Second wet etching of front-side
coatings on both sides

Wy N §

leed end
T1p mass

(b) First wet etching of back-side (d) Stainless steel cantilever with a tip mass

FIGURE 8.14 Fabrication process of the stainless steel cantilevers with a tip mass by
two-step spray etching.

Pt/Ti (200 nm/2 nm) PZT (2.5 pm)
(a) Pt/Ti bottom electrodes deposition c) Piezoelectric PZT thin films deposition
PLT (90 nm) t (100 nm)
(b) PLT seed layer deposition d) Pt top electrodes deposition through a

shadow mask

FIGURE 8.15 Sputtering deposition of the piezoelectric PZT thin films on microfabricated
stainless steel cantilever.
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etching process enables fabrication of the fixed end and the tip mass of cantilevers
without bonding or clamping. With the cantilever length fixed at 7.5 mm, cantilevers
of different widths of 1.0, 2.0, and 5.0 mm were constructed, while the built-in tip
mass varied from 5.0 to 25 mg.

Prior to PZT deposition, Pt/Ti bottom electrodes were deposited by RF-magnetron
sputtering onto the microfabricated cantilevers. A (Pb, La)TiO, (PLT) seed layer was
deposited to promote the growth of the PZT thin films, and successively the PZT
thin films with composition Zr/Ti = 53/47 were deposited also by RF-magnetron
sputtering [43,44]. The substrate was heated to around 600°C, and deposition was
performed under a mixed gas atmosphere of Ar/O, with a flow of 9.0/1.0 SCCM.
The thickness of the PZT films was 2.5 pm. The Pt top electrodes were prepared
through a shadow mask. Direct deposition of the PZT thin films on the microfab-
ricated cantilever could drastically simplify fabrication of the piezoelectric MEMS
EHs. Figure 8.16 shows the image of the piezoelectric EHs of the PZT thin film on
a stainless steel cantilever.

The relative dielectric constant €, and dielectric loss tan d of the PZT films were
325-445 and 2.1%-3.3%, respectively. The low relative dielectric constant of PZT
films is caused by in-plane compressive stress due to the difference in CTE between
PZT thin films and stainless steel. The transverse piezoelectric properties of PZT
films were measured from the deflection of the unimorph cantilevers, and e;,  was
calculated to be about —4.0 C/m?.

Figure 8.17 shows the frequency response of output voltage of a unimorph canti-
lever (7.5 mm long, 5.0 mm wide, 25 mg tip mass) at the acceleration of 10 m/s?. A
clear peak of the output voltage appeared at a resonance frequency of 367 Hz. The
Q value was calculated to be 80 from the half-power bandwidth method. As shown
in Figure 8.17, the nonlinear response (jump phenomenon and hysteresis) was clearly
observed arising from softening spring effects; however, it is preferable in expanding
the range of resonance frequency. Figure 8.18 shows the output power and the output
voltage as a function of load resistance. The measurement was performed at the reso-
nance frequency of 367 Hz under the acceleration of 10 m/s?. The averaged output
power [P = V2/2R] reached 6.8 uW at the optimum load resistance of 10 kQ. We
define the power density as the maximum output power divided by the volume of the
cantilever; the power density of design 1 is 1.7 mW/cm3. GEMC K? of the PZT films
on stainless steel cantilever was calculated to be 2.8 x 10~ and almost independent

FIGURE 8.16 Photograph of piezoelectric EH of PZT thin film on microfabricated stainless
steel cantilevers.
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of the design of the unimorph cantilevers. Compared with K? for PZT films on Si
cantilevers (0.65 x 10-%), we achieved an extremely high conversion efficiency for our
PZT energy harvesters on stainless steel cantilevers.

8.5 SUMMARY

In this chapter, the outline of piezoelectric MEMS technologies is presented.
Ferroelectric materials have a variety of functionality, including piezoelectricity,
and integration of piezoelectric materials on MEMS enhances the function of the
devices even in the simple microstructures. For the development of piezoelectric
MEMS, deposition, evaluation, and microfabrication of piezoelectric thin films
should be established. PZT is the most popular piezoelectric material, and PZT
thin films with a thickness of a few microns are used for the MEMS applications.
RF-magnetron sputtering is a suitable method for the deposition of piezoelectric
PZT films. Transverse piezoelectric properties of the thin films are indispensable to
design the piezoelectric MEMS, and they can be evaluated from the actuator prop-
erties of unimorph cantilevers of a PZT film and a substrate. On the other hand,
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lead-free piezoelectric thin films have been investigated as environmentally friendly
materials, and it was reported that KNN thin films show large piezoelectric proper-
ties almost compatible with those of PZT films. Among a variety of piezoelectric
MEMS applications, MEMS EHs have attracted attention for acting as an autono-
mous energy source for microdevices, especially for wireless sensor nodes. For the
practical application, robust, environmentally friendly, low-cost, and high-efficiency
MEMS EHs are required. Progress of the piezoelectric thin-film technologies will
be a key to solving these issues.
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Abstract: This chapter introduces a lumped modeling and design approach
for bending beam type resonant piezoelectric vibration energy harvesters. The
developed framework is used to clarify the achievable power density limits of
these devices. Four possible bottlenecks are discussed: the amount of energy
transferred to the harvester from the source (inertial coupling), the amount
of strain energy that the structure can support (stress), what fraction of this
energy is converted electrically (piezoelectric conversion), and the fraction
that is scavenged by the electric load (energy extraction). For optimal reso-
nator designs, the characteristics of the vibration source (acceleration and
frequency), the density of the materials used, and the quality factor of the
device define the achievable power density, suggesting 10—-100 uW/cm? for
typical vibrations. The materials and configuration of the beam, stress and
fatigue considerations, and the circuitry then define the necessary piezoelec-
tric material volume required to provide this power level. Figures of merit are
proposed to evaluate these characteristics independently of the operating con-
ditions. Analyzing results from recently demonstrated resonant devices, the
inertial limit appears to be commonly achieved, but varying the beam design
and materials can significantly impact the beam power density. To close this
chapter, we briefly address the topic of wideband vibration energy harvesting.

9.1 INTRODUCTION

The development of novel portable sources of electrical power has been a focus of
scientific research for several years, in great part motivated by the progress and new
needs in the sectors of consumer electronics and wireless sensors. Recent devel-
opments in wireless communications and the miniaturization of electromechanical
devices using complementary metal-oxide semiconductor (CMOS) and micro-
electromechanical systems (MEMS) technologies are key enablers for very low
power electronics. Indeed, advances in these fields suggest that many intelligent
embedded devices will soon operate on very small power budgets, in the range of
1-100 uW [1]. Although electrochemical batteries are a mature technology that is
currently widely used, it restricts the performance and autonomy of microdevices in
many important emerging applications. For instance, it is not a practical option for
large-scale wireless sensor networks. In fact, the widespread deployment of these
sensor networks for health monitoring applications and the Internet of Things has
now hit a roadblock due to the cumbersome task of replacing so many batteries [2].
Hence, there is great interest in developing miniaturized energy harvesters that
can convert ambient energy—thermal fluctuations and gradients, solar radiation,
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mechanical vibrations, fluid flow, and radio frequency waves—into electrical power.
Over the past 20 years, numerous device concepts have been proposed, ranging from
miniaturized engines and fuel cells to thermoelectric, thermophotovoltaic, and piezo-
electric devices. Many crucial questions remain open in this field: What are the per-
formance limits of different types of harvesters? Can we develop effective strategies
for selecting harvesters for specific applications and environments? Can we develop
rational design methodologies to optimize performance, reliability, and manufactur-
ability? Can simple models be used to do this efficiently with good accuracy?

In this chapter, we seek answers to some of these questions for one particular
type of harvester—namely, the piezoelectric vibration energy harvester (PVEH).
The ubiquitous nature of vibrations makes this source a very interesting prospect
for energy harvesting. For example, a VEH does not require direct access to ambient
wind or sunlight sources, which can be rare in some environments. It also oper-
ates on the same principle used by accelerometers. Under the influence of an exter-
nal vibration, a suspended mass deflects from its neutral position due to its own
inertia. For a PVEH, the stresses induced in a piezoelectric material resulting from
this deflection are used as the means of energy conversion. Much like their sensor
counterpart, MEMS harvesters generally use cantilever or clamped-clamped beam
geometries on which a large proof mass is attached. This mass fills two main func-
tions: tune the natural frequency of the structure and increase the applied force and
therefore the power output. Thin film deposition processes are often used for the
integration of the piezoelectric material into these small devices.

Several high- and low-order models for PVEHs have been proposed through the
years, but conflicting notions have spread in the literature [3]. Thankfully, recent
models accurately describe the piezoelectric effect [4,5], but they are expressed in
such ways that they lose the simplicity and transparency provided by lower order
models such as the model of Williams and Yates [6]. A model with these attributes is
nonetheless a valuable tool to streamline the design and optimization of harvesters.
Moreover, many research groups in academic and industrial research laboratories
have designed and built miniaturized PVEH devices using different configurations,
geometries, materials, and electrical circuits. Due to their different design, their
performances are tested under different operating conditions, making comparison
among them difficult. Still, typical power densities of the order of microwatts per
cubic centimeter have been reported, which is significantly lower than the early esti-
mates that motivated efforts to build PVEHs [7,8]. Although increasing their power
density is a major focus of current research, it remains unclear whether there is
indeed any potential for significant improvements. Recognizing the limits of VEHs
is important to better evaluate which wireless sensor applications are compatible
with this technology.

The first objective of this book chapter is therefore to introduce a simple but accu-
rate model for the PVEH. We subsequently present a global framework for design
and analysis by exploring in each section the various aspects that can limit this type
of energy harvesting. The model is used to quantify their respective impacts, with a
special focus on the notion of power density (i.e., power per unit volume), a metric
typically used to report the performances of devices. Moreover, these limits are used
to propose relevant figures of merit (FOMs) for benchmarking and comparison of
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harvesters with different designs. The selection of an optimal piezoelectric material
and electrical interface is also among the topics of this discussion. Before introduc-
ing this framework, we first take a look at the energy flow in PVEH devices.

9.1.1 ENEerGY TRANSFER IN PVEH DEvices

Figure 9.1 presents a diagram of the energy flow for a general piezoelectric energy har-
vester application. The sequence starts from the ambient mechanical energy source,
which interacts with the harvesting device. By doing work on the harvester, either by
an inertial force (e.g., vibration, shocks) or a contact force (e.g., impacts, fluid flows,
pressure gradients), the source transfers some of its energy to the device. Part of the
transferred energy is present as kinetic energy (from the mass motion) and potential
energy (from the elastic energy in the strained spring and the electrical energy in the
charged capacitance), with an exchange between these two forms as the harvester
vibrates. Due to the piezoelectric effect, an electrical potential is generated on the
electrodes of the piezoelectric element while it is stressed, enabling conversion of
some of the mechanical energy into electrical energy. Losses occur during this pro-
cess (e.g., mechanical damping and dielectric leakage), while electrical energy is
also extracted to be consumed, processed, or stored. If electrical energy remains, it is
restored mechanically as kinetic energy. The extracted electrical energy can finally
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be used by an electronic device after appropriate processing by the power distribu-
tion and control interfaces.

This chain contains bidirectional arrows to show that the flow of energy can go in
both ways. For instance, the control interface could inject previously stored energy
into the piezoelectric element to tune the harvester electrically [9]. This tuning could
therefore affect the capture of ambient energy by the harvester. The harvester also
exchanges energy with its environment, but for the miniaturized devices under con-
sideration, its effects on the source are assumed negligible. Looking at this chain,
several limiting aspects can be identified as potential bottlenecks on the net electric
power output and the power density:

e How much energy does the harvester capture? The vibration source and
the quality of its mechanical coupling with the device have a tremendous
impact on the harvestable power. Is the device excited by inertia or contact
forces? Is transfer of energy based on resonance, impacts, or plucking? This
limit is specifically discussed for linear resonators in Section 9.3.

* What is the maximum amount of energy that a device can collect with-
out risks of damages? Stress concerns (i.e., distribution and concentration),
fatigue, and materials degradation limit how much energy they can store
before failure. This aspect, in theory, puts the upper bound on the power
density, assuming that plenty of energy can be captured by the harvesting
device in the first place. These issues are discussed in Section 9.4.

*  How much mechanical energy can be converted into electrical energy? The
generalized effective piezoelectric coupling factor, k¢, is a design parame-
ter of piezoelectric transducers that characterizes the fraction of the applied
energy that is transformed electrically under a specific strain distribution.
As we discuss in Section 9.5, this coupling factor depends on material prop-
erties—mainly the material coupling factor expressed by its k; constants
and the device geometry.

* How much of this electrical energy can be extracted and stored? Even if
a large part of the work applied on the device is converted into electri-
cal energy, only a fraction might be extractable. The load connected to the
transducer plays a big role in this process. Many harvesting interfaces have
been proposed to improve energy extraction and reduce losses, and their
impact is presented in Section 9.6.

In addition, the design of the device dictates how these aspects are coupled to
each other. For instance, typical inertial, resonant PVEHs are usually made of a
suspended structure, often composed of multiple layers, which is clamped to the
vibration source. Due to the inertia of the mass attached to this structure, stresses
are induced to the materials. By designing this structure to match one of its resonant
modes with the vibration source frequency, more energy can be captured, in turn
inducing larger stresses as well. Hence, these influences are particularly strong here
because a single heterogeneous structure captures, receives, and converts the energy.
Moreover, energy is captured and extracted at the same time.
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In Section 9.7, we use multiple FOMs to compare the performance of various
devices reported in the literature and paint a picture of the current state of the
art. Other considerations and perspectives, such as novel design approaches and
trade-offs, are finally discussed in Section 9.8 to close this chapter.

9.2 SINGLE DEGREE OF FREEDOM MODEL OF A PVEH

Piezoelectric resonant structures can be modeled accurately using distributed param-
eter methods [4], but a simpler, lumped element approach is often sufficient and more
convenient for design around a single resonant mode. Such a model will be first pre-
sented here to introduce the dynamics, followed by a more expansive analysis of the
parameters’ effects on the power output.

9.2.1 LumpPeD PARAMETER MODELING

The lumped representation of the piezoelectric resonator is similar to the more tradi-
tional mechanical resonator. It partly consists of a mechanical spring, K,,; an equiv-
alent mass, M,,; and a mechanical damper, C,,. However, an electrically coupled
spring, K., and an electrical damper, C,, are now introduced to wholly capture the
piezoelectric effect [10]. Tied to the piezoelectric coupling, these two elements are
also affected by the electrical load that is connected to the piezoelectric element,
with a specific frequency response due to the capacitive nature of the piezoelec-
tric element. Figure 9.2 illustrates the lumped modeling approach, shown here for a
piezoelectric unimorph cantilever beam with a tip mass, M,, connected to a resistive
load, R, [11].

For this analysis, we shall consider the transverse vibration mode of a thin beam
of length L and width b. We also neglect any rotary inertia effect from the beam or
the tip mass. The thicknesses of the piezoelectric and support layers are respectively
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denoted by &, and h, with their density and modulus of elasticity similarly denoted
by p,, ps and Y,,, Y, respectively. It is worth mentioning that, for thin beams, the elas-
ticity is derived from the compliance of the material, such as [12]

Y =) O.D

where s{;" is the first term of the compliance tensor of the material. Let us further
assume that the electrodes cover a length L, < L, starting from the base of the canti-
lever beam because this region will be the most stressed. Nevertheless, the electrodes
are assumed to be much thinner than the beam; hence, their effects on stiffness and
mass are negligible. The beam displacement is characterized by

w(x,t) = Wiv(x)sin(or) , 9.2)

where W is the tip displacement phasor (capturing the amplitude and phase informa-
tion) and w is the function providing the shape of the deformed beam. This func-
tion is normalized to have |W(L)| = 1. The energy source is a harmonic acceleration
applied to the base of the cantilever beam:

a(t) = Asin(o), 9.3)

where A again expresses a phasor. The mechanical domain equation is based on
Newton’s second law and can be reduced to Equation (9.4). The electrical behavior is
captured by Equation (9.5) and obtained from Kirchhoff circuit laws for an equiva-
lent parallel resistor-capacitor (RC) circuit connected with a variable current source.
Hence, the piezoelectric layer is equivalent to a strain rate-dependant current source
and a capacitor, Cp, in the electrical domain.

M w(L,t)+CyW(L,t)+ Kyw(L,t) = 0v(t) = fi, (1) ©4)

v(t)

€q

OWw(L,H)+Cy()+——-=0 ©.5)

The piezoelectric effect is therefore completely captured through the coupling
force, Bv, and piezoelectric current, 0w(L,t), where v(f) is the voltage and 6 is the
beam coupling coefficient. The equivalent lumped parameters are taken from Erturk
and Inman [4] and Dompierre [13] and can be expressed as

0= Yd31(bhprl dzw(x) ) 9.6)

“ The superscript E indicates that the property is measured with a constant or null electric field (i.e., in
short-circuit condition).
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C, =¢5 ( IZ‘ J , 9.7)
~ L ~ 2
Meq = Mob(L)+b(pshs + pphp)J'0 (W(x)) dx 9.8)
2
[Y(h,, s )+Y(h3—hb)]j (dw(x))dx. 9.9)
with

EYShS +(hS + h")thp

By =—2 2 (9.10)
Yihs + Yy,

hy = hy + h, (9.11)
he = hy+h, 9.12)
I, = h” the ©.13)

In these expressions, the terms h,, by, and h, are respectively the distance between
the lower surface, the piezo/substrate interface, and the top surface from the neutral
axis; fzp is the distance between the neutral axis and the midplane of the piezoelectric
layer (see Figure 9.3). The 31-mode piezoelectric constant is denoted by d, and the
permittivity of the clamped capacitive piezoelectric layer is denoted by €5;."

As we can see, 0 is proportional to d;; while both 6 and K, depend on geometry
and strain distribution. This is an important point that is addressed in more detail in
Sections 9.4 and 9.5. We now complete the introduction of the model by describing
the inertial forcing term, f;, (¢), in the right-hand portion of Equation (9.4) [13]:

L
fiu(®) = —a(t) [MM/(L) +b(pshs +pyhy ) JO v?z(x)dx:| . (9.14)

For a punctual mass, the applied force would instead be expressed by a()M.,,
but Equation (9.14) accounts for the effect of the mass distribution of the continuous

* The superscript S indicates that the property is measured with a constant strain.
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beam and the tip mass. Hence, to express the force as a function of the equivalent
mass, we use a correction factor, noted p, such that

fa@®)=-Ma(Hu, 9.15)

with

L
ML) +b(pohy + pphp)j B(x)d
n= i _ 9.16)
ML) +b(p+pyly) | (o)

0

For typical cantilever configurations, the correction factor ranges from 1 (large tip
mass) to 1.5 (no tip mass). Moreover, the equivalent mass of the lumped parameter
model is smaller than the sum of the actual mass of the beam and the tip mass, M, [3].

We can then express the electrical damping and stiffness explicitly using Laplace
transforms and the phasor notation to combine these relationships. First, let us isolate
the voltage in Equation (9.5) to obtain

Ve JORa gy 9.17)
1+ joR.C,

where we multiply both the numerator and denominator by the complex conjugate of
the denominator, (I — j®R,,C,), to bring the complex term at the numerator:

joR., + 0*R%C
V:‘(WJGW' 618)
eq~p

By substitution of the voltage in the Laplace transform of Equation (9.4), we obtain
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R
_(l)zMeq +j(l) Cm +92 %
1+ 0 R, C,

(9.19)
2p2
+| K +6° % W = F,,
1+ R, C,
or, alternatively,
[~0*My + jo(Co +Ca)+(Kn+Ka) |W=F,, (9.20)
where [10]
2
oR,,C 0’
o =(”)2() 9.21)
1+(0R G, ) \ Gy
R.,C 2
C,= (qp)z(e) ) 9.22)
1+(0RyC,) L Gy

Equations (9.21) and (9.22) show how the electrical stiffness and damping are
tied to the relative impedance difference of the external load, R, with respect to the
capacitive layer, (0C,)™". We discuss this behavior in more detail in Subsection 9.2.2.
The tip displacement phasor, W, and the coupling force phasor, 6V, can now be
expressed as

W= WMo, A (9.23)
(Km +K,- Meq)+]o)(Cm +Cq)

OV =—(Ku + joCu )W . (9.24)

The undamped natural frequency, traditionally given by ®, = /K,/M., , does
not consider the effect of electrical stiffness. Therefore, the system’s true resonant
frequency is instead expressed by

o = |[KntKa 9.25)
\ M

For convenience, each parameter can be expressed in dimensionless form. As
defined in Equations (9.27)-(9.29), Q is the frequency ratio, {, the mechanical
damping factor, o the dimensionless time constant, and k? the dimensionless cou-
pling ratio. This last parameter gives the ratio of electrical to mechanical poten-
tial energy in open circuit. It is also related to the effective coupling factor, k2, via

Equation (9.30) [14]:
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=2 (9.26)
o,
C
= tm 9.27
T 9.27)
o=w,R,C,, (9.28)

2= 0’ _ Electric.:al Energy ’ 9.29)
K.,C, Mechanical Energy

2 k> Electrical Energy

° 7 1+x> Applied Energy

(9.30)

Particular attention should be given to avoid mixing up %2 and k2. Indeed, they
are sometimes confused because their value can be similar for devices with low
piezoelectric coupling (k* < 1), yet the discrepancy is notable when coupling is
stronger. Finally, we rearrange Equations (9.24) and (9.23) to get partially dimen-
sionless expressions for the output voltage and the tip deflection [11]:

Vz—%(AQé +2jQCa )W, (9.31)

) pA
VT wi1e a0 - 20(0, + )] 032

where AQ} and , are the dimensionless forms of the electrical stiffness and damp-
ing, respectively, given by

K. Q%02
AQ% = Kl =K2(Qzaz+l), 9.33)
- —Kz( - ) (9.34)
T 20,M, 2\ Q%2+1) '

Physically, AQZ is responsible for the resonance frequency shift typically observed
on piezoelectric devices. Hence, it can also be seen as a resonance frequency ratio
shift from the natural frequency of the short-circuited device. A dimensionless form
for Equation (9.25) is similarly obtained:

Q. =0,/m, =1+ AQ . 9.35)
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The electrical power generated by the piezoelectric element can be evaluated by
considering the equivalent impedance of the RC circuit shown in Figure 9.2

-1
Zoy = [Rl + jmcp) =~ (9.36)

The complex electric power, P, is therefore given by

el

. 2
g - 2“;‘ : 9.37)

cq €q

el = *

where the asterisk denotes the complex conjugate. Based on Equations (9.31)—(9.34),
we can expand and rearrange to get

2 _
P, = lKigl(Ale +492C51)M‘W‘2

20 R
VST Ry (XA

2 ¥ (@02 +1) RC,

(9.38)

Lo [ @07 ) (1-jQa) WP

2 " Qa’+1) 0R,C,

e Y
:lesz M ‘W‘Z
2 Qo +1

The real part of this expression is called the active power, which is the actual
average power dissipated by the resistance. In contrast, the complex part is reac-
tive power—that is, electrical energy that is stored in the device but not extracted.
Looking at Equations (9.33) and (9.34), it becomes clear that the active and reactive
powers are respectively tied to the electrical damping and the electrical stiffness.
Hence, the average harvestable power output, P, can be rearranged as

Pel = meQCel ‘W‘z

_ KmH2 ‘A‘Z chel

_ 9.39)
o) [(1 FAQL - Q) +4Q (G +Ca )2]

M7 ot |
0 (14203 -0 +4Q7 (o + L) ]

The first term of Equation (9.39) regroups parameters such as the vibration ampli-
tude and frequency, as well as the equivalent mass of the device. The second term
provides the frequency response and the effect of damping on the output power.
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Figures 9.4, 9.5, and 9.6 illustrate the frequency response trends for this second term
with variations of k2, {,, and o respectively. In the next subsection, we analyze fur-
ther the reasons for the behavior observed.

9.2.2 PiezoeLecTrICITY EFFECTS ON RESONANCE AND CLOSED-LOOP SOLUTIONS

As previously discussed, the piezoelectric effect can be captured by the addition
of a spring and a damper that are frequency and load dependent. The response of
both components, provided by Equations (9.21) and (9.22), is tied to the relative
difference of impedance between the harvester and the extracting load. Figure 9.7
illustrates the trends based on their dimensionless formulation. We observe that
K, increases with the relative impedance of the external load. This stiffening

€

behavior occurs because the flow of electrical energy out of the electromechanical
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structure is progressively blocked, thereby increasing the stored potential energy
in the material. Hence, the term 0%/C, effectively represents the maximum feed-
back piezoelectric force acting on the structure per displacement when the load is an
open circuit. Therefore, it is possible to measure the effective coupling factor of the
piezoelectric transducer directly by observing the frequency shift occurring between
the short-circuit and open-circuit conditions. In contrast, the electrical damping is
maximized when R,, = (wC,)™!, which is the condition of impedance matching. We
can express this in dimensionless form:

o=Q". (9.40)

In addition, there is no electrical damping occurring in both the open- and short-
circuit conditions.

Due to the simultaneous stiffening and dampening caused by the piezoelec-
tric effect, the resonance frequency shifts with the increase of the impedance of
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the connected load. A closed-loop solution for the resonance frequency ratio that
depends only on the load can be obtained by solving Equation (9.25) for Q = Q.:

Q%%

Q=1+
14+ Q%a?

(9.41)
0=o’Q? +Q§[1—oc2(1+1<2)]—1.

From the four solutions of Equation (9.41), two are complex and two are real. The
only valid solution is the positive real root provided by

oc2(1+1<2)—1+\/[1—oc2(1+1<2)]2+4oc2

2

Q, = (9.42)

20
For any €2, an associated electrical damping factor (Equation 9.34) can also be
expressed as a function of only the load:

o>

1+0c2(1+1<2)+\/[1—a2(1+K2)]2+4a2

9.43)

Cel |Q=Q,- =

At the resonance, the expressions for the tip displacement and power output
(Equations 9.32 and 9.39) can also be simplified to

WAl
wl o= wAal (9.44)
‘ ‘Q_Qr 2(,0,,(,01- (Cm + Cel )
2 2
Pylgg = M Ml AT G (9.45)

4('0" (Cm + Cel )2 .

It is important to stress again that both expressions are implicitly dependent on
only the load, through Equations (9.42) and (9.43). This expression can therefore be
used effectively to find the optimal load.

9.2.3 ResisTIVE LoAD OPTIMIZATION

Equation (9.45) is optimized by solving

d|P,

Q=Q, __ 0

dCel

(Cm + Cel )2 - ZC.:el (Cm + Cel)
(En=Ca)’

0=
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The result,
Cet =Cims (9.46)

shows that both damping components should be matched to optimize the power
output—a conclusion that was previously demonstrated for electromagnetic harvest-
ers [6]. Therefore, piezoelectric devices differ mainly by the significant stiffening
behavior observed, which results in a shift of the resonance frequency. This result is
also of significant importance to optimize the load connected to the PVEH device.
Equation (9.43) is plotted on Figure 9.8 to observe the trend for the load-dependent
electrical damping at resonance for several coupling ratios k2.

By comparison with a given mechanical damping level, shown in the figure by a
dotted line, we observe that if the coupling ratio is small, matching both damping
components is not possible due to the limited maximum electrical damping achiev-
able. The power output is therefore maximized via a single load, which has a matched
impedance to the piezoelectric layer. In contrast, a large coupling ratio leads to cases
where the electrical damping is the main damping mechanism of the piezoelectric
device. Two loads can now maximize the power output, a low-impedance load (close
to the short-circuit condition, low-voltage output) and a high-impedance load (close to
the open-circuit condition, high-voltage output). Between these two loads, the elec-
trical damping dominates and we observe a reduction of the power output, but an
increase of the device bandwidth (see Figure 9.6). Hence, beyond a certain coupling
threshold, it is not possible to increase the power output for single-frequency har-
monic sources. We later explain the reason for this phenomenon in Section 9.3.1.

The comparison of the coupling with the mechanical damping is, therefore, an
effective method to identify the type of load optimization required. Thankfully, the
piezoelectric resonator figure of merit can be used to accomplish this comparison.
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Frequently used to characterize the performance of piezoelectric surface acoustic
wave (SAW) devices, we reintroduce this FOM here in the context of VEHs.

9.2.4 REesONATOR FIGURE OF MERIT

The piezoelectric resonator FOM is expressed by k?Q,, [14], where Q,, is the mechan-
ical quality factor of the resonator. The quality factor is more generally defined as

1 E
0=, nergy.St.ored ' 9.47)
2C Power Dissipated

In an electromechanical system such as the piezoelectric resonator, the stored
energy is the sum of the electrical energy stored in the capacitor, the potential energy
stored in the spring, and the kinetic energy in the mass. The power dissipated is the
sum of all the power dissipation sources. Since power can be dissipated mechani-
cally or electrically, this definition is applicable to both mechanical damping and
electrical damping. Hence, the total quality factor of the device can be expressed as

-1
Ot = (Ql + Ql) . (9.48)

Using the equations introduced in this section, we can establish a coupling cri-
terion to state where this transition occurs. Remember that the condition for which
the maximum electrical damping occurs is when the impedances are matched
(Equation (9.40)). Substitution of such a load in Equations (9.33) and (9.34) gives

AQ} =— (9.49)

="' 9

K2

Cetlyqm = o (9.50)

Therefore, there is a unique frequency ratio and load for which there is both reso-
nance and a maximization of the electrical damping:

Q, o1 =V1+K/2, 9.51)

and the resulting maximum achievable electrical damping at resonance operation is
expressed by

K2

Cel ‘Q:Qr 0=05"! - m

(9.52)
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When ¢, >, the transition occurs, which is to say that

2> 4L, (gm 2 +1 ) 9.53)

For low coupling systems, Equation (9.52) can be approximated to

m?

KZ

Catlggy goot = —- (9.54)
T r 4

The error introduced by Equation (9.54) is less than 2.5% for x?> < 0.l
Equation (9.53) can also be reduced to

K> 40, 9.55)

Finally, the value of the resonator FOM for which the transition occurs is
approximately

K’0n = 2. (9.56)

As a criterion for PVEH, the resonator FOM basically states that devices with
low piezoelectric coupling or a low mechanical quality factor (x>Q,, < 2) may not be
able to reach the optimal power generation condition. It is therefore useful to identify
the design state of the resonating device. There is an optimal design state for which
«2Q,, > 2, where

e Mechanical damping is the only limiting factor.

* Mechanical damping and electrical damping should be matched by adjusting
the load to maximize the power output at a single frequency resonance peak.

e There are two optimal loads and their values are strictly tied to mechani-
cal damping and the coupling. These two values are obtained by solving
Equation (9.43) for {, =, [13]:

1 K> 1Y
Olopt = —— +Cnl 1t [1—-—+—5 -1 . 9.57
P ] 4G ¢ 26 G [( 48 ) &0

The second design state, for which K2Q,, < 2, implies that

e Coupling and mechanical damping are both limiting factors.
¢ Electrical damping should be maximized.
e There is a single optimal load at resonance and it depends only on coupling:

! (9.58)

Qopt =
K

I+—

2

With these equations in place, we are able fully to appreciate the relative impor-
tance of all the parameters in the optimization of the power output of resonant
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TABLE 9.1
Baseline Parameters Used for Estimates
Dynamic
Young Tensile Acceleration
Modulus ¥,  Strength  Coupling Quality Frequency Amplitude [A|  Density p,,
(GPa) o, (MPa) Factor k;;  Factor Q, f (Hz) (m/s?) (kg/m?3)
81.3 24 0.33 250 150 1 2330

PVEHs and, more precisely, the influence of the coupling factor and the mechanical
damping. We will now discuss the implications of these conclusions, in terms of
fundamental limits and how they impact the device design, by considering geom-
etry optimization, the choice of an interface for electrical energy extraction, and the
selection of a suitable piezoelectric material. The equations developed will be used
to give numerical estimates for those limits and the performance of a typical PVEH
device. For future reference, the parameters found in Table 9.1 will be used for a
baseline design. The piezoelectric material considered is a common hard lead zir-
conate titanate ceramic, PZT4 [15], and silicon is used as the tip mass because it can
be readily micromachined. Also note that, in the generator mode, the piezoelectric
material coupling factor, k5, is the ratio between the electrical energy transformed
to the energy provided (i.e., k3 = Ej/E,,.q). For a single-direction, 31-mode plane
stress situation as in the previously introduced model [12,14]:

2
k3 = d“TY" : (9.59)
€33
€33 = €5 +d3Y,, (9.60)

where €3; is the permittivity of the piezoelectric material measured with a constant
and preferably null stress.

9.3 LIMIT BASED ON INERTIAL COUPLING

How much energy is transmitted to the device fundamentally restrains what it can
harvest. In this section, we seek to evaluate how the intensity of the vibration source,
the quality of the mechanical coupling and the process of harvesting energy limit this
quantity for PVEH. First, let us assume that the piezoelectric device has a very large
tip mass; hence, M,, ~ M, and p = 1. The volume of this mass, Voly,, occupies most
of the space of the device and the effect of its sweeping motion is also neglected. We
also assume that the frequency shift due to the piezoelectric effect is small; hence,
o, = o,. Finally, we consider the situation of steady-state vibrations and therefore the
transfer of energy into the harvester should be equal to what it dissipates:

Rn = f’el + ﬁm,loss . (961)
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9.3.1 INErTIAL COUPLING LIMIT OF LINEAR RESONATOR

In its simplest form, the inertial vibration energy harvester is an electromechanical
resonator excited by its own inertia. The actual power output expected from such a
device is therefore fundamentally tied to the rate at which it can inertially capture
energy from its surrounding. To maintain the resonator steady-state oscillations,
mechanical energy must be continuously supplied by the inertial force acting on
the oscillating mass. The instantaneous power transfer is the result of the product
of the applied force on the mass, f;, (¢), and its velocity, w(L,t). The average power
transfer, p;,(?), is therefore given by

_ 1 (7 .
P = ;jo FaOW(Ln)dr, ©.62)

where T is the observation time. In the frequency domain, the average complex
vibration power input is obtained by computing the cross spectrum between these
quantities [16,17]:

W'F, —joW M,A

P, = 9.63
> 5 9.63)

After substitution of Equation (9.32) in Equation (9.63),
p, = Meaf —joA (9.64)

2 ol [1+AQ3 -7 -2jQ(Cu+Ca)]

Equation (9.64) is then rearranged to bring all complex terms to the numerator:

AP [290(G0 480 0 (14405 -0
20 [(1+AQ§1—Qz)2+492(§m+gel)2] '

(9.65)

in

Again, the real part of this complex power is the active power. It is the time aver-
age net power transferred to the resonator as described in Equation (9.66):

A @ (G +30)

in = . 9.66
o [(1+AQ§1-92)2+492(<;m+§d)2] 00

The imaginary part is the reactive power (i.e., energy temporarily stored in the
resonator but later restored to the environment due to the phase difference between
the inertial force and the mass displacement). At the resonance, when the applied
force is perfectly in phase with the mass velocity, the active power is indeed maxi-
mized and the reactive power component is zero in Equation (9.65). After simplifica-
tion for the case of resonance,
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7 My |AF

P;n 0-Q, = m . (9.67)

The presence of the electrical damping at the denominator of Equation (9.67)
indicates that the power input is reduced as more energy is harvested. Hence, there is
a backward effect, which explains the result observed in Section 9.2.3. If we consider
matching of the damping components to optimize the power output, after substitu-
tion of the mechanical quality factor via Equation (9.47), Equation (9.67) becomes

2
fzm - M (9.68)
4o,
In terms of mass volume, Vol,
) 2
VOZM 40),,

For the baseline parameters, this input mechanical power density is 154 uW/cm?.
Let us now compare with the electrical power output (Equation (9.45)) by similarly
expressing the electrical power density as

1351 _ PM‘A‘Z Cel
Voly 40, ((n+Ca)

(9.70)

Again, for {, = {, the theoretical electrical power density limit is reached [18]:

Bim _ Pm ‘A‘z On
VOlM 8(0n '

O.71)

Unsurprisingly, the resulting electrical power density is estimated to be 77 uyW/cm3—
exactly half the input mechanical power density.

This ratio of output electrical power to input mechanical power is the harvesting
efficiency of the resonator and its expression is more generally obtained for any fre-
quency from the ratio of Equation (9.39) on Equation (9.66):

_Ga 972)

= (gm—i_Cel).

2ol gv)

The 50% efficiency obtained previously therefore means that half of the energy
pumped into the resonator is lost through mechanical damping and the other half is
extracted as electrical energy. In essence, if {; is higher than {,, a larger fraction
of the energy pumped into the system and converted electrically will be extracted.
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Moreover, the resonator FOM also relates to the maximum harvesting efficiency of
the resonator. This is shown by simply replacing {, by Equation (9.54) and {,, by its
equivalent Q. With an impedance matched resistance, this efficiency is given by
[19,20]

2
KOn

"o, 9.73)

Mmax

However, we have shown that increasing the efficiency over the 50% mark does
not necessarily improve the electrical power. In fact, the excess damping reduces the
amplitude, W, and the input mechanical power is lower. The electrical power output
is then reduced due to this backward coupling effect we previously described. The
device is more efficient, but it produces less power from the same source. In other
words, it is also less effective at capturing energy and producing electrical power
from a single-frequency harmonic source [21]. Therefore, another FOM, &, is defined
to describe the harvesting effectiveness:

&= By/Bn =4(c%c)2‘ ©74)

Figure 9.9 shows the general trend expected for these FOMs as a function of the
piezoelectric resonator FOM in the condition of matched impedances and resonance.
For x2Q,, < 2, both of the FOMs increase. However, once the coupling threshold is
achieved, the resonant device can be operated to optimize either the efficiency (by
matching the load impedance to the transducer) or the effectiveness (by adjusting
the load in order to match the electrical damping with the mechanical damping) [21].

Let us consider a scenario where the energy dissipation is entirely caused by the
piezoelectric damping, now twice as important as before (i.e., {, = 0 and {,, = 0.004).
The average mechanical power input would remain the same, because Q,,, has not

o o o
i o )

Value of FOMs (1), §)

S
o

0 2 4 6 8 10 12 14 16 18 20
Piezoelectric Resonator FOM, k2 Qm

FIGURE 9.9 Variation of the FOMs with the resonator FOM, k2Q,.
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changed, but the efficiency would jump to 100%. The harvested power would also
be twice of what it was previously. Due to the energy dissipation being completely
controlled by the piezoelectric damping, there would be theoretically no limit to P,
or P, and the effectiveness would now be zero. However, this result is not realistic
because it requires an infinite mass displacement, and the harvester would eventu-
ally break due to the intense stresses. Hence, each figure of merit has its limit.

9.3.2 SUMMARY

Wrapping up what we have seen so far, we know that the energy involved in the
operation of a resonator can be grouped in three categories:

1. The energy that flows into the device, from the inertial force that applies
work on the oscillating mass. Resonance optimizes the capture of this energy
because the applied force is in phase with the tip mass velocity.

2. The energy that flows out of the device, via various dissipation mechanisms
such as mechanical damping losses, dielectric losses, and energy harvesting. In
the model, the electrical power output is directly given by the electrical damp-
ing, but dielectric losses would also introduce additional electrical damping.

3. The energy that remains inside the harvester flows back and forth as poten-
tial and kinetic energy. During steady-state vibrations, the electrical power
output will increase as long as the effect of the electrical damping is less
than or equal to the effect of the mechanical damping. If {, > {, the device
is more efficient but the power output actually decreases because less
energy is captured due to a backward coupling effect.

Figures 9.10 and 9.11, respectively, plot the evolution of those different energy
and power categories in the time domain for three different regimes: (a) ramp
up; (b) steady state, with simultaneous energy injection and extraction; and then
(c) decay, with extraction only. A sinusoidal base acceleration with an amplitude of 1
m/s? is applied to the base of the system during the first 4 seconds. Once the excita-
tion is stopped completely, no more energy is added and the stored energy is gradu-
ally dissipated or extracted. At this point, energy extraction would be optimized by
maximizing electrical damping so that most of the energy remaining in the device
can be harvested.

According to Equation (9.71), high values of Q,, and |A[*/® always lead to devices
with high power densities, because more energy can be injected in both cases for the
same mass volume. However, this result does not account for several factors. Among
these is the increase of the necessary traveling distance of the mass. Indeed, if it is
in the same range as the dimensions of the device, the estimation approach we used
here becomes flawed and the displacement of the mass becomes an important con-
cern in the design of the package [18].

Another point to consider is that more energy must be stored in high Q resonators,
which implies important stresses. The design of the strained piezoelectric structure
has not been considered at all so far, but there is a limit on the amount of strain that it
can support and to the amount of energy that it can convert. These additional limits
on performance are the focus of the next sections.
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9.4 STRESS-BASED LIMITS

The ultimate tensile stress of piezoceramics can be as high as a few hundred mega-
pascals. In fact, this value can increase further for small-scale structures because
they can be prepared with higher crystalline quality and lower defect densities than
bulk ceramics [22]. However, for some materials, only a fraction (20% to 30%) of
this value can be applied during operation to avoid degradation or failure due to
depolarization and fatigue [23,24]. For this reason, the maximum stress in the spring
element must be limited to ensure reliable operation for the lifetime of the device.
The goal of this section is to quantify the effect of such a constraint on the power
density. We first examine the best-case scenario of the uniform stress distribution
and then observe the effect of a stress gradient on the power density.

9.4.1 Power DeNsITY WiTH UNIFORM STRESS

We consider that the maximum mechanical power density is given by the rate at
which the maximum strain energy can be applied to the transducer without leading
to its failure. Hence, the optimal power density is achieved by stressing the material
to this limit, here noted by G, as uniformly as possible. To represent such a uniform
stress field, we first assume that the device is simply made of a piezoelectric block of
length L, thickness £, and width b, stressed along its axis. It is clamped on one end
and pressure is applied to its other end. The stress amplitude is G, and it is applied in
a sinusoid fashion, cycling between tension and compression. The stiffness of this
block is therefore given by

K. =Y,(bh/L), (9.75)

and the amplitude of its deflection is

\W|= (bho))/K . (9.76)
The average power input is hence generally given by

P, = %w,Km Wl 9.77)

By substitution of Equations (9.75) and (9.76) in Equation (9.77), we get the aver-
age power input in terms of the maximum applied stress:

5 _ 1 (o)
Po=— 0,2 pur. (9.78)
2 Y,

P

We then express Equation (9.78) in terms of beam power density to compare with
the previous density found in Section 9.3:
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D 2
Pin — l(&)r (Gl)
VOlb 2 Yp

9.79)

An input power density of 3.34 W/cm? is obtained using our baseline param-
eters. This value is several orders of magnitude larger than the 154 yW/cm? density
obtained via Equation (9.69) for the mechanical power density based on the mass
volume. This therefore suggests that, relatively speaking, a very large mass is needed
to achieve such stress levels with the specified source and quality factor. In these
conditions, the size of the device is therefore driven by its mass.

Let us now see how the electrical power density compares. Supposing that all the
electrical energy is somehow harvested, we neglect the effect of the load in the com-
plex power expression (Equation (9.38)). In this case, the electrical power is given by

Py = %mer Wl K2 (9.80)

Due to the uniform stress field, the conversion factor is given by

2
) k3

-k

9.81)

For this block of PZT4, x?> = 0.122 and the suggested average electrical power
density limit is 408 mW/cm?. Once more, despite a drop by an order of magnitude
from the mechanical value, this electrical power density based on the beam stress
limit is much larger than the 77 uW/cm? value estimated from the mass volume and
the vibration source input.

However, most resonators are not subject to a uniform stress field. Stress gradients
during operation are commonly encountered and reduce the beam power density.
This reduction is evaluated in the next subsection by considering the widely used
cantilever beam geometry.

9.4.2 Power DeNsITY REDUCTION WITH STRESS
DistriBUTION: THE CASE OF THE CANTILEVER

Let us assume that this same piezoelectric block is now subjected to a transverse
force and behaves like a bending cantilever beam instead. The power expressions
found in Equations (9.77) and (9.80) remain valid and two assumptions are made
for simplicity:

¢ The piezoelectric conversion factor of the material, k2, specified in Equation
(9.81) remains adequate to represent the conversion effectiveness of the
transducer. This assumption is not accurate, but we will apply the neces-
sary correction in Section 9.5.
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e The stress distribution is that of a statically deformed cantilever beam with
a constant rectangular section and a force applied at its free end. Hence, the
static deflection shape is used and given by

W) = —(’CT +3(x)2 (9.82)
2 L L) | '

From the well known cantilever beam equations for deformation, stress, and stiff-
ness (Equation (9.9)),

3
Y
Ko="00, 9.8
3 hY,
max — ETZP W‘ . (984)

Replacing Equations (9.83) and (9.84) into Equation (9.77), the mechanical power
input becomes

2
Po= Lo, (Omar) bhL, (9.85)
18 Y,

and the cantilever beam input power density can be written as

D 2
gl (f) 050
uniform

Vol, 18 Y, 9\ vol

Comparing Equations (9.86) and (9.79), we conclude that an input power density
reduction by a factor of 9 (to 371 mW/cm?) is due to the distribution of the strain
along the length and across the thickness of the beam (see Figure 9.12). Given by

_ > 2
Pel _lwr(cmax)( k31 ), (987)

Vol, 18 Y, 1- k3

p

the electrical power density of the cantilever is then equal to 45 mW/cm?. A triangular
tapered beam, while stiffer, would maintain the stress over the entire length [25] and
only have a reduction factor of 3 coming from the linear stress distribution through
the thickness [13]. Hence, strictly from the mechanical strain distribution, the power
density reduction in the beam is already significant.

Still, by comparison with the inertial limit established previously in Section 9.3,
it is possible to estimate the mass to spring volume ratio for a similar power output
from the ratio of Equations (9.87) and (9.71):
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FIGURE 9.12  Effect of stress distribution on energy density.
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Despite the important input power density reduction observed for the cantilever
geometry, the mass to beam volume ratio remains large at 584. Equation (9.88) indi-
cates that for these two values to reach a similar level, one would have to improve Q,,
and the density of the mass, py,, significantly. Alternatively, a vibration source that is
more than 20 times larger in magnitude would lead to similar volumes.

However, as stated before, the influence of the nonuniform stress distribution on
the electromechanical conversion factor was not considered thus far, nor was the
effect of the use of passive supporting layers. We analyze the impact of these elements
in the next section, along with the influence of the piezoelectric material properties.

Non uniform stress distribution
(ex: cantilever beam)

9.5 ELECTROMECHANICAL CONVERSION

Up to this point, we have assumed that the piezoelectric conversion factor, k2, was
only dependent on the piezoelectric material (Equation (9.81)). However, this is only
true for a bulk piezoelectric specimen that is uniformly stressed in a single direction.
The conversion factor is reduced and can even reach small values approaching zero
when a nonuniform stress is applied and passive layers are used. In this section, the
effect of the geometry as well as the material properties is considered to provide a
better assessment of the conversion effectiveness.

9.5.1 GEOMETRICAL CONSIDERATIONS

A convenient manner of expressing K> consists of separating the piezoelectric prop-
erties from the geometrical and mechanical parameters [11,13]. Such a framework is
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useful for comparing and optimizing different configurations. First, we assume that,
for a d;; mode device,

9 = Ypd3]¢| , (989)
C, =50, (9.90)

where the variables ¢, and ¢, define the geometric contribution of each term. Based
on Equations (9.6) and (9.7) from Section 9.2,

L 12
o = (bhpj dw(x) ] 9.91)
¢z—£33[bLlJ. (9.92)

hP

Equation 9.29 can then be rewritten as

2v2 42
= dSISYp o _ k312 o, (9.93)
€3 0Ky - ki

with ¢ being the global geometric factor, expressed in the following equation:

Y, 00

q) B ¢2Km

(9.94)

For simplicity, the static deflection shape (Equation (9.82)) is again used to evalu-
ate the deformation dependent terms. Evaluating the integrals in Equations (9.91)
and (9.9), we obtain

1 420 .
J»L dL(zx)dxz?’[_(Ll) +2(Ll):|’ (9.95)
o dx 2L L L
JL &) Y -3 (9.96)
0 dx? S .

After some algebraic manipulations, ¢ for the unimorph beam can finally be

expressed as [13]
2
YH(1- H)zL‘(z—Ll)
L L

9
[ -vH+ 1][(1? 1) H +(F 1) HAH? ~6H + 4)+ 1]

o= . (997
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where Y = Y, /Y, is the elasticity ratio between the active and structural layers, H =
hy/hyyy is the fraction of piezoelectric material that composes the beam and, L /L is
the partial coverage ratio of the electrode.

Therefore, ¢ is a function of the elasticity ratio and the spatial distribution of
the piezoelectric material on the structural layer. Equation (9.97) is plotted in
Figure 9.13(a) for several elasticity ratios. The first thing noticeable is the invalidity
of the previous assumption made in Section 9.4.2 regarding the conversion effective-
ness of a bending beam made entirely from piezoelectric material. In fact, such a
configuration would be completely ineffective, with ¢ = 0. This occurs due to the
charge cancellation between the bottom and top halves of the cantilever, which are
stressed in opposite directions. Moreover, each elasticity ratio presents an optimal
thickness fraction. For instance, with Y=1and L,/L = 1, the form factor simplifies
to ¢ = 9/4[H(1 — H)*]; the optimal thickness fraction is then H = 0.33, which gives
&, = 0.33. This figure also demonstrates that coupling for the unimorph configura-
tion is ideally increased by using a thick and compliant piezoelectric layer on a thin,
rigid substrate. However, if we consider the thin film deposition techniques usually
used in MEMS fabrication, the low fraction region is more relevant and, in this case,
the trend rather favors a stiff and thin layer on a thick and compliant substrate.

Equation (9.98) is obtained by using the same simple scheme for a symmetric
bimorph beam; the results are similarly illustrated in Figure 9.13(b):
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FIGURE 9.13 Form factor charts for various material stiffness ratios and thickness fraction
for the (a) unimorph, and (b) bimorph configurations. L,/L = 1.
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9 YH[H2+4(1_H)]IZ(2_IZ)2

16 [(17—1)H(H2—3H+3)+1]

(9.98)

Contrary to the unimorph configuration, here H = 2h,/h,,. We also note that
the bimorph made exclusively from piezoelectric material does not suffer from the
same charge cancellation problem, thanks to the segregation of the regions that are
stressed in opposite directions. While the form factor remains far from unity, it is
much better than for the unimorph with a value of =0.56. In general, the bimorph
configuration is also better at conversion when stiffer and relatively thinner piezo-
electric films are used. In both cases, using piezoelectric material near the neutral
axis seems to decrease the effective coupling.

Several configurations, such as air-spaced [26] and tapered [27] cantilevers,
have shown improved conversion factors as well. In fact, Figure 9.13(b) supports
those claims in the case of air-spaced cantilevers since the curves tend to maximum
asymptotic values as Y increases. According to Yen et al., corrugated cantilevers can
also be optimized to reach form factors that are similar to bimorph beams [28]. The
advantages of this geometry are that it is easier to process than a bimorph while also
eliminating the need for a passive support layer.

In addition, Equations (9.97) and (9.98) show that the geometric factor can also be
optimized by restricting the length of the electrode on the beam. With our assump-
tions, the optimal coverage ratio is L,/L = 2/3, which increases ¢ by about 19%
(to 0.39 for a unimorph). In fact, the last third of the beam does not contribute as
much to the conversion of energy due to the weakness of the bending moment in this
portion. Hence, extending the electrode further contributes to an overall decrease of
the conversion effectiveness. This charge redistribution phenomenon was recently
validated experimentally by Stewart, Weaver, and Cain [29] and their results are
consistent with the numbers we provide here. Therefore, the piezoelectric material
should be located strategically on portions of the spring that are under large stresses
to optimize the conversion effectiveness of the device.

Considering these results, the electromechanical conversion decreases from x? =
12.2% (uniform stress) to ¥? = 4.8% for an optimized unimorph cantilever (with
Y, = Y), which is about 2.5 times lower. The beam electrical power density, now
expressed by

_ 5 2
Rel _i(l)r (Gmax) ( k31 )d), (999)

Vol, 18 Y, \1-k3

is equal to 18 mW/cm?, a value that is about 20 times less than what was first esti-
mated for a uniformly stressed sample. Yet, it is still much larger than what we
estimated from the inertial coupling limit. This again suggests that the density of the
mass and the intensity of the acceleration source are the main drivers on the size of
the device for typical ambient vibration sources.
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TABLE 9.2
Global Geometric Factor for Various
Configurations (L,/L = 1)

Configuration Y  Hyoo by
Unimorph 1 173 173
Symmetric bimorph 1 2/3 2/3
Tapered unimorph 1 173 4/9
Tapered symmetric bimorph 1 2/3 8/9
Air spaced (symmetric) 00 — <0.75
Corrugated (optimized) [28] 1 — 2/3

Table 9.2 summarizes the assessments made in this section by collecting values of
the global geometric factor estimated for various configurations. Note that the esti-
mate for the air-spaced cantilever is based on the results for the bimorph by assum-
ing ¥ — oo and that the bending of the beam is not dominated by an S-shape—a
possibility when the layers are very thin [26]. In this case, the electrode has to be
segmented to avoid charge cancelation [30].

9.5.2 PiezoeLECTRIC MATERIAL CONSIDERATIONS

Even more important than geometry, the piezoelectric material properties have the
dominant influence on the conversion effectiveness. Piezoelectric materials come in
a variety of phases and crystallographic structures and are synthesized from a large
range of processes. Each material and integration process presents its issues and
challenges, affecting the cost as well as the performance of the device [31]. A com-
plete review of these aspects is out of the scope of this chapter, but we provide here a
brief overview of the potential candidates by considering how they are processed and
their resulting properties. Tables 9.3 and 9.4 contain data collected for a wide variety
of bulk, thick, and thin film piezoelectric materials.

It is also worth stressing some of the major differences between bulk piezoelectric
materials and their thin film counterparts. First, the mechanical compliance of thin
films is often dominated by the underlying thick substrate. Hence, they are subject to
the influence of residual stresses due to mismatch in lattice constant and coefficient
of thermal expansion differences, as well as coupling with other piezoelectric modes.
Because these phenomena cannot be completely eliminated, it is difficult to measure
the compliance of the film directly; rather, measurements lead to effective film prop-
erties. Most notably, the e;, ; constant (in stress-charge notation) generally includes
some coupling with the thickness mode. Equations (9.100) and (9.101) express the
relationship of this constant with the d;; piezoelectric constants in the strain-charge
notation for two stress conditions [12,32,33]:

. . . . d
Thin beam, main stress in one direction:  e3;; = %, (9.100)

S11
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TABLE 9.3
Reported Piezoelectric Properties for Bulk Materials

(S5 ks,
Material Type (GPa) £5./¢, dy; (pC/N) (%) Q. Ref.
PZT-5A Ceramic 61/71 1500/1928 —171/-190  34/37 75/80 15,34, 35
PZT-5H Ceramic 58/63 3200/3935 —250/-320  36/44 30/75 15,34, 35
PZT-4 Ceramic 72/81 1135/1494 —120/-150  33/36  500/600 15, 34,35
PZT-8 Ceramic 87/96 1000/1205  -93/-127 30/36  900/1050 15, 34-36
PMN-0.25PT  Ceramic 184 1167 —74 31 283 37
PMN-0.25PT  Single crystals 37.3 2560 —240/-569  33/73 131/362 37
PMN-0.29PT  Single crystals — 5500 —-1350 87 100 38
PMN-0.3PT  Single crystals  17.5/50  6610/7800 —742/-1395  49/90 44 3941
PMN-0.32PT  Single crystals 15/34.8  650/5700 -160/-930  32/78 31/68 42
PMN-0.33PT  Single crystals 14.5 8200 ~1330 I J— 43
PMN-0.345PT  Ceramic 75.4 4952 255 75— 44
PMN-0.42PT  Single crystals 106 660 91 39 — 45
Soft Single crystals  7.87 4500/8000 —1400/-2252 90/95 100 38,46
PMN-PZT
Hard Single crystals — 3100/4000 —850/~1200  86/88 >500 38
PMN-PZT

PZN-0.045PT  Single crystals 9.35/28.6 2553/5600 -690/-1540 43/85 95/430 36, 47
PZN-0.045PT  Single crystals 13.2/43.5 1572/3491 -542/-830 42/80 375/441 47
+0.01Mn

PZN-0.045PT  Single crystals 27 1626/1873 —458/-502 69 336 47
+ 0.02Mn

PZN-0.07PT Single crystals 14.8 3180 478 35 — 48
PZN-0.08PT Single crystals 11.5 7700 —1455 60 40 41, 49
PZN-0.12PT Single crystals 54 612.4 —148 50 — 44
BaTiO, Single crystals 124 168 -35 32/59 400 35, 39, 50
BaTiO, Ceramics 110/125  625/1700  -32/-78 15/21 300/1400 15, 34, 35
ZnO — 127 11/12.64 -5.2/-5.43 18/19 N/A 15
LiNbO, — 173 30 -1 2.6 — 35

Thin plate, main stresses in two directions : es; ; = sEd%sE (9.101)

11 12

For this reason, an energy harvesting FOM, noted by e§|, r/(€0€33), 1s frequently used
in the thin film processing literature instead of the usual coupling factor, k3, that is
used for bulk materials [32,33].

The data points in Tables 9.3 and 9.4 show that some materials provide interest-
ing properties despite their much lower d;; constant. For example, barium titanate
(BaTiO,) offers comparable or better coupling factors than PZT ceramics because of
its higher stiffness and lower dielectric constant. Thin film aluminum nitride (AIN)
also compares favorably. However, we also want to stress that considering materials
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TABLE 9.4

Reported Piezoelectric Properties for Some Thin Film Materials

€31, € i/ €oEs3

Material Type Substrate e.},/eo (C/m?) (GPa) Q. Ref.

AIN MOCVD Sapphire 9.5 -1.37 22.3 2490 51
Epitaxial

AIN Sputtering Si 10.2 -1.3 18.7 - 51

AIN Sputtering — 10.5 -1.05 11.9 — 32

AIN Sputtering Si — — — 120/500 52,53

ZnO Sputtering, Si 10.9 -1.0 10.3 1770 32,51,
single crystal 54

PZT (53/47) Single crystal, ~ MgO 200 -6.2 21.7 — 55
sputtering

PZT (53/47) Polycrystalline, Si 200 -1.7 33.48 — 55
sputtering

PZT Sol-gel Si0,/Si 1100/1300 —4/-6  6/18 54/237 51,56

PZT (48/52) — MgO — -3.98 — 114 57

PMnN-0.94PZT  Single crystal, ~MgO 100 -120 163 185 57

(48/52) sputtering
PMnN-0.94PZT  Polycrystaline,  SiO,/Si 834 -14.9 30 — 57
(50/50) sputtering

PMN-0.33PT Single crystal,  MgO 500 =5 5.65 20 58
sputtering

PMN-0.33PT Single crystal, ~ SrTiOy/Si 1600 =27 50 — 59

sputtering

on the unique basis of their piezoelectric properties can be misleading. Indeed, mate-
rials with a very high coupling factor are commonly assumed to be highly desir-
able for high-performance energy harvesters (e.g., single crystal relaxers). Even if
Equation (9.99) does seem to support this claim, we must also consider the conclu-
sions relative to the inertial coupling limit established in Section 9.3. This limit states
that an increase of the coupling beyond a critical point does not provide benefits on
the net power output or power density of the resonator due to excessive damping,
which reduces the captured energy. Because this limit is also closely tied to mechani-
cal damping, it is important to consider the material mechanical quality factor, Q,,,
as well. Later in this chapter, we discuss the importance of this property in the selec-
tion process by also considering the impact of the electric load. For that matter, the
specific topic of the energy extraction circuit is addressed in the following section.

9.6 ELECTRICAL ENERGY EXTRACTION

To be harvested properly, the energy converted into electricity by the transducer
must be extracted by the connected load. Therefore, the performance of an electri-
cal energy extraction interface could be considered in terms of effectiveness and
efficiency. The first considers the fraction of converted energy extracted and the



250 Energy Harvesting with Functional Materials and Microsystems

second the fraction of successfully extracted energy, accounting for losses like Joule
effect or current leakage, for instance. We will briefly touch on the effectiveness
aspect of the extraction process in this section.

9.6.1 ResisTive LoaD

In Section 9.2 we presented how the piezoelectric element can be modeled as a cur-
rent source connected in parallel to a capacitance, C,. Based on this approach, we
then derived the actual output power, P, from the active power delivered to the
resistive load. A closer look at the complex power expression (Equation 9.38) is,
however, enough to show that the impedance-matched resistance enables half of the
electric energy converted to be harvested continuously at the steady state.

Indeed, the first part is the electrical power expressed in terms of the electrical
stiffness (K,, K¥* = K, for an open circuit), while the second term modulates this
power as a function of operating frequency and load. The proportions of real and
reactive powers are also included in this term. For a short circuit (Qo = 0), the modu-
lus of the second term is zero and there is no power generated. For an open circuit
(€00 — o), the modulus of this second term is now one, but all the generated power
is reactive. In contrast, a matched impedance load leads to an even distribution of
active and reactive power, but the modulus of the second term is slightly lowered to
\/1/_2 . Therefore, the maximum extraction effectiveness of a crude matched resis-
tance is indeed 50% for steady-state resonance operation.

However, the raw output of this simple interface is generally AC current. To store
or use this energy, it must first be rectified, filtered, and regulated appropriately.
Doing so requires the use of diodes and storage capacitances, introducing losses
and threshold voltages. The losses affect the global efficiency, but these threshold
voltages also block the energy from flowing out of the transducer, which impacts the
effectiveness of the interface. It is also possible to use nonlinear extraction schemes
to improve the energy transfer and the harvesting efficiency.

9.6.2 NONLINEAR EXTRACTION INTERFACES

A practical energy harvester requires the implementation of an energy buffer in order
to assure a reliable operation under various circumstances. Capacitances, superca-
pacitances, or batteries are often necessary because of the fluctuation of the avail-
able ambient energy. The energy generation and consumption are also not always
synchronized [1]. Although this makes the system complex, it allows the use of
energy extraction circuits between the harvester and the storage to improve extrac-
tion effectiveness. In some cases, the storage stage may not be directly connected to
the piezoelectric transducer and this also affects the extraction process [60]. Another
significant implication is that nonlinearities can be used to synchronize the extrac-
tion of energy with the maximum displacement of the transducer, which somewhat
decouples the energy injection and extraction process. For example, the synchro-
nous electric charge extraction (SECE) and double synchronized switch harvesting
(DSSH) architectures allow a decoupling of the extraction and storage stages [61].
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FIGURE 9.14 Normalized harvested power as a function of load and normalized maximum
power for several extraction interfaces under a constant force magnitude. (From Lallart, M.,
and Guyomar, D. 2011. IOP Conference Series: Materials Science and Engineering 18 (9):
092006.)

Because these nonlinear harvesting interfaces improve the effectiveness of the
extraction process, they induce more damping on the structure for a given coupling
level compared to a simple shunt resistance. However, we have shown in Section 9.3.1
that a backward coupling effect can limit the net output power. We have also shown
in Section 9.2.4 that the corresponding resonator FOM for which this backward effect
occurs with a resistive load is ¥?Q,, = 2, but this value changes for different circuits.

The plots on Figure 9.14, adapted from Lallart and Guyomar [61], show that every
interface tends toward the same limit, P};,, with the increase of k?>Q,,. Nonetheless,
the nonlinear architectures reach this power limit for lower values of the resona-
tor FOM, indeed suggesting an improvement of the extraction effectiveness. The
only exception is the injection technique, which actually surpasses the inertial limit.
However, this comparison is not entirely fair, because electrical energy is added in
the system [60].

Hence, the benefits of these circuits are significant for highly damped or lightly
coupled devices that have a low resonator FOM (*Q,, < 2). In some cases, gains
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of more than 400% were observed in terms of power output. On the other hand,
the advantages of these very effective extraction schemes are diminished if used
in conjunction with highly coupled or weakly mechanically damped devices [62],
because they cannot overcome the inertial limit stated by Equation (9.71). Yet, these
interfaces can improve both the harvesting efficiency and the bandwidth [63], which,
as we discuss later in Section 9.8.1, can be of interest in some scenarios.

9.7 BENCHMARKING

The benchmarking of PVEH devices is not trivial and there is currently no standard
framework or procedure for doing so. In this section, we propose, review, and discuss
different approaches based on the different limits that were exposed. The proposed
FOMs, summarized in Table 9.5, are briefly explained before being used to assess
the performance of recently reported devices.

9.7.1 NoORMALIZED POwWER DENSITY

While power density has so far been the usual metric used to compare performances,
we have shown here that it only partially captures the value of a harvester design.
Moreover, Equations (9.64)—(9.71) show that the power density is not only a func-
tion of the properties of the PVEH device (like the quality factor Q,, the density
of the mass p,,, or the piezoelectric coupling), but it is also tied to the vibration
source (described by its amplitude |A| and frequency ). Therefore, it is misleading

TABLE 9.5

Summary of the Figures of Merit

FOM Expression Purpose

Normalized P, =P, w/(A?Vol) Normalizes the power output by the specific power of
power density the single frequency source vibration and the device

volume; used to compare devices designed for
different sinusoid sources; expressed like a mass
density (e.g., in grams per cubic centimeter)
Piezoelectric 0, Compares mechanical losses to the electromechanical
resonator coupling of the structure; this dimensionless FOM is
used to compare the levels of mechanical damping and
electrical damping

Harvesting P 4 Gives the fraction of energy pumped in the device
efficiency n= =2 that is used to produce power
Pi (Cm + Cel )
Harvesting P ¢ Indicates if the device is close to the maximum power
effectiveness &= <= 7312 limit imposed by inertial coupling for a single
Bin (C-’"‘ + Cd) frequency sinusoid source
Beam energy E' =P, /Vol, f Evaluates if the piezoelectric spring element is highly

density stressed
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to use this value as a metric to compare designs operating under different conditions
because the intensity of the vibration applied is included.

Instead of strictly using the power density, Beeby et al. [64] proposed its normal-
ization by the square of the acceleration amplitude, |A[>. However, this normalization
does not capture the effects of the frequency of the source. To find the solution to
this problem, one simply needs to take into account the input power (Equation 9.66)
by instead considering normalizing by |A|*/®. Expressed in watts per kilogram (or
square meters per cubic second), it can be viewed as a specific power that character-
izes the quality of the source in some manner. Therefore, an adequate normalized
power density FOM, Pp, can be expressed as [18,53]

P,=Psw/(AF Vol) (9.102)
Meq Cel
= s 9.103
4Vol (G +Ca)? ©.103)
M.,
s W YR 9.104
Vol QM (9.104)

Here, Vol = Vol + Vol is the total effective volume of the transducer with its
tip mass. Therefore, the units of P, are similar to a density and it scales with pQ,,
to enable a fair comparison of the power output from different vibration conditions.
The use of a similar FOM was also proposed by Mitcheson et al. [18], who suggested
normalizing the output power by Y,?w*M, , where Y| is the source vibration displace-
ment. However, we propose using the volume instead of the mass to reward designs
that integrate high-density materials. At the same time, normalizing by the volume
instead of the mass provides an indication of how much of the whole transducer
inertia is useful in capturing energy.

9.7.2 PiezoeLecTRIC RESONATOR FOM: HARVESTING
EFrFiciENCY AND EFFECTIVENESS

We have discussed how the piezoelectric resonator FOM, K?>Q,, can also be a very
useful metric to compare devices due to its ties to the resonator harvesting efficiency,
N (Equations (9.72) and (9.73)) and its harvesting effectiveness, & (Equation (9.74)).
These two other FOMs were discussed in Section 9.3 of this chapter. The first indi-
cates the fraction of the energy pumped in the device used to produce power, while
the second states whether the device is close to the limit imposed by inertial coupling.
Because both are affected by the electrical damping, they also depend on the load.

9.7.3 Beam ENERGY DENSITY

Even though a design might be capable of providing a very large power density, it
might be at the expense of its reliability. Therefore, the induced stresses should be con-
sidered in the benchmarking procedure to evaluate if the piezoelectric spring element
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is used or sized appropriately. Based on the discussions presented in Sections 9.4 and
9.5, a fourth FOM should be introduced to evaluate the energy density of the beam.
We propose to define this FOM as E" = P, /Vol, f and expect it to scale with coupling,
K2, and stress, 6. Therefore, we also estimate the stress to check this assumption.

We cannot directly use Equation (9.99) to evaluate the stress because it was devel-
oped for a homogeneous cantilever beam; actual devices use composite structures.
Equation (9.80) cannot be used due to the lack of information in the experimental
literature concerning either the beams’ stiffness or their amplitude of displacement.
Rather, we deduce the maximum strain energy from the electrical power output,
the coupling factor, and the load. Indeed, from the definition of the quality factor
(Equation (9.47)), it is possible to say that

Evan = 19921 (9.105)

T

We then use the provided geometric parameters to estimate the bending stiffness
of the beams, Y1, and evaluate an RMS (root mean square) curvature based on the
resulting strain energy,

1 Ll owY
Es ain = —YI d 9106
tr 2 0 ( axz ) X ( )
Pw Lpr(wY, | (2B )"
a 2 — 7-[ ( 2 ) dx — ( strain ) . (9.107)
X7 |ens LJo\ ox YIL

An estimate of the mean stress at the top of the piezoelectric layer is finally
obtained as

*w

o= thc W

(9.108)

RMS

9.7.4 DEVICE ASSESSMENTS

The proposed FOMs were used to compare different PVEH resonators reported in
the literature. The results of this investigation are summarized in Table 9.6. All these
devices produce power on the order of 1 to 50 pW.

As previously noted, P, does scale with pQ,,, motivating the choice of high-density
materials and devices with high Q.. For example, Renaud and colleagues’ device
[67], with its very high O, has a P, larger than all the others. However, a low value
of 0, can be somewhat compensated by using materials with higher density, as can
be seen from the device reported in Morimoto et al. [66]. Using stainless steel as the
structural layer instead of silicon, this device can capture more inertial energy due to
an increased inertial force. In terms of maximum efficiency, n,,,,, the devices made
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TABLE 9.6
Assessment of Several PVEH Devices Reported in the Literature

IMEC  IMEC IMEC

Ref. 65 667 67 46a 1AP 4Bb 7 Ab
Design Piezo material ~ dy; PZT dy, PZT  dy AIN dy PMN-PT d; AIN d; AIN d; AIN
Substrate Silicon  Stainless Silicon Aluminum  Silicon Silicon Silicon
steel
Process Sol-gel Epitaxial — Bonded bulk — — —
Piezo thickness 2 2.8 1.2 500 2 2 2
(um)
Beam thickness 9 56 51.2 1330 52 52 52
(um)
Thickness 0.22 0.05 0.023  0.39 0.038  0.038  0.038
Fraction
Mass® (mg) 0.76 38 14 490 15 15 40
Mass material ~ Silicon — Silicon — Silicon Silicon Silicon
Vol,, (mm?) 0.0029 5.1 0.061 106 0.22 0.27 0.37
Voly, (mm?) 0.32 0 6 0 6 6 16.9
f(Hz) 877 126 1082 ~1835 1178 1002 620
A (m/s?) 19.6 5 3.14 9.81 6.28 6.28 6.28
A%/ (m?/s3) 0.070  0.032 0.0015 0.0083 0.0053 0.0063 0.010
Performance Q,, 220¢ 85 1200 22 1900 1450 865
k2 0.05 0.013 0.0025 0.18 0.0039 0.004  0.003
€20, 11.6* 1.12 3 4.83 7.44 5.82 2.60
c¢ (MPa) 84 7 170 92 163 158 459
P, (uW) 1.4 53 3 7.3 10 10 32
FOM P /Vol 4255 1039 249 69 1608 1595 1853
(UW/cm?)
P, (g/cm?) 62 33 333 8.3 297 250 186
MNinax (%) 85 36 60 71 79 74 57
S 0.98 0.67 1 1 0.53 0.58 0.74
E* (nJ/mm?) 550 8.3 46 0.04 38 37 87

@ Calculation corrected for lack of tip mass.
b Operating at maximum efficiency.
¢ Estimated values.

of AIN fabricated at IMEC all do very well compared to the other devices reported,
despite their relatively low coupling, showing the benefits of their high-quality factor.
Only the device reported in Muralt et al. [65] is better, because of the combination
of its good Q,, and high coupling factor. The latter is achieved with an interdigitated
electrode design that benefits from the better d;; mode properties.

As expected, highly stressed IMEC 7A and highly coupled [65] beams present
higher values of E*. Although increasing coupling will not increase the power density
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based on the mass volume (Pp), it will reduce the beam or piezoelectric volume for a
desired electrical power. In addition, Table 9.6 clearly shows that devices with K?Q >2
have been frequently fabricated at the MEMS scale and even some at the mesoscale
[46], which contradicts the claims of Guyomar and Lallart that realistic devices usu-
ally have k2Q,, values not much higher than 0.2 [60]. Therefore, multiple devices that
reach the inertial coupling limit have been realized in recent years.

9.8 OTHER CONSIDERATIONS

This chapter focused primarily on linear resonant PVEHs operating under a single
frequency sinusoid excitation. In this last section, however, we broaden the scope
with a discussion on wide band vibration energy harvesting. More specifically, we
introduce some nuances concerning wideband vibration sources and nonlinear
approaches for vibration energy harvesting. We also discuss potential design trade-
offs and their impacts on the choice of the piezoelectric material.

9.8.1 FReQUENCY DEPENDENCE OF THE INERTIAL COUPLING LimiT

An important limit of resonant devices is that they must operate at a specific fre-
quency. Moreover, we showed that a high Q factor is required to improve the power
density, but this implies a small operation bandwidth. If the mechanical energy
source is broadband or nonstationary in nature, which is the case for most ambient
vibrations, the harvester may collect only a small portion of the available energy or,
worse, have a very low power output and a poor power density due to its inability to
match its frequency with the source. Reducing the quality factor improves the band-
width, but it might be at the expense of the power output. Addressing this problem is
an active area of current research.

For a single frequency source, the optimal power is harvested by matching the
electrical damping with the mechanical damping. However, the optimization is
not as straightforward for broader band sources [21]. Figures 9.4 and 9.5 show the
power output frequency response changes with the different damping type. If only
the mechanical damping increases, the power at the resonant peak is reduced, but
remains largely the same outside the peak. Therefore, the bandwidth increase only
comes from a diminution of the main peak and the average output power is lower.
However, by instead increasing the electrical damping, it is possible to improve
the frequency response outside the peak. Indeed, while the peak may be lower, the
response for the nearby frequencies is increased.

This general broadening of the response can be sufficient to compensate for the
main peak diminution, but this depends on the shape of the power spectral den-
sity (PSD) of the harvested vibration. Hence, for wider band sources, matching the
damping components is not necessarily the optimal scenario and improving the
efficiency is preferable [21,68]. Nonetheless, increasing the electrical damping to
improve the bandwidth has its limits due to the observed reduction of the resonant
peak. Other approaches are being investigated to increase the bandwidth with less
peak attenuation.
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A simple solution is to use multimodal structures or even arrays of piezoelectric
structures sensitive to different frequencies [69]. This approach broadens the opera-
tional bandwidth but at the expense of the volumetric power density. Several papers
have proposed methods to tune the resonant frequency mechanically [70] or electri-
cally [71] to provide broadband operation while limiting the total size of the device.
Nevertheless, active (continuous) or semiactive (discontinuous) tuning requires
energy consumption and it is not clear if the net energy balance can be improved sig-
nificantly by these schemes. Hence, passive approaches are also being investigated
to introduce instabilities and other nonlinearities to improve the mechanical power
transfer to the transducer. For example, devices incorporating nonlinear compliant
structures [72-77], magnetic coupling [78—80], or stoppers [81-85] have been the
topic of multiple papers in recent years.

9.8.2 PossiBLE COMPROMISE CONSIDERING MATERIALS
AND ExTRACTION CIRCUITS

To provide a broad perspective on the selection of piezoelectric materials, we mapped
the quality factor Q,, with estimates of k> on Figure 9.15. This figure considers the
31 mode properties for the materials that are reported in Tables 9.3 and 9.4, without
the effect of the geometry of the composite structure (i.e., a geometric form factor
¢ =1 is assumed). For comparison, the devices benchmarked in Section 9.7.4 are also
added to this figure. The dashed line is the condition ¥?>Q,, = 2, which corresponds
to the critical coupling value with a resistive load. We note that most of the materials
and reported devices are located in the optimal design region, which suggests that
coupling should not be the only criterion for PVEH material selection.
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FIGURE 9.15  Critical coupling factor with respect to Q,, and mapping of materials for this
criterion.
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By using nonlinear extraction interfaces, it is also possible to improve the per-
formance of designs that have a lower resonator FOM and, therefore, allow multiple
design trade-offs. For instance, with a high-coupling material and a highly effective
extracting interface, the size of the piezoelectric active element can be reduced sig-
nificantly [37,86]. Alternatively, the use of more effective extraction schemes allows
a wider selection of piezoelectric materials (e.g., low-coupling materials) to produce
the same power output. Hence, many application-specific factors can be considered
for the selection of materials, including:

e Processing of the materials: time, costs, or design requirements (e.g., inte-
grated circuits, wafer level packaging process compatibility)

e Toxicity (e.g., Restriction of Hazardous Substances compliance, biocompat-
ibility for bioMEMS)

e Curie temperature (no degradation during fabrication or usage)

¢ Dielectric losses and leakage behavior

* Device operating principle (resonant or nonresonant) and characteristics of
vibrations in the considered application (magnitude and type, e.g., random,
shocks, harmonics, colored noise, etc.)

e Fatigue strength (concern for harsh environments)

9.9 CONCLUSION

This chapter presented a discussion on the various aspects that can limit the power
density of resonant piezoelectric vibration energy harvesters. To support the analy-
ses, we introduced a streamlined, lumped parameter modeling approach. To address
the need for relevant metrics of comparison for PVEH system design, we also inves-
tigated several ways to assess the performance of devices:

1. Compare the amount of energy captured by the device with the quality of
the source.

2. Evaluate the amount of energy converted into electricity by the transducer
and its energy density.

3. Evaluate the amount of electric energy extracted from the device and its
global efficiency.

All these points were reviewed for linear resonators by considering the impact of
the geometry, material properties, and electrical energy extraction interface used.
For typical values, a power density limit below the 100 pW/cm? range was estimated
due to the inertial coupling limit. However, to reach this power density, the piezo-
electric spring must be well designed. A good design must provide sufficient cou-
pling not to limit the achievable power output and to support the induced stress
without failure. However, we have shown that for low amplitude vibrations, captur-
ing a significant amount of energy is the most important bottleneck, because of the
large mass required compared to the size of the beam. Therefore, the power density
will be first limited by the mass density of the device and then by stress.
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Nonetheless, if very large accelerations or forces are available in the ambient
environment (e.g., in harsh environments), the strength of the materials may in this
case become a concerning factor. For designs that provide low coupling, nonlinear
extraction interfaces can be alternatively used to improve the performance. The iner-
tial coupling limit, however, limits the gain in performance for devices that present
high Q,,.

Based on this investigation, we proposed alternative FOMs such as the normal-
ized power density, the harvester’s efficiency, and the harvester’s effectiveness.
Interestingly, all of these depend on the piezoelectric resonator FOM, k*Q,,. The
beam energy density was also proposed as a new FOM to evaluate the beam stress
and thus an indirect method to assess its design and guide the selection of both mate-
rials and geometry to achieve a specified power level in a compact beam volume. An
assessment of several resonant devices recently published in the literature was then
conducted, revealing that many have already reached the inertial limit expected for
resonators. Moreover, the devices lagging behind could reach this limit with some
geometric optimization or with more effective extracting interfaces. As expected,
devices with a large quality factor presented the highest normalized power density
values. However, the travel of the mass was not considered in our estimates. Taking
this into account would reduce further the power density [18]. While these metrics
provide a framework for comparing inertial piezoelectric energy harvesters, further
reflections are required to define FOMs that account for broadband operation, costs,
and fabrication considerations. Equivalent FOMs for nonresonant devices would also
be welcomed as a means to compare different operating principles.

This global analysis suggests that the technology for piezoelectric generator
energy conversion is quite developed. Research on processing of very high coupling
materials is well underway and analytical tools for the design and optimization of
piezoelectric transducers have also been developed. Concerning the energy extraction
interfaces, an array of circuit topologies has been proposed, but their implementation
and performance at the microscale pose unresolved challenges. However, the power
density of PVEH devices is inherently limited by the power input and, consequently,
the methods that are currently used to capture the ambient energy. It is assumed that
a very large quantity of vibrational energy is available in the environment, but it
remains challenging to harness energy from such unpredictable, low-quality sources.
Linear, resonant harvesters appear to have reached their theoretical limits and sig-
nificant research efforts are underway to bring the same level of performance to a
broader range of operating frequencies and scenarios. Frequency tuning methods
have been proposed and novel nonlinear techniques to transfer energy from one fre-
quency band to another should also be researched. This challenge has been tackled
for a couple of years, but no clear winning solution has emerged yet. In fact, it is quite
probable that no single solution can address every type of solicitation.
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