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Preface: Quantum Semicondnctor Devices and Technologies 

For the better part of a decade, an important theme in solid-state device research has been the 

investigation of information transfer and storage in nanostructures. A nanostructure for us is any 

object whose dimensions are less than 50 nrn. There have been many vehicles for this discussion, both 

theoretical (q-bits) and experimental (quantum dots). An important question posed by experimental 

research is whether it is possible to have quantum dots with monodisperse features, reproducible in all 

characteristics, that can be made to operate at room temperature. The answer is of course yes; there 

are at the present moment 103 of these dots-the atomic elements. During interactions such as bonding, 

the atoms display energy level changes on the order on 1 e V. This level is quite stable with regards to 

ambient room temperature. Larger objects such a molecules or semiconductor quantum dots will 

display characteristic energy level separations that are smaller, maldng operation at room temperature 

more difficult, although not impossible. Biological computing via DNA (that is, all the reactions 

concerned with life on earth) is an example of molecular information processing at elevated 

temperature. 

Professor AIdo Sasaki and I worked together to develop a monograph on the properties of 

materials and devices structured in the size regime where quantum effects are important. Although 

we conceived this work as a single volume, the reality of production has led us to separate publication 

into two volumes. This volume: Quantum Semicondnctor Devices and Technologies treats general 

considerations for fabrication and operation of nanoscale devices, while Professor Sasaki will present 

the second volume: Quantum Strnctured Semiconductors, concentrating on specific materials 

systems later this year. I would like to acknowledge the contribution of Prof. Sasaki to the organization 

of this volume. 

The fabrication of quantum nanostructure devices with reproducible performance characteristics 

is an important goal of this field of research. A presentation of the device structures that implement 

memory circuits and lasers with predictable properties is given in Chapter 2 by Yokoyama, Ishikawa, 

Sakuma, Nakata and Sugiyama 

The synthesis of nanostructures presents a formidable array of challenges to the current level 

of fabrication technologies. There is hope to overcome these difficulties by using self -organizational 

techniques to produce the desired structures. The nature of the challenge is reviewed in Chapter 3 

by Seebohm and Craighead. The self organizational techniques used to meet this challenge are 

addressed in chapter 4 on MO-CVD by Seifert, in chapter 5 on MBE of GaAslInAs by Mirin and Gossard, 

and in chapter 6 on SilGe by Darhuber, Bauer, Schittenhelm, and Abstreiter. 

The greatest difficulty that quantum nanostructure devices present however is neither related to 

quantum effects nor to nanotechnology, but rather to temperature. Temperature plays two roles. One, 

mentioned above is the relationship between the characteristic separation of energy levels relative to 

the temperature of operation. The other is the issue of temperature rise due to energy dissipation. 

Temperature rise is already a big issue in silicon integrated circuits. A motivation for pursuing quantum 

device circuits is to achieve a density in integration that is at least 1,000 times higher than that currently 

being implemented in silicon VLSI. Hadley and Mooij report on this most critical issue in chapter 1. 

It is my hope that this volume helps to give some perspective for the likely directions of 

development of this very exciting field, in terms of both the capabilities of nanotechnologies and the 

limits imposed by the physics of the world we live in. 

T. P. Pearsall 

Avon. France 



Chapter 1 

Quantum nanocircuits: 
chips of the future? 
P. Hadley and J. E. Mooij 

Delft Institute of Microelectronics and Submicron Technology (DIMES) and 
Department of Applied Physics, Delft University of Technology, Delft, The 

Netherlands 

1.1 Introduction 
Over the years, the lateral dimensions in microelectronic circuits have 
been shrinking systematically by a factor of two every six years. The 
extrapolation of the past, formulated in Moore's law, serves as the pre­
scription for the future as laid down in the National Technology Roadmap 
for Semiconductors [1]. This Roadmap indicates gate widths for CMOS 
transistors of 35 run in the year 2012. Continuation would predict minimum 
feature sizes of 1 run around 2040. Many times in the past, a breakdown of 
Moore's law has been predicted due to limitations in fabrication, excessive 
power density, or discontinuous change of physical behavior. So far, the 
impetus of the collective microelectronics industry has pushed aside such 
obstacles with remarkable ease. Nevertheless, it is hard to imagine silicon 
CMOS technology on the true nanometer scale. Will new quantum nan­
odevices take over? Many introductions to papers on quantum devices 
suggest that this will be the case. In this chapter, we attempt to analyze 
the long-term potential for microelectronics applications of quantum 
devices. Obviously, this analysis can only depart from the types of devices 
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and from the physics effects that we know of today. We will limit ourselves 
to electronic transport devices. We focus strongly on devices that are based 
on manipulation of single electrons. 

Quantum devices can be made of many materials and can be based on 
various physical principles. However, these devices share common prop­
erties. The relevant energy levels can be estimated for their operation and 
also for devices that in the future would make use of perfect fabrication 
at the atom-by-atom level. Quantitative estimates will be given for the per­
formance of these devices as switches and memory cells in digital appli­
cations at various temperatures. The conclusion will be that quantum 
devices are unlikely to replace CMOS technology in computers of the types 
that we know today. Future developments that involve new and different 
physics effects may change the picture. It may also be that quantum 
devices can be used in drastically different modes of operation, where 
quantum coherence extends over multiple elements. An extreme example 
is so-called quantum computation, where the whole computer is one 
coherent quantum system and information is processed in a way that has 
no analogy with the classical 'furing-type computer. We will briefly indi­
cate the principles of quantum computation and discuss the merits of 
solid-state quantum devices for this purpose. Warnings against unfounded 
optimism about the potential for application of quantum devices in micro­
electronics have been sent out repeatedly by Landauer. Titles such as 
"Need for Critical Assessment" [2] and "Is Quantum Mechanics Useful?" 
[3] speak for themselves. 

1.2 General physics aspects 

In quantum devices, the addition or extraction of a single electron signifi­
cantly changes the energy of the system. For those devices that are fabri­
cated lithographically with sizes down to tens of nanometers, the energy 
change is small compared with room temperature, and devices have to be 
cooled down. Future controlled atom-by-atom fabrication techniques may 
allow the production of quantum devices with dimensions around 1 nm. 
Here, as we will see, the energy changes may be up to 30 times room tem­
perature. It is necessary to confine the electrons to a well-defined region, 
i.e., the molecule, the quantum dot, the cluster, or the metallic island. Elec­
tronic wave functions may only be weakly coupled to the outside world. 
The main effects are based on two energies: the Coulomb charging energy 
for one additional electron and the particle-in-box confinement energy. The 
general background for the physics issues discussed here can be found in 
[4] and [5]. 
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1.2.1 Charging energy 

In this chapter, the Coulomb charging energy will be indicated as Ee. It 
is equal to e2/2Cr , where e is the electronic charge and Cr is the sum of 
the capacitances between the element considered and all other elements 
and conductors, including the self-capacitance to the faraway ground. A 
sum capacitance of laF (attofarad = 10-18 F) yields a charging energy of 
80 me V or 900 K. For a flat disk of diameter D (expressed in nanometers) 
surrounded by a dielectric with relative permittivity £, the self-capacitance 
in attofarads is approximately 0.04 e D. The contribution from the connect­
ing leads and gates has to be added. The conclusion is that, with extreme 
nanofabrication, a capacitance of O.laF and a charging energy of leV or 
10,000 K might be obtainable. This statement might be misleading without 
the following addition: for error-free operation at the level of digital com­
puting, the temperature should stay below the energy be at least a factor 
of 30. At this time, controlled fabrication of the elements that can be used 
in a circuit allows for a charging energy of around 10 me V or smaller. 

1.2.2 Confinement energy 

The two lowest energy levels for a particle with effective mass m* in a 
one-dimensional square box of width w are separated by an energy 
3h2/(8em*w2). This is equivalent to about (mo/m*) (lnmiwyeV. For elec­
trons in semiconductors, mo/m* can be of order 10, but for devices that 
are not large compared with the lattice constant, this advantage is lost as 
the band concept breaks down. With extreme nanofabrication, one expects 
that the highest obtainable confinement energy will be around 1 eV, similar 
to the highest charging energy. 

1.2.3 Tunnel barriers 

Transport in and out of the quantum elements is needed for operation, but 
the electronic states should not be mixed with external states. To achieve 
the isolation of electronic states, tunnel barriers are used. The electronic 
levels are well defined when the tunnel resistance is much higher than the 
quantum resistance Rq = hM (h is Planck's constant), or 25 kQ; the quantum 
effects are smeared out or lost with more transparent tunnel barriers. This 
is most easily made plausible for the charging effects, where the Heisen­
berg uncertainty time connected to a charging energy Ec is h/(2rrEe) = 
hC/(rce2). For shorter times, no control is possible. Typical operation 
times are of order RC, which leads to the requirement R »Rq• For confine­
ment, a similar reasoning, equally fundamental of character, applies. The 
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unavoidable consequence is that impedance levels in quantum circuits are 
on the order of 100 kQ or higher. Barrier heights can sometimes be made 
tuneable so that retention times can be long in combination with reason­
able switching times. 

1.2.4 Environment 

The dynamical response of quantum devices is strongly determined by 
their electromagnetic environment. The environment includes degrees of 
freedom such as phonons when they couple to electromagnetic phenom­
ena. Transitions that are otherwise forbidden can occur when additional 
or missing energy can be dumped into or drawn from certain environ­
mental modes (an ohmic reservoir can be modeled by a large number of 
harmonic oscillators with a wide range of frequencies). When transport 
between quantum elements is coherent, no simple addition applies. In the 
design of quantum circuits with multiple elements, close attention needs 
to be paid to these aspects. Their overall effect may be increases of oper­
ating time, impedance, and required volume. 

1.3 Physical limits of integrated circuits 

As computers are made faster and more cheaply, the dimensions of the 
transistors that make up the integrated circuits are decreasing. This allows 
ever more transistors to be crowded on a computer chip. Although more 
transistors have been added to a chip, the price of producing one square 
centimeter of integrated circuit has remained constant at roughly $100 [1]. 
If the economies of scale continue to operate as they have in the past, the 
way to continue to make computers even more cheaply is to make even 
smaller transistors and crowd them onto a chip more densely than in the 
past. This will push the circuits into the realm of mesoscopic physics, 
where quantum mechanics determines the behavior of the circuits. 

If the price per square centimeter of an integrated circuit remains 
constant, then an appropriate figure of merit for comparing different 
technologies is the number of operations that are performed per square 
centimeter per second. Even if the price per square centimeter does not 
remain constant, it is likely that in the future, microprocessors will have 
an area of a few square centimeters. Larger integrated circuits will be 
unwieldy, and making processors smaller will limit their capabilities. Thus 
it is interesting to know how much computing power can be packed into 
a square centimeter. There are two ways to increase the computing power 
of an integrated circuit: either the device density can be increased or the 
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Figure 1_1: The average delay vs. device density showing the dissipation 
limit, the relativistic limit, and the quantum limit for room-temperature 
integrated circuits. The positions of CMOS circuits, SET circuits, mole­
cular electronics, and superconducting Rapid Single Flux Quantum 
(RSFQ) circuits were taken from the MELARI Roadmap for Nanotechnol­
ogy (http://www.cordis.lulesprit/src/melari.htm#nano). 

delay time associated with an operation can be decreased. In Fig. 1.1, the 
device density is plotted versus the average delay per device. The average 
delay per device is often much less than the clock cycle because not every 
device switches every clock cycle. The average delay depends on the 
circuit architecture. It is not possible to increase the density or decrease 
the average delay without bounds. 

1.3.1 Dissipation limit 
One of the most important limitations is formed by the dissipation of heat 
that is generated by the circuit. Integrated circuits that are not actively 
cooled typically operate at a temperature about 100°C and give off heat to 
the room-temperature environment. At this temperature, typical thermal 
fluctuations have an energyofkBT= 5 x 10-21 J. In order for a bit to be stable 
against thermal fluctuations, the energy needed to flip a bit must be at least 
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10 times a typical thennal fluctuation, or 5 x 10-20 J. If quantum computing 
and reversible computing schemes are ignored for the moment, at least 
5 x 10-20 J is dissipated for each operation that the integrated circuit per­
fonns. The power dissipated per square centimeter by an integrated circuit 
is therefore at least the device density times the number of operations per 
second per device. In real microprocessors, the dissipation is considerably 
more than this. The amount of thennal energy that can be transported 
away from the circuit is limited by the thennal conductivity of the 
environment of the circuit. The amount of power that can be typically 
transported away from the circuit is 25W/cm2 [1). This dissipation limit is 
plotted on the density-delay diagram of Fig. 1.1. If we assume that the 
average cost of a square centimeter of integrated circuit remains constant, 
then the number of operations perfonned per second per unit cost can be 
drawn as a line in Fig. 1.1 that is parallel to the dissipation limit. The tech­
nology that comes the closest to the dissipation limit will deliver the most 
computational power per unit cost. 

1.3.2 Quantum fluctuations 

Quantum fluctuations can also disrupt circuit perfonnance. According to 
Heisenberg's uncertainty principle, a quantum fluctuation of energy E can 
occur for a time hiE. If the energy necessary to flip a bit is greater than 
5 x 10-20 J to make the circuit stable against thennal fluctuations, then 
quantum fluctuations will occur for times less than 2 x 1O-15 s. For the 
circuit to be stable against these quantum fluctuations, the switching time 
of a device should be at least 10 times longer than a quantum fluctua­
tion. This means that switching times must be longer than 2 x 1O-14 s. The 
quantum limit intersects the dissipation limit at a density of 107 

devices/cm2, which is about the current device density of CMOS. This leads 
to the conclusion that no dissipative, room-temperature, general-purpose 
computation scheme with a device density greater than CMOS circuits will 
be quantum noise limited. Quantum fluctuations become more relevant in 
cooled circuits and in high-speed signal processors. 

1.3.3 RC delay 

One of the factors that limits the speed of integrated circuits is the RC 
delay. When a particular node in a circuit is charged, the delay is the total 
capacitance of the node times a resistance through which the node is 
charged. The resistance is the sum of the output impedance of the device 
charging the node and the resistance of the wire leading to the node. In 
CMOS circuits, much attention has recently been given to the increase of 
the RC time due to the resistance of the wire leading to the node. This 
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resistance increases as all dimensions of a wire are scaled down. The 
formula for the resistance of a diffusive wire is 

R = J!!:.. 
wt' 

(1.1) 

where p is the resistivity, I is the length, w is the width, and t is the thick­
ness. If I, w, and t are all decreased by a certain factor, the resistivity R 
increases by the same factor. An increase in R slows down the circuit. This 
situation gets even worse for very short wires. As the length of a wire goes 
to zero, the resistance does not go to zero, as Eq. (1.1) predicts. The resis­
tance of the wire is always limited by the relationship [6] 

(1.2) 

Here AF is the Fermi wavelength. This means that there is a critical length 
below which Eq. (Ll) is no longer valid: 

lmt = A; (;). 
For metals, this critical length is about 10 nm. One expects an increase in 
the resistance when the distance between devices approaches 10nm, 

For quantum devices such as single-electron transistors and quantum 
dots, the dominant resistance is not the wire that connects the nodes; it 
is the output impedance of the device itself. The output impedance of a 
single-electron transistor or a quantum dot must be greater than the resis­
tance quantum; therefore, the resistance that determines the delay is 
roughly 1,000 times larger in a quantum circuit than in CMOS. The way to 
compensate for this increase in resistance is either to decrease the capac­
itance of the nodes or to increase the packing density so that more com­
putational elements are packed into a square centimeter. The capacitance 
of the nodes is largely determined by the physical size of the components 
of the circuit. In other words, for the same device density, high-resistance 
quantum devices are going to be slower than CMOS. This is reflected in 
the position of the quantum devices in Fig. 1.1. As long as a low­
impedance element like a field-effect transistor can be used for logic cir­
cuits, it will be used, because the resulting circuits will be much faster. 

1.3.4 llelativistic lUnJt 
Another limit that has consequences for integrated circuits is the rela­
tivistic limit that is caused by the finite speed of light. No information can 
be transported a distance of 1 cm in less than 0.3ns. It is possible for inte-
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grated circuits to operate in the relativistic regime, but if the average delay 
is to be much less than the relativistic limit, the circuit must be designed 
such that most of the communication between devices is local. The shorter 
the delay, the more local the communication must be. In Fig. 1.1, the rela­
tivistic limit was drawn for a circuit with an area of 1 cm2• For larger cir­
cuits, the limit will have a longer average delay time. 

1.4 Single-electron transistors 

Although a number of different quantum devices could be used to build 
circuits, the quantum device that has been most widely discussed is the 
single-electron transistor (SET) [7]. A single-electron transistor is a three­
terminal device consisting of an input terminal (the gate) and two output 
terminals (the source and drain). A change in the charge on the gate mod­
ulates the current that flows from source to drain. Figure 1.2 shows the 
conductance through a SET as a function of bias voltage and gate voltage 
for a metal SET, a semiconducting SET [8], a carbon nanotube SET [9], and 
a superconducting SET [10]. For the metal SET and the superconducting 
SET, the current that flows from source to drain is a periodic function of 
the gate voltage with periodicity e/Cg, where Cg is the gate capacitance. For 
the semiconducting SET and the carbon nanotube SET, the current is not 
strictly a periodic function of the gate voltage because energy needed to 
add an electron to the island is the sum of the charging energy and the con­
finement energy. For the semiconducting SET and the carbon nanotube 
SET, the charging energy has the same order of magnitude as the confine­
ment energy, whereas for a metal SET or a superconducting SET, the charg­
ing energy is much larger than the confinement energy. 

From the current-voltage characteristics, one can determine that the 
input capacitance at the gate can be very small, typically I-lOaF, and that 
there is virtually no input current leakage. The output impedance of a SET 
is quite large, typically lOOkn-lOOMn-orders of magnitude higher than 
in typical semiconductor devices. This impedance size causes the longer 
Re delay for SETs and quantum dots that was discussed above. 

The data in Fig. 1.2 can also be used to determine the charge gain and 
the voltage gain of a SET. The charge gain is frequency dependent and 
determines the maximum operation frequency of the SET. When the gate 
charge is modulated with an amplitude /1q at a particular frequency, the 
current through the SET transistor is modulated with an amplitude M at 
the same frequency. The charge that is transported through the SET tran­
sistor eveIy half period is MTI2, where T is the period. The charge gain is 
thus gq = MT/(2/1q). In any circuit where the output of one SET drives the 
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Figure 1.2: The low-temperature conductances of (a) a metal single­
electron transistor (SET), (b) a semiconducting SET, ( c) a carbon nan­
otube SET, and (d) a superconducting SET are plotted as a function of gate 
voltage and bias voltage. The diamond-shaped regions along the zero-bias 
voltage axis are regions of Coulomb blockade. In these regions, no current 
flows. The conductance is a periodic function of gate voltage for the metal 
SET and the superconducting SET, where the confinement energy is neg­
ligible. The conductance is not a periodic function of gate voltage for the 
semiconductor SET and the carbon nanotube SET, where the confinement 
energy is important. 
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input of the next SET, the charge gain has to be greater than 1 at the oper­
ating frequency. This is equivalent to saying that the gate must be modu­
lated with a frequency much less than the average time between electron 
tunnel events ell. Voltage gain is necessary for some applications. The 
voltage gain of a SET is the ratio of the modulation of the source-drain 
voltage to the modulation of the gate voltage at a given current bias 
gv = ,1 VDs/,1 Vg • The voltage gain can be determined from the data in Fig. 1.2. 
The gain is gate voltage dependent and for small signals ranges between 
g" = -CgICj and g" = CglCCg+ C). Voltage gain greater than 1 is only possi­
ble when the gate capacitance is greater than the junction capacitance. As 
an amplifier, a SET has a limited dynamic range. The gate charge modula­
tion must be smaller than about e/3 for the small signal limit to apply. In 
the limit of large gate modulation, the voltage gain goes to zero. 

The charge sensitivity of a SET is exquisite. Charge variations much 
smaller that the charge of an electron can be detected. A typical charge 
sensitivity for a SET is 10-4 el-1Hz. At this time, the SETs with the largest 
bandwidth are RF SETs, which can operate up to about 1 GHz [11]. The 
tremendous charge sensitivity of a SET also introduces complications. A 
SET is so sensitive that it responds to minute changes in the charge dis­
tribution of its environment. If a crystal defect in the vicinity of a SET 
carries a charge e and moves slightly, this will be detected by the SET. 
These charged defects are called background charges or offset charges 
[12]. Even when the charged defects do not move, they couple charge to 
the SET in the same way that the gate voltage does. Thus offset charges 
produce a random shift along the gate voltage axis of the current-voltage 
characteristics shown in Fig. 1.2. 

For circuits to operate properly, the charging energy should be much 
greater than the thermal fluctuations. At 373 K, the charging energy equals 
kBT for a capacitance of 2.5aF. However, simulations show that there is 
hardly any modulation of the current for a SET with C;; = 2.5aF at 373K. 
It is necessary to have junction capacitances of about 0.1 aF before signif­
icant current modulation is achieved. Figure 1.3 shows a simulation of the 
current-voltage of a SET with junction capacitances of 1 aF and 0.1 aF and 
a modest voltage gain of 2. These capacitances are extremely small and 
correspond to islands only a few nanometers in size. It will be impossible 
to make the SETs much smaller than this because SETs or quantum dots 
that operate at room temperature will only be a few atoms wide. This 
means that there will not be much opportunity to scale room-temperature 
SETs smaller once they are fabricated. 

The switching delay of a SET can be much longer than the RC delay 
explained above. This longer delay occurs at high temperatures where 
the current modulation of a SET decreases from the maximum low-
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Figure 1.3: Simulations of the current-voltage characteristics of a metal 
single-electron transistor (SET) for various temperatures. These SETs have 
a voltage gain of 2. (a) Junction capacitance Cj = 1 aF; gate capacitance 
Cg = 2aF; (b) Cj = O.laF; Cg = O.2aF. 
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temperature value of approximately e/(RCrJ This delay also occurs for 
multiple tunnel junctions where random offset charges reduce the current 
modulation to below the optimum value even at low temperature. In these 
cases, the minimum delay time is the inverse of the maximum frequency 
for which there is charge gain, f = M/e. 

1.5 Applications 

1.5.1 Logic 

SETs dissipate little power and can be fabricated in sizes ranging down to 
a molecular scale. These characteristics make them potentially useful for 
logic and memory circuits. It has been suggested that large-scale inte­
gration of single-electron transistors could result in logic circuits with a 
high device packing density. Recently, a number of different logic schemes 
using single-electron-tunneling transistors have been proposed [13]. 

In single-electron logic (SEL) as proposed by Averin and Likharev, 
bits are represented by individual electrons [14]. SEL has an architecture 
similar to superconducting single-flux quantum logic, where individual 
magnetic-flux quanta are manipulated [15]. A logic scheme where bits were 
represented by individual electrons was also proposed by Ancona. He 
proposed building circuits with a regular cellular structure, with local 
connections as in cellular automata [16]. Tucker [17] and Yoshikawa et al. 
[18] suggested the use of single-electron transistors in an architecture very 
similar to CMOS. In this case, the bits are represented by voltage levels 
[19,20]. The use of multiple tunnel junctions in place of individual single­
electron transistors in this sort of architecture has also been proposed [21]. 
Tougaw and Lent suggested that the electron configuration in a cluster of 
quantum dots could be used to encode the information [22]. The clusters 
of quantum dots are placed very close together, but they are not electri­
cally connected. The information passes from one cluster to the next via 
the Coulomb interaction between the electrons. Computation proceeds 
locally as in a cellular automata architecture. Korotkov proposed a similar 
computational scheme using clusters not connected by wires [23]. Unlike 
Tougaw and Lent, Korotkov suggested the use of an AC driving field so that 
the energy needed to drive the computation could be coupled into each of 
the clusters directly. Ohshima and Kiehl also proposed a SET logic scheme 
using an AC pump (tunneling phase logic) [24]. In this scheme, the infor­
mation is not coded in the configuration of some charge on a cluster 
but rather is coded in the relative phase between the AC pump and the 
periodic single-electron-tunneling oscillations. Likharev and Korotkovalso 
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proposed reversible logic elements [25] where the amount of energy dis­
sipated per switching event could be much less than kBT. There have also 
been several suggestions to use single-electron-tunneling transistors to 
build neural nets. Goossens et al. suggested exploiting the periodic trans­
fer characteristics of a SET transistor to build neural nets [26], while the 
quantum neuromorphic networks of Bandyopadhyay et al. [27] function 
more like a traditional Hopfield machine. 

Although many logic schemes have been proposed, very few circuits 
have been tested experimentally. Recently, a simple SET logic circuit, 
which displays negative differential resistance, was demonstrated using a 
multilayer fabrication technology [28]. A multilayer fabrication technology 
is important, since wires must cross in complex circuits. The negative dif­
ferential resistance device was constructed from two SETs with a voltage 
gain greater than 1. Voltage gain is required in many of the logic schemes 
mentioned above. 

No logic scheme based on quantum devices is presently threatening 
to overthrow the semiconductor industry standard CMOS technology for 
logic applications. Many of these logic schemes are flawed in that they 
ignore the existence of offset charges. This approach is unrealistic. There 
is no experimental evidence that offset charges can be eliminated in any 
materials system. The only offset-charge-independent logic schemes use 
high-resistance resistors. However, the fabrication of suitable compact, 
low-capacitance, high-resistance resistors is a formidable technological 
problem. Even if this problem were to be overcome, the high resistance 
makes the quantum devices so much slower than CMOS that they are not 
competitive. 

1.5.2 Quantum computation 
So far, we have discussed the possible replacement of CMOS semi­
conductor elements by quantum devices. The roles of these two types 
of devices in the circuit would be identical. It turns out, however, that 
quantum devices provide no major advantage in this conventional setting. 
Much more may be gained if the intrinsic coherence of quantum states 
is used. The evolution in time of an isolated quantum system under the 
influence of a known external drive is completely deterministic. Quantum 
uncertainty comes in when a measurement is performed; i.e., the quantum 
system is made to interact with a large number of uncontrolled "classical" 
variables. Quantum devices in a classical matrix are continuously sub­
jected to a measurement in this sense, resulting in severe limitations in 
performance due to quantum fluctuations. 

Quantum systems can exist in general superpositions; for a two-level 
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system, the relative amplitude and the relative phase of the occupation 
coefficients are two independent continuous variables. In principle, 
these variables can be manipulated, in particular by the application of 
microwave pulses of the frequency that corresponds to the energy differ­
ence between the two states. Two-level quantum systems can also be 
coupled so that their states are entangled. There is no classical analogue 
to the notion of quantum entanglement. 

In the last few years, the principles have been worked out for a new 
method of information processing that is called quantum computation [29]. 
In a quantum computer of this type, the bits are replaced by qubits (two­
level systems as described in the previous paragraph). Qubits can be 
coupled by quantum gates. The whole quantum computer with N qubits 
lives in a superposition of its 2N quantum states. The applied operations 
correspond to a unitary transformation that has to be expressed by a 2N by 
2N matrix. For a computation, the quantum computer is first prepared in a 
known state and a series of operations is performed. Finally, a measure­
ment is performed; this destroys the quantum information. During the com­
putation, no decoherence due to coupling to external degrees of freedom 
is allowed. 

It has been shown that a quantum computer can perform certain tasks 
much faster that a CMOS computer. A good example is the factorization 
of a large number: the time needed to factorize a number of N digits 
increases exponentially in a conventional computer but only with a power 
law in the quantum computer [30]. Quantum coherence brings in an essen­
tial advantage. To be competitive, a quantum computer needs a minimum 
of 104 or 105 qubits and a comparable number of operation steps, all per­
formed within the decoherence time. 

Only rudimentary quantum computers of a few qubits have been real­
ized so far, by means of nuclear magnetic resonance and by laser mani­
pulation of electron states in trapped single atoms. Integration to large 
numbers of qubits seems difficult. The use of solid-state quantum devices 
of the types described in this book can be considered. Ideas concentrate 
mostly on spin-polarized states in quantum dots and charge or fluxoid 
states in circuits of superconducting tunnel junctions. The suitability is 
mainly determined by the effective decoherence rate. Decoherence times 
that have been measured are on the order of 1 ns, in situations where mea­
suring leads are connected and for systems that are susceptible to charge 
noise. For optimized devices, much longer times-more than 1 ms-have 
been calculated. Certainty can only be obtained from experiments. If solid­
state quantum devices demonstrate sufficient coherence, the fact that they 
can be integrated into large circuits makes them excellent candidates for 
the development of a real quantum computer. 
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1.5.3 Memories 
Memories are a more promising application of quantum devices than logic 
because density is more important for memories and speed is less impor­
tant. Although great advances have been made in computer memories, 
there remains much room for improvement. The density of a two­
dimensional memory is ultimately limited by the thickness of the address 
lines to the memory cells. The thinnest conductors that conduct over long 
distances are about 1 nm wide, resulting in a density of about 1013 bits/cm2. 
Such a memory would have a linear information density about equivalent 
with DNA. 

In single-electron memories, a bit is represented either by one electron 
or a few electrons on a storage node. The basic memory cell also has a 
charge-sensing device, either a field-effect transistor or a single-electron 
transistor. The charge-sensing device has to exhibit charge gain. The speed 
of these memories is limited by the time it takes to charge and discharge 
the storage node and by the maximum frequency for which the charge­
sensing device exhibits charge gain. Yano et al. [31] and Stone et al. [32] 
used naturally occurring grains as the storage nodes and a chain of natu­
rally occurring grains to sense the charge. There is no control of the struc­
ture of the grains, which leads to some parameter spread, but grains can 
be small enough that effects are observable at room temperature. Guo et 
al. [33] also achieved room-temperature operation using a single artificially 
structured polysilicon dot as the storage node and a field-effect transistor 
as the charge-sensing device. Likharev discussed a memory cell where the 
charge-sensing device is a SET; Likharev has also critically examined the 
optimal parameters of the tunnel barrier that is used to charge the storage 
node [34]. 

1.5.4 Metrology and sensors 
Quantum devices seem certain to make a major contribution to the field 
of precision measurements and charge sensors. Single-electron transistors 
are the most sensitive charge measurement devices presently available. A 
SET is in many respects the dual to the SQUID, the superconducting sensor 
of magnetic flux. In a SQUID, a so-called flux transformer can be used to 
separate the sensor and the pickup coil. No such possibility exists for the 
SET. A long lead to the gate implies a large capacitance that is added to 
the total island capacity and destroys the sensitivity. Consequently, the SET 
has to be brought in the direct neighborhood of the potential to be mea­
sured. A natural and very interesting solution is to position the SET on the 
tip of a scanning probe system. This solution was first realized by Yoo et 
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al. [35]. When a single-electron transistor is fabricated on the tip of a scan­
ning probe, it is possible to use the tip as an STM or AFM to determine the 
topology, while the SET measures potential variations. The sensitivity at 
room temperature should ultimately be high enough to detect single elec­
tron charges with a spatial resolution in the subnanometer scale. 

Single-electron devices can also be used to make precise measure­
ments of current. A device related to a SET is an electron pump. In an elec­
tron pump, gates are modulated to repeatedly push individual electrons 
through a circuit. This process produces a current with a magnitude 1= ej, 
where I is the current andfis the modulation frequency. An inaccuracy of 
10-8 has been reached by Keller et al. [36]. For metrological applications, 
low temperatures are not a strong disadvantage. However, nanoscale 
devices with much smaller capacitance will be extremely useful, since the 
operating frequency can be brought to a level that corresponds to more 
reasonable current levels (100GHz corresponds to only 16nA). 

1.6 Conclusions 

It is very unlikely that single-electron quantum devices will replace CMOS 
as switching elements for logic in general-purpose computation. The main 
disadvantage is the intrinsically high impedance level of more than 100 k.Q. 
If the product of device impedance and interconnect capacitance deter­
mines the response time, then with equal interconnect lengths the lower 
impedance device wins. Drastically new ideas would be needed for 
this conclusion to be changed. In the area of memories, where raw 
speed is less important, single-electron quantum devices may eventually 
be competitive. 

Single-electron quantum devices can only be used for regular compu­
tation at room temperature when their dimensions are below 10 nm. Con­
trolled fabrication for large circuits will not become available until the 
microelectronics Roadmap dictates this. Clearly, 10nm is getting so close 
to the finally unavoidable end of the road that the willingness to make a 
switch to a completely new technology may not exist, even when the per­
formance of quantum devices would be superior. 

Nanoelectronics based on quantum devices may be relevant for appli­
cations that are complementary to standard information processing, rather 
than competitive. The low power level of quantum devices makes them 
highly suitable for fault-tolerant computation at very high densities. A 
local architecture will be needed to avoid long delay times due to the high 
resistance. 

Predictions about the long-term potential of new types of devices may 
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well be wrong, since they are subject to the limitations of our present imag­
ination. The field of quantum devices is young, and new ideas may provide 
a breakthrough. Quantum computing is an example that makes essential 
use of the quantum character without any classical analogue. Even if 
quantum devices do not replace mainstream semiconductor devices, the 
continued study of quantum effects that occur on a nanometer length scale 
is important because these effects will influence the performance of CMOS 
semiconductor devices when they reach the nanometer regime. 
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2.1 Introduction 

Quantum dots CQDs) have attracted a great deal of interest during the past 
decade, both in quantum nanostructure physics and device engineering. 
This is simply because the QD structure is ultimately a scaled-down struc­
ture of electron and optical devices that we shall reach sometime in the 
future, and because it has possibilities for developing new principles or 
new concept devices. This area of research seems to have been promoted 
by the continuous interest and efforts of researchers to find something new 
to cultivate in new areas of science and technology. 

The most important subject in QD research is the establishment of 
a method of fabricating quantum dot structures. Many challenges to 
fabrication have been overcome during the last two decades. The most 
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straightforward technique is to use high-resolution electron beam lithog­
raphy for nanoscale patterning and dry or wet etching to make quantum 
wire or quantum dot structures [1-4]. Quantum structures fabricated 
through these techniques seem, however, not to be satisfactory in that they 
do not fully use the features of quantum dots. It appears that etching-based 
technologies have a drawback in that they introduce damage and/or 
contamination by impurities into the crystals. 

Another technique is to use the regrowth of epitaxial layers, such as 
fractional layer growth on the step edge of a vicinal substrate [5,6], selec­
tive growth on a patterned substrate [7,8], and cleaved-edge overgrowth 
[9-11]. These structures have the advantages of no etching damage and no 
need for fine lithography but seem to have a drawback in that they have 
poor dot density for optical applications and have a structure that is not 
easy to fabricate in electron device construction. 

This chapter describes recent advances in quantum dot fabrication 
technologies that have been developed to solve these drawbacks. It then 
discusses the potential device applications of these techologies, focusing 
on quantum dot lasers and high-density memory applications. 

2.2 Tetrahedral-shaped recess (TSR) 
quantum dots 

To use QDs in electron devices requires that the QDs be made in artificially 
designed positions with controllable sizes and material compositions. To 
meet these requirements, we have proposed and demonstrated a novel 
QD structure that is fabricated using tetrahedral-~haped recesses (TSRs) 
[12,13]. This section describes the process of fabricating InGaAs QDs in 
the TSRs formed in substrates and their optical characterizations to 
confirm the formation of quantum dots. We then discuss the growth mech­
anism of a QD formed at the bottom of a TSR. Further, we describe the 
ability to change the energy levels through control of the dot size and com­
position during growth. 

2.2.1 TSR formation 

After making circular apertures in a Si02 mask deposited on the semi­
insulating (l11)B-GaAs substrate, we etched the substrate through the 
apertures with an anisotropic wet chemical etchant of a 0.5% Br2-ethanol 
solution Figure 2.1 shows a diagram of the process as well as highly 
resolved scanning electron microscope images of the etched surface. The 
etched surfaces consist of three equivalent {lll}A side facets that appear 
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(a) 

Anisotropic etching 

(b) (c) 

1--1 4 ).lm 1--1 0.2 ).lm 

Figure 2.1: TSR fonning process and SEM plan views of TSRs. (a) Initial 
GaAs (111)B substrates with 100nm-thick Si02 pattemed mask; (b) an SEM 
picture of TSR array; (c) a magnified SEM picture in the vicinity of a TSR 
bottom. 

due to the extremely slow etching rate of the etchant [14], resulting in the 
formation of a TSR. An array of TSRs was arranged in triangular lattices 
in a square area, 2 x 2 mm, on a substrate. Typically, the side length of 
a surface TSR triangle was about 3.urn; the distance between TSRs was 
4.urn. The magnified view of the etched surface, shown in Fig. 2.1c, 
shows that the {111}A facets were very smooth and that the shape of 
the bottoms were identical and acute. It should be noted that the regular 
shape of the recess after etching was due to the "zinc-blend-type" cry­
stallographic characteristics, rather than the shape of the initial apertures 
of the Si02 mask. 

2.2.2 Quantum dot formation and optical properties 

We grew a GaAslInGaAs/GaAs heterostructure inside the TSRs using low­
pressure metal-organic chemical vapor deposition (MOCVD), as illustrated 
in Fig. 2.2a. Growth was performed on the TSR-formed substrates with 
the Si02 mask at a temperature of 600°C and a pressure of 50 Torr. 
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Figure 2.2: (a) Illustration of GaAs/InGaAs/GaAs growth inside a TSR; (b) 
a cross-sectional TEM image. 

Trimethylgallium (TMGa), trimethylindium (TMIn), and AsH3 were 
employed as sources. The TMGa was kept at -lOoC, and the H2 flow rate 
through the TMGa bubbler was 5 standard cubic centimeters per minute 
(sccm). The TMIn container was kept at 13.5°C. The TMIn flow rates and 
the growth times for the InGaAs layer were varied by fixing the flow rate 
of pure (lOOOAl) AsH3 at 20sccm. The total flow rate in the reactor was 2,000 
sccm. For all samples, the thickness of the buffer GaAs was lOOnm and of 
the cap GaAs was 150nm. Here, the thickness was defined toward the 
normal direction at the (111 JA side facets. Under these growth conditions, 
the GaAs and InGaAs layers had an almost uniform thickness profile on 
the (111 JA facets and did not grow on the Si02 mask because of the perfect 
selective area epitaxy. 

Figure 2.2b is a cross-sectional transmission electron microscope 
(TEM) image of the sample where a 2.5 nm-thick InGaAs quantum well 
(QW) was grown at (l11JA sidewalls under the TMIn flow rate of 50sccm. 
It is clear that the InGaAs is grown with a uniform thickness over the 
(111 JA sidewall of the TSR. In other words, unlike the reported quantum 
wires grown in the V-grooves formed on the (001) substrates [15-17], under 
our growth conditions we did not observe an enhancement in the growth 
rate in the vicinity of the bottom of the TSR. 

Figure 2.3a is the PL spectrum measured at 4.2 K from the same sample 
shown in Fig. 2.2b. We observed two distinct emission peaks, one at 
1.45eV and another at 1.48eV The corresponding monochromatic cathodo­
luminescence (CL) images are shown in Fig. 2.3b. These plan views of CL 
images indicate that the emission of 1.45eV comes from the TSR bottoms 
and that of 1.48eV from the sidewalls. The results suggest that InGaAs QDs 
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Figure 2.3: (a) PL spectrum at 5K; (b) monochromatic CL plan views. 
(From Applied Physics Letters Vol. 67, Sugiyama et al. , p. 257 (1995), 
Copyright 1995 by the American Institute of Physics) 

are spontaneously formed on the bottom of every TSR, while the QWs are 
formed at the sidewalls. 

We compared the optical property of the QD emission peaks with that 
of the QWs by studying the dependence of CL spectra on the excitation 
power of the electron beam. Here, we studied the CL from only one TSR 
structure by narrowing the scanning area of electron beam on the sample 
in the CL apparatus [18]. The results, shown in Fig. 2.4, were measured for 
a different sample. The sample was of InGaAs QW width, Lw, of 5 nm, which 
was under the TMIn flow rate of lOOsccm. The level of emission current 
from the electron gun was varied to change the excitation intensity under 
a constant acceleration voltage of 5keV. Again, we observed two distinct 
peaks ofQDs at 1.34eV and QWs at 1.41 eVin the CLspectrum of the lowest 
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Figure 2.4: CL spectra from a single TSR measured at various electron 
beam intensity currents. 

excitation level. With increasing excitation power, the intensity of the QD 
peak tends to saturate and a new peak appears at 1.38eV. The 1.34eV peak 
corresponds to the ground state emission of a QD; the peak at 1.38eV is 
from the first excited state. This change in the spectra is considered to 
be caused by so-called band fUZing, or state-filling phenomena in the dot. 
Note that no band filling is observed for the QW peak, the peak position 
of the QW does not shift as much, and its intensity increases almost 
linearly with power. That the filling of the QD occurs at a much lower 
excitation power than do the QWs on the TSR sidewalls implies that the 
QD contains only a small number of energy states, suggesting a small size 
(or volume) of QDs. 

To demonstrate more direct evidence of the zero-dimensional carrier 
confinement, we performed a magneto-PL study on our TSR sample under 
high magnetic fields. The magneto-PL at 50 K in both the Faraday (Bllzl..E) 
and Voigt (Bl..zl..E) configurations was measured. B, z, and E are the mag­
netic field vectors, the direction along (111)B, and the electric field vector 
of luminescent light. The PL spectra were gathered from the numerous 
TSRs within a 1 mm2 area, using an optical fiber scope, and the dispersed 
light was detected by an optical multichannel analyzer (Si CCD) system 
combined with a single monochromator. The 488nm line of an Ar+ laser 
was used as an excitation source. 
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Figure 2.5: PL spectra measured at various magnetic fields in a Faraday 
configuration. 

The evaluation sample was designed so that the width of InGaAs QW, 
4" was 5 nm at the sidewalls. From the geometrical relationship, the height 
of the QD region, hd' is 15 nm. The indium content of InGaAs is represented 
by the H2 flow rate through the TMIn container and was 100 sccm. Figure 
2.5 shows the PL spectra under the various magnetic fields in the Faraday 
configuration, where B is parallel to z, i.e., the (111)B direction. Both QW 
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and QD peaks shift diamagnetically to the higher-energy side as the inten­
sity of the magnetic field increases. It should be noted that the intensity of 
the QD peak decreases with an increased magnetic field, while the inten­
sity of the QW peak increases. The decreased intensity of the QD peak 
should be related to the dynamics of the photogenerated carriers during 
the recombination process. We believe that most ofthe electrons and holes 
emitting the QD luminescence are generated in bulk GaAs and are moved 
to In-rich InGaAs QDs at the bottom by way of the In-deficient QWs at 
the sidewalls; that is, the QW luminescence competes with QD lumines­
cence. When a magnetic field is applied, the cyclotron motion of the 
carriers occurs at the QWs, decreasing the nonradiative recombination 
in the QWs due to the shrinkage of the excitonic wavefunction. This 
leads to an enhanced QW PL intensity [19] and then a decreased QD 
luminescence intensity. 

Figure 2.6 plots the energy shift of the two emission peaks measured 
as functions of the applied magnetic field up to 40 T. The inset in the figure 
is a magnification of the data at the lower magnetic field values of less than 
lOT. Compared to the energy shifts of the QW PL peak, the QD PL energy 
shifts are clearly smaller in both Faraday and Voigt configurations. This 
proves that the carriers are apparently localized in the TSR QDs. Note that 
no significant differences in the QD energy shifts are observed between 
the Faraday and Voigt configurations. This means that the carriers, or exci­
tons, are isotropic ally confined in the TSR QD of this design. 

In contrast, the QW energy shifts are larger in the Voigt configuration 
than in the Faraday, especially in the high-magnetic-field region where 
the energy shifts are dominated by the Landau shift. This finding is con­
sidered to be due to the two-dimensional (2D) characteristics of the 
exciton confined at the sidewall QWs. For QWs in general, a larger dia­
magnetic shift is observed when the magnetic field is perpendicular to the 
heterointerfaces [20,21], because the motion of the carriers is free along 
the QW plane but is structurally restricted perpendicular to the interfaces. 
Since the three {111}A facets are steeply inclined, with an angle of 70.5° 
from the (l11)B direction, the perpendicular component of the magnetic 
field to the QW plane is larger in the Voigt configuration than in the 
Faraday. 

To estimate the extent of the wave function of the confined carriers, 
we analyzed the data of the diamagnetic shifts on the basis of the 
hydrogen-like exciton model [22]. From the QD energy shift data in Fig. 
2.6, we can deduce that f3 is about 12.ueVrr2 when the field is lower than 
10 T, where lc = S.l nm. Since the exciton in the QD of the above sample is 
almost isotropic, the Bohr radius is estimated to be about 5.S nm. Here, we 
used a GaAs dielectric constant € = 13.1£0 instead of the value for the 
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Figure 2.6: Energy shift of PL peaks as a function of applied magnetic field. 
F and V represent the Faraday and Voigt configurations, respectively. 

InGaAs of the uncertain In content, where Eo is the dielectric constant in 
a vacuum. We believe that the error is within several percent because the 
In content of InGaAs is small. To obtain an accurate Bohr radius and the 
anisotropy of excitons at the sidewall QWs, we must separate the applied 
magnetic field into two components, namely, perpendicular and parallel to 
the QW plane. For simplicity, however, here we calculated the effective 
exciton Bohr radius a* eff from the low-field data in the Voigt configuration. 
The obtained effective two-dimensional (2D) exciton radius, a*eff' is 8.6nm 
at the sidewall InGaAs well from the {Jvalue of 41,ueVf.r2. It is reasonable 
that the Bohr radius of the exciton in a typical TSR QD is smaller than the 
effective exciton radius of the sidewall QW, and also much smaller than 
the calculated three-dimensional (3D) exciton radius of 11.8nm in bulk 
GaAs [23]. Thus, the magneto-PL experiments confirmed that 3D carrier 
confinement takes place in the TSR QD. 
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Figure 2.7: Cross-sectional TEM image of a sample with rather thick 
InGaAs. In contents of InGaAs near the TSR bottom are shown. 

2.2.3 QD growth mechanism 
To investigate the QD growth mechanism, we measured the compositions 
of InGaAs layers. Figure 2.7 shows the (OIl) cross-sectional TEM photo­
graph and the indium (In) composition near the bottom of TSR, where 
a GaAs/lnGaAslGaAs heterostructure was grown. The composition was 
evaluated by energy-dispersive X-ray diffraction (EDX) equipped in the 
TEM apparatus. The spatial resolution of the incident electron beam for 
EDX analysis was about 1 to 2 nm. In this sample, the Lw of the InGaAs 
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layer at the {lll}A facets was intended to be as thick as 50 nm, much 
thicker than that of the normal QD samples, to facilitate observation of the 
spatial distribution of the composition of the ternary alloy. 

We found that a pillar-shaped nanostructure with a dark contrast grew 
from the TSR bottom of (lll)B orientation and that the region has an In­
rich composition. It is difficult to accurately estimate the absolute value of 
the In composition because the TSR bottom is surrounded by bulk GaAs 
in the TEM specimen. It should therefore be noted that the observed 
In compositions are relative values. Since the width, or the diameter, of 
the dark contrast region is seen to be 10 to 15nm in the figure, it is small 
enough to accomplish the quantum confinement of carriers in the lateral 
direction. Therefore, the In-rich region will act as a QD when its height is 
within the size causing a quantum-confined effect. Thus, the growth mech­
anism of TSR-QD formation is not due to strain-induced 3D growth, such 
as the Stranski-Krastanov (SK) mode, but to the compositional modula­
tion in the TSR. The In-rich InGaAs QD is spontaneously formed at the TSR 
bottom, while the In-poor InGaAs QW is formed at the {lll}A sidewall. 
From structural analysis, this result agrees well with the PL and CL results 
in Figs. 2.3 and 2.4. 

Figure 2.8 is an illustration of an ideal crystallographic structure of 
a TSR, as viewed from the top (a) and from the (011) cross section (b). It 
is assumed that the GaAs surface is As terminated. There are three 
kinds of segments inside the TSR that have specific configurations in 
their surface bonds. The three equivalent sidewalls are {111}A. The three 
valleys, crossing the two {lll}A faces, have the {100}-like bond configura­
tion. The bottom, crossing the three {lll}A faces, has the (lll)B-like bond 
configuration. We speculated that on growing InGaAs in a TSR using 
MOCVD, the chemical composition of the InGaAs layer will be strongly 
affected by these local crystallographic orientations, leading to the differ­
ent surface reaction kinetics. 

To confirm this hypothesis, we studied the composition of InGaAs 
epilayers grown separately on planar (100)-, (lll)A-, and (lll)B-oriented 
GaAs substrates. The growth conditions were the same as those employed 
for the TSR QDs shown in Fig. 2.7. The thickness of the InGaAs growth 
varied from 70 nm to 100 nm. Table 2.1 summarizes the In composition of 
the InGaAs epitaxial layers analyzed by Auger electron microscopy (AES) 
and the surface morphologies. Results clearly indicate that the In com­
position is largest on the (lll)B substrate. Although there is only a small 
change in the composition between the (100) and (lll)A substrates, it 
is unclear whether the discrepancy is significant. It is obvious that the 
enhanced In composition at (lll)B is caused by the different InGaAs 
growth kinetics among these orientations, because the surface reactions 
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Figure 2.8: illustration of crystallographic structure for TSR. (a) A top view; 
(b) a ball-and-stick model of the cross section when TSR is cleaved at the 
cross-section line. 

playa crucial role in MOCVD. According to the similar experimental results 
reported in the literature [23,24], the In-rich composition of InGaAs layer 
on (111)B is due to the incorporation of the suppressed Ga atom into the 
surface, rather than of the In atom. It is also reported that the probability 
of In incorporation is not significantly affected by the surface orientations 
[23]. In other reports, the inhibition of Ga adsorption on (111)B GaAs has 
been obseIVed during the GaAs homoepitaxial growth in both molecular 
beam epitaxy (MBE) under the As-rich growth conditions and MOCVD 
[25,26]. It has been interpreted that the excessively adsorbed As atoms 
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Table 2.1: Comparison of incomposition and surface morphology among 
InGaAs films grown on the substrate of different orientations. 

Surface index 

(100) 0.12* 

(lll)A 0.14 

(lll)B 0.36 

*Calibrated by XRD. 

form chemically stable trimer structures on the GaAs (lll)B, and that this 
specific As-rich reconstructed surface, recognized as (2 x 2) reconstruc­
tion in the case of MBE, deactivates the growth reactions between the 
surface As and the incoming Ga species [27]. This phenomena might be 
related to the growth of In-rich InGaAs at (111)B GaAs, as observed in 
our experiments. 

Returning to the illustration of Fig. 2.8, we can apply the results of Table 
2.1 to the self-forming mechanism of TSR QDs. As we explained earlier, 
the TSR bottom has a (111)B-like bond configuration. Therefore, when 
growing InGaAs, an In-rich region is grown spontaneously at the bottom. 
Unlike the ideal picture shown in Fig. 2.8, the bottom of the TSR is actu­
ally not acute in an atomic dimension, but will have a finite flat area of 
(111)B orientation under the growth conditions. This area will limit the 
lateral size of the In-rich QD. On the basis of this growth mechanism, the 
In-rich region becomes a QD when we grow thin InGaAs. In contrast, when 
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we grow a rather thick InGaAs layer, the In-rich region is automatically 
grown upwards and comes to be a vertical quantum dash or a wire, just as 
is shown in Fig. 2.7. Thus, we can control the vertical QD size through the 
thickness of the InGaAs growth. 

2.2.4 Growth control of TSR QDs 

Unlike the self-assembled QD technique we describe later, we are able to 
control the location of QDs by precisely positioning the mask openings 
by conventional photo- or electron beam lithography. To apply the QDs to 
some electron devices, it should be necessary for us to control the strength 
of zero-dimensional quantum confinement through regulating the size and 
the chemical composition of TSR QDs, and to develop the stacked struc­
ture of these quantum dots. In this section, we show that the TSR is a ver­
satile method for achieving the flexible control of QDs. 

Figure 2.9 shows the change of PL energies of the QD ground state and 
the QWat 77 K as functions of the TMIn flow rates. In this case, the nominal 
InGaAs thickness Lw was fixed at 5 nm. Both peaks shift to the lower energy 
side with increasing TMIn flow rates owing to the increased In composi­
tion in both QDs and QWs. This result indicates that we can control the 
energy levels of QDs by changing the gas-phase composition during InGaAs 
growth. The energy difference, llE, between QW and QD changes from 
55meV to 100meV by doubling the TMIn flow rate from 100sccm to 
200 sccm. This means that the incorporation of the In atoms is more 
enhanced at the QDs than at the QWs, a phenomenon that is probably 
related to the different InGaAs growth kinetics between the (llI)B bottom 
and {1I1}A side faces. Note that the In-rich TSR-QD is sandwiched per­
pendicularly by GaAs and is horizontally surrounded by the In-poorer 
InGaAs QWs. Therefore, the result implies that increasing the In content 
of the InGaAs layer enhances the zero-dimensional carrier confinement in 
the TSR QDs not only vertically but also laterally. 

Next, we changed the thickness of the InGaAs growth, maintaining the 
TMIn flow rate at 100sccm. We can control the size of the In-rich dot ver­
tically by just changing the time of the InGaAs growth. From the geomet­
rical relationship, the height of the TSR QD, hd' is given by 

(2.1) 

where Lw is the width of the InGaAs QW at {llI}A, and () (the angle 
between the [1I1]A vector and the (llI)B vector) is about 70.5°. Therefore, 
in the case of thick L w, the In-rich region at the bottom will become an 
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Figure 2.9: PL peak emission energies at 77K plotted as a function of 
TMIn flow rates during the growth. 

elongated QD-in other words, a quantum dash or a quantum wire. Figure 
2.10 shows the variation of PL energy positions of the QDs' ground state 
and the QWs at 77K as a function of quantum width Lw. As expected, the 
PL energy of the QWs changes toward the lower-energy side with increas­
ing Lw, and the quantum size effect is observed when Lw is less than 15 nm. 
Both QDs and QWs show a similar PL energy dependence onLw (= 1/3 hJ. 
Thus, the energy level of the QD ground state can be artificially controlled 
by changing the vertical length of the TSR QDs. 
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Figure 2.10: PL peak emission energies at 77K plotted as a function of 
InGaAs growth thickness on {lll}A facets. 

As stated above, when growing quantum structures inside the TSRs, we 
can independently control the height and indium content of the dot. This 
is one of the big advantages of the TSR structures, compared with the self­
assembled technique governed by the SK growth mode, where there is an 
inseparable correlation between dot size and composition [28]. 

Another important feature is the capability of easy stacking of the dots. 
Stacking is attractive, in particular, from the standpoint of device applica­
tions, because it enables us not only to increase the density of the dots but 
also to create some quantum mechanical tunneling structures through the 
QDs [29-31]. Figure 2.11 shows a cross-sectional TEM image of double­
stacked TSR QDs. We grew 20nm-thick double InGaAs layers under a TMIn 
flow rate of 100 sccm on both sides of a 30 nm-thick GaAs intermediate 
layer so that we could easily observe the grown structures. The upper dot 
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Figure 2.11: Cross-sectional TEM image of doubly stacked TSR QDs. The 
position of the dots is shown by white arrows. 

is precisely aligned over the lower one with the same size, showing that 
the TSR technology is suitable for realizing such a structure. 

We studied the stacked structures using conventional PL techniques. 
Figure 2.12a shows the 77 K PL spectra obtained from three structures: a 
single size of TSR QDs named A (Lw = 5nm), a stack of identical dots AA, 
and a mixed stack of TSR QDs of two different sizes AB (Lw = 5 nm and 
lOnm). Sample AA has almost the same spectral shape as A. In contrast, 
sample AB shows two distinct QD peaks. Since the position of the higher­
energy dot peak coincides with that of A, the lower peak is from the larger 
dot. In addition, we can observe the weak QW peak in the AB structure at 
the energy side lower than that of A. This is due to the predominant recom­
bination of photogene rated carriers at the lOnm-thick QWs compared with 
the 5 nm-thick ones. These results clearly prove the excellent growth con­
trollability of QDs stacked in TSR structures. 

2.3 Self-assembled quantum dots in 
SK mode 

This technique uses three-dimensional island growth on highly mis­
matched lattice semiconductor substrates. The growth of InAs on a GaAs 
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Figure 2.12: (a) PL spectra from three kinds of structures grown on TSRs; 
(b) Illustration of the corresponding growth structures. 

substrate is a typical example, where the lattice mismatch between InAs 
and GaAs is about 7%; dislocation-free high-density coherent islands of 
InAs are self-assembled on the GaAs substrate, accompanied with a 
wetting layer. Typical InAs self-assembled islands have a dome or pyramid 
shape with a base length of about 20 nm and a height of a few nanometers. 
Since the exciton Bohr radius is 10 to 20 nm in an InAs-GaAs system, the 
island size is small enough for us to observe three-dimensional quantum 
confinement effect. In fact, separated photoemission spectra from discrete 
energy states have been observed [32,33]. 

Though self-assembling quantum dots are a new and exciting system, 
the growth process itself is not new but is already known as the 
Stranski-Krastanov (SK) mode growth [34]. InGaAslGaAs islands grown 
via SK mode were observed and evaluated by several groups in the mid-
1980s [35-38]. However, this research did not attract broad interest, at least 
from the standpoint of quantum dots. That the SK InAs islands on a GaAs 
substrate might work as quantum dots was proposed by Tabuchi et al. [39] 
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in 1992. Since then, many studies have identified the islands as quantum 
dots with 3D quantum confinement, primarily based on their optical emis­
sion properties [32,40-43]. The 3D island growth, known as a technique of 
self-assembled growth of quantum dots, is now the center of interest in the 
semiconductor material and device research field. 

In addition to InGaAs quantum dots, a wide variety of quantum dots 
consisting of other semiconductor materials have also been fabricated 
through the self-assembling processes, including InGaP [44,45], CdSe [46], 
and GaN [47,48]. In the near future, these new material categories are 
expected to contribute to the improvement of many optical devices, such 
as many aspects of semiconductor lasers, and in many wavelengths 
ranging from infrared to red to blue. 

This section focuses on the molecular beam epitaxial (MBE) growth of 
InAs islands on the GaAs substrate. 

2.3.1 lnAs island growth 

When InAs is supplied to a GaAs substrate, three-dimensional island 
growth occurs followed by the two-dimensional growth of a wetting layer. 
In the case of MBE growth, the reflection high-energy electron diffraction 
(RHEED) pattern gives us important information about the surface during 
growth; we can observe streak reflection patterns as the layer-by-layer two­
dimensional growth proceeds. The transition from streaks to spots in the 
RHEED pattern occurs when three-dimensional islands start to grow. After 
the growth, we use atomic force microscopy (AFM) to learn the shape, 
size, density, alignment, and distance of neighboring islands. We can get 
similar information from plan-view transmission electron microscopy 
(TEM) even when islands are covered by overgrown semiconductors. 
Defects such as dislocations and stacking faults are also evaluated. The 
cross-sectional-view TEM photograph is quite useful for observing how 
perpendicularly stacked quantum dots interact with each other, as will be 
seen in the following sections. 

For the growth of InAs islands, a conventional MBE was used with 
metallic In, Ga, AI, and As4 as source materials. The substrates were 
(001)-oriented GaAs. Before growth, the substrates were thermally cleaned 
at about 680°C for 1 minute under an arsenic pressure of 1.2 x 10-5 Torr. 
InAs islands were grown on a GaAs (100nm)/AIGaAs (50nm)/GaAs 
(400nm) buffer layer and were covered with a GaAs (50nm)/AIGaAs 
(50nm)/GaAs (100nm) cap layer. The substrate temperature for growth of 
the InAs was varied between 475 and 560°C, and was 650°C for the growth 
of the buffer layer. The temperatures were monitored by a pyrometer cal­
ibrated by the melting temperature of In-AI alloys. The growth rates of InAs 
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Figure 2.13: Variation of RHEED pattern and the reflection intensity for the 
various stages of growth of InAs islands. 
(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et al., 
(1999), Copyright 1999 by the Academic Press) 

and GaAs were approximately 0.1 and 0.75 ,um/h, Le., it takes about sec­
onds to grow one monolayer (ML) lnAs and about 1.5 seconds to grow one 
ML in GaAs. The arsenic pressure used for InAs dot growth was 6 x 10-6 
Torr and was 1.2 x lO-5 Torr for buffer-layer growth. Two arsenic cells were 
used, both set at 6 x lO-6 Torr. The arsenic pressure was changed abruptly 
at the interface by switching one of these cells on and off. Mer a 60-second 
annealing for the InAs islands, the GaAs layers were grown. 

Figure 2.13 shows the variations in the RHEED pattern and the reflec­
tion intensities for the various stages of growth. During the growth of the 
buffer layer, the surface was As stabilized with 2 x 4 reconstruction, then 
transited to c( 4 x 4) reconstruction while the substrate temperature was 
dropped to 510°C. The photograph on the left in Fig. 2.13 is the [110] 
azimuthal RHEED pattern obtained before InAs growth. The half-order 
fractional reflections were clearly observed. Just after the start of lnAs 
growth, the fractional order reflections disappeared immediately, and the 
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transition from streaks to spots started as the growth of InAs reached 
around 1.6ML at 16 seconds, indicating a transition from two-dimensional 
growth to three-dimensional island growth. The reflection intensity 
reached an almost constant value at a 1.8 ML InAs supply, and the reflec­
tion pattern did not change during the annealing afterwards, showing 
that the islands are stable during the interruption in growth. When GaAs 
supply started to overgrow InAs as a cap layer, the spot intensity rapidly 
decreased. The pattern returns to streaky at the 6 ML GaAs growth, 
showing that 6 ML GaAs completely covers the InAs islands and almost 
flattens the surface. 

The island size and density were evaluated by AFM in the air. Figure 
2.14 shows AFM images of the islanding surfaces when the InAs supply 
was 1.3, 1.6, 2.1, and 2.6ML. These images refer to different epilayers 
grown under the same conditions. The scanned area is 0.5 x 0.5,um2. The 
islanding growth starts at the 1.6ML supply, just as is seen in the change 
of the RHEED pattern. As the supply amount increases, the dot density 
rapidly increases and the dots begin to combine with each other. Figure 
2.15 shows the in-plane diameter and the island density as a function of 
the nominal thickness of the 1nAs. As depicted in the figure, the growth 
proceeds from the two-dimensional growth of a wetting layer, the nucle­
ation of the InAs islands at about a 1.6ML supply, and increase in the 
density to the coalescence of neighboring islands at a 2.2-2.3ML supply. 
Figure 2.16 shows the diameter and density of islands at a 2.1ML InAs 
supply as a function of the growth temperature, and the AFM images of 
the islands at each temperature. As the temperature increases from 470 to 
560°C, the island diameter increases from 15 to 45nm, with a correspond­
ing decrease in density. This temperature dependence is caused by the 
surface migration length of In atoms, which increases with an increase in 
temperature. 

2.3.2 Multiple-layer growth and perpendicular 
alignment of islands 

The InAs islands, buried in GaAs, work as quantum dots due to their size, 
which is smaller than the exciton wave function extent both in-plane 
and perpendicularly. When we use these quantum dots in laser diodes, 
multiple-layer stacking is required to increase the quantum dot density to 
obtain enough interaction between the confined electrons and the elec­
tromagnetic field. Figure 2.17 shows cross-sectional TEM photographs 
taken for multiple-stacked quantum dot layers with an intermediate GaAs 
layer thickness of lOnm and 20nm. For multiple-layer stacking, the growth 
sequence of Fig. 2.13 was repeated. The InAs islands were annealed for 
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Figure 2.14: AFM images of the islanding surfaces taken for InAs supplies 
of 1.3, 1.6,2.1, and 2.6MLs. 
(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et ai., 
(1999), Copyright 1999 by the Academic Press) 

60 seconds. These intermediate layer thicknesses are thicker than the 
height of the InAs islands by about 3 to 5 nm, meaning that the islands are 
embedded in the intermediate layers. 

As seen in Fig. 2.17, the island formation occurs independently between 
layers of the 20 nm intermediate GaAs layer structure. AFM measurements 
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Figure 2.15: In-plane diameter and the density of islands as a function of 
the InAs nominal thickness. 
(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et al., 
(1999), Copyright 1999 by the Academic Press) 

showed that the size and density of the islands were almost constant 
between layers. When the intermediate layer was reduced to lOnm, the 
islands were found to align perpendicularly, and the size increased towards 
the upper layers. This perpendicular alignment of the islands is considered 
to be due to the strain fields induced by the islands. Xie [49) has provided 
an analytical description of correlated island formation in the direction of 
growth under strain fields. 

The size and density of the islands vary as the multiple-layer stacking 
proceeds, as seen in Fig. 2.17a. When we grew 1.8ML InAs islands using 
10nm-thick intermediate GaAs layers, the average diameter of the tenth­
layer islands was about 45nm, 1900Allarger than the first-layer islands with 
a 24nm diameter. The island density decreased from 1 x 1011 cm-2 for the 
first-layer islands to 3 x 1010 cm-2 for the tenth-layer islands (Fig. 2.18). The 
same phenomena have been reported by Solomon et al. [50,51). 

The increase in island size and the decrease in density can be explained 
as follows. The size distribution of self-assembled islands leads to spatial 
fluctuations of the strain fields at the GaAs surface. Supplied indium for 
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Figure 2.16: Diameter and density of islands at 2.1 ML InAs supply as a func­
tion of the growth temperature together with AFM images of islands at 
each temperature. 
(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et al., 
(1999), Copyright 1999 by the Academic Press) 

(a) 10-nm thick intermediate layer: (b) 20-nm thick intermediate layer: 

Figure 2.17: Cross-sectional TEM photographs when the intermediate 
GaAs layer thickness was (a) lOnrn and (b) 20nrn. 
(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et al., 
(1999), Copyright 1999 by the Academic Press) 
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island-layer density measured as a function of the intermediate layer thick­
ness. AFM images for each sample are shown in the insets. 
(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et aI., 
(1999), Copyright 1999 by the Academic Press) 

the growth of the next island layer preferentially accumulates at sites with 
larger strain fields. Because of a smaller lattice mismatch between InAs 
and the surface, the island size becomes large. As a result, large islands 
are formed preferentially in the region of the large strain fields, prevent­
ing island formation in the region of the small strain fields. This explains 
the increase in island size and the decrease in density in multiple island­
ing growth with an intermediate layer of about 10nm. 

As shown in Fig. 2.18, as we further reduce the thickness of the inter­
mediate layer below lOnm, the increase in size and the decrease in density 
becomes less remarkable. For example, when we grew multiple layers with 
a 3nm intermediate layer, the average diameter of the tenth-layer islands 
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Figure 2.19: Photoluminescence spectra from single-layer and multiple­
layer samples with 20nm intennediate layers at 77K. 
(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et al., 
(1999), Copyright 1999 by the Academic Press) 

was about 33 nm, 140% larger that the first-layer islands with a 24 nm 
diameter. The island density decreases from 1 x 1011 cm-2 for the first-layer 
islands to 8 x 101O cm-2 for the tenth-layer islands. This is because, due 
to a thinner intennediate layer, the strain field over the small size· dots 
becomes large enough to accumulate the supplied 1nAs. 

Photoluminescence spectra from single-layer and multiple-layer 
samples with 20nm intennediate layers at 77K are shown in Fig. 2.19. The 
sample was irradiated with an Ar+ ion laser at a power of 1 m W. Lumines­
cence was dispersed by a monochromator and detected by a cooled 
Ge detector. The laser spot was about IOO.urn in diameter. The emission 
spectrum appears at around 1.2eV, with the full width at half maximum 
(FWHM) of 90 me V for both samples. This large spectrum width is typically 
observed in self-assembled islands thus far reported. This inhomogeneous 
broadening is caused by the fluctuation of the quantized energies among 
the islands included in the measured area (106 to 107 islands). By using 
microprobe photoluminescence to access a limited number of islands, 
several researchers have observed a sharp emission spectrum with around 
100tteV [41,52-56]. 
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The broadening of luminescence should be dominated by fluctuations 
in height, since the SK growth island has a height of 3 to 5 nm, much smaller 
than the diameter of 15 to 45nm. This is understood by the well-known 
concept that a change in quantized energy is strongly influenced by a con­
stant size fluctuation, as the size of confinement region decreases. Thus, if 
the height can be increased or, more accurately, controlled, the emission 
spectrum broadening will be greatly reduced. 

2.3.3 Closely stacked lnAs quantum dots 

The perpendicular alignment of the islands enables the vertical coupling 
of the islands electrically as we reduce the intermediate GaAs thickness 
to the extent that the electron wave functions of neighboring wells are 
overlapped. This situation is just the same as the transition of multiple 
quantum wells to a superlattice when the barrier layer thickness is re­
duced. This vertical coupling enables an increase in the effective height 
of the quantum dots. It also enables electron tunneling between quantum 
dots, which might lead to novel electronic devices based on single­
electron tunneling. 

This section describes the growth process, the crystal structures, and 
the optical properties of perpendicularly stacked islands when the inter­
mediate GaAs layer is reduced to a few nanometers close to or comparable 
to the height of InAs islands. Even under this condition, InAs islands are 
grown repeatedly. Optical diagnostics show that the stacking of the !nAs 
islands increases the effective perpendicular size of the quantum dots due 
to electrical coupling, resulting in the narrowing of the spectrum FWHM to 
25meV. We call the stacked structure closely stacked quantum dots. 

Figure 2.20 shows the growth sequence for the close stacking of InAs 
islands. The nominal InAs supply for island formation was fixed at about 
1.8 ML, and the nominal thickness of GaAs intermediate layers was set at 
2 nm and 3 nm. Prior to InAs island growth, the sample was annealed for 
2 minutes. Following island growth, the sample was annealed for 1 minute. 
The growth rates, arsenic pressure, and growth temperature were the same 
as previously. Figure 2.21 shows the transition of the RHEED pattern inten­
sity observed during the growth of InAs islands in the area indicated by 
the square in the inset patterns. The RHEED shows the streaky pattern for 
the two-dimensional growth in the early stage and varies to the spotty 
pattern for the three-dimensional islanding growth at a value above a crit­
ical supply amount. The SK islanding growth also occurs for the third and 
fifth layers. Note that the third- and fifth-layer islanding started when the 
growth of InAs reached about 10 ML, which is about 63% of the first-layer 
islanding. The reason for the smaller critical amount for the islanding is 
thought to be that the strain induced by the lower-layer islands accumu-
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Figure 2.20: Growth sequence for the close stacking in InAs islands. The 
nominal InAs supply for island formation was fixed at about 1.8 ML, and 
the nominal thickness of GaAs intermediate layers was set at 2 and 3 run. 
(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et al., 
(1999), Copyright 1999 by the Academic Press) 

lates InAs preferentially or that the segregation of the InAs atoms forms 
lower islands. The transition of the growth mode from two-dimensional 
growth to three-dimensional growth and the existence of wetting layers, 
as will be shown below in a TEM photograph, both indicated that SK 
growth islands were formed even on thin GaAs intermediate layers. 

The island size and the density at each layer were evaluated by ex situ 
AFM. Figure 2.22 shows AFM images of the islanding surfaces at the (a) 
first, (b) third, (c) fifth, and (d) tenth layers stacked at 3 run intervals. These 
images refer to different epilayers grown under the same conditions. The 
scanned area is 250 x 250run2• The upper layer islands expanded slightly 
as the number of stacked layers increased. Figure 2.23 shows the island­
size dependence on the number of stacked layers. The average diameter 
of the tenth-layer islands was about 33run, which was 1400!& larger than 
that of the first-layer islands (about 24 run in diameter). The island density 
decreases from 1 x 1011 cm-2 for the first-layer islands to 8 x 1010 cm-2 for 
the tenth-layer islands. The increase in size and the decrease in density can 
be explained by the concept of a strain field formed by the lower islands, 
as previously stated. 

TEM photographs show the overall structural features. Figure 2.24a is 
a (110) cross-sectional TEM image of a five-stacked island structure grown 
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Figure 2.23: Island diameter and density plotted as functions of the number 
of stacked layers. 
(Reprinted from Journal of Crystal Growth, Vol. 175/176, Nakata et al. , 
Copyright 1997, with permission for Elsevier Science) 

at 2 nm intervals. Each island layer was accompanied by a wetting layer, 
indicating that the upper-layer islands formed via SK growth, as did the 
first-layer islands. The upper-layer islands grew on just the lower-layer 
islands, aligning vertically. As a whole, these islands have a structure of 
about 22 nm in diameter and 13 nm in height, and appear in the image as 
dark megaphone-shaped strained regions. Figure 2.24b is a plane view 
of the TEM image obtained from a five-stacked island structure grown at 
2nm intervals. The density of islands was 8 x lOiO cm-2• This value agreed 
well with the AFM results. It should be noted that the size uniformity 
and lateral ordering are also improved compared to a single island layer. 
Although we attempted precise control in the vertical dimension of the 
islands, uniform lateral dimension was achieved in these closely stacked 
structures. A model to explain the formation process of this structure is 
illustrated in Fig. 2.25. First, the intermediate layer of GaAs overgrows 
away from the InAs islands. During annealing or interruption of growth 
after the GaAs overgrowth, InAs in the upper part of the islands above the 
GaAs overgrowth layers leaves the islands and regrows, forming parts of 
a wetting layer on GaAs. Then some of the InAs in the top regions of the 
remaining islands exchanges with GaAs to reduce the total energy. This 
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Figure 2.24: (a) (110) cross-sectional TEM image of a five-stacked island 
structure grown at 2 nm intervals; (b) plan view of TEM image obtained 
from a five-stacked island structure grown at 2nm intervals. 
(Reprinted from Journal of Crystal Growth, Vol. 175/176, Nakata et al., 
Copyright 1997, with permission for Elsevier Science) 

leads to a decrease in the island height. This phenomenon enables us to 
control precisely the thickness of islands in the direction of growth and 
therefore the bottom diameter of the islands through the intermediate­
layer thickness. The island-to-island distance of 3 to 4 ML is so thin that 
the electron wave functions of each island can be overlapped along the 
vertical direction. This finding suggests that the islands are electronically 
coupled and behave as a single quantum dot as a whole, which will be con­
firmed by the optical diagnostics as follows. 
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(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et al., 
(1999), Copyright 1999 by the Academic Press) 

The light-emission properties of these structures were evaluated using 
a photoluminescence technique with the same measurement conditions. 
Figure 2.26a shows the emission spectra of a single island layer at 77 K and 
closely stacked 3-, 5-, and 100layer island structures grown with 3nm-thick 
intermediate layers. The peak energy shifted lower as the number of 
stacked layers increased (about 90meV in the five-layer islands). At the 
same time, the broad emission spectrum of the single island layer drasti­
cally narrowed at the five-stacked layer to an FWHM of 27 meV, about one 
third of that obtained for a single-layer island. For a stack of 10 layers, 
FWHM increases and integrated photoluminescence intensity decreases. 
This outcome can be caused by an increase in the total amount of strain 
around the stacked quantum dot structures, which induces dislocations. 
Figure 2.26b shows the dependence of inteIVal layer thickness on emis­
sion spectra with the five stacked layers. As the interval layer thickness 
decreases, the emission spectrum shifts toward the lower energies and 
narrows to FWHM of 27meV at the 3nm interval. 

Figure 2.27 shows the excitation power dependence of the photolumi­
nescence spectra for the five-layer islands at (a) 2nm and (b) 3nm inter­
vals. As the excitation power increases, both samples exhibited peaks in 
the higher-energy regime, which can be attributed to the higher-order quan­
tized states. Note that energy separation between adjacent states is almost 
constant for both samples. The energy separation between the ground 
state and the first excited state emission is about 52meV for the 2nm­
inteIVal sample and 44meV for the 3nm-interval sample. The separation is 
smaller than for the single-layer island of about 70meV, as seen in the elec­
troluminescence spectrum. 
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Figure 2.26: (a) Emission spectra at 77K of a single-island layer and closely 
stacked 3-, 5-, and 10-layer island structures grown at 3nm intervals; (b) 
emission spectra at 77K of a single layer an closely stacked five-layer 
islands measured for different interval-layer thickness samples. [93] 
(From JJAP, Vol. 36, Pt. 2, Sugiyama et al., (1997), Copyright 1997 by the 
Japan Society of Applied Physics) 

All the results observed above indicate that the electron wave functions 
between neighboring islands overlap each other and that the stacked struc­
ture can be considered to be a single quantum dot with a larger size. The 
evidence includes (1) the red shift of the emission spectra with an increase 
of the repetition number, as shown in Fig. 2.26a, (2) the red shift of the 
emission spectra with a decrease of the intermediate layer thickness (Fig. 
2.26b), and (3) the decrease in the energy separation between the discrete 
energy states. Thus, we can control the quantum dot size perpendicularly 
by this close-stacking technique through the change in the stacking repe­
tition number and the thickness of the interval layers. 

A question that often arises when we observe luminescence spectra 
from quantum dot samples is whether the emission really originated from 
the dots and reflects the characteristics peculiar to their three-dimensional 
confinement. In the case of closely stacked dots, in particular, the identi-
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fication is not so straightforward because of their structural complexity, 
namely, multiple stacked structures accompanied by wetting layers. 
Magneto-photoluminescence, treated here, gives us not only the evidence 
of the three-dimensional confinement of excitons but also the extent of the 
exciton wave function in quantum dots. The principle can be summarized 
as follows. The magnetic field confines excitons in the plane perpendicu­
lar to the field and increases their energy. We can determine the magnitude 
of other competing confinement potentials, and thus the extent of the wave 
function, by evaluating the amount of energy shifts. 

The samples are five-layer stacked InAs SK islands with 3 nm GaAs 
intermediate layers, and, for comparison, an Illo.18G~.82As/GaAs quantum­
well sample grown on a GaAs substrate by MOCVD. The Ino.18G~.82As-well 
layer thickness was 8 nm and was subjected to a -1.30;6 biaxial compres­
sive strain. Figure 2.28a shows the photoluminescence spectra of the two 
samples with no magnetic field applied. Figure 2.28b shows the diamag­
netic shifts measured for both samples under magnetic fields perpendicu­
lar and parallel to the sample plane at 4.2 K. In the quantum well, while the 
shift under a perpendicular field reached up to 7.3meV at a maximum field 
of 11.8T, the shift under the parallel field is much smaller (only 1.6meV at 
11.8T). The shift of the dots is almost independent of the field direction, 
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Figure 2.27: Excitation power dependence of photoluminescence spectra 
for the five-layer islands with (a) 2nm and (b) 3nm intervals. 
(From JJAP, Vol. 36, Pt. 2, Sugiyama et al., (1997), Copyright 1997 by the 
Japan Society of Applied Physics) 
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Figure 2.28: (a) Photoluminescence spectra of the two samples with no 
magnetic field applied; (b) diamagnetic shifts of emission spectra for both 
samples under magnetic fields perpendicular and parallel to the sample 
plane at 4.2 K. 
(From Physical Review B, Vol. 55, Sugawara et al., Copyright 1997 by the 
American Physical Society) 

and the maximum shift is 2.4 me V in either direction. These results imme­
diately give us the following insights into the differences in quantum­
confinement characteristics between the two samples. The asymmetrical 
shift in the quantum well is due to its one-direction quantum confinement. 
When the field is perpendicular to the plane, it works as a two-dimensional 
confinement potential for excitons in the well layer, causing large dia­
magnetic shifts. When the field is parallel to the plane, it affects only 
one direction in the quantum-well plane, since the other direction is 
already confined by strong potential barriers. The symmetrical, small dia­
magnetic shifts in the closely stacked dots show that excitons are three­
dimensionally confined by an almost symmetrical confinement potential. 
The extent of the exciton wave function is estimated to be almost equal to 
the quantum-well thickness of 8 nrn, since the shifts for the closely stacked 
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dots and the quantum well under the parallel configuration are almost 
the same. Detailed quantitative analyses support this simple qualitative 
estimation [57]. This extent of the wave function, approximately 8nm, is 
smaller than the dot size observed by the plane-view transmission electron 
microscope (Fig. 2.24b) and is definitely larger than the height of the single 
SK dot of about 3 nm. This indicates that the wave function of the ground­
state exciton extends over two or three SK dots out of five. Such exciton 
localization in the entire stacked structure can be attributed to the com­
position and/or size inhomogeneity of each SK dot component, i.e., the 
potential minimum is formed by the coupling of the adjacent two or three 
SK dots with low band-edge energies. 

2.3.4 Columnar InAs quantum dots 
We have succeeded in narrowing the spectrum width using closely stacked 
dot structures. However, the emission efficiency was severely degraded; 
the photoluminescence from the closely stacked islands rapidly weakens 
as temperature increases and is hardly observed at room temperature. 
Among various growth conditions, annealing after the growth of the GaAs 
intermediate layer was found to affect degradation most seriously. A large 
number of defects and/or impurities could have been introduced during 
annealing, resulting in nonradiative recombination centers. In contrast, the 
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decrease in the spectrum width down to 25 me V was a result of annealing 
up to 2. Without annealing, the spectrum width was only reduced to 50-60 
me V at most, presumably due to the fluctuation in the island height and 
space thickness. 

Our next strategy to solve this problem was to make the interme­
diate layer even thinner than that used in the closely stacked dots so that 
the stacked InAs islands physically contacted each other perpendicularly 
to make columnar-like structures as a whole. The growth sequence is the 
same as stated above except that the intermediate-GaAs-layer thickness is 
reduced to 3 ML, and the supplied amount of InAs above the second layer 
is reduced. If we supply the same InAs amount as before, a large number 
of dislocations are introduced, and we do not obtain high emission effi­
ciency. For example, with a 1.8 ML InAs supply for the 1 nm intermediate 
layer, we did not get high efficiency even at low temperatures. So we opti­
mized the InAs supply for the stacked island formation. The InAs islands 
in the first layer are grown with the 1.8 ML supply as before. 

Figure 2.29 shows the RHEED pattern intensity measured during the 
growth of the GaAs intermediate layer on the first and second InAs islands. 
The intermediate-layer thickness was changed from 10 to 3ML. Inunedi­
ately after the GaAs supply, the spot intensity decreased. The spot inten­
sity recovered to that of the first islands, showing that the second islands 
are well fabricated. Note that the 3ML and 5ML GaAs is thinner than the 
height of the islands. 

Figure 2.30 shows the RHEED pattern intensity transition when the 
InAs islands were repeatedly grown with an intermediate layer of 3 ML. 
The inset photographs are the AFM images of the topmost layer. The 
amount of InAs supply was 0.46ML, O.71ML, and 0.81ML. When the InAs 
supply was 0.46 ML, the RHEED intensity did not recover as we repeated 
the growth, showing that islands were not formed. When the InAs supply 
was 0.81 ML, the intensity did not recover at the ninth islands. The surface 
AFM pattern at 0.71 ML shows islands with almost same density and size 
as the first islands. The above results suggest that there is an optimum InAs 
supply amount. The TEM photograph in Fig. 2.31 shows the overall struc­
tural features. This is a cross-sectional TEM image of the structure. InAs 
island layers formed with an InAs supply of 0.7ML and intermediate GaAs 
layers of 3 ML were grown alternately ( eight repetitions) on the first island 
layer formed with a 1.8 ML InAs supply. The islands on each layer were 
seen to be in physical contact. The stacked islands, as a whole, had a 
columnar shape with a diameter of 17 nm and a height of about 13 nm. All 
island layers were accompanied by the wetting layers (contrasting hori­
zontal shapes in the TEM image), indicating that the stacked islands were 
formed by the SK mode. 
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Figure 2.29: RHEED pattern intensity transition during growth of the GaAs 
intermediate layer on the first lnAs islands and during growth of the second 
lnAs islands. 
(From lOP Conference Series: 1998 IEEE International Symposium on 
Compound Semiconductors, Nakata et al., Copyright 1998, with permis­
sion from IEEE) 

Figure 2.32 shows the PL spectrum of the columnar-shaped quantum 
dots measured at 300 K. The peak wavelength of the ground level was 
1.17.um; that of the excited level was 1.10 Ilm. An emission peak related to 
the multiple wetting layers was observed at 1.01.um. A full width at half 
maximum (FWHM) of the spectrum was about 42meV. This is quite a bit 
smaller than for the ordinary SK-mode QDs of about 80 me V, indicating that 
the structural uniformity was fairly improved. The PL intensity is also 
rather better than for the SK-mode QDs and is three orders greater than 
that of the closely stacked QDs with growth interruptions. 
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Figure 2.30: RHEED pattern intensity transition when InAs islands were 
repeatedly grown with an intermediate layer of 3 ML. The inset photograph 
shows the AFM images of the topmost layer. 
(From SEMICONDUCTIORS AND SEMIMETALS, Vol. 60, Nakata et al., 
(1999), Copyright 1999 by the Academic Press) 
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(a) (110) cross-sectional TEM image of columnar shaped 
InAs/GaAs self-assembled quantum dots. 
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Figure 2.31: TEM photograph of the columnar-shaped lnAs quantum dots 
together with schematics of the dots. 
(From lOP Conference Series: 1998 IEEE International Symposium on 
Compound Semiconductors, Nakata et al., Copyright 1998, with permis­
sion from IEEE) 
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Figure 2.32: PL spectrum of the columnar-shaped quantum dots measured 
at 300 K, together with that of a conventional single quantum dot layer. 
(From lOP Conference Series: 1998 IEEE International Symposium on 
Compound Semiconductors, Nakata et al., Copyright 1998, with permis­
sion from IEEE) 

Note that the emission from the wetting layers redshifted when com­
pared to the ordinary SK-mode QDs. This suggests that multiple wetting 
layers were coupled electrically and formed a quantum level as a whole. 
The energy separation between the ground state and wetting layer was 
168 meV, which is much smaller than the 230meV of the ordinary SK-mode 
QDs. Thus, we were able to decrease the size fluctuation in the quantum 
dots and retain the optical quality. 

Figure 2.33 plots the photoluminescence wavelength at room tem­
perature and 77 K as a function of the stacked-layer number. As the layer 
number increases, the emission wavelength shifts to a longer wavelength 
due to the size increase. Note that the longest wavelength at room tem­
perature is 1.24.um at stacking 23, very close to 1.3.um, the low-loss, low­
dispersion wavelength of optical data transmission systems. 

The structural and optical properties of different types of dots are sum­
marized in Fig. 2.34. 
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Figure 2.33: Photoluminescence wavelength at room temperature and at 
77 K as a function of the stacked layer number. 
(From lOP Conference Series: 1998 IEEE International Symposium on 
Compound Semiconductors, Nakata et al., Copyright 1998, with permis­
sion from IEEE) 

2.4 Potential device applications of QDs 

One of the significant features of quantum dots is the inherent discrete 
nature of energy levels, based on the confinement of carriers in any three­
dimensional direction. This feature is expected to improve the perfor­
mance of optical devices such as laser diodes, as originally proposed by 
Arakawa and Sakaki in 1982 [58], and is also expected to be used to 
develop new-principle electron and optical devices. Another feature of 
quantum dots is single-electron charging effects; the charging energy of an 
electron becomes larger than the thermal energy of ambient temperatures 
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Figure 2.34: Summary of structural and optical properties of different types 
of dots. 
(From SEMICONDUCTORS AND SEMIMETALS, Vol. 60, Nakata et al., 
(1999), Copyright 1999 by the Academic Press) 

due to decreased capacitance. This effect has been studied using GaAs­
based nanometer structures such as those in floating-dot gate HEMTs. The 
feature should be more extensively studied using Si-based materials, since 
the single-electron charging effect becomes a real problem in nanoscale Si 
MOSFETs as well as a tool to break through the scaling limit of metal -oxide 
semiconductor (MOS) devices. This section discusses potential device 
applications, with a focus on the former feature of QDs. In another chapter 
of this book, the latter feature of quantum dot and/or nanometer structures 
is described in detail. 

2.4.1 TSR QD memories 
TSR QDs have several technological advantages with reference to the 
construction of electron devices. There are at least two ways of building 
memory devices. One is to use resonant tunneling effects through quantum 
dots. The memory function is achieved owing to the intrinsic voltage bista­
bility at the node between two sets of a dot and tunnel barriers. The other 
is quasi-nonvolatile memory utilizing the QD as a charge"trapping floating 
gate, similar to aMOS FET with a nanoscale floating gate [59,60]. 

Transport of electrons through zero-dimensional QDs has been 
under extensive study recently, highlighting both the resonant tunneling 
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(quantum effects) and the single-electron charging phenomena (Coulomb 
effects). In particular, for resonant tunneling, a new theoretical prediction 
was proposed that a high peak-to-valley (PIV) current ratio will be attained 
at the negative differential resistance (NDR) region in the current-voltage 
(I-V) characteristics of the diode if the resonant tunneling occurs at least 
between two QDs [61]. This prediction is based on the expectation that 
inelastic phonon scattering is suppressed due to the discreteness of the 
atom-like density of the states in a QD, hence leading to an extremely small 
excess current at the NDR region. More strictly, it has been claimed that 
the energy relaxation of carriers is restricted to narrow energy regime 
where the energy spacing between the QD subbands exactly matches the 
LO-phonon energy of the QD material [62,63]. This is often referred to as 
the phonon bottleneck problem. It was further proposed that, if one sub­
stitutes QDs for conventional 2D QWs of the double-emitter resonant­
tunneling hot-electron transistors (ME-RHET), where only one transistor 
is necessary in a memory cell [64], power consumption would be drasti­
cally lowered during their static random access memory (SRAM) opera­
tion [61]. The phonon bottleneck of the energy relaxation of carriers was 
experimentally confinned in the I-V characteristics of magnetically con­
fined, quasi-zero-dimensional InO.53Gao.47As11no.52Alo.-mAs triple-barrier reso­
nant tunneling diodes (RTDs) [65,66]. Under application of high magnetic 
fields perpendicular to heterointerfaces, the excess valley current was 
actually reduced and the PN ratio increased up to as high as 125 at low 
temperatures [66]. Therefore, if similar results are achieved in a struc­
turally confined real QD system, we could obtain SRAMs with extremely 
low-power consumption as well as an ultrasmall size. 

Prior to making the device structures, we have to reveal electron trans­
port through the TSR QDs. We fabricated a doubly stacked TSR-QD struc­
ture, as shown in Fig. 2.35 [67]. First, we formed TSRs in an undoped-GaAs 
layer that had been previously grown on a Si-doped n+ (111)B GaAs sub­
strate. After that, we grew Se-doped n+-GaAslInGaAs buffer layers, an 
undoped AlGaAslInGaAs triple-barrier resonant tunneling structure, and 
n+-GaAslInGaAs for ohmic contact layers. The composition ofbothAlGaAs 
and InGaAs and the concentration of Se doping are controllable, but their 
absolute values in our experiments are unknown. The electrodes were 
formed by evaporating AuGel Au layers on both the top and back of the 
sample. The growth and device fabrication process, including the ohmic 
contact to the top surface, was carried out without removing the Si02 
mask, which had round-shaped openings and which was initially used to 
form the TSRs. Therefore, we were able to make a sample that allowed us 
to measure the electronic properties of an individual TSR structure in a 
self-aligned manner. Since we intended primarily to measure the transport 
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Figure 2.35: Schematic of a doubly stacked TSR-QD diode for I-V 
characteristics. 

property through the vertically aligned QDs by suppressing the current 
flows through TSR side surfaces, the bottom of the TSR was initially set 
close to the interface between the undoped GaAs and the n+ substrate so 
that the electric field might concentrate the dots. 

Figure 2.36 shows the I-V characteristics at 500mK from a structure 
grown on a single TSR structure. NDRs on the order of J1A. were observed 
under both positive and negative biases. Fine structures on the order of 
nA were observed at the lower bias region, as shown in the inset. We specu­
late at the present stage that the NDRs at the higher bias and the fine struc­
tures in the lower bias are due to resonant tunneling through QWs at the 
sidewalls and through QDs at the bottom, respectively. 

Looking more closely at the lower bias region, we observed a steep rise 
followed by the gradual decrease in the current at several voltages in the 
positive region (Fig. 2.37a). According to the theoretical calculations by 
Bryant [68) , this peculiar I-V characteristic is one of the typical features 
of a system including double dots, which are strongly coupled to each 
other in a quantum mechanical sense. In contrast, on the negative bias side, 
no NDRs but rather staircase patterns were observed in the I-V curve, as 
shown in Fig. 2.37b. Unfortunately, we have not yet obtained the expected 
large P/V ratio in the TSR-QD diodes. To clarify the mechanism of electron 
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Figure 2.38: Schematics of a novel doped-channel FET with the buried 
gate of a floating TSR QD: (a) top view, (b) side view, and (c) relationship 
between current flow at sidewalls and a TSR QD. 

transport through TSR QDs, we must investigate more growth structures 
in the TSR and optimize them. 

Another opportunity to make use of TSR QDs for memory devices is 
the InGaAs/ AlGaAs doped-channel heterostructure FET having a floating­
dot gate consisting of an In-rich InGaAs TSR QD. Figure 2.38 is a schematic 
diagram of the device structure. Prior to TSR formation, we prepared a 
planar substrate by forming a thick undoped GaAs layer on a Si-doped 
n+-(lll)B GaAs followed by a 75nm-thick Se-doped n+-GaAs layer on the 
surface, using MOCVD at 800°C. After the TSR formation in the wet etching 
process, so that it would be buried in the undoped GaAs layer, we grew 
Se-doped n+-GaAsIInGaAs layers, an undoped AlGaAs (25nm)IInGaAs 
(lOnm)/AlGaAs (5nm) double-barrier structure, and Se-doped n+-GaAs/ 
InGaAs inside the TSRs, again using MOCVD. In this structure, the buried 
n+-InGaAs layer at the sidewalls acts as a doped channel for the electrons. 
The source was an n+-substrate and the drain was surface n+-GaAs. The 
gate electrode was formed at the n+-InGaAs on the topmost surface of the 
TSR by evaporating AuGe/ Au without alloying. The Si02 mask was not 
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Figure 2.39: Measured Vgs-Is characteristics at 77 K. 

removed throughout the growth and device fabrication processes. Since 
In-rich InGaAs-QD self-forms at the bottom of a TSR, it is expected that 
we can control the trapping and detrapping of electrons from the gate elec­
trode through the thin, top AlGaAs tunnel barrier. 

Figure 2.39 plots the source current Is variation as a function ofthe gate 
voltage VgS for a single TSR structure at 77 K. Here, a constant voltage Vds 
of 50mV was applied between the source and drain electrodes. We found 
a clear hysteresis in the Vgs-Is characteristics. We believe this bistability of 
Is is due to either the occupied or the empty state of the electrons at the 
TSR QD. The lower curve, indicated by the solid line, might correspond to 
the characteristics of the occupied dot state; the upper curve, indicated 
by the broken line, might correspond to the empty dot state. When we 
changed VgS from -1.3 V to 1.1 V, there was no significant increase in Is. 
However, at the Vgs of 1.1 V, Is increased in a step-like form, probably 
because the captured electron might be escaping from the TSR QD by tun­
neling through the thin AlGaAs barrier to the gate electrode. The steep 
increase in Is beyond Vgs = 1.1 V might be caused by the increase in the 
number of iI1iected electrons from the source to the FET channel in the 
vicinity of the initial TSR bottom, due to the positive gate voltage. When 
we decreased the VgS from 1.1 V to -1.0V, we observed a larger Is than that 
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in the occupied dot state of the lower curve, because the TSR QD would 
remain empty. At VgS = -1.OV, the TSR QD might be charged by electrons 
tunneling from the gate electrode through the AlGaAs barrier. As a result, 
the Is transits to the lower curve of the occupied dot state. The reason 
for the small current step in the upper curve at Vgs= 1.05V and - O.28V is 
not clear. The result implies that we can use the gate electrode to program 
the Is states around the low V gs region by charging or discharging the TSR 
QD. 

We have observed the memory action in our novel FET structure, where 
the TSR QD is placed between the channel and the gate electrode. 
However, these are just phenomenological observations. Although this 
memory effect is nonvolatile within the I-hour timescale of our experi­
ments, an evaluation of retention time has not yet been done. Considering 
the operation principles of the device, we speculate that the height of the 
potential barrier of undoped GaAs between the apex of TSR and the n+ 
substrate (source) will be strongly affected by the amount of occupied 
electrons in the TSR QD and that most of the FET current will be passed 
by way of the apex region to the n+substrate. If the TSR QD is charged by 
electrons, the injection of electrons from source to the doped channel 
at the TSR apex will be hindered by the increased height of the potential 
barrier. Therefore, the current flow through the FET channel will remain 
small without the large positive V gs. In contrast, in the case of empty TSR 
QD, the barrier height will be low and the larger amount of electrons 
will flow from source to drain. Thus, the two types of potential proilles 
near the apex of the TSR will bring the memory effect to the Is-Vgs char­
acteristics. However, a great deal of work remains to be done in order to 
clarify a detailed mechanism of the device operation, including the 
memory effect. 

These GaAs quantum dot devices could be expected to have a practi­
cal use when real system LSI chips using various functional devices are 
integrated on a Si or other material platform substrate. 

2.4.2 Quantum dot lasers 

2.4.2.1 Optical gain 

An attractive feature of the quantum dot is its feasible large optical gain 
for semiconductor laser application [58]. Aside from the phonon bottle­
neck problem [69], the advantage of quantum dots can be illustrated by the 
two-level model. When the inhomogeneous broadening is much larger than 
the homogeneous one, which is actually the case, the optical gain can be 
written as 
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(2.2) 

where we assumed the Gaussian inhomogeneous broadening with the 
center angular wavelength of ~ and FWHM of 1.67 Mo. In Eq. (2.2), 1] is 
the refractive index, e is the vacuum dielectric constant, e is the electron 
charge, M is the Kane's matrix element [70], N is the dot density, Ie and 
Iv are Fermi-Dirac distribution functions, and 1<'1' cl'P v>12 is the square of 
the overlap integral of the ground-state conduction band and valence 
band envelope wave functions. Eq. (2.2) shows that the linear gain is 
inversely proportional to the inhomogeneous broadening and is propor­
tional to the dot density and proportional to the second power of the 
overlap integral. 

2.4.2.2 Self-organized quantum dots lasers 

Self-assembled growth technology has progressed to achieve lasing with 
fairly low threshold currents [71-75]. As can be seen from Eq. (2.2), we 
must reduce the inhomogeneous broadening and increase the dot density 
to get high gain leading to the low-threshold current operation. It is also 
important to get large overlap integral for high gain. Here, we review 
our self-assembled quantum dot lasers in view of these parameters. We 
fabricated ridge stripe structure lasers as shown in Fig. 2.40 for the regular 
SK-mode grown quantum dots [73,74], and the columnar quantum dots 
[75]. 

In the regular SK type of quantum dots, lasers were fabricated with 
several numbers of stacks, cavity lengths, and with and without HR (high 
reflectivity) coating on both facets [74]. The dot density is about 1.0-1.3 x 
101l/cm2 per layer, and the PL spectral width is about 80meV in FWHM. 
Figure 2.41 shows the lasing spectrum for each device structure at 300 K. 
For the one-dot layer and cavity length of 300 J1m, the lasing was at the 
wetting layer (Fig. 2.41a). By increasing the cavity length to 900 pm, the 
lasing shifted to the longer wavelength corresponding to the third quantum 
level (Fig. 2.41b). By increasing the number of stacks to three, the lasing 
occurred at the second sublevel (Fig. 2.41c). We achieved continuous-wave 
(CW) at the ground state by applying 95% HR coating on both facets 
(Fig. 2.41d). The threshold current density of the ground-state lasing was 
1 kAlcm2• Increasing the number of stacks increases the effective dot 
density and increases the optical gain. The longer cavity length and the HR 
coating reduce the lasing threshold. Thus the long cavity of 900 f.1m, three­
layer stacked structure and the HR coatings led to the CW lasing at the 
ground state at room temperature. When compared with the PL spectrum 
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Figure 2.40: Schematic structure of a quantum dot laser. Stacked SK mode 
quantum dot lasers and the columnar quantum dot lasers are fabricated 
with this structure. 

of SK dots in Fig. 2.32, we can somehow identify the discrete levels in the 
EL spectrum below threshold in Fig. 2.41. This is due to the smaller inho­
mogeneity in the size and the composition in the rather narrow stripe 
region of 2.5 x 900.um2, when compared with PL excitation area of 300 x 
300.um2. 

With the columnar quantum dots, the lowest threshold current was 
obtained [75]. We used two-layer stacked columnar quantum dots as an 
active layer. The dot density is 7 x 1Q1O/cm2 per layer, and the FWHM of the 
PL emission is 40meV. The I-L characteristics and lasing spectra of a 
sample with a cavity length of 300.um and with HR coatings (95%) on both 
facets are shown in Fig. 2.42. The stripe width is 3 fJID.. CW lasing with 
threshold current of 5.4 rnA was achieved at 298 K. The threshold current 
density is 600 Alcm2• The laser with cavity length of 900 fJID. with HR coating 
on both facets showed threshold current density of 320Alcm2• The lasing 
was at the wavelength of 1.15.um at the low-injection current level. This 
wavelength coincides with the ground-state PL wavelength shown in Fig. 
2.32. At higher injection current, the lasing spectrum extends to shorter 
wavelength region. This is a mixture of the ground-state and the second­
state emissions. Figure 2.43 shows the I-L characteristics of a sample with 
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Figure 2.41: Lasing spectra of SK-mode-grown quantum dot lasers. [74] 
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an as-cleaved facet and an HR-coated facet. Because of the lower reflec­
tivity of the as-cleaved facet, high output power of 1l0mW and operation 
up to the high temperature of 70°C are achieved. In both Fig. 2.42 and Fig. 
2.43, the lasing was at the ground state at a low power level; however, 
lasing shifted to a mixture of ground-state and second-state emissions at 
higher optical output power. 

The higher sublevel lasing in the regular SK-type lasers with higher 
optical loss (short cavity and/or no HR coating) is due to the higher optical 
gain at higher sublevel transition caused by the higher degeneracy of 
states. This means that it is of great importance to realize high dot density 
and a small inhomogeneous broadening to give sufficient gain to the 
ground state. The shift of lasing from the ground state to the mixture of 
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with permission from lEE) 

the ground state and higher sublevel lasing was observed in the columnar 
quantum dot lasers as an increase in optical output power. This phenom­
enon may be related to the phonon bottleneck problem [69]. The slow 
carrier relaxation easily saturates the gain at ground state to cause the tran­
sition of lasing to the upper sublevels. 

It is interesting to note that a much lower threshold current density was 
obtained in the columnar dot lasers than that of the regular SK dot lasers. 
As can be seen from Eq. (2.2), the optical gain is proportional to the ratio 
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of the dot density to the inhomogeneous broadening width. This value is 
almost the same in three-layer-stacked regular SK dot lasers and in two­
layer-stacked columnar dot lasers and is about 3-5 x 109Icm2/meV. Never­
theless, the threshold current density is much smaller in the columnar dot 
lasers. One of the explanations for this difference is the overlap integral of 
the envelope wave functions in the numerator in Eq. (2.2). In the colum­
nar dot, the square of the overlap integrall<'Pcl'P v>f is almost unity for the 
equivalent dot size of 20nm x 15nm. However, for the regular SK dot, this 
value is much smaller because of the unequal penetration of the envelope 
wave function of electron and hole in the thin-growth direction. This dif­
ference might have caused the difference in the linear optical gain. The 
other point worth mentioning is that the stack of wetting layers around the 
dots forms an equivalent quantum well unlike the regular SK dot lasers, as 
evidenced in the redshift of the wetting-layer emission in Fig. 2.32. This 
layer serves as a reservoir for carriers to the dot and might have enhanced 
the efficient supply of carriers to the quantum dots. These two factors 
might be responsible for the low threshold current and high power opera­
tion of columnar quantum dot lasers. 

2.4.2.3 Toward higher-performance lasers 

Very-low-threshold current operation comparable to the strained quantum­
well lasers has been attained in the quantum dot lasers. However, there 
remains much to do to reach the ideal performance of the quantum dot 
lasers. Further improvement of fabrication technologies is essential, and 
an understanding of carrier dynamics is also of crucial importance to 
design high-performance quantum dot lasers. Here, we discuss the remain­
ing problems in the fabrication technologies and the carrier dynamics of 
quantum dots. 

In fabrication technologies, the following are key issues. 

1. Realization of smaller inhomogeneous broadening and high dot 
density. We have been able to attain a low threshold current of 5.4 rnA with 
columnar quantum dot lasers that exhibit relatively small inhomogeneous 
broadening and high dot density [75]. The large matrix element due to large 
overlap integral, and the quantum well layers formed by the stacking of 
wetting layers and barrier layers, may have played a role in the attainment 
of low threshold currents. Although we have obtained promising results, 
there is still room for further improvement. Inhomogeneous broadening of 
27meV was obtained in our closely stacked quantum dots. The broaden­
ing so far was 40meV in the columnar dots. We should continue our efforts 
to increase the homogeneity in size and composition to realize smaller 
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inhomogeneous broadening. Efforts of increase the dot density must also 
be continued to get high optical gain. In this respect, establishment of the 
stacking of more layers in necessary. 

2. Reduction of the nonradiative recombination. It is uncertain 
whether nonradiative centers exist in the columnar quantum dots. 
However, there are several reports on the reduction of the PL intensity at 
higher temperature [76,77]. This outcome is attributed to the thermal exci­
tation of carriers from the quantum dots [76] and the subsequent nonra­
diative recombination around the quantum dots [77]. There is a large strain 
around the quantum dots. Reducing the nonradiative recombination under 
this high-strain field may be one of the very important steps required to 
reach ideal quantum dot lasers. 

3. Lasing at communication wavelengths. It is of great importance to 
attain lasing at the communication wavelength of 1.3 and 1.55.um in order 
to expand the application of quantum dot lasers. Most of the SK-type 
quantum dots on a GaAs substrate emit at the wavelength of 1.1-1.2.um. 
Attempts to make quantum dots on an InP substrate have obtained emis­
sions in the range of 1.4-1.7.um [7S]. Quantum dots grown by the alternate 
supply of the monolayer of InAs and GaAs (ALS dots), though not dis­
cussed in detail here, are of interest because of their ground-state emis­
sion wavelength of 1.3.um [79]. These efforts have to be continued to 
realize high-performance lasers at communication wavelengths. 

With regard to carrier dynamics, many problems remain unresolved. 
Because of the discrete energy levels, the energy relaxation rate of carri­
ers to the ground state is considered to be rather slow-a situation known 
as the phonon bottleneck problem [69]. If the relaxation rate is too slow, it 
will cause an increase in the threshold current, the saturation of light 
output power, or the shift of lasing from the ground state to higher sub­
levels, and will limit the modulation response. Many theoretical and exper­
imental studies have been conducted on this phenomenon. There are 
several models that enhance the carrier relaxation to the ground state 
other than LO-phonon scattering, such as Auger-like carrier scattering 
[SO,SI] and electron-hole scattering [S2]. 

So far, the energy relaxation of carriers to the ground state of quantum 
dots has been evaluated by time-resolved PL measurement. An example 
of time-resolved PL measurement (by Mukai et al.) is shown in Fig. 2.44 
[S3]. The measurement was performed for quantum dots grown by ALS 
that have five discrete emission peaks due to quantum confinement. 
The PL decay was measured for each emission peak at temperatures 
of 20 K and 250 K. It can be seen that the decay rate is slower at lower 
temperatures and for the lower-state emission. This measurement gives 
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Figure 2.44: TIme-resolved PL decay for each sublevel of ALS-grown 
quantum dots. [83] 
(From Physical Review B, Vol. 54, Mukai et al., (1996), Copyright 1996 by 
the American Physical Society) 

the energy relaxation time as 500 ps for the relaxation from the second 
sublevel to the ground state, and the decay as 30ps for the fifth sublevel 
at 250K. 

More recently, the energy relaxation time was evaluated by measuring 
the modulation response of the quantum dot lasers. We can discuss the 
modulation response of quantum dot lasers by use of the well-developed 
modulation theory of quantum well lasers [84]. The maximum modulation 
bandwidth is given by 

1 
fmax = -

-J'j ( ex ) 2n 'Cp + VgG' 

(2.3) 
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where E is the gain compression factor, X is the factor that expresses 
the ratio of total carriers to that at the ground state [84,85], and G' is the 
differential gain. The attractive feature of the quantum dot at first sight 
is that we can get a large differential gain to give a large fmax when the 
inhomogeneous broadening is small. However, factors E and X limit 
the maximum modulation bandwidth. The gain compression factor E ex­
presses the saturation of gain for high optical power. The E and X depend 
on the energy relaxation rate of carriers. When the energy relaxation 
rate is slow, carriers in the ground state are depleted because of the slow 
supply rate of carriers from the upper sublevel or from the barrier layer 
for high optical power. This gives large value of E. The slow energy relax­
ation rate also means a larger number of carriers in the upper levels to give 
a larger value of X. Despite an attractive feature of the large differential 
gain for small inhomogeneous broadening, the large product of EX cancels 
out this advantage. This limits the modulation response of quantum dot 
lasers. 

Klotzkin et al. performed a detailed study of the small signal modula­
tion response of quantum dot lasers [86]. These authors used SK-mode­
grown quantum dots and fabricated the ridge waveguide lasers with 
single-dot layers. The threshold current is I5-30mA, and the lasing wave­
length is about I.um. The 3 dB modulation bandwidth was limited to 4.5 
GHz. Through comparison of the small signal modulation response with 
the theory, the authors concluded that the modulation response is well 
explained by assuming the carrier capture time of 20-40 ps, which includes 
the carrier diffusion time in the barrier laser and the energy relaxation time 
in the dot. The diffusion time is on the order of a few ps. The capture time 
is mostly determined by the energy relaxation time. 

Thus the experimental and theoretical studies suggest that the energy 
relaxation of carriers in the quantum dot is on the order of several tens to 
a hundred ps, although the complete correspondence with the relaxation 
mechanism is yet uncertain. The relaxation time is very large when com­
pared with that of a few hundred fs in quantum well lasers. This limits the 
modulation bandwidth as studied by Klotzkin et al. [86] and is the cause 
of higher sublevel lasing at high operation power levels, as observed in the 
columnar dot lasers. What is important is to discover a new design of 
quantum dots to remove the limitation imposed by the long carrier energy 
relaxation time. One of the ideas is to use the tunnel carrier injection as 
proposed by Kamath at al. [87], and there may be many other new 
approaches. The new design of quantum dots and quantum dot lasers 
together with improved fabrication technologies, as discussed, would 
realize low-power-consumption, high-response-speed lasers for practical 
applications. 
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2.4.3 Other applications of quantum dots for optical 
devices: an optical intensity modulator 

Other than the quantum dot laser, we can consider a variety of applica­
tions for the quantum dot, owing to its unique feature of three-dimensional 
carrier confinement that provides us with new optical properties. Possible 
applications so far discussed are, for example, use of quantum dots as a 
nonlinear medium [88], infrared optical detectors using subband transi­
tions [89], and optical intensity modulators for long-distance transmission 
systems [90]. Here, we pick up the quantum dot intensity modulator as an 
interesting application and discuss its feasibility in more detail, leaving the 
discussion of the application to the nonlinear devices and the infrared 
photodetector to the references [88,89]. 

In long-distance and high-bit-rate communication systems, the chro­
matic dispersion of the optical fiber limits the transmission distance when 
a light source with wavelength chirping is used. The direct modulation of 
distributed feedback (DFB) lasers causes the wavelength chirping. At 10 
Gb/s modulation, the chirping width is about 0.34nm (at -20 dB full width 
of time-averaged spectrum) [91]. This causes pulse broadening and limits 
the transmission distance. To reduce the wavelength chirping, an external 
modulation scheme could be used. The MQW modulator, which uses the 
Stark shift of the exciton peak wavelength, has been developed. This, 
however, causes wavelength chirping, though much smaller than with 
direct modulation of lasers, due to the phase modulation of light caused 
by the refractive index change associated with the change in the absorp­
tion coefficient. The wavelength chirping of the intensity modulator is 
given by [92]: 

AJ.(t) = _ a E J.2 dlnP(t) 
4n:c dt ' 

(2.4) 

where P( t) is the time change of the modulated light power and aE is given 
by 

dTJ/ 
_ IdV 

aE -2k dal ' 
IdV 

(2.5) 

which is a ratio of the change of the refractive index TJ to the change in 
absorption coefficient a for the change of applied voltage to the modula­
tor. As can be seen from Eq. (2.5), blue chirping takes place at the onset 
of the pulse and red chirping takes place at the end of the pulse when the 
aE value is positive. This chirping causes the pulse broadening for the neg-
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Figure 2.45: Comparison of the absorption coefficient change and refrac­
tive index change in the MQW modulator (a) and the quantum dot modu­
lator (b). MQW refractive index change is schematically illustrated only for 
excitions. 

ative dispersion of a fiber. The fiber dispersion is typically -17 pS/nmlkm 
at 1.55)lID where the transmission loss is the lowest. If we could realize a 
negative aE parameter, we can obtain pulse compression for transmission 
through a dispersive fiber. This improves the signal-to-noise ratio and 
enables long-distance transmission. 

Sahara et al. proposed a modulator with a negative aE parameter by the 
use of quantum dots [90]. Figure 2.45 compares the MQW intensity modu­
lator and the quantum dot modulator. In the case of the MQW modulator, 
an electric field is applied to give absorption, i.e., the signal wavelength is 
on the red side of the exciton absorption peak. Corresponding to the shift 
of exciton wavelength, the refractive index increases to give a positive aE 
parameter. On the other hand, in the case of quantum dots, the signal wave­
length can be put at the blue side of the absorption peak owing to the dis­
crete absorption peak of quantum dots. With the signal wavelength on the 
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blue side under the application of the electric field, the reduction of the 
electric field causes the wave length shift of the absorption peak to 
increases the absorption at the signal wavelength. Correspondingly, the 
refractive index reduces. The refractive index change is opposite to that 
of the quantum well in order to give a negative aE value. 

Sahara et al. assumed the amount of the shift of the absorption peak 
to be the same as that of the Stark shift of the MQW and calculated the 
change in the absorption and aE parameter. With the assumption of the 
17meV of e-1 half-width of the inhomogeneous broadening, with a 0.125 
dot-filling factor, they calculated the absorption change and the aE para­
meter for a change in bias voltage from 130 kVlcm2 to 0 Vlcm2• For a device 
length of lOOl1m and an optical confinement factor of 0.25 for the layer 
containing the dots and barrier, an extinction ratio of 15 dB was calculated. 
The aE parameter is negative for the filed of 130 kV/cm to 80 kYo The neg­
ative aE parameter gives blue chirping at the optical pulse end and gives 
pulse compression when transmitted through a negative dispersion optical 
fiber. 

The calculation by Sahara et al. at the time was a feasibility study for 
the use of quantum dots. However, the idea of a negative aE modulator 
uses an interesting feature of the quantum dot, i.e., we can obtain a trans­
parent region on the shorter wavelength side Cor blue side) of the absorp­
tion peak, in contrast to the quantum well or bulk, where there is no 
transparent region on the blue side of the band edge. In this respect, this 
is an example of an application that uses the unique nature of the quantum 
dots. 

2.4.4 Self-assembled QD hole-burning memories 

SK-mode self-assembled QDs show a large photoluminescence CPL) line 
width of as large as 80-100 meV, primarily due to the size fluctuation along 
the direction of growth [93]. This large inhomogeneous broadening cri) is 
suitable for wavelength-domain multiplication optical memory [94] or hole­
burning memory. QDs can be considered to have narrow homogeneous 
broadening cr J due to (}.function-like density of states, which gives a large 
wavelength-domain multiplicity of r;r h. This can lead to a high-density 
optical memory on a Tbit scale if the multiplicity is up to 100 or higher. 
This section describes preliminary observations of spectral hole burning 
in photocurrent spectra of InAs self-assembled QDs [95] and discusses the 
characteristics of spectral holes. 

Figure 2.46 is a schematic drawing of the sample structure used in this 
experiment. Five-stacked lnAs QD layers were inserted in a pin-junction 
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Figure 2.46: Schematic sample structure used in this experiment. The five 
layers of InAs self-assembled quantum dots (QDs) were embedded in a pin 
diode. The diameter of the sample was 500 f.lID. [95] 
(From IEEE J. Select. Topics of Quantum Electron. Vol. 4, No.5, Sugiyama 
et al., Copyright 1998, with permission from IEEE) 

GaAs diode. The corresponding band diagram is also shown. Each QD 
layer formed by the nominal1.8ML InAs has a dot density of 5 x 101O cm-2 

and is separated by 20 nm GaAs interval layers to isolate the QD layers 
electronically. A GaAs/AlGaAs quantum well was also inserted beside the 
AlAs barrier layer to calibrate fiat band voltage. The wafer was mesa­
etched at 500 j.lm diameter and was fabricated with nonalloy ohmic contact 
on top of the heavily p-doped layer. Another contact to the n-type region 
was fabricated at the bottom of the substrate. To obtain a long lifetime of 
the spectral hole, an electric field was applied to allow either the electrons 
or the holes tunnel from the QDs. The top contact on the p-GaAs was trans­
parent, with a thin Au film (50nm) to irradiate the QDs. As a reference, a 
pin diode without InAs QDs was also fabricated. 

The sample was continuously irradiated with a continuous-wave (CW) 
YAG laser at 1,064nm as a writing light source and a tunable CW Ti:Sap­
phire (TiS) laser as a reading light source. The band width of the TiS laser 
was less than 40GHz (165j.leV). The width of the YAG laser was less than 
6.4 GHz (27 j.leV) under the reading laser power of less than 80 j.lw. Both 
lasers of about 2 mm in diameter were aimed, unfocused, at the sample. 
The photocurrent corresponding to the tunable TiS laser was detected with 
a lock-in amplifier through a current amplifier to cut off the photocurrent 
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Figure 2.47: Photocurrent spectrum (top) measured with a WL lamp at 300 
K with fitted Gaussian results for QD and Lorentzian results for wetting 
layer and GaAs. Photoluminescence (PL) spectra at 300K (middle) and 77 
K (bottom) with Ar laser excitation are also shown. [95] 
(From IEEE J. Select. Topics of Quantum Electron. Vol. 4, No.5, Sugiyama 
et al., Copyright 1998, with permission from IEEE) 

of the CW YAG laser. During photocurrent measurement, the wavelength 
of the TiS laser was monitored by a wavemeter. 

Prior to measuring the hole burning, the PL and the photocurrent 
spectra of the sample were measured. Figure 2.47 shows the photocurrent 
spectrum, equivalent to the absorption spectrum, obtained at 300 K with a 
WI2 lamp. Broad absorption bands related to InAs QDs fit well with three 
Gaussian curves. For example, the ground state was fitted with full width 
at half maximum (FWHM) of 82.5meV. The higher two peaks that fit with 
Lorentzian curves were GaAs and the wetting layers. The peak energy of 
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Figure 2.48: Bias voltage (VB) dependence of photo current (IreruD spectra, 
corresponding to a CW Ti:Sapphire (TiS) laser as a reading light source 
under irradiation of a CW YAG laser as a writing light source measured at 5 
K. Irradiated wavelengths of the YAG laser are indicated by the arrows. [95] 
(From IEEE J. Select. Topics of Quantum Electron. Vol. 4, No.5, Sugiyama 
et al., Copyright 1998, with permission from IEEE) 

PL at 300K was 40meV smaller than that of ground-state absorption. The 
energy difference is caused by carrier redistribution due to thermal energy 
[96]. PL spectra at 77 K can be considered to correspond to the ground 
states of QDs because the sample was excited under weak conditions. The 
thermal carrier distribution to the excited states is suppressed when com­
pared to 300 K. The ground-state absorption obtained by fitting to the 
photo current spectra at 300 K agreed well with the 77 K PL spectra with 
consideration of the slight blue shift due to temperature change. There­
fore, the photon energy of the YAG laser is estimated to be lower than the 
peak energy of the ground-state distribution. 

Under irradiation of a YAG laser of 8mW and a TiS laser of 32)1W, the 
photo current response, I read, to the TiS laser was measured. Figure 2.48 
shows the dependence of the external bias voltage (VB) on I read at 5 K. As 
VB increases, a dip appears at the wavelength of the YAG laser lines as indi­
cated by the arrows. The depth of the dip increased as VB > 4 V. 
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The result can be explained as follows. As VB increases, the internal 
electric field increases, enhancing photogenerated carriers in QDs to 
tunnel from the ground state through the triangular potential barrier 
formed by the field. Electrons are more likely to tunnel because of their 
smaller effective mass. Here, the carriers are electrons; the heavY holes 
can be considered to stay in the QDs, as shown in the inset of Fig. 2.48. 
The residual holes inhibit additional optical absorption of the TiS laser 
under the intense irradiation of the YAG laser. As the electron tunneling 
rate becomes comparable with or greater than the radiative recombination 
rate in the QDs, spectral holes can be expected to appear in I rearl• Such 
behavior was not observed in a reference sample. Therefore, the dip shows 
that the formation of spectral holes originating from InAs QDs. The roll­
offthat occurs just below 1,066nm can be considered due to the data aver­
aging process, because the averaged data near the edge point is strongly 
influenced by the shape of the noise. 

Figure 2.49 shows the temperature dependence of Mread, which is I rearl 

(with YAG irradiation) - I rearl (without YAG irradiation), in the range of 5 
K to 60 K under a bias voltage of 6 V. The subtraction was to decrease the 
background photocurrent induced by the reading light, since the lifetime 
of spectral holes is much shorter than the measuring time (see Section 4.2). 
As the temperature increases, the hole depth decreases until 40 K and van­
ishes to 60 K. This suggests that carriers were thermally excited, possibly, 
by the wetting layers. Similar excitation of carriers was reported in QD 
lasers [97]. However, the onset of thermally assisted tunneling cannot be 
excluded. Further study is needed to suppress phonon interaction and 
improve the operation temperature using self-assembled QDs. 

Figure 2.50 shows the writing power dependence of Mrearl at 5K. The 
difference of emission lines of the YAG laser was from the use of a differ­
ent YAG laser. The spectral hole exhibits similar features with 4mW and 8 
m W. With the intense power of 20 m W, the spectral hole was broadened 
with a width of more than twice 8 m W. According to Bloch's equation for 
two or three level systems, spectral hole width increases, and its depth sat­
urates, maintaining a Lorentzian function shape as the writing power 
increases. Although this picture is for an ideal case and should be modi­
fied with other factors for a real case, the obtained spectrum for 20 m W 
seems not to be covered by this model because the spectral hole consists 
of a zero-phonon hole of around 1,064nm as well as "antiholes" and side 
holes outside of the antiholes. The side holes can be considered to be due 
to phonon-assisted light absorption induced by the increased irradiation 
of the writing light. Further study is needed in this area. 

To investigate the spectral hole width, we performed numerical fitting 
to the experimental spectra. We took into account the bandwidth of writing 
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Figure 2.49: Temperature dependence of M reail in the range from 5 K to 60 
K. Irradiated wavelengths of the YAG laser are indicated by the arrows. 
M reail is the difference in the reading photocurrent with and without the 
writing lasers. [95] 
(From IEEE J. Select. Topics of Quantum Electron. Vol. 4, No.5, Sugiyama 
et al., Copyright 1998, with permission from IEEE) 

and reading lasers. The YAG lasers used in this experiment have a few or 
several emission lines 0.1 to O.2nm apart; each line width is less than 6.4 
GHz (27 J1eV). The multiple emission lines are caused by multiple transi­
tion levels in YAG crystals or in longitUdinal mode limited by cavity length. 
In contrast, the reading laser of a CW TiS laser has more closely spaced 
emission lines, which can be approximated by a single Gaussian distribu­
tion with an estimated width ofless than of 40GHz (165J1eV). We applied 
the Gaussian function for the CW TiS laser spectrum and the Lorentzian 
function for the absorption spectrum of the QDs for each emission line of 
the YAG laser, and then calculated the convolution integral between these 
two types of functions. In the calculation, we used an FWHM of 165 J1eV 
for the Gaussian function. The FWHM of the Lorentzian function, r, was 
used as a fitting parameter. Figure 2.51 shows the calculated results and 
the experimental results of a writing power with 8 m W at 5 K. Taking into 
account three emission lines of writing the YAG laser as measured by a 
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Figure 2.50: Writing power dependence of M read at 5 K. Irradiated wave­
lengths of the YAG laser are indicated by the arrows. [95] 
(From IEEE J. Select. Topics of Quantum Electron. Vol. 4, No.5, Sugiyama 
et al., Copyright 1998, with permission from IEEE) 

high-resolution monochromator, the calculated curve was a good match to 
the experimental result, which cannot be fitted to any single Gaussian or 
Lorentzian function. The obtained r was about 100,ueV. Assuming a 
Lorentzian distribution for both the YAG laser spectra and the absorption 
spectrum of the QDs, the r h was estimated to be less than 80,ueV. This 
value may be overestimated because the experimental hole width is usually 
2rh for Lorentzian absorption spectra [98]. 

As is clearly seen in the experimental curve in Fig. 2.51, the spectrum 
seems to show "antiholes" on both sides of the writing wavelength, which 
is familiar in photophysical hole-burning cases. The antihole also appeared 
in Figs. 2.48 to 2.50. The formation mechanism and relationship of the 
antiholes with the spectral hole vis-a-vis energy is not yet clear. It is nec­
essary, however, to study the origin of antiholes for the use of self-assem­
bled QDs in hole-burning memory. 

The lifetime of a spectral hole can be derived from the time evolution 
of the hole depth. In this case, however, the writing and reading lasers 
constantly irradiate the sample, and the corresponding I read requires a 
much longer measurement time than the lifetime of the spectral hole. 
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Figure 2.51: Comparison of a spectral hole with the experimental result of 
writing YAG laser power of 8 m W at 5 K and fitted curves assuming Gauss­
ian for reading TiS laser and Lorentzian for absorption in QDs. [95] 
(From IEEE J. Select. Topics of Quantum Electron. Vol. 4, No.5, Sugiyama 
et al., Copyright 1998, with permission from IEEE) 

This makes direct determination of the lifetime difficult from the hole spec­
trum. Therefore, we have begun to consider a rate equation on a steady­
state carrier. 

We assume that resonantly photogenerated electrons escape much 
faster from QDs than do holes, so that only holes can be treated with the 
rate equation and that two holes can occupy the ground state in a QD 
due to spin degrees of freedom. In a steady state, the equation can be 
written as 

an = c P (1- a)n 
r S 2' 

(2.6) 

where a is the probability of hole occupancy at the ground state of QD, r 
is the recombination time of the hole that equals the spectral hole lifetime, 
n is the number of QDs irradiated by the YAG laser, P is the incident power 
of the laser, S is the incident area of the laser, and c is the coefficient of 
proportionality for the right-hand term having a dimension of cm2lWs. The 
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left-hand term shows the recombination rate; the right-hand term shows 
the generation rate. Photocurrent, Iph, can be also written as 

Iph (P) = qcP(I- a/2)n (2.7) 

_ 2qnS (1 1 ) 
- r -1+cPr/2S' 

(2.8) 

where Eq. (2.8) is derived from Eq. (2.6). Meanwhile, the incident power 
of the reading laser is two orders smaller than that of the writing laser. The 
Irearl that is not subtracted by Irearl without YAG laser irradiation can be 
written as 

(2.9) 

(2.10) 

where P wriw is the incident power of the writing laser and Prearl is that of the 
reading laser. The c can be derived from Eq. (2.10) with the experimental 
result of Irearl(Pwrite = 0) = 25pA. Since the laser beam was not focused on 
the sample surface, Prearl of 32)1W was calibrated by the squared ratio of 
the sample diameter (500)1cp) to the beam diameter (2mmcp). The obtained 
c was 2.3 x 105• Using the experimental parameters of n = 5 x 1010 X 5 x (27 
)1eV/82.5meV), Irearl(PwriW = 8mW) = 19pA, and S = 2mmcp, r of 1.2 x lO-6 s 
was obtained. 

Considering the practical use of self-assembled QDs for hole-burning 
memory, the obtained hole lifetime should be increased. However, QDs 
using the type I heterostructure like InAs/(Al)GaAs experience an experi­
mental problem in that reverse bias for the pin diode to extract electrons 
from QDs accompanies an undesirable dark-current increase as the bias 
increases. This process loses some information through recombination of 
the residual holes with electrons, reducing the hole lifetime. 

To solve this problem, we propose the use of self-assembled QDs con­
sisting of a type II heterostructure. This structure does not need an exter­
nal bias perpendicular to the hetero-interface to extract an electron 
from QD, which may drastically reduce dark current. Figure 2.52 shows 
the energy band diagram using GaSb QD or InP QD that can be grown by 
MBE or GSMBE or MOVPE. Photogenerated electrons tunnel to the X point 
of AlAs through a potential barrier and are spatially separated from holes, 
which reduces the recombination rate. Even a small bias parallel to the 
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Figure 2.52: Schematic band diagram of QD using type II heterostructure: 
(a) GaSb/AlGaAs/AlAs system; (b) InPlInGaP(or AlGaAs)/AlAs system. The 
gray line in the conduction band of (b) indicates the case of AlGaAs as a 
tunneling barrier. [95] 
(From IEEE J. Select. Topics of Quantum Electron. Vol. 4, No.5, Sugiyama 
et al., Copyright 1998, with permission from IEEE) 

hetero-interface may contribute to a further decrease in the recombination 
rate. In such a case, GaAs could be used in place of AlAs. As a consequence, 
the spectral hole lifetime can be increased. Using this structure, hole 
burning by an all-optical measurement can be also obtained. 

If the spectral hole lifetime increases much more than the estimated 
lifetime, it becomes difficult to measure the spectral hole directly by pho­
tocurrent, and an all-optical measurement will be required. A single QD 
layer is less efficient in measuring spectral holes due to the small SIN ratio. 
The SIN ratio of hole-burning memory using QDs increases as the number 
of QDs increases [94]; however, the surface coverage of QDs per one layer 
is as low as 15% for InAs QD of 5 x 101O cm-2• Therefore, a multiple stacked 
QD structure is needed to obtain a realistic SIN ratio. Although an !nAsI 
GaAs QD is not always appropriate for the observation of persistent spec­
tral hole-burning phenomena, this material is easy to prepare in a multiple 
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stacked QD structure and is useful for examining the possibility of all­
optical measurement of stacked QD layers. Optical absorption spectra of 
self-assembled QDs has been little reported, and further investigation in 
necessary to study hole-burning memory. 

2.5 Summary 

This chapter describes recent advances in quantum dot fabrication tech­
nologies, focusing on our self-formed quantum dot technologies including 
TSR quantum dots and SK-mode self-assembled quantum dots. As is 
described in this chapter, there are many possible device applications such 
as quantum dot tunneling memory devices, quantum dot fioating-dot gate 
FETs, quantum dot lasers, and quantum dot hole-burning memory devices. 
The quantum dot laser applications seem to be the most practicable among 
these applications. However, many problems remain to be solved before 
even this application becomes practical. The most important issue is to 
control the size and position of self-assembled quantum dots more pre­
cisely, with an accuracy on an atomic scale. The confinement must be 
enough to keep the separation energy between quantized energy levels 
high enough to get high-temperature characteristics. The lasing oscillation 
frequency should be fixed at 1.3 f.lITl or 1.5 f.lITl for optical communication. 
Phonon bottleneck problems should be solved by the optimization 
of device structures. Fortunately, there is much activity in the area of 
quantum dot lasers and, therefore, many breakthroughs will be made, 
along with the exploration of other new application areas. 

At present, the most promising electrical application of quantum dots 
seems to be quantum dot embedded FETs. However, if we change our 
inspiration towards the boundary regions between electrical and other 
device areas, we believe there are many other interesting and useful appli­
cation areas, including active image sensors, spin-electronic devices, and 
quantum computers. 
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Chapter 3 

Lithography and 
patterning for 
nanostructure fabrication 
G. Seebohm and H. G. Craighead 

3.1 Requirements of fabrication processes 

The modem electronic integrated circuit industry has been built and con­
tinues to advance on the basis of lithography and planar materials pro­
cessing. A related but independent set of lithography and nanofabrication 
technologies continues to evolve in support of a growing effort in quant­
um structures and nanostructured materials studies. The demands of the 
nanostructure research and device work has significantly more stringent 
size scale requirements and a broader materials class than silicon-based 
electronics. One would like the ability to control material structure down 
to atomic dimensions, with arbitrary three-dimensional accuracy and high 
speed. In general, there are limits, some fundamental and some practical, 
to what can be done in the pursuit of "absolute" control of the structure 
of materials and devices. 

The required feature sizes for nanostructure and quantum-based 
devices varies depending on the material system and relevant phenomena. 
In general, the interesting feature sizes are below those accessible to 
conventional photolithographic processes in use for integrated circuit 
manufacture today. Quantum structures in semiconductors may require 



98 LITHOGRAPHY FOR NANOSTRUCTURE FABRICATION 

dimensions on the order of lOnm, while single-electron devices may func­
tion with minimum-feature sizes on the order of lOOnm. Magnetic nano­
structures may be of interest and require feature sizes in a similar range 
of -10nm. Biological systems provide a new set of opportunities, with 
interest in accessing dimensions from the size of single molecules to 
that of cells. In all these areas, the materials of interest could range from 
elemental metals to organic polymers. 

Nanofabrication of materials is a multidimensional issue and in­
volves integration of growth and analytical processes. Thin film deposition 
and etching methods, in particular epitaxial growth processes for semi­
conductors and other materials, enable tailoring the composition of 
materials at the atomic level in the thickness dimension. Microscopy 
techniques of transmission electron microscopy and scanning tunneling 
microscopy provide the ability to image the structure of solids with atomic 
resolution. It is the modification and control of material structure in the 
directions orthogonal to the growth direction that are, in some sense, 
lagging in the quest for the ideal nanostructure fabrication technology. In 
this chapter, we will concentrate on the methods for laterally patterning 
materials. 

The lithographic approach to lateral nanostructure patterning is 
being done with a range of technologies. These involve the use of photons, 
charged particles, or atoms formed into a pattern by either a parallel or a 
serial approach. Figure 3.1 shows a schematic overview of the general lith­
ographic approaches. They largely involve either replication of some image 
on a previously patterned mask or scanning of a focused beam or tip over 
a surface. There is always a tradeoff between feature size and through­
put. Figure 3.2 shows the observed throughput of various lithographic 
approaches versus the feature size [1). Existing techniques fall on a nearly 
universal curve of resolution versus throughput. In this chapter we will 
discuss the various approaches and try to develop an understanding of the 
possibilities and limits of these methods. 

Naturally ordered and finely divided systems, such as colloidal parti­
cles and metallic island films, have been studied for decades. The term self­
assembly has increased in usage with reference to nanostructures formed 
by thermodynamically stable approaches. The self-assembly approach gen­
erally enables large areas of nanostructures to be formed rapidly. However, 
the price for this advantage is a limitation of the geometries that can be 
created. Periodic systems and random or fractal structures can be readily 
produced at desirably small dimensions. One needs to consider how to 
employ these available structures rather than designing a device based on 
arbitrary shapes. It may well be that a combination of lithographic and self­
assembly may be optimal for selected applications. 
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Figure 3.1: Schematic overview of the general lithographic approaches. 
These include projection lithography, contact lithography, scanning 
charged particle lithography, photolithography with reflective optics, STM 
lithography, and microcontact printing. 
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Figure 3.2: "Tennant's Law": Throughput plotted vs. minimum feature size 
for various current forms of lithography. Courtesy of D. Tennant. 

Today lithography and other tools developed for integrated circuit 
fabrication are being used in a wide variety of fields. The field of micro­
electro-mechanical systems (MEMS) is one example that uses many con­
ventional fabrication techniques to create free-standing three-dimensional 
structures for uses as sensors, actuators, and transducers. Less well known 
are the growing number of applications of microfabrication to biophy­
sics and biology. Microfabrication has been used to create microfluidic 
systems, surface patterning for cell adhesion and detection, integrated 
optical and electrical elements for single molecule detection, and three­
dimensional structures to study cells. Figure 3.3 shows preferential adhe­
sion of a cell on a surface [2). The surface is patterned via microcontact 
printing, discussed in Section 3.5, with a self-assembled monolayer, dis­
cussed in Section 3.4. 
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Figure 3.3: Selective attachment of cells from the central nervous system 
to a silicon substrate patterned with a self-assembled monolayer, DETA. 
The patterning was performed with microcontact printing and is used to 
study cell-surface interactions with the objective of producing neural nets 
to study how the nervous system works. Reprinted in part with permission 
from [2] (© 1996 Kluwer Academic Publishing). 

3.2 The lithographic process in general 

3.2.1 Photolithography 

The fundamental task in conventional lithography is to transfer a pattern 
created on a computer onto a wafer. This can be done with photons, elec­
trons, or ions. By far the most common form of industrial lithography 
is projection photolithography, and it illustrates the basic approach. In 
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projection photolithography, the design is patterned on a mask. The mask 
is a large-scale version of the pattern, etched in chromium on a glass sub­
strate. This mask is illuminated, for example, with the i-line of a mercury 
arc lamp (365nm), and suitable optics are used to reduce the image of 
the mask and focus it on the substrate. The light exposes a layer of pho­
tosensitive polymer called resist that has been deposited on the substrate. 
Exposure causes chemical changes in the resist that allow selective dis­
solution by developers. Thus, the pattern on the mask is duplicated in the 
layer of resist on the wafer. Fabrication typically continues with either a 
selective deposition or a selective etch process. 

There are three important performance gauges for lithography sys­
tems: resolution, registration, and throughput. Resolution is the minimum 
feature size that can be exposed and is the most important gauge for the 
fabrication of quantum systems. Resolution is properly a function of both 
the exposure tool and the resist/developer. Registration is the accuracy 
with which the system can align an exposure with existing features on the 
substrate. Registration is of some concern for quantum systems, since the 
feature sizes are small. Finally, throughput is a measure of how fast a given 
pattern is transferred onto the substrate. This is a concern in industry, 
where cost is the bottom line, but is less important in a research environ­
ment. Of these three, the emphasis in this chapter is on the resolution 
required for quantum devices. Several good references exist about 
nanofabrication including registration and throughput. In particular, 
Campbell [3] and Muray and Brodie [4] cover all facets of conventional 
semiconductor processing. 

The smallest feature that can be transferred with photolithography is 
limited by diffraction. Rayleigh's criterion is often used as a proxy for the 
smallest feature size. Rayleigh's criterion states that two objects are on the 
verge of resolvability if the central diffraction maximum of one object is 
at the first minimum of the other. In the far field, the smallest feature that 
can be resolved is proportional to A/2 NA, where A is the wavelength and 
NA is the numerical aperture of the projection optics. In i-line lithography, 
the smallest feature size is approximately 0.35 J.IID. 

There is a tradeoff in improving the resolution in photolithography. The 
depth of focus (DOF) is a measure of how far up or down the substrate 
can be moved and still remain in focus. In photolithography, DOF oc MNA2. 
As the resolution is improved, the DOF is reduced. As DOF is reduced, 
maintaining the substrate in focus across large distances becomes more 
challenging, and topography on the substrate can become a problem. Lim­
itations on resolution and DOF mean that conventional photolithography 
is of limited value for quantum systems and that other techniques must 
be used. 
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3.2.2 Masks 

For projection photolithography systems, masks are typically made of a 
patterned opaque layer, commonly chromium, on a highly polished trans­
parent substrate, usually fused silica. The pattern on the mask is 4 or 10 
times larger than the final image on the wafer. This size is convenient 
because only 3.5 pm features on the mask are required on a 10 times pro­
jection system to generate 0.35 pm features on the substrate. Reduction 
allows greater tolerances for small mask defects and dust because small 
defects will not be resolved. 

Mask technology is constantly being improved to push the diffraction 
limit in photolithography. The most important innovation in recent years 
has been the invention of phase-shifting masks [5]. Phase-shifting masks 
work by shifting the phase of the light from one feature so that it interferes 
destructively with light from another feature. The phase shift can be done 
by selectively adding or subtracting material with the appropriate index and 
thickness. This process is most easily understood in terms of a grating. In a 
simple grating in the region between two slits, the light from one slit will 
interfere constructively with light from the second. If the phase of light 
from the second slit is shifted by an odd multiple of n, the interference is 
destructive, and the energy absorbed between the two features is dramati­
cally reduced. While the appropriate pattern for a grating is simple and 
obvious, application to arbitrary patterns can be very complicated. Figure 
3.4 shows a one-dimensional calculation of how phase shifting can affect 
the resolution of two slits. Without phase shifting, the slits are not resolved. 
With phase shifting, the intensity goes to zero between the two slits. 

3.2.3 The future of photolithography 

The future of lithography for smaller features is still uncertain. The Semi­
conductor Industry Association Roadmap is a prediction of the technol­
ogy that will be needed in the future based on past historical trends [6]. 
The roadmap stipulates 0.25pm resolution in lithography by 1998, 0.18pm 
by 2001, 0.13pm by 2004, O. 10 pm by 2007, and 0.07 pm in 2010. It is against 
this background that the debate rages about lithography for 0.18nm and 
smaller features. Likely candidates include deep IN lithography, extreme 
IN lithography, X-ray lithography, electron beam lithography, and ion beam 
lithography. 

3.2.3.1 DUV 

First among these is deep IN lithography eDUV). The pursuit of smaller 
features for denser circuits has led to the development of reliable KrF 
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lasers for lithography at 248nm and ArF excimer lasers for lithography at 
193 nm. KrF sources will achieve the 0.25 J.lIn features required by industry 
by 1998, and several commercial vendors are already shipping 248nm 
systems. 

Rayleigh's criterion suggests that KrF sources could be used for 
0.18 J.lIn lithography if suitable high numerical aperture optics can be 
designed. However, the tradeoffs between resolution and depth of focus 
imply that the depth of focus would be intolerably short at this resolution. 
Instead, 193nm lithography seems a more likely candidate for 0.18J.lIn fea­
tures. F2 excimer lasers (157nm) have also been researched as a succes­
sor to 193nm lithography [7]. However, the intensity of F2 excimer sources 
is some 30 times lower than ArF sources, and further development for 
157nm lithography is unlikely. 

There are only a few materials for lens fabrication at 193nm. Most 
lens materials are either difficult to polish, like calcium fluoride, or begin 
to absorb near 193nm, like fused silica. The consequences of UV absorp­
tion are twofold. First, UV absorption heats the lens material, which leads 
to distortion. Second, UV absorption has been shown to create color 
centers and densify or "compact" fused silica lenses. This increases 
absorption and changes the index of refraction. The importance of these 
effects is unclear because resists are still being developed. More sensitive 
resists will lower the required intensity and reduce these effects. Resist 
schemes being developed include chemically amplified resists, multilayer 
resists, and top surface imaging. Features of 175 nm have been demon­
strated in chemically amplified resists and 150nm in top surface imaging 
resists [8]. These resist schemes will be discussed later. 

3.2.3.2 EUV 

When is an X-ray not an X-ray? When it is extremely ultraviolet light (EUV). 
This is the name given to sub-100nm light by the semiconductor industry. 
The most common sources for sub-100 nm light are laser-heated plasmas, 
although synchrotrons can be used as well. These plasmas are created 
when the energy from a laser is focused onto a small spot on a thin metal 

Figure 3.4: A one-dimensional demonstration of phase shift masks. The 
mask (a) is composed of two slits to be exposed with a 1: 1 projection 
system. Without phase sifting (b), the image is blurred on the substrate and 
the slits are not resolved. If the two slits are shifted (c) in phase by 1C, 

then the intensity between the slits drops to zero and the image can be 
reproduced. 
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film such as gold. The power in the laser vaporizes the film, and the super­
heated metal vapor radiates light that is collected and collimated. 

Unfortunately, there are no materials sufficiently transparent for 
production of refractive optics at these wavelengths. The problems with 
absorption in refractive materials can be avoided by using all reflective 
optics. The most common approach is multilayer mirrors. These mirrors 
are built up of alternating layers of high and low atomic number 
materials-for example, Mo and Si. At each interface, only a fraction of 
the incident beam is reflected, but the layer spacing is chosen so that the 
reflected beams interfere constructively. This approach has many attrac­
tions. First, the mask would be a patterned mirror, which would be much 
more robust than the membranes used in X-ray lithography. Second, the 
mask would not have to be in close proximity with the substrate, which 
greatly reduces the risk of damage. Third, both collimation and re­
duction are possible, which means a reduction stepper could be designed. 
In a reduction scheme, mask features would be several times larger than 
on the substrate, so mask fabrication would be easier. Such high-perfor­
mance mirrors require precision deposition as well as very smooth sub­
strates. While reflectivities greater than 63% have been achieved, desired 
polishing tolerances are still beyond the state ofthe art [9]. While EUV lith­
ography steppers are still under development, initial results with labora­
tory systems are encouraging. A collaboration between Sandia and Bell 
Laboratories has built a 10: 1 reduction Schwarzchild system that used 
13.4 nm radiation and five different multilayer mirrors. This system suc­
cessfully resolved gratings with 100nm features [10]. 

3.2.3.3 X-ray lithography 

X-ray lithography is being pursued as a successor to photolithography 
below 0.15.um. X-ray lithography avoids the diffraction limitation of pho­
tolithography (a 1 ke V photon has a wavelength of only 1.2 nm) and has 
higher throughput than scanning electron beam lithography. Although pro­
jection schemes exist, most X-ray lithography systems use proximity print­
ing. In proximity printing, the mask is brought within a few microns of the 
wafer, and the resist is exposed through the mask with no intervening 
optics. As a result, proximity printing is 1: 1 (i.e., the pattern on the wafer 
is the same size as the mask), and X-ray lithography must rely on another 
technique, usually electron beam lithography, to make the mask. 

The masks for X-ray lithography are more expensive than for photolith­
ography. Because no materials are sufficiently transparent to X-rays, masks 
are made by patterning an absorbing material, such as a heavy metal, on a 
very thin membrane. For example, a common combination is 300 nm of gold 
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on a 1-2,um-thick silicon nitride membrane. These masks are expensive 
to fabricate and very fragile. X-ray lithography also currently lacks an eco­
nomical source. Synchrotron rings provide stable, collimated beams, but 
the beam is usually nonuniform and the rings cost upwards of $15 million. 
Laser-heated plasmas such as those used in EUV lithography are more eco­
nomical, but the beam is still nonuniform and the collimation is not as good. 
The advantage of X-ray over scanning electron beam lithography is the 
speed. X-ray lithography exposes the whole pattern at the same time (par­
allel) rather than one point at a time (serial). The two methods, X-ray and 
electron beam, are complementary, with scanning electron beam lithogra­
phy used to make the masks for exposure with X-ray lithography. 

The ultimate resolution of X-ray lithography is limited by penumbral 
blur and scattering. Diffraction is not a limitation for X-ray lithography 
because the wavelength of the light is close to atomic scale. Penumbral 
blur is a geometric effect related to imperfectly collimated sources. Even 
if the mask is perfectly opaque, a finite source will lead to shadowy edges. 
If the source size is d and the source-mask and mask-wafer distances are 
D and S, respectively, then from simple geometry the edge of the features 
on the mask will be blurred to a width 0 = d SID. In addition, the X-ray 
exposure process is mediated by photoelectrons generated when the radi­
ation is absorbed. These hot electrons travel in all directions depositing 
energy. As a result, the energy from an X-ray is deposited in a distribution 
around the incident point. In PMMA, 30nrn features have been made with 
X-ray lithography [11]. 

3.3 Particle beam lithography 

Electron beam lithography (EBL) is the most cornmon system for high­
resolution lithography. EBL systems can be separated into two classes of 
systems: those that write features serially, called scanning systems, and 
those that write in parallel, such as projection systems. 

EBL systems are attractive because the resolution is not limited by 
diffraction. Instead, the resolution is limited by scattering and proximity 
effects. When electrons interact with matter, they scatter either elastically 
or inelastically. Elastic scattering occurs primarily through scattering off 
nuclei and can result in large-angle scattering events. Inelastic scattering 
occurs primarily with electrons and is strongly peaked in the forward 
direction. Secondary electrons created in inelastic events are emitted pri­
marily perpendicular to the beam by conservation of momentum. These 
electrons can have an important contribution to broadening the width of 
the exposed resist. 
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Broadening due to scattering comes from a combination of large-angle 
scattering and secondary electrons. To limit the effects of scattering, most 
systems use very high electron energies [12]. The range of a 100keV elec­
tron in silicon is about 150 J1ffi. However, this is number is deceiving 
because it is the energy deposited by the electrons that is important, and 
this distribution is sharply peaked around the impact point. The energy 
deposited by electrons scattered to large angles contributes only to a very 
broad, very fiat background. The improved beam-forming characteristics 
of high-energy systems make them more popular. 

It is also possible to limit the effects of scattering by moving to very 
low energies. At 2keV, the electron range in silicon is a mere 150nm 
compared with 8 J1ffi at 20 ke V. This creates its own challenges, however, 
because it requires very thin resist schemes such as multilayer schemes or 
top surface imaging. These schemes are discussed later. 

3.3.1 Scanning electron systems 
Scanning systems use a small beam spot to expose the pattern a single 
pixel at a time. Unlike all other lithography systems described so far, 
direct-write EBL does not use a mask. The pattern is stored in a com­
puter and transferred through computer control of the electron beam. This 
makes direct-write systems very attractive for research and prototyping 
applications. Direct-write EBL and variable-beam-shape EBL (discussed 
below) are the primary tools for mask production for other forms of 
lithography. 

EBL has the highest resolution of any conventional lithography system 
and has widespread use in research applications. EBL regularly achieves 
20 nm resolution, as shown in Fig. 3.5, and some researchers have demon­
strated sub-lOnm resolution in polymer resists [13]. EBL is regularly used 
in research to fabricate devices. Many examples of high-resolution features 
are given in Section 3.4. 

All electron beam systems have three major components, namely, the 
source, the optics, and the stage. Electron sources available for lithogra­
phy are similar to those found in scanning electron microscopes. Electron 
sources are usually thermionic or field emission sources. Thermionic 
sources emit electrons by heating a filament until the thermal energy of 
the electrons can overcome the work function of the metal. Field emission 
sources pull electrons out of a very sharp tip by applying a large electric 
field to overcome the work function. Field emission sources are much 
brighter than thermionic sources and have a much smaller spot size. In 
addition, the energy spread of the emitted electrons from a field emission 
source is much smaller, which leads to lower chromatic aberrations. On 
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Figure 3.5: Gold dots (20nm) fabricated with conventional electron beam 
lithography. The exposure dose was approximately 13fC/dot at 100keV 
energy. The resist system was 100 nm of PMMA developed in 1: 3 MIBKlIPA 
and followed with Til Au liftoff. 

the other hand, field emission sources are more difficult to fabricate, 
require better vacuum conditions, and emit nonuniformly. The most 
popular sources currently (no pun intended) are LaB6 sources, which have 
the highest brightness of thermionic sources (106 Ncm3str) and require 
only moderate vacuum (10-6 torr). 

The electron optics consist of a series of apertures and electric and 
magnetic fields to shape and focus the beam. Nearest the filament are a 
series of electrostatic lenses to extract and collimate the beam. Next, mag­
netic coils are used to align the beam with the rest of the column, as well 
as to correct stigmation in the beam shape. The rest of the column usually 
consists of a series of apertures to limit the spot size, and magnetic lenses 
to focus and move the beam across the substrate. In addition, many 
columns have a beam blanker that can tum the beam on and off rapidly. 
There is a limit to how far the beam can be deflected on the substrate 
without introducing intolerable errors. As a result, the pattern is broken 
into fields, with each field small enough to be exposed by the column 
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without moving the substrate. The substrate must be stepped between 
fields for the entire pattern to be exposed. Typically, laser interferometers 
are used to monitor the stage position so that position errors can be com­
pensated for by deflecting the electron bearn. 

Scanning systems can be subdivided into vector scan and raster scan 
systems. Raster scan systems raster the bearn rapidly up and down while 
the substrate is slowly moved sideways. In the meantime, deflection plates 
in the column tum the bearn on and off according to the pattern stored in 
memory. In vector scan systems, the substrate is held fixed while the bearn 
is directed only to the areas to be exposed. The performance of the two 
systems is similar, although vector scan systems have a slight advantage 
in terms of speed. Because throughput is one of the limiting factors that 
prevents widescale application of EBL for device fabrication, there is a lot 
of effort to improve the speed. One scheme to improve throughput is 
to build arrays of electron microcolumns so that multiple fields can be 
exposed simultaneously [14]. Other schemes involve electron projection 
lithography, analogous to optical projection lithography. 

3.3.2 Electron projection lithography 
The major drawback of scanning systems is throughput. There are many 
alternative schemes being researched to create parallel electron bearn lith­
ography systems. These include variable-bearn-shape EBL, cell-projection 
EBL, projection EBL, SCALPEL, and protocathode-projection EBL. 

3.3.2.1 Electron-projection lithography 

Variable-bearn-shape EBL, cell-projection EBL, and projection EBL are 
all similar and use a mask or aperture to shape the bearn, which is then 
demagnified and focused on the substrate. In projection EBL, like its 
optical counterpart, the pattern is contained in a mask, which is placed in 
the path of the beam. Electron-projection lithography is attractive because 
both resolution and throughput are high. The major drawback is the 
masks, which are complicated. The short penetration depth of electrons 
precludes the use of fused silica as a mask. Either an absorber on a sub­
micron membrane or a stencil mask can be used. Stencil masks consist of 
transmission windows in 20.um-thick silicon membranes. These masks are 
difficult to make, are fragile, and have serious problems with heating and 
distortion. 

In cell-projection lithography, the mask is made up of a small number 
of general shapes such as squares, rectangles, and triangles. A computer 
is used to break the pattern up into these general shapes and to expose 
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each shape in the appropriate place. Throughput is increased in cell 
projection lithography because although each shape is exposed serially, 
each shape would take hundreds or thousands of pixels in a direct-write 
approach. This method is particularly attractive for DRAM production, 
where the pattern consists of a small number of shapes to be replicated 
many times. Lithography at 0.18 J1ffi has already been demonstrated, and 
0.15J1ffi resolution should be possible [15]. Variable-beam-shape lithogra­
phy is essentially the same except that the mask is a large square aperture. 
The aperture is used to partially intercept the beam, resulting in a wide 
range of rectangles and squares. 

3.3.2.2 SCALPEL 

SCALPEL stands for Scattering with Angular Limitation in Projection Elec­
tron Lithography. This method uses a new type of mask for electron­
projection lithography [16]. The SCALPEL technique uses a translucent 
mask with a thin layer of high-atomic-number absorbing material on a thin, 
low-atomic-number membrane. As electrons pass through the mask, they 
scatter, resulting in an angular distribution of electron velocities. The 
nature of electron interactions with matter implies that the scattering 
angles from the absorbing material will be much larger. An aperture can 
be used to distinguish between the large and small scattering angles so 
that only electrons scattered through small angles contribute to the ex­
posure. SCALPEL masks are much more robust and simpler to construct 
than conventional electron beam masks. Conventional EBL masks use 
thick, freestanding absorption layers that are fragile and difficult to make. 
These absorption layers completely block the beam to prevent exposure. 
Consequently, heating and distortion are a problem. SCALPEL masks are 
only used to scatter and not absorb the electrons. Therefore, very little of 
the incident energy is absorbed by the mask, leading to lower distortions. 
Features as small as 80 nm have been resolved in a prototype 4: 1 reduc­
tion system at Bell Laboratories [17]. This system can expose a 1 cm2 

field in parallel and has a depth of focus of 75 J1ffi for 0.25 J1ffi features. 
Masks for this system consist of 50nmCr/W on a 0.15J1ffi silicon nitride 
membrane. 

3.3.2.3 Charged-particle proximity printing 

There has been a recent revival in electron proximity printing [18]. This 
technique, sometimes called photocathode electron-projection lithogra­
phy, uses a mask that is also an electron source. The mask, which is a pat­
terned photocathode, is brought into close proximity with the substrate 
and illuminated with a UV source. UV photons eject electrons from the 
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smface of the cathode via the photoelectric effect. The ejected electrons 
are emitted with a random velocity but can be focused onto the substrate 
with a combination of electric and magnetic fields. This technique has 
several interesting aspects. First, it is a parallel electron beam technique 
and therefore has the speed of parallelism with the immunity to diffrac­
tion of electron lithography. Second, it is a 1 : 1 mask-based technique. This 
implies that submicron resolution in the pattern requires submicron reso­
lution in the mask Third, because photoemission is a smface phenome­
non, the mask is very sensitive to smface conditions and contamination. 
With this technique, Saville and coworkers have demonstrated 110-550nm 
features with a large depth of focus using a gold photocathode [18]. 

3.3.3 Ion beam systems 

Ion beam lithography is another candidate for high-resolution lithography. 
Ion beam lithography is similar to electron beam lithography except that 
the beam is made of ions. This has certain advantages over electron beam 
lithography. The penetration depth into a substrate is much shorter for an 
ion than for an electron. This reduces the proximity effect and implies that 
a larger fraction of energy in the beam will expose the resist rather than 
be wasted in the substrate. However, ion beam lithography has its own set 
of challenges. 

There are primarily three approaches to ion beam lithography being 
researched. These are focused ion beams, which resemble scanning elec­
tron beam lithography; proximity masked ion beam lithography; and ion­
projection lithography. 

Focused ion beam (FIB) lithography is a serial technique like its 
electron counterpart. As such, FIB lithography is slow for large-scale lith­
ography. FIB has the advantage over electron lithography in resist sen­
sitivity, and therefore throughput. FIB lithography does not have any 
advantage in resolution because the probe size for focusing ions is cur­
rently limited to ""'lOnm spot size. Minimum feature sizes around 20nm 
have been achieved with a Ga liquid metal source used to sputter gold 
surfaces [19]. 

Proximity printing requires a mask that is transparent to ions in the 
regions to be exposed and opaque elsewhere. The short penetration depth 
that makes ion beam lithography attractive implies that masks must be 
made of thin, freestanding stencils. Stencil masks for ion lithography are 
fabricated by etching transmission windows in 111m freestanding mem­
branes [20]. Because proximity printing is a 1: 1 system, submicron reso­
lution requires submicron windows in the mask, and because the mask is 
exposed to the same power density as the substrate, mask heating, dis-
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tortion, and etching are problems. On the other hand, extremely well­
collimated beams can be achieved, so penumbral blur is much less of a 
problem than in X-ray lithography. Mask-wafer separations larger than 
1 mm are possible with a blur of only 30 nm. This is a large advantage over 
X-ray lithography, which requires separations on the order of 10 /lffi. In 
addition, ion beam sources are compact and cheap in comparison with 
synchrotrons. The disadvantage of ion beam lithography lies in the stencil 
masks, which are more costly and more fragile than X-ray masks. 

Ion beam projection lithography (lPL) will ameliorate some of the 
drawbacks of stencil masks. In IPL, the ion beam illuminates the mask at 
low energy (a few keY), reducing the damage to the mask from ion etching 
and milling. After the mask, the beam is accelerated and focused on the 
substrate with 5: 1 or 10: 1 demagnification. With IPL, nanometer resolu­
tion with a high depth of focus (>1O/lffi) can be achieved. A projection 
system with five-times reduction at the wafer has been built by a collabo­
ration at IMS in Germany. This system has demonstrated a resolution of 
0.2.um over topographies as high as 0.5um [21]. The five-times reduction 
implies that critical features in the mask are much easier to fabricate, 
and the energy absorbed by the mask is reduced by a factor of 25. However, 
the optics for ion-projection lithography are not as good as those for 
projection electron beam lithography. 

3.3.3.1 Neutral atom lithography 

Neutral atom beams have recently been developed as new systems for lith­
ography. Neutral atom beams, like ion beams, are not limited by diffrac­
tion. Unlike ion beams, neutral atom beams do not suffer space charge 
effects, which limit the current in charged-particle lithography systems. 
Sub-l00nm features have been fabricated by patterning substrates with 
metastable atoms. Metastable atoms are excited to an upper electronic 
state while still electrically neutral. Metastable atomic beams such as Ar 
or He have internal energies of 12 and 21 eV, respectively, which is suffi­
cient to expose electron beam resists. Metastable beams have been used 
to exposed alkanethiol SAMs on gold. Patterning can be achieved with 
either a physical mask or optical focusing. For example, 80 nm features 
have been demonstrated with a stencil mask in close proximity with the 
substrate [22]. Neutral atom beams can also be focused and collimated 
with laser beams. The same techniques that are used to optically cool 
and trap atoms can be used to collimate the beam and focus it on the sub­
strate. Celotta and coworkers have used a standing wave pattern to directly 
deposit chromium in lines 38nm wide (FWHM) on a 213nm pitch as well 
as chromium dots 80nm in diameter [23]. 
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3.4 Resists-polymer, TSI, CAR, SAM, 
and inorganic resists 

Equally important with the exposure tool is the resist! developer system. 
Two important performance gauges for a resist are sensitivity and resolu­
tion. Sensitivity is a measure of how much energy is required to expose 
the resist. This is the critical dose for exposure, D, measured in mJ/cm2 

[24]. Contrast is used as a proxy for resolution. Contrast is a measure of 
how quickly a resist switches from unexposed to completely exposed. An 
ideal resist will be unexposed below a critical threshold of dose, D, and 
completely exposed above threshold. In practice, the crossover will have 
a finite width. The resist will be essentially unexposed below some lower 
bound, Do, and totally exposed above some upper bound, D1• In between, 
the resist will partially dissolve in developers. A resist with poor contrast 
will not create sharp features. 

Resist development processes have received relatively little attention 
in published research, although they have important effects on resolution 
and sensitivity. Bernstein and coworkers have reported a detailed study 
of developers for PMMA, the archetypal electron beam resist [25]. They 
demonstrated that choice of developer and developer temperature can 
have an exponential effect on contrast. 

Some resists such as PMMA have a single ingredient, while others are 
made of multiple constituents. A typical photoresist contains two parts, 
namely, a resin and a photosensitive compound. The exposed areas of the 
resist are rendered either more soluble (positive tone) or less soluble (neg­
ative tone) in developer. In positive-tone photoresists, the photosensitive 
compound is insoluble in water until exposed. Exposure causes a che­
mical rearrangement into an acid that is soluble in weak bases. Some 
resists, such as PMMA, can be either positive or negative in tone. Low 
levels of electron exposure break the long polymer chains into smaller mol­
ecules that are more soluble (positive tone). Eventually, high doses 
crosslink the polymer fragments, rendering the exposed area less soluble 
(negative tone). 

Lithography on substrates with preexisting topography poses its 
own challenges. Most resists are spin coated. In this process, the resist is 
deposited in solution in the middle of a substrate, which is then spun at 
2-6 krpm. Spinning the substrate at high speed spreads the resist to a 
uniform thickness and drives off the solvent. Topography causes variations 
in the resist thickness that can lead to underexposure or overexposure. 
Immediately next to a step in the substrate, the resist will be piled up 
higher, and on top of the step the resist will be thinner. One solution is to 
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use a resist thickness twice the maximum topography on the substrate. 
There are three important considerations when considering the thickness 
of the resist. The first, as was just discussed, is topography. Second, the 
depth of focus of the exposure tool must be longer than the resist is deep. 
And third, there is a practical limit to the aspect ratio that can be achieved 
for very small features. 

Topography is not much of a problem with X-ray or ion beam lithogra­
phy. The resolution in these systems is limited by penumbral blur, which 
can be made very small. On the other hand, electron beam lithography is 
limited by scattering, which leads to larger feature sizes in thicker resists. 
Topography is also a problem for DUV and EUV lithography. Most organic 
materials strongly absorb DUV and EUV radiation so that only the top layer 
of a thick resist is exposed. 

There are resist schemes that take advantage of this short penetration 
depth. Multilayer schemes typically use a thin resist spun on a thin etch 
mask on top of a thick planarizing layer. The upper layer is patterned 
with lithography and then used as a mask to etch the lower layers. 
These schemes can be complicated, and many different examples can be 
found in the literature [26]. A second resist scheme is called top surface 
imaging (TSD. 

3.4.1 Top surface imaging 

In TSI, a thick resist layer is used to cover the topography of the wafer. In 
the subsequent exposure, only the top fraction of the resist is exposed via 
electron beam or photolithography. Next, silicon is incorporated into the 
exposed or unexposed region in a process called silyation. The incorpo­
rated silicon reacts with the resist to form a hard crust. The resist is "devel­
oped" with an O2 etch that completes the pattern transfer by preferentially 
removing the nonsilyated resist. TSI has been used to demonstrate -50 nm 
resolution in an experimental chemically amplified resist. Figure 3.6 shows 
an SEM image of 67nm resolution in an experimental resist [27]. TSI 
has also been used with 193nm photolithography to demonstrate 150nm 
features. Current challenges to developing TSI processes are linked to the 
silicon diffusion step, which is extremely non-Fickian. Consequently, the 
TSI process needs to be well characterized in order to control critical 
dimensions and edge roughness. 

3.4.2 Chemically amplified resists 
Photolithography at 193 nm requires significantly more complicated resist 
schemes because conventional photo resists are not very sensitive to DUV 
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Figure 3.6: A 1.2.um TSI resist with 67nm lines. The resist was exposed at 
2 ke V, silyated, and etched with an O2 plasma. Reprinted in part with 
permission from [27] (© 1997 American Institute of Physics). 

radiation. Special chemically amplified resists (CAR) have been developed 
to increase sensitivity. These resists contain a compound called a pho­
toacid generator that decomposes when exposed to light. During post­
exposure bake, the decomposition product initiates a cascade of chemical 
transformations, which render the resist more soluble in developer. 
Although these resists are very sensitive to radiation, they can be poisoned 
by atmospheric contamination and are very sensitive to the temperature 
and duration of the postexposure bake. 

3.4.3 Self-assembled monolayers 

Self-assembled mono layers (SAMs) are monolayers formed by the attach­
ment of single organic chains in an ordered arrangement on a substrate 
surface. They take advantage of the ability of nature to form highly ordered 
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monolayers if the interaction energy is high enough. The monomer of a 
SAM consists of three parts: the foot, which binds to the surface; the body; 
and a head, which fonus the new surface. For example, octadecyl­
trichlorosiloxane (OTS) has a trichlorosilane foot, SiCla, which binds to 
silicon oxide; an alkane body (CH2)17; and an alkane head, Clla, which is 
hydrophobic. One of the most powerful features of SAMs is the ability to 
mix and match foot, body, and head components to find the right func­
tionality. Silanes bind to silicon and silicon oxide, whereas thiol groups 
bind to GaAs and Au. Halides, oxygen, and coI\iugated bonds have been 
added to the body to improve the threshold for electron beam exposure. 
Alkyl-tennmated SAMs are extremely hydrophobic and therefore form 
good etch masks for aqueous-based wet etches, whereas amine groups 
have been used for ligation sites for certain molecules as well as for the 
selective adhesion of biological materials. 

SAMs have demonstrated high resolution, are sufficiently robust as an 
etch mask, and are compatible with electron beam lithography, STM lith­
ography and microcontact printing. The most extensively studied SAMs are 
based on alkanethiols, such as octadecanethiol (ODT), which form SAMs 
on Au. Because of the high binding energy between the monomer and the 
substrate, exposure of a gold substrate to ODT in hexadecane results in 
the rapid self-assembly of the thiol as a chemiabsorbed monolayer. Thiol 
SAMs on gold are 1-2 nm thick, have a lattice structure with a periodicity 
-0.2 nm, have a low defect density, and are relatively inert. 

OTS monolayers on Si02 and ODT monolayers on GaAs have been 
exposed with electron beam lithography [28]. The monolayers act 
as a self-developing positive electron beam resist, with sensitivity com­
parable with PMMA. The exposure mechanism is suspected to be C-C 
and C-Si scission by secondary electrons. In both types of monolayers, 
25nm lines have been written with a 50nm commercial electron beam 
system. Buffered hydrofluoric acid (6: 1) was used to transfer exposed 
patterns 53 nm into Si02• To test the ultimate resolution of SAMs as 
an electron resist, Lercel and coworkers exposed an alkanesilane SAM 
with a high-resolution SEM [29]. The FWHM of the beam was approxi­
mately 2nm at 20kV. Figure 3.7 shows feature sizes of 6--7nm with this 
technique. 

3.4.4 Inorganic resists 

Inorganic resists are not widely used, although they have demonstrated the 
highest-resolution electron beam lithography. Figure 3.8 shows an array of 
holes directly etched in an inorganic resist, AlF 3. The hole diameters are 
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Figure 3.7: AFM image of 6--7 nm dots exposed with a Zeiss 982 SEM at 
20 ke V. The pattern is of the SAM itself and has not been transferred into 
the substrate. The image on the left is in noncontact-mode AFM and the 
one on the right is friction mode. Reprinted in part with permission from 
[29] (© 1996 American Institute of Physics). 

1.5-2nm, with a center-to-center spacing of 4nm [30]. Electron beam expo­
sure causes the AIF3 to dissociate, resulting in F2, which evaporates, and 
AI, which diffuses through the resist. These resist systems have such high 
resolution because only the primary electron beam has sufficient energy 
to initiate the dissociation, and therefore the resolution is limited only by 
forward scattering of the beam. However, this means that the critical dose 
is some five orders of magnitude higher and throughput is correspondingly 
lower. 

3.5 Soft lithography 

Soft lithography is a term coined by Whitesides [31] to encompass a new 
group of lithography methods. The term refers to elastomeric stamps and 
molds, which are central to these techniques, as well as to the mechanical 
properties of organic materials in general. Techniques included under this 
umbrella are micro contact printing of SAMs, transfer molding, conformal 
phase-shift lithography, photopolymerization, and imprint lithography, 
among others. 
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Figure 3.8: A scanning electron microscope image of an array of 1.5-2 nm 
features exposed in 80nm of an inorganic resist, AlF3, with a 100keV 
STEM. The walls of the holes are plated with aluminum. Reprinted in part 
with permission from [30] (© 1996 American Institute of Physics). 



120 LITHOGRAPHY FOR NANOSTRUCTURE FABRICATION 
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(c) 

(d) 

Figure 3.9: Microcontact printing starts with (a) a master that is (b) 
covered in prepolymer. After curing ( c), the stamp is released and (d) 
coated with ink. The substrate is (e) stamped, and when the stamp is 
removed (f), only the pattern remains. 

3.S.1 Microcontact printing (,uCP) 

pCP starts with a rigid master with the inverse of the desired pattern 
engraved on its surface. The master is used to cast an elastomeric replica, 
which in tum is used as a stamp to reproduce the pattern. Figure 3.9 shows 
a schematic of microcontact printing. Silicon, silicon oxide, and even pat­
terned PMMA on Si have been used as masters. To create the stamp, the 
mask is covered with an antistick coating. An elastomeric monomer, 
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usually dimethyl siloxane, is poured into the mold and cured at an elevated 
temperature. After polymerization, the elastomer stamp can be peeled 
away from the master and coated with "ink," such as an alkanethiol or alka­
nesilane for printing SAMs or a protein for biological experiments. The 
stamp is used to replicate the pattern by simply bringing it in contact with 
a substrate. Only ink from the embossed regions of the stamp is transferred 
to the substrate. 

With j1CP it is possible to print a pattern with subrnicron features 
over square centimeters. j1CP of a thiol SAM on gold has reproduced 35 
nm trenches and 100nm gratings [32]. These patterns were robust enough 
to be transferred into the substrate with a wet CW/02 etch. Alkanesilane 
monolayers have been stamped onto Si and metal oxide surfaces. Patterns 
have been transferred into metal oxides with a Cl-based RIE or into Si with 
HF and KOH [33]. Figure 3.10 shows an image of 100nrn lines on gold 
fabricated with j1CP [34]. 

j1CP has several interesting features. First, j1CP is parallel lithography 
over large fields. Second, the resolution is limited by the mechanical 
strength of the surface relief. This implies that trenches can be formed with 
greater resolution than lines. Lastly, because the elastomeric stamp forms 
a conformal contact, long wavelength topography is not a problem. Stamps 
have even been used to pattern spherical and cylindrical substrates (e.g., 
optical fibers). 

In a variation on a theme, Rogers and Whitesides [35] have reported 
the use of an elastomeric mask as a phase mask to produce sub-100 nrn 
lines in photoresist with an incoherent light source. This technique, termed 
conformal phase-shift lithography, is based on the intensity modulation 
in the near field of light passing through a transparent substrate with 
surface relief. If the depth of the surface relief shifts the phase of the light 
by an odd multiple of n, then waves passing through the embossed regions 
will interfere destructively with waves passing through the engraved 
regions. The intensity at the edge of the embossed pattern is reduced to 
zero within a region of width on the order of one quarter the wavelength 
of the light. To implement this technique, an elastomer mask was brought 
into conformal contact with a substrate coated in photoresist. Exposure 
of the resist through the mask produces lines in positive-tone resist and 
trenches in negative-tone resist. In this way, 90nrn lines and 100nrn dots 
have been made. 

3.5.2 Photopolymerization 

Another method is photopolymerization. In this technique, the master is 
brought into contact with a bare transparent substrate, and a thin polymer 



122 LITHOGRAPHY FOR NANOSTRUCTURE FABRICATION 

Au/SAM Si/Si02 

~ t 

~ r-- 2.5 11m 
I J 
I I 
I I 
II 
II 

~j.--- 1 00 nm 



SCANNED PROBE METHODS OF LITHOGRAPHY 123 

layer is drawn between the master and the substrate via capillary action. 
The polymer is subsequently cured with UV light and the master removed. 
Terris and coworkers at IBM have used a rigid master to successfully repli­
cate 50 nm features and have promoted this method as a way of replicat­
ing ultradense CD-ROMs [36]. Current CD-ROMs have a bit density of 
approximately 0.1 Gbit/cm2• In comparison, 50nm features imply a bit 
density of 10 Gbit/cm2• Whitesides and coworkers have used this tech­
nique with an elastomeric master to fabricate field effect transistors on 
GaAs [37]. 

3.5.3 Imprint lithography 

The last method discussed here is imprint lithography. Like all soft li­
thography techniques, it begins with a rigid master formed with some 
other process. A thin layer of resist such as PMMA is deposited on a sub­
strate, and the master is brought into contact and pressed down with 
600-1,900psi. While the master is in contact, the resist is heated above its 
glass transition temperature, allowing the polymer to reflow and conform 
to the master. To prevent air bubbles, the best imprint lithography is 
done in vacuum, and mold release agents should be added to the resist 
to prevent adhesion of the resist to the master. Chou and coworkers 
have demonstrated 25nm features created uniformly over 1 cm2 [38]. They 
have also demonstrated 10nm AulPd liftoff using PMMA patterned with 
imprint lithography. Figure 3.11 shows a master and its replica with 100 
nm features. 

3.6 Scanned probe methods of lithography 

3.6.1 STM 

Scanning microscopies such as scanning tunneling microscopy (STM) , 
atomic-force microscopy (AFM), or near-field scanning optical microscopy 
(NSOM) were originally designed to image surfaces with high resolution. 
Recently, these techniques have been developed to include surface modi­
fication with the same resolution. In the case of STM, this has reached the 

Figure 3.10: Scanning electron micrograph of 100 nm lines formed with 
J.lCP. The ink was an alkanethiol SAM stamped on a gold substrate. The 
initial pattern was 2.5J.lm wide but was allowed to spread until 100nm 
features were formed. Reprinted in part with permission from [34] (© 1995 
American Chemical Society). 
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ultimate objective of atom-by-atom control. The major limitation of 
scanned probe methods of lithography is throughput. Maximum writing 
speeds are often on the order of 1 mmls or approximately 0.1 MHz repeti­
tion rates (assuming a 5nm pixel), which should be compared with 25 MHz 
repetition rates in state-of-the-art electron beam lithography systems. 

3.6.1.1 Selective oxidation 

The most common STM lithography technique employs an electrically con­
ducting tip to selectively oxidize regions of a sample. Silicon makes a 
good substrate for this because it can be passivated easily in HF, it oxi­
dizes easily, and selective etches for Si versus SiOx are welllmown. Clean­
ing a Si substrate with hydrofluoric acid (HF) removes the native oxide 
formed in atmosphere and terminates the surface with a monolayer 
of hydrogen. An STM tip or a conducting AFM tip operated in air anodi­
cally oxidizes the surface. This process resembles a conventional electro­
chemical oxidation, with the STM tip as the cathode and ambient humidity 
as the electrolyte. In this manner, the sample surface can be locally oxi­
dized with a lO-lOOnm resolution. Dagata and coworkers demonstrated 
100nm lines [39]. Features 60nm wide and 300nm deep have been created 
using a 1 nm-thick oxide as a mask for a wet chemical etch, and features 
10nm wide and 30nm deep have been etched with an ECR-reactive ion 
etch [40]. 

Systems other than silicon have also been patterned. Titanium, 
chromium, and aluminum can all be locally oxidized. Aluminum can be oxi­
dized to form Al20 3, which is an effective insulator. Al wires 5-Snm thick 
and 1 J1ffi wide have been selectively oxidized to define narrow constric­
tions 40 nm wide by 500 nm long. This technique is especially promising for 
the fabrication of Coulomb blockade devices. These channels were further 
oxidized to form point contacts that demonstrated quantized conductance 
at room temperature [41]. Matsumoto and coworkers have used selective 
oxidation in titanium to define isolated metal islands that function as 
Coulomb blockade devices at room temperature [42]. Figure 3.12 shows 

Figure 3.11: Master and replica with 100nm features formed with imprint 
lithography. The original master (a) was fashioned using a bulk Si wafer, 
electron beam lithography for patterning, and a reactive ion etch to achieve 
a relief pattern -400nm deep. The replica (b) shows the inverse of the 
pattern formed in PMMA after compression and reflow at 170C. Courtesy 
of R. Tiberio. 
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Figure 3.12: Atomic-force microscope image of a single-electron transistor 
fabricated with selective-oxidation STM lithography. The narrow TiOx lines 
defining the island are 15-25nm wide by 30-50nm long. Reprinted in part 
with permission from [42] (© 1996 American Institute of Physics). 

an AFM image of a single-electron transistor (SET) made by the nano­
oxidation process. 1\\'0 narrow lines of TiOx were written to define an 
island between the source and the drain. The TiOx lines are typically 15-25 
nm wide, and the island is roughly 30-50nm by 35-50nm. The thickness 
of the Ti is less than 3 nm. Figure 3.13 shows drain current-voltage char­
acteristics and conductance of the SET at room temperature. 

Even though GaAs does not form as useful an oxide as silicon, selec­
tive oxidation has been done on a thin amorphous Si capping layer on GaAs 
and transferred into the substrate. In this scheme, silicon is effectively 
acting as a resist to pattern the GaAs, and 100nm MOSFET gates have been 
constructed this way [43]. Spin-on-glass is another material that has been 
successfully patterned with an STM [44]. The patterning mechanism is 
thought to be decomposition of methyl groups bonded to the Si-O back­
bone. This results in different etch rates in BHF between patterned and 
unpatterned regions. Linewidths as narrow as 40 nm have been demon­
strated at writing speeds of 1 mm/s. Although the minimum feature size in 
air is limited to about 10 nm, atomic-scale resolution has been demon­
strated operating the STM in ultrahigh vacuum (UHV). Figure 3.14 shows 
linewidths as narrow as 2nm on a Si (100) surface [45]. 
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Figure 3_13: Drain current-voltage and conductance-voltage characteris­
tics of the SET in Fig. 3.12 at room temperature. Four Coulomb staircases 
of -15 m V period are observed_ Reprinted in part with permission from [42] 
(© 1996 American Institute of Physics). 

3.6.1.2 STM patterning of SAMs and organic resists 

STM can be used to expose conventional electron beam resists. McCord 
and coworkers have patterned 20 nm lines in PMMA with an STM and have 
used the resulting pattern for AulPd liftoff [46]. Dobisz and coworkers have 
demonstrated 27nm lines in SAL-601, a common negative-tone electron 
beam resist, with an STM [47]_ Wilder and coworkers have used a modi­
fied AFM with a conducting tip to pattern a 60nm layer of SAL-601 [48]. 
Their modified AFM was operated in contact mode and used the cantilever 
deflection to observe the topography while a negative bias between the tip 
and substrate caused electrons emitted from the tip to expose the resist 
on the substrate. In this way, 100 nm features were easily achieved and 
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Figure 3.14: Near-atomic resolution for lithography achieved with UHV 
STM. The Si substrate is initially passivated with a monolayer of hydrogen. 
The STM patterned area appears brighter because the unpassivated Si has 
a higher density of states available for tunneling. Reprinted in part with 
permission from [45) (© 1997 IEEE). 

features as small as 41 nm have been written. Because the tip follows the 
topography on the substrate, topography is not an issue from a lithographic 
standpoint. Writing speeds up to 3 mmls have been demonstrated. 

Self-assembled monolayers (SAMs) are also compatible with STM lith­
ography. SAMs, described above, are monolayers formed by the attachment 
of single organic chains in an ordered arrangement on the substrate surface. 
Alkanethiols, such as hexadecanethiol (HDT), have a thiol foot, which 
binds to gold surfaces, and a hydrophobic head, which protects against 
aqueous-based wet etching. HDT has been used as an etch mask against a 
CN-/02 aqueous wet chemical etch [49). Gold exposed to O.IM HCN in 1M 
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KOH saturated with oxygen etches at a rate of several angstroms per 
second, whereas regions protected with a monolayer ofHDT etch 106 times 
slower. Exposure with an STM disrupts the SAM, allowing selective etch of 
gold underneath. Lines 10-20 nm wide have been etched into 10 nm Au with 
this method, with a writing speed of 200I1m/s. 

Marrian and coworkers have demonstrated selective electroless plating 
with STM lithography [50]. When a SAM contains a head that is also a 
ligand for a metal catalyst, a metal film can be built on the SAM. STM expo­
sure can disrupt the ligand group so that plating does not occur. This 
results in a selective deposition of a metal film in the unexposed area. 
PEDA forms a SAM with an ethyl diamine head. Ethylene diamine can bind 
with a Pt catalyst that in turn acts as a nucleation site for Ni electroless 
plating. With this method, linewidths down to 20nm have been 
demonstrated. 

3.6.1.3 Single-atom manipulation 

No discussion of STM nanofabrication would be complete without mention 
of single-atom manipulation. D. Eigler and E. Schweizer demonstrated in 
1990 the use of a low-temperature STM to position Xe atoms [51]. Since 
that time, lines and corrals [52] of atoms have been widely publicized. The 
force applied by an STM tip was used to physically assemble atoms on the 
surface into different configurations. The potential for atomic control for 
fabrication of devices is clear. However throughput is severely limited with 
this technique. 

3.6.2 AFM contact methods 
AFM tips have been used to scratch metal surfaces to create weak links in 
superconducting films. The probe tip is simply moved across the thin metal 
film under high loading forces. Microbridges only 10-20nm thick have been 
fabricated in this way [53]. This technique is of limited value, since even 
silicon nitride tips are quickly eroded with this method. 

Mamin and Rugar at IBM have developed thermomechanical writing 
with an AFM tip. In this method, the tip of the AFM is operated in contact 
mode with a polymer-coated wafer. To pattern the wafer at a particular 
point, the tip is heated either with an external laser pulse [54] or with a 
pulse of current through an integrated resistor [55]. The heated tip causes 
the polymer coating on the substrate to soften, and the force from the tip 
on the softened polymer creates a depression that becomes permanent 
when the polymer cools. Figure 3.15 shows pit sizes fashioned this way on 
the order of 120nm and 15nm deep. This method has been promoted as a 
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Figure 3.15: Pits formed in a polymer layer with an AFM tip. To pattern the 
polymer, the tip is momentarily heated, which softens the polymer and 
allows it to deform. The pits are on the order of 120 nm across and 15 nm 
deep. Reprinted in part with permission from [54] (© 1996 American 
Institute of Physics). 

fabrication technique for ultradense CD-ROMs, although patterns created 
in this way could conceivably be used as a mask for further RIE or wet 
chemical etching. 

3.6.3 Near-field optics 

The final scanned probe technique that will be mentioned here employs 
near-field scanning optical microscopy (NSOM) to pattern media. NSOM 
beats the diffraction limit by scanning within a few nanometers of the 
surface. To date, NSOM has not been used as a lithography tool. 

NSOM has been used to read and write data in magneto-optical (MO) 
materials. In MO applications, light from the probe heats the substrate 
above the Curie temperature, resulting in the formation of a domain with 
the magnetization aligned in the opposite direction. Betzig and a group at 
AT&T employed a tapered fiber optic fiber coated with 100nm AI as an 
NSOM probe. The tapered fiber was drawn in a commercial puller to have 
a final aperture 20 nm diameter. The probe was brought within 10 nm of the 
surface using a conventional scanning probe feedback loop and raster 
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scanned across the surface. With this probe, they were able to image 
features with a resolution of 12nm [56] and write 60nm features with a bit 
density of 45 Gbitlin2 [57]. Conventional MO technology has a density of 
-1 Gbitlin2• 

While this technique is promising, the optical throughput in pulled fiber 
probes is limited. Heat-induced damage of the tip limits the maximum 
intensity that can be coupled into the probe to approximately 15 m W. The 
output efficiency is tremendously poor, on the order of 10--6. A conventional 
optical resist has a critical dose on the order of 50mJ/cm2• With this effi­
ciency, NSOM could only write 30 pm2/s. In other words, assuming a 50 nm 
pixel size, the repetition rate would be limited to about 12 kHz, which is 
not practical. However, recent innovations suggest that the prospects 
might be improving for NSOM. Recently, two groups have reported a tech­
nique to improve the output efficiency by 103 [58]. The tips are formed with 
a wet chemical etch and have a diameter of approximately 70 nm. Further 
improvements in size and output efficiency might make NSOM a practical 
low-cost photolithography research tool. 

3.7 2D crystals 

Throughput remains a challenge for high-resolution electron beam lithog­
raphy. In addition, feature sizes less than 20 nm or periods less than 50 nm 
are not easy to make. While these feature sizes are possible with scanning 
probe techniques, the speed is even worse. For those cases where the sub-
20 nm features are periodic and require only coarse alignment, naturally 
occurring lattices, which exhibit self-assembly and parallel fabrication, are 
attractive. 

Douglas and Clark at the University of Colorado [59] have used crys­
talline monolayers to provide relief for an angled evaporation. Their 
protein forms a lOnm-thick 2D triangular lattice with a period of 22nm. 
The lattice is porous with a mling factor of 300;6. Evaporation of Ti/W at 
an angle of 40 degrees highlights the topography of the lattice. Fast-atom 
beam milling resulted in a Inm-thick Ti/W mm with 15nm diameter 
holes on a 22-nm period. This screen can be transferred into the 
substrate or charged to promote selective chemisorption in the holes in 
the lattice. 

Park and coworkers at Princeton have demonstrated successful trans­
fer of patterns formed in self-assembled diblock copolymers onto a sub­
strate (Fig. 3.16) [60]. Diblock copolymers consist of two polymer chains 
connected with a covalent bond. With the correct choice of chain length, 
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Figure 3.16: SEM image of holes etched into germanium. The original 
pattern was self-assembled in block copolymers and transferred into a 
nitride film. The pitch is approximately 40nm. Reprinted in part with per­
mission from [42] (© 1998 American Institute of Physics). 

the polymers will spontaneously self-assemble to form an ordered lattice 
of micelles over a large area. Because the blocks have different chemical 
composition, it is possible to selectively process one block relative to the 
other. Hexagonal lattices with a 30nm pitch have been transferred 15nm 
deep into SiN4 with this method. Both positive- and negative-tone pro­
cesses are possible over areas as large as 45cm2• 

There are several advantages to this approach to nanostructure fabri­
cation. First, the processing is parallel; the lattice is assembled in one step. 
Second, natural lithography has a much higher resolution than can be con­
veniently achieved with electron beam lithography. On the other hand, 
because the lattice grows spontaneously everywhere, the lattice is com­
posed of many different grains with many defects. Lastly, arbitrary struc­
tures are not possible; instead, devices must be designed around existing 
structures in nature. 
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3.8 The future of lithography 
It is important to distinguish between the future of industrial lithography 
and lithography in a research environment. The future of industriallithog­
raphy is still uncertain but will have few surprises. The SIA Technology 
Working Group has put a lot of effort into listing possible technologies for 
sub-lOO nm lithography and breaking each technology down into smaller 
research areas to be developed. Competing technologies include EUV pho­
tolithography, X-ray lithography, electron beam lithography, SCALPEL, and 
ion beam lithography. Several research projects are working on the prob­
lems facing these technologies so that the semiconductor industry can 
maintain its historical trends in feature size and other critical parameters. 

The immediate successor to conventional (248nm) lithography will be 
193nm lithography along with chemically amplified or top surface imaging 
resists, phase-shift masks, and high NA optics, which will produce 100nm 
features. After 193 nm lithography, EUV and X-ray lithography will probably 
be employed for 70nm features, but eventually, for the highest-resolution 
features, industry will have to turn to charged particle lithography of some 
kind. This may be scanning EBL, projection EBL, SCAPEL, or IPL. 

Moore's law predicts that the minimum feature size in industry 
decreases exponentially with time. It is this historical trend that has led 
the SIA to predict 130nm lithography will be in industrial use by 2003. 
However, exponential growth cannot continue indefinitely in any field, and 
eventually there will be a crossover from exponential growth to zero 
growth. This crossover in industrial lithography will probably occur at 
or before 20nm. This kind of resolution will probably require charged­
particle lithography. 

The future of lithography in research is very exciting. Most prototyp­
ing and research-scale fabrication, where throughput is not an issue, will 
continue with scanning electron beam lithography. With care and a little 
money, almost any high-resolution SEM can be converted for electron 
beam lithography with 25 nm resolution. However, in the future we expect 
to see devices and circuits made with unconventional technologies. In the 
future we can expect to see the first devices and circuits constructed on 
an atom-by-atom basis. In addition, STM oxidation will provide inexpen­
sive fabrication that will make research into quantum structures more 
accessible. Further in the future, there is the possibility that NSOM will 
develop into an inexpensive tool for in-the-lab high-resolution photolitho­
graphy. NSOM has the potential to provide photolithography with a reso­
lution better than 50nm outside of a clean room for the cost of a laser 
system and some electronics. This will allow research into quantum struc­
tures to take place in every university laboratory. 
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In addition, microcontact printing and other soft contact techniques 
will allow the rapid reproduction of large fields for only the cost of a 
master image. Microcontact printing will allow lithography by nonexperts 
away from a clean room environment. There is a caveat that any process 
design seeking to use microcontact printing or any other contact technique 
must be defect tolerant. Any contact between the substrate and mask 
always creates defects and reduces the life of the mask. On the positive 
side, microcontact printing allows the possibility of lithography on sub­
strates with large long-wavelength topography, even including fibers or 
spheres. 

3.9 Conclusions 

We are closer than ever to having the ability to control material structure 
down to atomic dimensions. Quantum systems, magnetic nanostructures, 
and biological systems all require dimensions on the order of 10 nm. This 
is generally not possible with conventional lithographic systems, although 
the gap is closing rapidly. The SIA roadmap predicts that 100nm critical 
dimensions will be available for industrial-scale production within 10 
years. Although many conventional techniques are rapidly approaching 
sub-lOO nm resolution, each technology has its own set of challenges that 
prevents wide-scale application. For example, EUV is currently limited by 
polishing tolerances for reflective optics; X-ray lithography is limited by 
mask fabrication; and electron beam reliably demonstrates sub-lOOnm res­
olution, but the throughput is too slow. 

While the limits on conventional systems are constantly being 
improved, a number of other techniques have already demonstrated atomic 
resolution. STMIAFM techniques are being developed for cheap 
laboratory-scale lithography with atomic resolution. Soft lithography 
offers parallel reproduction over square-centimeter fields with high reso­
lution. In addition, natural lithography offers parallel reproduction of a 
restricted set of atomic-scale arrays. A variety of approaches exist for fab­
rication of quantum structures. We expect that no single technique will 
dominate atomic-scale lithography in the next decade and that instead dif­
ferent techniques will find application as appropriate for biological, mag­
netic, and quantum structures. 
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4.1 Introduction 

Metal-organic vapor-phase epitaxy (MOVPE) is today a powerful growth 
technique, capable of producing high-quality material of virtually all IIW 
and IWI semiconductor compounds and ternary and quaternary alloys (for 
an overview, see, for instance, [1] and the references therein). The impor­
tance of MOVPE for mass production has been increasing. In terms of con­
sumption of IIW wafer area, MOVPE is today rated second (200,,6), after 
liquid-phase epitaxy (LPE, 55%) and in front of the classical vapor-phase 
epitaxy (VPE, 18%) and the ultra-high-vacuum (DHV) technology molecu­
lar beam epitaxy (MBE, 7%) [2]. With the development of larger reactor 
cells, simultaneously handling up to about 10-15 2" wafers per growth 
session, this trend will continue. As a consequence, for the practical real­
ization of quantized structures in future mass production technology, 
MOVPE will be one of the most important growth technologies. In Section 
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2 of this chapter, we will briefly discuss some principles and specifics 
of MOVPE, in particular from the perspective of growth on a scale of 
nanometers. 

Direct growth of semiconductor heterostructures in a nanoscale, i.e., 
with dimensions of typically a few tens of nanometers, is still an out­
standing challenge. For growth in the vertical direction, quantum wells 
(QWs) with thicknesses and interface abruptnesses in the range of 
monolayers (1ML "" 0.3nm) can be realized by using MBE [3] or MOVPE 
[4]. Lateral structuring in order to fabricate quantum wires (QWRs) and 
quantum dots (QDs) is still a more difficult task. Pure lithography in com­
bination with etching techniques in order to produce structures smaller 
than 100 nm is an expensive process; moreover, it reaches the limits of 
feasibility. As a rule, one has to use a combination of lithography, etching, 
and selective regrowth techniques, whereby the quantized structures will 
be created in smaller areas in comparison to the lithographic pattern 
length. This outcome can be achieved through nonplanar growth, with dif­
ferences in the orientation dependence of growth rates for the different 
materials. Some aspects and results of this technique will be discussed 
briefly. 

A cheaper alternative, discussed in more detail in Sections 3 and 4, is 
to use self-assembling processes. Self-assembling and, in a wider sense, 
self-organization in the lateral as well as the vertical growth direction is a 
natural reaction of heterocombinations in order to accommodate strain if 
there is a lattice misfit between the different deposited materials. Since 
strain is the driving force for all these self-organization processes, it is 
natural that the kind of combinations of materials is more important than 
the technology used for the deposition of the materials. Thus, QDs of (for 
instance) InAs, embedded into GaAs, can be produced by self-assembling 
with very similar results by using vacuum technologies like MBE as well 
as by using vapor-deposition techniques like MOVPE. However-and this 
will be an important point to be discussed here-there exist often differ­
ent optimum conditions of the growth parameters for the different depo­
sition techniques and specific materials, significantly affecting the results 
of the growth experiments. Therefore, even though we focus here more on 
MOVPE, a comparison of the results of the different techniques and mate­
rials will be made throughout this chapter. 

When we discuss self-assembling, the reader should be aware of the 
temporary character of some of the explanations. In Section 3, we try to 
summarize the principle and to give some ideas about the underlying mech­
anisms. However, what counts are the facts, and it was our ambition to 
present this framework of understanding, as much as possible, as a coher­
ent view of the experimental observations presented in Section 4. We 
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Figure 4.1: Schematics of the basic elements of a MOVPE system. 

acknowledge here that the actual development is still going on that will 
allow a better and deeper understanding of the process of self-assembling. 

4.2 Principles and specifics of MOVPE 

In comparison to MBE, MOVPE has often been seen as a "black box" in 
which a complicated chemistry is going on, the details of which remain 
unclear. In fact, MOVPE technology, up to now, has not routinely had at its 
disposal such excellent tools for in situ monitoring of the surface during 
growth as RHEED offers for high-vacuum technologies. However, through 
the use of X-ray scattering [5] and optical reflection techniques [6], this gap 
has been partially filled during recent years. We will here briefly discuss 
some critical issues concerning the suitability of MOVPE for growth of 
structures in a nanosize. A schematic is depicted in Fig. 4.1. 

MOVPE commonly uses hydrides like AsHa or PHa or their substitutes 
such as TBA or TBP (tertiary butyl arsine and -phosphine, respectively) as 
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the Group V precursors, and uses metal-organic compounds like TMAl, 
TMGa, and TMIn (trimethylaluminum, trimethylgallium, trimethylindium) 
as the Group III precursors. These compounds, diluted by a carrier gas, 
are then transported towards a heated substrate where they react in a one­
way process, simplified for GaAs as 

Ga(CH3Mg)+ AsH3(g)~GaAs(S)+ 3CH4(g). (4.1) 

The metal-organic compounds are placed in "bubblers" within 
temperature-regulated thermostates from which they are picked up by 
electronically controlled carrier gas flows. The amount of evaporated 
metal-organics is defined by the bubbler temperature (which determines 
the vapor pressure), the total pressure within the bubbler, and the flow of 
carrier gas through the bubbler. To have control over the evaporated 
metal-organic material is very important, since the Group III elements 
determine the deposition rate in MOVPE. The Group V precursor com­
pounds are introduced in excess into the reactor cell. This is one differ­
ence between MOVPE and MBE: MOVPE is commonly working under 
Group V-rich conditions. This has an effect especially on the type of surface 
reconstruction. In the case of GaAs(001), the typical surface reconstruc­
tion is in the range of common deposition temperatures and AsH3 pres­
sures c( 4 x 4), i.e., an additional layer of As-dimers adsorbed onto an 
arsenic-terminated surface [7]. In case of InP, it is the P-rich (2 x 1) recon­
struction [8]. 

Modem MOVPE machines can operate under low-pressure conditions 
(typically in the range of 20--200 mbar) , which increases the mean free path 
of the molecules within the reactor and improves the homogeneity of depo­
sition. These reactors are also equipped with flow- and pressure-balanced 
ventilation/run pneumatic switching systems, which means that all the gas 
flows are continuously running. Switching valves that are close to the 
reactor cell direct the flows for the desired times, either toward the venti­
lation or toward the reactor. This technique enables very quick gas 
exchanges within the growth chamber ("" seconds )-a necessary condition 
for fabrication of abrupt semiconductor heterotransitions. 

The chemistry takes place onto and close to the heated substrate. Due 
to the existence of a vapor phase, the reactants reach the surface by con­
vectional and finally diffusive transport. Diffusive transport within a con­
centration gradient boundary layer contributes to the high homogeneity of 
deposition onto uniform substrates and simultaneously to a high selectiv­
ity of deposition in case of growth on partially masked or patterned sur­
faces. Experimental as well as theoretical studies aimed at resolving the 
relative importance of gas phase and surface diffusion for selective growth 
have shown that the contributing surface diffusion remains relatively neg-
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ligible [9]. This finding shows a distinct difference from MBE, where the 
lateral movement of reactants is only achieved by surface diffusion. 

The optimum deposition conditions are to a large degree determined 
by the reactivity of the precursor materials and the stability of the 
deposited materials. Whereas at higher temperatures the growth is limited 
by mass transport (convective flow + vapor diffusion), at lower tempera­
tures the limits are given by thermally activated processes (dissociation of 
the precursor molecules, desorption of reaction products, surface diffu­
sion, etc.). Some precursors limit the range of temperature for depositions. 
PHa and TMGa (trimethylgallium), for instance, show increasing kinetic 
inertness if used for too-low temperatures. TMAl (trimethylaluminum) has 
strong Al-C bonds and tends therefore to incorporate C into the epilayer. 
These problems can be solved in part by changing the precursors to, 
for instance, TBP (tertiary-butyl-phosphine), TEGa (triethylgallium), and 
(CHa)aN-AlHa (trimethylaminealane), respectively, which decompose at 
lower temperatures. However, the deposited materials also set some limits. 
In order to get high-quality material and to avoid thermal decomposition, 
the different materials need different optimum temperatures for deposi­
tion-for example, InAs at around 500°C, InP at around 600°C, GaAs at 
around 650°C, and GaN at around lOOO°C. At these temperatures the 
metal-organic compounds to a large degree decompose at the hot surface, 
freeing the metal atoms for incorporation into the epitaxial layer. This is a 
one-way process. Due to the existence of a protecting atmosphere above 
the substrate surface, the re-evaporation of metals away from the surface 
is negligible in comparison to MBE (where it is most critical for the 
element In). 

In this chapter, we describe the use of MOVPE for producing low­
dimensional structures, especially quantum dot structures by self­
assembling. Self-assembling in highly mismatched systems already starts 
after deposition in the range of 1 to 2 ML. This is, of course, a challenge for 
a deposition method, which has to be calibrated for monolayer depositions 
by after-growth measurements. We will demonstrate that this is possible. 

4.3 Quantum dot structures by 
self-assembling-general considerations 

4.3.1 The principle 
The growth of dislocation-free, coherent three-dimensional (3D) islands by 
self-assembling, most probably reported for the first time by Goldstein et 
al. [10] for MBE-grown dots of InAs, in GaAs, later seen by Eaglesham and 
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Step 1: deposition of a 20 (wetting) layer: 

Step 2: growth front roughening, 3D nucleation: 

Step 3: growth of coherent 3D islands: 

Figure 4.2: Schematics of self-assembling in the Stranski-Krastanow 
growth mode. The distance A, with w, and height h are characteri­
stic values, dependent on the deposition parameters and the materials 
combinations. 

Cerullo [11] also for 3D islands of Ge on Si(001), is now an almost estab­
lished technique for the preparation of quantum dot structures (for an 
overview, see, for instance, [12-16]). The term self-assembling character­
izes a process where a strained 2D system reduces its energy by a transi­
tion into a 3D (or 2D + 3D) morphology. The principle is as follows (Fig. 
4.2): 

In the first step, epilayer material with a specific surface energy lower 
than that of the substrate grows for one or a few mono layers pseudomor­
phically onto the substrate surface (wetting layer). For lattice mismatched 
materials, an increasing elastic strain builds up with increasing thickness 
and the surface starts to roughen, i.e., the 2D layer-by-Iayer growth mech­
anism breaks down, and in a second step, 3D nucleation sets in. In a third 
step, the 3D islands develop in size by consuming the material that is 
mobile at the surface or that can be mobilized (for instance, by a partial 
decomposition of the originally grown wetting layer). 
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Often the tenn Stranski-Krastanow growth mode is used synony­
mously for this type of self-assembling (even though Stranski and Kras­
tanow, in their original paper, dicussed this growth mode for a strain-free 
system [17]). This growth mode stands for 2D layer-by-Iayer (wetting) and 
then 3D island growth, i.e., for a special epilayer morphology. Another 
morphology develops when 3D islands or clusters crystallize on a bare, 
unwetted substrate surface. In this case, known as Volmer-Weber growth 
mode [18] and often observed for metal deposits on semiconductor or 
insulator surfaces, nanosized 3D islands of rather high size homogeneity 
can be obtained. The tenn self-assembling, in a wider sense, should 
therefore include Stranski-Krastanow (SK) as well as Volmer-Weber (VW) 
growth. 

Self-assembling is "nature's way" to produce quantum dots. One fortu­
nate circumstance in nature makes this possible: in order to achieve 
quantum confinement effects, the material forming the dots should have a 
lower bandgap than the surrounding barrier, and simultaneously it should 
have a larger lattice parameter in order to come under compressive strain. 
And this is precisely the case observed for most of the known SK systems, 
for instance, Ge/Si, InAslGaAs, InP/GalnP, GaNiAIN, and others. One could 
object here that, in principle, for strain-driven processes, the sign of the 
strain is not important. Therefore, self-assembling should not be excluded 
for epilayers under tension. In fact, 3D islanding under tension has also 
been shown, e.g., for the materials combination PbSe( dots )/PbTe(111) [19]. 
However, for physical reasons, the resulting buried islands under nonnal 
circumstances should then behave as "antidots" (it is an interesting ques­
tion whether systems exist in which the bandgap lowering due to tensile 
strain leads to their conversion into real dots). 

Because of their damage-free interfaces, self-assembled and overgrown 
dots are optically active and promising candidates for device applications. 
In general, the spontaneous nature of the self-assembling produces 
randomly distributed 3D islands. Under certain conditions, some self­
organization effects in lateral as well as in vertical direction can be real­
ized. This opens the door for highly advanced materials engineering work 
on a nanoscale, using such dots as the building blocks. 

4.3.2 The mechanism of self-assembling 
Considering the spontaneous nature of the self-assembling process, the 
results of carefully optimized experiments-highly unifonn and coherent 
3D islands-are rather surprising. In order to explain these phenomena, 
we have to consider the following experimental facts: 
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1. Self-assembling is observed only for lattice mismatched systems, i.e., 
it is intimately related to the accommodation of elastic strain asso­
ciated with an epitaxial lattice misfit l1ala. 

2. The results of self-assembling (surface densities and sizes of 3D 
islands) are affected by the growth parameters, of which the total 
amount of deposited material, Q; the deposition rate, R; and the 
deposition temperature, T, are the most important parameters. 

3. The fact that 3D island sizes are dependent on the deposition para­
meters implies that there is no strain-dependent size definition for 
3D islands. 

4. Special issues to explain are the occurrence of bimodal size distrib­
utions in some cases (for instance, SiGe/Si, InP/GaInP/GaAs, and 
InAsIInP), the island faceting, the thermal stability of 3D island struc­
tures, and others. 

At present, there are still controversial debates about the different 
models, based either strictly on thermodynamics [20-23] or more on kinet­
ics [24-27] in order to explain the self-assembling process. The driving 
force of the process-the strain in the epilayer-substrate combination-is 
clearly defined by thermodynamics. However, kinetics becomes important 
as soon as activation barriers appear on the pathway between the 2D and 
the Stranski-Krastanow 2D + 3D morphology. These are, for instance, acti­
vation barriers for the 3D nucleation process on top of the 2D wetting layer, 
for diffusion of adatoms towards the 3D islands, for reorganization of mate­
rial during ripening processes, etc. It is an interesting question whether the 
observed SK morphology is then the equilibrium or a consequence of the 
pathway through which it was created. Our experience in MOVPE of 
InP(dots)/GalnP/GaAs(OOl) and InAs(dots)IInP(OOl), as well as our criti­
cal analysis of the results of other groups using other materials combina­
tions and other growth techniques, has led us to believe in a model that 
can be concisely characterized as a nucleation and growth model. It com­
bines the thermodynamic aspects of self-assembling as a strain-driven 
process and the kinetic aspects of self-assembling as being strongly 
affected by the history of the process, specifically the detailed conditions 
during the nucleation of 3D islands. 

The process is illustrated in Fig. 4.3., which shows, qualitatively, the 
changes in the total energy of a mismatched SK system vs. time. Epilayer 
material is deposited with a constant deposition rate R. The plot can be 
divided into three sections: period A (2D deposition), period B (2D-3D 
transition), and period C (ripening of islands). 

Period A: At the beginning, the deposition follows a thermodynamically 
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Figure 4.3: Schematics of total energy vs. time for the 2D-3D morphology 
transition. (A) 2D layer-by-Iayer growth; (B) 2D-3D transition; (C) ripen­
ing period. tee is the thermodynamically defined critical wetting layer 
thickness, te is the wetting layer thickness at onset of 3D nucleation, EA is 
the barrier for formation of 3D islands, EE is the excess energy stored in 
the supercritically thick wetting layer, and X is the point where a pure 
strain-induced transition would become possible (no thermal activation). 

stable 2D layer-by-Iayer mechanism that leads to a perfect wetting of the 
substrate. The accumulated elastic strain energy E( el) increases linearly 
with the deposited volume, according to Eq. (4.2): 

E(el) = 2G (1 + v) el 12 At 
(1- v) , 

(4.2) 

where G is the shear modulus, v is Poisson's ratio, ell = (asubstr - aepi)laepb 
A is the area, and t is the layer thickness. 

At point tee (the thermodynamically defined critical wetting layer thick­
ness), we leave the stable 2D growth and enter into a region where 2D 
growth is metastable. An excess strain energy EE resulting from increas­
ing thickness will be stored within the pseudomorphic 2D layer, i.e., a 
supercritically thick wetting layer builds up. This means that the epilayer 
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is potentially ready to undergo a transition towards a Stranski-Krastanow 
morphology, which would lower the total energy of the system by 

MJ = MJ(el) + MJ(surf), (4.3) 

where MJ(el) is the (negative) change in the volume strain energy due to 
the more efficient lateral strain relaxation in 3D islands in comparison to 
2D pseudomorphic layers, and MJ(surf) is the sum over all the (commonly 
positive) contributions due to the increasing surface with the formation of 
3D islands. The point at which the 2D-3D transition begins depends on the 
height of the remaining activation barrier E A - EE for 3D island nucleation. 
tc is then the kinetically defined critical wetting layer thickness. We should 
mention that the existence of such a range of metastability and with it 
the formation of a supercritically thick wetting layer is not undisputed. The 
experiments confirm this, however (see, for instance, [28,29] and the 
results in Section 4.4 of this chapter). They show that the wetting layer at 
the onset of 3D nUcleation (= tc) is generally thicker than the remaining 
wetting layer after the morphology transition (= lee) 

Period B: This period can be divided into two steps: nucleation and 
growth. 

1. Nucleation. The initiation mechanism for nucleation on top of the 
highly strained wetting layer is not very well understood and is still a 
subject of detailed theoretical investigations. Exactly at point X, the excess 
energy EE of the strained 2D layer reaches the energy of the 2D-3D tran­
sition barrier E A, and-hypothetically-a pure strain-induced 2D-3D tran­
sition would become possible. However, we have to consider that at real 
growth temperatures, a thermally activated nucleation sets in before X is 
reached. In a metastable strained 2D system with a critical thickness of 
n ML, any further deposition of material creates potential island nuclea­
tion sites in areas of the lateral width w(x) . w(y) , where the thickness 
increases to (n + z*) ML (z* = 1, 2, ... ). This is caused by the possibility 
that these (n + z*) ML-thick islands have to relax laterally and thus to 
reduce their strain potential relative to the n ML-thick surrounding layer 
(for further details based on experimental observations, see Section 4.4). 
In this picture, thickness fluctuations lead to the formation of critical 
nuclei, and the classical nucleation theories [30] predict for the simplest 
case: 

(4.4) 

(with dNldt the number of critical nuclei created per time and (Jthe super­
saturation, i.e., the concentration of mobile excess material at the 
surface). Since (J is primarily a function of the deposition rate R, the 
surface density p of 3D islands increases (for not-too-high R) linearily with 
R, as we will show in more detail in Section 4.4. After the 2D-3D mor-
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phology transition, EE decreases due to partial strain relaxation. This 
increases the effective 3D nucleation barrier E A - EE, and further nucle­
ation will be inhibited. 

2. Growth of islands. The islands grow and consume the material that 
is available and mobile enough to reach the islands. One peculiarity at this 
stage seems to be that under the high strain in the initiation period, due to 
the low effective nucleation barrier, more smaller (but already supercriti­
cally 3D) islands are created in the beginning than afterwards survive and 
grow up to larger ones (see the results discussed in Section 4.4). This 
would mean that immediately after the partial strain relaxation due to the 
formation of 3D islands, a ripening process sets in whereby only a fraction 
of the islands survive and grow up, consuming the material from the 
numerous smaller (and therefore most probably still highly strained) 
islands and parts of the wetting layer within a radius A, proportional to a 
diffusion length ,1,= 1/2plt2 (p = surface density). In other words, those 
islands that first reach a size with an effective lateral strain relaxation grow 
up. Under certain conditions (low-coverage Q for simultaneously high­
density p), smaller islands are metastable. This leads then to bimodal size 
distributions. What we finally see after this reorganization processes is a 
density p for the developed "stable" 3D islands, which follows very well: 

p = const.(R/D), , (4.5) 

where R is the deposition rate and D = (2kTlh )ao 2 exp (-ErJkT), the surface 
diffusion coefficient, where ED is the activation energy of surface diffusion, 
k is Boltzmann's constant, h is Planck's constant and ao is the lattice para­
meter all of the substrate. ,is found to be "" 1 for SK growth [31], which 
follows also from rate equation theory for critical nucleus sizes i* » 1, 
with i = the number of atoms forming the nucleus [32]. This dependence, 
most clearly visible in the materials combination InP/GaInP/GaAs 
deposited by MOVPE, but also in MBE experiments of InAs/GaAs as well 
as VPE of Ge/Si [28], characterizes the self-assembling process as strongly 
determined by the nucleation history. 

Period C: Further ripening. Mter the 2D-3D transition, the process has 
lost most of the excess energy. The mobile material is consumed, and the 
potential differences between slightly smaller and slightly larger islands as 
well as between islands and the remaining wetting layer maintain a slow 
further reaction, mediated by surface diffusion. 

4.3.3 Sizes and shapes of self-assembled 3D islands 
The strain distribution within coherent 3D islands and their surrounding 
is highly nonuniform. Figure 4.4 shows the calculated strain exx in an InP 
island onto GaInP/GaAs(OOl). We see the highest compressive strain within 
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Figure 4.4: Calculated strain Exx for an InP island onto GaInP/GaAs(OOI) 
(finite element method [34]). The island has the shape of a truncated 
pyramid in accordance with TEM investigations (compare Fig. 4.14) and a 
height of about 15nm. Note the high compressive strain at the corner sub­
strate/island and the inversion towards tensile strain (only within the x-y 
plane!) at the upper (111)/(001) edge of the island. 

the InP island close to the GaInP substrate, but also at the corner (OOI)sub­
strate/( 111 )island. The compressive strain continues within the substrate 
outside of the island. Towards the top of the island, the strain decreases, 
whereby the highest relaxation is reached at the edge (111)facet/(001)top 
plane. There the total strain is still compressive, but the x-y components 
become tensile. 

This nonuniform strain distribution develops during the 2D-3D transi­
tion from an originally laterally homogeneously strained 2D wetting layer. 
It has important implications for the growth process itself. Strain in general 
lowers the bond energies and therefore affects the chemical potential 11 = 
[fl/ On of the material that attaches to or is mobile at the surface. The local 
change of the chemical potential follows the change in the local strain 
energy density E along the surface [33], which can be written as (compare 
Eq. (4.2)) 
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Eb- j--
Figure 4.5: A 3D island and the local strain energy density E along 
the surface of the island and the wetting layer (cross section). The defor­
mation of lattice planes due to lateral strain relaxation in the 3D island is 
indicated. 

(4.6) 

A schematics of the situation is visualized in Fig. 4.5. We see the surface 
at the most strain-relaxed top of the 3D island as a sink in the chemical 
potential, where material will be attracted. The highly strained perimeter 
of the island develops as a peak in the chemical potential, where material 
will be pushed away. These local changes in the chemical potential are the 
driving force for reorganization and transport at the surface. The corre­
sponding processes are decomposition (wetting layer and small strained 
islands), surface diffusion, and vapor-phase diffusion (in the case of 
MOVPE). The 3D islands grow until equilibrium is reached, Le., until 
.uCisland) = .u(wetting layer). One peculiarity in this process is that the 
increase of the chemical potential at the perimeter of the island develops 
and increases with the size (exactly with the aspect ratio height/width) of 
the island. This building up of a highly strained barrier around coherent 
islands is considered to act as a self-regulation and stabilization mecha­
nism of coherent islands [22,35). This barrier is actually an attachment 
barrier for material [27], favoring the growth of smaller and inhibiting the 
growth of larger islands. It is remarkable that the loss of coherence by 
insertion of a dislocation at the base of the island leads to much faster 
growth (see, for instance, Fig. 4.13). We will demonstrate the usefulness 
of this model in several parts of the following sections. 
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Figure 4.6: Schematic visualization of the areas where most of the ex­
perimental height and density values for 3D islands of InP on GaInP/GaAs 
(MOVPE), InAs on GaAs (mainly MBE or CBE), and InAs on InP (mainly 
MOVPE) were found. Note that dots ofInP on GaInP/GaAs, grown by MBE 
at 470°C, show height and density values like the other materials grown at 
that temperature. This figure shows the inverse behavior of density and 
size, the almost linear dependence of this behavior on reciprocal temper­
ature, and that the misfit in this respect is not a critical parameter. 

Another question is whether there is an absolute size limit for the 
growth of coherent islands. The dependence of island sizes on deposition 
parameters, such as deposition rate and temperature, suggests that there 
is not. We will show in Section 4.4 that the size of the coherent islands is 
mainly a result of conservation of mass: the deposited material distributes 
over the coherent islands and the remaining wetting layer. Therefore, the 
sizes of the islands are found to be in the first instance inversely propor­
tional to their surface densities. Since the density of self-assembled islands 
decreases with increasing temperature in accordance with Eq. (4.5), this 
implies simultaneously increasing island sizes with increasing deposition 
temperatures. This is a very general result, not specific for MOVPE growth 
only (see Fig. 4.6). In this picture we can understand the results of self­
assembling as a balanced distribution of material over the entirety of stable 
3D islands. 
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Table 4.1: Equilibrium surface reconstructions of InAs under As-rich con­
ditions and their surface energies (after [36]). 

Orientation Reconstruction Energy [meV/A2] 

(100) a(2 x 4) 48 
(100) c(4 x 4) 47 
(ll1)A (2 x 2) In vacancy 42 
(110) (1 x 1) relaxed 41 
(1lJ)B (2 x 2) As trimer 36 

Before leaving this section, a few words about the shapes of self­
assembled 3D islands. The transition from a 2D towards a 3D morphology 
increases the surface area and reduces in this way the gain in volume 
elastic relaxation energy. To minimize this energy-consuming step, the 
islands develop facets of low specific surface energies (we assume that 
facets are always formed; due to strain they can be bend and their 
edges can be rounded). Assuming that diffusion of atoms at the island 
surface is faster than material exchange reactions between the islands 
and the wetting layer, then these facets should represent the eqUilibrium 
situation. Equilibrium shapes can be calculated using Wulff's theorem 
for given specific surface energies a(hld). These are for zincblende and 
diamond structures, commonly low-index planes. Theoretical calculations 
of equilibrium shapes [36] are in very good agreement with the experi­
mental observations for what we name fully developed islands in the 
case ofInP/GaInp, Le., truncated pyramids, slightly elongated in (110), with 
the dOminating facets {Ill} B and {110}. To a lesser extent, {111} A facets 
also appear in larger islands. The top facet is (001). For smaller islands, 
the area of {111} facets shrinks at the expense oflarger areas of {110}. The 
latter facets then dominate in the smaller InAs/GaAs islands [37] (see Table 
4.1). 

An interesting aspect of this process is shape transitions, which occur 
during the growth of 3D islands. These shape transitions are visible in 
systems where, under some growth conditions, smaller 3D islands coexist 
with larger 3D islands (examples are SiGe/Si [28,38,39], InP/GaInP [16,40], 
and InAs/InP [41]). That they can coexist is primarily dependent on the 
total amount Q of material that has to be distributed over a finite number 
of nucleated 3D islands. As mentioned in Section 4.3.2, the density of 3D 
islands nucleating under the high strain in the initiation period of the 
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Figure 4.7: Visualization of a kinetic mechanism of a fast transition from 
small to fully developed islands. Nucleation preferentially starts at the 
most strain-relaxed apex region of small islands. This nucleation creates 
facets of vicinal character, which can grow very fast. Note that during this 
process the islands' base diameter does not increase; it could be even 
shrinking if material detaches from the highly strained area. 

2D-3D transition is rather high. The islands formed in this period are there­
fore flatter, with low-angle facets like (IOn) and (l1n), where n is a number 
between 3 and 6. We will show in Section 4.4 that the small islands are 
metastable. They disappear with larger amounts of deposited material 
and/or during annealing periods. In the subsequent short ripening period, 
those islands with the most efficient strain relaxation i.e., those with 
highest aspect ratio, will succeed and grow up to fully developed islands. 
Figure 4.7 demonstrates the mechanism by which very fast growing vicinal 
facets can be formed by nucleation at the apex of small islands. For coher­
ent islands of zincblende and diamond structures, the development of ( 111) 
facets seems to be the ultimate end of ripening processes. 
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4.4 MOVPE-grown self-assembled quantum 
dot structures 

4.4.1 Materials overview 

The best-investigated III-V materials combination is the system Gal_xlnxAsl 
GaAs(OO 1), from which most results come from MBE as the growth method. 
However, MOVPE can be used as well, with very similar results, using 
TMGa (trimethylgallium), TMln (trimethylindium), and AsH3 as the precur­
sors in hydrogen as the carrier gas [42,43]. In this material system, one has 
to be careful to use low AsH3 pressures; otherwise, the individual dots tend 
to coalesce into larger clusters. This experience has already occurred with 
MBE [21]. Dots of InAs embedded into a GaAs matrix behave as true 
quantum dots, with sizes typically on the order of 15-30 nm in base diame­
ter and 3-7 nm in height. Typical densities are on the order of 1010_1011 

dots/cm2, whereby self-organized arrays of dots can be formed. Due to the 
high misfit of z7%, these dots are highly strained; their luminescence is com­
monly observed in the range between 1.15 and 1.3eV. 

Very similar are dots of InAs grown on InP(OOI) (misfit z 3.2%). In this 
case, gassource MBE [41] and MOVPE [44-46] are the growth technologies 
used so far. Despite the lower misfit, typical dot sizes and densities are on 
the same order of magnitude as observed for lnAs dots in combination with 
GaAs. The reason for this is clearly the same deposition temperature in the 
range of about 480-530°C, which is commonly used for growing InAs. A 
complication one must take care of in this system is the high reactivity 
of InP with AsH3, forming InAsxP1- X interfaces at higher temperatures. 
Dots of lnAs embedded into InP show an intense luminescence at about 
0.8-0.9 e V at room temperature. Thus, this heterocombination is of partic­
ular interest since it can be regarded as a candidate for the realization of 
low-threshold-current quantum-dot lasers operating at the technologically 
interesting wavelength of 1.55/lm. 

Another materials combination, widely investigated by MOVPE 
[40,47,48] but less so by MBE [49], is the system InP/GalnP/GaAs(OOI) 
(misfit z 3.8%), with InP forming the dots and GainP the barrier, lattice 
matched to the substrate GaAs. Since optimum growth temperatures for 
InP in MOVPE are higher than those for InAs (best in the range between 
550 and 700°C), MOVPE-grown dots of InP are generally larger. Typical 
base diameters are in the range of about 40-80 nm, and heights are in 
the range of about 12-25nm, depending on deposition conditions. 
Embedded into Galnp, these dots, if fully developed, luminesce at about 
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1.65 e V. This heterocombination is particularly attractive for optoelectronic 
applications based on GaAs substrates and for basic studies of self­
assembling. The growth parameters can be varied across a wide range­
the deposition temperatures in MOVPE, for instance, between 550 and 
almost 700°C, which significantly affects surface densities, sizes, and 
shapes of the islands. An extension to even lower temperatures of about 
470°C can be made by using MBE as the deposition technique [49]. With 
reference to density and size, these MBE results follow a straight extrap­
olation of the MOVPE results for lower temperatures. 

Attempts have also been made to grow InP dots on GaP(OOI) (misfit '" 
7.75%). In this case, however, only very poor size homogeneity has been 
reached so far, and no dot-related luminescence could be observed. In 
situ RHEED observations in chemical beam epitaxy (CBE) indicate that 
InP/GaP is eventually a Volmer-Weber system, i.e., no complete wetting 
layer of InP covering the GaP surface could be detected. 

Less investigated up to now is the system GaSb/GaAs (misfit 7.8%). 
After MBE investigations (growth temperature 470°C), dot sizes and den­
sities behave very similarly to 1nAs/GaAs [50]. MOVPE growth using the 
precursors TMGa (trimethylgallium) and TMSb (trimethylantimony) at 
540°C results in much larger dots, with tendencies to elongate and to coa­
lesce [51]. 

An active field of study is in situ-grown quantum dots in nitrides. Due 
to the smaller Bohr radius for electrons and holes in these materials (for 
GaN, rB '" 3nm), the dots have to be very small in order to show 3D con­
finement effects. Unintentionally MOVPE-grown dots of Gal_xInxN instead 
of planar quantum wells within barriers of GaN are discussed as the reason 
for the observation of localized states in GalnN/GaN laser and light­
emitting devices [52]. In this case, in addition to strain, the existence of an 
immiscibility gap for the compound GalnN may also be a driving force for 
dot formation. Several attempts have been undertaken to grow dots of 
GalnN deliberately on GaN/sapphire(OOOI) or on GaN/SiC(OOOI). One dif­
ficulty is the high dislocation density in these heterostructures. Dislo­
cations with a screw character of an areal density of more than 108 

dislocations/cm2 act as nucleation centers and produce classical dislocated 
growth spirals in accordance with BCF theory, instead of coherent 3D 
islands [53]. Coherent GaN dots on AlGaN have been produced after a pre­
deposition of Si onto the AlGaN surface. Si deposits obviously affect the 
nucleation process [54]. That GaN dots also form without such special 
treatments has been shown in MBE experiments at 680-730°C for the com­
bination GaN/AlN (misfit 2.5%) [55]. 

The discussion above concerned only materials aspects. In all cases, 
the dots are formed by self-assembling as soon as there is a misfit in the 
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Table 4.2: Growth conditions for InAs dots under MOVPE. 

Total pressure: 
Substrates: 
AsH3 pressure: 
Deposition rate 1nAs: 
Switchings: 

Variation parameters: 

50mbar 
InP:Fe, (001) misoriented 0.2 °toward (011) 
2.5 x 1O-5bar 
0.3 MUs 
No growth interrupt during PHjAsH3-switch; 

12 s annealing after InAs at growth 
temperature (in AsH:/H2) 

Deposited amount of InAs and deposition 
temperature 

range of about 2-8%. However, a structural aspect must also be addressed: 
self-assembling is dependent on the surface orientation. For example, 
coherent dots of 1nAs, easily formed on GaAs(OOl), do not form on 
GaAs(ll1 )Ga surfaces. For this orientation, the formation of a dislocation 
network is the preferential strain-relaxation mechanism [56]. One can 
speculate about a too-low surface mobility of In on Group Ill-terminated 
polar surfaces. 

In the following, we select for a more detailed discussion about self­
assembling in MOVPE the materials combinations InAslInP(OOl) and 
InP/GalnP/GaAs(OOl). 

4.4.2 lnAs on InP(OOl) 
The specifics of InAs on InP(OOl) are given by the high sensitivity of an 
InP surface against Group V exchange reactions when switching off the 
PH3 flow and switching on the AsH3 flow. One must consider that, during 
switching, most of the upper P-monolayer of InP will be replaced by 
arsenic [4], increasing in this way the net amount of InAs for wetting or 
islanding at the InP surface. Low temperatures and low AsH3 pressures 
help to minimize but not to completely avoid this effect. 

The InAs dots, presented in Figs. 4.8. to 4.10, were grown by MOVPE 
under the conditions [46] given in Table 4.2. 

The development of coherent InAs islands on InP with increased depo­
sition can be seen in Fig. 4.8, which shows contact-mode AFM images 
together with height histograms for nominal InAs depositions of (a) 
1.5, (b) 2.4, and (c) 3ML at a growth temperature of 500°C. In this range 
of lnAs deposition, the surface density of dots increases one order of 
magnitude, from 3.0 x 109 to 3.0 X 1010 dots/cm2• The histogram shows a 
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Figure 4.8: Deposition-dependnet height distributions of coherent InAs 
dots on InP, shown together with 2 x 2 )1m2 shaded AFM images, acquired 
by contact-mode imaging [46]. 
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significant result: despite the increase of the total amount of deposited 
InAs, together with the density increase, the dots become smaller. This 
inverse behavior between densities and sizes of coherent dots is a char­
acteristic phenomenon, observable in many cases of self-assembling. 

Samples grown under the same conditions as in Fig. 4.8 and then over­
grown by a 100nm InP capping layer have been investigated with PL. The 
resulting spectra are shown in Fig. 4.9. This material combination shows 
a strong dependence of the PL signal on the surface coverage. In the 
sample with the lowest dot density (1.5ML InAs), only a broad doublet 
peak centered around 1.2eV and corresponding to a rough InAs wetting 
layer of about 2 ML is visible (it cannot be ruled out that the relatively large 
dots luminesce at lower energies, not detected in these measurements, or 
that not enough dots visible in PL were formed in this particular sample). 
At an intermediate deposition (2.4ML InAs), the wetting layer lumines­
cence is still dominating, but the peak has sharpened and simultanously 
shifted to a higher energy, indicating a smoothening of the wetting layer 
in analogy to results obtained for the InP/GaInP system (see Fig. 4.12). 
Besides the wetting layer peak at 1.24eV, a broad peak appears at 0.78eV, 
which is assumed to originate in the quantum dot emission. For the highest 
deposition (3.0ML InAs), the intensity of the wetting layer peak decreases 
and the dot peak becomes dominant. 

The deposition temperature can only be varied in a rather narrow range 
for this material. In this specific case, experiments were done at deposi­
tion temperatures of 480, 500, and 520°C for a nominal deposition of 3 ML 
of InAs. Histograms of the height and surface densities of coherent InAs 
dots on InP are shown in Fig. 4.10, together with PL spectra of corre­
sponding capped samples. Increasing the growth temperature from 480°C 
to 520°C, the average height increases slightly, thus following the general 
trend. Considering the surface density, a minimum value was found for the 
sample that had the InAs deposited at 500°C. In this case, the decrease 
in density between 480°C and 500°C follows the general trend, whereas 
the increase between 500°C and 520°C is different from what has been 
observed, for instance, for InP dots grown on GaInP/GaAs (see Fig. 4.17). 
A simultaneous increase of both the size and the density of the islands on 
the surface must be related to a larger total amount of material in the 
islands. For the InAsIInP combination, the formation of additional InAs at 
the interface is therefore assumed to be relevant for island formation at 
temperatures above 500°C. 

The effect on the optical properties caused by changes in the growth 
temperature can be seen in the PL spectra in Fig. 4.10. For the lowest 
growth temperature, 480°C, the dot luminescence, peaking at 0.76eV, coex­
ists with a broad emission between 1.1 and 1.2 e V. This high-energy 
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Figure 4.9: 5 K PL spectra of InAs quantum dots embedded in InP as a func­
tion of nominal InAs deposition at 500°C. The insert shows calculated 
emission energies for biaxially strained InAs quantum wells in InP for 
thicknesses up to 5 ML [46]. 
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Figure 4.10: Temperature-dependent height distributions of InAs does on 
Inp, measured by AFM. Nominally 3.0ML InAs was deposited on top ofthe 
InP surface. 5 K PL spectra are from embedded dots deposited under equiv­
alent conditions and subsequently capped by 100nmInP [46). 

emission is supposed to originate from a rough InAs wetting layer. Obvi­
ously, a 12 s growth interruption at 480°C is not enough to capture into the 
fully developed dots all the excess material stored in the wetting layer. 

At 500°C, only a weak peak from the wetting layer located at 1.24eV 
shows up in the spectrum, most probably from a nearly perfect two­
dimensional layer, since this emission occurs between the estimated 
energy values for 1 and 2 ML of biaxially strained InAs layers in InP. As the 
growth temperature was further increased, to 520°C, the dot luminescence 
broadened, mainly towards the high-energy side. The blueshift is unex-
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Table 4.3: Conditions for the MOVPE experiments in Section 4.4.3. 

Total pressure: 
Substrates: 
PH3 pressure: 
Deposition rate: 

Switchings: 

-Annealings: 

-Variables: 

100mbar 
GaAs: Si, (001) exact 
1.5 x 1O-3 bar 
Variable, in standard runs InP 0.5-0.6MIJs, GaInP 

1.1-1.2MIJs 
Before deposition of InP in most of the samples, 

a = 2ML-thick GaP layer was deposited (the 
effect is a slight delay of InP dot formation [57]) 

For InP depositions directly on GaAs, a = 2 ML-thick 
GaP layer was always deposited in order to 
suppress As carryover effects (GaP-stabilized 
GaAs) 

Variable, in standard runs 12 s after InP deposition 
at growth temperature (in PHjH2) 

Deposited amount Q of Inp, deposition rate R, 
deposition temperature T, annealing times t 

pected, since the increase in average dot size, as seen by the AFM, should 
lead to a decrease in emission energy due to a weakening of the quantiza­
tion in the larger dots. It can, however, be understood in terms of a mech­
anism whereby the phosphorus, replaced by arsenic at the lower 
heterointerface, is subsequently recaptured into the dots, thus forming 
dots composed of an InAsxP1- X alloy, rather than pure InAs. For practical 
applications, the energy ofthis quantum dot luminescence can be expected 
to be tunable to some degree either by alloying of the dot material (InAsP, 
GaInAs) or by modifications of the barrier (Al alloys). 

4.4.3 InP on GalnP/GaAs(OOI) 

4.4.3.1 Phenomenology of the 2D-3D transition 

Despite the fact that, in comparison with RHEED, MOVPE does not have 
such excellent tools for in situ observations, if we use PL in combination 
with AFM and TEM as characterization tools we can very easily follow the 
different steps of the 2D-3D transition. Unless other data are given below, 
the MOVPE experiments presented in the subsequent sections were done 
under the conditions outlined in Table 4.3 [47,57]. 

Figure 4.11 shows PL spectra of InP/GaInP structures containing dif-
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Figure 4.11: The development of PL spectra with increasing InP-on-GalnP 
deposition time. The deposition rate is about O.6MUs. InP is embedded 
between 300nm GalnP barrier layers (MOVPE, 580°C). The insert shows 
calculated energy values for biaxially strained InP quantum wells. The 
peak at 1.64eV represents the luminescence from fully developed coher­
ent InP islands; the continuous emission between 1. 7 and 1.85 originates 
from smaller islands [47]. 
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ferent quantities of InP embedded in GaInP (lattice matched to GaAs) and 
grown at 580°C by low-pressure MOVPE. In agreement with the scenario 
for SK growth, discussed in Section 4.3.1, we see the luminescence of 
1ML- and 2ML-thick 2D quantum wells for deposition of 0.6 and 1.2MLInP. 
With more Inp, the strain increases and the growth front roughens, observ­
able as the broadening of the quantum well luminescence for 1.8MLInP. 
With deposition of even more InP, luminescence from 3D islands becomes 
visible. In this case, two types of coherent islands are formed: smaller 
islands with the luminescence in the range between 1.70 and 1.85eV, and 
fully developed islands, responsible for the doublet peak at around 1.64 eV. 
We will come back to this case of bimodality when we discuss the AFM 
and TEM results. 

These samples above were grown continuously, i.e., there was no 
growth interruption after InP deposition. Very important for the result of 
self-assembling is, however, the time period immediately after the onset of 
3D nUcleation. In Fig. 4.12, the development of the PL spectra is shown for 
different annealing times, namely, 0 s, 3 s, and 12 s after InP deposition 
before overgrowth of the structure by a GaInP top layer. The deposited 
amount of 1.8 ML of InP is slightly above the (kinetically defined) critical 
wetting layer thickness for onset of nucleation. We see that without anneal­
ing, Le., for continuous growth, the luminescence at about 1.64eV, arising 
from fully developed dots, is very weak. It increases for 3 s annealing time, 
while growth interruption of more than 12 s had no further effect on the 
development of the characteristic dot luminescence peak. This means that 
3D island formation can be suppressed to some degree by continuous 
deposition of material and that coherent islands develop during growth 
interruption very quickly within a few seconds only. Also remarkable are 
the changes in the range of wetting-layer luminescence. The broad peak, 
corresponding to emissions from a rough wetting layer in the sample 
grown without an interruption, splits up after annealing into well-resolved 
peaks corresponding to emission from more extended areas of 1 ML- and 
2 ML-thick quantum wells. 

These experiments illustrate that 3D islands develop at 580°C within a 
time span of only a few seconds. This happens obviously by reorganization 
of material deposited primarily two-dimensionally at the surface, since the 
islands in this case grow without further materials supply. This outcome 
supports the model developed in Section 4.3.2, specifically the assumption 
of the existence of a range of metastability for a supercritically thick 
wetting layer. 

A further interesting point coming out from these experiments is the 
extremely high growth rate of the 3D islands. The fully developed islands, 
responsible for the light emission at about 1.64eV, have typically heights 
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Figure 4.12: Development of 3D island luminescence at ==1.64eV for dif­
ferent annealing times 0 s, 3 s, and 12 s after about 1.8 ML InP deposition 
before capping by GaInP. The other conditions are as in Fig. 4.11 [47]. 

of more than lOnm, Le., they must grow up to this heights in a few seconds 
(compare with typical (001) growth rates of 0.3nm1s for InP in MOVPE). 
This fact also speaks for essential contributions of reorganization effects 
to growth of the islands. 
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Which kind of reorganization can be expected? It seems very likely that 
above a certain thickness, parts of the wetting layer become "active," i.e., 
after the formation of 3D islands they push off the accumulated excess 
material and thin down to a thickness tee, which is more or less in equilib­
rium with the 3D islands. Hand in hand with this mobilization of material 
from the wetting layer, materials transfer from smaller towards larger 
islands, i.e., we see Ostwald ripening processes during the early stages of 
island formation. For the InP/GaInP system, as for Sil_xGex/Si [38,39], we 
observe a bimodal size distribution of coherent islands [40]. This distribu­
tion is dependent not only on the deposited material but also on the depo­
sition rate, the deposition temperature, and annealing times. For a low 
amount of deposition, low temperature and no annealing dominate small 
flat islands with rather high density on the order of 1O IO cm-2• When embed­
ded into GaInP, these islands are highly confined in the growth direction 
(h < 6nm) and give rise to photoluminescence emissions in a range be­
tween 1.7 and 1.85eV (see Fig. 4.11). The disappearence of these smaller 
islands with increasing amount of deposited material or by annealing of 
the sample characterizes the islands as preliminary stages to the "fully 
developed" larger islands with steeper facets-in this material, typically 
facets of type 1111}B and 1110}. With even more material, noncoherent 
islands are formed with larger size but principally the same shape. An AFM 
picture of a surface with the three different types of 3D islands is shown 
in Fig. 4.13. There are almost no islands with intermediate height values 
between the small and the fully developed islands. This result is confirmed 
by a careful height/diameter (aspect ratio) analysis of InP/GaAs islands, 
grown under conditions similar to those of the sample in Fig. 4.13. This 
analysis [58] shows a critical diameter of about 40nm for the small islands, 
whereas with more deposition the height of the islands suddenly reaches 
the value of more than 10-12 nm, corresponding to the size and aspect ratio 
of the fully developed islands. A further interesting aspect of Fig. 4.13 is 
the sporadic random distribution of coherent islands, which shows that in 
first approximation their sizes are unaffected by the island environment­
i.e., environment does not playa role, whether the islands develop in iso­
lation in an island-free area or whether they develop in the neighborhood 
of noncoherent islands. This finding will help determine whether coherent 
islands have their own size-regulation mechanism. 

A more detailed view of the shape of fully developed islands is given 
in the high-resolution TEM picture of Fig. 4.14a and 4.14b. The figures show 
the InP islands as truncated pyramids with IU1}B and IUO} side facets, 
slightly elongated in (110). 

The truncated pyramid shape with 1111}B and 1110} facets and almost 
no I 111}A facets is in accordance with the higher surface energies of I 111}A 
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Figure 4.13: High-resolution AFM image of 3.5MLInP on GaInP (MOVPE 
580°C), annealed for 12s before cooling down. The small flat islands (A) 
almost disappeared; coherent "fully developed" islands (B) with an average 
height of 15nm dominate. A few noncoherent islands (C, average height 
41nm) have also formed [16]. 

planes (see Table 4.1; here we assume that the gradation of the surface 
energy values in Table 4.1 is valid for III-Vs in general). There is a trend 
for smaller fully developed islands to be less elongated and to show larger 
{llOI areas at the expense of {ll11 [59]. One can imagine that fully devel­
oped islands, once they have formed, are rather stable, simply for kinetic 
reasons: further uptake of material without nucleation atop the low-energy 
facets can only be realized at the top of the island. There are, however, 
limits given by the increasing positive energy contributions when edges 
meet to form a pyramid tip. 
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Figure 4. 14a: High-resolution TEM of freestanding InP/GalnP islands, e­
beam in direction (1l0). Note the bending of the (lll)B lattice planes close 
to the substrate due to the compressive strain [59). 
Figure 4.14b: High-resolution TEM of freestanding InP/GalnP islands, e­
beam in direction (110). The slightly diffuse edge of the island defines the 
projection of the intersection of two {1l0) facets [59]. 
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4.4.3.2 Manipulations of densities and sizes of 3D islands 

A necessary condition for applications of self-assembling is to have control 
over densities and sizes of quantum dots. As already outlined in Section 
4.3, these quantities are not independent from each other. We will show 
below the experimental results that uphold this conclusion and that were 
the experimental basis for the general proportionality expressed in Eq. 
(4.5). For this purpose, InP dots were deposited directly on GaAs(001), the 
surface of which was P-stabilized by deposition of 2 ML GaP in order to 
reduce As carryover effects. This direct deposition on GaAs has no effect 
on densities and sizes of InP in comparison to depositions on GaInP. The 
advantage is that one can vary more easily the deposition temperature 
without affecting the quality of the substrate (GaInP shows temperature­
dependent ordering effects). First we will consider the changes in surface 
densities of InP 3D islands as a function of deposition temperature T and 
deposition rate R. The deposited amount Q was constant at 3.5 ML. The 
AFM images for two selected temperatures and three selected deposition 
rates are shown in Fig. 4.15. We see the highest densities (and smallest 
sizes) in the field of lower temperature and highest deposition rate and the 
lowest densities (and largest sizes) in the field of higher temperature and 
lowest deposition rate. 

If we consider that the 3D islands are a result of a nucleation process, 
then the average distance 2A, between coherent islands should show some 
relation to characteristic length scales of nucleation processes on surfaces, 
which for deposition/diffusion processes often are written as a power law 
[60]: 

(4.7) 

D is the diffusion constant for surface diffusion, given by D = 
(2kTlh )a2exp( -ErJkT), where k is Boltzmann's constant, T is the absolute 
temperature, h is Planck's constant, a is the lattice parameter, and ED is 
the energy barrier for surface diffusion. R is the deposition rate. The expo­
nent ris determined by the actual process (we will use it here as an empir­
ical parameter). 

For A, we use half of the average island separation, A, = lI(2pl!2) (Fig. 
4.2), with P as the density of the islands. We should note that A, for our case 
is not equal but proportional to the surface diffusion length [61]. By holding 
T constant and plotting In A, versus In R, r was estimated to be approxi­
mately 1/2. ED was then extracted from a plot of In( MT'Y) versus liT, for R 
constant, and estimated to be 1.2 e V. With these values, we obtain an inter­
esting dependence when p is expressed as a function of RID. Since r= 112 
and p = 1/4A,2, we obtain the direct proportionality p oc RID, i.e., Eq. (4.5). 
The results are presented in Fig. 4.16. 
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Figure 4.15: AFM images, 2 x 2,urn2, of InP islands grown on GaAs. The 
temperature was 610°C (a,b, and c) and 640°C (d,e, and f). The deposition 
rates were 0.5 (a,d), 1.2 (b,e), and 3.5 (c,f) MIJs. The total amount of InP 
was 3.5ML in all cases. All images are viewed in shadow mode [31]. 
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Figure 4.16: The density of InP 3D islands as a function of RID. Note that 
for low R, all densities fall together into one line, showing a direct linear 
proportionality p oc RID [31]. 

We see that this proportionality is strongly valid, at least for not-too­
high deposition rates. This result is closely related to the results observed 
for deposition of Ag on Si and W on Si [32,62]. The rate equation theory, 
developed in [32], predicts for the maximum 3D cluster density a propor­
tionality Px ex; (Rlv)pexp(EIkT). In this formula, v is the atomic vibration 
frequency ("" 2 kTlh), p = i/( i + 2.5), and E = (Ei + iED)/( i + 2.5), with Ei the 
barrier to form a critical nucleus and ED the activation barrier for surface 
diffusion. Note that this proportionality becomes equal to p oc RID as soon 
as the critical size i* to form a 3D nucleus becomes i* » 1. In other words, 
the observed proportionality is nothing else than an expression for the 
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Figure 4.17: A plot of density vs. reciprocal temperature for 3D islands of 
InP on GaAs(001) or GainP/GaAs(OOl). Nominal deposition was 3-3.5ML 
of InP. The R = 0.5MUs results were used to fit the proportionality factor, 
resulting in p = 7.325 R exp(ErJkT) and ED = 1.2eV. Using this equation, 
the lines for 1 and 2 MUs were calculated. The values from the literature 
are from DenBaars et al. [40], Sopanen et al. [48], and Zundel et al. [63]. 

density of stable 3D islands surviving at the surface after the initial strain­
induced nucleation process. 

At present, we cannot explicitly express the proportionality factor in 
Eq. (4.5), but we can fit the numerical value by using experimental data. 
This is done for InP 3D islands, nominal 3.5 ML, deposited with a rate of 
0.5 MLls. The result is shown in Fig. 4.17. An extrapolation of this 0.5 MUs 
fit towards lower temperatures covers also the density of InP islands, 
deposited at 470°C by MBE [63]. And if we now vary the deposition rate, 
R, we can approximately describe also the found island densities for 
different deposition temperatures, including values published by other 
authors. 

The sizes of the fully developed coherent islands vary inversely with 
the densities, as shown in Fig. 4.18. We should mention that instead of the 
correct volume values we used the heights as representative size values. 
The reason is that most of the "sizes" are measured by AFM, which gives 
correct values for the height but commonly too-large values for the lateral 
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Figure 4.18: A plot of height vs_ reciprocal temperature for InP islands (data 
as in Fig. 4.1 n 

widths due to tip convolution effects. These results confirm that densities 
and sizes are related to each other. In order to produce high densities of 
small quantum dots, one has to use low temperatures and high deposition 
rates; in the opposite case, one produces low densities and large quantum 
dots. 

There are also ways to manipulate dot sizes independent of dot densi­
ties. InP dots can be annealed for a longer time, whereby they lose height 
while their base diameter remains almost unaffected [64]. In this way also, 
larger InP "dots" can be reduced in size to heights below 10nm (Fig_ 4.19). 

The effect is visible in PL measurements: the typical1.65eV peak orig­
inating from larger InP dots embedded into GaInP shifts to higher energies 
after more than 10 minutes annealing at 600°C. It is interesting that during 
this annealing process the size homogeneity does not degrade. The stable 
base diameter is most probably due to interdiffusion processes at the 
highly strained island base. In-diffusion of Ga, for instance, could reduce 
the strain and simultaneously stabilize the island base by alloying_ 

4.4.3.3 Size homogeneities of MOVPE-grown InP dots 

Using self-assembling for fabrication of quantum dot structures, one has 
to accept that the result will always be an ensemble of dots with a certain 
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Figure 4.19: Effect of annealing in PH:lH2 on the height of coherent InP 
islands. T = 600°C [64]. 

size distribution. However, there are some rules to reduce this disad­
vantageous effect to a minimum. Besides finding the optimum for the 
deposited amount, deposition temperature, and deposition rate, one 
important rule is to use the right timing for the process. Right timing means 
to initiate the 2D-3D transition in such a way that, in as short as possible 
a time interval, the necessary density of nucleation sites will be created 
and the islands can grow. This outcome requires in general uninterrupted 
and not too slow deposition of the total amount Q. It seems that in this 
respect MOVPE, with large contributions from vapor transport, is more 
sensitive than MBE, where surface diffusion dominates as the lateral trans­
port mechanism. We will demonstrate this, using the results of an experi­
ment [65] in which three different samples of self-assembled InP islands 
were grown, and the deposited amount Q was (A) 2.5ML, (B) 3.5ML, and 
(C) 2.5 + interrupt 12 s + 1 ML. After deposition, the samples were annealed 
for 12 sunder PH3 at deposition temperature and then cooled down. 

Figure 4.20 shows the AFM images and the height histograms for InP 
islands. Deposition of 2.5 ML of InP results in nearly all coherent SK islands 
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Figure 4.20: AFM images and histograms of height distributions of InP 
islands grown continuously (A) 2.5MLlnP; (B) 3.5MLInP; and discon­
tinuously with a 12s growth interrupt (C) 2.5 + interrupt + IMLInP. Depo­
sition temperature: 600°C. 
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of rather high size homogeneity, with an average height of 21 nm. An 
increased deposition of 3.5ML of InP produces coherent islands with a 
slightly higher surface density and a slightly lower average height of 18 nm. 
Their smaller size in comparison to sample A is an effect of the slightly 
higher density and the competition in growth due to the appearence of a 
few noncoherent islands (islands with heights of 30-32 nm and 38 nm). The 
size homogeneity of the coherent islands is still high. In contrast, the same 
amount of 3.5ML of Inp, deposited in portions of 2.5 and IML, with 12s 
annealing in between, results in a rather inhomogeneous size distribution 
(C). This means that the additional 1 ML of Inp, deposited in a second 
portion, was not equally distributed over all the islands formed in the first 
step from the 2.5ML deposition. In other words, the size-regulation mech­
anism, responsible for the high homogeneity of sizes if one deposits the 
material of 3.5 ML at once, is not furthermore effective if one deposits the 
same amount of material in portions. 

What makes the difference? As long as 3D islands grow by the mecha­
nism of reorganization of material, they will preferentially be provided with 
material via surface diffusion. Their growth should then be affected by the 
existence of a strain-induced barrier EB around coherent islands. For this 
case (see also Fig. 4.5), the net flux of material towards the islands, j, is 
given by 

(4.8) 

where J1w! - J1is! is the difference of the chemical potentials of mobile 
surface atoms at the wetting layer and the island, respectively, and the rate 
constant kdiff = k' exp( -EBlkT). The barrier EB is size regulating, since it 
increases with increasing island height and favors the smaller islands to 
grow faster. If, however, 3D islands grow by direct transport of material 
from a supersaturated vapor phase, the flux of material towards the island 
is given by 

(4.9) 

with J1g the chemical potential of atoms in the vapor and kg the mass trans­
fer coefficient of vapor-phase diffusion. In the vertical direction above the 
islands, there is no size-dependent diffusion barrier; kg is independent of 
island sizes. The differences in mass transport mainly arise due to differ­
ences in the driving force for vapor-phase diffusion, Le., the difference 
of the chemical potentials in Eq. (4.9). The variable is the local chemical 
potential J1 at the surface, which decreases in the sequence J1w! > tlsmall is! > 
J1!arger is! due to the more efficient strain relaxation. Thermodynamically, the 
larger (but still not fully developed!) islands are the absolute sinks in 
the chemical surface potential. Consequently, transport of material from 
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the vapor phase towards already existing islands should preferentially be 
directed towards the larger islands. 

We should also learn from these experiments that any subsequent depo­
sition onto a surface that is already covered by islands will result in bad 
size homogeneities. This is in fact an experience that one can have in 
vapor-deposition systems. 

4.5 Summary 

The aim of this chapter has been to make the reader familiar with MOVPE 
and its use in fabricating quantum structured semiconductors. We have 
mainly focused on self-assembling as one of the most promising methods 
to produce quantum dots in situ. We have demonstrated that by under­
standing self-assembling as a strain-driven process of nucleation and 
growth, the dependence of sizes and densities of quantum dots on depo­
sition parameters finds its natural explanation. The main parameters 
affecting sizes and densities are the deposited amount of the material, Q; 
the deposition temperature, T; and the deposition rate, R. Then, in a first 
approximation, the density, p, of stable three-dimensional islands follows 
a power-law p oc (RID)' (with D as the surface diffusion coefficient and S 
found to be ""1) that characterizes self-assembling primarily as a kinetic 
process of nucleation and growth. The sizes depend on the deposited 
amount that has to be distributed over the number of three-dimensional 
islands. Therefore, we always found inverse behavior of density and sizes. 
This interdependence of density and sizes to some degree limits the flexi­
bility of the method. The limitation can be overcome by, for instance, 
annealing procedures, whereby the dots shrink in height. 

For dots of InP on GalnP/GaAs, we also discussed some peculiarities­
for instance, the high density of smaller and flat three-dimensional islands 
in the initiation period, which comes out as a consequence of a lower 
nucleation barrier on top of a highly strained, i.e., supercritically thick, 
wetting layer. Therefore, after partial strain relaxation due to formation of 
three-dimensional islands, no further nucleation, but ripening under for­
mation of fully developed and stable coherent islands takes place. For too­
low deposited amounts of material, and at lower temperatures, the smaller 
3D islands are metastable, and as a consequence, bimodal size distribu­
tions can be observed. 

There are a few other interesting aspects of self-assembling that unfor­
tunately could not be included in this chapter. These include especially the 
phenomena of lateral and vertical self-organization. In this field, empirical 
results exist already. Lateral alignment of dots by growth on patterned sur-
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faces, as well as stacking of dots in the vertical direction, has been demon­
strated. Most of the work has been done in MBE, with in a few cases also 
using MOVPE [66] and CBE [67]. Further progress in this field will open 
the doors for completely new quantum structured semiconductors. We 
consider this as an interesting task for future work. 
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5.1 Introduction 

This chapter focuses on the growth, characterization, and applications of 
self-assembled InxGal_xAs quantum dots (QDs) on GaAs substrates. These 
QDs are formed by the so-called Stranski-Krastanow (SK) transition of the 
highly lattice-mismatched InxGal_xAs film. The InxGal_xAs/GaAs system is 
the prototypical system in Ill-V growth for self-assembly of QDs, and con­
sequently it is the most heavily studied. The lattice constant of InAs is 
about 7.2% larger than that of GaAs; this is the largest mismatch among 
AlGaInAsP alloys to GaAs or InP substrates. From a practical standpoint, 
the large mismatch to a common substrate means that this material 
system is readily accessible to most laboratories with epitaxial growth 
capabilities such as molecular beam epitaxy (MBE) and organometallic 



184 SELF-ASSEMBLED InGaAs QUANTUM DOTS 

vapor-phase epitaxy (OMVPE). Note that since the formation of these self­
assembled QDs is driven by a reduction of the strain energy, many other 
III-V semiconductors can conceivably be used to form QDs on a variety of 
different substrates. Many of these have been demonstrated, such as 
GaSb/GaAs [1], InP/G3,)5IIlo5P [2], and InAslInP [3], but we will not discuss 
them further. 

InxGal-xAs with an In mole fraction of greater than about 0.2 [4] changes 
from layer-by-Iayer (two-dimensional) growth to island (three­
dimensional) growth. These experimental results are consistent with the­
oretical predictions [5] about the competing mechanisms for strain relax­
ation. These predictions suggest that at low misfit values, the surface 
relaxes by forming dislocations, before any surface roughening occurs. At 
large misfit values, the surface roughens because of a net decrease in the 
surface energy caused by a partial relaxation of the strain at the edges of 
the islands. Furthermore, the island edges provide high stress points at 
which dislocations can later nucleate [6]. Experiments verify this phe­
nomenon as well [7]. 

The exact In mole fraction at which the 2D-to-3D transition occurs 
depends strongly on growth conditions. This transition from two­
dimensional growth to three-dimensional growth can be easily seen during 
MBE growth using the reflection high-energy electron diffraction (RHEED) 
pattern, which has a streaky structure when the surface is flat (two­
dimensional) and a spotty structure when the islands appear (three-dimen­
sional). The InxGal_xAs islands (quantum dots) that form are quantum sized 
(smaller than the de Broglie wavelength of the electrons and holes) and 
coherently strained (no dislocations) to the underlying GaAs substrate. The 
two-dimensional layer of InxGal_xAs that is grown immediately before the 
island formation is known as the Stranski-Krastanow wetting layer. Once 
the layer of InxGal_xAs reaches some thickness (the exact thickness 
depends on composition, substrate temperature, and As flux), the film will 
undergo a transition from flat (two-dimensional) to islanded (three-dimen­
sional). This increases the surface area of the film, but allows for partial 
relief of the strain energy by bowing at the edges of the islands. Continued 
deposition beyond the 2D-to-3D transition is possible, with a rapid increase 
in island density, followed by saturation of the island density and a subse­
quent increase in island size [8]. Beyond a given island size that depends 
strongly on several factors (In mole fraction, growth temperature, As flux, 
and species), dislocations form and the dislocated islands expand rapidly, 
consuming smaller islands. Finally, a heavily dislocated but continuous film 
whose thickness is spatially modulated forms. 

QDs formed from III-V semiconductors are interesting to physicists 
and engineers because the QDs provide three-dimensional confinement of 
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Table 5.1: Electrical and optical characteristics of various heterostructures. 

Name Dimension pCk) pCE) 

k 2 ~[2m*r2 
3 

n 2 2n2 h2 Bulk 

Quantum well 2 
k m* 

1CLz Jrh2Lz 

2 2 1 [2m*r 1 -----
1CLxLy 1CLxLy ~ h2 

Quantum wire 

0 _2-0Ck) Single dot: 28(E) 
LxLyLz Array: 

Quantum dot 

DPA(2nCM')T1I4exp[ -( E2--::Q J] 
D: Degeneracy of the state; PA: areal density of quantum dots; M': energy spread 
of the quantum dots; EQ: peak energy. 

electrons and holes. QDs have dramatically different electrical and optical 
properties than bulk, quantum-well (QW) (one-dimensional confinement), 
or quantum-wire (two-dimensional confinement) heterostructures. The 
electrical and optical characteristics of all these heterostructures are 
determined by the density of states (DOS) associated with the given dimen­
sionality (see Table 5.1). As shown in Fig. 5.1, the bulk DOS is proportional 
to energy to the one-half power. A QW DOS is a staircase in energy, with 
another upward step taken at each subband. The quantum wire DOS has 
a peak at each subband, and then decreases with energy to the negative 
one-half power. 

Unlike these other heterostructures, a QD has a discrete DOS, 
rather than a continuous (in energy) DOS. In this way, a QD is very similar 
to an atom. At each allowed eigenvalue of the Hamiltonian that describes 
the potential of the quantum dot, there is a delta function in energy that 
corresponds to an allowed state in the dot, as illustrated in Fig. 5.1. The 
amplitude of this delta function is equal to the degeneracy of the given 
state. For an array of quantum dots, such as will be discussed here, the 
amplitude of the delta function must be multiplied by the areal density 
of quantum dots. This allows us to compare the DOS for all these 
heterostructures. 
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Figure 5.1: Density of states for bulk (three-dimensional), quantum-well 
(two-dimensional), quantum-wire (one-dimensional), and quantum-dot 
(zero-dimensional) structures. See table 5.l. An effective mass (m*) of 0.1 
rn" and a confining length of 10 nm in each dimension is assumed. The 
amplitude of the delta functions for the various states of the quantum dots 
correspond to the areal density of an arrays of dots multiplied by the 
degeneracy of the given state. 

The discrete DOS of an array of QDs led to a seminal paper by Arakawa 
and Sakaki in 1982 [9] that predicts improved characteristic temperatures 
in semiconductor lasers with QD active regions. This prediction, along with 
predictions of decreased threshold currents and increased differential gain 
[10], has led to a strong interest in techniques to form uniform arrays 
of quantum dots for optoelectronics applications. However, only with 
the recent advances in self-assembled quantum dot growth, which will 
be described hereafter, have QD lasers been fabricated that have demon­
strated better performance than QW lasers, such as higher characteristic 
temperature and larger differential gain. 

In the following sections, we will discuss the important experimental 
and theoretical results that have led to a strong interest in self-assembled 
quantum dots. We will first discuss the growth and structural characteri­
zation of QDs. Then we will proceed to describe the optical and electrical 
characterization of the QDs and to show how these properties can be cor­
related with the morphological characterization. Applications of QDs, with 
an emphasis on QD lasers, will be discussed next. Finally, some current 
challenges and future directions will be examined. 
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Figure 5.2: (a) Frank-van der Merwe (layer-by-Iayer) growth; (b) 
Stranski-Krastanow (layer-pIus-island) growth; (c ) Volmer-Weber (island) 
growth. 

5.2 Crystal growth and structural 
characterization 

5.2.1 Background and history 

Crystal growth can occur by three different methods (Fig. 5.2): (1) layer­
by-layer growth (Frank-van der Merwe), (2) layer-pIus-island growth 
(Stranski-Krastanow), or (3) island growth (Volmer-Weber). The particu­
lar growth method that one material exhibits when deposited on another 
material is determined by the surface energies and the kinetics. For ill-V 
semiconductors grown by MBE or OMVPE, the crystal grower almost 



188 SELF-ASSEMBLED InGaAs QUANTUM DOTS 

always prefers layer-by-Iayer growth because this gives smooth interfaces 
and uniform quantum wells. However, not all llI-V semiconductors can be 
grown heteroepitaxially in a layer-by-Iayer fashion. The lattice constant ll() 
of the most common III-V compounds (we limit ourselves to compounds 
with Group III elements AI, Ga, and In, and Group V elements As, P, and 
Sb) varies from about 5.45 A for GaP to 6.48 A for InSb. Therefore, layers 
that are strained due to lattice mismatch can be grown. The lattice mis­
match between GaAs (3Q = 5.65A) and mAs (ll() = 6.05A) is about 7.2%. 
Because of this large mismatch, only about the first two monolayers of 
InAs that are deposited on GaAs will form planar layers. Beyond this thick­
ness, the mAs forms islands on the surface. 

The work on QDs has proceeded only due to the large amount of work 
that went into characterizing the early stages of growth (::;;10 monolayers) 
of mAs and InxGal-xAs on GaAs. This initial work was generally focused 
on morphological considerations, although some photoluminescence (PL) 
results were reported early on and were associated with the formation of 
mAs clusters [11]. Much of this early work was focused on either extend­
ing the range of two-dimensional growth or investigating various models 
that predict the formation of dislocations rather than islanding, something 
that was experimentally shown to be incorrect. 

Schaffer et al. [12] were the first to study the nucleation process of 
InAs on GaAs. These authors were interested in improving the properties 
of bulk films of InAs grown by MBE on (100) GaAs. They observed that 
the RHEED pattern developed spots after two monolayers of InAs were 
deposited under As-rich conditions. However, since these authors were 
interested in obtaining smooth, thick films of mAs on GaAs, they did not 
examine the properties of the islands that formed at the early stages of 
growth. 

In 1985, Goldstein et al. [11] studied the properties of the InAs islands 
(clusters) using scanning transmission electron microscopy (STEM), X-ray 
diffraction, and PL at 77 K. They also observed the change in the RHEED 
pattern to a spotty pattern with the deposition of more than two mono­
layers of InAs. They measured the size of the mAs islands with STEM and 
measured PL at 77 K that was associated with those clusters. Furthermore, 
they observed vertical alignment of the islands when a superlattice of 
InAs/GaAs was grown. Finally, they suggested that these clusters "are thus 
proved to be of interest to study low-dimensional «2) objects showing 
good optical properties." Glas et al. [13] used STEM to investigate the 
islands that form in the early stages of InAs growth. Figure 5.3 shows a 
plan view STEM image of a (nominally) two-monolayer-thick mAs film. The 
authors estimate the island density at around 1011 cm-2• The islands are 
clearly aligned along (100) directions. 
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-100nm 

Figure 5.3: Plan-view TEM image of a nominally two-monolayer-thick InAs 
film on (100) GaAs, grown by MBE. The islands can clearly be seen on the 
image, and they are aligned along (100) directions [13]. 

Guha et al. [7] used high-resolution transmission electron microscopy 
(HR-TEM) to investigate the early stages of growth of 1no.5G3Q.sAs on GaAs 
(100). They grew seven monolayers of Ino 5G3QsAs at a substrate tempera­
ture of 520°C using MBE. Dark field (400) TEMs show that the substrate 
lying underneath the islands is deformed due to the strain induced by the 
islands. HR-TEMs show that these islands are defect free up to about 8.0 
nm in height and 25.0nm in width (Fig. 5.4). Beyond these dimensions, 
stacking faults can be seen toward the edges of the larger islands, consis­
tent with theoretical predictions [6]. This may put a limit on the size of the 
islands that can be grown coherently. Note, however, that Guha et al. give 
no indication in their paper about the change of the RHEED pattern from 
streaky to spotty, so we have no way of knowing how far beyond the 2D­
to-3D transition these islands are measured. Nonetheless, this is direct 
evidence that its is possible to obtain defect-free islands. 

Snyder et al. [14] used RHEED, scanning tunneling microscopy (STM), 
and TEM to investigate the MBE growth of 1no.5G3Q.sAs on GaAs (100). At 
a growth temperature of 520°C, they observe the 2D-t0-3D transition in the 
RHEED pattern after deposition of about five monolayers of IDo 5G3QsAs. 
An STM image of the surface after deposition of 12 monolayers of 
Ino.5G3Q.sAs shows that the morphology is islanded, with coalescence of 
islands occurring (Fig. 5.5). Thus, it is extremely difficult to discern 
whether defects have been generated in these islands already (note that 
almost twice as much material has been deposited than at the point at 
which Guha et al. [7] saw the onset of defect formation). 
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Figure 5.4: High-resolution TEM images of (a) two coherent islands and 
(b) a coherent island (left) and a defective island (right). The arrows point 
to defects [7]. 

5.2.2 Single layers of quantum dots on (100) GaAs 

Goldstein et al. [11] were the first to associate PL with the lnAs islands. 
They suggested that islanded growth might be a technique for making 
reduced-dimensional structures. Further suggestions that the islands could 
be used as QDs carne in 1991 from Tabuchi et al. [15], who used TEM and 
PL to show that these clusters ( or islands) could be well controlled 
and could emit light at 77 K. These authors observed no dislocations when 
two monolayers of lnAs were deposited. The PL emission wavelength 
increased, and the full width at half maximum (FWHM) increased, as the 
film went from two-dimensional to three-dimensional, as was reported by 
Goldstein et al. [11]. Despite this early work that indicated that lnAs grown 
on GaAs could form nanoscale clusters that emitted light, interest in using 
this technique to form arrays of quantum dots did not appear until Leonard 
et al. [16] using plan-view TEM, and Moison et al. [17], using atomic force 
microscopy (AFM), demonstrated that uniformly sized arrays of quantum 
dots can be grown. 

The transition from a flat surface, without QDs, to a surface that con­
tains QDs is very abrupt. Moison et al. [17] demonstrated that the RHEED 
transition from streaky to spotty occurs after 1. 75 ± 0.1 monolayers of InAs 
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150 nm 

Figure 5.5: A 150nm x 150nm STM image after deposition of 12 monolay­
ers of 1no.5G3;).;;As at 520°C. The height range is approximately 8nm. The 
RHEED pattern changes from streaky to spotty after about 5 monolayers 
of IIlo.5G3;);;As [14]. 

have been deposited at a substrate temperature of 500°C. AFM images 
taken after deposition of 1. 7 monolayers of lnAs show a flat surface, with 
atomic steps visible on the surface. Between 1. 75 monolayers and about 
3.0 monolayers, quantum-sized islands are observed (Fig. 5.6). The islands 
increase in size (height and base diameter) as more InAs is deposited. 
However, beyond about three monolayers of InAs, coalescence occurs and 
the island density decreases dramatically. Histograms taken at an lnAs 
coverage of 2.3 monolayers show a dot height of 3.9nm ± 0.75nm and a 
half-base diameter of 14.8nm ± 1.3nm. These dimensions are appropriate 
for lateral confinement of electrons and holes and can thus be called 
quantum dots. 

Leonard et al. [16] showed that the RHEED pattern during growth of 
1no 5G3;).;;As transformed from streaky to spotty after approximately four 
monolayers had been deposited. Plan-view TEM images showed an 
approximate island diameter of 27.8nm ± 2.8nm, and no dislocations were 
observed. Low-temperature PL measurements show that the dots give a 
broad peak (FWHM = 60meV) centered at about 1.2eV. The broad peak 
can be accounted for by the size distribution of the islands. The integrated 



192 SELF-ASSEMBLED InGaAs QUANTUM DOTS 

• ., • • s • • • • 
<$0 • 

.. • .. 
" 41 

" II!> 

• 
• • 

• .. 
" • • - .. 

- .. .. ." 
~ • 

• , .. • 111 • .. .. • • .. 
" .. • • • # .. ~ 

• 
.. .. • • • • • • 

.. .. .. 
• .. • .. 

• 
~ 

". " .. .. .. .. .. • ... , 
.. 

" • .. .. 
.. 

.. 
lit ( 

~ , , 
• to .. 

\0 ... 

" 
.. .. • -. .. .. .. .. .. • 4 

' . 
• 

• to 
, .. 

" 
.. .. .. .. 

\1 .. .. ~ 

• .. . 
• • 

.. .. 
" .. .. .. 

" 
.. , .. .. t .. • .. 

Figure 5.6: A l,um x l,um AFM image after deposition of 2.3 monolayers 
of InAs at 500°C [17], 

PL intensity from the QDs is comparable to that of reference QW, which 
indicates the high quality of the QD material. 

Most of the early work done on InxGal_xAslGaAs QDs has used MBE 
rather than OMVPE. There are some early reports of OMVPE growth of SK 
QDs [18], but MBE has the big advantage of using the in situ RHEED tran­
sition as a measure of when the QDs form. Steimetz et al. [19] have used 
reflectance anisotropy spectroscopy (RAS) and spectroscopic ellipsome­
try (SE) during OMVPE growth to monitor the formation of islands during 
InAs growth. By combining these in situ techniques with ex situ scanning 
electron microscopy (SEM), they found that large cluster formation (rather 
than small island formation) was favored when (1) the temperature was 
increased, (2) the deposition rate was decreased, and (3) the AsH3 partial 
pressure was increased. 

Both OMVPE and MBE are extremely sensitive to the total amount of 
InAs that is deposited. Leonard et al. [8] , using MBE, found that the density 
of coherent islands changed from 8 x 106cm- 2 to 2.5 x 108cm-2 with an 
increase of only about 0.02 monolayers of 1nAs. Incoherent islands are not 
observed until about 2.5 mono layers of lnAs have been deposited, which 
is about 200Al-300Al more than the 2D-to-3D transition. OMVPE growth has 
similar differences in the density of coherent islands for small changes in 
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Figure 5.7: Typical RHEED pattern with the electron beam on the [011] 
azimuth for deposition of (a) 0 monolayers, (b) 1.8 monolayers, (c) 2.0 
monolayers, and (d) 2.7 monolayers of InAs. 

InAs thickness, but the appearance of incoherent islands occurs much 
sooner. Gieger et al. [20] grew InAs on (100) GaAs using low-pressure 
OMVPE. They found that a difference in InAs thickness of only about 0.1 
mono layers can mean the difference between having an areal density of 
about 109 cm-2 coherent islands and having 1010 cm-2 coherent islands along 
with 109 cm-2 incoherent islands. Heinrichsdorff et al. [21] also investigated 
the effects of OMVPE growth conditions (growth temperature, VillI ratio, 
composition, and growth interruption time) on the formation and pro­
perties of InGaAs QDs. They found that small changes in In mole fraction 
(from 71% to 78%) could lead to the formation of large, incoherent clus­
ters. Also, smooth, flat islands with lateral dimensions of 100-200 nm can 
be found between well-defined QDs under certain growth conditions. Thus, 
careful control over all growth parameters must be maintained in order to 
successfully grow QDs with OMVPE. 

The exact shape of the QDs has been controversial. It is important to 
know as much as possible about the shape of these QDs so that modeling 
of the band structure can proceed. RHEED, TEM, and AFM have all been 
used to infer information about the shape of the QDs. An example of the 
typical RHEED pattern at various levels of coverage is shown in Figs. 5.7 
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Figure 5.8: Typical RHEED pattern with the electron beam on the [011] 
azimuth for deposition of (a) 0 monolayers, (b) 1.8 monolayers, (c) 2.0 
monolayers, and (d) 2.7 monolayers of lnAs. 

and 5.8. As first reported by Nabetani et al. [22] the obseIVation of well­
defined chevrons along the [011] azimuth indicates diffraction from sharp 
facet planes. The included angle of the chevron is about 50°, which indi­
cates that the facet planes have an angle of about 25° with respect to the 
[001] azimuth. This is a (311) plane. The spot pattern when the RHEED 
beam is along the [011] azimuth suggests that no well-defined facet is 
present along this direction. More recently, Lee et al. [23] have given a new 
interpretation of the RHEED results. They point out that there should be 
crosses, rather than chevrons, if the islands have (311) facets along the 
[OIl]. They looked at the RHEED pattern in other azimuths, particularly 
[310] and [lro] (Fig. 5.9). From these obseIVations, along with those along 
[011] and [011], they conclude that the QDs are composed of (136) planes, 
and that the islands have C2v symmetry (Fig. 5.10). These results should 
lead to better models of QD shape and correspondingly better band struc­
ture calculations. 

AFM results have been complicated by the fact that the image that is 
obtained is a convolution of the AFM tip and the island. Unless the tip is 
much sharper than the island, it will be difficult to get a very accurate 
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Figure 5.9: RHEED patterns along (a) [310], (b) [130], and (c) [310] 
azimuths after deposition of 1.68 monolayers of InAs. Panel (d) presents a 
closeup of the facet-related streaks from panel (b) [23]. 
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Figure 5.10: Proposed structure for the InAs quantum dots, based on the 
RHEED patterns shown in Fig. 9 [23]. 

measurement of the island shape. Moison et al. [17] describe the shape of 
the dots as rounded pyramids. The AFM images suggest a (410) facet plane, 
as opposed to the (511) plane that their TEM images suggest. Leonard 
et al. [8] report a radially symmetric, planoconvex (lens-like) shape of their 
QDs. However, this may be due to an inability of the AFM to measure the 
sharp tip of a QD. 

TEM has also been used to ascertain the shape of the QDs. Depending 
upon the diffraction conditions that are used, TEM can be sensitive to vari­
ations in both strain and chemical composition. Grundmann et al. [24] have 
used plan-view TEM under diffraction conditions that are far from the 
exact Bragg condition, which should be sensitive to the morphology of the 
QDs, rather than the strain (Fig. 5.11). They conclude that the QDs are 
pyramidal shaped with a square base (C4v symmetry) whose sides lie along 
(100) directions. They also see alignment of the QDs along the (100) direc­
tions, as has been previously reported [13] and as is shown in Fig. 5.3. 
Further examination of TEM images will likely be needed, especially con­
sidering the recent RHEED interpretation of Lee et al. [23]. 

There have been several reports of in-plane alignment of QDs [8, 13, 18, 
24-26]. Glas et al. [13] and Grundmann et al. [24] showed that InAs QDs 
generally line up along (100) directions on (001) substrates. The reasons 
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Figure 5.11: Plan-view TEM image using off-Bragg conditions in order to 
enhance the contast due to morphological differences, rather than contrast 
due to strain fields or compositional differences [24]. 

for this alignment are not yet understood, but interaction between QDs via 
the strain field is one likely candidate. Leonard et al. [8] and Kitamura et 
al. [27] observed that InxGal_xAs QDs can be preferentially nucleated at 
step edges (Fig. 5.12). This suggests that In adatoms preferentially incor­
porate at the step edges due to the high density of kinks at the step edges. 
Mirin [25] found that aligned InGaAs could be formed on top of GaAs ter­
races with multiple steps at the edges of the terraces (Fig. 5.13). Indium 
adatoms are unable to migrate down the step edges (Schwoebel barrier) 
and instead are reflected at the step edge. This leads to island nucleation 
along the top edge of the terraces. 

5.2.3 Overgrowth of self-assembled quantum dots 

The quantum dots that are formed by the Stranski-Krastanow transition 
are highly nonplanar and have partial strain relaxation at the edges of the 
dot. Accordingly, the QDs must be buried in AlGaAs or some other large 
bandgap material in order form a top barrier for electrons and holes. The 
growth of this top barrier is critical for obtaining highly efficient radiative 
recombination in the QDs. If the overgrowth quality is poor (interface 
states form at the QD-top barrier interface), then carrier trapping in 
the surface states can drastically reduce the efficiency of the QDs. Fur­
thermore, the thickness of this overgrowth layer is important for the 
growth of QD superlattices. The QDs must be buried by the top barrier, 
but the spacer thickness between layers can be varied, and this variable 
can be adjusted to give electronic coupling between the layers if desired; 
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Figure 5.12: A 5J..lffi x 5,um AFM image of InAs quantum dots that shows 
preferential nucleation at step edges [8]. 

the growth of QD superlattices will be discussed further in the next 
section. 

Xie et al. [28] have compared cap layer growth using migration 
enhanced epitaxy (MEE) and conventional MBE. Using low temperature 
photoluminescence, they show an order-of-magnitude improvement in 
integrated PL intensity for a sample with 2.0 monolayers of InAs grown at 
500oe, capped with GaAs grown at 4000 e by MEE, as compared to samples 
with identical InAs QDs but GaAs cap layers grown by conventional MBE 
at 4800 e and 400oe. 

One potential problem of using MEE to grow the GaAs cap layer is the 
strong intermixing of the InAs with the GaAs cap layer due to segregation 
of the In atoms. The segregation is enhanced on the high Miller index sur­
faces that form the sides of the quantum dots [29]. Mirin et al. [30] have 
used a different approach to optimize the GaAs overgrowth. They grow 
InGaAs QDs using alternating MBE at a substrate temperature of about 
515°e. Next they deposit varying amounts of GaAs on top of the QDs at 
the growth temperature of 515°e using conventional MBE, and then raise 
the temperature to 5700 e before continuing the GaAs growth. The PL inten-



CRYSTAL GROWTH AND STRUCTURAL CHARACTERIZATION 199 

Figure 5.13: A 2.um x 2.um x 15nm AFM image of InGaAs quantum dots 
aligned along the tops of GaAs terraces that are formed during the growth 
of the buffer layer. 

sity and peak emission wavelength vary as the amount of GaAs deposited 
at 515°C is varied. Some intermediate thickness of GaAs gives the best 
luminescence results. If too thin a layer is deposited, the peak emission 
wavelength blueshifts and the intensity is decreased; if too thick a layer is 
deposited, the intensity is substantially decreased. The variation in peak 
emission wavelength is due to In segregation and/or re-evaporation from 
the QDs. Both of these outcomes lead to a higher emission energy. This 
technique minimizes the thickness of GaAs grown at low temperatures, 
which can lead to defects, while maintaining the shape and In composition 
of the QDs, which leads to a stable emission wavelength. 

The overgrowth and burial of the QDs has also been investigated using 
AFM [31] (Fig. 5.14). They find that when the islands have been only 
partially buried (2.0nm of GaAs deposited), there is a large dip at the 
island center where very little GaAs has covered the InAs island. As the 
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Figure 5.14: A l,um x l,um AFM image of InAs quantum dots (areal 
density about 5 x 1Q9 cm-Z) capped with 2.0nm of GaAs. The dark spots 
at the center of some of the islands correspond to holes in the 
overgrowth [31]. 

coverage increases to about 5.0nm, the dip fills in, leaving a depression of 
about two mono layers. This AFM study has important implications for the 
growth of stacked layers of QDs and the calculation of electron and hole 
wave functions in stacks of QDs. 

5.2.4 Quantum dot superlattices 

In order to increase the spatial density of QDs, several layers of InxGal_xAs 
QDs can be grown with GaAs barriers in between the layers (quantum dot 
superlattices [QDSLsJ). Several groups have demonstrated that growing 
multiple layers of InGaAs QDs can lead to a spatial correlation between 
subsequent layers [11,13,25,32-35]. Improved uniformity (both island size 
and spacing) within a given layer of a multilayer stack has been theoreti­
cally predicted [36] and demonstrated [37]. QDSLs have been particularly 
important for achieving high-performance QD lasers; this will be discussed 
further in a later section. 

Goldstein et al. [11] first observed the vertical alignment of the InAs 
islands using STEM. They point out that this "memory effect" indicates that 
the GaAs is nonuniformly strained. Yao et al. [32] were the first to investi­
gate the spacer thickness between multiple layers of islands. They found 
that in order to obtain vertical alignment, the GaAs spacer had to be thin 
enough for the strain field from the underlying QDs to propagate up to 
where the subsequent layer of QDs was formed. Xie et al. [33] found very 
similar results using InAs QDs formed by depositing two monolayers of 
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Figure 5.15: A TEM cross section image shows an aligned column of 
quantum dots [35]. 

InAs. Their systematic study of vertical alignment and spacer thickness 
compares very well with a phenomenological growth model that includes 
surface diffusion during growth. This model demonstrates that the strain 
field due to the underlying islands creates a local potential minimum 
directly over the island, thus providing a preferential site for subsequent 
island formation. 

Solomon et al. [35] demonstrated vertical alignment of InAs islands that 
are formed from three monolayers of InAs with 20 monolayers of GaAs in 
between each layer of islands. They demonstrated that up to ten layers 
of islands can be grown without forming dislocations (Fig. 5.15). Fur­
thermore, they demonstrated that the 8 K photoluminescence linewidth 
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monotonically decreases from about 70meV to 55meV by adding layers of 
QDs, implying a more uniform size distribution. Solomon et al. [37] also 
performed AFM measurements on 1-, 10-, and 20-layer stacks of lnAs QDs. 
The results indicate that the QD density decreases, but the mean QD 
height and in-plane diameter both increase when the number of layers is 
increased. 

These results agree well with the model of Tersoff et al. [36], in which 
the nucleation of islands is the prime consideration [5]. The strain from 
the underlying layers gives a local minimum in the mismatch, and this local 
minimum leads to a reduced nucleation barrier. Since the island nucleation 
rate depends exponentially on the nucleation barrier, a local minimum in 
the nucleation barrier leads to a much higher probability of island nucle­
ation. Calculations show that, depending upon initial island spacing, an 
equilibrium distribution of island spacing and sizes can be achieved in as 
few as five layers. These simulations also suggest that, when the initial 
islands are closely spaced (meaning that the strain fields do not overlap) 
in the plane of the islands, some of the columns will terminate and 
the density of islands will decrease. This has also been verified experi­
mentally [37]. 

One point that is generally neglected in the above papers is the layer­
to-layer unifOrmity and its effect on device performance. During the 
growth of these QD superlattices, the first QD layer requires more mono­
layers than the subsequent layers, as indicated by the change in the RHEED 
pattern from streaks to spots [25,38]. This is consistent with the model of 
Tersoff et al. [36], where the nucleation rate controls the formation of a 
layer of islands. The local variations due to the underlying islands reduce 
the nucleation barriers, increasing the island nucleation rate and leading 
to the observation of the RHEED transition with fewer number of 
deposited monolayers. 

5.2.5 Growth on non-(100) substrates 

Although (100) GaAs is by far the most commonly available substrate and 
thus of the most interest for QD formation, there has been interest in inves­
tigating other orientations of substrates. It is expected that there will be 
some differences in the growth of QDs grown on orientations other than 
(100) because the atomic arrangement on the surface, and hence the bond 
strengths, is different. This will affect the growth, since these differences 
in surface structure affect surface diffusion length, sticking coefficient, 
step density termination, etc. Particularly noteworthy are the results 
obtained by Notzel et al. [39]. They used OMVPE to grow Illo.25Gao.7:;As and 
Ino.4Gao.fll\s on Alo.5Gao.5 .As buffer layers on (311)B GaAs. They found that 
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Figure 5.16: Scanning electron micrograph of ordered array of AlO.5GllQ.&As 
microcrystals that contain buried Ino.2GllQ.sAs quantum disks [39]. 

a growth interruption after the growth of the originally flat InGaAs films 
leads to a spontaneous rearrangement of the InGaAs film into an array of 
islands buried by AlGaAs. These islands, called quantum disks by the 
authors, have lateral diameters ranging from 30 to 200nm. The islands 
form remarkably well-ordered arrays, as seen in the scanning electron 
micrograph in Fig. 5.16. Room-temperature PL linewidths as low 
as 6 me V have been measured from these arrays of QDs, and room­
temperature lasing has been achieved with threshold current densities that 
are slightly lower than similar lasers grown on (100) substrates [40]. 
However, the differential efficiency from the (311)B lasers is much worse 
than that from the (100) lasers, and the output power saturates more 
readily, so it is not necessarily advantageous to use the (311)B substrate 
for laser growth. 

Although the OMVPE QDs on (311)B GaAs are not due to an SK tran­
sition, SK growth of InAs and InO.5Gao.&As QDs on (311)B GaAs by MBE has 
been demonstrated [41]. The thickness required for the 2D-to-3D transition 
to occur was shown to be only slightly larger for a (311)B substrate than 
for a (100) substrate. AFM measurements show that the uniformity of the 
QDs on the (311)B is much better than that ofthe (100) QDs; the standard 
deviation of the height is 3()o~ larger for the (100) oriented QDs and the 
standard deviation of the diameter, 5()o~. The best PL linewidths from the 
(311)B QDs are 35meV at 2K and 41meV at 300K, as opposed to 61meV 
and 102meV from the QDs on (100) GaAs. 
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Gonzalez-Borrero et al. [42] reported on growth of QDs on several dif­
ferent orientations, including (100), (211)A, (111)A/B, (511)A/B, and 
(711)A/B. All orientations except (511)A and (711)A exhibited QD forma­
tion. Optical properties of the orientations on which QDs did form showed 
similar results as the more common (100) orientation. Further study is 
needed to determine if there are other advantages to using other than 
(100)-oriented substrates for QD formation. 

5.2.6 Summary 

Arrays of self-assembled InxGal_xAs QDs with In mole fractions ranging 
from about 30010 to 100010 have been grown using both MBE and OMVPE. 
The thickness at which the transition from two-dimensional growth to 
three-dimensional growth occurs depends on several factors, including In 
mole fraction (strain), growth temperature, As flux, and substrate orienta­
tion. As the In mole fraction increases, the growth becomes especially sen­
sitive to the growth conditions. Multiple layers of quantum dots (QDSLs) 
can be grown, which is important for device applications. These layers 
align vertically because of the strain field from the underlying QDs. The 
limitations on dot-to-dot uniformity and layer-to-Iayer uniformity need 
further study. Recent theoretical modeling of self-assembled island growth 
[43-45] shows promise for predicting methods to improve uniformity and 
control areal density. 

The InGaAs quantum dot arrays that are currently being grown are far 
from perfect. The biggest and most critical challenge that needs to be faced 
is the size uniformity. Although the size uniformity now is around ±10%, 
better uniformity should lead to bigger improvements in device perfor­
mance. There has not however, been any substantial improvement in the 
uniformity of these arrays since the work was first begun, which suggests 
that there may be some fundamental limitations that are preventing the 
desired improvements. This is one area that is ripe for new avenues of 
research. 

Another difficult challenge is control of the areal dot density and posi­
tion. It would be desirable to be able to control the dot density, size, and 
energies of the quantized levels, but this has so far proven difficult. Most 
of the reports of dot densities are between 3 x 101O cm-2 and 8 x lOcm-2, 

with some reports around 1-2 x 1011 cm-2• Higher dot densities would be 
desirable for laser applications, and lower densities would be desirable for 
studying the properties of individual quantum dots. Control of the in-plane 
position of the QDs is also desirable for engineering complex single­
electron structures and arrays of such structures. This may be possible 
using growth on patterned substrates, but no systematic technique has yet 
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been developed. Better understanding of the growth mechanisms involved 
in the QD formation are needed for researchers to obtain better control 
over these properties. 

5.3 Optical characterization of 
quantum dots 

5.3.1 Photoluminescence, photoluminescence 
excitation spectroscopy, and 
polarization-dependent photoluminescence 

The optical properties of self-assembled QDs are obviously important for 
development of improved devices and/or devices with new functionality, 
based upon QDs. It is important to measure properties of both arrays of 
QDs, as a measure of size uniformity and possible use in current genera­
tions of devices, as well as measuring properties of individual QDs, since 
the individual characteristics will set limitations on future devices. In this 
section, experimental results on both arrays of QDs and individual QDs 
will be discussed. 

The arrays of QDs typically exhibit low-temperature PL linewidths that 
range from about 30 to 100meV [11,15,16,46]. These large linewidths are 
due to variations in the size, shape, and alloy composition of the QDs. The 
size distribution of these arrays of QDs is typically ±l00Al. This leads to an 
inhomogeneously broadened linewidth that is dominated by the size dis­
tribution; since the height of the QDs is typically only about 20% of the 
lateral dimension, the height fluctuations lead to much larger potential fluc­
tuations than do the variations in lateral dimension. The best indication 
that the linewidth is inhomogeneously broadened due to the size distribu­
tion is that the linewidth does not monotonically decrease when the tem­
perature is decreased, as the linewidth of a QW does. In fact, there are 
reports that the linewidth will decrease slightly when the temperature is 
decreased from room temperature, but will actually increase again when 
the temperature is lowered even further [25,47-49]. This might be caused 
by dot-dot tunneling that is preferred at higher temperatures or by excited­
state emission that overlaps with the ground-state emission. 

Once arrays of quantum dots had been demonstrated and preliminary 
PL experiments showed promising results, the proof that these QDs were 
truly zero-dimensional structures could be obtained. Photoluminescence 
excitation (PLE) and resonant PL experiments by Fafard et al. [50] clearly 
demonstrated the zero-dimensional nature of the QDs. An IIlo.5Gao.sAs QD 
array with a low-temperature PL FWHM of 50meV was studied. The PL 



206 SELF-ASSEMBLED InGaAs QUANTUM DOTS 

8SO 81.5 900 925 9.50 97.5 1000 1025 
Wavelength (nm) 

Figure 5.17: The PL spectra obtained when the pump laser wavelength is 
varied. The peak emission wavelength is seen to change as the pump laser 
excites carriers selectively into various (uncoupled) quantum dots. The 
PLE spectra in the upper left indicates the laser excitation wavelength for 
the various PL spectra [50]. 

peak wavelength was around 972 nm when the QDs were excited by the 
514.5nm line of an Ar+ laser. By varying the energy of the exciting laser 
around the peak energy of the first excited state in the QDs, the peak emis­
sion wavelength varied from about 960nm to about 980nm (Fig. 5.17). This 
resonant excitation into the excited states of the QDs indicates that the 
carriers excited in a given QD are mostly confined to that QD and are 
unable to diffuse to a lower energy state, as would typically happen in a 
QW. Further evidence is seen in the PLE spectrum measured on these QDs 
(Fig. 5.18). As the detection wavelength is varied over the peak of the QD 
ground state emission, the PLE spectra show a shift in the position of the 
first excited state. This shift again indicates that only a certain fraction of 
the QDs, specifically those QDs that have their ground state at the detec­
tion wavelength and have their first excited state at the excitation energy, 
are detected with this measurement. 

As noted above, there is evidence (RHEED, AFM, and TEM) that the 
islands have an anisotropic shape. Nabetani et al. [22] measured the polar­
ization dependence of the PL at 10 K. They observed that the PL emission 
with the electric field parallel to the [110] azimuth was approximately twice 
that when the electric field was parallel to the [110]. This is a good indi­
cation of the anisotropic shape and/or strain of the QDs, and it will have 
important consequences for the polarization properties of QD vertical 
cavity lasers [51]. 
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Figure 5.18: PLE spectra obtained when the detection wavelength is varied 
along the peak of the emission spectra. The change in PLE between the 
PLE spectra shows that carriers that are excited in a given quantum dot 
tend to recombine in that dot, rather than difusing to the lowest available 
energy state in the system (which is often in a different dot) [50]. 

5.3.2 Single QD photoluminescence 

The properties of individual QDs are important because they set limita­
tions on improvements in device performance. Most of the PL results 
on arrays of QDs have linewidths of 40meV or more. This linewidth 
does not vary much as the temperature changes because the linewidth is 
limited by the inhomogeneous broadening due to the size distribution of 
the QDs. Because of the high density of QDs (;;::109 cm2), a typical PL experi­
ment with a spot diameter of 100 J1ffi excites 105 QDs or more. Therefore, 
in order to investigate smaller numbers of QDs, special techniques must 
be used. 

Marzin et al. [52] used e-beam lithography to define square mesas with 
dimensions from 100nm to 5,000nm in order to isolate some number of 
QDs. They used a microscope objective to focus the exciting laser 
light down to a spot diameter of about 2 J1ffi. As the mesa size was reduced, 
the PL spectra showed more evidence of discrete transitions. When 
the mesa size was 500 nm, individual QD emission lines were detected 
with linewidths less than 100 Jle V (limited by the experimental setup) (Fig. 
5.19). Fafard et al. [53] also etched mesas to isolate finite ensembles 
of QDs. Their results were similar to those of Marzin et al. [52]; as the size 
of the mesa decreased (and thus the number of QDs contributing to the 
spectrum decreased), the spectrum became better resolved-that is, 
the spikes due to individual QDs became apparent, rather than the 
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Figure 5.19: (a) 10K PL spectrum of a 500nm square mesa that contains 
QDs fonned by depositing 2.2 monolayers of InAs at 520°C. (b) A blowup 
of part of the spectrum in (a) shows the very sharp emission lines from 
individual quantum dots [52]. 

broad Gaussian peak that appeared when large numbers of QDs were 
sampled. 

Grundmann et al. [25] used spatially resolved cathodoluminescence 
(CL) to excite small numbers of QDs. They also observed sharp lines (as 
narrow as 150jleV, instrument limited) in the spectra (Fig. 5.20). There 
was no measurable difference in the linewidth as the temperature was 
increased from 5 K up to 50 K. This is further evidence that the ensemble 
linewidths (30-100meV) that are typically measured at low temperatures 
are due to inhomogeneous broadening from the size distribution of the 
array of QDs. Furthennore, this linewidth puts an upper limit on the 
amount of improvement that can be obtained by using extremely unifonn 
arrays of QDs in devices. 
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Figure 5.20: Low-temperature cathodoluminescence measurements on 
arrays of QDs using a tightly focused electron beam spot show the emis­
sion lines from individual dots [25]. 

5.3.3 TIme-resolved photoluminescence 
Time-resolved PL measurements on self-assembled QDs are particularly 
interesting because of the prediction of a phonon bottleneck [54,55] in QDs 
due to the discrete density of states in the QDs. This prediction states that 
when an electron is captured by a QD into an excited state of the QD, that 
electron will have a difficult time cooling to the ground state and then 
recombining radiatively because there are no intermediate energy states 
in the QD that are exactly one longitUdinal optical (LO) phonon energy 
away. This is unlike a QW or quantum wire, where the density of states is 
a continuum and hot electrons can easily cool by phonon emission into the 
continuum. 
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Figure 5.21: Time-resolved PL measurements on InAs QDs with various 
excitation energies of the pump laser. The decay times are all 28 ± 5ps, 
which indicates that only the last relaxation process is resolved [58]. 

Wang et al. [56] compared the PL decay time for a QD and a QW. At 
1.4K, they found that the QD luminescence has a decay time of 882ps, as 
compared to 336ps for the QW luminescence. However, despite this 
increased decay time, the integrated PL intensity was similar for the QDs 
and the QW. If a phonon bottleneck was the cause of this reduced decay 
time, then the nonradiative lifetime should be even longer than this. 
Kamath et al. [57] also performed time-resolved experiments on QDs. For 
a sample with six layers of QDs, they found a decay time for the ground 
state of 700ps and a decay time for the first excited state of 250ps at a tem­
perature of 13 K. The rapid decay of the excited state emission is believed 
to be due to relaxation to the ground state and re-emission to the barriers. 

Heitz et al. [58] used PLE and time-resolved PL to investigate multi­
phonon processes for carrier relaxation in InAslGaAs QDs. As shown in 
Fig. 5.21, they found that excitation at various energies still leads to the 
same PL rise time of 28 ± 5ps. This implies that only the energy relaxation 
process that corresponds to the lowest energy excitation is resolved. This 



ELECTRICAL CHARACTERIZATION OF QUANTUM DOTS 211 

lowest-energy relaxation process is shown to be almost resonant with the 
absorption into the first excited hole state in the QD. Therefore, the first 
excited hole state is a relaxation bottleneck; however, because this relaxa­
tion process is till faster than the nonradiative or radiative recombination 
processes, it is not observed in PL experiments. 

5.3.4 Summary 

The optical properties of arrays of QDs and individual QDs have been 
studied using several different techniques. The arrays of QDs exhibit large 
inhomogeneous linewidths (30-100 me V) because of the size distribution 
of the QDs. However, when spectroscopic techniques with high spatial 
resolution are used, individual QD emission lines can be resolved that are 
limited by the instrument resolution to about 100 J.le V wide. This linewidth 
sets an upper limit on possible device improvements. The emission from 
the QDs is shown to be polarized in the plane of the QDs because of the 
anisotropic shape of the QDs. Time-resolved PL measurements show that 
although there may be a phonon bottleneck that limits carrier relaxation, 
the nonradiative processes are still much slower than the carrier relaxation 
times, indicating the high quality of the interfaces of the QDs with the sur­
rounding matrix. 

Several remaining optical properties of QDs have not yet been mea­
sured. For example, although the wave function overlap between electrons 
and holes is expected to be very large because of the spatial confinement, 
there is little or no information available about excitonic properties of QDs. 
Also, little is known about the nonlinear optical properties of QDs, except 
for some intensity-dependent PL measurements that give saturation inten­
sities. Until many more of these unknown properties are measured, we will 
not have a good understanding of the limitations of QDs. 

5.4 Electrical characterization of 
quantum dots 

5.4.1 Capacitance spectroscopy 
Capacitance spectroscopy (C-V measurements) is a powerful way to inves­
tigate the electron and hole states in the self-assembled QDs. A particular 
advantage of capacitance spectroscopy over other spectroscopic tech­
niques is the ability to separately investigate the electron and hole levels 
in the QD, rather than to see a convolution of the two, as in PL or PLE 
measurements. A typical structure for performing C-V measurements 
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consists of a layer of QDs sandwiched between a tunneling barrier to a 
back ohmic contact and a spacer layer to a Schottky contact [59]. A 
bias is applied between the two contacts, which allows the Fermi level to 
be swept through the range of quantized levels in the dots. At low 
temperatures, the capacitance is directly proportional to the DOS at the 
Fermi level: 

c - dQ _ dn dll _ dn (E) 
- dV - q dll dV - q dll P F, 

(5.1) 

where p(EF) is the DOS at the Fermi level, n is the electron concentration, 
Il is the chemical potential, and q is the electronic charge. Thus, the C-V 
curve can be used to determine the energies of the confined states in the 
QD, as well as the states in the wetting layer. 

Drexler et al. [59] performed the first capacitance and magnetocapaci­
tance spectroscopy on self-assembled IIlo5G~.r;As QDs. They investigated 
the electron states at 4.2 K and found an energy-level spacing between the 
ground state and the first excited state of 41meV. This finding is significant 
because it is more than twice the Coulomb charging energy of 18meV. 
Therefore, these self-assembled QDs are suitable for investigating 
electron-electron interactions in QDs, experiments that are extremely dif­
ficult to interpret in other QD systems in which the Coulomb charging 
energy is comparable to the energy level spacing. Medeiros-Ribeiro et al. 
[60] also performed C-V measurements on InAs QDs. They investigated 
both n-type and p-type samples at 4.2 K in order to find the electron 
and hole states. As shown in Fig. 5.22, two electron states and one hole 
state are clearly distinguishable in the C-V plot. The capacitance dramat­
ically increases when the Fermi level is swept into the two-dimensional 
wetting layer that lies beneath the QDs because of the large increase in the 
DOS at this energy. The energy difference between the electron and 
hole ground states is 1.3 e V, which is close to the PL transition peak of 
1.27eV. 

Brunkov et al. [61] performed capacitance spectroscopy on n-type 
samples at temperatures ranging from 77 K to 400 K. They proposed a 
model, based on Poisson's equation, that allows them to extract several 
parameters from the C-V data, including the areal dot density, the electron 
energy, the degree of filling of the electron states, and the distance of the 
QD layer from the Schottky barrier. The C-V measurements can then be 
correlated with other measurements; that is, the distance of the QD layer 
from the Schottky barrier should be known according the sample design, 
and the areal density can be correlated with plan-view TEM images or AFM 
images. Good agreement is obtained between the C-V measurements and 
the other measurements. 
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Figure 5.22: Capacitance-voltage characteristics for p- Oeft side) and n­
(right side) type samples of InAs quantum dots. The fonnation of the 
wetting layer two-dimensional electronlhole gas is shown together with 
the estimated flatband voltage. The 2DEG is not completely fonned in the 
n-type sample due to gate leakage [60]. 

5.4.2 Transport 

Sakaki et al. [62] have investigated transport in a two-dimensional electron 
gas (2DEG) that is modulated by a layer of InAs quantum dots parallel to 
the plane of the 2DEG. The QDs are grown after the 2DEG and are placed 
at various distances from the 2DEG. As the distance from the channel to 
the QDs is decreased, the mobility decreases and the electron concentra­
tion increases. This finding indicates that electrons can be scattered and/or 
localized by the QD potential, especially when there is a strong parallel 
conduction path. One potential use for such a structure is a field-effect 
transistor with a programmable threshold voltage [63]. Horiguchi et al. [64] 
have studied parallel transport through a layer of self-assembled InAs 
QDs using a split-gate configuration. They observe peaks in the I-V char­
acteristics separated by about 42 me V. Modulation was observed up to 
about 20K. 

5.4.3 Summary 
Very few electrical properties of InAs QDs have been measured. Capaci­
tance spectroscopy has proved to be a useful tool for investigating the 
quantum levels of both electrons and holes in QDs. Parallel transport 
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through arrays of QDs is poorer than a 2DEG because of scattering by the 
QDs. Further experiments need to be done to investigate the transport 
properties of arrays of QDs and single QDs. 

5.5 Quantum dot lasers 

5.5.1 Quantum dot edge-emitting lasers 
In addition to the fundamental physics that can be studied in zero­
dimensional systems, several applications can be improved by using QDs. 
The most widely studied application is the QD laser, that is, a semicon­
ductor diode laser that uses QDs as the active region. Since the first report 
of a QD laser with self-assembled QDs in 1994 [65], several other groups 
have reported room-temperature operation of QD lasers [66-71]. To date, 
the best reported threshold current densities are only slightly worse than 
the best reports from QW lasers, even though QW lasers have been studied 
for almost 15 years. 

The first proposal for a "multidimensional quantum well" laser was by 
Arakawa and Sakaki in 1982 [9]. In this seminal paper, the authors showed 
that the threshold current in QD lasers should be much less sensitive 
to temperature than that of bulk or quantum well lasers, that is, a QD 
laser could have an infinite value of characteristic temperature To (Ithr = 
Ioexp(TlTo)). This is a substantial improvement over the expected TIn(T) 
increase in threshold current of a quantum well laser. This result can be 
understood by looking at the expression for gain [72]. 

g(hvo) = K J Pr(E21 )(J2 - jj)L(hvo - E21)IMT(E21)12 dE21J (5.2) 

where g(huo) is the gain at energy huo, K is a constant, Pr is the reduced 
DOS at the interband energy E2h L is a lineshape broadening function, M T 

is the matrix element for the transition, andf2CfD is the Fermi function for 
the conduction (valence) band. The Fermi functions have the important 
temperature dependence of the carrier distribution in them: 

(5.3a) 

and 

(5.3b) 

where EJc (Eft) is the quasi-Fermi level in the conduction (valence) band, 
kB is Boltzmann's constant, and T is temperature. At a given temperature 
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T, if the intersubband energy difference AElO between the first excited state 
and the ground state is several times kBT, then all the carriers will occupy 
the ground-state energy level. Therefore, assuming that the losses are 
independent of temperature, the carrier density at threshold will remain 
constant for all temperatures such that AElO » kBT. 

Additional improvements in the performance of QD lasers versus QW 
lasers, including reduced threshold current (almost one order of magni­
tude improvement compared to a quantum well) and higher differential 
gain, were discussed by Asada et al. [10] in 1986. These improvements can 
also be easily understood by examining Eq. (5.2). If all the carriers go into 
the single energy state from which lasing occurs, rather than a distribution 
of energy states (including many states that do not contribute gain at the 
lasing energy), then the threshold current will be lowered. Similarly, the 
differential gain dg/dn will be higher if all iI\jected electrons contribute to 
the lasing mode. The theory in these papers has led many researchers to 
attempt to fabricate QD lasers by various techniques. However, these other 
techniques, such as electron beam lithography, combined with etch-and­
regrowth, or magnetic field confinement, are complicated and not practi­
cal enough to generate other than academic interest. 

The self-assembled InxGal-XAs QDs have provided a fairly simple tech­
nique for investigating QD lasers. The crystal growth can be performed m. 
one step, which is clearly beneficial compared to etch-and-regrow schemes 
for fabricating QDs. The interfaces between the QDs and the surrounding 
matrix are buried in situ, which is advantageous for eliminating defects. 
The laser structure is identical to a QW laser, except for the substitution 
of one or more layers of QDs for the QWs. Processing of the QD lasers 
proceeds the same as a QW laser. Therefore, QD lasers that perform 
better than QW lasers can be implemented without significant changes in 
manufacturing processes. 

The first QD laser using InGaAs QDs was demonstrated in 1994 by 
Kirstaedter et al. [65]. This laser had only a single layer of QDs, but it 
still lased from the ground state at 77 K. Despite the somewhat high 
threshold currents of this initial device (950Alcm2 at room temperature, 
120Alcm2 at 77K), it demonstrated a high characteristic temperature of 
350K from 50-120K (Fig. 5.23). This was the first demonstration of the 
improved properties of QD lasers using self-assembled QDs as the active 
region. 

Since then, several other groups have also demonstrated room­
temperature operation of QD lasers [66--68,70,73] and vertical cavity QD 
lasers [51,69,71,74,75]. Ground-state lasing at room temperature has been 
demonstrated using multiple layers of QDs. These lasers have threshold 
current densities comparable to the best QW lasers at a similar wavelength, 
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Figure 5.23: A single layer of 1no.5G8().~ quantum dots emits from the 
ground state at low temperatures. The characteristic temperature from 
50K to 120K is 350K [65]. 

and furthermore, the QD lasers have even better characteristic tempera­
tures than the QW lasers. 

Room-temperature operation of a QD laser emitting from the ground 
state with low threshold current density and high internal quantum effi­
ciency has been achieved [76]. Room-temperature threshold current den­
sities as low as 63A1cm2 have been achieved by using three layers of InAs 
QDs inserted in an AlGaAs matrix. At 77 K, threshold current densities as 
low as 18A1cm2 have been obtained. The barrier height for electrons and 
holes is increased by using an AlGaAs barrier rather than a GaAs barrier, 
which decreases the spread of carriers into the barrier states. This allows 
the range of high characteristic temperature to be extended to 300 K. 
Characteristic temperatures as high as 350 K have been measured from 
77 to 300K. 

One interesting characteristic that QD lasers emitting from excited 
states have is the temperature dependence on lasing wavelength 
(Fig. 5.24). In a QW laser, the lasing wavelength decreases as the tempera­
ture of the device is decreased because of the increase in bandgap. 
However, in a QD laser that lases from excited states, the lasing wavelength 
is much less sensitive to temperature than that of a QW laser. The QD active 
region also has a bandgap that increases with decreasing temperature, but 
the increase in bandgap is partially offset by the decrease in state filling 
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Figure 5.24: Temperature dependence of lasing wavelength for InGaAs QD 
and QW lasers. The QD laser lases from excited states. The lasing wave­
length of the QD laser is much less sensitive to temperature than the QW 
laser because the reduction in state filling of the QDs as the temperature 
decreases partially compensates for the increase in bandgap [68]. 

(decreased Jtlt) as the device is cooled. This leads to a laser whose lasing 
wavelength is only weakly dependent on temperature, as seen in Fig. 5.24. 

The other interesting property of QD lasers that lase from excited states 
is that the lasing wavelength depends strongly on laser length (Fig. 5.25). 
This property is different from QW lasers, where the lasing wavelength is 
practically independent of laser length because of the step-like DOS. The 
length dependence of the lasing wavelength concurs with the subthresh­
old electroluminescence from the QDs. For single-layer QD lasers below 
threshold, the ground state saturates and excited states dominate the 
EL. The position of the EL peak energy increases as the current density 
increases, until threshold is finally obtained. Thus, the length dependence 
on lasing wavelength becomes clear: as the laser length decreases, the dis­
tributed mirror loss au. (au. = Length-l*ln(Refiectance-1)) increases and the 
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Figure 5.25: Length dependence of lasing wavelength for InGaAs QD 
and QW lasers. The QD laser's lasing wavelength is strongly dependent on 
length, and therefore distributed mirror loss, because of the continuum 
DOS that arises from the size distribution of the QDs [68]. 

distributed gain required to reach threshold increases. Thus, the threshold 
current density increases as the length decreases, and the lasing energy 
increases due to state filling. 

Zhukov et al. [77] have reported that negative values of characteristic 
temperature can be obtained at low temperatures «150 K). As shown in 
Fig. 5.26, when an AlGaAs spacer layer is used between the QDs, so that the 
continuum states are energetically even higher than if a GaAs spacer is 
used, then below about 150 K the threshold current density starts to 
increase again. This outcome is completely unexpected in the case of an 
equilibrium carrier distribution. However, since the QDs described by 
Zhukov et al. [77] are widely spaced, it is possible that at low temperatures 
the thermal excitation between dots is eliminated, and thus a nonequilib­
rium carrier distribution is obtained. Thus, the system cannot be described 
by a constant Fermi level, and the observed behavior becomes explicable. 
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Figure 5.26: Temperature dependence of threshold current density for ver­
tically coupled quantum dot lasers with different number of quantum dot 
layers and different spacer layer compositions. Note the negative charac­
teristic temperatures seen at low temperatures [77]. 

5.5.2 Quantum dot VCSELs 

QD active regions have also been used to make VeSELs [51,69,74,78,79]. 
The first QD VeSEL had a high threshold current of about 30mA [69]. 
However, rapid improvements in performance have been obtained by 
using state-of-the art oxide aperture, as is now common for quantum well 
VeSELs. Lott et al. [74] have used vertically coupled QDs (three QD layers) 
to achieve room-temperature ew lasing with threshold currents around 
200 J1A.. They obtain 12% efficiency and output power around 175 JiW from 
lasers with a threshold current of 270 J1A.. Huffaker et al. [78] have used 
a single QD layer to achieve room-temperature ew operation with a 
threshold current of 235 J1A. and a differential slope efficiency of 17% and 
output power greater than 100 Jiw. 

These results are not as good as the best oxide-confined QW lasers [79] 
where threshold currents of 36 J1A. and slope efficiencies of 23% have been 
measured. Nonetheless, the QD results can be expected to improve as 
growth improvements are developed and the QDs are used in optimized 
designs. In addition, the QD VeSEL has demonstrated an important char­
acteristic-stable polarization-that can only be obtained in QW veSELs 
by using additional processing steps [51]. Because the self-assembled QDs 
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have an anisotropic shape [22,23,47], it is expected that one in-plane polar­
ization will be favored, as has been seen in polarization-dependent PL mea­
surements [22]. Saito et al. [51] have demonstrated lSdB of polarization 
suppression at 1 m W output power. If this polarization ration can be main­
tained in the low-threshold current oxide-aperture VCSELs, then a strong 
case can be made for immediate used of QD VCSELs in systems that 
require highly polarized lasing emission. 

5.5.3 High-speed quantum dot lasers 

Investigations into the high-speed modulation of in-plane QD lasers are 
under way. These investigations are still in their early stages, but are inter­
esting because of the various mechanisms that may enhance or impede the 
modulation bandwidth of these lasers. Because of the DOS of an array of 
QDs, the differential gain, and thus the modulation bandwidth, is expected 
to be higher than QW or bulk lasers [10]. However, it is possible that slow 
relaxation of carriers due to a phonon bottleneck may limit the high-speed 
performance of QD lasers [55]. 

Kirstaedter et al. [SO] performed the first measurements of gain and 
differential gain on an InAs QD laser. They measured a 25,urn-wide 
stripe laser that had only a single layer of QDs. This device lased from the 
ground state at 77 K, the temperature at which all their measurements were 
made. At a current density of SOA/cm2, a material gain of 6.S x 104cm-1 is 
reported. A differential gain of 2 x 10-12 cm2 at a current density of 20 A/cm2 
is also reported. This value of differential gain is much higher than 
quantum well lasers and suggests that high modulation bandwidths will 
be possible unless carrier transport effects (capture and cooling) limit 
the performance. 

Kamath et al. [Sl] were the first to report on small-signal bandwidth 
and differential gain at room temperature. Their laser was a single-mode 
ridge waveguide (3,urn wide) with a single-layer QD active region consist­
ing of 10 monolayers (nominally) of 1no.4GaO.6As. Note that these lasers 
were lasing from an excited state with a spontaneous lifetime of 250ps. 
Under pulsed operating conditions, they measured a small-signal, 3 dB 
bandwidth of 7.5GHz. From the modulation response, they were able to 
extract a differential gain of 1.7 x 1O-14 cm2. This result is about two orders 
of magnitude smaller than the value reported by Kirstaedter et al. [SO]. 
However, this difference is at least in part due to the difference in tem­
perature between the two experiments, as well as the assumptions of each 
group in extracting this value. This same group also used high-frequency 
electrical impedance measurements to characterize these lasers [S2]. Their 
results indicate that carrier capture times are substantially longer for QD 
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lasers as compared to QW lasers, which will limit the overall modulation 
bandwidth of these lasers. 

Mao et al. [83] reported measurements on the relaxation oscillation fre­
quency from three stacked InAs QDs sheets. They measured the relaxation 
oscillations at various power levels from this laser. At a power level of 
9.2 m W per facet, the relaxation oscillation frequency saturated at 5.3 GHz, 
which can be extrapolated to a 3 dB bandwidth of 8.2 GHz, neglecting any 
carrier transport effects. Gain saturation is speculated to limit the response 
in these lasers. Further investigations into the carrier transport limitations 
of QD lasers will be necessary before any more conclusive statements can 
be made regarding their high-speed performance. 

5.5.4 Summary 

Quantum dot lasers have demonstrated extremely proffilsmg results 
already, with threshold currents of edge-emitting lasers approaching the 
best quantum well lasers. The threshold current density is insensitive to 
temperature when the QD lasers emit from the ground state, as predicted 
by theory; this is likely to reduce packaging costs for these lasers as com­
pared to QW lasers. The modulation bandwidths of QD lasers do not yet 
approach the best QW lasers. It is still unclear if there are fundamental lim­
itations, such as a carrier relaxation bottleneck, that will prevent QD lasers 
from achieving the improved modulation bandwidths that have been 
predicted. Unusual characteristics from QD lasers that lase from excited 
states have been observed, including a lasing wavelength that is relatively 
insensitive to temperature and a lasing wavelength that depends strongly 
on laser length. These can be explained by state-filling effects in the higher­
lying states of the QDs. 

QD lasers must meet several challenges before they become techno­
logically and commercially important. In order to compete directly with 
the established technology (quantum well lasers), QD lasers must offer 
either improved performance or new functionality. Improved performance 
includes lower threshold currents, higher modulation bandwidths, higher 
characteristic temperature, and higher output powers. The reduced thresh­
old current and increased characteristic temperature are likely to be 
achieved once the size uniformity is improved. Higher modulation band­
width will require further understanding of the carrier relaxation processes 
in the QDs and engineering of the QDs to enhance the relaxation rates. 
New functionality, such as the demonstration of polarization control in 
VCSELs, has already been demonstrated by QD lasers. With improved uni­
formity, other new devices such as single-longitudinal-mode Fabry-Perot 
lasers might be practical. 
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Figure 5.27: External quantum efficiency of a QD photodetector with 
varying number of pairs in the MgFlZnSe top Bragg reflector. The spectral 
width is only 1.2 run for the four-pair top mirror [85]. 

5.6 Other applications 

QDs may be able to solve problems that cannot be solved with quantum 
wells. One example is the ability to reach the technologically important 
wavelength of 1.3,urn on GaAs [47,84] by growing QDs well beyond the 2D­
to-3D transition. Although this technology has not yet been used to form 
a 1.3,urn laser on GaAs, a resonant cavity photodetector near 1.3,urn has 
been demonstrated [85]. This device demonstrates the possibility of addi­
tional functionality using quantum dots. It has an external quantum effi­
ciency of 49% with a spectral bandwidth of 1.2 run (Fig. 5.27), the narrowest 
spectral response of any normal-incidence photodetector. The quantum 
dot absorbing region has a relatively low absorbance, which is an advan­
tage in obtaining narrow spectral bandwidths. 

Huffaker et al. [75] have demonstrated the longest wavelength of a laser 
that uses InGaAs QDs on GaAs. They obtained an 1,154run VeSEL with a 
room temperature ew threshold of 502 J.LA. for a 10,urn-diameter structure. 
The subthreshold electroluminescence from this device had a spectral 
linewidth of about 64 meV, which is not unusual for these arrays of 
self-assembled QDs. However, the longer wavelength emission (1.3,urn) 
involves larger QDs, so fluctuations in QD size become less significant. 
Linewidths as low as 28 meV have been reported [47] for long-wavelength­
emitting QDs, which suggests that further improvements in threshold 
current density may be expected. 

Another possible application for self-assembled QDs is optical memoxy 
[86,87]. In this case, it is desirable to have a large inhomogeneous linewidth 
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of the system, such as that provided by the size fluctuations of the InGaAs 
QDs. The proposed device structure relies on spectral hole burning, a non­
linear optical effect. This is the first proposed device based on the nonlin­
ear optical properties of self-assembled QDs. 

The anisotropic shape of the QDs leads to interesting optical proper­
ties. Polarization control in VCSELs was discussed earlier. Another 
example where this anisotropy leads to new functionality is with norrnal­
incidence infrared detectors [88,89]. Normal-incidence infrared absorption 
(at wavelengths greater then about 10 Jlffi, due to intersubband transitions) 
is extremely weak in quantum wells on GaAs due to the opposing sym­
metry of the (adjacent) initial and final states. However, the anisotropy 
of the QDs leads to states that are unlikey to be purely symmetric or anti­
symmetric, thus allowing transitions between adjacent initial and final 
states. 

5.7 Conclusions and future work 

The study of self-assembled InGaAs QDs is still in its infancy, but the future 
looks very promising. Threshold current densities of QD lasers are already 
approaching those of the best QW lasers, and the temperature performance 
of the QD lasers is superior to that of the QW lasers. New and unexpected 
results have been demonstrated by QD devices, such as polarization 
control in VCSELs and narrow spectral bandwidths in resonant cavity pho­
todetectors. These devices need further development before they will 
replace the current generation of QW devices, but this may just be a matter 
of development time. 

Many measurements remain to be made on QDs. Many of the proper­
ties of arrays of QDs have been measured, but only a few measurements 
on individual QDs have been made to date. Making measurements on indi­
vidual QDs is both an opportunity and a challenge, mainly because of the 
difficulties associated with obtaining isolated QDs. Better understanding 
of the growth will lead to control over QD position and density, which will 
facilitate experiments with individual QDs. 

1\vo areas have had relatively little investigation: possible electronic 
applications of self-assembled QDs and applications based on nonlinear 
optical properties of QDs. Devices such as single-electron storage devices 
and single-electron transistors may be possible, even at room temperature, 
if the Coulomb blockade effects can be utilized. These devices may require 
control over the positioning of the QDs, so further improvements in growth 
will be needed before they are implemented. Optical nonlinearities in QDs, 
partcularly those based on excitonic effects, are expected to be enhanced 
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because of the large electron-hole wave function overlap due to the spatial 
carrier confinement. These properties have not yet been measured, and 
new devices based on these strong nonlinearities can be expected. 

In summary, the study of self-assembled QDs of InxGal_xAs on GaAs has 
progressed rapidly since the technique for fabricating uniform arrays of 
quantum dots was discovered. The physics of these structures is beginning 
to be understood, and subsequent improvements in device performance 
can be expected. Despite the preliminary state of research on the growth 
and physics of these self-assembled quantum dots, devices that demon­
strate performance comparable to or better than that of quantum well 
devices have already been fabricated. Further improvements in device per­
formance are expected as the growth technique is improved to obtain even 
better uniformity from these arrays of QDs. We can expect other new appli­
cations of self-assembled QDs to arise as both the physics and technology 
of these structures becomes better understood. 
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6.1 Introduction 
Coherent island formation in the SiGe material system has been studied 
for a number of years [1,2]. The lattice mismatch of 4.2% allows the fabri­
cation of islands with diameters ranging from about 100 to 2,500A. 

For Ill-V material systems, the goal of Stranski-Krastanow growth has 
been the fabrication of optoelectronic devices with superior properties as 
compared with quantum well devices. In GaAs quantum-dot lasers operat­
ing up to 60°C were reported to exhibit a high gain and temperature sta­
bility [3]. The interest in self-assembled Ge-rich dots on silicon was driven 
by the perspective of an integration of quantum-functional devices with 
conventional silicon technology. 

The first device structures containing Ge islands in active regions 
have extended the sensitivity of Si-based infrared photodetectors in the 
1.5 J.lffi range. An unexpected and dramatic increase of the luminescence 
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efficiency of this indirect bandgap material has been observed recently 
in Ge dots grown on fractional monolayers of carbon deposited on 
silicon substrates [4]. These recent achievements are a big step towards 
silicon optoelectronic devices based on the properties of nanostructured 
semiconductor materials. 

6.2 Growth of self-organized Ge dots 

Self-assembled (Si) Ge islands have been fabricated using low-pressure 
chemical vapor deposition (LPCVD) [5] and gas [6] and solid [7] source 
molecular beam epitaxy (MBE). Some kinetic trends in dot evolution 
are common to all fabrication methods, e.g., the diameter of coherent 
islands increases with increasing growth temperature and decreases with 
increasing Ge concentration and increasing growth rate [8,9]. A growth 
interruption after the onset of Stranski-Krastanow growth also leads to 
the lateral merging of originally smaller dots and the formation of larger 
islands [10]. 

6.3 Structural characterization 

6.3.1 Description of the problem 
The structural effects occurring during formation and overgrowth of self­
assembled quantum dots are quite complex. The driving force for the for­
mation of islands is the reduction of strain energy by elastic relaxation, 
i.e., without nucleation of dislocations. The surface diffusion, which leads 
to the self-organization, may be anisotropic and influenced by the strain 
fields of the islands. Since the growth takes place at high temperatures and 
low growth rates, diffusion of Ge from the wetting layer into the Si 
substrate may reduce the Ge concentration at the surface, which is 
counteracted by segregation. During overgrowth, both vertical and lateral 
segregation and diffusion of Ge occur, leading to an inhomogeneous three­
dimensional distribution of the Ge concentration. The complexity of the 
Ge distribution manifests itself in the strain fields, which are also highly 
inhomogeneous and extend far into the surrounding Si matrix. These long­
range strain fields are the origin of both the vertical stacking and the pre­
ferred lateral arrangement along the "soft" crystal directions with minimal 
Young's modulus (see Fig. 6.1). Minima occur along the [100] directions, 
i.e., 130.2GPa for Si and 103.4GPa for Ge, respectively, and maxima 
along the [110] directions, with 169.2GPa for Si and 137.2GPA for Ge, 
respectively. 
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Figure 6.1: Polar plot of Young's modulus in the (001) plane for Si and Ge. 

The partial elastic relaxation of the dots is, however, reduced after 
overgrowth and depends on the thickness of the Si cap layer. An analyti­
cal calculation of the strain fields in and around Ge islands is not possible. 
For qualitative behavior, we have studied a simple model in which we have 
replaced the islands by cylinders in an isotropic matrix. 

The corresponding lateral strain relaxation Exx and the strain in the 
growth direction ezz in the center of the cylinder with a radius of 750 A, a 
height of 70 A, and an assumed Ge content of 70% are plotted as a function 
of the cap-layer thickness in Fig. 6.2. The chosen dimensions agree with 
the size of Ge dots grown at 670°C. As can be seen, there is little change 
if the cap-layer thickness exceeds 1,000A, but below this value, the influ­
ence of the surface on the strain state has to be taken into account. If 
the dot diameter decreases, this limiting cap-layer thickness is corre­
spondingly smaller than 1,000A. 
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Figure 6.2: The calculated dependence of the strains Exx and Ezz in the center 
of a cylindrical GeSi dot on the depth of the dot center below the free 
surface for a dot radius of R = 750 A, a dot height of h = 70 A, and a Ge con­
centration x = 0.7. Isotropic elastic constants were assumed identical for 
the dot lattice and the surrounding Si matrix. 

Figure 6.3 shows a contour plot of Exx for a homogeneous, cuboidal dot 
within an elastically isotropic matrix. The material on the left- and right­
hand sides of the island is compressively strained and Ezz is negative, 
whereas above and below the island, the sign of Ezz is positive, which cor­
responds to an expansion of the crystal lattice. It is this local increase of 
the lattice constant that favors the nucleation of islands in multilayers 
directly above existing ones and leads to the "stacking" of islands. Tersoff 
et al. [11] showed that the strain fields also enhance the lateral ordering 
islands in a multilayer [12]. If in one layer two islands are rather close to 
each other, or if one island is much larger than another one in the vicinity 
of the first, their associated strain fields overlap and only one broader 
potential minimum occurs in the next layer, if the Si spacer layer is suffi­
ciently thick. This effect can be seen in Fig. 6.4, where two AFM images 
of a single SiGe dot layer and the 25th layer in a dot superlattice are com­
pared. As can be seen, the dot ensemble after 25 periods is significantly 
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Figure 6.3: Contour map of the in-plane strain €x x in the central xz-plane 
of a homogeneous cuboidal dot oriented along the X-, y-, and z-coordinate 
axes in an isotropic matrix. 

more homogeneous with reference to the positions, sizes, and shapes of 
the dots [13]. Whereas the tendency for vertical ordering of dots in multi­
layers is quite strong, the tendency for lateral ordering in the Si/SiGe 
system is much less pronounced. Recently, Holy et al. [14] have shown 
that the ordering of the dots in a two-dimensional square array is actually 
driven by the elastic anistropy of the Si host crystal. The preferential nucle­
ation is induced by the elastic deformation field produced by the dots lying 
at the buried interface in the multilayer stack. 

The two-dimensional lateral ordering of self-assembled Ge islands can 
be improved considerably if the islands are grown on vicinal (001) Si sub­
strates with regular, periodic ripples on the surfaces. This can be realized 
through the growth of a Si/SiGe multilayer that leads to a regular terrace 
pattern formed through step-bunching [15,16], which is used as template 
for further island growth [17-19]. 

The electronic and optical properties of self-organized Ge dots are influ­
enced both by the local variation of the Ge concentration and by the inho­
mogeneous strain fields. For a comprehensive structural characterization, 



Figure 6.4: AFM images of ( a) the first and (b) the 25th layer of a SiGe dot 
superlattice (taken from [13], courtesy of C. Teichert). 
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the experimental assessment of the position dependence of both the Ge 
concentration and the lattice parameter variations is desireable. Since 
the structures are very small and the parameters can change over distances 
equal to a few times the lattice constant, this is an extremely difficult 
task. Only a combination of several independent characterization 
methods is likely to have success. In the following, we describe several 
methods that have been applied in order to study different aspects of 
Ge-dot ensembles. 

6.3.2 Atomic-force and scanning 
tunneling microscopy 

Atomic-force microscopy is the standard characterization method of struc­
tures on semiconductor surfaces. It yields the two-dimensional surface 
profiles of dot ensembles and hence parameters like the density, the diam­
eter and height, the shape and facets of uncapped self-organized dots. 
Moreover, the extent of ordering of the dots can easily be investigated. 
However, the investigations are more or less restricted to uncapped dots, 
the shape of which may change during overgrowth with a cap layer, which 
is necessary to make use of any optical or electronic properties of these 
structures. 

The surface modulation produced by Ge dots decreases rapidly after 
overgrowth with silicon, as was found by Schittenhelm [10]. The height of 
dots evolving after the deposition of nominally 6 ML Ge was determined 
by AFM as 116A. After growth of 30A Si, the surface modulation was only 
about 4nm, while after deposition of 100A silicon, it was about 15!. This 
is an indication for the occurrence of lateral segregation and the diffusion 
of Ge during overgrowth with silicon. 

Theiss et al. have studied the onset of plastic relaxation of Ge islands 
on Si[111] by scanning tunneling microscopy (STM) [20]. The in-plane 
lattice constant at the surface and on top of the islands has been measured 
as a function of the island height. The authors identified three stages of 
different relaxation behavior: for heights below 50 ML, the in-plane lattice 
constant is rapidly increasing to a value even above the Ge bulk value; in 
the region between 50 and 80 ML, the relaxation at the surface decreases 
again to about 2% below the bulk value; and for island heights above 
80 ML, the surface lattice spacing approaches the bulk value again. 

Voigtlander and Zinner have investigated the growth of Ge on Si[111] 
in situ with an STM and recorded the time evolution of the Stranski­
Krastanow growth process [21]. Thus the complete evolution of the mor­
phology can be followed during the island growth. With increasing cover­
age, the aspect ratio of a single Ge island first increases and after passing 
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Figure 6.5: Surface modulation versus deposited Si cap-layer thickness 
(taken from [10]). 

through a maximum, decreases again. This inversion of the aspect ratio 
was identified as the transition from coherent to dislocated 3D islands, i.e., 
when a critical height for dislocation formation is reached, the coherent 
islands transform into dislocated islands. Consequently, in the partially 
relaxed islands, the average strain is diminished, and thus the driving force 
for high aspect ratio decreases with further coverage. 

6.3.3 Transmission electron microscopy 
Transmission electron microscopy (TEM) provides image contrast both 
for material composition and strain and is therefore sensitive both to the 
(position-dependent) composition and the elastic relaxation of the islands. 
Moreover, cross-section TEM allows for the study of the vertical positional 
correlation of the Ge islands. Figure 6.6 shows the perfect vertical stack­
ing of 19 individual Ge dot layers with a Si spacer layer thickness of about 
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Figure 6.6: Cross-section TEM of a 19-period SilGe dot multilayer. 

400A and nominally deposited 5.5 ML of Ge in each of the periods. The dot 
height increases slightly towards the sample surface, whereas the wetting­
layer thickness decreases at the same time. The height of the uncapped 
dots at the sample surface is approximately twice as large as in the last 
overgrown dot layer, which is consistent with the AFM observations pre­
sented in the last subsection. 

Plan-view TEM allows the investigation of lateral ordering, even of 
capped dot layers. The influence of process steps like annealing on the 
shape and composition of the islands can be studied [22]. Mateeva et al. 
performed cross-section TEM investigations of Ge-dot multilayers. A ver­
tical merging of two smaller islands into a single larger one in subsequent 
layers and the changes of the dot shape after overgrowth have been 
observed [23]. 

Ruvimov and Scheerschmidt have investigated the high-resolution 
TEM contrast of pyramidal-shaped quantum dots and have shown that 
the overgrown pyramidal islands always seem to be truncated due to 
the strong strain fields and the lower concentration at the top of the 
dots [24]. 
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6.3.4 Photoluminescence 
Photoluminescence (PL) is sensitive to the band alignment, which depends 
strongly on both the local composition and the strain status of SiGe. Figure 
6.7 shows PL spectra of self-assembled Ge-dot layers and the correspond­
ing dependence on the deposited number of Ge monolayers. The peaks 
around 1 eV stem from the wetting layer. They are shifting towards lower 
energies from 4 to 5 ML because of decreasing quantum confinement in the 
two-dimensional layer [25]. However, after the formation of the first dots, 
which occurs at about 5.33 ML, the wetting-layer peaks exhibit a blueshift 
because of the thinning of the wetting layer. The dot peaks at about O.geV 
become predominant for nominal Ge-Iayer thicknesses of 5.5 ML and 
above. The redshift between the curves for 6 and 12 MLs of Ge is probably 
related to incoherent strain relaxation due to dislocations. In Fig. 6.8, the 
peak positions of both 3D islands and the wetting layer are depicted, which 
allows for a precise determination of the thickness of the two-dimensional 
wetting layer. 

The physical nature of the carrier recombination processes in Ge dots 
has been studied recently by Fukatsu et al. [26]. Phononless radiative 
recombination across the indirect bandgap was observed. Three­
dimensional confinement of electrons in an electronic dot is found to effec­
tively remove the momentum conservation rule for interband transitions. 

6.3.5 Raman scattering 
As mentioned before, the position of the PL peaks is sensitive both to the 
strain status and the composition of the dots. Persans et al. have tried to 
separate strain and compositional effects in Ge dots on Sir 111] by com­
bining electrorefiectance spectroscopy and Raman scattering [27]. The 
Raman peak positions of both the Si-Ge and the Ge-Ge modes depend on 
the strain status and on the composition of the SiGe layers. For cubic and 
biaxially strained SiGe, the dependence of the peak positions on compo­
sition has been determined by Alonso and Wmer [28] and Cerdeira et al. 
[29]. In the case of partially relaxed Ge islands, the strain distribution is 
strongly inhomogeneous and position dependent, and the shear terms can 
be comparable to the normal strains. It is therefore difficult to relate the 
peak positions to the strain and composition inside the dots. 

6.3.6 X-ray diffraction and reflectivity 
X-ray scattering is sensitive to the lattice constants of crystalline layers 
and also to local changes in the strain state. Moreover, lateral and vertical 
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Figure 6.8: Photoluminescence peak positions as a function of the nominal 
Ge coverage (taken from [10]). 

correlations of positions and shapes of inhomogeneities can be studied 
with a high statistical reliability because of the large illuminated areas. 
With the method of reciprocal space mapping, a two- or even three­
dimensional distribution of scattered intensity in the reciprocal space is 
measured, which is influenced by the size, shape, composition, and lateral 
and vertical arrangement of the dots. Since the acquired information is not 
only the energetical position of a single optical transition but also a multi­
dimensional distribution, the potential for the assessment of the modula­
tion of the Ge concentration and the strain fields is given. 

Conventional X-ray-diffraction reciprocal space maps of self-assembled 
Ge dots were first studied by Baribeau [30]. Williams et al. have studied 
the height, the relaxation, and the annealing behavior of uncovered Ge 
islands grown on Si[OOl] using in situ grazing incidence diffraction (GID) 
[31]. More recently, Steinfort et al. have employed GID along with a phe­
nomenological model for the determination of the height dependence of 
the elastic relaxation in uncovered Ge-hut clusters grown on Si[OOl] sub­
strates at a temperature of 430°C [32]. 
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Figure 6.9: Measured (dotted lines) and simulated (full lines) 2E>-scans of 
Ge-dot multilayers with 10nm (lower curve) and 20nm (upper curve) Si 
spacer layers. The peaks labeled "S" are at positions where the trajectory 
of the scan crosses the rod of specular reflection. 

6.3.6.1 X-ray reflectivity 

X-ray reflectivity is sensitive only to variations of the electron density and 
hence to modulations of the composition; it is not obscured by the strain 
distribution in the investigated structures. It can be used for the deter­
mination of layer thicknesses, Ge concentrations, and the rms values of 
the interface roughness. Moreover, resonant diffuse scattering (RDS) [33] 
allows for the study of the vertical and lateral correlation properties of the 
interface profiles. Figure 6.9 presents measurements (dotted line) and sim­
ulations (full line) of the diffuse scattering of Ge-dot multilayers formed 
after repeated deposition of 5.5ML Ge at a growth temperature of 670°C. 
The lower curve refers to a sample with 100..-\ Si spacer layers between the 
dot layers, whereas the upper curve corresponds to a sample with 20nm 
spacers. A series of peaks is visible, which would be absent if the interface 
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profiles were totally uncorrelated. The smaller the vertical correlation 
length ~corn the broader are these RDS maxima. The numerical values for 
~orr are 1,000 ± 200A for the 200A spacer sample and 500 ± 200A for the 
100A spacer sample. 

The measured data indicate a clear tendency towards an increase of 
~corr with increasing thickness of the Si spacer layers. The value of ~corr not 
only reflects the positional correlation of the dots but is also affected by a 
vertical inhomogeneity of the dot sizes. If, for instance, the positions of the 
dot centers were fully vertically correlated (~corr ~ 00) but the sizes of the 
dots increased towards the free surface, then a smaller value of ~corr would 
be determined from the measured diffuse maxima. Cross-section TEM 
revealed a good vertical correlation of the dot positions in all samples and 
a distinct gradient of the dot sizes in the samples with 100 and 200A Si 
spacer layers. Consequently, as for the latter, the value of ~corr is rather 
affected by the size gradient. 

6.3.6.2 X-ray diffraction 

Double-crystal diffractometry is the standard characterization method for 
epitaxially grown semiconductor layers. It yields reliable values for the 
layer thicknesses and compositions of laterally homogeneous systems. 
However, for the characterization of laterally inhomogeneous structures 
such as etched or self-organized quantum dots, which exhibit an essen­
tially three-dimensional distribution of diffracted intensity in the recipro­
cal space, it is inappropriate, since only a one-dimensional projection of 
the intensity distribution perpendicular to the diffraction plane and along 
the Ewald sphere is measured. 

'!\vo-dimensional reciprocal space maps (RSMs) of a 1O-period 
SilSio.5GeO.5 dot multilayer grown by MBE at 600°C and a growth rate of 0.13 
Als are shown in Fig. 6.10. In order to discriminate between features due 
to the relative arrangement and features due to the strain relaxation of the 
dots, we have acquired several asymmetric RSMs. In Fig. 6.1Oa, S denotes 
the Si substrate peak, A the analyzer streak-an instrumental artefact, and 
S10 and SL1 the zeroth and first-order superlattice satellites, respectively. 
The presence of the dots manifests itself in the occurrence of broad peaks 
of diffuse scattering Do and Dl on the left- and right-hand sides of S10 and 
SL1• The spacing between Do and S10 is identical in the (113) and (224) 
RSMs, whereas it increases by approximately a factor of v'2 in the (404) 
RSM. Therefore, the peak Do is attributed to a lateral (short-range) order­
ing of the dots in a square array with main axes along the (100) directions, 
which are directions of minimal stiffness. A "dot-lattice constant" of 
1,400 A was deduced. 



.554 

-
~ 0.552 

"" 

--~ 

0.550 (a) 

0.259 

0.738 

-- 0.736 

"" 
0.734 

(b) 

0.519 

0.738 

--~ -- 0.736 

0.73" 
(c) 

0.735 

(113) 

0.260 0.26 1 0.262 

:..~..:.a (224) 

0.520 0.521 0.522 

(404) 

0.736 0.737 0.738 

Figure 6.10: Asymmetric reciprocal space maps of a Si/Sio.5Geo.5 dot multi­
layer. See text for discussion. 



248 CHARACTERIZATION OF SELF-ORGANIZED GE ISLANDS 

The spacing between the peaks labeled D1 and SL1 increases with 
increasing in-plane component -J h 2 + k 2 of the scattering vector (hkl) and 
thus is influenced by the elastic relaxation of the dots and the strained 
region above and below them. In order to extract quantitative information 
from the reciprocal space maps, a model for the simulation of the X-ray 
intensity distribution has been developed [34]. The input parameters for 
this model are the island shape and size and the Ge content, which is 
assumed to be constant. The resulting quantities are the average relaxation 
in the dots, the average dot spacing, and the dispersion of the positional 
distribution of the dots, which is a measure of the range of lateral order in 
the dot array, as well as the vertical correlation length. 

In Fig. 6.11, measured and simulated RSMs of a 19-period Si/Ge dot mul­
tilayer grown by MBE at a temperature of 670°C and a deposition rate of 
0.075Ns are shown. The nominal Ge coverage was 5.5ML; the thickness 
of the Si spacer layers was about 300 A. The diameter of the islands was 
approximately 1,500A and their height about 7nm. Because of the small 
ratio of height to width, the extent of elastic relaxation is expected to be 
small. A value of dExx = (1.4 ± 0.1) 10-3 was deduced from the simulations, 
which is in good agreement with the estimated value predicted by the 
isotropic cylinder model presented above. 

6.3.6.3 Grazing incidence diffraction 

Conventional X-ray diffraction is a coplanar technique, where the normal 
to the diffracting plane and the incident and the diffracted wavevectors 
share a common plane. In grazing incidence diffraction, the diffracting 
lattice planes are perpendicular to the sample surface and the scattered 
wave vectors are probed in an exit angle range from CXj= 0 to a few degrees 
with respect to the sample surface [35,36]. Via variation of the incidence 
angle ai and the exit angle CXj, the penetration (or information) depth can 
be varied from a few angstroms to several thousand angstroms. 

Reciprocal space maps close to the reciprocal lattice vector (220) have 
been measured for different values of ai using synchrotron radiation [37]. 
For a; = 0.15°, a planar cut through the intensity distribution is shown in 
Fig. 6. 12a. At this incident angle, only the top layer of the supedattice con­
tributes to the scattering signal if the intensity is integrated over an exit 
angle of a.r:=::; a". The Bragg peak at qr = 0 stems from the pseudomorphic 
part of the region close to the surface, and the intensity distribution around 
qr = -0.025k1 is due to the lattice parameter distribution ofthe relaxed Ge 
islands. The elastic relaxation manifests itself in a peak shift in radial direc­
tion qr towards the origin of reciprocal space and is expected to be largest 
for the topmost layer, since the surface of the sample is free. Thus, the 
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250 CHARACTERIZATION OF SELF-ORGANIZED GE ISLANDS 

..... ,-... 

'< 
~ -10 
'= 
~ 

Ai -20 
'-' .. 
~ 

-30 

4 

3 

2 

1 

-15 -10 -5 0 5 10 15 
q (21tlO-2A-1) 

a 

(b) 

-5 0 5 

q (21tlO-3A-1) 
a 

Figure 6.12: Horizontal (a) and vertical (b) grazing-incidence reciprocal 
space maps of an uncapped 19 period Si/Ge dot multilayer. 



FUTURE CONCEPTS 251 

mentioned shift should increase with decreasing penetration depth of the 
X-rays. This behavior is indeed observed in lateral cuts corresponding to 
different information depths. In order to resolve the satellite maxima 
expected for laterally correlated dots, high-resolution scans perpendicular 
to the reciprocal lattice vector have been carried out while simultaneously 
recording the intensity distribution in growth direction along qz. The RSM 
for an incidence angle a; = 0.4° is shown in Fig. 6.12b. We clearly find the 
dot-induced peaks on both sides of the (220) rod at qa = ±O.o01skt, which 
corresponds to a lateral correlation length duo = 3,460 ± 220A. From the 
measurement close to the (004) reflection, we find a correlation length of 
dool = 4,900 ± 200A, again indicating that the dots form roughly a two­
dimensional square lattice oriented along the [100] direction. If we con­
sider the qz dependence of the dot correlation peaks at qa = ±0.001sk1 in 
Fig. 6.12b, strong maxima appear at the same qz positions as the superlat­
tice peaks. This means that the lateral location of the Ge islands in the indi­
vidual layers is highly replicated during the growth process, at least in the 
upper 10 bilayers probed with the chosen penetration depth. 

Using Gill, one can visualize the reciprocal lattice of the dots. The sta­
tistical parameters of the dot distribution, such as the lateral and vertical 
ordering, mean dot distance and the root mean square deviations can be 
determined for a comparatively large sample area [38]. Such information 
is indeed required for any possible applications of Ge dots embedded in a 
matrix and complements the information obtainable from transmission 
electron microscopy. 

Recently, grazing-incidence small-angle X-ray scattering (GISAXS), 
which combines small-angle X-ray scattering and total external reflection, 
has been used to discriminate between the shape of uncovered Ge islands 
and their depth-dependent strain relaxation, i.e., the strain relaxation as a 
function of the distance from their top [39,40]. This new technique is a pow­
erful new tool for the determination of in-plane electron density fluctua­
tions in the nanometer range and allows for studies of the recently 
observed shape transitions of Ge nanocrystals [41]. The strain data from 
GISAXS experiments on uncovered dots can be easily compared to results 
of finite element calculations [42]. 

6.4 Future concepts 

6.4.1 Infrared detectors 
The self-organization of Ge dots provides a possibility to overcome the 
limit of the critical thickness and to fabricate structures with a Ge con­
centration higher than possible in two-dimensional systems without the 
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nucleation of misfit dislocations or structural defects. This decreases the 
bandgap locally; hence, the sensitivity of SiGe-based interband infrared 
detectors can be extended to longer wavelengths. However, this desirable 
compositional effect is counteracted by the influence of elastic relaxation 
on the bandgap. Since the latter increases with increasing relaxation, it is 
advantageous for applications such as infrared detectors to fabricate large 
and flat dots that do not relax significantly. Vertical stacking of dot layers 
provides both for an increased volume for absorption and for a further 
reduction of the effective bandgap via vertical coupling of the dot energy 
levels. It is thus possible to reduce the effective bandgap of essentially 
strained SiGe structures to about 0.55eV, which is well below the bandgap 
of cubic Ge [43]. 

Figure 6.13 shows a comparison of photocurrent spectra of a 
(two-dimensional) three-period SiGe multi-quantum well and a three­
period Ge-dot multilayer with a nominal coverage of 12 ML Ge. The photo­
current increases substantially, i.e., by a factor of 10, in the wavelength 
range between 0.8 and 1.2 eV in the npn structure with a Ge-dot layer in 
the p-base region, as shown by Schittenhelm et al. [44]. The onset of the 
photocurrent is shifted to smaller energies, which indicates a smaller 
bandgap in the sample with the dot layers. It should be pointed out that 
this infrared photodetector based on Ge dots works with high external effi­
ciency. For the detection of radiation with longer wavelengths, intersub­
band transitions could be used as well. 

6.4.2 Enhanced light emission from 
Si-based heterostmctures 

Brunner et al. demonstrated that the introduction of carbon can signifi­
cantly enhance the luminescence efficiency of the indirect bandgap SiGe 
material system [45]. SiGe provides confinement mainly for holes, whereas 
the band offset in Si1-yCy occurs mainly in the conduction band. Therefore, 
the growth of neighboring confinement Si1_xGejSi1-yCy or Si1_x-yGeXCy 

ISi1-y'Cy' structures increases the wave function overlap of the carriers and 
hence the luminescence intensity. Recently, it was shown by the same 
group that a fractional monolayer of carbon deposited prior to Ge epitaxy 
changes the self-organization of islands dramatically [4,46]. The critical 
thickness for Ge-dot formation is reduced, and the dots themselves are 
much smaller since carbon reduces the surface diffusion lengths. Typical 
diameters and heights are lOA and lA, respectively, for a growth temper­
ature of 550°C. Moreover, the carbon layer provides for electron confine­
ment very close to the Ge islands, where holes are captured. In this fashion, 
the strongest luminescence ever reported in the SiGeC material system has 
been achieved at an energy of 0.9geV (see Fig. 6.14), which is very close 
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Figure 6.13: Photocurrent spectra of a SiGe quantum well and Ge-dot 
phototransistors. 

to the technologically relevant region around 1.3/1ill. However, as shown 
by Schmidt et al. [47], in the carbon-induced Ge-dot multilayers no 
vertical alignment of the dots is observed due to a kinetically limited 
islanding process. 
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Figure 6.14: Photoluminescence spectra from a Sio.84CO.lf/Sio.988CO.012 double 
quantum well (DQW) structure with dSiGe = 1.2 dSiC = 27 A, a single layer of 
0.2 ML carbon-induced 2.2 ML Ge quantum dots, and a 50-period 0.2 ML CI 
2.4 ML Ge sample. The Si spacer layer thickness in the multilayer sample 
is 96 A. Inset: Schematic band alignment of neighboring confinement 
Sil-yCyISil_xGex quantum wells and for C-induced Ge dots. Gradual varia­
tion of the alloy composition and the strain of the C-induced dots is 
assumed. The dots cause an additional strong lateral carrier localization 
(taken from [46]; courtesy of K Eberl). 

6.5 Conclusions 

We have presented a sUIVey of methods used for the characterization of 
self-organized Ge dots ranging from imaging techniques and optical 
methods to X-ray scattering. Each method addresses a particular structural 
aspect of the Ge islands, and only a combination is likely to allow reliable 
conclusions. The ultimate goal, namely, the determination of the position 
dependence of the composition and the local strain fields in buried dots, 
has not been reached yet. Attempts to obtain locally resolved information 
on the chemical composition with scanning electron micorsocopy using 
energy-dispersive X-ray analysis are in progress [49]. A spatial resolution 
of about 3 nm could be achieved so far, and through the use of EELS this 
value could be even reduced further. Other attempts to reveal the depth­
dependent chemical composition of buried islands based on the analysis 
of digitized high-resolution TEM images were published recently [50]. 
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162t, 162-168, 163, 165, 167, 168 
3D islands, 149-154, 150-152, 153t, 

154, 169-173,170-174 
~, 157, 157~ 157-162, 158, 160, 161 
InP, 162-177, 175 
nucleation, growth model, 146 
principles of, 141,141-143 
quantum dot structures, by self-

assembling, 143-154 
self-assembling, 144, 145-149, 147 
Stranski-Krastanow growth mode, 144, 

145 
surface energies, conditions and, 153 
tertiary-butyl-phosphine, 143 
triethylgallium, 143 
trimethylaluminum,l43 
trimethylaminealane, 143 
vapor-phase epitaxy, 139 
Volmer-Weber growth mode, 145 

Multiple-layer growth, perpendicular 
alignment of islands, self-formed 
quantum dot structures, 39-45, 42-44 

mwCP. See Microcontact printing 

National Techrwlogy Roadmap for 
Semiconductors, 1 

NDR. See Negative differential resistance 
Near-field optics, lithography, 130-131 
Negative differential resistance region, 

self-formed quantum dot structures, 
61 

Nonradiative recombination, reduction of, 
self-formed quantum dot structures, 
74 

NSOM. See Near-field scanning optical 
microscopy 

Nucleation, MOVPE, growth model, 146 

INDEX 

Octadecyltrichlorosiloxane, 117 
Offset charges, quantum nanocircuits, 10 
OMVPE. See Organometallic vapor-phase 

epitaxy 
Optical characterization, of quantum dots, 

self-assembled InGaAs quantum dots, 
205-211 

Optical gain, self-formed quantum dot 
structures, 67-68 

Optical intensity modulator, self-formed 
quantum dot structures, 77-79,79 

Optical phonon energy, longitudinal, self­
assembled InGaAs quantum dots, 209 

Organometallic vapor-phase epitaxy, self­
assembled InGaAs quantum dots, 184 

OTS. See Octadecyltrichlorosiloxane 

Particle beam lithography, 107-113 
charged-particle proximity printing, 

111-112 
electron projection lithography, 110-111 
focused ion beam, 112 
ion beam projection lithography, 113 
ion beam systems, 112-113 
neutral atom lithography, 113 
SCALPEL, 111-112 
scanning electron systems, 108-110, 109 

Patterning, for nanostructure fabrication, 
97-138 

2D crystals, 131-132, 132 
AFM contact methods, 129-130, 130 
alkanethiols, such as hexadecanethiol, 

128 
atomic-force microscopy, 123 
C)UR, 114-118, 116 
charged-particle proximity printing, 

111-112 
chemically amplified resists, 115-116, 

117 
conformal phase-shift lithography, 121 
deep UV lithography, 103-105 
electron beam lithography, 107 
electron projection lithography, 110-111 
extremely ultraviolet light, 105-106 
fabrication processes, 97-101, 99-101 
focused ion beam, 112 
future of lithography, 133-134 
future of photolithography, 103-107 
imprint lithography, 123,124-125 
inorganic resists, 114-118, 116, 119 
ion beam projection lithography, 113 
ion beam systems, 112-113 
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lithographic process, 101-107 
magneto-optical materials, 130 
masks, 103, 104-105 
micro-electro-mechanical systems, 100 
microcontact printing, 120, 120-121 
near-field optics, 130-131 
neutral atom lithography, 113 
octadecyltrichlorosiloxane, 117 
particle beam lithography, 107-113 
photolithography, 101-102 
photopolymerization, 121-123, 122-123 
polymer, 114-11S 
Rayleigh's criterion, 102, 105 
resist, photosensitive polymer, 102 
resists, 114-11S 
SAJd, 114-11S, 116 
SCALPEL, 111-112 
scanned probe methods of lithography, 

123-131 
scanning electron systems, 108--110, 

109 
scanning tunneling microscopy, 123-129 
selective oxidation, 125--127, 126, 127, 

128 
self-assembled monolayers, 116--117, 

118,12S 
silyation, 115 
single-atom manipulation, 129 
soft lithography, 118-123 
Tennant's law, 100 
top surface imaging, 115, 116 
TSI, 114-11S, 115, 116 
x-ray lithography, 106-107 

Phonon bottleneck, self-formed quantum 
dot structures, 62, 74 

Photolithography, 101-102 
deep UV lithography, 103--105 
extremely ultraviolet light, 105--106 
future of, 103-107 
Rayleigh's criterion, 105 
x-ray lithography, 106-107 

Photoluminescence 
self-assembled lnGaAs quantum dots, 

205--207, 206 
self-organized Ge islands, 242,243, 

244 
single quantum dot, self-assembled 

lnGaAs quantum dots, 207-209, 208, 
209 

Photopolymerization, 121-123, 122-123 
Photosensitive polymer, resist, 102 
Physics of quantum nanocircuits, 2-4 

charging energy, 3 

confinement energy, 3 
environment, 4 
tunnel barriers, 3--4 

Polymer, 114--11S 
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chemically amplified resists, 115--116, 
117 

inorganic resists, 117-11S, 119 
octadecyltrichlorosiloxane, 117 
photosensitive, resist, 102 
self-assembled monolayers, 116--117, 

118 
silyation, 115 
top surface imaging, 115, 116 

Quantum computation, 2 
Quantum disks, self-assembled lnGaAs 

quantum dots, 203 
Quantum dot, 19--95 

MOVPE,I43-154 
superlattices,200-202,201 

Quantum dot lasers, 67-77 
high-speed quantum dot lasers, 220-221 
quantum dot edge-emitting lasers, 

214-219,216-219 
quantum dot VCSELs, 219--220 
self-assembled InGaAs quantum dots, 

214-222 
Quantum fluctuations, integrated circuits, 

6 
Quantum nanocircuits, I-IS 

applications, 12-16 
average delay, VS. device density, 5 
background charges, 10 
charging energy, 3 
CMOS semiconductor elements, 

replacement of, by quantum devices, 
1-13 

confinement energy, 3 
dissipation limit, 5--6 
environment, 4 
gate widths, 1 
Heisenberg's uncertainty principle, 6 
lateral dimensions, microelectronic 

circuits, 1 
logic, 12-13 
low-temperature conductances, 9 
metrology, sensors, 15--16 
offset charges, 10 
physical limits, integrated circuits, 4-8, 

5 
physics of, 2-4 
quantum computation, 2,13-14 
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Quantum nanocircuits (Continued) 
quantum fluctuations, 6 
RC delay, 6-7 
relativistic limit, 7--8 
single-electron, 15 
single-electron transistors, S-12, 9, 11 
transistors, decreasing dimensions, 4 
tunnel barriers, 3-4 

Raman scatting, self-organized Ge islands, 
242 

RAS. See Reflectance anisotropy 
spectroscopy 

Rayleigh's criterion 
lithographic process, 102 
photolithography, 105 

RC delay, integrated circuits, 6-7 
Recombination,nonradUUjve, reduction 

of, self-formed quantum dot 
structures, 74 

Reflectance anisotropy spectroscopy, self­
assembled InGaAs quantum dots, 192 

Reflection high-energy electron 
diffraction, 37 

self-assembled InGaAs quantum dots, 
184 

Relativistic limit, integrated circuits, 7--8 
Resist, 114-118 

CAJR, 114-118,116 
chemically amplified resists, 115-116, 

117 
inorganic resists, 114-118, 116, 119 
octadecyltrichlorosiloxane, 117 
photosensitive polymer, 102 
polymer, 114-118 
SAJd, 114-118,116 
self-assembled monolayers, 116-117, 

118 
silyation, 115 
top surface imaging, 115, 116 
TSI, 114-118, 116 

RHEED. See Reflection high-energy 
electron diffraction 

SAJd, 114-118, 116 
SCALPEL, particle beam lithography, 

111-112 
Scanned probe methods of lithography, 

123--131 
AFM contact methods, 129-130, 130 
alkanethiols, such as hexadecanethiol, 

128 
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atomic-force microscopy, 123 
magneto-optical materials, 130 
near-field scanning optical microscopy, 

123, 130 
scanning tunneling microscopy, 123--129 
selective oxidation, 125-127, 126-128 
self-assembled monolayers, 128 
single-atom manipulation, 129 

Scanning electron microscopy, 192 
Scanning tunneling microscopy, 127-129 

atomic-force, self-organized Ge islands, 
239-240 

lithography, 123--129 
Selective oxidation, lithography, 125-127, 

126-128 
Self-assembled 3D islands, MOVPE, sizes, 

shapes, 149-154, 150-152, 153t, 154 
Self-assembled InGaAs quantum dots, 

183--231 
capacitance spectroscopy, 211-213,213 
crystal growth, 187-205 
electrical characterization of quantum 

dots, 211-214 
growth on non-(l00) substrates, 

202-204,203 
heterostructures, electrical, optical 

characteristics of, 185 
high-speed quantum dot lasers, 220-221 
longitudinal optical phonon energy, 209 
molecular beam epitaxy, 183 
optical characterization of quantum 

dots, 205-211 
organometallic vapor-phase epitaxy, 184 
overgrowth of self-assembled quantum 

dots, 197-200,200 
photoluminescence, 205-207, 206 
polarization-dependent 

photoluminescence, 205-207, 206 
quantum disks, 203 
quantum dot edge-emitting lasers, 

214-219,216-219 
quantum dot lasers, 214-222 
quantum dot superiattices, 200-202, 201 
quantum dot VCSELs, 219-220 
reflectance anisotropy spectroscopy, 

192 
reflection high-energy electron 

diffraction, 184 
scanning electron microscopy, 192 
single layers, quantum dots on GaAs, 

190-197, 192-199 
single quantum dot photoluminescence, 

207-209, 208, 209 
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Stranski-Krastanow transition, 183 
time-resolved photoluminescence, 

209-211,211 
Self-assembled quantum dots 

hole-burning, 79-89, 80-82, 84-86, 88 
in SK mode, 35-59 

Self-formed quantum dot structures, 19-95 
atomic force microscopy, 37 
band filling, 24 
closely stacked InAs quantum dots, 

45-55,46-55 
columnar InAs quantum dots, 55-59, 

57-61 
communication wavelengths, lasing at, 

74 
distributed feedback lasers, 77 
fabrication technologies, key issues, 73 
growth control of tetrahedral-shaped 

recess quantum dots, 32-35, 33-36 
growth process of stacked islands, 50 
higher-performance lasers, 73-76, 75 
hole-burning, 79-89, 80-82, 84-86, 88 
InAs island growth, 37-39, 38, 40, 41 
incomposition, surface morphology, 

among InGaAs films, 31 
inhomogeneous broadening, smaller, 

high dot density, 73 
lasers, 68-73, 69-72 
magneto-photoluminescence, 51 
metal-oxide semiconductors, 60 
molecular beam epitaxy, 30, 37 
multiple-layer growth, perpendicular 

alignment of islands, 39-45, 42-44 
negative differential resistance region, 

61 
nonradiative recombination, reduction 

of, 74 
optical gain, 67-68 
optical intensity modulator, 77-79, 79 
phonon bottleneck, 62, 74 
potential device applications, of 

quantum dots, 59-89 
quantum dot formation, optical 

properties, 21-28, 22-26 
quantum dot growth mechanism, 28, 

28-32, 30, 3lt 
quantum dot lasers, 67-77 
reflection high-energy electron 

diffraction, 37 
self-organized quantum dots lasers, 

68-73, 69-72 
in SK mode, 35-59 
Stranski-Krastanov mode growth, 36 
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tetrahedral-shaped recess formation, 
20-21,21 

tetrahedral-shaped recess quantum 
dots, 20-35, 61-67, 63, 64, 65, 66 

transmission electron microscopy, 37 
trimethylgallium, 22 
trimethylindium, 22 

Self-organized Ge islands 
atomic-force, scanning tunneling 

nricroscop~ 239-240 
grazing incidence, 248-251, 250 
infrared detectors, 251-252,253 
light emission, enhanced, from Si-based 

heterostructures, 252-255, 254-255 
low-pressure chemical vapor 

deposition, 234 
molecular beam epitaxy, 234 
photoluminescence, 242, 243, 244 
Raman scatting, 242 
self-organized Ge dots, growth of, 234 
small-angle x-ray scattering, 251 
Stranski-Krastanow growth, 233, 234 
structural characterization, 233-258 
transmission electron microscopy, 

240-241,241 
x-ray diffraction, 246--248, 247, 249 

reflectivity, 242-251 
x-ray reflectivity, 245, 245-246 

Self-organized quantum dot lasers, 68-73, 
69-72 

SEM. See Scanning electron microscopy 
Semi-conductor Industry Association 

Roadman, 103 
Sensors, metrology, quantum nanocircuits, 

15-16 
Silyation, polymer, 115 
Single-atom manipulation, lithography, 

129 
Single-electron 

quantum nanocircuits, 15 
transistors, 8-12, 9, 11 

Small-angle x-ray scattering, grazing­
incidence, self-organized Ge islands, 
251 

Soft lithography, 118-123 
conformal phase-shift lithography, 121 
imprint lithography, 123, 124-125 
microcontact printing, 120, 120-121 
photopolymerization, 121-123, 122-

123 
Stacked islands, growth process of, self­

formed quantum dot structures, 50 
STM. See Scanning tunneling microscopy 
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Stranski-Krastanow growth mode, 36, 145, 
233, 234 

self-assembling in, 144 
Surface morphology, incomposition, 

among lnGaAs films, 31 

TBP. See Tertiary-butyl-phosphine 
TEGa. See Triethylgallium 
TEM. See Transmission electron 

microscopy 
Temperature, low, conductances, quantum 

nanocircuits, 9 
Tennant's law, lithography, 100 
Tertiary-butyl-phosphine, MOVPE, 143 
Tetrahedral-shaped recess quantum dots, 

20-35,61-67,63,64,65,66 
growth control of tetrahedral-shaped 

recess quantum dots, 32-35, 33, 34, 
35,36 

quantum dot formation, optical 
properties, 21-28,22,23,24,25,26 

quantum dot growth mechanism, 28, 
28-32, 30, 31t 

tetrahedral-shaped recess formation, 
20-21,21 

Three-dimensional islands 
MOVPE, densities, sizes of, 

manipulations of, 169-173,170,171, 
172,173,174 

self-assembled, MOVPE, sizes, 
shapes, 149-154, 150, 151, 152, 153t, 
154 

Time-resolved photoluminescence, self­
assembled InGaAs quantum dots, 

INDEX 

209-211,211 
TMAI. See Trimethylaluminum 
TMGa. See Trimethylgallium 
TMIn. See Trimethylindium 
Top surface imaging, 115, 116 
Transistors, decreasing dimensions, 4 
Transmission electron microscopy, 37 

self-organized Ge islands, 240-241, 
241 

Triethylgallium, MOVPE, 143 
Trimethylaluminum, MOVPE, 143 
Trimethylaminealane, MOVPE, 143 
Trimethylgallium, 22 
Trimethylindium, 22 
TSI, 114-118, 115,116 
Tunnel barriers, quantum nanocircuits, 

3-4 
'l\v0-dimensional-3D transition, MOVPE, 

phenomenology of, 162t, 162-168, 
163, 165, 167, 168 

Uncertainty principle, Heisenberg's, 6 

Vapor-phase epitaxy, MOVPE, 139 
Volmer-Weber growth mode, MOVPE, 145 
VPE. See Vapor-phase epitaxy 

X-ray diffraction, self-organized Ge 
islands, 242-251, 246-248, 247, 249 

X-ray lithography, 106-107 
X-ray reflectivity, self-organized Ge 

islands, 245, 245-246 
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