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i
ABSTRACT

Novel Growth of InGaAs/GaAs Nanostructures by Molecular Beam Epitaxy

by

Dong Jun Kim, Doctor of Philosophy
Utah State University, 2009
Major Professor: Haeyeon Yang
Department: Physics
This dissertation presents an extensive study of the epitaxial growth mechanism by a
novel growth method. This novel growth method was developed at Utah State University and is a
modification of the Stranski-Krastanov (S-K) growth mode. Our new growth method consists of a
two-step process, low temperature growth and high temperature annealing. During low
temperature growth, diffusion is minimized, resulting in the deposition of a pseudomorphic
epilayer. During high temperature annealing, diffusion is induced from the pseudomorphic
epilayer, resulting in the transformation of the epilayer into nanostructures. Benefits of this novel
growth method are a significantly smaller segregation and suppressed intermixing due to the
barrier wetting layer during sample growth. InGaAs nanostructures on GaAs(001) surfaces are
examples of this new growth method. They were grown by molecular beam epitaxy (MBE) and
analyzed using real-time reflection high energy electron diffraction (RHEED) and in situ
scanning tunneling microscopy (STM). Our novel approach resulted in quantum dot chains and
guantum dashes formed by annealing pseudomorphic layers of two different thicknesses of
InGaAs on GaAs(001). These nanostructure shapes are different from those features formed by
the conventional Stranski-Krastanov growth mode. The results indicate the potential to better
understand nanostructures for future optoelectronic device applications.

(114 pages)
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CHAPTER 1

INTRODUCTION

1.1 Overview

The self-assembled growth method is an epitaxial growth technique used in the formation
of high quality nanostructures in a semiconductor system. By deposition of epitaxial layers with
specific properties, particular structures can be realized on the surface without any fabrication
devices." Nanostructures by the self-assembled growth are characterized for optoelectronic
device applications due to their special electronic properties.” But, there is a limited ability to
control structures to fulfill requirements for design applications using the self-assembled growth
method due to uncertainty in growth mechanisms, such as diffusion.” Thus, an understanding of
the self-assembled growth mechanisms is important in order to improve the quality of nanoscale
fabrication. The key concepts in understanding the growth mechanisms are segregation and
intermixing between the epilayer and substrate. These result in uncertain shapes and distributions
in nanostructure formation, because deformation of nanostructures can occur due to a
compositional drop through segregation and intermixing.*

In order to better understand the self-assembled growth mechanisms, I investigated a
novel self-assembled growth mode. Nanostructures by a novel growth mode are formed through
the transition of two-dimensional strained layers into three dimensional structures. In this study, I
compared this new self-assembled growth method with the conventional Stranski-Krastanov (S-K)
growth mode. The S-K growth mode was chosen because it is the most common and most
researched growth mode of the self-assembled growth method.? In S-K growth mode, a planar
wetting layer is formed first by a pseudomorphic two-dimensional layer, followed by the
nucleation and growth of three-dimensional islands above a critical thickness of the wetting

layer.” During the growth, surface segregation and intermixing between the epilayer and



substrate creates randomness in the shape and distributions of the islands.® Also, self-assembled
quantum dots are formed during deposition without growth interruption through the S-K growth
mode.

Our novel type growth mode consists of a low temperature deposition and post-growth
annealing. To further study the growth mechanism, all growth was performed at low temperature
to avoid significant diffusion, and the subsequent annealing was performed at high temperature to
promote nucleation. The new method depresses diffusion on the strain-induced surface and
suppresses the intemixing between the epilayer and substrate for smaller compositional variations.
This may lead to a better understanding of conventional growth mechanisms which may involve
relevant processes such as adsorption, desorption, diffusion and surface reactions.’

We fabricated aligned InGaAs quantum (QD) structures, including QD chains and
quantum dashes (QDhs), on a GaAs(001) surface using MBE, a technique which is being widely
used to grow high quality epitaxial layers. Using in sifru STM images, we inspected the variation
of typical shape and size distributions of QD chains and QDhs with various parameters in the
growing and annealing processes. This inspection provides an opportunity to understand the
mechanisms of self-assembled growth of QDs.

In another novel approach, we fabricated nanoscale dots on a strained GaAs surface using
an STM at room temperature. We conducted a morphological analysis of surface diffusion under
an electric field on the nanoscale. Also, we tried to understand a detailed structural analysis of
two dimensional InGaAs pseudomorphic layers by controlling the indium segregation.

The contents of this dissertation are organized as follows:

Chapter 1 presents some background of self-assembled growth as well as general
experimental procedures used for calibrations and sample growth and analysis. It is useful in

understanding the subsequent chapters of this thesis.



Chapter 2 describes the STM-MBE ultra high vacuum (UHV) system used in our
experiment. A commercial MBE and STM system are connected together via a third custom-built
UHYV chamber. Notably, a newly developed sample transfer system is presented, which allows us
to acquire in situ atomic scale surface images of epitaxial layers. This chapter also describes
successful in situ STM images of MBE grown nanostructures as a result of the system
modification. ®

Chapter 3 presents the results of the STM study of the annealing induced QDs from flat
strained Ing 4Gag¢As epilayers. The employed growth method is different from the conventional
growth mode. It consists of low temperature pseudomorphic layer growth and subsequent
annealing at a higher temperature. Low temperature growth leads to a different strain effect due to
the small intermixing between different layers and insignificant segregation on the surface. The
annealing process promotes anisotropic diffusion leading to the formation of Iny4Gag¢As
quantum dot-chains. This chapter also discusses the temperature effect during the sample
annealing process.’

Chapter 4 presents a morphological study on pseudomorphic Ing 4Gag¢As grown on top of
GaAs(001) surfaces. Indium segregation on Ing4GagsAs surfaces is investigated during epilayer
growth by RHEED.

Chapter 5 presents a method to fabricate Iny4GagsAs QDhs and QDs on nominal
GaAs(001) using the modified S-K growth mode. In situ STM images are used to illustrate the
shape control of InGaAs QDhs or QDs. This chapter also explains the difference in growth
conditions between QDhs and QD chains."

Chapter 6 describes the formation of InGaAs/GaAs(001) QDs by two competing growth
mechanisms as investigated by STM and RHEED. We fabricated two QD samples with different

growth mechanisms, varying deposition thickness with a constant growth temperature and



varying growth temperature with a constant deposition thickness. Our investigation suggests a
significant difference in surface segregation and intermixing during dot formation from two
different growth mechanisms. The STM study confirmed significant changes in QD shape and
deduced chemical composition changes of the wetting layer from the two competing growth
mechanisms.

In chapter 7, a conclusion is presented with suggestions for future research.

Appendex A describes nanodot fabrication on strained surfaces by STM. The strained
surface is a GaAs capping layer on top of InGaAs/GaAs QD layers grown by MBE. Using the
nanostructuring function in our Omicron STM, we investigated electric field-induced diffusion.
High-bias voltages with various feedback currents were applied to the GaAs capping layer. We
investigated the morphological changes on the surface. Then, we proposed new aspects of

diffusion under an electric field on the nanoscale structures. !

1.2 Fundamentals

In this section, basic concepts of epitaxial growth used in this research are presented.
Also the experimental apparatus and procedures used for MBE sample growth and STM analysis
are presented. Starting with MBE, the principles of MBE growth are discussed with the preview
of the experimental results of InGaAs QD growth. /n situ analysis techniques used in this research,
STM and RHEED, are discussed. STM is used to determine grown-sample surface morphology
and surface nanostructuring. RHEED is used for in situ monitoring of surface structure changes

on substrates. Our MBE-STM multi-chamber system and its applications are also described.

1.2.1 Molecular Beam Epitaxy
MBE is a technique for producing high quality epitaxial structures by a process involving
the reaction of one or more thermal molecular beams under ultra high vacuum (UHV)

conditions.”> By depositing epitaxial layers with particular properties, specialized nano-device



structures can be realized. To prevent the beam nature of mass flow toward the substrate and to
maintain a low contamination condition on sample surfaces, a growth chamber should always
maintain UHV conditions in the range of 10" torr. To investigate atomic scale morphologies of
MBE grown samples under low contamination conditions, the MBE growth chamber has been
connected to an STM chamber as a multi-chamber UHV system. Figure 1.1 shows a schematic
diagram of our MBE-STM UHV chamber system. It consists of an MBE growth chamber, an
STM chamber, a load lock chamber, and a preparation chamber between them. The sample can be
transported from the growth chamber to the STM chamber via a transport system that is enclosed
in the preparation chamber. Details of the MBE-STM system and sample transport system are

described in Chapter 2. A photograph of our MBE-STM system is shown in Fig. 1.2.

1.2.2 Reflection High Energy Electron Diffraction

RHEED is an important in situ real time tool used to monitor the surface quality during
growth.”” We used it to measure the growth rate of the GaAs buffer layer and the InGaAs layer in
our research. It is also a very useful tool to characterize structure information, deoxidization of
the surface, stage temperature calibration, and growth thickness control. Figure 1.3 shows the
key features of a RHEED system. The RHEED gun emits high energy electrons (10 keV for our
system), which strike the surface at a small angle (typically 1~4°). The high energy electrons
result in high penetration depth into the surface. But, a few atomic layers are probed by the
incident glancing angle. Thus, RHEED is highly sensitive to the sample surface. Electrons reflect
from the surface and strike a phosphor RHEED screen forming a pattern consisting of a specular
reflection and a diffraction pattern. The phosphor RHEED screen is located on the opposite side
of the chamber from the RHEED electron gun (see Fig. 1.2., a photograph of the MBE-STM

system). The pattern on the RHEED screen is collected by a charge-coupled device (CCD)



STM sample transfer chamber

Sample transfer station,
Load-lock chamber,
Preparation chamber

FIG. 1.1. Schematic top view of the MBE system with the newly installed STM chamber
(a), newly installed magnetic rod (b), and the factory supplied magnetic rod (c). Solid
(brown) lines indicate the sample transfer line from/to the growth chamber to/from
preparation chamber and from/to the STM chamber to/from the preparation chamber.



1)
2
(3)
@)
®)

Load-lock({L/L) chamber

Degas stage

L/L Turbo Molecular Pump{TMP)
Preparation chamber

MBE growth chamber

RHEED screen and CCD camera
Effusion cells

LN2 input pipe

STM stage

E-beam gun

FIG. 1.2. Photograph of the MBE-STM system at Utah State University.



substrate
€ gun
CCD camera

o F i

phosphor
RHEED
screen

FIG. 1.3. Layout of the RHEED system. The diffraction pattern on the phosphor screen is
collected and captured with a CCD camera.

camera, which is connected to a LabView VI image interface card in our computer. We use
commercial software to acquire and process these RHEED patterns. With this software we
analyze the beam intensity changes in the diffraction pattern to obtain growth rates and other
surface information. Figure 1.4 shows typical 4 x RHEED patterns from a reconstructed GaAs
buffer layer growth. The 4 x RHEED pattern consists of a specular spot, fourfold spots (1/4, 2/4,
3/4), and integer order spots. A specular spot and integer order spot are indicated by (1) and (2)
in Fig. 1.4(a). Fourfold spots are indicated by corresponding numbers."* The specular spot is the
beam spot from the RHEED beam with equal incident and reflected beam angles. In Fig. 1.4(a),
the RHEED beam is oriented along the (110) direction, (see Fig. 1.6, GaAs phase diagram).
Figure 1.4(b) shows a RHEED pattern obtained after a sample rotation of 4 degrees. The specular
spot is still observed in the center, but the other diffraction spots have rotated down and are
weaker relative to the specular spot. The specular spot intensity is dependent upon growth rate,
and deposition coverage. Features of the RHEED patterns also provide surface morphology
information. If the surface is rough, RHEED diffraction appears spotty due to the transmission
through the particles on the surface, as shown in Fig. 1.5(a). If the surface is relatively flat, then
the RHEED patterns appear as elongated streaks due to transmission and reflection diffraction of

the beam, as shown in Fig. 1.5(b)."”



FIG. 1.4. Observed p2(2 x 4) RHEED patterns for GaAs growth on a GaAs(001) oriented
surface at 580 °C: (a) 0° off (110) azimuth; (b) ~ 4° off (110) azimuth. The electron energy is
10 keV. (1) indicates a specular spot in a RHEED pattern, (2) indicates integer order spot, and
other spots are sub-order peak.

FIG. 1.5. Modes of electron diffraction. Transmission and reflection provide different spot
shapes and locations. (a) and (c) indicate a transmission reflection diffraction, resulting in
spotty features; (b) and (d) indicate reflection diffraction, resulting in elongated streaks.
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The GaAs(001) oriented surface is one of the most studied semiconductor samples in our
research. In the buffer layer growth, three different GaAs reconstructions are observed.'® At low
temperature growth, the GaAs surface is in the arsenic-rich c(4 x 4) phase. During the
temperature increase with a constant arsenic flux, the GaAs surface changes from c¢(4 x 4) to a (2
x 4) phase, and can be detected using RHEED. This phase transition is controlled by the growth
temperature and arsenic beam equivalent pressure (BEP) as shown in Fig. 1.13. The GaAs(001)-
c(4 x 4) surface is obtained by cooling a (2 x 4) surface. The arsenic rich (2 x 4) phase is the most
important structure because it is used as a substrate in QD growth in MBE. As shown in Fig. 1.6
(b) and (¢), top layer of the arsenic rich (2 x 4) phase is arsenic along the dimer row direction. In
our observation, there are two different models of the arsenic rich (2 x 4) phases. One is the three
As-dimer model, (2 x 4), as shown in Fig. 1.6 (b). Another is the two As-dimer model, 52(2 % 4),
as shown in Fig. 1.6 (c)."” The f2(2 x 4) phase consists of two arsenic dimers and a trench, and a
S(2 x 4) phase with three arsenic dimers in a row with one missing arsenic dimer."® STM has
been used for the study of the unit cell GaAs structure, which consists of two As-dimers and a

trench, as shown in Fig. 1.6 and Fig. 1.15(d).

1.2.3  Scanning Tunneling Microscopy

STM is a very suitable technique to investigate atomic scale semiconductor
nanostructures.'”*° It is based on a technique controlling the tunnel current between a tip and the
sample surface. An electrically biased metallic tip (typically tungsten) is scanned across a surface
of the MBE grown sample at a few angstroms distance. The constant current flow between the tip
and the sample (due to the tunneling effect) strongly depends on the tip-surface distance and can
measure distance changes with great accuracy (see Fig. 1.7(a)). The changing distance signal is

collected by computer and generates a surface topographical image signal of the surface. This
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FIG. 1.6. Ball to stick models of the GaAs(001)-c(4 x 4) (a) and S(2 x 4) reconstruction
surface. Each model shows a top view (above) and a side view (below). Filled and empty
circles represent arsenic and gallium respectively. The small circuit in the model represents the
2" layer (lower figures).
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Constant
curment
contour

FIG. 1.7 (a) [llustration of an STM with a constant current mode: a feedback loop maintains a
constant tunnel current between the tip and the surface, while the STM is scanned over the

sample. Photograph of STM stage (b) and STM tip and sample (c), (1) indicates STM tip and
(2) indicates sample.



13

method only works with conducting samples, e.g. metal, graphite, and semiconductors. Figure 1.7

(b) and (c) shows photographs of the Omicron STM stage in our MBE-STM system.

1.2.3.1 STM Tip Etching

Tip etching technique plays very important role in the STM measurement process,
because the resolution of an STM image is decided by the size, shape and contamination of the tip
end.”' If the tip has multiple ends or is contaminated by another material, the tunneling junction
is unstable, and can cause noise in the STM imaging. The STM tip is prepared by electro-
chemically etching polycrystalline tungsten wires. A circuit diagram of our tip etching facility is
shown in Fig. 1.8(b), and a photograph of the facility is shown in Fig. 1.8(a). We begin the tip
etching process with a small piece of tungsten wire with a diameter of 0.008 inches. The top part
of the tungsten wire is pushed into the center of the tungsten loop. Then, a drop of 1.0 M NaOH
solution is placed on the loop and moves the loop so the tungsten wire passes through the loop.
The 1.0 M solution is made with 5 g of NaOH and 100 mL of distilled water. The tip etching is

done by sweeping the tungsten loop over the wire. If the tip end is sharp enough, the applied

1-120V

Transformer

FIG. 1.8. (a) A Photograph of the USU STM tip etching facility, consisting of a microcsope(1),
etching stage(2), micro stage(3), transformer(4), variac(5), NaOH chemical bottle(6), and
push-button switch(7) . (b) The experimental tip-etching circuit configuration of the tip
etching facility. Tungsten wire is used as a ring and tip material.
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FIG. 1.9. STM image of oval-domed shaped nanodots, with nanostructuring parameters.

voltage to the tip etching stage is decreased. After the tip etching, the tip is removed from the

stage in the microscope and is rinsed using distilled water to remove any chemicals.

1.2.3.2 Nanostructuring

The STM is not only used as a powerful instrument for nanostructure imaging, it is also
used as a device for the modification of atomic scale surfaces.”> The nanostructuring is done with
an Omicron STM and is used to modify nanodot structures. The nanostructuring is performed by
applying voltage pulses over the regular STM tunneling voltage.”> Using Omicron STM
software, the surface is selected and the STM is programmed to create a 5 % 5 grid of structuring
events.” Figure 1.9 shows nanostructured QDs on a GaAs capping layer. Each event on the
capping layer is programmed with three parameters. The first two parameters are the bias voltage
and tunneling current. Both are changed while the feedback loop is still active. The third
parameter is the amount of time each event is active. That is, the amount of time the bias voltage
and tunneling current are changed from the values used for imaging to the values used for
creating nanostructures. Appendix A includes detailed experimental procedures of the

nanostructuring process for QDs.
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1.2.4 Epitaxial Growth

Epitaxial growth of the heterostructure fabricated using the MBE such as InGaAs on
GaAs substrate is the main subject of our research. Heteroepitaxy is a kind of epitaxy fabricated
by lattice mismatched materials, which means the lattice constant difference between the

substrate and epitaxial layer. The relative lattice mismatch® is defined as:

f _ (ae _as) (Eq.l)

dg
where a_ and a,are the bulk lattice constants of the substrate and the epitaxial layer. The lattice

constant of GaAs at 300 K is 5.65 A, and the lattice constant of Ing 4Ga, ¢As at 300 K is 5.80 A.
Thus the lattice mismatch between the GaAs substrate and Ing 4Gag ¢As is 2.6%. Here, the lattice
constant of Ing4Gay¢As is known to obey Vegard’s law® with an alloy composition of 40%
indium and 60% gallium. Vegard’s law has been used to determine the lattice constant of
Ing4GagsAs, which has a linear relation between the lattice constant of 40% indium and 60%
gallium. Vegard’s equation is

ApyGats = X + (1= %), (Eq.2)
where the lattice constant of InAs, a,,, , is 6.05A and the lattice constant of GaAs, a,,,, , is

5.65A.

1.2.5 Epitaxial Growth Modes

There are three main growth modes for heteroepitaxial growth. Depending on surface
energy of substrate y,, surface energy of island y;, and interface energy between island and
substrate y;;, three fundamental growth modes can be realized in heteroepitaxy. Figure 1.10
shows schematics of two epitaxial growth modes neglecting strain.” Figure 1.10(a) represents
non wetting layer growth, in which an epitaxial layer that forms a 3D island on the surface of the

substrate. Figure 1.10(b) represents wetting, in which an epitaxial layer uniformly covers the
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(b)

Ti
¥s | A

substrate B substrate B

FIG. 1.10. Schematic views of 3D island growth (a) and 2D layer growth (b). y :surface energy
of island, y :surface energy of substrate ,  :interface energy of island-substrate.

surface of substrate.

As schematically shown in Fig. 1.10(a) and Fig. 1.10(a), when v, is smaller than the sum
of y;and y;;, three-dimensional (3D) islands nucleate on the substrate. In this case, the substrate
and epilayer have a big lattice mismatch and adatoms are more attracted each other than to the
surface due to high surface energy. This is called the Volmer-Weber growth mode. Small clusters
are nucleated directly on the substrate surface and then grow into islands to minimize interface
energy and surface energy, as shown in Fig. 1.10(a)."**

The Frank-van der Merwe growth mode shows an opposite nature as compared with the
Volmer-Weber growth mode. This growth mode consists of layer-by-layer growth, in which the
lattice mismatch between the materials is very small and adatoms are more attracted to the
surface of substrate due to low surface energy, as shown in Fig. 1.10(b) and 1.11(b). In this
growth mode, the surface energy of the substrate y,is much bigger than the sum of surface energy
of island y; and the surface energy of interface between substrate and island y;,. ' *°

The S-K growth mode (Fig. 1.11(c)) is the intermediate case, where there is a moderate
lattice mismatch between the materials. This growth mode consists of a layer by layer growth
which forms a two dimensional (2D) wetting layer of material up to a certain critical thickness,

followed by a transition to 3D island growth, QDs, due to the large lattice mismatch between the

epilayer and substrate.” The lattice mismatch causes an accumulation of strain energy with
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(a) (b) (c)

@@

substrate

substrate

FIG. 1.11. Schematic of three growth modes. (a) island, non-wetting, or Volmer-Weber growth
mode, (b) layer by layer, wetting, or Frank-van der Merwe growth mode, (c) layer plus island,
incomplete wetting, or Stranski-Krastanov growth mode .

increasing epilayer thickness. To minimize the strain energy on the surface, the strain is relaxed
through the formation of QDs out of a strained epilayer.® Strain relaxation is a key process in S-
K growth.">¢ Density and size distribution of the QD are controlled by variation of growth
conditions and the choice of material.

The S-K growth mode is the most common growth mode of the self-assembled QD
growth modes. The S-K growth involves deposition of one chemical composition on the substrate
of another composition with a mismatched lattice ranging from 2% to 10%.>* If the lattice
mismatch is larger than 10%, direct 3D growth, called Volmer-Weber growth, occurs. If the lattice
mismatch is smaller than 2%, a 2D layer by layer growth, called Frank Van-der-Merwe growth,
occurs on the surface of the substrate.® Usually, a relatively small sized QD appears from a large

lattice mismatch, while a small mismatch leads to a larger QD.

1.2.6  Growth Procedures
All epitaxial growth in this research were grown using a solid source MBE (SVTA,
model BLT-N35). In this section, I described the general procedures for sample growth and

corresponding concepts for each step.

1.2.6.1 Sample Preparation and Mounting

Commercial n-type GaAs(001) wafers are usually shipped in a state ready to use. Thus,
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there is no need for any chemical cleaning process. The sample is measured and cut to a size of
12 mm’ from a GaAs(001) epi-ready wafer, sized to engage in to a home-made tantalum STM
sample plate. Melted indium is used to solder to the 1-mm wide ledge surrounding the square
opening of the sample plate and then introduced into the center of a 4-inch molybdenum block.
The sample plate is designed to allow it to transfer into the Omicron STM stage for in situ STM
scanning.

The 4-inch molybdenum block is designed to be transferred into the MBE growth stage
from the cassette. This moly-block is first loaded into the cassette. The cassette is then loaded into
the load-lock chamber and transferred into the preparation chamber. Prior to moving into the
growth chamber, the moly-block temperature is increased to 300 °C for 30 min at the degas stage
in the preparation chamber. By heating the substrate and moly-block, contaminants, including

water, are evaporated from the surface.

1.2.6.2. Temperature Calibration and Oxide Desorption

There are small differences between the real temperature and measured temperature in
the growth stage. This occurs because a thermocouple is located in the heating zone of stage, but
is not in direct contact with the substrate.”® Thus, temperature calibration is needed to more
accurately measure the growth conditions of GaAs samples. Temperature calibration for the stage
is based on the desorption temperature of the native oxide layer on GaAs(001) substrates and the
transition temperature between (2 X 4) and c(4 % 4) reconstructions on GaAs substrates, as
observed by RHEED. The surface of the substrate is initially contaminated with oxygen. In the
MBE growth chamber, the oxide layer of the samples can be thermally desorbed by heating the
substrate to 580 °C ~ 600 °C under As, flux. A (2 x 4) reconstructed GaAs(001) surface appears,
which is a ready state for buffer layer growth. Figure 1.12 shows the evolution of RHEED

patterns with time and temperature changes for oxide desorption on GaAs(001). Initially no
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FIG. 1.12. Observed RHEED patterns (10 KeV, incident beam azimuth [110]) of the (a) initial
surface at 480 °C, (b) partial oxide desorption Ty= 570°C, time = 5 min, (c) complete oxide
desorption T= 580 °C, time = 7 min, and (d) T,= 590 °C, time = 5 min. T is the substrate
temperature.

significant RHEED patterns can be seen due to the oxide layer, while some streaked patterns and
spotty patterns are observed during the oxide desorption process. The background intensity
slowly disappears with higher temperature.

The first observation of the transition temperature for a (2 x 4) GaAs(001) surface
reconstruction is at 500 °C under an As, flux 6 x 10 torr.”’ Figure 1.13 shows RHEED patterns
of surface reconstruction from (2 % 4) to c¢(4 % 4) under the same growth temperature with
increasing As, flux. The 2/4™ fractional order spot intensity increases until it is equivalent with
the 1/4™ and 3/4™ intensities (see Fig. 1.4). These reconstructed GaAs surface changes are caused

by the chemical potential due to changes in the substrate temperature and As, flux.'”*°

1.2.6.3 GaAs Buffer Layer Growth
The substrate as well as the buffer layer plays an important role in the formation of thin
epitaxial layers. A successful accommodation of lattice mismatch and a smooth surface for high-

quality GaAs growth are expected from the buffer layer growth.'®*" Once the oxide is
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FIG. 1.14. Typical RHEED specular intensity for GaAs(001)-8(2 x 4) reconstruction surface
growth. Substrate temperature = 500 °C, As, beam equilibrium pressure (B.E.P.) = 6.0x107 torr.

desorbed from GaAs substrate, a buffer layer of thickness ~1 pm can be grown on GaAs(001)
substrates under the following conditions: a growth temperature of 580 °C, an As,/Ga flux ratio
of ~30, and a growth rate of 1.0 um/hour. Such conditions have resulted in a smooth
reconstructed GaAs surface. Figure 1.15 shows atomic scale As-rich GaAs(001)-(2 x 4)
reconstructed surfaces. These images were taken using an STM with an applied bias voltage of —
3.0 V and a tunneling current of 0.1 nA as scanning parameters. Figure 1.13(a) shows RHEED
patterns after a GaAs buffer layer growth. RHEED diffraction patterns of the [110] and [1-10]
azimuth indicate the reconstructed GaAs(001)-(2 x 4) surface. The fourfold periodicity is evident
from the appearance of fractional- order streaks between the integral-order streaks. RHEED
intensity oscillations from the specular beam are used to follow the growth of GaAs buffer layers
as shown in Fig. 1.14. One period of the oscillations represents a single atomic layer. The

damping of the oscillations is related to the step density reaching a steady state of layers.*”

1.2.6.4 1Ing4GapgsAs QD Growth Using the Conventional
S-K Growth Mode

The heteroepitaxy of InGaAs on GaAs follows the conventional Stranski-Krastanov



FIG. 1.15. STM images of a GaAs(001) — (2 x 4) reconstructed surface. Image dimensions
are: (a) 200 nm x 200 nm; (b) 50 nm x 50 nm; (¢) 25 nm x 25 nm; (d) 10 nm % 10 nm. The
arrow in (c) indicates the [1-10] azimuthal direction. The rectangular box in (d) indicates a
unit cell of GaAs(001)-52(2 x 4).
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growth mode, which has been explained previously. Our observations indicates that the critical
thickness with 40% indium and 60% gallium is around 6 ML with an As, B.E.P. of 6.0 x 10 torr.
Usually, the critical thickness of the InGaAs epilayer increases with a decrease in the misfit of the
GaAs substrate. Ing 4Gag¢As single layers are grown on GaAs(001) at different growth
temperatures and different As fluxes. The growth rate of the Iny4Gay¢As layers is 0.16 ML/sec
respectively, monitored by real time RHEED. Figure 1.16 shows the RHEED intensity
oscillations measured at the specular peak giving the growth rate of 0.16ML/sec and total
deposition thickness of 6.54ML. Figure 1.17(c) and (d) compare RHEED pattern changes from
GaAs buffer layer to InGaAs deposition. At the transformation of initial 2D surface into the 3D
islands, the RHEED pattern changes from the streaky pattern to the spotty pattern and chevron
pattern. This chevron shape after depositing the Ing4Gag ¢As layer, indicates the formation of

QDs by strain relaxation based on the Stranski-Krastanov growth mode. As soon as the deposition
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FIG. 1.16. Intensity oscillations of the specular beam in the RHEED pattern for InGaAs
growth on GaAs(001). This observation was made in the [1-10] azimuth at the specular spot.
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FIG. 1.17. Schematic plot of Ing4GagsAs QD growth procedure with a cross-sectional
schematic of QDs. The STM image of Iny4GagsAs QD layer grown on GaAs(001) substrate
using the conventional S-K growth is shown in (b). The size is 500nm x 500nm. RHEED
patterns during 2D deposition of GaAs buffer layer are shown in (c), and (d) shows the 3D
deposition of the InGaAs epilayer.
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was terminated, the sample is quickly cooled by cutting the heating power off, and the sample is
transferred to the STM chamber for in situ morphological measurements. Figure 1.17(a) shows
the growth procedure of Ing 4Gay¢As. Step I represents oxide desorption, Step Il represents GaAs
buffer layer growth step, and Step III represents InGaAs growth process. Desorption of the native
oxide on the GaAs wafer can be removed at 620 °C heating for 15 min. For the growth of InGaAs,
GaAs buffer layer growth was performed for 1 hour at the growth temperature of 580°C. Then it
was cooled down to the InGaAs growth temperature, T = 460°C. The Iny4Gag¢As strained layer
was grown at a growth rate of 0.16ML/sec and a typical As/Ga flux ratio of 30.

Figure 1.17(b) shows an STM image of 6.5 ML thick Ing4GagsAs single layer QDs using
the conventional S-K growth mode. The STM measurements were performed in situ in constant
current mode in vacuum. The bias voltage was —5V, and a tunneling current was 0.065 nA.

In the S-K growth mode, surface segregation of indium is one of the serious problems of the
InGaAs growth on GaAs since indium molecules move to the top layer of InGaAs layers. The
surface composition of indium is different from the bulk composition of indium.* Indium
segregation to the top layers makes non-uniform strain distribution during the island
transformation period as shown in Fig. 1.18. This strain gradient greatly influences the shape of
self-assembled QDs because of uneven strain relaxation from the interlayer of the wetting layer.
Intermixing of the QDs between the substrate and InGaAs epilayer also a very important process
to control the size and composition. The effect of intermixing is to reduce the strain from the
interface of substrate and epilayer, thus providing a random compositional distribution to form
QDs. Intermixing is a temperature-dependent process. According to the paper from Joyce et al.,

intermixing can be suppressed at the growth temperature of 420°C or lower.**
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Initial state

Final state

FIG. 1.18. Evolution of structure and composition of epilayer and substrtate due to the indium
segregation and intermixing, for typical InGaAs growth on a GaAs substrate in the S-K
growth mode.

1.3 Employed Approaches

We employed a different growth method, which is a type of S-K growth. This method
consists of a low temperature growth and high temperature annealing process. In the conventional
S-K growth, randomness of dot shape, and positioning due to the surface segregation and
intermixing between the substrate and epilayer were main issues to solve. Therefore, we proposed
a modified growth method and studied the growth mechanism by morphology analysis using in
situ scanning STM and RHEED. Our investigation of this growth method suggests significant
small segregation by diffusion and suppressed intermixing due to the barrier layer during the
sample growth sequences. In this section, I described detailed experimental procedures for this
modified growth method.

1.3.1 Ing4GageAs QD Growth by Low Temperature

Deposition and Annealing Method

Strained-but-flat InGaAs epilayer on GaAs (001) substrates are grown at a growth
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temperature of 380 °C as shown in Fig. 1.19. A strained-but flat surface is then confirmed by
RHEED. At this low temperature growth, segregation and intermixing are expected to be
suppressed due to low kinetic energy resulting in short diffusion lengths.”> Following the InGaAs
deposition at low temperature growth, a period of post-growth annealing is performed with
arsenic pressure. In our experiment, the sample is heated above 460 °C with an As, beam
equilibrium pressure of 5.9x10° torr for the annealing period ranging from 10 sec to 2 min. In
situ RHEED is used to monitor QD formation, as shown in Fig. 1.17.

After annealing, the sample temperature is rapidly cooled down by turning off the
heating power. Subsequently, the samples are transferred into the STM chamber, with a base
pressure of 2 x 10" torr, via an ultra high vacuum transport mechanism developed by our
group.”® Room temperature STM images are obtained with a bias voltage of —3 V and a
tunneling current in the range of 0.05 nA. Figure 1.20 shows successful STM images of the QD

chain surface after 10.7 ML InGaAs deposition on the GaAs(001) substrate.

1.3.2 QD Volume Measurement

In the study of self-assembled growth, previous quantitative measurements about the size
distribution of the 3D islands have been done using a simple assumption, i.e., the QD is a simple
shape such as a dome or truncated oval shape.””*® However, real QD shapes are more like a
oblate ellipsoid shape, or even more complicate shapes. Hence, the QD volume analysis approach
presented here yields more precise estimations for the various sizes and shapes of nanostructures
fabricated by the proposed growth method. It starts with a volume calculation of one slice of a
QD. Figure 1.21 shows the top view (a) and 3D view (b) of a QD. The surface area and volume
of the QD is calculated from the summation of those slices. Thinner slices can be used for more

accurate calculation. The average thickness of a slice in our calculation is 2 nm. To calculate the
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FIG. 1.19. Novel growth mode of Ing4GagsAs QD growth with a cross-sectional schematic of
QDs.

FIG. 1.20. STM image of InGaAs/GaAs QD chain obtained by annealing at 460°C. The image
size is 500 nm x 500 nm. The bias voltage was —3.0 V and the tip current was 0.08 nA. The
arrow indicates the [1-10] dimer row direction.
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FIG. 1.21. Proposed volume calculation models with (a) as a top view of an STM image of
InGaAs QD to measure the width, height, and thickness of a slice. The arrow indicates the [1-
10] dimer row direction. Size is 70 nm x 70 nm, and (b) is the schematic for a summation of
all slices needed to calculate the total QD volume. The arrow in (b) indicates the same direction
with the arrow in (a).

total volume of QDs, height-volume or surface area-base area correlation factors are used. These
correlation factors are collected from different shapes of QDs under different growth parameters.

Then, all QDs in a certain area are classified by this factor to estimate the total QD volume.
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CHAPTER 2
ENABLING IN SITU ATOMIC SCALE SURFACE IMAGES FOR VERTICAL MOLECULAR

BEAM EPITAXY MACHINE"

2.1 Introduction

Optical properties of nanostructures such as quantum dots (QDs) and quantum wires
(QWRs) are directly dependent on their size and shape. To optimize growths of novel
nanostructures, information on morphology is fundamental. Also, the atomic scale study requires
the ability to examine as-grown surfaces of novel nanostructures. To investigate contamination-
free atomic scale surface morphologies, a quick and reliable sample transfer mechanism is needed
to move samples from a molecular beam epitaxy (MBE) growth chamber to a scanning tunneling
microscopy (STM) chamber, without exposing the samples to air.

We describe a STM sample transfer design and its integration into a vertical MBE
system instead of horizontal growth chambers'*? with which successful in situ surface images of
QDs and QWRs were reported.* > This system enables us to transfer STM tips, STM samples for

UHYV cleaving, and STM sample plates between a MBE and a STM machine.

2.2 MBE System Description

The MBE system (SVTA, model BLT-N35) consists of three functional modules; load
lock, preparation, and growth chambers. The growth chamber has a vertical configuration with
the source cells pointing vertically upward. The growth front is on a horizontal plane, i.e., the
wafers are always horizontal, facing down during the loading, transferring, and growth processes.

Samples are introduced into the preparation chamber through a quick access hatch
located on top of the cylindrical load-lock chamber. The unmodified, factory supplied, cassette
can accommodate up to ten 4 in. wafers. The load-lock chamber sits on top of the preparation

chamber, which is attached to the growth chamber at right angle. A rack and pinion linear

*Dong Jun Kim, Deokjoon Cha, Gregory J. Salamo and Haeyeon Yang.
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transporter or “elevator” in the preparation chamber moves the cassette vertically from/to the
load-lock chamber to/from the preparation chamber. A magnetic linear motion drive in the
preparation chamber is used to transfer samples horizontally from/to the MBE growth chamber.
To unload a sample from the cassette, a factory-provided sample-handling fork at the end of the
magnetic drive goes between the stacks of the cassette, “lifts” one moly platen when the cassette
moves down, and moves out of cassette horizontally. Then the magnetic drive loads the sample

into a sample heater in the prep chamber and/or into the growth chamber.

2.3 STM System Attachment

A commercial STM (Omicron RT-STM) system was attached to the preparation chamber
for analysis of epitaxially grown samples. A custom-made, 13 in. diameter spherical vacuum
chamber connects the STM imaging station chamber and the MBE preparation chamber. This
chamber has a total of 16 ports with two 8 in., one 6 in., three 4.5 in. and ten 2.75 in. metal seal
flanges. These ports can accept various viewports, vacuum pumps, manipulators, e-beam guns,
and vacuum measurement gauges. The STM system is mounted on a rubber vibration isolator to
reduce vibrational noise from the floor.

Two blank 8 in. UHV Conflat (CF) metal seal flanges are modified to hold 2.75 in. CF
flanges with 1.5 in. inner diameter opening along the centerline (see Fig. 2.1). The 2.75 in. CF
flanges allow mounting a 12 in. long rotatable wobble stick (Thermonics, FWS-44R-275-2) and a
48 ft long magnetic liner-transfer drive (VG Scienta) on a flange opposite to the STM chamber.
The 2.75 in. out-diameter glass viewport flange and an UHV electrical break are mounted on the
modified 8 in. flange on the STM side. A bellows for vibration isolation is mounted on the

spherical chamber and a UHV 2.75-in. out-diameter gate valve is attached to the electrical break
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FIG. 2.1. (a) Schematic side view of the preparation chamber and STM chamber (not to scale).
The STM chamber is connected to the preparation chamber by a ceramic break and bellows.
The inside arrows indicate directions of each motion. (b) Schematic front view of the 8-inch
diameter flange with two holes for 2.75-inch flanges. These flanges have replaced the existing
8-inch blank flanges in the preparation chamber.
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in series. A two-pronged transfer head (Omicron) is attached at the end of the new transfer rod.
This combination enables the transfer of STM sample plates from the MBE preparation chamber

to the STM chamber.

2.4 Cassette and Transfer Line Modifications

A cassette is the main component of the sample loading/ unloading system. We modified
the cassette to hold STM sample plates and transfer them from the preparation chamber to the
spherical chamber for in situ imaging. Also, STM sample plates for cross-sectional imaging can
be loaded into the modified cassette. After imaging, the samples can be moved back to the
cassette for unloading.

To bring a STM sample plate into the MBE growth chamber, a molybdenum sheet with

0.100 in. thickness was machined to a 4 in. diameter circular platen to fit on the rack of the
cassette [see Fig. 2.2(b)]. This moly platen has a square opening area which conforms to the
shape of the STM plates, allowing the source flux to condense on a substrate surface. The
opening area has a recessed step [gray area in Fig. 2.2(a)] about 0.040 in. thick to expose the
sample surface below the horizontal plane of the moly platen (see Fig. 2. 2). This allows a clear
path from the electron gun, to the sample, and then to the phosphorous screen so that real time
surface analysis through reflection high energy diffraction is possible during MBE growths.

During the MBE growth as well as the transfer from the preparation chamber to the
growth chamber, sample wafers including STM sample plates are held by gravity only on the step
edge of the opening without any fastener.

To remove the STM sample plate from the modified moly platen, a 0.7 in. long pin is

mounted vertically on the top center of the cassette. Using the magnetic transfer rod, the STM
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FIG. 2.2. Schematic diagrams of (a) a home-made tantalum STM sample plate, (b) a home-
made 4 in. diameter moly-block to grow a STM sample in the MBE chamber (a STM moly
block), and (c) a modified cassette with a STM block attached in the middle and a pin on the
top. A transfer process using a wobble stick (on the right) and a magnetic drive (on the left) is
shown in (d). The 4 in. STM moly block stays on the fork of the magnetic drive during
removal of the sample plate. The elevator moves the modified cassette up, pushing the neck of
the STM sample plate up at an angle. The plate is then picked up by a wobble stick with a
pincer, shown at the right top of (d). (e) is a diagram of the STM plate mounting block, top
view (upper drawing) and side view (lower drawing).
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sample plate in the moly platen is positioned above the cassette in such a way that the pin can be
aligned with the “neck” of the sample plate [see Fig. 2.2(a)]. When the cassette moves up, the pin
pushes the neck up so that the STM sample plate is raised out of the custom-made moly platen at
an angle. The head of the STM plate is raised up about 0.2 in. from the horizontal plane [see Fig.
2.2(d)]. The head of the STM sample plate is at a right angle with the magnetic drive, pointing
toward the wobble stick. The wobble stick then approaches the sample plate following a recessed
track [gray rectangular area in Fig. 2.2(b)] on the moly platen and picks up the sample plate by
grabbing the head with the end jaws [Fig. 2.2(d)]. It is attached at the upper port on the custom-
made 8 in. flange, opposite to the STM chamber [see Fig. 2.1]. So far, the sample surface has
been face down. To have the sample surface face up, the wobble stick makes 180° rotation. With
the wobble stick being held against the flange, the magnetic drive retracts to clear space for the
cassette to move upward to about the same height as the wobble stick. The wobble stick then
inserts the plate into the slot of a home-made stainless block in the cassette [see Fig. 2.2(¢c)]. The
plate is now positioned with the sample face up, held by a pair of brackets, and ready to be
transferred into the STM chamber.

The stainless steel block was attached at the bottom of the top handle of the cassette.
The block is to hold STM sample plates or STM tip carrier plates. The block is designed to
engage an Omicron sample-handling head with two prongs. The head can load/unload Omicron
STM sample plates from/to the slot when it is attached at the end of a magnetic drive with 360°
rotation. A “new” drive transfers STM sample plates, sample plates for UHV cleaving, and
STMtip carrier plates to/from the 13 in. spherical chamber from/to the MBE preparation chamber.
This 48 ft magnetic drive is attached to the lower port of the modified 8 in. flange in the

preparation chamber (Fig. 2.1, below the wobble stick). An Omicron provided commercial
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sample-handling head (push-pull transfer head) is attached to the end of the magnetic rod. This
head removes the plate from the slot and loads the plate into the manipulator in the chamber.

A slot with brackets is attached at the end of the manipulator [similar to Fig. 2.2(¢)]. The
manipulator moves the STM sample plate or the STM tip carrier plate close to the imaging station,
where an Omicron provided wobble stick removes the plate from the manipulator and places it

into either the imaging stage or the carousel.

2.5 Summary

The modifications enabled us to get successful STM images from as-grown surfaces.
The reconstruction structure of a MBE grown GaAs(001) surface was confirmed by the in situ
STM by transferring the sample using the modifications made. Figure 2.3(a) shows an example of
InGaAs quantum dots formed on a GaAs(001) surface via the Stranski-Krastanow growth
mechanism.® All the STM images in Fig. 2.3 were taken with a sample bias of =3 V (filled
electronic state) at the constant current mode with a feedback set current of 0.1 nA. The
modification also allowed us to load substrates for cleaving a cross-section STM. The UHV
cleaving of (001) oriented substrates exposes (110) surfaces similar to GaAs(110) surfaces.’
Figure 2.3(b) shows STM images of an InP(110) surface with step height of ~ 0.2 nm, produced
by UHV cleaving of InP(001) surfaces. The rectangle in the inset of Fig. 2.3(b) represents the unit

surface area of (110) surface of an InP substrate.

References
[1]L.J. Whitman et al., J. Vac. Sci. Technol. B 14, 1870 (1996).
[2]J. B. Smathers et al., J. Vac. Sci. Technol. B 16, 3112 (1998).

[3] M. Krause et al., J. Vac. Sci. Technol. B 23, 1684 (2005).



39

FIG. 2.3. STM images of (a) and (c) are InGaAs QDs as-grown on a GaAs(001) surface. The
scan area is 500 x 500 nm” for (a), 150 x 150 nm” for (c). STM images of (b) and (d) are a
cleaved InP(110) surface. The scan area is 35 x 35 nm” for (b), 5 x 5 nm” for (d), The
rectangle in the (d) is the size of the surface unit cell of an InP(110) surface.
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CHAPTER 3
ANNEALING INDUCED TRANSITION OF FLAT STRAINED INGAAS EPILAYERS INTO

THREE-DIMENSIONAL ISLANDS’

Abstract

We report a novel array of self-assembled quantum dots through roughening
transformation of strained but atomically flat layers into three-dimensional (3D) islands.
Atomically flat two-dimensional InGaAs epilayers were grown on GaAs(001) substrates below
360°C. When heated higher than 420°C, they were observed to undergo roughening transitions.
The morphology, height and width, of the resultant 3D features were found to be a strong
function of the annealing time and temperature. Furthermore, at a certain set of parameters, dot-
chains were observed. The strain field of the flat layer seemed uniform in the roughening stage,

but induces anisotropic diffusion at the subsequent growth stage.

3.1 Introduction

Self-assembled quantum dots (SAQDs) show promises for future optoelectronic devices
as an alternative approach to traditional top-down techniques because SAQDs can have small
enough defective surface states commonly found in a top-down process,' as evidenced in
commercially available lasers based on SAQDs.? The potential of SAQDs for the optoelectronic
devices is due to the fact that the electronic structures can be controlled by controlling the size
and shape. Tremendous research effort has been focused™ * to find ways to control the shape and
size of SAQDs, including the recent report on QD chains.’

Traditionally, SAQDs were reported to form during a deposition period either with or
without growth interruption through the Stranski-Krastanov (SK) growth mode. Nucleation and
growth of SAQDs depend on the substrate temperature and strain amount. For example, strained

but smooth Ing sGay sAs epilayers were reported on GaAs(001) at 320 °C, mismatch of 3.5%

*Dong Jun Kim, Deokjoon Cha, Gregory J. Salamo and Haeyeon Yang.
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while a mismatch of 7.2% resulted in SAQDs at the same substrate temperature.®’ In this study,
we grew strained-but-flat InGaAs with an indium composition of 37% on GaAs(001) substrates
layer by layer at low temperatures, instead of layer-then-island fashion.® Subsequent annealing at
a higher temperature enabled us to focus on the effect of strain and strain-induced diffusion on

nucleation and growth.

3.2 Experimental Procedure

The growth studies were done using a commercial molecular beam epitaxy (MBE)
machine, SVTA model BLT-35N, and a commercial ultrahigh vacuum (UHV) scanning tunneling
microscope (STM) attached to the MBE machine through a UHV port for as-grown surface
images.” An n-type GaAs substrate with a nominal (001) orientation was loaded into the load-
lock chamber, then into a preparation chamber of mid-10"° torr of vacuum. The wafer was
outgassed in the preparation chamber at 300 °C for 30 min before it was loaded into the growth
chamber. After the oxide layer was removed at 580 °C under arsenic pressure, confirmed by
reflection high energy electron diffraction (RHEED), a 1-um thick GaAs buffer was grown on the
substrate at 580 °C at a growth rate of 0.5 m/h.

The substrate was then cooled down below 400 °C, where about 8~10 ML (monolayer)
InGaAs was deposited on the buffer layer. The InGaAs growth rate was 0.17 ML/ s, measured
from RHEED oscillations in real time, with an arsenic flux of 2x10°° torr.'® The oscillations were
persistent to the end of the growth, confirming layer-by-layer growth, quite similar to those of a
GaAs buffer grown on a GaAs(001) substrate. The indium composition, ~37%, was estimated by
subtracting the GaAs growth rate from that of the InGaAs, both grown at the same temperature.

Next, the substrate with two-dimensional (2D) InGaAs epilayers was moved to the UHV-STM
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chamber through a UHV port.” After STM examinations, the same samples were moved back to
the MBE growth chamber, then heated up to 440, 460, and 480 °C at a rate of 20 °C/min under
arsenic fluxes of 1.4x107°, 5.9x107%, and 5.9%10°° torr, respectively, and annealed for 2 min.
After annealing, the substrates were rapidly cooled by turning power off to the substrate heater.
The substrate temperature decreased at a rate of 100 °C/min down to 300 then 50 °C/min down to
200 °C when the substrates were removed from the growth chamber.

The weak fractional order peaks of the RHEED patterns taken before, during, and after
the InGaAs depositions show streaks, which suggests that the growth front had a mixture of 2 x 4
and c(4 x 4) surface reconstructions. The RHEED patterns showed no chevrons during the
InGaAs deposition and cool down processes, although chevrons, similar to those from InAs QDs
on GaAs(001) substrates, were observed from samples grown at higher temperatures with the

. 1
same thickness.

3.3 Strained Pseudomorphic Ing4Gag sAs/GaAs(001)

The surface morphology of the InGaAs epilayer was imaged at room temperature for the
filled surface state which confirmed that the strained layers were atomically smooth across the
whole sample surface. Figure 3.1(a) is a STM image taken from the strained 2D surface. All STM
images were obtained using bias voltage —3.0 V (filled state) at constant current mode with 0.1
nA. The speckles on the large (500 nm) scale image are 1 ML high islands, as confirmed by high
resolution images [see Fig. 3.1(b)]. The center of the inset shows one such island with the image
size of 10 nm. The high resolution STM images also confirmed that the surface had a mixture of
the surface reconstructions.

During the heating up process after the STM imaging, the InGaAs epilayers showed no

chevrons in the RHEED pattern up to 370 °C. Chevrons began to show up at 380 °C and
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FIG. 3.1. All STM images were obtained using —3V (filled state) with constant current mode
at 0.1nA; (a) is a 500nm x 500nm STM image of the 10.24ML thick InGaAs epilayer grown at
360°C. The speckles in (a) are one monolayer high islands, which is confirmed by a high
resolution picture of 50nm x 50nm, (b). (c) is 100nm % 100nm. In image (b), two 1ML high
islands are noted. (d) is 14nm x 14nm for the island in (b) (near top center). The arrows in the
images indicate the [1-10] azimuthal direction.
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increased in brightness as the temperature was increased. Eventually diffraction peaks from the
formation of three dimensional (3D) features dominated around 410 °C, at which temperature the
fractional order peaks all disappeared. During the annealing period, however, the brightness of
the chevron peaks stayed almost the same.

After the annealing, the substrates were moved back to the STM chamber for imaging
the surface morphology. The STM images confirmed transformation of the 2D strained epilayers
into 3D islands. Figure 3.2(a) shows a STM image from the sample annealed at 460 °C for 2 min.
For comparison, STM images from a sample grown continuously at 450 °C are shown in Fig. 3.2
(b). The separation between dots formed by annealing was more uniform and had a narrower
distribution than those formed by continuous growth, as shown in Fig. 3.2(b). Large flat void
areas are visible, similar to other published images.'*"? The void areas were not noticeable in the

STM images of the annealed samples.

FIG. 3.2. STM images of an InGaAs SAQDs. (a) A large 500nm x 500nm image shows
SAQDs by annealing the 8.85ML InGaAs flat epilayers at 460°C for two minutes. Image (b) is
for 9.07ML InGaAs SAQDs by a continuous S-K growth at 450°C. The arrows in the images
indicated the [1-10] direction. The arrows in the images indicate the [1-10] azimuthal
direction.
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3.4 Annealing Temperature Effect

The morphology of the annealed dots depends on the annealing temperature. Figure 3.3
shows STM images of samples annealed at 440, 460, and 480 °C for (a) 10.13 ML, (b) 10.24 ML,
and (c) 9.75 ML, respectively. The dots annealed at higher temperatures have larger base areas
(width and length) but reduced heights and lower density than those annealed at lower
temperatures. Clearly, the strained InGaAs epilayers were transformed into dots with shorter
heights and larger widths by annealing at a high temperature, where the bases of the dots
connected to each other. The measured mean values of dot height (width) are 10.4£1.3 (26.4+3.6),
8.3+1.4 (29.6£3.8), and 6.7+1.5 nm (36.1£7.2 nm) for annealing temperatures of 440, 460, and
480 °C, respectively. The morphology of a SAQD can be, therefore, controlled by the parameters

of the annealing such as annealing period and temperature.

3.5 Ing4GagsAs QD Chain Formation

Striking features were observed on the sample annealed at 460 °C, where the dots had a
smaller width and longer length than those annealed at 440 °C. The dots were aligned along
straight lines, forming dot chains. The alignment had rather abrupt kinks with obtuse angles of
about 120°. The turning points were well defined and clearly visible in Fig. 3.3(b) while they
were not as noticeable in images from samples annealed at higher [Fig. 3.3(c)] and lower [Fig.
3.3(a)] temperatures. The dot chains are mostly off the [1-10] direction, as shown in Fig. 3.1(b).
The majority of the dot chains are aligned along the azimuthal directions of [5-10], [5-20], and [1-
50]. Less than 5% of the total length of the dot chains is along the [1-10] direction. This is
significantly different from other elongation examples of dot chains, as published by Wang et al.’
using stacked strained layers of InGaAs/GaAs; those by Leon et al.'"* and Jeppesen et al."”> where

dot chains were observed along the step edge direction. The reported dot chains are mostly
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FIG. 3.3. Annealing temperature effect on morphology; 500nm x 500nm STM images for the
InGaAs QDs formed through roughening transformation during the annealing period of two
minutes but at different annealing temperatures, (a) at 440°C, (b) 460°C and (c) 480°C. The
InGaAs strained layers were grown at 360°C and the thickness were 10.13ML for (a),
10.24ML for (b), and 9.75ML for (c), respectively.
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aligned along the dimer row direction, [1-10] direction, of GaAs (001) substrates. Formation of
dot chains was also observed by direct deposition of InGaAs on GaAs in our recent results
(unpublished). These dot chains were aligned along the [1-10] direction.

At first glance, the dots in the dot chains seemed elongated along the chaining directions.
However, preliminary analysis'® of the STM images of the dot chains showed that the individual
dots have similar morphologies to other InGaAs dots that were elongated along the [1-10]
direction, although the dot chains were aligned in several different directions. The InGaAs dots in
the dot chain were taller than those of the recent STM study'’ on InAs dots on GaAs(001). The
facet planes of the dots in the dot chains were identified as {135} B at the base while {137} A at
the top for those dots in the dot chain elongated along the [1-50] direction. Also, the facet plane
depends on the size of the dot in the dotchain. This confirms the similar RHEED observations for
the dot chains and those of InAs/GaAs SAQDs."!

The alignment of dots was not apparent in lower temperature annealing. Higher
temperature annealing, however, resulted in flattened but elongated dots. The elongation is along
the dimer row, the [1-10] azimuthal direction. It was reported that adatom diffusion along the [1-
10] direction was faster than that along the [110] direction for Ga adatom diffusion on
GaAs(001)," and an even faster track for In adatoms on strained surfaces.” It is obvious that the
role of diffusion becomes significant for the morphology of 3D features during the annealing
processes at higher temperatures. Similar behavior was reported 22! for the growth of InAs
quantum wires, which were aligned along the dimer row direction of InPO01substrates due to
higher diffusion along the [1-10] azimuthal direction.

Our STM images from samples annealed at different temperatures suggest that the

alignment is a dynamic process, driven by diffusion. No dot chains were observed by STM
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(unpublished) when the annealing period was as short as 20 s instead of 120 s. The strain field
influenced the detachment process for uniform supplies of surface adatoms for the initial
nucleation of precursors. In the subsequent annealing process, strain driven, anisotropic diffusion
takes over for the subsequent growth of the precursors into dots and dot chains. The observation
of dot alignment at 460 °C indicates the precursor nucleation was random in the beginning
because no chaining is observed at the lower temperature, as seen in Fig. 3.3(a). The effect of
higher temperature can be attributed to the increase in the mobility of the detached surface atoms,
inducing a higher detachment rate due to increased chemical potential and longer lifetime of
adatoms. The comparison reveals that the self-assembly is a subtle, but still plausible, technique

to produce arrays of uniformly sized quantum dots.

3.6 Summary

In summary, we have observed that annealing induced roughening transition (nucleation)
from strained-but-flat 2D layers to 3D islands. Our in situ STM results suggest that the strain
field induces isotropic detachment of adatoms, which generates a more uniform density of
adatoms on the surface than that of regular, continuous layer-then-island growth. Surprisingly,
dot chains were observed at a specific set of annealing parameters. The growth during the
annealing period is a strong function of temperature and period of annealing. The morphology of

the resultant 3D features suggests that diffusion depends on the strained layer to be anisotropic.
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CHAPTER 4

*

EFFECT OF ARSENIC OVERPRESSURE ON GROWTH OF PSEUDOMORPHIC INGAAS

Abstract

A morphological study on pseudomorphic Ing4GaggAs surfaces is presented. The
InGaAs layers on GaAs(001) were thinner than the critical thickness and grown by Molecular
Beam Epitaxy at different arsenic overpressures. The oscillation of the specular beam of
reflection high energy electron diffraction indicates that the indium segregation was suppressed
significantly at a high arsenic overpressure during growth. The suppression resulted in (2 x 4)-
like surface reconstruction, confirmed by scanning tunneling microscopy (STM). STM images
indicate that the surface prepared at a lower arsenic overpressure has mixed reconstructions of 2 x

4 with depth variations, which suggests suppression of growth in trenches.

4.1 Introduction

Understanding the atomic arrangement on an epitaxial growth front is necessary to create
high quality epitaxial layers. For example the atomic arrangement on the surface influences the
diffusion kinetics of adatoms for homoepitaxy* as well as heteroepitaxy,  subsequently affecting
quality film growth including self-assembled quantum dots by the Stranski-Krastanov growth
mode.* Another important feature of the surface structural study is that the stoichiometry of a
surface can be studied by examining surface structures. Reflection high energy electron
diffraction (RHEED) has been employed to investigate structural variations over surface
stoichiometry for epitaxial growth on GaAs surfaces.” High quality device structures have been
realized using the insight gained from the structural analysis on the surfaces of the growth front.
For example, the flux ratio of the group V element over the group I11 element should be kept
between 10 and 20 during growth to yield high quality GaAs films for optoelectronic device

applications.® As a macroscopic tool, RHEED has been very successful for two-dimensional,

*Dong Jun Kim and Haeyeon Yang (to be published)
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layer by layer growths. However, a more accurate, microscopic surface characterization technique
such as scanning tunneling microscopy (STM) is necessary to complement the macroscopic tool
for devices based on nanostructures such as infrared photodetectors using Ing 4Gag sAS SAQDS7
on GaAs(001), because RHEED does not provide enough information for the growth of
nanostructures in some cases such as dot-chains® and strain-induced redistribution of indium
atoms” in a ternary alloy on a surface.

In this letter, we report detailed structural analysis of pseudomorphic Ing4GageAs on
GaAs(001) surfaces using MBE and in situ STM. Different /111 flux ratios were employed to
control the indium segregation during growths. Local, microscopic surface images of the
pseudomorphic surfaces indicate that the surfaces prepared by different growth conditions
resulted in markedly different surface reconstructions. The findings indicate that the surface
reconstruction of the pseudomorphic InGaAs is not as consistent with the general dependence of
arsenic overpressure as that in GaAs(001) surfaces, where the surface structure changes from
£2(2 x 4) to mixture of 5(2 x 4) as the stoichiometry of the surface changes toward higher arsenic

coverage.’

4.2 Experimental procedure

The growth studies were carried out using a molecular beam epitaxy (MBE) machine
(SVTA -35N) equipped with a computer controlled, valved arsenic cracker cell and a ultra high
vacuum (UHV) STM (Omicron 1) attached to the MBE machine through a UHV port for as-
grown surface images.”® An n-type GaAs substrate with a nominal (001) orientation was loaded
into the load-lock chamber, then into a preparation chamber of mid 107 torr of vacuum. The
wafer was outgassed in the preparation chamber at 300°C for 30 minutes before it was loaded
into the growth chamber. The oxide layer was removed at 580°C under arsenic overpressure in
the growth chamber, which was confirmed by RHEED. An electron beam voltage 9 kV was used

for RHEED. Then, a one micrometer thick GaAs buffer was grown on the substrate at 580°C at a
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growth rate of 0.5um/hour. To calibrate the substrate temperature, the oxide-off temperature was
used in conjunction with the substrate temperature monitored by RHEED pattern change at a
constant arsenic flux.** The samples were then cooled down to the growth temperature (500°C)
for Ing4Gag ¢As deposition of about 4.6 monolayers (ML), confirmed by RHEED oscillations of
the specular peak. The V/I11 flux ratios were 25 and 34 during the pseudomorphic InGaAs growth
with the deposition rate of 0.184 ML/sec. The indium composition of 40% was estimated by
subtracting the GaAs growth rate from that of the InGaAs, both grown at the same temperature.
The epilayer thickness was set to be smaller than the critical thickness of 6ML for the S-K growth
mode, which was confirmed in separate MBE-STM experiments, where the RHEED pattern and
STM surface images showed chevrons and SAQDs respectively. Upon finishing the InGaAs
growth, the substrate was rapidly cooled down by turning power off to the substrate heater,’
while closing the arsenic valve within 60 seconds from the end of InGaAs growth. Then the
substrate was moved into the STM chamber for imaging the surface morphologies. STM imaging
was carried out at constant current mode of 0.1nA with the surface bias -3V relative to the tip for
filled state images. STM tips were prepared by electrochemical etching of a polycrystalline
tungsten wire under an optical microscope at x1500 magnification, loaded into the STM chamber,

and cleaned in situ by electron beam heating.

4.3 RHEED Oscillation Behavior with Different Arsenic Flux

The previous MBE-STM study® from this system suggests that the RHEED patterns after
buffer growth indicate that the buffer surface was smooth and well ordered with 2 x 4 surface
reconstructions. To quantify the amount of indium segregation during growth, RHEED
oscillations during the deposition of the pseudomorphic InGaAs layers have been reported.*
Figure 4.1 shows the RHEED oscillations during growth of Ing 4Gag sAs with /111 flux ratios of
25(a) and 34(b) with the arsenic fluxes of 4.8x10° and 6.4x10° torr, respectively. The

segregation factor for (a) was calculated as 0.62 by fitting the oscillation data to the exponential
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equations given by Martini ez al.'* The coefficient is significantly smaller than the reported value
of 0.8 at 500 °C due to the fact that the flux ratio employed is ~4.6 times larger than that
reported.’” This suggests the high arsenic overpressure reduces the segregation of indium
because the higher concentration of arsenic on the surface effectively reduces indium segregation

as reported by Muraki et al.”®

Although the segregation is reduced, the surface might be highly
indium rich due to the “floating” indium effect, almost reaching 100% indium™* on the outermost
layer after 4.6 layers of Iny4GagsAs deposition even though the segregation coefficient is small.
Effects of further increase of arsenic overpressure are shown in Fig. 4.1(b), which suggests that
additional arsenic suppresses the segregation. The RHEED oscillations behavior is different for
growth using the same indium composition but at the higher flux ratio as seen in (b). The same
exponential equation did not yield a meaningful physical parameter, a negative pre-factor for the
oscillation data. In our separate experiments, the similar behaviors in RHEED oscillations were
observed at a slightly smaller flux ratio of 32, in which the oscillation behavior is very similar to
that of homoepitaxy of GaAs on GaAs(001). This suggests that a high arsenic flux makes
pseudomorphic epitaxy more like a regular homoepitaxy, due to the considerable suppression of
the segregation. The oscillatory behaviors in Fig. 4.1 seem different from the previous reports by
Snyder et al.," possibly due to different arsenic fluxes employed.

Comparison of RHEED patterns before and after the InGaAs growths indicates that the
surface reconstructions seem similar to that of GaAs(001)-(2 x 4) structures even though the
fractional order peak intensities were weaker than those from the buffer layer as seen in Fig. 4.1.
The comparison of the spot positions of the first order peaks suggests that the “lateral” surface
relaxation was negligible for both cases because there were no noticeable spot position changes as

in the RHEED study® on the IngsGao sAs growth on GaAs(001).
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FIG. 4.1. RHEED oscillations for the same growth period (25 seconds) during epitaxial
growths at different arsenic overpressures, yielding different /111 ratios of 24 for (a) and 32
for (b). The data points in the first few seconds were not recorded in (b). The corresponding
RHEED patterns were taken during cooling down period, after the pseudomorphic growths, at
substrate temperature around 300°C. The RHEED patterns were taken with the electron beam
pointing along the [110] azimuthal direction, resulting in 4x periodicity. This is similar to the
RHEED pattern from the GaAs(001) buffer surface.



56

4.4 STM Study of Arsenic Overpressure Effect

The surface reconstruction is sensitive to the stoichiometry of a surface because the
surface structure depends on bonding directions and strengths of atomic species on a surface.> '
High resolution surface images complement the macroscopic RHEED patterns to determine the
surface structure and stoichiometry more accurately. /n situ STM images were obtained from
these unrelaxed surfaces, as shown in Fig. 4.2, at sizes from 500nm, (a) to Fig. 4.4, 7nm, (d). The
images in the left column are from the sample grown at the flux ratio of 25 and those in the right
column at 34. Large scale, inset images show no three dimensional dots, consistent with RHEED
observations. They show two-dimensional (2D) islands on the surface grown at a lower arsenic
overpressure, which is very similar to those'’ from the InAs wetting layer on GaAs(001). These
2D islands were also found in STM images from other Iny,GagsAs wetting layers grown at lower
temperatures, which showed similar segregation behavior in RHEED oscillations (unpublished).
The images from the surface grown under higher arsenic flux did not show these 2D islands on a
terrace, which is consistent with the fact that lower arsenic overpressure induces smaller islands
on the growth fronts for (001) surfaces of InAs'® as well as GaAs."® Both images show small
speckles that seem like arsenic clusters as seen in high resolution images in Fig. 4.2. The similar
clusters were observed from samples grown at temperatures lower than 400 °C.?

Effects of the arsenic overpressure during growths on the atomic arrangements on
surfaces are clearly demonstrated in the high resolution images. Figure 4.2(d) and Fig. 4.3(b)
show dimer rows running zig-zag in contrast to straight lines in Fig. 4.2(c) and Fig. 4.3(b) that are
from surfaces prepared with a larger arsenic flux. This difference in atomic arrangement may be
due to the difference in indium segregation on the surface of Fig. 4.3(b) which has a small,
nonnegligible segregation coefficient of 0.62.

Line profiles across the dimer row, [110] direction show that the trench depth in Fig.

4.3(d) is similar to that in Fig. 4.3(c). However, the measured trench depths depend on the
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FIG. 4.2. Filled state STM images of the pseudomorphic Iny 4Gag¢As epilayers at different
resolutions. The flux ratio of 35 was used during the growth of samples in the left column and
25 for the right one. The sizes of the images are: 500nm x 500nm for (a) and (b), 100nm x
100nm for (c) and (d).
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FIG. 4.3. Filled state STM images of the pseudomorphic Iny 4Gag¢As epilayers at different
resolutions. The flux ratio of 35 was used during the growth of samples in the left column and
25 for the right one. The sizes of the images are: 40nm x 40nm for (a) and (b), 7nm x 7nm for
(c) and (d).
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atomic arrangements as indicated in the contour plot as well as the line profiles, which shows that
the depth near the three-dimer is estimated at ~0.45nm while it is ~ 0.39nm near the two-dimer.
These depths are larger than the length of the bulk InAs bi-layer of 0.3029nm. The line profile
below Fig. 4.4(a) shows the similar trench depth. In both samples, the trench depths are larger
than 0.4nm, which is larger than the bulk bilayer thickness as well as the reported values of
~0.3nm? from the Ing 15Gays,As surface. This surprisingly large depth can be explained by the
strain of pseudomorphic layers, which in turn affect surface reconstructions, because adatoms
favor the reconstructed area over the missing dimer trench area due to the strain. The compressive
strain of the epitaxial layer can make the top strained surface layers extend out due to a more
abrupt composition change at a smaller epitaxial thickness in this study (4.6ML) while the same
compressive strain does not favor impinging atoms staying long enough to grow in the trench
area of missing dimers.

However, the surface structures are different even though the depths are similar in both
samples. High resolution STM images suggest that suppression of segregation resulted in the 2(2
x 4)-like structure, indicated by circles in Fig. 4.3(c), as in GaAs(001)-2 x 4 reconstruction,*
while mixed B(2 x 4) of three dimers and (2 x 4) structures for the segregated one, circles in Fig.
4.3(d), as in epitaxial growth of InAs on InAs(001) surfaces.’® The patterns in Fig. 4.1 are
consistent with assigning the segregated sample surface to have (2 x 4) /a(2 x 4) structures,> *
as we follow Farrell and Palmstrom’s assignments for surface reconstructions from RHEED
patterns. These assignments are consistent with the STM images while the almost non-existent
3/4" spot in the RHEED pattern is not consistent with any structures suggested. This suggests the
surface structure may be different than those sub-phases of either GaAs(001)-2 x 4 or InAs(001)-
2 x 4 reconstruction.’**® The appearance of mixed surface structures in the more segregated
surface might be due to higher strain caused by more segregation.

The STM image (d) for the segregated surface also shows zig-zag arrangements along the
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FIG. 4.4. Filled state STM images of the pseudomorphic Ing4Gag sAs epilayers at different
resolutions. The flux ratio of 35 was used during the growth of samples in the left column and
25 for the right one. The size of contour plots (a) and (b) is 7nm x 4nm, which are cropped out
of the lower half of Fig. 4.3(c) and Fig. 4.4(d), respectively. The contour plot (b) indicates that
the dark circles in Fig. 4.3(d) are on the same height plane, which is ~0.06nm higher than the
plane with blue circles. All the circles in Fig. 4.3(c) are on the same height plane as confirmed
by the contour plot (a). The depth profiles along the blue lines in the contour plots are shown
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dimer row, [1-10] direction, which is quite similar to those recently reported by Bickel ez al. ° on
an Ing»7Gag 73As surface. However neither diffraction patterns nor the STM images studied in this
letter showed the reported 4 x 3 by Bickel ez al. ° or 1 x 3 for arsenic-stabilized surfaces.?® This
difference is possibly due to the fact that the /111 flux ratio employed was 3 about 10 times

smaller than this study and smaller strain with a lower indium composition of 27%.% %

4.5 Summary

In summary, arsenic overpressure was found to be useful in controlling the indium
segregation in pseudomorphic InGaAs epilayers on GaAs(001) surfaces. The STM image analysis
on the segregated surface suggests that the indium segregation resulted in several different
reconstructions at different heights, which would significantly influence the kinetics of adatoms
on the surface, subsequent growth and self-assembly. The growth at a higher arsenic flux resulted
in less segregation and the surfaces were dominated by a single sub-phase of a 2 x 4
reconstruction. The depth profiling on the atomic scale suggests that the growth favors the

reconstructed area over the trench area of missing dimer rows in a 2 x 4 reconstruction.
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CHAPTER 5
SHAPE CONTROL OF INGAAS NANOSTRUCTURES ON NOMINAL GAAS(001):

DASHES AND DOTS*

Abstract

A way to fabricate self-assembled InGaAs quantum dashes on a nominal GaAs(001)
substrate is presented. InGaAs layers were grown on nominal GaAs(001) substrates at a low
temperature to suppress the Stranski-Krastanov transition, then annealed at elevated temperatures
to induce self-assembly. This approach enabled us to control the shape of self-assembled
nanostructures from quantum dashes to quantum dots and eventually quantum dot-chains while
typical direct growths at the annealing temperature have yielded only quantum dot shapes. The
thickness of the pseudomorphic Ing,GagsAs layer was found to be the major factor for the shape

control.

5.1 Introduction

Shape control in self-assembly for nanostructures has been vigorously pursued because it
enables us to control their electronic and optical properties to develop novel optoelectronic
devices. Other than quantum dots (QDs), different shapes such as quantum dashes (QDhs) and
guantum wires (QWTrs) have been realized using the Stranski-Krastanov (S-K) growth mode. For
example, InAs QDhs were reported from high index' GaAs(211) substrates as well as
metamorphic? layers grown on nominal GaAs(001) substrates and self-assembled InAs QWrs and
QDhs were reported on nominal InP(001) substrates.

So far, there has been no report of direct growth of InGaAs QWrs or QDhs on nominally
(001) oriented GaAs substrates.® This is in stark contrast to InP(001) substrates that allow us to
control the shape of either dots or wires. For example, InAs QWrs form on InP(001) substrates by

either direct deposition® or exchange processes® between As and P. These QWrs later transform

*Dong Jun Kim and Haeyeon Yang, Nanotechnology 19, 475601 (2008)
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into dots when they are annealed at the growth temperature. Different strain relaxation
mechanisms have been reported, including anisotropic relaxation® ® for InAs/InP systems and
isotropic relaxation’ for InGaAs on GaAs(001) substrates, as possible reasons for QWrs and QDs
respectively. In addition, InAs QWrs®*® and QDhs*! were observed on InGaAs, InAlAs and
InAlGaAs alloys that are grown, lattice matched, on InP(001) substrates.

In this letter we report in-situ scanning tunneling microscopy (STM) studies on shape
control of InGaAs nanostructures, either QDhs or QDs. The self-assembled Ing4sGagsAs
nanostructures were grown on nominal GaAs(001) substrates by molecular beam epitaxy (MBE)
using a two-step process. The experimental approach employed here is different from the
conventional S-K growth mode. Instead, the pseudomorphic epilayers were grown at low enough
temperatures and subsequently annealed at higher temperatures so that the S-K transformation
from 2D layers into 3D islands was suppressed during the deposition period.** The low
temperature growth has several advantages over the conventional S-K growth such as suppression
of indium segregation™ and desorption,** composition modulation due to segregation,* and
intermixing.”> Especially, it has been reported™ that indium segregates over a wide temperature
range from 370 to 520°C, which overlaps with the S-K growth window because the conventional
S-K mode typically requires the GaAs substrate to be above 400°C for the adatoms to diffuse into
lower energy sites to form islands. This overlap makes segregation unavoidable during S-K
growth. The segregation is problematic because it makes strain distribution non-uniform due to its
random nature during the S-K transformation period even under very high arsenic
overpressure.”**"®  The redistribution of strain greatly influences the shape of SAQDs because
strain relaxation, the main driving force for the S-K mode, depends on indium composition on the
growth front, which depends on segregation and intermixing. The benefits due to the low
temperature deposition have enabled us to focus the strain effect more accurately since the

composition of the pseudomorphic InGaAs layers can be regarded as being much closer to the
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nominal deposition amount of indium. A similar approach was employed to fabricate high quality
InAs SAQDs™ for better performing optoelectronic devices. Unlike direct deposition process at a
high growth temperature, the annealing process discourages intermixing and segregation at the
same temperature because the already deposited pseudomorphic layer acts as a barrier for
intermixing and segregation when it is thicker than the effective surface layers (~ 4 layers) for
intermixing, according to Tu and Tersoff.”> Of course, there will be interlayer diffusion at the
later stage of annealing due to thinning of the pseudomorphic layer caused by the 3D transition
but it will be much weaker on those nanostructures that were already formed during the initial
stage of annealing. The employed approach enabled us to fabricate InGaAs quantum dashes on
nominal GaAs(001) substrates. Furthermore, we were able to control the shape of self-assembled

nanostructures by the simple control of growth parameters.

5.2 Experimental Procedure

The growth studies were carried out using an MBE machine equipped with a computer
controlled, valved arsenic cracker cell and an ultra high vacuum STM for as-grown surface
images.”® An n-type GaAs substrate with a nominal (001) orientation was loaded into the load-
lock chamber and degassed in the preparation chamber of mid 10™ torr of vacuum. After
removal of the oxide layer at 580°C under arsenic overpressure in the growth chamber, a one
micrometer thick GaAs buffer was grown on the substrate at 580°C. To calibrate the substrate
temperature, the oxide-off temperature was used in conjunction with the substrate temperature
monitored by reflection high energy electron diffraction (RHEED) pattern changes at a constant
arsenic flux.?* Our previous MBE-STM study?® from this system suggests that the buffer surface
was smooth and well ordered with 2 x 4 surface reconstructions. After buffer growth, the
samples were cooled down to 360°C for Ing4Gag sAs deposition that was done in a layer-by-layer
fashion at a deposition rate of 0.17 ML/sec and confirmed by RHEED oscillations. The

pseudomorphic InGaAs epilayers were grown using the same growth parameters that have
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resulted in smooth and flat surfaces, as confirmed by RHEED and STM.* The indium
composition of 40% was estimated by subtracting the GaAs growth rate from that of the InGaAs,
both grown at the same low temperature. Upon finishing the InGaAs growth, the substrate was
rapidly cooled down below 200°C.*? The substrate was then moved to the STM chamber for
imaging the as grown surfaces. Samples were brought back to the growth chamber after imaging
and heated to the annealing temperature at a ramp rate of 20°C/min. The arsenic valve was
opened at 300°C to have an arsenic overpressure of 5x10°° torr on the sample surface. The
annealing was carried out at 460°C for 120 seconds under the same arsenic pressure. Upon
finishing annealing, the substrate was rapidly cooled down while closing the arsenic valve within
10 seconds from the end of the annealing process. The sample was moved back to the STM
chamber for surface imaging at a constant current mode of 0.1nA with the surface bias at -3V for
filled surface states. For comparison, samples were grown by the conventional S-K growth mode

at the annealing temperature without growth interruption, and imaged in a similar way."

5.3 Quantum Dash Formation

The epilayer thicknesses of all samples were set to be larger than the critical thickness of
6.0ML of the conventional S-K growth mode. The S-K transition was confirmed by separate
MBE-STM experiments, where RHEED patterns and STM surface images showed chevrons and
SAQDs, respectively. However, no chevrons were observed from the RHEED patterns after
annealing the sample with a thickness of 6.6ML, where faint fractional order peaks, a strong
specular peak and the integer order peaks with their positions unchanged were observed. These
observations alone seemed to suggest that there was no 3D transformation from the 2D
epilayers? through the annealing process. Nevertheless, in-situ STM images from this surface
showed quantum dashes as shown in Fig. 5.1(a). The RHEED observations of no chevrons may

be due to a smaller facet area brought about by low QDhs density and the small height as well as
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the flat top surface as seen in the lower half of Fig. 5.1(a), which would effectively reduce the
number of coherent electrons reflected from the facets.

The STM observation of quantum dashes is surprising because only InGaAs dots have
been observed on GaAs(001) by using the conventional S-K growth method.® A kinetically
limited condition along with anisotropic strain was suggested to explain® % the observation of
nanowires, but anisotropic strain relaxation was suggested® as a reason for formation of InAs
QWrs on InP(001) substrates. However, anisotropic strain relaxation can be ruled out as a
possible explanation of the observed QDhs since the InAs epilayers relax isotropically™ on
GaAs(001) substrates. Hence, the formation of InGaAs QDhs can be explained by the kinetically
limited condition during the annealing process, which requires that the height grows much more
slowly than the length and width® so that dots begin to elongate when the base area becomes

larger than a certain critical size.

5.4 Indium Segregation Effect

On the other hand, SAQDs with a much smaller width of 16.2nm were observed when a
similar amount, 6.7ML of In0.4Ga0.6As, was deposited on nominal GaAs(001) by using the
conventional S-K technique with the substrate held at the same annealing temperature at a growth
rate of 0.16ML/sec, as shown in Fig. 5.1(b). The observation of QDs instead of QDhs can be
explained by the indium segregation effect happening actively® at the growth temperature of
460°C. It has been reported that indium segregation induces higher strain on the growth front,

16, 17 We”

more so than the nominal deposition value due to the almost 100% indium composition,
before the onset of the S-K transition. This higher than nominal indium composition on the

growth front induces a higher strain field on the surface, which results in smaller dots by the
conventional S-K growth because relaxation of larger strain energy favors small islands with

steep facets during conventional S-K growth.?*# The low deposition temperature along with

high arsenic flux employed in this approach effectively suppresses the floating indium effect™
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that is due to the segregation. The suppression of segregation during the low temperature
deposition is further supported by the STM observations from annealed samples with a larger
thickness, which resulted in taller and wider dots as shown in (c) than that of dots in (b), although
their top surfaces are still truncated. The STM image shows QDs as well as a few very short
dashes formed by annealing 8.9ML of Ing 4Gag sAs deposited at the same low temperature. The
annealing of the thicker strained layer would provide larger amounts of adatoms from the strained
layer due to the thickness and a higher accumulated strain, effectively breaking the kinetically
limited condition,? resulting in taller dots with smaller width. This is supported by our report of
dot-chains' that were formed when an even thicker pseudomorphic layer of 10.2ML was

annealed at the same temperature.

5.5 STM Study of Quantum Dashes

The dashes are fairly straight and wide, aligned along the dimer row direction with
truncated top surfaces as shown in the 3D image (upper half of Fig. 5.1(a)). The length ranges
from 140nm to 250nm while the width ranges from 30 to 55nm, the truncated top width ranging
from 8 to 30nm and the height ranging from 3 to 7nm. The measured average height from the
STM images with standard deviation is 4.3+0.9 nm while the average length, top width, and base
width are 205.9+£50.3nm, 12.3+6.6nm, and 50.0+10.2nm, respectively. The aspect ratio of the
dashes, length over width, is 4.1 and its facet angle was measured as 14.4+2.5°, which is similar
to that of the arsenic-rich InAs/InP system”® but smaller than that of encapsulated” InAs/InP.
Meanwhile the facet angles for dots are even larger; they are 29.2+3.4° for (b) and 30.5+4.9° for
(c). The average dot sizes for dots in (b) are 27.0£5.4nm long, 16.2+3.0 wide, and 4.7+£1.1nm tall,
while the top width is a small but non-trivial 0.7+0.6nm; average sizes for dots in (c) are
42.0£10.0nm long, 29.5+4.6nm wide, and 6.5+£2.0nm tall while the top width is 7.9£4.0nm.
The growth of wires or the elongation of dots into huts requires a certain base area while the

height is somehow kept small either kinetically?® or energetically.?® The smallest width of the
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QDhs is 30nm, which is larger than that of dots produced either by continuous growth or by
annealing pseudomorphic 2D layers. The observed minimum width suggests that the critical size
is less than 30nm for this system to grow into wires. The aspect ratios, length over width, of
SAQDs and dots formed by annealing are similar: 1.7 and 1.4 for (b) and (c) of Fig. 5.1,
respectively. The slightly larger aspect ratio for dots prepared by the S-K mode seems to be due
to higher anisotropic diffusion, according to the theoretical study by Penev et al.,* which is
caused by the larger strain induced by indium segregation. The average aspect ratio measured
from samples with a larger deposition amount approaches unity either by the approach described
here (10.2ML deposition) or by the conventional S-K growth method, 9.1ML (STM image not
shown here), which seems to be due to a higher strain amount per unit area caused by the smaller
dot-to-dot distance.

The truncated top surface was observed in InAs QWrs® and QDhs?’ on InP(001) systems,
but pointed tops were observed from in InAs huts* on GaAs(211)B and InAs QDhs*! on an
InGaAlAs buffer layer lattice-matched to InP(001). The observation of the truncated top surface
and large base width from the annealed samples as shown in the lower panel of Fig. 5.1 is
consistent with the reported AFM observations® of InGaAs QWrs and QDs grown on InGaAs
buffer layers that are lattice matched to InP(001) substrates, as well as the growth model by
Tersoff and Tromp,” which employed a truncated cross section for nanowires as an energetically
stable shape. The truncated top surface as well as large base area and larger volume from the
annealed sample with 8.9ML, shown in (c), suggests that the segregation was not active during
the annealing period since the segregation would have resulted in smaller dots as in (b). The
shape evolution over the strain amount shown in the lower part of Fig. 5.1 can be explained by
the theoretical model by Daruka et al.”® The truncated tops observed from the annealed sample
happen when the “additional” surface energy due to facet formation is larger with the steeper

facet than that of the shallow facet, while the pointed tops are due to negative (decrease in surface
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energy for the “new” facet of a dot) surface energy for the facets.”® Comparison with the model

suggests that the relative surface energy is a delicate function of growth parameters.

5.6 Summary

In summary, the approach of low temperature growth and annealing at high temperature
was found useful in controlling the shape of self-assembled nanostructures, ranging from
guantum dashes to dots and then dot chains. The strain amount corresponding to the thickness of
the pseudomorphic layer was found to determine the shape of the nanostructures. The shape
control studied in this letter suggests that kinetics plays a significant role in determining the shape
of nanostructures at low strain energies to yield anisotropic shapes (dashes), and the energetics of
surface energy and strain relaxation dominates to produce isotropic shapes (dots) when the

accumulated strain energy dominates over diffusion kinetics.
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CHAPTER 6

SUPPRESSED SEGREGATION AND INTERMIXING OF INGAAS/GAAS QUANTUM

DOTS BY A NOVEL GROWTH METHOD"

Abstract

Using nearly equivalent growth thicknesses, we obtained significantly different quantum
dots (QDs) in shape, density, and volume by two different growth procedures. Two QD samples
were fabricated by different growth methods, a conventional direct epilayer growth and a novel
growth. The novel growth employs a two step-growth process: a pseudomorphic layer growth and
then an annealing process. STM morphological measurements from two QD samples suggest
isotropic diffusion from QD shape changes in the novel growth while anisotropic diffusion in the
conventional epilayer growth. Total QD volume measurements suggest a significant difference in
surface segregation and intermixing during dot formation due to the two different growth

mechanismes.

7.1 Introduction

Strain and strain relaxation in the wetting layer play a critical role in determining the
properties of quantum dots.” In particular, a few top layers of the wetting layer play an important
role in quantum dot formation, because strain relaxation from the top few layers and subsequent
surface segregation are the main factors that determine a QD formation and shape changes.?® In
addition, deformation of island shape can occur as a result of the strain reduction of the wetting
layer due to compositional drop through intermixing.* To suppress intermixing during growth,
least growth conditions, especially growth temperature, can be employed. Because behavior of
intermixing is temperature dependent and it can be intensified with a higher temperature in the
Stranski-Krastanov (S-K) growth.> Mass transport due to surface diffusion can also be reduced by

those least growth conditions preserving the shape of the 3D islands.® Comparison of this least

*Dong Jun Kim, Haeyeon Yang (to be published).
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condition growth with conventional S-K growth indicates that the transformation from 2D to 3D
generates QDs with different features due to the different strain relaxation mechanisms,
suppressed surface segregation and intermixing.

In this chapter, we present evidence of suppressed mass transport and intermixing during
molecular beam epitaxy (MBE) growth of InGaAs QDs on GaAs(001) substrates. Suppressed
mass transport and intermixing reduces compositional changes in the wetting layer, and preserves
the initial shapes of QDs as well as the wetting layer thickness.” This analysis is based on
experimental results of InGaAs QD surfaces and is obtained by in situ scanning tunneling
microscope (STM) measurements, which leads to an estimation of QD size and wetting layer
thickness. In situ STM imaging and an improved volume calculation method developed by our

group have enabled us to determine the volume of InGaAs QDs more accurately.

7.2 Experimental Details

To obtain different features of QD due to the modified growth mechanism, we adopted
different growth processes but approximately the same coverage as shown in Fig. 6.1. We
fabricated two samples with different mechanisms, a conventional direct epilayer growth (sample
A) and a novel growth (sample B). The novel growth is employed by a two step-growth, a
pseudomorphic layer growth, and a subsequent temperature-increasing process. For the first
sample (sample A in Fig. 6.1), we deposited 10.2 ML InGaAs on top of GaAs with a constant
growth temperature of 460°C. It is similar in nature to the conventional S-K growth method,
which is influenced by enough indium segregation and intermixing. Initially, the GaAs substrate
temperature was set to a growth condition of 460°C, and then InGaAs wetting layer deposition
was begun. Transformation to three dimensions from two dimensions, or the critical point of
coverage in the wetting layer, was around 6 ML during the 10.2 ML InGaAs growth. For the
second sample (sample B in Fig. 6.1), we deposited 9.8 ML of an InGaAs wetting layer at a lower

temperature, 380°C. This temperature is slightly lower than that required to get to get QDs.
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FIG. 6.1. Schematic diagram of two different growth methods: modified growth with a
constant coverage (sample A) and conventional growth mode with a constant temperature
(sample B) during the InGaAs growth. Dashed lines represent the coverage increasing with a
constant temperature (2), and growth temperature increasing with a constant coverage (b).
Critical point indicates the minimum condition of growth temperature and coverage for the
QD formation.

After deposition, we increased the temperature with a heating rate 20°C/min until the temperature
reached 460°C. QDs started to form by strain relaxation at certain temperatures during the
temperature increasing. This growth method allowed formation of 3D islands and rare shape
changes with small segregation process and intermixing. The critical point in Fig. 6.1 is a
minimum condition for a growth temperature and coverage under a certain amount of arsenic flux.
Even if the finite thickness of a strained wetting layer doesn’t define well due to the
compositional gradient, the lower part of the wetting layer (see sample B in Fig. 6.1) works as a
buffer to reduce the intermixing effect to the top layers of wetting layer, resulting in a high
strained wetting layer from the upper most layers.

InGaAs QD samples were grown on a GaAs(001) surface with a combined STM-MBE
system. A (001) oriented n-type GaAs substrate was used to grow InGaAs QDs. A 1-um thick

GaAs buffer layer was grown first at 580°C for all samples. For the first sample, the temperature
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was cooled down and kept at 460°C during InGaAs QD growth after the buffer layer growth. The
10.2 ML of InGaAs QD was deposited at a growth rate of 0.16 ML/sec. The transition from 2D to
3D growth was monitored by the changes of the reflection high electron energy diffraction
(RHEED) pattern from streaks to chevron shapes. The arsenic flux was maintained at 6.0 x 107
torr during the InGaAs QD growth. After InGaAs growth, the sample was cooled down to room
temperature by cutting off power to the growth stage heater. The sample was then transferred to
the STM chamber via the preparation chamber to obtain in situ surface images.

For the second sample, the temperature was immediately cooled down to 380°C after the
GaAs buffer layer growth. The InGaAs pseudomorphic epilayer was grown at 380°C under an
arsenic flux of 1.3 x 107 torr, and then cooled down to room temperature. For the annealing
process, the sample temperature was increased to 460°C for 10 sec under arsenic flux 6.0 x 10
torr. The heating power was then disconnected to cool down the sample temperature to room
temperature. After the cool down, the sample was transferred under UHV to the STM chamber.
The sample was analyzed for its morphological properties by constant current mode STM
(omicron) with a tungsten wire tip. Detailed system information is described elsewhere. To obtain
quantitative information of QD volume, a new calculation we developed was used to analyze the

raw data directly obtained by the in situ STM.

7.3 Results and Discussion

Figure 6.2 shows STM images of QD surfaces grown by different growth processes.
These STM images show a clear difference in the QD shape, size, and density between the two
samples. QD shape in Fig. 6.2(a) is elongated in [1-10] direction while shapes in Fig. 6.2(b) are
round and dome-shaped with the average diameter of 32 nm and height of 9 nm from the image.
Scatter-plots in Fig. 6.3 show QD length in one direction and aspect ratio of dot length in two
directions, [1-10] and [110] direction. For the conventional growth sample, sample A in Fig. 6.3,

gives a mean value of the aspect ratio of dot length [1-10] to width [110] as 1.4, with lengths of
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FIG. 6.2. STM images of InGaAs QDs formed after a 10.2 ML deposition(a) and 9.8 ML
deposition (b). The equilibrium shape of InGaAs islands (a), and initial shape of InGaAs islands
(b) on GaAs(001) were shown by different growth mechanism.

34.02 £ 6.57nm and width of 24.19 + 3.97nm . QDs are elongated in the [1-10] direction due to
the diffusion by a high arsenic overpressure range of 5.9 x 10 torr. In Fig. 6.3(a), dot length in
the [1-10] direction is increased with aspect ratio increasing. But dot length in the [110] direction
has small variation by aspect ratio changes, shown in Fig. 6.3(b). This elongation to the [1-10]
direction gives expected results in conventional S-K growth mode due to the dimer row structure
of the GaAs (001) reconstruction surface.®® For the novel growth sample, sample B in Fig. 6.3,
the aspect ratio of dot length [1-10] to width [110] is 0.98, with lengths of 31.31 £ 7.5nm and
32.3 + 5.4nm, respectively. Irregular and dome-shaped dots are observed due to the isotropic
diffusion. The aspect ratio in Fig. 6.3(c) and (d) doesn’t increase as dot length increases. Those
shapes are evidence of the suppressed surface segregation to dimer row direction. Figure 6.2(a)
shows that the occupancy of the QD base area on the substrate is 76.4%, resulting from the 10.2
ML deposition. Dot density tends to saturate at 3.9 x 10° dots/cm?, while the average neighbor-dot
distance to the [1-10] direction is 29.2 £ 6.2nm, and 25.3 = 4.4nm in the [110] direction. From

the STM image in Fig. 6.2(b), the occupancy of the QD base area on the substrate is 56.6%. The
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FIG. 6.3. Scattering plots of the aspect ratio and dot length in the [1-10] and [110] direction.
Sample A represents the conventional S-K growth method and sample B represents the novel

growth method.
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dot density is 2.2 x 10° dots/cm?, while the average neighbor dot distance in the [1-10] direction is
30.4 £ 10.3nm and the average neighbor dot distance in the [110] direction is 43.3+ 10.3nm.
Size uniformity in sample A is more increased than in the transform only sample (sample B). The
growth and transform of the 10.2 ML InGaAs (sample A) improved QD size uniformity by
possibly eliminating the formation of large-size dots, and the reason for this uniformity
improvement is probably due to the isotropic diffusion on the surface and the even strain
distributions in the wetting layer.

The histogram of the QD volume [Fig. 6.4(a)] clearly shows the broader Gaussian curve
[Fig. 6.4(b)] than that of sample B [Fig. 6.4(b)] because of the decreased size uniformity
measured by mean volume and the standard deviation of QDs. The average value of dot volume
and standard deviation measured from high resolution STM images is 2037 = 700nm? for sample
A and 2945 + 142nm? for sample B. Total QD thickness is 9.2 ML for sample A and 6.78 ML for
sample B. Those results shows a significant difference with the result of Joyce’s experiment.'

Figure 6.5 represents the thickness of the wetting layer in order to compare relative
changes of the average QD volume and QD density. The wetting layer thickness was estimated by
the subtraction of each QD volume from the quantitative measurements of total coverage. In case
of growth under high arsenic overpressure, indium surface segregation can be suppressed due to
the higher concentration of arsenic.™* Negligible indium desorption probably occurred during QD
formation on the WL surface at the low temperature growth. Significant changes in the QD
volume and density with different wetting layer thicknesses are observed. The average volume of
QDs was decreased with a thicker wetting layer by a dividing factor of 1.5 while density was
increased by a factor of 1.5. A thick wetting layer probably has a more even compositional
distribution as shown in Fig. 6.6."2 A higher strain due to the higher indium composition probably
reduces the critical thickness in the wetting layer to form QDs. The growth and transformation

sample, sample A, may have more chance to have indium segregation due to the higher
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FIG. 6.5. Average dot volume (empty squares) and dot density (filled circles) as a function of
nominal wetting layer thickness.

growth temperature and simultaneous status of deposition and desorption during the whole 10.2
ML InGaAs growth. From sample A, the complete strain relaxation is a reason to have
thinwetting layer and bigger QDs. In the transform only sample, sample B, has partial strain

relaxation at top few layers due to the least growth temperature. It can be a reason to have small

volume of QDs and thick wetting layer.

7.4 Summary

In conclusion, we studied the effect of novel growth on the structure of InGaAs/GaAs
QDs grown by solid source MBE and STM studies of QD surface morphology. This method
strongly suggests a significant suppressed surface segregation and intermixing during dot
formation and leads to a size increase of QDs with the substantial thickening of the wetting layer.
This method also showed a different strain relaxation mechanism due to different growth methods

that are related to strain distribution and the thickness of the wetting layer.
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FIG. 6.6. Cross-sectional views of the strain distribution in the wetting layer for two different
growth mechanisms: (a) represents sample A, and (b) represents sample B.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1 Conclusion

The goal of this research was to provide a greater understanding of the growth
mechanisms in self-assembled growths at the nanoscale. The MBE grown, compound
semiconductor, Iny 4GagcAs, was used to grow nanoscale quantum dots on GaAs(001) substrates.
We employed a novel growth mode to better understand the growth mechanism. This growth
mode consists of a two-step process which includes low temperature growth and annealing
process at high temperature. Low temperature growth has several advantages than higher
temperature growth in the conventional S-K growth, such as suppression of indium segregation
and desorption, composition modulation due to segregation, and intermixing due to the small
diffusion length at low temperature.

From the novel growth mode, suppressed surface segregation and intermixing during the
growth was observed, resulting in quantum dot chains and quantum dashes by the formation of
self-assembled QDs. Dot chains were formed during the 120-sec annealing of 2D 10ML
pseudomorphic layers of Ing 4GayAs /GaAs. The pseudomorphic layer was grown at the low
temperature of 380 °C. This temperature is a slightly lower temperature to form a 3D island.
QDhs formed during the annealing of 6ML pseudomorphic In4GaysAs /GaAs layers. The
observation of dot chains and QDhs can be explained by the suppressed indium segregation effect
at the growth temperature of 460 °C. The smaller indium composition on the growth front due to
the suppressed segregation induces a smaller strain field on the surface. And relaxation of lower
strain energy favors bigger islands with small angle facets. The approach of low-temperature
growth and annealing at a high temperature was useful in controlling the shape of self-assembled
nanostructures. The shape control research suggests that kinetics plays a significant role in

determining the shape of nanostructures at low-strain energies to yield anisotropic QDhs and the



85

energetics of surface energy and strain relaxation dominate to produce isotropic dots shapes when
the accumulated strain energy dominates over diffusion kinetics.

Arsenic overpressure was also useful to control the indium segregation in pseudomorphic
InGaAs epilayers. STM image analysis suggests that the growth at a higher arsenic flux resulted
in less segregation and the surfaces were dominated by a single sub-phase of 2 X 4 reconstruction.
Depth profiling on the atomic scale suggests that the growth favors reconstructed areas over
trench areas of missing dimer rows in a 2 x 4 reconstruction.

Finally, we studied the effect of the wetting layer on the structure of InGaAs/GaAs QDs
grown by solid source MBE. We also presented STM studies of QD surface morphology. These
studies strongly suggest a size increase of QDs with a substantial thickening of the wetting layer.
We also proposed a different strain relaxation mechanism by utilizing different growth methods,

which are related to strain distribution and thickness of the wetting layer.

7.2 Future Work

This thesis presented some significant observations concerning self-assembled growth
with low surface diffusion and limited intermixing. Among the most important results, the
morphological analysis of QD chains formed by our new growth method provides more
opportunities to understand the growth mechanisms of dot alignment. The morphological analysis
can be performed by measuring the size and the shape of each dot. In addition, a clearer
understanding of the compositional properties of the wetting layer for QD alignments from the
different growth methods is needed, which is not well documented in the literature. A more
detailed study is necessary in order to clarify the precise reasons for this QD alignment, which
could include:

(1) The growth and imaging of InGaAs surfaces with other compositional ratio and growth

thickness, to identify the changes of QD alignments over a larger range.
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(i1) The growth and imaging of InGaAs surfaces with various annealing times from a few
seconds to a few minutes, to obtain different shapes of QD alignment, because longer
annealing times lead to more diffusion between dots and between dots and the wetting layer.

(ii1)) Compositional analysis of QD alignment which includes dot chains and QDhs, to identify
electrical properties of the nanostructures.

(iv) The imaging of pseudomorphic surfaces with various growth conditions, to identify the
relation between the terraces and QD alignment. This will allow the estimation of diffusion

lengths and their relationship with surface reconstructions.
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APPENDIX A
GROWTH OF NANODOTS ON A STRAINED GAAS EPILAYER USING SCANNING
TUNNELING MICROSCOPE"
Abstract
We report growth of nanodots on strained GaAs surfaces using a scanning tunneling

microscope at room temperature. The 5-nm-thick GaAs strained layer was epitaxially deposited
over InGaAs guantum dots by molecular beam epitaxy. Nanodots of various shapes were
observed on the surface when high-bias voltages at various feedback currents were pulsed at a
few hundred milliseconds at room temperature. The resultant dots were elongated along the
(1-1 0) direction and had dimer rows of a 2 x 4 reconstruction. The analysis of the resultant
morphologies suggested that the diffusion on the tensile strained GaAs surface is anisotropic,

faster along the dimer row direction.

A.1 Introduction

In nanoscale materials research, scanning tunneling microscopy (STM) has unique
advantages. It provides valuable information on surface atomic arrangement, chemical analysis,
and morphologies of three-dimensional (3D) nanostructures. It also allows us to construct
artificial nanoscale features on the surface by manipulating surface atoms as well as etching the
surface. The manipulation of surface atoms enables us to test new aspects of physics such as
diffusion under an electric field on the nanoscale.! Diffusion is a critical component in
understanding a self assembly process such as the Stranski—Krastanov (S—-K) growth mode in the
fabrication of self-assembled quantum dots and chains.? Better understanding of diffusion on
strained layers is necessary for the growth of stacked quantum dots (QDs), as well as the initial
transition of flat strained layers into 3D islands. In this report, we study nanodots fabricated on

strained surfaces by an STM that were epitaxially grown by molecular beam epitaxy (MBE). The

* Coauthored by J. Abel, D. J. Kim, E. A. Everett, and H. Yang, J. Crystal Growth 310, 2244(2008).
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morphological analysis of the nanodots suggests that diffusion of adatoms on the tensile-strained

surface of GaAs is anisotropic at room temperature.

A.2 Experimental Procedure

The strained epitaxial layers were prepared by a commercial MBE machine, SVTA
model BLT-35N. An n-type (Si-doped) GaAs substrate (carrier concentration of 2 x 10'®) with a
nominal (0 0 1) orientation was loaded into the load-lock chamber, then into the preparation
chamber of mid 10™ torr of vacuum. The wafer was outgassed in the preparation chamber at
300 °C for 30 min before it was loaded into the growth chamber. After the oxide layer was
removed at 580 °C under arsenic pressure in the growth chamber, confirmed by reflection high-
energy electron diffraction (RHEED), a 1 um-thick GaAs buffer was grown on the substrate at
580 °C at a growth rate of 0.5 mm/h. The substrate was then cooled down below 360 °C, where
about ten monolayers (ML) of InGaAs were deposited at 0.20 ML/s on the buffer layer with an
indium composition of about 40%. The temperature of the substrate was then raised to 460 °C
and annealed for 2 min to induce formation of the QD chains as previously reported by Kim et
al.,® where STM images of the flat-but-strained layer were also reported. Details of the STM
images for the morphology of strained-but-flat InGaAs layers and transformed InGaAs QD chains
via annealing can be found in the previous report.® After confirming the formation of QDs by
RHEED chevron patterns, GaAs layers of about 5 nm thickness were deposited at 0.16 ML/sec
over the InGaAs QD chains immediately after annealing at the same temperature. During the
capping period, the chevrons and spots for 3D islands gradually disappeared and the integer order
peaks and the specular peaks reappeared. After the GaAs capping, the substrate was rapidly
cooled by turning the power off to the substrate heater. The GaAs cap layer is believed to be
tensile-strained due to InGaAs dot chains underneath.

The grown sample was then moved to an ultra high vacuum (UHV) STM (Omicron

room temperature STM) attached to the MBE machine through an UHV port to obtain the as-
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grown surface images.* The STM tips were prepared by electro-chemically etching poly-
crystalline tungsten wires.® The tips were cleaned in situ by electron bombardment heating (600V
at 2.5mA of electron current for 60 s) under low (10™ torr) vacuum. Four separately prepared
tips were used for imaging and nanostructuring. The nanodots were created using the
Nanostructuring program of the Omicron SPM software (version 2.1) that came with the Omicron
STM, provided by the Omicron. STM imaging before and after nanostructuring used a constant
current mode at 0.1 nA, and a bias voltage between -2.5 and -3V (filled state). High resolution
images of the surface were studied for the detailed morphologies of the nanodots formed on the

surface.

A.3 Nanostructuring on the GaAs Cap Layer

The 400 x 400 nm STM image, Fig. 1(a), from a strained GaAs surface shows strips that
are typically ~ 4 nm high and ~100 nm wide. The elongation direction of the strips is the (1 1-0)
direction. The strip formation can be attributed to the underlying dot chains formed during the
annealing process. (See STM pictures of dot chains in the previous publication).® It is interesting
to note that the strips are all elongated along the elongation direction of dots instead of along the
dotchain directions, which are mostly off the (1 1-0) direction.® The high-resolution image of the
starting GaAs-strained surface around a nanodot shows dimer rows as in Fig. 1(c), which is
consistent with the reappearance of integer order peaks in the RHEED patterns after the GaAs
capping.

After the STM imaging, using the Omicron software, the surface such as in Fig. 1(a)
was selected and the STM was programmed to create a 5 x 5 grid of structuring events, covering
the areal size of 280x280 nm? within the image size of 500 x 500nm?. After the structuring, the
STM was set back to the “‘normal’” scanning mode of —3V at 0.1 nA feedback current to image
the structuring event as shown in Fig. 1(b). The events were programmed with three parameters.

The first two parameters were the bias voltage and tunneling current. Both were changed while
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FIG. 1 All STM images were obtained using 3V (filled state) with a constant current mode at
0.1nA; (a) is a 400 x 400nm? STM image of the 5-nm thick GaAs epilayer grown at 460 °C.
The same surface after nanostructuring is shown in (b) with the same STM parameters as in
(a). Oval-shaped nanodots are visible in (b). A zoomed-in STM image of a nanodot, marked
by a square in (b), is shown in (c). Circular cones were observed on a smoother surface as in
(d). Arrows indicate the (1-1 0) direction in (a) and (c), and the orientation of the image (d) is
the same as that of (a).
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the feedback loop was still active. The third parameter was the amount of time each event was
active for. That is, the amount of time the bias voltage and tunneling current were changed from
the values used for imaging to the values used for creating nanostructures. We will refer to this as
the structuring time. In this experiment, values varied from 6 to 10V for bias voltage: 5 to 12 nA

for tunneling current; and 100, 200, and 300 ms for structuring time.

A.4 Nanodots Formed by STM Structuring

The STM image was taken after the set of whole nanostructuring events were completed,
which is shown in Fig. 1(b). Comparison of the images before and after the nanostructuring
indicates that the selected surface was traced back exactly after the nanostructuring events
finished. For the nanostructuring, the STM tip was set for 100 ms at each point for three times,
for a total structuring time of 300 ms, with a 10ms interval between each structuring time. Size
variations of nanodots are visible in the image, which seems to be due to the variation of the local
strain field. This can be attributed to the fact that diffusion and diffusion anisotropy of available
adatoms on the surface depend on strain as reported by Penev et al.® The zoomed-in image of the
dot in the square of Fig. 1(b) shows that the top surface of the ovaldome-shaped nanodot has
dimer rows, which is similar to those in the surrounding background GaAs epilayers in Fig. 1(c).
Although the dimer rows are not as continuous as in a smooth GaAs(0 0 1)-5(2 x 4) surface,
dimer rows of a typical 2 x 4 surface reconstruction are clearly visible, which suggests the
crystalline quality of the nanodots formed by STM.

The nanostructures that were created took on three distinct shapes, irrespective of the
bias voltage, tunneling current, and structuring time. The shapes formed were cones, shown in Fig.
1(d), oval domes, and holes. Holes were observed to form with cones and oval domes, but oval
domes and cones were never observed to form in the same area. Formation of almost symmetric,
circular nanocones seems to be due to local variation of the strain field also as the two STM

images of (a) and (d) in Fig. 1 are compared. The oval domes were found in surface areas with
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high corrugation such as (a), which seems to have bigger variation in strain field; meanwhile,
circular domes were fabricated on smoother surfaces as in (d), which was confirmed by the actual
STM line profiles on these surfaces. This is supported by the report of circular cones’ produced

on flat, smooth GaAs(0 0 1) surfaces by an STM tip.

A.5 Size Dependence by Structuring Parameters

The analysis of dot size indicates that the size of nanodots increases as the bias voltage increases,
as shown in Fig. 2, and that the aspect ratio (length over width) stayed more or less the same over
the bias voltage increase at 7 nA of tunneling current. However, the increase in tunneling current
showed mixed results, as shown in Fig. 3. Although the nanodot size increases with bias voltage
over the whole tunneling current range measured, the increase is somewhat suppressed at the
higher tunneling current. An increase in the tunneling current usually brings the STM tip closer to
the sample surface. The increased local electric field is not effective for growing dots due to the
small area affected by the increased field. Rather, the results suggest that the diffusion induced by
local electric fields requires a certain distance from the surface to cover enough area to influence
adatoms on the area. This result contrasts with a recent report on growth of gold nanofingers on
Au(1 1 1) surfaces,® where the atom extraction required a very high current of 30 nA at a low bias
voltage of 1.5 V, which brings the STM tip very close to the surface for the growth. The
difference can be attributed to different mechanisms of extraction for gold surfaces and electric
field-induced diffusion for strained GaAs surfaces. Regular continuous STM scans on the strained
GaAs surfaces, however, did not yield any morphological changes as in the Au (1 1 1) surface. It
is reasonable to expect nanodots to grow larger when the electric field stays on longer due to the
continued growth from the diffusing adatoms under the localized electric field as suggested by
Whitman et al." Growth of nanodots can be visualized as their size depends on structuring time,
which is shown in Fig. 4. The fitting shows that the growth exponents for length and height over

time are similar, 0.0031x and 0.0032x, respectively, where x is the time.
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The width exponent, however, is 0.0012x, which is about two-and-a-half times smaller than those
of length and height, which suggests that the growth is faster along the length direction, the dimer
row direction. The zoomed-in STM image, Fig. 1(c), shows that the nanodots are elongated along
the dimer row direction, which is a faster diffusion track for surface adatoms on GaAs(0 0 1)-2 x
4 surfaces.® Not surprisingly, the dots elongate more as the time increases and as the exponents
are growth parameters. This is consistent with lower diffusion barriers along the dimer row
direction for Ga and As surface atoms at elevated temperature around 300 °C or higher, so that
two-dimensional islands of GaAs on GaAs(0 0 1) by homoepitaxy result in elongated islands
along the (1 1-0) direction.® Our results suggest that diffusion anisotropy is still valid at room

temperature for strained GaAs epilayers with dimer rows present.

A.6 Summary

In summary, it has been shown that the STM can create various nanodots on a GaAs tensile
strained surface. The shapes of the dots were circular cones, oval domes, and holes. The oval dots
were found to be elongated along the (1 1-0) direction and the top surface had reconstruction with
dimer rows. The width, length, and height of the oval dots grow exponentially over the bias
application period. However, the growth exponents for the length and height were found to be
two-and-a-half times larger than that of the width. The analysis of the growth exponents suggests
that the localized diffusion on the tensile strained GaAs surface is anisotropic at room

temperature, faster along the dimer row direction.
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