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Abstract

Nanometer-Scale Structural and Electronic Properties of Low Dimensional
Heterostructures

by

Vaishno Devi Dasika

Chair: Rachel S. Goldman

Mercury cadmium telluride (MCT) based heterostructures and InAs/GaAs
quantum dots have enabled significant advances in optoelectronic devices such as light
emitters and detectors. In both cases, the atomic-scale structural and electronic properties
of the heterostructure interfaces remain the least understood aspect of the devices.
Further advances will require an improved understanding of issues such as interface
abruptness, alloy non-uniformities, and local band-offsets. In this dissertation, the
nanometer-scale structural and electronic properties of II-VI substrates and InAs/GaAs
dots are investigated using a combination of cross-sectional scanning tunneling
microscopy (XSTM) and variable separation scanning tunneling spectroscopy (STS).

The influence of crystal orientation and thickness on the cleavage of CdTe and
Cd; «ZnsTe substrates, as well as the influence of In doping and annealing on the
substrate resistivity are explored. The flattest cleaves were obtained for 900 um thick
(111) CdTe and Cd;xZn,Te wafers cleaved along [110]. Furthermore, after In-doping (n

~2.2 x 10" ¢cm™) and post-growth annealing (T = 750 °C) in a Cd-rich environment, the

Xvil



CdTe substrate resistivity was reduced to 0.04 Q-cm, and XSTM measurements were
performed.

The influence of surrounding Iny,Gag gAs alloy layers on the size and distribution
of InAs/GaAs dots, as well as the thickness of the surrounding wetting layer (WL) are
examined. XSTM images reveal that the surrounding alloy layers promoted a 38% (71%)
increase in average dot diameter (height), and a three-fold increase in WL thickness. A
strain-based mechanism for dot formation and collapse in the absence and presence of
alloy buffer and capping layers is proposed.

The origins of electronic states in individual, uncoupled dots and the surrounding
WL are investigated using a combination of XSTM and STS. Room temperature STS
spectra reveal a gradient in the effective bandgap within the dots with smallest values
near the dot core and top surfaces. The variations in effective bandgap are apparently
dominated by indium composition gradients, with minimal effects due to dot shape and
strain. Indium composition gradients also dominate the effective bandgap variations in

the WL.
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Chapter 1

Introduction

1.1 Overview

Over the past few decades, advances in semiconductor thin film growth have
enabled the fabrication of semiconductor heterostructures with nanometer-scale
precision.'?®  Using growth techniques such as molecular beam epitaxy (MBE), it is

25-33 Furthermore,

possible to confine the dimensions of a semiconductor to < 1 nm.
through the formation of heterostructures consisting of materials with differing bandgaps,
it is possible to tailor the local energy band offsets to confine or redistribute charge
carriers, thereby influencing the optical and electronic properties of the material.*’*
Built-in strain fields can also be utilized to alter the structural properties of

heterostructures, thus enhancing their optoelectronic properties.**>’

For example, the
accumulated strain in InAs films leads to the formation of self-assembled quantum dots
on GaAs via the Stranski-Krastanow growth mode transition.

Typically, the active regions of heterostructures used in optoelectronic devices are
at the interfaces. However, the atomic scale structural and electronic properties of the
heterostructure interfaces are generally the least understood aspects of the devices. For

example, low dimensional heterostructures composed of mercury cadmium telluride

(MCT or Hg;«CdTe) are a common choice for use in infrared (IR) detectors since they



are the only material sensitive to short-wavelength (1.4 — 3 um, x > 0.3), mid-wavelength
(3 — 5 pum, x ~ 0.3), and long-wavelength (8 — 14 pm, x ~ 0.2) IR radiation.**** However,
previous studies of MCT based infrared detectors have revealed significant
concentrations of point defect clusters, dislocations, and alloy non-uniformities in MCT
heterostructures, and the influence of these defects on detector performance remain
unknown.*?

Furthermore, strain-induced self-assembled InAs/GaAs quantum dots have
enabled significant advances in several devices including light emitters and detectors,
nano-biological devices, field-effect transistors, and quantum computing elements.'®?°
The structure of the dots can be influenced by a variety of growth parameters including
substrate temperature, III/V flux ratio, growth rate, the presence of surrounding alloy
layers, and post-growth intermixing.'"” For example, it has been reported that InAs dots
grown on InGaAs buffers have higher densities than those grown directly on GaAs.'”
However, there have been conflicting reports on the effect of alloy buffers on dot size;
thus, the influence of alloy buffer layers on dot size and WL thickness remains unknown.
Furthermore, it has been suggested that capping InAs dots with InGaAs in lieu of GaAs
minimizes the tendency for the reduction in dot height upon capping, often termed dot
“collapse”.*® However, to date, the influence of alloy capping layers has primarily been
investigated qualitatively using plan-view STM or AFM,** and therefore, the quantitative
structure of the buried dots was not resolved.

In addition, several reports have suggested that the dots and the surrounding
wetting layer (WL) often have non-uniform compositions across their width and height
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due to indium segregation and inter-diffusion at the InAs/GaAs interfaces. However,



to date, the effect of these compositional variations on the QD and WL electronic states
remains unknown.

Thus, there exists a need to obtain nanometer-scale spatially resolved structural
and electronic information from low-dimensional heterostructures. This chapter is
organized as follows. First, methods typically used for examining the structural and
electronic properties of heterostructures are described, with an emphasis on cross-
sectional scanning tunneling microscopy and spectroscopy. Then, interface issues in
MCT heterostructures are discussed. This is followed by an introduction to InAs/GaAs
dots, and the influence of growth conditions on dot structure. In addition, the influence
of nanometer-scale structural variations on the dot electronic states is discussed. The

chapter concludes with an outline of the dissertation.

1.2 Methods for Examining the Structural and Electronic Properties of Materials

Various techniques are available for the investigation of interfaces in low
dimensional heterostructures, including high-resolution transmission electron microscopy
(TEM), cross-sectional scanning tunneling microscopy (XSTM), photoluminescence (PL)
spectroscopy, scanning tunneling spectroscopy (STS) and capacitance-voltage (C-V)
spectroscopy. High resolution TEM often has a lateral resolution on the order of
angstroms. However, the data consist of an average of the foil thickness, which is
typically on the order of 100’s of As.** C-V spectroscopy typically involves the
measurement of the differential capacitance of a p-n or p-i-n heterostructure as a function

of the applied bias voltage. A variation in the applied bias modifies the depletion width



in the heterostructure. Thus, sweeping the applied voltage moves the depletion region
through the layers of the heterostructure, thereby altering the region of the heterostructure
that contains charged carriers. In the case of QDs, for certain bias values, peaks
corresponding to QD energy levels, appear in the C-V spectra.”” The energy resolution is
on the order of kT, and therefore, at low temperatures, the spacing between the sub-bands
in the conduction and valence bands can be measured. However, the data typically
corresponds to a spatial average over 100’s of microns, so the spatial resolution for this
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measurement technique is limite To measure the energy difference between of the

confined electron and hole states in low dimensional heterostructures, PL is commonly
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use However, PL spectra correspond to a spatial average whose interpretation

requires several assumptions regarding interface abruptness, alloy composition, and

lateral uniformity.”">

In addition, due to the fast decay times of the excited electron and
hole states, PL is typically most sensitive to the energy difference between the ground
electron and hole states.”

Cross sectional scanning tunneling microscopy (XSTM) allows direct
observations of the spatial distribution of individual atoms on the surface.”®" One of the
main advantages of XSTM is that the collected images are associated primarily with the
top layer of the cleaved surface, instead of an average over many layers. As a result, it is
possible to resolve the atomic-scale features of heterostructures over macroscopic length
scales using XSTM. In addition, scanning tunneling spectroscopy (STS), which allows
spatially-resolved electronic measurements within single layers of semiconductors, is a

promising alternative to methods such as C-V and PL. In this dissertation, II-VI

substrates were designed by the author, for the subsequent growth of MCT-based



heterostructures for XSTM studies. The structural properties of InAs/GaAs quantum dot
heterostructures were examined using XSTM. The electronic properties of the layers,
such as the effective bandgap, i.e., the difference between the confined state energies,

were measured by variable separation STS.

1.3 Mercury Cadmium Telluride Based Heterostructures

Mercury cadmium telluride (MCT or Hg; <CdsTe) has been used in the fabrication
of infrared (IR) detectors since 1958.® MCT photodiodes have demonstrated high
optical absorption coefficients and quantum efficiencies, and low thermal generation
rates.*” A variety of detectors and focal plane arrays have been fabricated using MCT

4344
based heterostructures.™

However, dark currents, i.e. currents which are present in the
absence of illumination, often limit the performance of MCT detectors. Issues at the
interfaces of the heterostructure, such as alloy non-uniformities, interface abruptness, and
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point defects are expected to be the primary sources of dark currents.
optimize MCT heterostructures for improved detector performance, detailed nanometer-
scale characterization of both the interface structure, and the local band-offsets is
necessary.

To explore the nanometer-scale interface structure and local band offsets in MBE-
grown MCT heterostructures using XSTM and STS, it is essential to (i) be able to obtain
a flat cleave and (ii) measure a tunneling current. Thus, it is essential to (i) grow the

epitaxial layers on substrates that produce an atomically flat surface upon cleaving, and

(i1) ensure that the substrates have a sufficiently high conductivity (low resistivity).



Therefore, in this dissertation, investigations of the influence of substrate orientation and
thickness on the cleavage of CdTe and Cd,.xZn,Te substrates are presented, as well as the
influence of indium (In) doping and annealing on the substrate resistivity. In addition, we
designed a heterostructure to enable the nanometer-scale examination of Hg Cd,Te films

sensitive to mid-to-long wavelength infrared radiation.

1.4 Structural and Electronic Properties of Quantum Dot Heterostructures

Quantum dots are nanostructures with dimensions on the order of the carrier de
Broglie wavelength. Fig. 1.1 shows the energy dependence of the ideal electronic density
of states (DOS) for a free electron gas (left), an electron confined in one dimension, as in
a quantum well (middle), and an electron confined in three dimensions, as in a quantum
dot (right).82 The DOS for a material represents the number of states that are available to
be occupied by a charge carrier at each energy level. Ideally, the energy dependence of
the DOS is continuous for the free electron, step-function like for wells, and delta-
function like for dots. In real systems, however, broadening of the electronic states due
to dot size variations and finite temperatures occurs, and as a result, the DOS has been
predicted to be broadened in comparison with the idealized plot in Fig. 1.1(right).”®"*#35
To date, low temperature STS has apparently been used to quantify the DOS for colloidal
PbSe® dots and to measure the confined state energies for colloidal InAs dots.”

However, to our knowledge, low temperature STS has not been performed on epitaxially-

grown InAs/GaAs dots. As will be discussed in Section 2.4 of this dissertation, the



measured STS spectra are proportional to the sample DOS. In the long term, STS spectra
could be used to directly measure the DOS of individual dots.

Strain-induced self-assembled InAs/GaAs quantum dots have enabled enormous
advances in a variety of optoelectronic devices such as light-emitters and detectors.'*=
Further advances will require an improved understanding and control of dot size, density,
and shape, and their influence on the dot electronic states. The structure of InAs/GaAs
dots has been reported to be influenced by a variety of growth parameters including
substrate temperature, III/V flux ratio, growth rate, and the presence of alloy buffer
and/or capping layers."” For example, it has been reported that InAs/GaAs dots grown
on InGaAs buffers have higher densities than those grown directly on GaAs.'” However,
there have been conflicting reports on the effect of alloy buffers on dot size. In addition,
growth of InAs/GaAs dots with InGaAs in lieu of GaAs capping layers apparently
minimizes the tendency for the reduction in dot height upon capping, often termed dot
“collapse”,*® but the influence of alloy capping layers has primarily been investigated
qualitatively using plan-view STM or AFM. Thus, the effects of alloy buffer and capping
layers on the dot sizes and wetting layer (WL) thickness remain unknown.

In this dissertation, the influence of Ing,GaggAs alloy layers on the diameter,
height, shape, and density of InAs dots, as well as the thickness of the surrounding
wetting layers (WLs) has been investigated. Large scale and high resolution XSTM
images reveal larger dimensions, density, and WL thicknesses for the dots with alloy
buffer and capping layers (termed alloy quantum dots or “AQDs”) in comparison with
the quantum dots (QDs) without surrounding alloy layers. A strain-based mechanism for

dot formation and collapse in the absence and presence of alloy layers is proposed to



explain the findings. This mechanism is likely to be applicable to a wide range of
similarly lattice-mismatched thin-film systems.
A number of reports have suggested that QDs often have non-uniform

h>*** and height'>*****7 due to indium (In) segregation

compositions across their widt
and interdiffusion at the interface between the GaAs and InAs layers. These reports
suggest that the lateral [In] is highest at the QD core and that the vertical [In] increases in
the growth direction. The WLs between the QDs contain sparse concentrations of
individual In atoms which have not agglomerated to form a three-dimensional island.>®
The WLs are typically two-dimensional inhomogeneous films with significant [In]
gradients, including vertical In segregation and lateral In clustering.””® To date, the
effect of these compositional variations on the QD and WL electronic states remains
unknown. Although one cross-sectional STS study of molecular beam epitaxially grown
QDs revealed a variation in QD effective bandgap in the growth direction,”” any
corresponding lateral variation in the effective bandgap was not considered. Thus, the
origins of the effective bandgap variations have not been identified.

In this dissertation, the influence of variations in dot shape, strain, and
composition on the electronic states was examined. Using variable separation STS, the
nanometer-scale variations in the effective bandgap, the energy difference between the
lowest confined electron (E.) and hole (Ej) energies, within individual dots and the
surrounding WL was measured. The trends in the measured effective bandgap variation
were compared to trends predicted for effective bandgap variation due to shape, strain,

and [In] variations. The data reveals variations in the effective band gap across

individual QDs both laterally and in the growth direction. Laterally, the effective



bandgap decreases toward the QD core and vertically, the effective bandgap decreases in
the growth direction. These results are consistent with an increase in [In] toward the
center and top of the QD, suggesting that [In] variations dominate the variations in QD

effective bandgap.

1.5 Dissertation Organization

This dissertation is organized as follows. In Chapter 2, the experimental
procedures used for the fabrication and characterization of the II-VI substrates and III-V
quantum dot heterostructures are described. Details about crystal growth by the
Bridgman technique as well as thin film growth via molecular beam epitaxy (MBE) and
migration enhanced epitaxy (MEE) are provided. XSTM and variable separation STS are
also described in detail.

In Chapter 3, the design of an appropriate conductive substrate upon which a
MCT heterostructure would subsequently be grown is described. The goal was to
identify Cd;.xZn,Te and/or CdTe crystals that (i) produced an atomically flat surface
upon cleaving and (ii) exhibited sufficient conductivity to measure a tunneling current
with our STM. Thus, the influence of substrate orientation, thickness, doping, and
annealing on the substrate cleavage and resistivity was explored. Flat cleaves of the
(110) surface were obtained for ~ 900 pum thick (111)-oriented CdTe and Cd;ZnyTe
wafers. Furthermore, using both In-doping and post-growth annealing in a Cd-rich

86-88

environment, the CdTe substrate resistivity was reduced to 0.04 Q-cm, and

subsequent XSTM and STS measurements were performed. A sample structure was



designed to enable the nanometer-scale examination of Hg.«CdxTe films sensitive to both
mid-to-long wavelength infrared radiation.

Chapter 4 presents investigations of the influence of InGaAs alloy buffer and
capping layers on the size, shape, and density of InAs/GaAs dots and corresponding
WLs. Large-scale and high-resolution XSTM images reveal larger dimensions, density,
and WL thicknesses for the AQDs in comparison with the QDs. Taking into account the
reduction in misfit strain provided by the InGaAs alloy layers at the buffer/dot and
dot/cap interfaces, we propose a strain-based mechanism for dot formation and collapse
in the absence and presence of InGaAs alloy layers. This mechanism is likely to be
applicable to a wide range of lattice-mismatched thin-film systems.

In Chapter 5, we report on the origins of the effective bandgap variations in
individual, uncoupled QDs and the surrounding WL. Using a combination of XSTM and
STS, we find decreases in the effective bandgap both laterally, towards the QD core, and
vertically, in the growth direction. These trends are consistent with an increase in [In]
toward the center and top of the QD. Similarly, in the clustered regions of the WL, the
effective bandgap variations are dominated by variations in the [In]. Finally, a summary

and suggestions for future work are presented in Chapter 6.
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Fig. 1.1: Energy dependence of the density of states for an ideal free electron gas (left),
an electron free in 2 directions but constrained in 1 direction (middle) and an electron
constrained in 3 directions (right). For an unconstrained electron, the density of states
has a parabolic dependence on energy. For an electron constrained in one direction, the
density of states has a step function-like dependence on energy. For an electron confined
in three directions, such as in a quantum dot, the density of states function has a delta
function-like dependence on energy.
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Chapter 2

Experimental Procedures

2.1 Overview

This chapter describes the experimental procedures used for the fabrication and
characterization of the II-VI substrates and III-V heterostructures examined in this thesis.
The CdygsZng4Te and CdTe substrates were grown by the Bridgman technique. The
InAs/GaAs quantum dot heterostructures were fabricated via a combination of molecular
beam epitaxy (MBE) and migration enhanced epitaxy (MEE). Ultra high vacuum (UHV)
cross-sectional scanning tunneling microscopy (XSTM) was used to examine the atomic-
to-nanometer scale structure of the II-VI substrates and III-V heterostructures. The
effective bandgaps and confined state energies were measured by variable separation
scanning tunneling spectroscopy (STS). Both techniques are described in more detail in
this chapter. All procedures were carried out by the author except where noted in the

text.

2.2 Substrate and Thin Film Growth

This section introduces substrate growth by the Bridgman technique and thin film

growth by MBE and MEE.
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2.2.1 Bridgman technique

The CdogsZngsTe and CdTe substrates were grown by Dr. M. Chu (of
Fermionics) using the Bridgman technique. For crystal growth by the Bridgman
technique, a seed crystal is placed in a quartz boat inside a sealed tube along with source
materials (in this case Cd, Zn and Te).! The source material is heated above the melting
point and then slowly cooled starting from the location of the seed crystal, producing a
single-crystalline substrate. For the II-VI substrates discussed in this thesis, our goal was
to increase their electrical conductivity to enable XSTM studies. Therefore, upon our
suggestion, additional doping and annealing steps were also performed following crystal

growth. These doping and annealing steps are described in more detail in Chapter 3.

2.2.2 Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) involves the use of molecular beams to produce
high quality epitaxial films.> MBE involves the sublimation or evaporation of solid or
liquid sources, followed by the reaction and condensation of the constituent atoms or
molecules on the surface.” Shutters in front of the effusion cells containing the sources
are opened and closed during growth to control which constituent atoms or molecules are
available for condensation on the substrate surface. Typically, the shutters for both the
cation and anion atomic species are opened simultaneously, but the growth is limited by

the cation flux. For example, during the growth of GaAs, the shutters for the Ga and As
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effusion cells are typically open simultaneously, and the growth rate is determined by the
Ga flux. The Ga and As react to form GaAs islands on the surface, which once formed,
are immobile due to the stable Ga-As bond.*® Coalescence of the islands leads to the
formation of a monolayer (ML) of GaAs. Thus, the surface roughness is dependent on
the equilibrium between island formation and “smoothing” due to adatom migration.” At
high growth temperatures, a higher As flux is needed to prevent As evaporation from the
island periphery. Therefore, for a fixed As flux, it is possible to increase the Ga surface

diffusion length by raising the substrate temperature.®’

2.2.3 Migration Enhanced Epitaxy

An alternate method to significantly increase the group III diffusion length is to
open the group III and group V shutters alternately instead of simultaneously. This
alternate deposition of constituent atoms is often termed migration enhanced epitaxy
(MEE). For example, for the MEE growth of 1 ML GaAs, each of the Ga and As shutters
are alternately opened while the other remains closed. Thus, 1 ML of Ga is initially
deposited, and when the As shutter is opened, 1 ML of GaAs is formed. During the “Ga
shutter open” step, the cation diffusion length is significantly increased, leading to a
growth surface with fewer steps and kinks compared to MBE growth.*®!" The
InAs/GaAs quantum dot heterostructures discussed in this dissertation were grown by Dr.
J. D. Song’s group at the Korea Institute of Science and Technology (KIST). Although

most of the structure was grown by MBE, the InAs dots were fabricated via MEE.
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For dot growth via MEE, the In and As were deposited alternately for 8s,
followed by a 5s growth interruption in the absence of As to allow dot nucleation.'> The
beam equivalent pressures for In and As were ~ 10™® Torr and ~ 107 Torr respectively. A
total of 3ML InAs was deposited in this way. Additional details of the heterostructure

growth procedures are discussed in Appendix A.

2.3 Cross-sectional Scanning Tunneling Microscopy (XSTM)

In this section, an overview of cross-sectional scanning tunneling microscopy
(XSTM) is provided, followed by details of sample and tip preparation for XSTM
experiments. The XSTM experiments discussed in the bulk of this dissertation were
carried out using a Park Scientific Instruments Autoprobe VP STM. A comprehensive
review of the XSTM system used in my studies has been discussed in Section 2.3 of the
PhD thesis of Dr. B. Lita, and some details are repeated here for completeness.'

Additional preliminary experiments, discussed in Chapter 6, were carried out in an

Omicron VT-STM.
2.3.1 Overview

For XSTM, a cross-section of the sample under investigation is prepared by
cleaving it in ultra-high vacuum (UHV), to expose an atomically flat surface. Constant-

current STM is then performed on the exposed surface, as illustrated in Fig. 2.1."* When

the cleaved surface is atomically flat, with monolayer steps spaced hundreds of
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nanometers apart, the apparent topographic contrast observed in constant current images
is primarily due to variations in the electronic properties of the individual layers."

An example of an XSTM topographic image is shown in Fig. 2.2(a). The bright
and dark regions visible in the image correspond to layers of InAs and GaAs respectively.
Fig. 2.2(b) and Fig. 2.2(c) show schematic energy band diagrams for empty state imaging
of the InAs and GaAs, respectively. In both cases, the application of a positive sample
bias voltage, V, results in electron tunneling from the STM tip into the empty conduction
band states of the semiconductor. Since the bandgap of GaAs (Fig. 2.2(c)) is larger than
the bandgap of InAs (Fig. 2.2 (b)), fewer states are available for the electrons to tunnel
into the GaAs than into the InAs. Thus, the STM tip must move closer to (away from)
the GaAs (InAs) surface to maintain a constant tunneling current. Therefore, the GaAs
(InAs) layer appears darker (brighter) in the XSTM image.

The success of an XSTM experiment relies upon the achievement of a flat
cleavage surface, the availability of a clean, sharp probe tip, and the availability of a
sufficient tunneling current between the sample and tip. The probability of achieving an
atomically flat cleave, or the cleavage success rate, typically depends on the sample
thickness, length-to-width ratio, crystallographic orientation, and strain balancing within
the heterostructure.”” Following cleaving, the image quality depends on the radius of
curvature and cleanliness of the STM tip. The STM tip can be cleaned by electron
emission (as described in Section 2.3.4 of this dissertation) or by passing a high current
through the tip, by alternating between applying a very high positive and negative voltage

to the sample.
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Generally, the availability of a sufficient tunneling current is determined by the
STM electronics and the sample conductivity. On the PSI Autoprobe VP, after the STM
tip approaches the sample, a pre-amplifier converts the measured tunneling current into a
voltage signal at 0.1 V/nA, and voltages below 0.01 V are converted to 0.'® Thus, it is
necessary to ensure that the samples are conductive enough to produce a tunneling
current greater than 0.1 nA. For the ITI-V samples, the resistivity was typically < 10~ Q-
cm, and sufficient sample-tip tunneling currents were typically achieved. For the II-VI
samples, tunneling was achieved for samples with resistivities < 0.05 Q-cm, although
lower resistivities would be optimal to increase the sample-tip tunneling current.
Additional details regarding the minimum resistivity to detect a tunneling current are

provided in Chapter 3.

2.3.2 Sample Polishing

The III-V heterostructures of interest were typically grown on a quarter of 3"

wafer with standard thicknesses ranging from 300 to 500 pm. Earlier XSTM studies of

InAs dots on n+ and p+ GaAs showed highest cleavage success rate for the (IT 0) and

(110) surfaces, respectively. Thus, we first identified the [110] and [IT 0] directions

using anisotropic etching with HF/H,0,:1/4, as described in Section 2.3.4 of the Ph.D.
thesis of Dr. B. Lita."*'”'® Following <110> direction identification, wafer pieces were
thinned to approximately 180 um by mechanical polishing from the backside, as follows.

Wafer pieces of dimensions ~ 22 mm x 6 mm were cleaved from the sample of interest

such that the long axis corresponded to the [IT 0] direction. Each piece was thinned to
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~ 250 um using 600 grit SiC paper (average particle size ~ 15 pum), to ~ 220 pm using
800 grit SiC paper (average particle size ~ 12 pum), and to ~ 200 um using 1000 grit SiC
paper (average particle size ~ 7 um). The final step consisted of polishing to ~180 pm
using 1200 grit SiC paper (average particle size ~ 5 pm) to minimize surface scratches.
Thinning the II-VI substrates such as CdTe to a thickness of approximately 900
um provided the best cleaves whereas further thinning did not result in flat cleaves. As
shown in Table D.1 of Appendix D, CdTe is softer (microhardness = 47 kg/mm?)"’ than
III-V substrates such as GaAs (microhardness = 670 kg/mm?).** The yield strength,
which influences whether a sample would bend or cleave upon pressure, is proportional
to the microhardness.”’ The lower microhardness for CdTe in comparison with that of

GaAs likely contributed to the need for a thicker substrate to achieve flat cleaves.

2.3.3 Sample Scribing

Following polishing, the samples were cleaved into smaller rectangular pieces
with typical widths of 1.5 — 2 mm and typical lengths of 12 — 22 mm. On each
rectangular piece, a shallow scratch was hand-scribed along the width of the epilayer side
of the sample, approximately 6 mm away from one end of the sample, as shown in Fig.
2.3. Previous members of our research group found that a sample length-to-width ratio of
10 or more was typically necessary to obtain flat cleavage surfaces in the vicinity of the

1322 For the experiments described in this dissertation, flat cleaves were

epilayers.
obtained from the III-V and II-VI samples with length-to-width ratios of approximately 9

and 5 respectively. For the II-VI samples with aspect ratios larger than 5, the sample
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would bend and then break in the sample holder (instead of breaking along the scribe
mark), thus producing fracture surfaces with significant topography. The differences in
the optimum length-to-width ratios of the III-V and II-VI samples are likely due to the
significant differences in their microhardness.

After scribing, the sample was then mounted in the sample holder with the
epilayer side facing up and the scribed end resting directly on the back of the sample
holder. Schematic photos are shown in Section 2.3.4 of the Ph.D. thesis of Dr. B. Lita."
Since pushing, bending, or twisting of the sample in the sample holder can greatly
decrease the probability of obtaining a flat cleave, great care was taken in loading the
sample into the sample holder. Once the sample was secured in the sample holder, the
sample holder was loaded into the load lock of the Autoprobe VP, for subsequent transfer

into the STM chamber the following day.

2.3.4 Tip Preparation

All the STM and STS experiments described in this dissertation were performed
with commercially available Pt/Ir STM tips from Materials Analytical Systems. The tips
were cleaned in situ by electron bombardment from a heated Mo filament."** The tip
cleaning procedure is as follows. Using the tip transfer arm, the tip to be cleaned is
brought within 3 — 5 mm of the filament. A current is passed through the filament using
a Hewlett Packard 6286 A DC current source. A positive bias of 350 V is then applied to
the tip relative to the Mo filament using a Bertran 230 Series high voltage power supply.

This causes the emission of electrons from the filament, and these emitted electrons are
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accelerated towards the end of the positively biased tip. The resulting emission current is
measured using a Fluke Series IT Multimeter.

To clean the Pt/Ir tips, the Mo filament current is increased gradually to 1.5 -2 A
until an emission current of 1 mA is measured.”” This emission current is held constant
for 3 minutes, and is then reduced to zero to allow the chamber base pressure to recover.
The procedure is then repeated 2 — 3 times, or until the chamber pressure does not exceed
1 x 107 Torr during cleaning. Since this procedure increases the STM chamber pressure,
tips for an experiment are cleaned in sifu at least 12 hours before an experiment, but no
longer than 24 hours prior to an experiment, to prevent tip contamination in the

meantime.

2.3.5 UHV Sample Preparation

After the sample has been loaded in the load-lock, there are several steps that are
performed in UHV prior to collecting XSTM data. First, the sample is cleaved, and the
cleavage surface is visually examined. Once it is confirmed that the surface does not
display significant topography, the sample is lowered onto the STM stage. These steps
are described in more detail below.

For an XSTM experiment, the sample under investigation is transferred from the
load lock to the main STM chamber, where it is subsequently cleaved. The samples can
be cleaved either using the cleaver or the tip transfer arm. Typically, the sample is
cleaved using the cleaver, which is a 60° diamond tip attached to a VG XYZ

manipulator.” Upon contact with the cleaver, the sample ideally falls straight down to
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the bottom of the STM chamber. If a sample is too short to be cleaved using the
manipulator (sample length < 15 mm), then the tip transfer arm is used instead.
Typically, the cleave success rate is highest for cleaving with the manipulator.

The cleaved (110) surface of most III-V semiconductor compounds does not

B2 1t s

reconstruct, and dangling bond states typically do not lie within the band gap.
therefore possible to obtain information about the bulk-like structure, chemistry, and

electronic properties of the layers.'* For the n+ III-V heterostructures in this dissertation,
the (001) oriented samples were cleaved to expose a (IT 0) surface upon cleaving, as

shown in Fig. 2.3(a).'"***" For the II-VI substrates, the substrates were cleaved to expose
a (110) plane, as shown in Fig. 2.3(b) and 2.3(c) for (001) and (111) oriented substrates,
respectively. Typically, flat (110) surfaces are more often formed via cleavage of (111)
vs. (100) oriented substrates. Additional details of the cleaving attempts of II-VI
substrates are discussed in Chapter 3.

Following cleaving, the surface is visually examined using a Spindler & Hoyer
1.2x reading telescope with a 240-300 mm auxiliary close-up lens, resulting in a total
magnification of 21x. The surface features on the cleaved surface are noted in the lab
notebook to keep track of the cleave success rate. Fig. 2.4 shows a diagram representing
an ideal cleaved surface. Fracture lines are confined to the area directly below the scribe
mark, and a flat area is present to the right of the fracture lines. If visual examination
with the telescope reveals a flat area, then we would proceed with STM imaging of that
cleaved surface. In that case, the sample is lowered onto the STM stage using the
manipulator. A tip is transferred to the scanner head and the tip is moved toward the

sample. The initial STM tip approach is performed as far away as possible from the
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rough regions, as indicated by the filled circles in Fig. 2.4. Next, the walk-off procedure

is performed as described in Section 2.3.5 of Dr. B. Lita’s Ph.D. Thesis."

2.3.6 Heterostructure Design

In this section, heterostructure design strategies for optimizing the XSTM
experiment success rate will be discussed. These include the design of a strain balanced
structure, use of marker layers, and the use of high doping.

To increase the probability of obtaining an atomically flat cleave in the region of
interest, the heterostructures are designed to be strain-balanced, with a typical cap layer
thickness > 300 nm. In addition, to enable the identification of a given region of the
sample, marker layers are incorporated into the design. For the III-V heterostructures,
AlAs/GaAs superlattices sandwiched between layers of GaAs provided electronic
contrast with respect to the surrounding GaAs, thereby functioning as a marker layer.
Similarly, superlattices of HgCdTe and CdTe would serve as markers for the II-VI
heterostructures. The growth and sample structure details of the II-VI and III-V
heterostructures can be found in Chapters 3 and 4 respectively.

To increase the sample-tip tunneling current and to reduce the effects of tip-
induced band bending, which will discussed in more detail in section 2.5, high doping
concentrations within the substrate and heterostructure layers are needed. Tip-induced
band bending, which occurs when the applied voltage bias is dropped across both the

vacuum gap and the semiconductor itself, can introduce shifts in the effective band
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edges. For example, for GaAs, the expected shifts range from several tenths of an

eV, for 1 x 107 cm™to ~ 0.1 eV for > 1 x 10'® cm™.%

2.4 Variable-Separation Scanning Tunneling Spectroscopy (VS-STS)

For the research presented in this dissertation, we used variable-separation
scanning tunneling spectroscopy (VS-STS), which is an adaptation of a tunneling
experiment in superconductivity.”® In the VS-STS method, both the bias voltage and tip-
sample separation are varied in a controlled manner and the resulting tunneling current
and differential conductance are measured. The feedback loop is deactivated, and a
continuous linear voltage ramp is applied to the sample, while the tip height is varied in a
controlled manner.*' The tip is moved towards (away from) the surface as the magnitude
of the bias voltage is decreased (increased). As a result, the measured tunneling current
and differential conductance are increased in the vicinity of the band edges, enabling a
more accurate determination of their energetic positions, in comparison to constant-
separation STS. The main advantage of the variable-separation method is that the
conductance and current at low voltages are amplified while the noise level remains
constant. The dynamic range, i.e. the ratio of the largest to smallest detectable signal,
increases by 2 — 3 orders of magnitude using this technique, making it possible to

* In this section, the

accurately identify the energetic positions of the band edges.
measurement of the differential conductance using a lock-in amplifier, the experimental

steps involved in a VS-STS measurement, and the analysis of the data are presented.
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2.4.1 Differential Conductance

The differential conductance, dI/dV, is measured using a lock-in technique, as
shown schematically in Fig. 2.7. The sample bias, Vp,s(?) is the sum of a voltage ramp,
Viamp(t), which is applied to the sample via the STM interface module, and an AC signal,
Vmoacos(wret), which is applied by the lock-in amplifier.

Vbias (t) = V

ramp O +V oa cos(coreft) (2.1)

where V.4 1s the amplitude of the modulated signal sent to the sample from the lock-in
amplifier, and w,.r is the reference frequency. A modulation voltage with frequency of
900 Hz and amplitude of 33-50 mV was typically used in our experiments. A plot of the
sample bias as a function of time is shown in Fig. 2.8. In Fig. 2.8, V,,;, is the minimum
voltage applied the sample during the spectroscopy measurement (typically -2 V), V4 18
the maximum voltage applied to the sample during the spectroscopy measurement
(typically 2 V), and t,4., 1s the time period over which the voltage is ramped (typically

0.5 s). The time dependent voltage ramp can be written as:

t
mep (t) = Vmin + AV (22)

ramp
ramp

where AV, =V __ —V __ is the range of voltages applied to the sample. Equation 2.2

ramp max min

can be substituted into equation 2.1 to give:
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Vbias (t) = (Vmin + AVramp L] + Vmod Cos(wreft) (23)
¢ ?

ramp

The modulation in applied voltage produces a modulation in the measured tunneling
current, /[V(¢)]. The signal I[V(¢)] is measured directly and also sent to the lock in

amplifier, which detects the magnitude of signals oscillating at @,,,. Using a Taylor’s

series expansion, the measured current can be written as:

1 dl 1 d*1
Ivmli=1v,,, O+ —— V—-v._ . (t)+— V-v. ()
[ ( )] [ ramp( )] 1! dV V_mep(t)( Vdﬂ‘[p( )) 2! dVZ oy (t)( ramp( ))
24)
Using equation (2.1), the above equation becomes:
dl 1d*I
VO] =11V, D]+ —— (Vinoa (1) o Vo ()" + ..
V=V amp (1) v V=V (1)
(2.5)

Since the frequency of the voltage modulation is known, we can use the lock-in amplifier

. . dl
to extract the differential conductance, —

V=V amp (1)

2.4.2 Experimental Steps
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The first step of VS-STS involves setting up the appropriate tip extension, z(V), as
shown in Fig. 2.5(a). Care must be taken to avoid damaging the tip and sample by
extending the tip too much. Typically, the tip is moved 6-10 A toward (away from) the
sample while the applied bias voltage was increased from -2.5 to 0 V (increased from 0 V
to 2.5 V). The precise parameters were optimized for each particular tip-sample
combination. Prior to collecting STS spectra from a region of interest, calibration spectra
on “known” regions, such as GaAs, were first collected. In a region of GaAs, the tip was
sequentially moved closer to the sample in steps of 1 — 2 A, until a reasonable bandgap
(1.43 £ 0.5 eV) was measured for the known layers (usually GaAs), as shown in Fig. 2.6.
If spectra from the “known” region did not reveal bandgaps close to what was expected
for the “known” regions of the sample, spectra are not collected from the “unknown”
regions (such as the InAs QDs).

The measured sample current as a function of voltage, /(V), is plotted in Fig.
2.5(b). The measured current is positive (negative) for large positive (negative) voltage
values, while the current is negligible for voltage values close to 0 V. This region of
negligible current corresponds to the bandgap of the sample. Since there are few
electronic states in the band gap, there is minimal tunneling to or from those states;
therefore, the measured current and conductance within the bandgap are negligible.

The measured differential conductance, dI/dV, is plotted as a function of sample
bias in Fig. 2.5(c). In the plot, there is a region of increased differential conductance for
“large” negative voltage values, followed by a region of negligible conductance for low

absolute voltages, and finally, another region of increased conductance for “large”
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positive voltage values. The boundaries of these regions correspond approximately to the

valence (Ev) and conduction band edges (Ec) of the GaAs, respectively.

2.4.3 STS Analysis

In this section, the relationship between the measured differential conductance
and the sample density of states, as well as the differential conductance normalization
procedure, will be discussed. The total measured tunneling current is proportional to the
probability of an electron tunneling from the tip () to the sample (s),

f (Et)[l— f(E, + eV)], the probability of an electron tunneling from the sample to the

tip, f(E, +eV)[1 - f(E, )], and the modulus of the probability of electron transmission

across the vacuum gap between the sample and tip, 3

M,|.

If these probabilities are

summed over all tip and sample states, then the equation for current can be written as:

=2 FEN- S E, +en]- E, +enli-1E)M,

S,t

25(Et _Es)

(2.6)
where the subscript ¢ represents tip states, the subscript s represents sample states, el is
the energy difference between the tip and sample Fermi levels, and M, is the tunneling
matrix element between the electron wave functions of the sample and tip. For finite
voltages, the above equation can be re-written as an integral over the local density of

states of the sample and tip:
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*dE (2.7)

where p, and p, correspond to the local density of states of the sample and tip
respectively. Assuming a metallic tip with an energy independent p,, then p, = p/(0), and

can be taken out of the integral. Thus, the equation for current can be written as:

*dE (2.8)

27Z€ el
I~ 7pz (0)_!p€ (EMMW

Dividing the differential conductance, dI/dV, by total conductance, I/V, will remove the

transmission probability term, |M ’ , and the resulting ratio of the measured differential

st
conductance to the total conductance, dI/dV/(I/V), has been attributed the local density of

32,33

states of the sample.”””. However, within the bandgap, the total conductance approaches

zero, leading to a divergence in dl/dV/(I/V) near the band edges. To prevent this

divergence, the total conductance is broadened by convoluting the measured I/V with an

exponential function to yield 1/V, as described by Feenstra:>

TV =—— T[[(V')/V']exp il av' (2.9)
2AV 9 AV '

We note that the shape of the spectra and the position of the spectral features are typically

not influenced by convoluting with an exponential function.
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Following the collection of the current and conductance spectra, the conductance
is normalized using the program AnalysiSTS, written by M. Beck in C++, based on the
work of R. M. Feenstra.”’ The band edges are then identified on the normalized
conductance plot. Additional details of this program, along with details on band edge

identification, are provided in the Ph.D. Thesis of Dr. B. Lita."

2.5 Tip Induced Band Bending

The high electric field between sample and tip in a typical STM measurement can
shift the energy bands on the surface of the semiconductor relative to the bulk. This
phenomenon is called tip induced band bending, and will be described in more detail in
this section.

Electron tunneling between the tip and sample during a STM measurement was
described in Section 2.3. In the PSI Autoprobe VP, a voltage bias is applied to the
sample while the tip is grounded and, electrons tunnel from the tip to the sample,
producing a tunneling current. Ideally, the applied voltage is dropped entirely across the
vacuum barrier, as shown in Fig. 2.2(c). However, the applied voltage is often dropped
partly across the vacuum and partly across the semiconductor sample, producing a
depletion region within the semiconductor, as shown in Fig. 2.9(a). This is often termed
“tip-induced band bending” or “dynamic band bending”.?***~**°

In Fig. 2.9, the apparent band edges due to tip induced band bending are marked

as ‘Ec’ and ‘Ey’ while the expected band edges are marked as Ec and Ey. Significant

band bending can take place within the semiconductor when a voltage bias is applied, as
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shown in Fig. 2.9(b) and Fig. 2.9(c). When the applied bias is negative, the Fermi level
of the tip is lower in energy than the Fermi level of the sample (Er; < Egs) and electrons
tunnel from the valence band of the sample to the tip, as shown in Fig. 2.9(b). However,
due to band bending, the apparent valence band edge, ‘Ey’ is lower than the expected
band edge, Ey. Similarly, when the applied bias is positive, Eg; > Egs and electrons tunnel
from the tip to the conduction band of the sample, as shown in Fig. 2.9(c). Due to band
bending, the apparent conduction band edge, ‘Ec’, is higher than the expected band edge,
Ec. During an STS measurement, the voltage is swept from negative to positive values;
therefore, the apparent band gaps are shifted so that the measured band gap, ‘Ec’ — ‘Ey’ is
larger than the expected band gap, Ec — Ey.

Electrostatic solutions to quantify the tip induced band bending have been

337 In addition, preliminary calculations of tip-induced band-

proposed previously.
bending using three-dimensional finite element analysis have been carried out recently by
our collaborators, W. Morgan and Dr. H. T. Johnson from the University of Illinois at
Urbana Champaign (UIUC). A commercially-available Poisson equation solver
(COMSOL) has been used to simulate the potential drop from an idealized tip, across the
gap, and into the dielectric substrate containing the cleaved quantum dot. The
calculations reveal the strong sensitivity of the band-bending field to the tip-sample
separation distance (ranging from ~ 0.5 eV at 3 nm to ~ 1 eV at 0.5 nm). Details of these

calculations will be published elsewhere.*™>’
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Fig. 2.1: Schematic of cross-sectional scanning tunneling microscopy applied to the III-V
heterostructures investigated in this dissertation. The STM tip is brought within a few
nanometers of the cleaved [110] face."

37



Energy (b) Energy (©)
A A
© €
eV -1 < o] eV —_ <
o E Vo
RS c v
E RS v
0+ Foa—— RS 0+ Ep ——————- v
Ec RS F v
RS v
RS v
AR E v
Ev pooesvmeey ) v o
e RS ey v
A AT AT AT Ay [ T T T T T T ]
- - - L
A AT AT AT Ay
A AT AT AT Ay
A AT AT AT Ay
A AT AT AT Ay
A AT AT AT Ay
A AT AT AT Ay
A AT AT AT Ay
InAs Vacuum Tip GaAs  Vacuum Tip

Fig. 2.2: (a) XSTM topographical image of InAs dots in a GaAs matrix. Schematics of
the tunneling process between a tip and a sample under positive sample bias are shown
below. The electrons tunnel from the tip into the energy levels above the Fermi level (Er)
of either (b) InAs or (c) GaAs. Since there are more states available to tunnel into in
InAs than GaAs, the InAs layers will appear brighter in a constant-current STM image.
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Fig. 2.1: Diagram showing the orientations of (a) the (001)-oriented III-V heterostructures
and (b) the (001)-oriented CdZnTe substrates, and (c) the (111)-oriented CdTe and CdZnTe
substrates. For both the II-VI and III-V structures examined in this dissertation, a shallow

scratch or scribe mark is hand-scratched on the epi-layer side prior to mounting the sample
onto the sample holder.
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Fig. 2.4: Schematic of an ideal cleaved surface, as observed from the telescope. The area
just underneath the scribe mark, shown towards the left, shows pronounced topography,
while the rest of the exposed surface appears smooth. The tip is placed as far away from
the rough regions as possible.

40



(2)

o2 |
Q\./
=8 or 1
S S
<Iﬂ o]
a8 I
25
©w 6L 4
5 T
= _ (b)_
E
= I g
o/'\ - —
en
2% o ]
| ]
S af .
F - —
| | | | |
(c)

e
o0
1
1

S
T

Ev EC 7

1 1 1 !

-2 -1 0 1 2 3
Sample Bias (V)

Conductance (nA/V)
()
S

1
W

Fig. 2.5: Plots of measured (a) tip height, (b) tunneling current, and (c) differential
conductance vs. sample bias voltage for GaAs using variable-separation scanning
tunneling spectroscopy. For plot (c), the boundaries between regions of positive
conductance and regions of negligible conductance correspond approximately to the
valence and conduction band edges GaAs."?> Note: Since the conductance data in (c) has
not been normalized, the plot is slightly offset relative to 0.
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Fig. 2.6: Flowchart showing the process for optimizing the tip-sample separation for a
variable-separation STS measurement. The tip extension is gradually increased in steps
of 1 —2 A until a reasonable bandgap for GaAs is measured.
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Fig. 2.7: Block diagram showing the set up for the lock-in amplification used for
variable-separation scanning tunneling spectroscopy.”> The sample is biased with respect
to the grounded tip. A linear ramp, Viamp(t) is applied to the sample. An AC signal,
Vinodcos(@reft), is added to the voltage ramp, and this signal is also used as a reference by
the lock-in amplifier, to determine the differential conductance, dI/dV. The two voltage
signals are added, producing a time varying bias voltage, Vyiss(t). The tunneling current,
I, is converted to a voltage prior to being split and sent to both the lock-in amplifier and

the STM interface module.
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Fig. 2.8: Plot showing Vy,s, the total applied bias, as a function of time, as the bias
voltage is ramped from negative to positive values. A time-varying AC signal from the
lock-in amplifier, Vimodcos(reit), is superimposed on Viamp(t) such that the total sample
bias, Vbias(t) = Viamp(t) T VinodCOS(®rett).
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Fig. 2.9: Band diagram of semiconductor-vacuum-tip system at (a) zero bias (b) positive
bias and (c) negative bias, for an n-type semiconductor. Eps (Eg;) corresponds to the
Fermi level of the sample (tip). Due to tip induced band bending, the measured positions
of the conduction (‘E¢’) and valence (‘Ey’) band edges are shifted relative to the
expected positions of the conduction (E¢) and valence (Ev) band edges.
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Chapter 3

CdZnTe Substrate Design and Characterization

3.1 Overview

This chapter begins with an introduction to mercury cadmium telluride (HgCdTe
or MCT) based photodiode operation, sources of dark current, doping, and typical diode
configurations. Then, the design of an appropriate substrate for the subsequent growth of
MCT heterostructures is discussed. Details of our studies of the influence of the substrate
thickness and orientation on cleaving, as well as our studies of the influence of substrate
doping and annealing on resistivity are included. Finally, a sample structure to enable the
examination of nanometer-scale structural and electronic variations in the MCT epitaxial
layers is proposed. This work was supported by the Army Research Office
Multidisciplinary University Research Initiative under Grant No. ARO-MURI DAAD19-

01-1-0462.

3.2 Background

Mercury cadmium telluride (MCT or Hg;«CdxTe) has been used in the fabrication
of infrared (IR) detectors since 1958.1 MCT photodiodes have demonstrated high optical

absorption coefficients and quantum efficiencies, and low thermal carrier generation
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rates.> A variety of detectors and focal plane arrays are fabricated using MCT based
heterostructures.>® However, currents which are present in the absence of the targeted
illumination (termed dark currents), often limit the performance of MCT detectors.
These dark currents are attributed to a combination of intrinsic effects such as thermally

10-14

generated carriers, and extrinsic effects related to dislocations, point defect

15,16 17,18

clusters, and alloy non-uniformities, at the heterostructure interfaces. In this
section, an overview of MCT diode operation and the extrinsic sources of dark current
are presented, followed by details of doping of MCT films, examples of MCT diode

configurations, and substrate choice.

3.2.1 MCT Photodiode Operation and Limitations

A photodiode is a p-n junction that is used to convert incident radiation into
electricity. When a photon with energy equal to the bandgap energy, Eg, arrives at the
depletion region of the p-n junction, an electron is excited from the valence band to the
conduction band, producing a mobile electron-hole pair. The built-in field of the
depletion region accelerates the holes toward the anode, and the electrons toward the
cathode, thereby producing a photocurrent. For Hg1.xCdxTe, the bandgap depends on the

ratio of CdTe to HgTe, X, and temperature, T, and is expressed as:*

E, =-0.303 + 1.93x — 0.81x* + 0.832x° + 5.35(1-2x)10™'T (3.1)
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The room temperature dependence of the MCT bandgap and wavelength on the cadmium
fraction, x, is shown in Fig. 3.1. By adjusting x, MCT can potentially be used to detect
radiation with wavelengths in the range of 0.7 — 25 um. Thus, MCT photodiodes have
applications in short-wavelength (1.4 — 3 um), mid-wavelength (3 — 8 um), and long-
wavelength (8 — 14 um) IR detection.>®

The detector current is determined by the minority carriers collected from either
side of the p-n junction. Thus, the highest detector currents occur for a maximum

minority carrier diffusion length, L, given by:

L=+/Dr (3.2)

where D is the minority carrier diffusivity and z is the minority carrier lifetime. The
minority carrier lifetime can be reduced due to the presence of recombination centers,
which act as mid-gap carrier traps. Furthermore, MCT diode operation can be limited by

a variety of materials issues, which will be discussed below.

3.2.2 MCT Materials Issues

Materials issues at the interfaces of the MCT heterostructure, such as alloy non-

17,18 15,16 10-14

uniformities, point defect clusters, and dislocations, are expected to be the
primary sources of the dark currents, i.e. currents which are present in the absence of the
targeted illumination. These issues and their influences on MCT diodes will be discussed

below.
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In MCT diodes, dark currents have been attributed to alloy non-uniformities and
point defects. As indicated by Eq. 3.1, alloy non-uniformities can alter the bandgap of
the material, thereby altering the wavelength to which the heterostructure is sensitive,
leading to an increase in the detector current in the absence of the targeted illumination.
Thus, dark currents in the MCT photodiode are often attributed to alloy non-uniformities
within the layers.'”*® Furthermore, x-ray diffraction studies of MCT films have revealed
point defects such as Hg-vacancies or Te-antisites with concentrations as high as 10'®
cm?% Point defect concentrations of such a large magnitude can lead to the outward
relaxation of the atoms surrounding the defect site, thereby altering the lattice constant,
and thus, the bandgap of the material.'® Similar to the case of alloy non-uniformities, a
change in the bandgap of the material due to point defects can lead to an increase in the
dark current.

Dark currents in MCT photodiodes have also been attributed to dislocations. For
example, it has been suggested that Shockley-Read-Hall (SRH) recombination centers,
which produce generation-recombination currents in the absence of light, as shown in
Fig. 3.2(a), are due to the dangling bonds associated with dislocations.'®** In addition,
trap-assisted tunneling currents, depicted in Fig. 3.2(b), have been attributed to the
tunneling of minority carriers from one side of the depletion region to the other side via
dangling bonds associated with dislocations located at or near the junction.?’ Thus,
minimizing the lattice mismatch between the layers of a photodiode is critical because a
large lattice mismatch can lead to the nucleation and propagation of dislocations through

the device.”* The lattice constant for Hg;..CdxTe is given by the following equation:**
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a=6.4614 + (84x + 11.68x* - 5.7x°)10°® (3.3)

Thus, although the Hgi1.xCdxTe bandgap varies significantly with the cadmium fraction, x,
the lattice constant varies by < 1.4 % when x changes from 0 to 1. As a result, MCT
heterostructures sensitive to a wide variety of wavelengths can be grown in a strain

balanced structure on a CdTe or Cdg.gsZNo 0 T€ Substrate. %%

3.2.3 MCT Diode Configurations

Typically, indium (In) and arsenic (As) are used as n-type and p-type dopants for
MCT heterostructures, respectively.”**  During the MBE growth of MCT
heterostructures, In is incorporated into the epilayers without the need for any additional

annealing, resulting in n-doped MCT layers with high mobilities and long minority

24,29

carrier lifetimes. However, p-type doping of MBE-grown MCT layers is more

challenging. The as-grown layers are typically n-type, and further annealing is required
to activate the p-type dopants, such as As. To activate As doping for p-type layers, the

films must be annealed at high temperatures of 400°C — 500°C, followed by an additional

anneal at 250°C under Hg-rich conditions.”?®

Examples of n-on-p and p-on-n backside-illuminated MCT photodiodes are

shown in Fig. 3.3.2 Longer minority carrier lifetimes and lower trap concentrations have
g g

24,29

be achieved with an n-type base layer than in a p-type base layer. Thus, n-type

substrates are typically used for the subsequent growth of the MCT heterostructures.?>"
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Furthermore, to minimize surface recombination, the p-n junction is typically designed

with a larger (smaller) p-type (n-type) bandgap.

3.2.4 Nanometer-scale Examination of MCT Heterostructures

A few prior studies have considered the effects of dislocations and alloy non-
uniformities on MCT photodiode performance. Prior TEM studies of MCT-based
structures have revealed significant insights into the type and concentrations of

dislocations.**33

However, as discussed in Section 1.2, the ability of TEM to resolve
atomic-scale features is limited. Furthermore, previous studies of the influence of alloy
non-uniformities on the MCT photodiode performance were limited to the micron length-
scale.*** Thus, the atomic-scale structure and electronic properties of interfaces remain
the least understood aspect of MCT-based IR detector heterostructures.

To optimize MCT heterostructures for improved detector performance, detailed
nanometer-scale characterization of the interface structure and local band-offsets is
needed. XSTM is a powerful tool for exploring interfacial issues such as interface
abruptness, diffusion of impurities, and the electronic properties of the p-n junction in
MCT-based infrared detector structures. In the rest of this chapter, we report on the
design of a substrate suitable for future XSTM studies of MCT-based heterostructures.

As will be described in Section 3.5 of this dissertation, further work on this topic would

require a new STM system capable of cleaving and XSTM in separate chambers.
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3.3 Design and Growth of CdZnTe Substrates

Appendix D lists the lattice constants of MCT-based materials and some standard
semiconductors.®® The lattice mismatch between MCT-based materials and the substrates
IS~ 12 - 19 % (8 — 14 %) for Si (for GaAs). The use of Cd;.xZnsTe or CdTe as a
substrate would reduce the lattice mismatch to < 1.4% and would therefore be ideal for
the subsequent growth of MCT for XSTM studies.?**’

CdTe substrates have traditionally been used as substrates for subsequent MCT
heterostructure growth due to their commercial availability in 1” sizes.® CdTe substrates
are typically grown by the Bridgman technique, under Te-rich conditions from Te-rich
melts, leading to crystals with resistivities ranging from 10° to 10* Q-cm, presumably
due to p-type doping by Cd vacancies.®® Thus, CdTe substrates are doped with group Il
elements such as In or Al to compensate for the excess of acceptors.®® It is possible to
synthesize alloys of CdogsZnoosTe (CZT) which have the same lattice parameter as
Hgo23Cdo77Te. Therefore, CZT is commonly used as the substrate for the subsequent
growth of MCT heterostructures.”**'*3 For epitaxial growth, (111)- and (211)-oriented
substrates have produced films with fewer hillocks and twin faults than (100)-oriented

substrates. 12404

Thus, higher electronic quality films are expected to be possible for
growth on (111)- and (211)- vs. (100)-oriented substrates.

To design an appropriate conductive substrate upon which a MCT heterostructure
could subsequently be grown, we collaborated with J. Dinan from the Night Vision

Laboratory (NVL) and M. Chu from Fermionics. The In-doped CdZnTe and CdTe

substrates were grown by M. Chu using the Bridgman technique.** The In dopant was
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added directly to the crucible along with the Cd, Zn, and Te source materials. Once
received, the substrates were polished and scribed as described in Section 2.3 of this
dissertation. In this section, we discuss the influence of substrate orientation and
thickness on cleaving, and the influence of doping and annealing on substrate resistivity.
We were able to identify wafers for future use as a substrate for the subsequent growth of
MCT heterostructures. Examining the MCT heterostructures using XSTM will require a
new STM system capable of cleaving and XSTM in separate chambers, as will be

discussed in Section 3.5.

3.3.1 Influence of Substrate Orientation and Thickness on Cleaving

A summary of the various substrates that were examined is provided in Table 3.1.
First, we attempted to cleave undoped (100) CdggsZnoosTe wafers (provided by J.
Dinan). An example optical microscope image of the cleaved CdggsZnoosTe (110)
surface is shown in (a). For successful XSTM experiments, a typical cleaved surface
consists of fracture lines confined to the region directly below the scribe mark, while the
rest of the surface remains flat, as shown in Fig. 2.4. However, the surface shown in Fig.
3.4(a) is covered with fracture marks and it is likely that no flat area is available for
XSTM. Several attempts at cleaving these wafers did not yield flat cleaves. Therefore,
the (001) Cdo.gsZNg.04Te wafers were considered unfit for our investigations.

Ideally, the XSTM sample under investigation is very brittle, and upon contact
with the cleaver, the sample breaks along a specified scribe line, as described in Section

2.3.3 of this dissertation. However, various attempts at cleaving the CdygsZnoosTe
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substrates revealed that if the substrates were thinned to < 500 um, they would bend prior
to breaking in the sample holder. The microhardness of CdggsZngosTe is approximately
48 kg/mm? (calculated using the law of mixtures and the microhardness values for CdTe
and ZnTe in Table D.1) whereas the microhardness of GaAs is 670 kg/mm?.**** Thus,
the lower optimal sample thickness for cleaving CdZnTe in comparison with that of
GaAs is likely due to its lower microhardness.

We next attempted to cleave (111) CdoesZno.0sTe crystals (provided by M. Chu).*
Polishing the (111) CdogsZnoosTe crystals to a thickness of approximately 900 pm
provided a flat cleave, as shown in Table 3.1. An optical microscope image of the
exposed (110) surface of this substrate is shown in Fig. 3.4(b). A flat surface available
for XSTM, along with fracture marks confined to the region below the scribe line, are
clearly visible in this image. Thus, we identified the orientation (111) and thickness (900

pum) of CdggsZNng.04Te substrates that provided the best cleaves.

3.3.2 Influence of Doping and Annealing on Substrate Resistivity

As discussed in Section 2.3.1, to prevent tip crashes into the sample, it is essential
to ensure that the sample is conductive enough to produce a tunneling current greater than
0.1 nA. Otherwise, the tip can crash into the sample while trying to detect a current, thus
destroying both the tip and sample. A summary of the doping concentrations and
resistivities of structures that have previously been examined by XSTM is presented in

Table 3.2. In general, GaAs substrates doped to > 10'® cm™ are utilized. The resistivities

57



are usually < 10 Q-cm. Therefore, we aimed to fabricate substrates with a resistivity <
10 Q-cm.

The (111) CdgesZnoosTe crystals were In-doped at ~ 8 x 10'® cm®* The
resistivity of the as-grown CdygsZngosTe:In wafers varied from wafer to wafer and from
location to location, within the range 0.5 — 3 Q2-cm. Although we were able to obtain a
flat cleave from these substrates as discussed in the previous section, the sample
resistivity was too high. As a result, during the auto-approach, instead of stopping a few
A away from the surface, the STM tip crashed into the sample, as indicated by the hole in
Fig. 3.4(b). Thus, further reduction of the substrate resistivity was necessary.

To lower the resistivity of the CdzZnTe crystals, post-growth annealing was
performed using a recipe in the literature.***" Specifically, (111) Cdg.esZngosTe:In was
annealed under Cd and Zn overpressure, producing a substrate with a uniform resistivity
of 0.2 — 0.3 Q-cm. However, as shown in Table 3.1, we were still unable to detect a
tunneling current from this sample.

To further lower the resistivity, we moved to (111) CdTe:In crystals, which have
exhibited resistivities lower than 0.1 Q-cm.*®* Thus, we moved to (111) CdTe substrates
in lieu of (111) Cdo.gsZnoosTe substrates. A (111) CdTe crystal was heavily doped with
Into ~ 2.2 x 10*" cm™ to bring the resistivity down to 3-5 Q-cm. Following doping, the
substrate was annealed under Cd overpressure at 750 °C.* This further lowered the
resistivity to 0.04 Q-cm. As summarized in Table 3.1, we obtained a flat cleave from this
(111) CdTe sample, and we were also able to tunnel into the substrate. Fig. 3.5 shows an
example XSTM topographic image of the (110) surface of the CdTe substrate, with an

total grey scale range of 8.2 A. Thus, after several attempts at doping and annealing
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Cdo.gsZnoosTe and CdTe crystals, we identified wafers that can be used as a substrate for
the subsequent growth of MCT heterostructures. In addition, these CdTe:In substrates
also have potential applications in x-ray and y-ray detectors.**>> For example, doping
with In has been found to reduce the leakage current and improve the energy resolution

of the CdTe-based x-ray and y-ray detectors.**>

3.4 Proposed Heterostructure

The goal of these studies was to investigate the interfacial structure and local
band-offsets in HJCdTe based heterostructures at the nanometer-scale. As shown in Fig.
3.6, a possible structure consists of HgCdTe layers grown on a (111) CdTe:In substrate.
The heterostructure consists of a single p-n junction and a multilayer consisting of 50 nm
of CdTe/HgCdTe superlattice, which would serve as a marker layer. The p-n junction is
composed of p-type HgossCdos2Te:As (A ~ 3 — 5 um) and n-type Hgo77Cdp23Te:In (A ~ 8
— 12 um). Indium would be used as the n-type dopant while As will be used as the p-type

dopant.

3.5 Planning for a Separate Cleaving Chamber

XSTM experiments are typically conducted under ultra high vacuum (UHV)

conditions. Since MCT has a very high Hg vapor pressure at ~ 70 °C, Hg will vaporize

from the MCT surface, in appreciable quantities, at ~ 70 °C.%**® This is problematic in

systems such as ours, where the sample cleaving and imaging occur in the same UHV
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chamber. Any cleaved pieces of MCT on the chamber bottom would release appreciable
quantities of Hg during a chamber bakeout (typically ~ 150 °C), detrimentally
contaminating the STM and the chamber. Thus, in order to pursue XSTM studies of the
structure in Fig. 3.6, a dedicated system with cleaving capabilities in a separate but

interconnected chamber would be needed.

3.6 Conclusions

In summary, we have investigated the influence of substrate orientation and
thickness on the cleavage of CdTe and CdogsZnposTe Substrates, as well as the influence
of In doping and annealing on the substrate resistivity. Although cleaving (100)-oriented
Cdo.gsZnoosTe wafers along the (110) resulted in significant surface topography, flat
cleaves were obtained for (111)-oriented CdTe and CdggsZngosTe wafers cleaved along
(110). The wafer thickness was also optimized and the flattest cleaves were obtained for
substrates that were approximately 900 um thick. Furthermore, we developed substrate
growth and processing procedures to lower the substrate resistivity, thereby enabling the
detection of an STM tunneling current. Using both In-doping (n ~ 2.2 x 10*" cm™) and
post-growth annealing (T = 750 °C) in a Cd-rich environment, the CdTe substrate
resistivity was reduced to 0.04 Q-cm. For these samples, both XSTM imaging and
spectroscopy were successfully performed. A sample structure to enable the nanometer-
scale examination of Hg.xCdyTe films sensitive to mid-to-long wavelength infrared

radiation was subsequently proposed. However, to pursue XSTM studies of the MCT
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heterostructures, a dedicated system with cleaving capabilities in a separate but

interconnected chamber is needed.
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Substrate | Orientation | Doping Resistivity Flat Tunneling
(cm™) (Q-cm) Cleave

CdogsZNoosTe (100) Undoped 5x 10" No No

CdogsZNoosTe (111) ~8x10% 05-3 Yes No

CdogsZNooaTe (112) ~8x10™ 02-03 Yes No
(Annealed)

CdTe (111) ~2.2 x 10" ~0.04 Yes Yes
(Annealed)

Table 3.1: Summary of cleaving and tunneling attempts of various MCT-based
substrates. A flat cleave implies that after cleaving, the cross section of the sample
included a flat area suitable for XSTM studies. ‘Tunneling’ indicates that a tunneling
current was detected when the tip approached the sample, and that the tip did not crash

into the sample.
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Table 3.2: Table summarizing sample details on previous XSTM experiments on GaAs,
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Fig. 3.1: Calculated bandgap and wavelength variation with percentage of CdTe, X, in
Hg:.«CdkTe.® MCT photodiodes have applications in short-wavelength (SWIR, x ~ 0.5-
0.7), mid-wavelength (MWIR, x ~ 0.3), and long-wavelength (LWIR, x ~ 0.2) infrared
detection.**®
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Fig. 3.22 Band diagram depicting possible sources of the dark current in MCT
heterostructures: (a) Shockley-Read-Hall (SRH) recombination, and (b) trap assisted
tunneling.
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Fig. 3.3: Examples of backside illuminated HgCdTe photodiode architectures. (a)
planar ion implanted n-on-p homojunction grown on CdZnTe substrate, (b) P-on-n
heterojunction, and (c) P-on-n heterojunction on silicon substrate.?
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Fig. 3.4: Optical microscopy images of cleaved CdzZnTe (110) surfaces. (a) (001)-
oriented undoped CdzZnTe, showing significant cleaved surface topography, and (b)
(111)-oriented CdZnTe, doped at approximately 8x10'° cm™, showing a smooth surface
and evidence of atip crash due to insufficient sample conductivity.

67



Fig. 3.5: XSTM topographic image of low-resistivity CdTe (left) collected at abias
voltage of -2.4 V. Thetotal grayscale range displayed is 8.2A.
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400 nm Hg, sCd, 5, TE:AS

100 nm Hg, ,Cd, ,5TelIn

5 nm Hg, ,Cd, s Te:ln X5
5nm CdTeiIn

50 nm CdTeln

n+ CdTe:In(111) substrate

Fig. 3.6: Cross-section of the target layer structure which consisted of a p-n
junction consisting of p-type Hg, gCdy 3, Te:AS and n-type Hg, ,Cd, s TelIn. The
entire structure is to be grown on a (111)-oriented CdTe:In substrate. A multilayer

consisting of 50 nm of CdTe:In/Hg,,,Cd,sTeln superlattices would serve as a
marker layer.
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Chapter 4

Influence of Alloy Buffer and Capping Layerson Quantum Dot For mation

4.1 Overview

Quantum dots are typicaly surrounded by a larger bandgap material to enable
carrier confinement within the nanostructures. Thus, InAs quantum dots are typically
grown on buffers of and capped with layers of GaAs or InsGay.«As aloys. This chapter
describes investigations of the influence of InGaAs alloy buffer and capping layers on the
size, shape, and density of INAS/GaAs dots and corresponding wetting layers (WLS).
Large scale and high resolution cross-sectional scanning tunneling microscopy (XSTM)
images revea larger dimensions, density, and WL thicknesses for the dots with aloy
buffer and capping layers (termed alloy quantum dots or “AQDS’) in comparison with
the quantum dots (QDs) without surrounding alloy layers. Taking into account the
reduction in misfit strain at the buffer/dot and dot/cap interfaces, a mechanism for dot
formation and collapse in the absence and presence of InGaAs alloy buffer and capping
layersis proposed.

This chapter opens with an introduction to QD nucleation, followed by a brief
review of prior experimental investigations into the influence of alloy layers on quantum
dot formation. The experimental methods are then described. Next, we report the

influence of InGaAs alloy buffer and capping layers on dot dimensions, density, and WL
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thickness. Finally, a strain-based mechanism for dot formation and collapse in the
absence and presence of alloy layers is presented. This mechanism is likely to be
applicable to awide range of similarly lattice-mismatched thin-film systems. The chapter
concludes with a summary. This work was supported in part by the Army Research
Office Multidisciplinary University Research Initiative under Grant No. ARO-MURI
DAAD19-01-1-0462 and by the Department of Energy under Grant No. DE-FGO02-

06ER46339, monitored by J. Zhu.

4.2 Background

The atomic structure of InAs/GaAs dots has been reported to be influenced by a
number of growth parameters including substrate temperature, 111/V flux ratio, growth
rate, and the presence of aloy buffer and/or capping layers.® For example, growth with
an aternating supply of anion and cation species is expected to increase the cation
diffusion length, thereby lowering the film thickness for the 2D to 3D Stranski-
Krastanow (S-K) growth mode transition, resulting in larger dots.”*® In addition, for
guantum dot superlattices, strain fields in the GaAs capping layers above the underlying
dots typically leads to vertical dot alignment often termed ‘stacking’.***® Furthermore,
intermixing between the InAs dots and the GaAs buffer and capping layers leads to aloy
formation within the dots and the surrounding wetting layer (WL), thereby altering their
atomic structure.®? The use of intentionally alloyed buffer and capping layers has also
been found to influence dot atomic structure.*® However, the effects of alloy buffer and

capping layers on the dot sizes and wetting layer (WL) thickness remain unknown. In
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this section, a review of the dot formation process is presented, followed by a summary

of previous studies on the influence of alloy layers on dot size and density.

4.2.1 Dot Nucleation

Three growth modes are generally encountered during thin film growth, as shown
in Fig. 4.1. (@ Frank-van der Merwe (FvdM), (b) Volmer-Weber (V-W), and (c)
Stranski-Krastanow (S-K).?* The growth mode is determined by the relative surface
energies of the growing thin film, y, with respect to the sum of the substrate surface
energy, 7s, plus the interface energy, yin.”* When ¥ < ys + yin, the atoms of the film are
more strongly attracted to the substrate than to each other, leading to layer-by-layer
growth (FvdM), as shown in Fig. 4.1(a). On the other hand, when y; > ys + yint, the atoms
of the film are more strongly attracted to each other than to the substrate, leading to
island growth (VW), as shown in Fig. 4.1(b).?® In some systems, 7y is thickness-
dependent, increasing with the thickness of the growing film. Thus, layer-by-layer
growth occurs up to a critical film thickness, followed by a so-caled *“Stranski-
Krastanow” transition to island growth, as shown in Fig. 4.1(c). Strain-induced S-K
growth has been observed in a wide variety of systems, including Ge/Si*®% and
INAS/GaAs?#® In those cases, the film/substrate mismatch strain is relaxed elastically
by the formation of islands.

The dependence of the critical film thickness and maximum dot volume on the
mismatch strain can be derived from the equation for the surface energy. The free energy

of the surface during film growth, E, is composed of surface and elastic terms:
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E = Eaastic + Esurface = Edastic 4.1)

The elastic energy of the film is a function of the film’s biaxial modulus, M, mismatch

strain, ¢, and volume, V, and can be expressed as:**

Egasic = (1-a)Me?V (4.2)

where o is the fractional elastic relaxation of the film relative to the substrate. Therefore,

for 3D islands, o = h/D where h is the height of the island and D is the diameter, and for

2D films, a— 0. Thus for the growth of a 2D film such as the WL, the free energy per

unit area can be written as:*

Ep = MSzhf + 9t (4.3)

where h; is the thickness of the film. Similarly, after the S-K transition, the free energy

per unit area of the 3D film can be expressed as: *

Eap = (L-o)Me’hy + ¢ + Ay (4.4)

where Ay = ys — 71, and ys IS the surface energy of the 3D film. At the onset of dot

nucleation, hy = he, the critical thickness, and E;p = Esp, S0 equations (4.3) and (4.4)

above can be set equal:
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Mehe + 35 = (1-a)Me*he + yx (4.5)

Solving the above equation for h; yields:

(4.6)

Thus, the critical thickness for dot nucleation scales as 1/c%.3* Thus, we can expect a
larger critical WL thickness for systems in which the mismatch strain between the buffer
layer and the dot material is lower. The mismatch strain, ¢, is dependent on the film and

substrate | attice constants, & and as, as follows:
e= (as- ay)las (4.7)

Following the transition from 2D to 3D growth, additional deposition of the thin film
leads to an increase in island size. The islands continue to increase in size, and after the
islands reach a critica volume, V., dislocation nucleation occurs. The critica volume

scales as 3t ®

-1
86

V, (4.8)

The misfit, ¢, is defined as:
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&= (a5- as)las (4.9

Thus, we can expect a larger critical volume for systems in which the buffer/dot misfit is
lower. A summary of the dependence of the critical WL thickness and dot volume on
mismatch strain is shown in Fig. 4.2. In the following sub-sections, a review of previous

studies on the use of intentionally aloyed buffer and capping layersis provided.

4.2.2 Influence of Alternate Cation and Anion Deposition on Dot For mation

Thin film growth by MBE and MEE has been described in Chapter 2. During
film growth by MBE, the cation diffusion length is typically dependent on the substrate
temperature.***® For example, increasing the substrate temperature during the growth of
GaAs has been reported to increase the Ga surface diffusion length.***" In the case of the
alternate deposition of cation and anion species as in MEE, the cation diffusion length
may be tuned via the variation of the on/off time-periods of the sources.”*? Thus, during
the MEE growth of InAs, alonger cation diffusion length is typically observed, similar to
the case of MBE at a higher substrate temperature. In severa papers, INASGaAs dot
growth via MBE and MEE has been compared.>*® In all cases, dot growth via MEE and
MBE both displayed a RHEED pattern change indicating a 2D to 3D growth mode
transition, confirming that dot growth occurs via the S-K growth mode transition. Thus,

this investigation of the influence of aloy buffer and capping layers on InAsS/GaAs dot
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formation has genera applicability to thin film systems which exhibit the S-K growth

mode transition.

4.2.3 Influence of Alloy Buffer Layerson Dot Formation

To enable carrier confinement, InAs dots are typically grown on buffers of GaAs
or InyGag.xAs dloys. Interestingly, it has been reported that INAs/GaAs dots grown on
InGaAs buffers have higher densities than those grown directly on GaAs.*® However,
there have been conflicting reports on the effect of aloy buffers on dot size. For
example, in one report, AFM images suggested that the presence of an alloy buffer does
not influence dot size®; other studies have suggested that similar alloy buffers lead to an
increase’ or decrease’ in dot dimensions. Thus, the influence of alloy buffer layers on dot

size and WL thickness remains unknown.

4.2.4 Influence of Alloy Capping Layerson Dot For mation

Quantum dots are typically capped with a larger bandgap material to confine
carriers within the nanostructures. For example, InAs dots are typicaly capped with
GaAs or InyGay.xAs aloys. The procedure of capping can change the dot morphol ogy,
leading to a reduction in dot height, also known as dot “collapse”.*® It has been
suggested that capping InNAS/GaAs dots with InGaAs or GaAsSb in lieu of GaAs
minimizes the tendency for dot “collapse”.*® However, to date, the influence of alloy

capping layers has primarily been investigated qualitatively using plan-view STM or
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AFM.*® Therefore, the quantitative structure of the buried dots has not been resolved. In
terms of XSTM studies of this phenomenon, there has been one XSTM report on the
influence of InGaAs and GaAsSb capping layers on dot size® In addition, in another
XSTM study, the influence of GaAs grown on top of InGaAs-capped InAs QDs was
explored.®* However, both XSTM studies did not include a comparison to dots capped
with GaAs;®* thus, the extent of the dot collapse due to capping with GaAs vs. InGaAs
could not be compared. Furthermore, the influence of the alloy capping layers on the WL
thickness was not considered. Thus, the effects of aloy layer capping on the dot sizes

and wetting layer thickness remain unknown.

4.3 Experimental Details

The samples in this chapter were grown by Dr. J. D. Song and his group at the
Korea Institute of Technology (KIST).”® The details of the growth are presented in
Appendix A. XSTM was used to investigate the influence of the alloy buffer and capping

layers on dot formation and collapse. For XSTM, the samples were cleaved to expose a
(1T 0) surface as described in detail in Section 2.3 of this dissertation. Imaging was

performed with commercialy available Pt/Ir tips, which were cleaned in-situ by electron
bombardment. We examined severa high resolution images of the QD and AQD layers,
spanning > 0.5 pm®. All images in this chapter were obtained with a constant tunneling
current of 0.15 nA and a sample bias of -2.0 V. To differentiate the GaAs, the QDs, and
the clustered regions of the WL, we estimated the tip height criterion as explained in

detail in Appendix B.*
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4.4 Dot Dimensions, Density, and Wetting Layer Thickness

In this section, the influence of aloy layers on the shape, size, and density of QDs
and AQDs and the corresponding WLs are presented. Large-scale XSTM topographic
images of the QDs and AQDs are presented in Fig. 4.3, where the bright elipses
surrounded by darker layers correspond to InAs QDs in GaAs.** Furthermore, the WL
between the QDs contains regions of In clustering, as indicated in Fig. 4.3(a), similar to
that observed in previous XSTM studies of InAS/GaAs QDs grown by MBE.’** The
bright ellipses in Fig. 4.3 (b) correspond to alayer of AQDs. From Fig. 4.3, and severd
similar images, it is apparent that the dot sizes and the WL thicknesses are higher for the
AQDs in comparison with the QDs.

To quantify the differences between the two types of dots, we applied the line-cut
analysis described in Appendix B to the QDs and AQDs. The average dot width, dot
height, and WL thickness are plotted in Fig. 4.4.** The QD dimensions are represented
by solid circles while the AQD dimensions are represented by solid squares. The dots are
typically elipse-shaped, with major and minor axes corresponding to the reported dot
widths and heights. The average QD diameters and heightsare 16 + 3nmand 7 £ 1 nm,
respectively, while the AQDs are larger with average diameters and heights of 22 £ 3 nm
and 12 + 2 nm, respectively. Thus, the diameters (heights) of the AQDs are 38% (71%)
greater than those of the QDs. In addition, the WL between the QDs is 2.0 + 0.8 nm
thick whereas the WL between the AQDs is significantly thicker at 8 + 2 nm. It islikely

that intermixing with the surrounding GaAs diminished the QD dimensions and WL

82



thickness, whereas intermixing with the Ing.GaygAs aloy layers above and below the
AQDs most likely lead to an increase in the AQD dimensions and WL thickness. These
results suggest that the surrounding aloy layers influence the dot and WL dimensions,
consistent with earlier reports, as discussed in Sections 4.2.3 and 4.2.4.

To infer dot densities, we a'so measured the average lateral spacing between the
QDsand AQDs. The average lateral spacing between the QDsis 80 + 21 nm whereas the
average lateral spacing between the AQDs is 54 + 12 nm, suggesting that the aloy buffer
layer promoted an increase in dot density. Taking into account the reduction in mismatch
strain provided by the InGaAs aloy layers at the buffer/dot and dot/cap interfaces, a
strain-based mechanism for dot formation and collapse in the absence and presence of

aloy layersis proposed in the following section.

4.5 Mechanism for Dot For mation and Collapse

The increase in dot density along with dot and WL dimensions in the presence of
Ing2GagsAs aloy layers is likely due to the aloy layer-induced reduction in mismatch
strain at the buffer/dot and dot/cap interfaces. The targeted buffer/dot mismatch strain, ¢,
1S6.7% (& = 7.2%) for the QDs and 5.4% (& = 5.7%) for the AQDs. The targeted dot/cap
mismatch strain is 7.2% (& = 6.7%) for the QDs and 5.7% (& = 5.4%) for the AQDs. In
this section, we propose a strain-based mechanism for dot formation and collapse in the
absence and presence of InGaAs aloy layers. This mechanism is likely to be applicable

to awide range of lattice-mismatched thin-film systems.
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45.1 Mechanism for Dot Formation, Part |: Buffer Growth and Dot Nucleation

In Fig. 4.5, we propose a mechanism for dot formation in the absence and
presence of InGaAs alloy buffer layers.** The diagrams on the left and right represent the
growth stages and associated surface strain for the QDs and AQDs, respectively. The
buffer layer growth is shown in Fig. 4.5(a) and Fig. 4.5(b). The initia InAs deposition
leading to dot formation is depicted in Fig. 4.5(c) and Fig. 4.5(d). Finally, dot growth is
shown in Fig. 4.5(e) and Fig. 4.5(f).

Initially, the “substrate” for the QDs is an unstrained GaAs buffer, as shown in
Fig. 4.5(a), and the “substrate” for the AQDs is the strained 1ny ;GaygAs aloy, as shown
in Fig. 4.5(b). During the growth of the aloy buffer layer, the In diffuses lateraly and
segregates vertically, forming regions of varying [In] and surface strain on the growth
surface, as illustrated in Fig. 4.5(b).* For QD growth directly on GaAs, shown in Fig.
4.5(c), a 2D WL, with strain distribution similar to that in Fig. 4.5(b), is observed
initially. As discussed in Section 4.2.1, beyond a critical thickness which scales as 1/¢?,
the wetting layer becomes unstable to surface perturbations, thereby allowing the
formation of islands.**** However, the alloy buffer layer acts as a“pre-existing” WL, so
that when InAs is deposited on the alloy buffer, the In atoms nucleate to form dots in
regions where the [In] is higher, as shown in Fig. 4.5(d). Therefore, the initial AQD
density is expected to be higher than that of the QDs.

The final stages of InAs deposition likely proceeds as follows. As more InAs is
deposited, QD nucleation occurs, and the QDs increase in size, as shown in Fig. 4.5(e).

The compressive strain in the InAs layer is partialy elastically relaxed by dot formation,



leading to the lateral surface strain variation shown in Fig. 4.5(e), where the edges of the
dot are under higher compressive strain than the top surface of the dot. With additional
InAs deposition, the AQDs aso increase in size, as discussed in section 4.2.1 and as
shown in Fig. 4.5(f). However, at the surface, the compressive strain on the surface is

lower for the AQDs than the QDs due to the lower buffer/dot mismatch strain.

4.5.2 Mechanism for Dot Formation, Part I1: Cap Growth and Dot Collapse

In Fig. 4.6, a mechanism for dot collapse in the absence and presence of InGaAs
adloy capping layers is proposed.* The diagrams on the left and right represent the
growth stages and associated surface strain for the QDs and AQDs respectively. The
early stages of capping are shown in Fig. 4.6(a) and Fig. 4.6(b). Intermixing after
additional capping is depicted in Fig. 4.6(c) and Fig. 4.6(d), and the final dot structures
after capping are represented in Fig. 4.6(e) and Fig. 4.6(f).

As the QDs are capped with GaAs, Ga preferentialy accumulates in regions of
highest compressive strain such as the QD edges as shown in Fig. 4.6(a). With increasing
cap thickness, the high compressive dot/cap mismatch strain at the dot base facilitates the
diffusion of In atoms away from the QD, leading to QD collapse, as shown in Fig.
4.6(c).* On the other hand, as the AQDs are capped with Ing2,GaggAs, In adatoms
preferentially attach at the regions of the lowest compressive strain, namely on the top
surface of the dot, as shown in Fig. 4.6(b). Thus, Iny2GaygAs accumulates both on top of
and at the edges of the AQDs. The In from the surrounding alloy layers diffuses into the

AQDs and WL, leading to an increase in dot dimensions and WL thickness, asillustrated
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in Fig. 4.6(d). Thus, for the QDs, the increase in dot size and WL thicknessis limited, as
shown in Fig. 4.6(e). Conversely, for the AQDs, the surrounding alloy layers promote an
increase in dot and WL dimensions, as shown in Fig. 4.6(f).

Our model suggests that lattice-mismatch strain is influencing the In-Ga
interdiffusion at the buffer/dot and dot/cap interfaces. Previous studies of lattice-matched
InGaAg/InAlAs quantum wells revealed significant In diffusion, attributed to a difference
in the mobility between the Ga and Al atoms, which apparently promoted an In chemical
potential gradient across the interface.***® However, in those studies, temperatures > 700
°C were necessary to initiate the interdiffusion. Since the growth temperature for the
sample examined here is 480°C, and a large buffer-dot and dot-cap lattice-mismatch
exists, it islikely that lattice-mismatch strain is dominating the interdiffusion between the
dots and the surrounding buffer and capping layers. Furthermore, due to the differencein
size between the In and Ga atoms, the contribution of strain to the interdiffusion process

for the INAS/GaAs system cannot be ignored.

4.6 Conclusions

In summary, we have investigated the influence of InGaAs aloy layers on the
diameter, height, shape, and density of InAs dots, as well as the thickness of the
surrounding WLs. For both QDs and AQDs, XSTM images revea uncoupled €llipse-
shaped dots. The lateral spacing between the AQDs is lower than the lateral spacing
between the QDs, suggesting that the aloy buffer layer promotes an increase in dot

density. Furthermore, the alloy buffer and capping layers reduce the tendency for dot
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collapse, and the diffusion of In from the alloy layers surrounding the WL leads to an
increase in the apparent WL thickness. These results provide a valuable understanding of

the relationship between growth conditions and structure of semiconductor QDs.
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FvdM V-W SK

Fig. 4.1: Epitaxial growth modes: (a) layer-by-layer growth: Frank-van der Merwe
(FvdM), (b) island growth: Volmer-Weber (V-W), and (c) layer-by-layer growth
followed by atransition to island growth: Stranski-K rastanow (S-K).*
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Fig. 4.2: Dependence of critical WL thickness and maximum dot volume on mismatch
strain for the QDs and AQDs. The critical WL thickness and maximum dot volume are
higher for the AQDs than for the QDs.
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Fig. 4.3: Large-scale topographic XSTM images acquired at a sample bias of -2.0 V, with
bright regions corresponding to InAs in a GaAs matrix. (a) QDs: 3 ML InAs dotsin a
GaAs matrix. The gray-scale range displayed is 0.7 nm. (b) AQDs. 3 ML InAs dots
grown between a 1.25 nm of Ing,GaysAs buffer, and a 7.5 nm of 1ny>GaysAS capping
layer. The gray-scale range displayed is 0.8 nm. The observed periodicity is an artifact
due to the lock-in amplifier that was powered during the image acquisition. The dot
dimensions and WL thickness are greater for the AQDs in comparison to that of the QDs.
Reprinted with permission from Ref. 41.** Copyright 2009, American Institute of
Physics.
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Fig. 4.4: Comparison of width, height, and WL thickness for the QDs and
AQDs. These values are based upon line-cut analyses from high
resolution XSTM images of the QDs and AQDs. Reprinted with
permission from Ref. 41.41 Copyright 2009, American Institute of Physics.

91



" GaAs InGaAs InAs

v

f)

v

HH

(© d)

Exx > |} >
V\M

(@ (b)

Fig. 4.5: Mechanism for dot formation in the absence and presence of
InGaAs aloy layers, Part |: buffer layer growth prior to InAs deposition
for the (a) QDs and (b) AQDs; initial stages of InAs deposition for the (c)
QD layersand (d) AQD layers; dot nucleation for the (€) QD layers and (f)
AQD layers. Reprinted with permission from Ref. 41.41 Copyright 2009,

American Institute of Physics.



(d)

(b)

Fig. 4.6: Mechanism for dot formation in the absence and presence of
InGaAs dloy layers, Part Il: initial stages of capping with (a) GaAs for the
QDs and (b) Iny,Ga,gAs for the AQDs; additional capping and
intermixing for the (c) QDs and (d) AQDs, and final capped structures of
the (e) QDs and (f) AQDs. The dotted line represents the dot height prior
to capping. Reprinted with permission from Ref. 41.41 Copyright 2009,
American Institute of Physics.
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Chapter 5

Quantum Dot Electronic States

5.1 Overview

Advances in quantum dot (QD) devices will require an understanding of the
influence of variations in QD shape, composition, and strain on the electronic states. In
this chapter, investigations of the origins of electronic states in individua (uncoupled)
QDs and the surrounding wetting layers (WLs), are presented. Room temperature
scanning tunneling spectroscopy (STS) spectrarevea a gradient in the effective bandgap
within the QDs with smallest values near the QD core and top surfaces. The variationsin
effective bandgap are apparently dominated by indium composition gradients, with
minimal effects due to QD shape and strain. Indium composition gradients a'so dominate
the effective bandgap variations in the WL.

This chapter begins with abrief review of prior work concerning the measurement
of compositional variations and effective bandgaps in QDs and the surrounding WLs.
The experimental details are then described. Next, we describe investigations of the
effective bandgap variation across severa individual, uncoupled, QDs and in the WL,
respectively. Using a combination of cross-sectional scanning tunneling microscopy
(XSTM) and STS, we find decreases in the effective bandgap both laterally and vertically

(in the growth direction). These trends are consistent with an increase in [In] toward the
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center and top of the QD. Similar trends were aso observed in the WL. This work was
supported in part by the Army Research Office Multidisciplinary University Research
Initiative under Grant No. ARO-MURI DAAD19-01-1-0462 and by the Department of

Energy under Grant No. DE-FG02-06ER46339, monitored by J. Zhu.

5.2 Background

In this section, a brief summary of prior work on the compositional variations in
QDs and the WL is presented, along with prior STS measurements of the QD effective
bandgap.

A number of reports have suggested that QDs often have non-uniform
compositions across their width™? and height*® due to indium (In) segregation and inter-
diffusion at the interface between the GaAs and InAs layers. These reports suggest that
the lateral [In] is highest at the QD core and that the vertical [In] increases in the growth
direction. The regions between the QDs, the so-called wetting layers (WLs), contain
sparse concentrations of individual In atoms which have not agglomerated to form a 3D
island.” The WLs are typically 2D inhomogeneous films with significant [In] gradients,
including vertical In segregation and lateral In clustering.®®

To date, the effect of compositional variations on the QD and WL electronic
states remains unknown. Although one cross-sectional STS study of molecular beam
epitaxially (MBE)-grown QDs reveadled a variation in QD effective bandgap in the

growth direction,* any corresponding lateral variations in effective bandgap were not
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consdered. Thus, the origins of the effective bandgap variations have not been

identified.

5.3 Experimental Details

The QD samplesin this chapter were grown by Dr. J. D. Song and his group at the
Korea Institute of Technology (KIST).**** The growth details are presented in Appendix
A.

XSTM and STS measurements were used to investigate the origins of electronic
states in the QDs. For XSTM, the samples were prepared as described in Section 2.3.
STS measurements were performed using the variable tip-sample separation method,™
described in Section 2.4. We examined several high resolution images of the QDs
spanning > 0.5um® and acquired STS spectra from more than 70 QDs. To differentiate
the GaAs, the QDs, and the clustered regions of the WL, we used the tip height criterion

described in Appendix B.*

5.4 Uncoupled QDs

In this section, we report on the effective bandgap variations across individual,
uncoupled QDs. An example large-scale XSTM topographic image of the QDs and the
surrounding WL is shown in Fig. 5.1. In Fig. 5.1, the bright elipses surrounded by
darker layers correspond to InAs dots in GaAs. Due to the relatively thick (50 nm)

spacer layer between the QDs, the dots are uncorrelated, similar to earlier reports.’
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Furthermore, the WL contains regions of significant In clustering, which are labeled with
dashed lines on the image.

Figure 5.3(@) shows an example XSTM image where the bright elipse, with
major and minor axes of 16 nm and 6 nm respectively, corresponds to an INnAs QD in a
GaAs matrix. In Fig. 5.3(b), the normalized conductance versus sample bias voltage is
plotted for the edge and center of the QD shown in Fig. 5.3(a), in comparison with a
region of clean GaAs. The GaAs spectrum, shown at the bottom of Fig. 5.3(b), displays
well-defined band edges, with abandgap of 1.45 eV, similar to that of bulk GaAs at room
temperature. The measured bandgap is slightly larger than the predicted 1.42 eV, likely
due to tip induced band bending.™>*® In Fig. 5.3(b), a the edge of the QD, the effective
bandgap is 1.09 eV (plot 1), while at the QD core, the effective bandgap is 0.87 eV (plot
2). Thus, a gradient in the effective bandgap is observed, with the effective bandgap
decreasing laterally toward the QD core. A similar trend was observed in a real-space
computational study using a moments-based tight-binding method, with a STM image
contrast algorithm to determine the atom types and positions.’® In that study, the
computations suggested a variation in the effective bandgap within the QD, with the
narrowest bandgap near the QD center as shown in Fig. 5.2(d), consistent with the STS
data (collected by the author) shown in Fig. 5.2(c). However, for the computations, we
assumed a QD composed of pure InAs, and only latera variations in effective bandgap
were considered.

To gain a more thorough understanding of the effective bandgap variation within
and between QDs, we measured the effective bandgap both laterally and vertically across

QDs. Thus, spatialy-resolved STS spectra were collected from several €llipse-shaped
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QDs with 14 + 1 nm mgjor axes. The plots of normalized conductance vs. energy, such
as that shown in Fig. 5.3(b), were then used to determine the energetic positions of the
effective valence and conduction band edges, which presumably correspond to the lowest
confined hole (Ep) and electron (E.) levels respectively. In Fig. 5.4(a) and Fig. 5.4(b),
average values of E,, and E¢ as a function of the lateral and vertical position within a QD
are plotted as solid circles.

In a QD, due to confinement, the lowest confined electron and hole levels are
expected to be higher in energy than the band edges of a bulk semiconductor. Thus, the
measured E. and En for an InGaAs/GaAs QD are expected to be larger than the
corresponding values for a bulk-like InGaAs aloy. However, for a given materials
system, similar trends are expected for both the bulk-like alloy and the quantum-confined
structure. Thus, using the In composition gradients reported previously for similar-sized
QDs,*® the lateral and vertical band-edge variation for an undoped bulk-like InGaAs
aloy (without quantum confinement) was estimated, and plotted as a solid line in Fig.
5.4.

The latera variations in QD effective bandgap are shown in Fig. 5.4(a). In this
case, the effective bandgap is narrowest at the QD center. Since the INAS/GaAs lattice-
mismatch strain is predicted to increase the lateral effective bandgap towards the QD
core,® as shown in Fig. 5.5(c), it is unlikely that strain is dominating the lateral effective
bandgap variation. Given that the QD is widest at the center, and the [In] is expected to
be highest at the QD center, it is possible that lateral variations in the well width and/or

[In] in the QD are dominating the lateral effective bandgap variation.™
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The vertical variations in the QD effective bandgap are shown in Fig. 5.4(b).
Here, the effective bandgap is narrowest at the top of the QD. The QDs are wider at the
center, and the INAS/GaAs lattice-mismatch strain is predicted to increase the effective
bandgap for a OD structure in the growth direction.?®** As shown in Fig. 5.5(d), it is
unlikely that strain or vertical variations in the well width are dominating the effective
bandgap variation in the growth direction. Since both the lateral and vertical variations
of the effective conduction and valence band edges follow the trend of the In-
composition gradient induced band-edge variations, it is likely that [In] variations
dominate the effective bandgap variations. Furthermore, since both the lateral and
vertical variations of the effective conduction and valence band edges follow the trend of
the In-composition gradient induced band-edge variations, it is likely that [In] variations

dominate the effective bandgap variationsin the QD.

5.5 Wetting L ayer

We aso examined the lateral and vertical variations in effective bandgap of the
WL, as shown in Fig. 5.6. The WLs typically exhibit [In] gradients due to interdiffusion
and surface segregation, and contain sparse concentrations of individual In atoms which
have not agglomerated to form a3D island.”** Regions of significant In clustering were
identified using the procedure described in Appendix B, and STS spectra were collected
both laterally and vertically across the WL regions with significant In clustering. The
normalized conductance was used to estimate the energetic positions of the effective

valence and conduction band edges, using the anaysis described in Section 2.4. The

102



resulting effective bandgap variations as a function of position within the WL laterally
and vertically are shown in Fig. 5.6(a) and 5.6(b) respectively. Inthe plot, ‘O’ marks the
edge of a clustered region. The measured effective bandgap in the WL was linearly
corrected for tip induced band bending by multiplying the measured value for E. and Ep,
by a correction factor which would produce a GaAs bandgap of 1.42 eV, as described in
Appendix C. For comparison, the band edges for bulk In,Gay.xAs were calculated using x
values from previous XSTM and TEM studies of the WL,® and plotted in Fig. 5.6 as a
solid line.

Laterally, the effective bandgap decreases towards the center of the cluster, where
the [In] is presumably the highest,”® similar to the trend observed within the QDs,
discussed in Section 5.4. Verticaly, there is limited variation in the [In],**° and
correspondingly, the variation in effective bandgap is also limited, and is approximately
equal to 1.31 + 0.01 eV. Thus, the latera and vertical variations in the [In] dominate the

effective bandgap in the WL aswell asin the QDs.

5.6 Conclusions

In summary, we have used variable separation STS to examine nanoscae
variations in the effective bandgap within InAs/GaAs QDs and the clustered regions of
the WL. The datareved variations in the effective band gap across individual QDs both
lateraly and in the growth direction. Laterally, the effective bandgap decreases toward
the QD core and vertically, the effective bandgap decreases in the growth direction.

These results are consistent with an increase in [In] toward the center and top of the QD,
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suggesting that [In] variations dominate the variations in QD effective bandgap.
Similarly, in the clustered regions of the WL, [In] variations dominate the variations in
the WL effective bandgap. Thus, the variations in effective bandgap are apparently

dominated by In composition gradients, with minimal effects due to QD shape and strain.
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Fig. 5.1: Large-scale XSTM topographic image of the uncoupled InASGaAs QDs, with
bright regions corresponding to InAs. WL regions with significant In clustering are
labeled. The image was acquired at a sample bias of -2.0 V. The gray-scale range
displayed is 0.7 nm. The QDs and the clustered regions of the WL are indicated by the
dashed lines near the top and bottom of the image. Reprinted with permission from Ref
17.1® Copyright 2009, American Institute of Physics.
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Fig. 5.2: (a) Atomic resolution XSTM image of an INAS/GaAs QD. The bright region is
the QD and the dark is the GaAs buffer. (b) The atomic structure of the QD determined
from the STM image. The LDOS of (I) the Ga atom in the buffer, (1) an In atom in the
QD, and (II1) an In atom near the interface from (c) the experimental STS spectra
collected by the author and (d) the computational studies at UIUC. Reprinted with
permission from Ref 20.° Copyright 2006, American Institute of Physics.
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Fig. 5.3: (a) XSTM topographic image acquired at a sample bias of -2.0V. The gray-scale
range displayed is1 nm. In (b), spatially resolved STS spectrafrom points (1) and (2) are
plotted in comparison with aregion of clean GaAs. The effective valence and conduction
band edges are indicated by vertical dashed lines at negative and positive sample
voltages, respectively. The sample voltage corresponds to the energy relative to the
Fermi level. Reprinted with permission from Ref 17.%° Copyright 2009, American
Institute of Physics.
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Fig. 5.4: Spatia variations in the energies of the effective conduction and valence band
edgesin the GaAs and QD in the (a) horizontal and (b) vertical directions, with respect to
the QD center. The calculated In,Ga;.xAs band edges with x=0.35 at the QD edge,
x=0.65 at the QD core, x=0.6 at the QD bottom, and x=0.9 at the QD top surface are
indicated by the solid line. The x values were determined from XSTM measurements of
[In] across similarly-sized QDs.? Reprinted with permission from Ref 17.° Copyright
2009, American Institute of Physics.
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Fig. 5.5: Predicted trends in QD effective bandgap variation due to shape ((a),(b)), strain
((9),(d)), and [In] variations ((e),(f)). (a) Laterally, the QD is wider at the center than at
the edges; thus, the effective bandgap is expected to decrease towards the QD center. (b)
Vertically, the effective bandgap is expected to be narrowest towards the center of the
QD. (c) Lateraly, the bandgap is predicted to decrease towards the edges of the QD. (d)
Vertically, strain is expected to increase the bandgap towards the top surface of the QDs.
(e) Lateraly, the [In] is highest towards the center of the QD, and thus, the effective
bandgap decreases towards the QD center. (f) Verticaly, the [In] is highest near the top
surface of the QD; thus, the calculated effective bandgap decreases towards the top of the

QD.
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Fig. 5.6: Spatia variations in the energies of the effective conduction and valence band
edges in the WL (a) laterally and (b) vertically with respect to the WL edge. The
calculated InsGay.xAs band edges with x=0.26 at the edge of the WL clustered region,
x=0.32 at center, x=0.15 at the bottom of the clustered region, and x=0.10 at the top
surface is indicated by the solid line. The x values were determined from XSTM and
TEM measurements of [In] across the WL between QDs.®
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Chapter 6

Summary and Suggestions for Future Work

6.1 Summary

Over the past severa years, mercury cadmium telluride (MCT) and InAS/GaAs
guantum dot heterostructures have enabled significant advances in optoelectronic
devices. In both cases, further advances will require an improved understanding of the
interface issues in these structures. For example, dark currents in MCT-based infrared
detectors have been attributed to various defects at the heterostructure interfaces.
Although earlier studies of MCT based heterostructures had revealed significant
concentrations of point defect clusters* and dislocations? in MCT-based structures, only a
few studies had considered the effects of alloy non-uniformities on detector properties.
345 In the case of INAS/GaAs self-assembled quantum dots, further advances in dot-
based devices will require a narrowing of the density of states. This may be achieved
through an improved understanding and control of dot size, density, and shape, and their
influence on the electronic states. In this dissertation, 11-VI substrate growth and
processing procedures were developed to lower the substrate resistivity. In the future,
these substrates can be used for the subsequent growth of MCT heterostructures to be

examined using a combination of cross-sectional scanning tunneling microscopy (XSTM)

and variable separation scanning tunneling spectroscopy (STS). In addition, the
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nanometer-scale influence of surrounding alloy layers on the structural properties of
INAS/GaAs quantum dots were investigated using XSTM. Furthermore, the origins of
electronic states in INAS/GaAs quantum dots were explored using a combination of
XSTM and STS. In the following sections, a brief summary of the results from these

studies will be presented.

6.1.1 CdZnTe Substrate Design and Char acterization

We investigated the influence of substrate orientation and thickness on the
cleavage of CdTe and CdpgsZnoosTe substrates, as well as the influence of In doping and
annealing on the substrate resistivity. The flattest cleaves were achieved with (111)-
oriented CdpgsZNposaTe and CdTe substrates. Furthermore, a thickness of 900 pm
provided consistently flat cleaves for this material system. In an attempt to lower the
resistivity of the substrates, the influence of doping and annealing were also investigated.
Doping a CdTe crystal with indium to ~ 2.2 x 10" cm™ brought the resistivity down to 3-
5 Q-cm, and annealing the substrates under a Cd overpressure at 750 °C further reduced
the resistivity to 0.04 Q-cm. Thus, substrates suitable for the subsequent growth of
epitaxial MCT layers for XSTM studies have been identified. These CdTe:In substrates
aso have potential applications in x-ray and y-ray detectors®’  Furthermore, a
heterostructure to enable XSTM investigations of Hgi.xCdxTe films sensitive to mid-to-
long wavelength infrared radiation was designed. Since Hg can vaporize from the MCT
surface in appreciable quantities, a ~ 70 °C,*° any cleaved pieces of MCT on the

chamber bottom would release appreciable quantities of Hg during a chamber bakeout
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(typically ~ 150 °C), detrimentally contaminating the STM and the chamber. Thus, to
pursue XSTM studies of the MCT heterostructures, a dedicated system with cleaving

capabilities in a separate but interconnected chamber would be needed.

6.1.2 Influence of Alloy Buffer and Capping Layerson Quantum Dot Structure

The influence of Inyg,GaysAs aloy layers on the diameter, height, shape, and
density of InAs dots, as well as the thickness of the surrounding WLs were investigated
using XSTM. The latera spacing between the AQDs was found to be lower than the
lateral spacing between the QDs, suggesting that the aloy buffer layer promoted an
increase in dot density. Furthermore, the alloy buffer and capping layers reduced the
tendency for dot collapse, and the diffusion of In from the aloy layers surrounding the
WL led to an increase in the apparent WL thickness. Taking into account the reduction
in mismatch strain provided by the InGaAs alloy layers at the buffer/dot and dot/cap
interfaces, a strain-based mechanism for dot formation and collapse in the absence and
presence of InGaAs aloy layers was proposed. These results provide a vauable
understanding of the relationship between growth conditions and structure of
semiconductor dots, and are applicable to a wide range of similarly lattice-mismatched

systems.

6.1.3 Influence of Structural Variations on Quantum Dot Electronic States
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Nanometer-scale variations in the effective bandgap, the energy difference
between the lowest confined electron (Eg) and hole (En) energies, within individual
INAS/GaAs QDs and the clustered regions of the WL, were examined using variable
separation STS.® The data reveal variations in the effective band gap across individual
QDs both laterally and in the growth direction. Laterally, the effective bandgap
decreases toward the QD core, and vertically, the effective bandgap decreases in the
growth direction. These results are consistent with an increase in [In] toward the center
and top of the QD, suggesting that [In] variations dominated the variations in QD
effective bandgap. Similarly, in the clustered regions of the WL, [In] variations dominate
the variations in the WL effective bandgap. Thus, the variations in effective bandgap are
apparently dominated by indium composition gradients, with minimal effects due to QD

shape and strain.
6.2 Suggestionsfor Future Work

In the following sections, suggestions for future work are described. In all cases,
preliminary work has been completed by the author. The work in Harvard was supported
by the Horace H. Rackham School of Graduate Studies and the Radcliffe Institute for

Advanced Studies.

6.2.1 Influence of Dopant Atomson QD Electronic States
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Doping of 1l1-V semiconductors with transition metals such as Mn leads to
simultaneous semiconducting and ferromagnetic behavior, thus enabling devices such as

spin-valves and spin-injection contacts,****

In the case of QD structures, Mn-doping
enables the achievement of spin-polarized optoelectronic devices such as lasers and
LEDs. " For epitaxialy grown GaMnAs heterostructures, ferromagnetism has been
reported to occur below the reported Curie temperature of < 180 K, although the use of
ion implantation to form nano-clusters of MnAs in GaAs has produced Curie
temperatures as high as 360 K.?># On the other hand, for InAsMn QDs, Curie
temperatures > 300 K have been reported.”>*® It has been suggested that Mn atoms act as
acceptors in both GaAs and in InAs QDs,*** and prior STS studies have revealed the
presence of mid-gap states in the STS spectra of GaAs:Mn and InAs:Mn. Furthermore, it
has been suggested that the mgority of the Mn atoms in InAs:Mn QDs are contained
within the QD, rather than in the surrounding GaAs matrix.'® However, those
conclusions are based upon Electron Energy Loss Spectroscopy (EELS) measurements
performed in a TEM, which has a limited spatial resolution as discussed in Section 1.2 of
this dissertation.*** Thus, the distribution of the Mn atoms in and around the QDs and
the influence of Mn atoms on QD el ectronic states remains unknown.

To examine the atomic-scale distribution of Mn atoms and their influence on the
electronics states of the InAs:Mn QDs, a combination of XSTM and STS is a promising
aternative. Using XSTM, we have previoudly quantified the distribution of Mn defects
in GaMnAs films,?®® and using STS, we have previously compared measurements of the

effective bandgap from different locations within the same QD, as discussed in Chapter
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5.2 Thus, we have the tools and skills necessary to study the distribution and influence
of Mn atomsin and around InAs:Mn QDs.

To examine the influence of Mn atoms on the QD effective bandgap, STS spectra
were acquired from the QD center, edge, and surrounding GaAs matrix, of the structure
shown in Fig. A.2 of Appendix A.*® Preliminary STS data from InAs:Mn QDs reveals
mid-gap features indicated by arrows in Fig. 6.1. The mid-gap features are most likely
due to states associated with Mn atoms, similar to arecent report for bulk-like InAs:Mn.?*
From the STS data, it appears that the number of mid-gap features increases towards the
outskirts of the QD. For example, there are more mid-gap features at the QD edge
compared to the QD core. In addition, there are significantly more features in the GaAs
surrounding the QDs in comparison to those of the QD core and QD edge. Thus, it is
likely that the Mn dopants within the QD modify the band structure of the surrounding
GaAs.

In the future, additional XSTM and STS measurements are suggested to further
quantify the distribution of Mn atoms and their influence on the band structure of the
QDs and surrounding GaAs matrix. XSTM would be used to map out the distribution of
the Mn atoms in and around the QDs. STS data would alow the quantification of
energies of the mid-gap features with position relative to the QD core, and a comparison
of STS spectra from the InAs QDs and the InAs:Mn QDs would enable further analysis
of the source of the mid-gap features observed in the STS spectra. In addition, low
temperature STS measurements would enable (i) a greater energy resolution in the
spectra, aswill be discussed in Section 6.2.3, and (ii) the measurement of the Mn-induced

electronic states at temperatures below the Curie temperature.
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6.2.2 Effect of Capping on Quantum Dot Structure and Electronic States

To date, the influence of alloy buffer and capping layers has primarily been
investigated qualitatively using plan-view STM or AFM, and therefore, the quantitative
structure of the buried dots was not resolved.””® In Chapter 4, XSTM studies of the
influence of alloy layers on InAs dot formation suggested that the use of buffer and
capping layers composed of InGaAs in lieu of GaAs promotes an increase in dot
dimensions.® However, the separate influence of alloy buffer and capping layers was not
considered. Using a combination of plan-view STM and XSTM, it would be possible to
consider the effects of the aloy buffer and capping layers separately. To investigate the
influence of alloy buffer layers on dot dimensions, 3 ML InAs dots grown on (i) a GaAs
buffer or (ii) an Iny>GaygAs buffer would be examined using in situ plan-view STM.
STM images such as the one shown in Fig. 6.2 would be used to quantify the dot
diameters, height, and density. The dots would then be capped with (i) 300 nm GaAs or
(i) an Ing2GaggAs capping layer followed by 300 nm GaAs. Subsequent XSTM
measurements are expected to revea the influence of the alloy capping layers on dot
dimensions, shape, and density, as well as WL thickness. Thus, using a combination of
plan-view STM and XSTM to measure dot dimensions both before and after capping
(with GaAs or Ing,GaggAs), it should be possible to quantify the enhancement or

reduction in dot dimensions due to the capping layer.
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6.2.3 Low Temperature ST S of Quantum Dots and Wetting L ayer

In this thesis, the room temperature structural and electronic properties of QDs
were investigated using a combination of XSTM and variable separation STS. These
room temperature XSTM and STS results provided insight into how the electronic band
structure varies within individual QDs. However, many of the confined states within the
nanostructures are expected to be separated by fractions of kT, and due to therma
broadening at room temperature, only the ground states could be measured in this thesis.
To improve the energy resolution of the spectra, it is necessary to perform XSTM and
STS experiments at low temperatures. To date, in addition to the room temperature
measurements presented in this dissertation, the author also used an Omicron VT-25 at
Harvard University during January — June 2006. Prior to the trip to Harvard,
modifications to the sample holders, cleaving tool, and telescope, were designed. Upon
arrival at Harvard, further modifications to the sample holders and cleaving tool were
made, and a number of programs were written to drive the data collection electronics for
STS. Details of the sample holder design and cleaver modifications are provided below.
An additional opportunity to perform low temperature measurements on the Omicron VT
was available at the Materials Research Lab (MRL) at the University of Illinois at Urbana
Champaign (UIUC), and the research staff suggested an aternate sample holder
configuration, which will also be discussed in this section. In August 2009, the Goldman
group acquired anew Omicron VT, and the designs from the trip to Harvard were used to

fabricate additional sample holdersfor use a Michigan.
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XSTM Sample Holder (SH) Design for Low Temperature Experiments

For XSTM, specia sample holders, which minimize vibration, but enable sample
cleaving, are needed. To design the new XSTM sample holder (SH) for low temperature
experiments, we first considered the key features of the Park Autoprobe VP SH used to
obtain all the datain thisthesis, shown in Fig. 6.3(a). This was described in more detail in
Chapter 2 of this thesis, and in the PhD thesis of B. Lita®*" For the Autoprobe VP, to
minimize sample vibrations, the entire SH was carved out of one large piece of
molybdenum. Within the SH, the cantilever-shaped sample was clamped by metal plates
termed SH ‘jaws. The moveable lower ‘jaw’ of the SH, shown in Fig. 6.3(a), enabled
positioning the sample flush against the back of the SH prior to subsequent sample
clamping.

To optimize the design of the new XSTM SH, the key features of the Autoprobe
VP SH were carefully mapped onto the Omicron VT STM, considering size and design
differences. First, the SH size was scaled down to fit into the Omicron VT stage, with
dimensions of 1.8 cm x 1.2 cm (in lieu of the 3.1 cm x 3.1 cm for the Autoprobe VP).
Carving such asmall SH out of one piece of molybdenum proved to be difficult because
it is very brittle. To provide thermal isolation between the STM electronics and the
sample, the Omicron VT SH includes a top ceramic plate with a window to alow tip
access, as shown in Fig. 6.3(b). The top ceramic plate is attached to the metal SH using
threaded rods and spacers, as shown in Fig. 6.3(c). This connection was enabled by
drilling 1 mm screw holesinto the base plate.

An alternate SH design was suggested by the research staff at the UIUC MRL, but

the SH could not be used for our experiments. The SH modification involved a single
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clamping screw would be used, as shown in Fig. 6.4. However, the single screw was
ineffective in clamping the sample (leading to the sample falling out of the SH jaws), and
thus, the single-screw SH could not be used. Therefore, for the new Omicron VT of the
Goldman group, we have fabricated SHs using our origina Omicron VT XSTM SH

design shown in Figs. 6.3(b) and (c).

Cleaver Design

For XSTM, cleaving is typically performed in the UHV chamber by lowering a
cleaver onto the sample in a controlled manner. In the Autoprobe VP, to cleave the
sample, the fixture containing a 60° diamond tip is lowered via a Z-linear sider on the
manipulator. Cleaving is achieved by the controlled lowering of the diamond tip until it
is in contact with the sample surface. Idedly, this causes the sample to cleave along the
scribe mark, ideally revealing aflat surface. Additional details on cleaving the samplein
the Autoprobe VP are provided in Chapter 2 of thisthesis and in the PhD Thesis of Dr. B.
Lita®

For the experiments at Harvard, we used the cleaver from Omicron, which
consisted of a 2-armed clamping device. Since our samples are cleaved from the epilayer
side and not the substrate side, as discussed in Section 2.3.5, we utilized only one arm of
the Omicron cleaver. In addition, to utilize the 1-armed Omicron cleaver, the samples
were vertically oriented during the cleaving. Thus, the cleaved pieces would often land
on the sample instead of falling to the bottom of the chamber.

To avoid such problems in the new VT-STM, the author designed a new cleaver

to be mounted on top of the analysis chamber of the Omicron VT STM, as shown in Fig.
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6.5. The cleaver consists of a metal rod connected to a linear feed-through. A diamond
tip mounted onto the end of the metal rod will contact the sample in order to cleave it.
The linear feed-through will alow us to extend the cleaver into the chamber in order to
cleave the sample, and then, after cleaving, retract the cleaver away from the center of the

chamber, as shown in Fig. 6.5.

Low T STM/STS Measurements

The author was able to test the first generation of the SHs in 2006 while visiting
Harvard, and the preliminary data is discussed in this paragraph. An XSTM topographic
image of an INAS/GaAs QD is presented in Fig. 6.6(a), where the bright ellipse
corresponds to an InAs QD in a GaAs matrix. In Fig. 6.6 (b), the normalized
conductance versus sample bias voltage is plotted for the edge and center of the QD
shown in Fig. 6.6(a), in comparison with aregion of clean GaAs. The effective bandgap
decreases laterally towards the center of the QD, similar to the trend discussed in Section
5.4 of this dissertation. However, we note that the measured bandgaps are larger than the
expected values for GaAs and the QD. Since the system at Harvard lacked a suitable tip
preparation tool, the STM tips were not cleaned via electron emission prior to the
experiments, and were likely covered in alayer of oxide.

It is anticipated that using the new sample holder and cleaver on the Goldman
Group Omicron VT, combined with the in-situ tip preparation tool (which will enable tip
cleaning prior to experiments as discussed in Section 2.3.4) will enable low temperature
STS measurements from the INAS/GaAs QD samples. Thus, experiments are planned to

examine the influence of temperature on the QD and WL electronic states, and will likely
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reveal a series of features corresponding to the hole and electron ground and excited

32-35

states separated by an effective bandgap. The influence of dopant atoms such as Mn

can aso be examined at both room and low temperatures using the Omicron VT.
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Fig. 6.1: Plot of spatially-resolved STS spectra from the center and edge of InAs:Mn
QDs, in comparison with aregion of clean GaAs. The effective valence and conduction
band edges are indicated by vertical lines at negative and positive sample voltages,
respectively. The sample voltage corresponds to the energy relative to the Fermi level.
Vertical arrows indicate mid-gap features in the GaAs spectrum, which presumably
correspond to Mn-induced el ectronic states.
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Fig. 6.2: (@) Plan-view STM topographic image of InAs/GaAs quantum dots grown on a
GaAs buffer acquired at a sample bias of -2.0 V. The scale bar has not been corrected to
account for scanner calibration. In (b), a spatially-resolved STS spectrum from point (1)
is plotted in comparison with a region of clean GaAs. The effective valence and
conduction band edges are indicated by vertical lines. The sample voltage corresponds to
the energy relative to the Fermi level. The measured bandgap is 1.90 eV (1.23 eV) for the
GaAs (QD). Although the bandgaps are larger than the expected values of 1.43 eV (0.36
eV), the appropriate trend (InAs Ey < GaAs Ey) is apparent.
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Fig. 6.4: (8) Sample holder designed by the author and fabricated at Harvard. Two
screws are used to clamp the sample in the holder. (b) Sample holder suggested by
research staff at the MRL in UIUC. Since only one clamping screw is used in this case,
the sample holder was ineffective at clamping the sample within the sample holder jaws.
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Fig. 6.5: Cleaver design for Omicron VT-25. (a) The cleaver is mounted on the top of the
analysis chamber and consists of a metal rode connected to a linear feedthrough. (b) The
diamond tip mounted onto the end of the metal rod contacts the sample in order to cleave
it. The linear feedthrough extends or retracts the cleaver in the chamber.
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Fig. 6.6: (&) XSTM topographic image of INAs/GaAs quantum dots grown on a GaAs
buffer acquired with the Omicron VT-25 at Harvard University, using a sample bias of -
2.0 V. Spatialy-resolved STS spectra from the edge and center of the QD are plotted in
(b), in comparison with a region of clean GaAs. The effective valence and conduction
band edges are indicated by vertical lines. The sample voltage corresponds to the energy
relative to the Fermi level. The effective bandgap at the QD edge is larger than the
effective bandgap at the QD center, mimicking the trend observed in Chapter 5.
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Appendix A

INAS/GaAs Quantum Dot Sample Growth Details

In this appendix, the growth details for the samples examined in Chapters 4, 5,
and 6 of this dissertation are described. This includes the uncoupled InAs/GaAs quantum
dot superlattices with and without surrounding alloy layers, discussed in Chapters 4 and
5, and the InAs/GaA s guantum dots doped with Mn, discussed in Chapter 6.

The samples examined in Chapters 4 and 5 of this dissertation were grown by Dr.
J. D. Song and his group a the Korea Institute of Technology (KIST).>? The epitaxia
layers were grown on (001) n+ GaAs substrates in a solid-source VG80 MBE. The
heterostructures consisted of one layer of InAs dots with Ing.GaggAs aloy buffer and
capping layers (termed alloy quantum dots or “AQDS’), and 3 sets of superlattices (SLS)
with 1, 3, and 8 layers of 3 ML InAs quantum dots (QDs), without surrounding alloy
layers, followed by 50 nm of GaAs. Each set of SLs was separated by a multilayer
consisting of 20 or 40 nm of AIAS/GaAs short-period SLs sandwiched between two 70
nm GaAs layers. The dot layers were separated by > 50 nm of GaAs to prevent dot
stacking and coupling.

In both cases, for dot growth, the In and As were deposited aternately for 8s,
followed by a 5s growth interruption in the absence of As to allow dot nucleation.! The
beam equivalent pressures for In and As were ~ 10 Torr and ~ 107 Torr respectively. A

total of 3ML InAs was deposited in thisway. For the AQD layers, the dots were grown
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on 1.25 nm of 1ng.GaggAs, followed by capping with 7.5 nm of 1ng,GaygAs. The entire
structure was grown at 480°C and capped with 300 nm GaAs, as shown in Fig. Al. All
layers, except the InAs and Ing»,GaogAs layers, were Si-doped at ~ 3 x 10™® cm™>. The
targeted buffer/dot mismatch strain, ¢, is 6.7% for the QDs and 5.4% for the AQDSs.

The InAs:Mn QD structure discussed in Chapter 6 was grown viaMBE by Dr. M.
Holub at the University of Michgan.®> The samples were grown on (001)-oriented p+
GaAs substratesin aVarian GEN-1I MBE. The heterostructures consisted of one layer of
InAs QDs and one layer of INAs:Mn QDs (10% Mn) separated by 20 nm of GaAs. First,
a 500 nm GaAs buffer layer, followed by 40 nm AlAS/GaAs superlattices and 50 nm of
GaAs were grown at 610 °C.* The substrate temperature was then reduced to 280 °C,
and 4.2 ML of InAs were deposited, followed by a 45 second growth interruption to
allow dot formation. Next, a 20 nm GaAs spacer layer was grown, followed by the
InNAssMn QDs. For the growth of the InAssMn QDs, 2.0 ML of InAs was initialy
deposited in the absence of Mn. The Mn effusion cell shutter was then opened for the
growth of thefina 2.2 ML of InAs, thus producing InAs:Mn QDs. Dot growth was again
followed by a 45 second growth interruption prior to additional capping at the low growth
temperature. During the growth of this structure, an As;:Ga beam equivalent pressure of
~16:1 was used, and the InAs growth rate was 0.07ML/s. The structure was capped with
500 nm GaAs, and all layers, except the InAs QDs, were Be doped at ~ 5 x 10 cm™ as

shown in Fig. A2.
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70 nm GaAs

10X AlAs/GaAs
50 nm GaAs

3-period QD
superlattice

70 nm GaAs
20X AlAs/GaAs
1-period QD 50 nm GaAs
superlattice

70 nm GaAs
10X AlAs/GaAs
70 nm GaAs

llayerAQDs | |

50 nm GaAs

40X AlAs/GaAs
50 nm GaAs

n+ GaAs(001) substrate

Fig. Al: Cross-section of the target layer structure which consisted of Si-doped 1-,
3-, and 8-period QD superlattices (SLs) consisting of 3 ML InAs and 50 nm GaAs,
and an AQD layer grown on 1.25 nm In,,Ga,sAs and capped with 7.5 nm
In, ,Ga, gAs. The entire structure was grown on a (001)-oriented GaAs substrate.
Each set of QD SLs was separated by a by a multilayer consisting of 20 or 40 nm
of AlAs/GaAs short-period SLs sandwiched between two 70 nm GaAs layers. Not
shown in the diagram are the 8-period QD SL followed by a 300 nm GaAs cap.
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500 nm GaAs

200 ¢ InAs:Mn QDs
_ I I I H I | InAs QDs
50 nm GaAs
610 C 20X AlAs/GaAs

50 nm GaAs

500 nm GaAs

p+ GaAs(001) substrate

Fig. A2: Cross-section of the target layer structure which consisted of 1 layer of 4.2
ML InAs QDs and 1 layer of 4.2 ML InAs QD doped with 10% Mn, separated by
20 nm GaAs. A multilayer consisting of 20 nm of AlAs/GaAs short-period SLs
sandwiched between two 50 nm GaAs layers was grown on top of a buffer layer at
610 C. The QD layers and 500 nm cap layer were grown at 280 C. The entire
structure was grown on a p+ (001)-oriented GaAs substrate.
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Appendix B

Tip Height Criterion for QDs and the Clustered Regions of the WL

This Appendix describes the tip height criterion used to differentiate the GaAs,
the clustered regions of the WL, and the QDs and AQDs that were discussed in Chapters
4 and 5 of this dissertation. The Line Analysis tool of the Park Scientific Instruments
(PSI) Image Processing Software, version 1.5 was used for this analysis. Details of the
Line Analysis tool are described in Appendix D of the Ph.D. Thesis of Dr. B. Lita® Plots
of the “line-cut”, i.e.,, the variation in tip height as a function of postion, are aso
included in histhesis.

To differentiate the GaAs, the QDs, and the clustered regions of the WL, we
estimated the tip height criterion as follows. Bright regions with maximum tip heights at
least 2.1 A above the GaAs background were considered to be possible QDs. Within the
bright regions, pixels with tip heights at least 1.1 A above the GaAs background were
considered to be part of the QD.> Surrounding the QDs, bright regions with maximum tip
heights between 0.4 and 1.5 A above the GaAs background were considered to be
possible clustered WL In atoms. Within these regions of the WL, we estimated an
indium atom tip height criterion of 0.85 A + 0.05 A with respect to the GaAs

background.®
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Appendix C

Correction Factor for Tip Induced Band Bending

This Appendix describes the procedure that was used for alinear correction of the
tip-induced band bending in the STS spectra from the clustered regions of the WL,
discussed in Section 5.5 of this dissertation. The linear correction for tip-induced band
bending described here provides a reasonable estimate of the measured bandgap for bulk
semiconductors (such as GaAs) after correcting for tip-induced band bending.” However,
for dimensionally confined structures (such as the InAs QDs), a more detailed calculation
IS necessary to correct for the tip-induced band bending. As discussed in Section 2.5, we
are in the process of calculating the influence of tip-induced band bending in InAs QDs
using three-dimensional finite element analysis.®

Following an STS measurement, the measured differential conductance is
normalized using the procedure described in Section 2.4 of this dissertation. Plots of the
normalized conductance are used to estimate the energetic positions of the valence (Ey)
and conduction band (Ec) edges, using the analysis described in Section 2.4. When the
measured bandgap for the GaAs spectrum is larger than expected, this is usually due to
tip induced band bending. As afirst approximation, we multiply the measured value for
Ec and Ey by a correction factor which produces a GaAs bandgap of 1.42 eV. Thus, the

correction factor, CF, is defined as:
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CF - 142 (C.1)

EC(measured) - E\/(measured)

After CF has been calculated using a calibration spectrum for the GaAs, the values for

the effective conductance (Ee) and vaence (E;) band edges in the QDs and WL can be

corrected using the equations below:’

Ee = Ee(measured)* CF (C.2

En = Enmeasuren)* CF (C.3)

Thus, measured values for E¢ and Ey, can be approximately corrected for tip induced band

bending.

140



Appendix D

M aterials Parameters

This appendix lists a variety of materials parameters used in this dissertation.
Table D.1 lists the material parameters of the I1-VI and I11-V semiconductors used in
Chapters 3, 4, and 5 of this dissertation.”™* Silicon has aso been included in the table
because of it is commonly used as a substrate for the subsequent growth of Hg,«CdyTe

heterostructures.®*?> The microhardness value for Iny»,GapgAs was calculated using a

linear interpolation of the microhardness values of InAs and GaAs.

Material Lattice Microhardness
Parameter (A) (kg/mm?)

S 5.43 985
CdTe 6.48 47
ZnTe 6.10 67
HgTe 6.46 23
GaAs 5.65 670
InAs 6.06 310
INo2GaggAS 5.73 598

Table D.1: Materia parameters of the II-VI and 111-V semiconductors used in this

dissertation, in comparison to Si. **
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