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Abstract
Formation of Embedded Nitride Semiconductor Nanocrystals
by

Adam W. Wood

Chair: Rachel S. Goldman

In this thesis, the formation, phase selection, and spatial positioning of GaAs:N
(InAs:N) nanocomposite layers produced by N-implantation, focused ion beam (FIB)
irradiation, and rapid thermal annealing (RTA) of GaAs (InAs) were investigated.

To examine nanocrystal formation mechanisms, the influence of annealing
temperature and annealing time on phase formation in GaAs:N were examined. For RTA
times of 30 s, we observed the nucleation of zincblende (ZB) GaN at temperatures of 650
to 900°C. For furnace anneal (FA) times of 10 min, wurtzite (WZ) GaN nucleation was
observed for anneal temperatures as low as 650°C. In the case of InAs:N, for RTA at
500-550°C ZB InN nanocrystals were nucleated. However, RTA temperatures of 600°C
led to the nucleation of WZ InN nanocrystals with a larger average diameter. These
results indicated the key role of annealing time and temperature on crystallite nucleation.
A TTT diagram was developed for GaN nucleation in ion-implanted GaAs. The TTT

diagram provides an annealing schedule for the selective formation of ZB and WZ GaN.

xiii



The formation mechanisms for nucleation of ZB and WZ GaN (InN) were
investigated and a thermodynamic model for the preferential nucleation of the ZB phase
was proposed. ZB nanocrystals had a higher density of low-energy surface planes, which
drove the adoption of the ZB phase for sufficiently small nuclei. We demonstrated the
first nucleation of ZB and WZ InN in InAs using ion-implantation followed by thermal
annealing.

Finally, a new process for simultaneous nanostructuring and phase selection,
termed “directed matrix seeding,” was demonstrated. Broad-area N' implantation of
GaAs followed by rapid thermal annealing led to the formation of nanocrystals at the
depth of maximum ion damage. With additional irradiation using a Ga" focused ion
beam, selective lateral positioning of the nanocrystals within the GaAs matrix was
observed in isolated regions of increased vacancy concentration. Following rapid thermal
annealing, the formation of zincblende GaN was observed in the regions of highest
vacancy concentration. The directed matrix seeding process offers a method for precisely
controlling the phase and spatial location of embedded nitride nanostructures in a variety

of host materials.
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Chapter 1

Introduction

1.1 Overview

For more than 55 years, silicon has been developed and extensively used for
semiconductor electronics. III-V materials such as GaAs, AlAs, InP, GaP and related
materials have been developed more recently for optoelectronics. However, these
materials are intolerant of elevated temperatures and caustic environments.'” For
example, Si and GaAs devices are limited to temperatures below 250°C and 350°C,
respectively, by junction leakage currents™ and contact chemical stability.™® Wide
bandgap materials are of great interest for aggressive environment applications because
their physical properties including thermal conductivities, breakdown electric fields, and
thermal and chemical stability up to high temperatures, are superior to silicon and lower
bandgap III-V compounds.”*

Wide bandgap materials, such as the II-VI direct bandgap Zn,Cd,Be-S,Se,Te-
related family have recently been developed for optoelectronic applications.”'%!!"!%13
However, there is a general problem with ZnSe-type materials in that there is an intrinsic
defect formed during the nucleation of the first heteroepitaxial monolayers which causes

threading dislocations to penetrate into the active quantum well layer of the

material."*'>'® Under high current injection, such as in lasing applications, the defects
g ] g app



are energized in nonradiative recombination processes at point defect sites within the
quantum well. Dislocation multiplication leads to the development of optically inactive
dark lines and ultimately, the failure of the device."’

III-V nitrides are excellent candidates for wide bandgap applications where high-

power or high-temperature operation is essential.'®!’

II-V nitride materials may be
grown by solution-based, solvo-thermal, detonation, or physical deposition. However,
these techniques do not offer control over size and shape uniformity of
nanocrystals.**'**#*  Additionally, they typically suffer from agglomeration of the

20212225 o suffer from impurities arising from the growth method.”****" In

nanoparticles,
this thesis, a new technique for the growth of GaN (InN) nanostructures embedded in a
GaAs (InAs) host matrix using ion implantation followed by thermal annealing is
discussed.

This chapter opens with a description of the unique physical properties predicted
and observed in III-V nitride materials. Next, we provide motivation for studies of
nanostructured semiconductor materials. This is followed by a review of growth methods

of nitride nanostructures and a discussion on the spatial ordering of nanocomposites.

Finally, the chapter concludes with an outline and objectives of the dissertation.

1.2 III-V Nitrides

The III-V nitrides of primary interest are the direct bandgap group AIN-GaN-InN

and their alloy systems. Most commonly, GaN, AIN, and InN crystallize in the

hexagonal wurtzite (WZ) form;*****° however, there have been several reports of a cubic



31323334 These materials offer a

zincblende (ZB) phase under certain growth conditions.
wide range of bandgaps, from 6.2 eV for AIN to 0.65-0.8 for InN.”*>*° A comparison of
physical properties of IlI-nitrides is presented in Table 1.1. GaN and related compounds
have been studied for potential applications in LEDs operating through the visible
spectrum, and as electronic devices suited for high temperature, high power, and high

37,38

frequency applications. For example, in the GaN-InGaN system, light emitting

diodes (LEDs) covering the color range from UV to orange have been achieved.*#%4!42
These InGaN LEDs have power efficiencies that are competitive with incandescent lamps
in applications such as traffic lights, vehicles, large displays, etc.”****  Other
developments include nitride-based blue and violet lasers with high output powers and
long lifetimes that make them attractive for projector and optical data storage
applications.*

While GaN usually crystallizes in a WZ lattice, ZB GaN has also been reported,

offering several advantages over WZ GaN, including lower bandgaps (3.28-3.23 eV***

vs. 3.5 eV), and higher carrier mobilities.*® WZ GaAsN has potential applications toward
g p pp

short-wavelength lasers,”" and LEDs fabricated on (1010) m plane WZ GaN have
shown polarized spontaneous light emission, potentially useful in liquid crystal display
applications.”’ In addition, the piezoelectric WZ nitrides have potential applications in
field-effect transistors tuned by applying stress to the device.”> Alternatively, ZB GaAsN
is promising for optical communications (A 1.3-1.55 um) and may be readily integrated
with existing ZB III-V semiconductor substrates and devices.™

ZB InN offers several potential benefits over WZ InN. Recently, interest in InN

54,55

has been renewed due to reports of a low bandgap energy of 0.65-0.8 eV in lieu of the



previously accepted value of 1.7-2.2¢V for WZ InN.’*"’ Interestingly, the band gap of
ZB InN is predicted to be 0.58 eV, slightly below that of WZ InN, providing an

opportunity for extending nitride based LEDs to the near infrared. ZB InN formation has

59,60,61 63,64,65

been reported in 2D crystals and nanowires,** and 3D nanoparticles, although
the formation of InN nanocrystals embedded in InAs and the conditions for selective

phase formation of ZB vs. WZ InN have not been reported.

1.3 Nanostructured Semiconductors

1.3.1 Optoelectronic Properties

In semiconductor nanostructures, there is a size-dependent increase or reduction
in the effective bandgap.®® If the semiconductor is approximated as an infinite potential

well, the energy of an electron in level 7 in a well with dimension a is given by:®’

2.2
_h'n

E =
8ma’

(1.1)

where m the electron mass and /4 is the Planck constant. As the nanostructure size is
reduced, there is a splitting of the energy levels and the quantum confinement effects
become more noticeable. The size at which quantum confinement effects begin to alter
the properties of the nanostructure with respect to the bulk is given by the Bohr exciton
radius. A table of Bohr exciton radii for selected semiconductors is presented in Table
1.2.

There are several limitations to producing nanostructures with sizes on the order

of the exciton Bohr radius. The minimum size of nanostructures formed by Stranski-



68,69,70

Krastanow (SK) growth range from 10 to 20 nm in diameter, sufficient for

quantum-confinement in materials with a large Bohr exciton radius (e.g. InAs: 30-34

71,72

nm). However, for materials with smaller Bohr exciton radii (e.g. GaN: 2.8-11

73,74,75

nm), the nanostructure must be correspondingly small. For SK growth, the sizes of

the nanostructures are limited by the misfit strain between the film and substrate.”®’’
Although this inherent limitation does not hold for droplet epitaxy of QDs,”® the smallest
droplet epitaxy GaN dots reported to date have similar diameters (~10 to 30 nm).”>**#!
Additionally, there are limitations to the performance of solution-based
nanostructures. Solution-based synthesis of compound semiconductor nanostructures
often results in intermittent fluorescence,®** likely due to electron diffusion at the

85,86,87
surface.”™™™

However, reductions in intermittence have been observed by immobilizing
the colloids near metallic nanostructures.*® Thus, alternative methods for fabricating
these nanostructures embedded in controlled nanostructure environments are promising
for reductions in intermittence. Ion-beam synthesis, discussed below, offers a promising

89,90

route to the controlled formation of nanostructures as small as ~5 nm with zero-

dimensional quantum confinement.

1.3.2 Thermoelectric Properties

Low-dimensional structures are predicted to lead to an increased thermoelectric

figure-of-merit, Z7, in comparison to bulk materials. Z7 is defined as:

S’o

K

ZT =

T (1.2)



where o is the electrical conductivity, S is the Seebeck coefficient, 7 is temperature, and «
is the thermal conductivity. In bulk materials, including non-degenerate
semiconductors,”’ the electrical conductivity and electronic contribution to the thermal
conductivity (k.) are linked by the Wiedemann Franz law:

K
0_}: Cyrs (1.3)

where Cwrr is a constant (the Wiedemann-Franz-Lorenz coefficient). For most bulk
materials, an increase in ¢ corresponds to a proportional increase in K., resulting in
minimal net benefit in terms of Z7. However, it has been predicted’® and observed” that
the electrical and thermal conductivities may be decoupled for quantum-confined
structures. Increased phonon scattering at phase boundaries between the nanoparticles
and the matrix is expected to lead to a decrease in thermal conductivity.”**> Additionally,
due to the increased control of the density of states and hence, the energies of charge
carriers, nanocomposite materials are predicted to have a significantly higher
thermoelectric power factor (S°c) compared to bulk materials.”® Nanoscale (~1.5 nm)
inclusions of metallic and semimetallic particles are predicted to enhance the Seebeck
coefficient via electron energy filtering.”’ For example, 2 — 3 nm sized ErAs
nanoparticles embedded in InGaAlAs have been shown to increase the thermoelectric
power factor by 8%.”® In addition, arrays of 10 nm diameter InAs quantum dots have
been predicted to exhibit an increased thermoelectric power factor in comparison with
bulk GaAs. ™'

There have been several improvements in ZT wusing multi-component
nanostructured thermoelectrics such as Bi,Tes/Sb,/Tes thin-film superlatttices.101 It has

also been reported that 100-fold improvements in ZT can be achieved over bulk Si by



varying size and impurity levels in nanostructured Si.'**

These results are expected to be
applicable to other classes of semiconductor nanomaterials, and there have been several
recent advances in the development of these materials for thermoelectric applications.
For example, nanostructured porous GaAs has been reported to exhibit an order of
magnitude decrease in thermal conductivity compared to bulk GaAs, with the thermal
conductivity decreasing with a decrease in particle size.'” A 450% increase in
thermoelectric power factor was recently predicted for nanostructured GaAs in

comparison to its bulk counterpart.'®*

In both cases, the thermoelectric properties are
heavily dependent on the nanostructure size.

It is predicted that 3-D ordered quantum dot superlattices lead to a lower electrical
conductivity and, consequently, a decrease in the thermoelectric power factor (S*o, where
S is the Seebeck coefficient and ¢ is the electrical conductivity) with respect to the
bulk.'® This decrease in o is due to quantum dot spacings sufficiently small enough for
strong interactions between the electronic wave functions of the quantum dots. This
interaction leads to a delocalization of electrons and miniband formation in 3-D. The
decreased density of states with respect to the bulk leads to a lower predicted o.
However, for one-dimensional chain of both Ge/Si and InAs/GaAs systems, there is a
predicted increase in o such that S? is much higher than that of both the 3-D superlattice
array and the bulk.'”® Additionally, S?c of the one-dimensional chains is predicted to
increase with decreasing quantum dot size. Hence, the one-dimensional nature of
conduction could be exploited to yield a thermoelectric enhancement. However, in order

to realize this enhancement, a method must be employed for the spatial ordering of

nanostructures.



1.4 Synthesis of Nanostructures

Several techniques have been explored for the synthesis of GaN nanostructures
including colloidal growth, solvo-thermal preparation, detonations, epitaxial methods,
and ion-beam synthesis. In this section, we review these various growth methods and

their ability to control nanostructure size and composition.

1.4.1 Growth of Nanostructured III-V Nitrides

One method of nitride nanostructure growth is colloidal growth. GaN colloidal
nanostructures with an average diameter of ~3.0 nm have been produced, but have a large
size distribution (= 40%). Additionally, the density of nanostructures must be kept very
low to avoid agglomeration and the purity of the samples is reduced by incorporation of
carbon at the surface.”’ Solution production techniques are capable of producing InN
nanostructures ~3 nm in diameter, although they also suffer from agglomeration, forming
clusters of nanoparticles ~30-40 nm in diameter.*

Nitride nanostructures have also been synthesized using solvo-thermal methods.
There have been reports of GaN formation via reacting Li3N with GaCl; in benzene at
280°C (ref. 21) or reacting Ga(C¢HsN»),); with (CH3)3SiNHSi(CHj3); in toluene at 280°C
(ref. 22). InN nanostructures have been formed by reacting InBr; with NaNj in toluene at
280°C (ref. 26). However, the product nanoparticles are either too large to exhibit

quantum effects (InN: 1.9 nm, GaN: 2.8-11 nm, see Table 1.2) or suffer from



agglomeration of the nanostructures. Additionally, these reactions produce a large
amount of byproduct and organic surface impurities.

Detonations of gallium azides offer a reproducible approach to phase-pure WZ
nanocrystalline GaN.?’ In this process, (R3N)Ga(N3)3, where R is Me, Et, or Me,CgH 7,
is filled into a pressure vessel connected to a heating unit. The detonation is induced by
rapid heating to 400°C and is detectable by a very sudden pressure rise up to three times
the calculated end pressure. The vessel is then immediately cooled to room temperature.
The energy of the detonation determines the size of the GaN crystallites. By varying the
volume of Ga(Nj3)s, the donor ligand, and the starting pressure, samples with typical
particle sizes of 2 nm up to 3000 nm can be obtained selectively. The resulting GaN
nanostructures are encased in a C/H/N matrix arising from the organic ligand R;N. This
protects against agglomeration of the nanostructures, but introduces surface impurities.

GaN self-assembled nanostructures have been grown by low-pressure metal-
organic chemical vapor deposition (MOCVD) under very low V/III ratios. The typical
diameter and height of the quantum dots were 20 and 2 nm, respectively, with a density
of ~5.0x10'" ecm™ (ref. 107). InGaN self-assembled quantum dots with strong PL
emission were successfully grown in the SK mode, with average diameters of 8.4+0.5
nm.” The density of quantum dots could be reduced with an increase in growth
temperature, although the quantum dot density could not be controlled independently of
the quantum dot size, with a reduction in density corresponding to an increase in size.
More recently, similarly-sized InGaN nanostructures have been grown with density
ranging from 10" to 10® cm™, inversely proportional to the density of screw dislocations

108

in the buffer layer.”™ InN nanostructures have been produced by metal-organic vapor-



phase epitaxy (MOVPE), but these structures suffer from instabilities at ambient
conditions, resulting in a gradual WZ to ZB phase transformation and the formation of
group-III oxides.'”

Molecular beam epitaxy (MBE) has also been used for the growth of GaN
quantum dots on an AIN buffer layer. The nanostructures grow in the SK mode, with
deposition of a wetting layer of about two MLs, followed by 3D islanding.110 The
resulting GaN nanostructures are typically ~15 nm in diameter and ~2 nm high.
GaN/AlGaN nanocavities were successfully grown on Si(111) by MBE.**  These
heterostructures have an active region consisting of GaN quantum disks embedded in an
AlGaN nanocolumn and cladded by AIN/GaN distributed Bragg reflectors. However,
there is a lateral growth enhancement that leads to a large heterostructure geometrical
distortion, crack formation, and poor control over nanostructure size. There have been
several reports of InN thin film growth via MBE,59’60’61 but to date, this method has not
been used to produce zero-dimensional InN nanostructures.

Despite significant progress in the synthesis of III-N nanostructures using several
growth methods, it is still a challenge to synthesize stable nanostructures with controlled
size and shape uniformity in the 1-5 nm range. Additionally, in many cases, the
nanostructures tend to agglomerate or suffer from surface impurities, making it difficult
to study the optical properties from individual isolated nanostructures. Although
MOCVD and MBE methods offer control over the composition of the nanostructures,
these methods are limited by the need for lattice-matched substrates and are unable to

produce nanostructures on the order of the Bohr exciton radius.
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1.4.2 Ion-Beam Synthesis

Ion implantation is an increasingly popular technique for the synthesis of
nanostructures due in part to the wide range of available implant and target species, as
well as adjustable implantation ion doses and energies.''' Using ion implantation
techniques, a selected host material is irradiated with energetic ions that are accelerated
from a few tens to a few thousand kilovolts. High-dose implantations can create
supersaturations of the implanted ions in a layer extending from the specimen surface to
depths up to hundreds of nanometers.''> Subsequent thermal processing or further ion
irradiation can induce the implanted material to precipitate as discrete
nanoparticles.'' > *!1?

The versatility of the ion implantation technique arises from the fact that
essentially any element in the periodic table can be implanted into virtually any host
material. The large variety of ion/host combinations allows for a wide range of potential
nanoparticle/host combinations. In principle, useful properties of two or more
precipitated phases may be combined into a single well-defined, integrated structure. The
important physical properties of the nanocomposite would then be optimized by adjusting
the concentration and average size of the precipitates. The average precipitate size would
be controlled by varying the concentration of implanted ions (e.g., by selecting the
appropriate dose, dose rate, and energy), or by varying the annealing parameters.111

However, to date, the implantation and annealing parameters required for specific

precipitates are limited.
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Nanocomposites formed by ion implantation can also be reliably reproduced due
to the self-passivated interfaces between the nanocrystal surface and the host matrix.'"!
Stability of the nanocrystal-matrix interface is not necessarily true of other production
techniques. For example, InN nanostructures produced by metal-organic vapor-phase
epitaxy (MOVPE) suffer from instabilities at ambient conditions, resulting in a gradual
WZ to ZB phase transformation and the formation of group-III oxides.'” Ion beams
have been used to nucleate embedded WZ and ZB InN nanocrystals using N implantation
into InP (ref. 65) and In and N co-implantation into Si,** but precipitation of InN
nanostructures embedded in InAs have not been previously achieved. We will discuss
the nucleation of both WZ and ZB InN in ion-implanted InAs in Chapter 3 of this thesis.

A particularly promising approach to producing naturally passivated nitride
nanostructures is matrix-seeded growth, which involves ion-beam-amorphization of a
semiconductor film, followed by annealing."'® This process is illustrated in Fig. 1.1. A
supersaturated-layer is produced by high-energy ion implantation (Fig. 1.1(a)), and
annealing leads to nanocrystallization in the matrix (Fig. 1.1(b)). For example, GaN
nanocrystals have been nucleated in an amorphous matrix using N-ion implantation into

117

epitaxial-GaAs, followed by rapid-thermal-annealing (RTA)." " Remarkably, these

nanostructures  exhibit  significant  near-infrared  photoluminescence  and

117,118

cathodoluminescence, indicating sufficient crystallinity for devices such as high-

119

sensitivity photodetectors. = In this thesis, we will present an extension of this technique

to InAs:N.
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1.5 Directed Seeding of Nanostructures

In lasing applications, the zero-dimensional electronic density of states of QDs
enhances the gain and reduces the temperature dependence of laser threshold. However,
to achieve these theoretically predicted advantages, it is necessary to achieve a very dense
(>5x10"%cm?) array of uniform QDs. Growth of  In(Ga)As/(Al)GaAs and
In(Ga)As/In(GaAs)P using the SK growth mode via MBE!?121:122 an4 MOCVD, 1%
and similar approaches exploring the Si/Ge material system'>> have been unable to
produce dense ordered arrays of nanostructures. The randomness of nucleation and the
size variation of the nanostructures cause a large spread in the electronic state energies,
thereby limiting device performance.

Properties of colloidal QDs, such as narrow emission spectra tunable throughout
the entire visible spectrum and high photoluminescence efficiencies, suggest the use of
QD films in electroluminescent devices and pixilated full-color displays.'*® The use of
QD monolayers has minimized the negative impact of QD charging and resistive power

127128 characteristic of the earlier

losses associated with poor QD-to-QD charge transport
devices that utilized QD multilayers.'” However, these advances highlight the need for a
reproducible method for the formation of close-packed laterally patterned QD films, as
would be needed in full-color pixilated structures.

In terms of lateral patterning of nanocrystals, focused ion beam (FIB) milling has
been used to produce sites for selective nucleation of Ge islands on Si(001),"*° Cu,O

nanodots on SrTiO3(100),"*! and InP nanowires on GaAs(100)."*? In addition, it has been

proposed that FIB-induced vacancy motion would enable void organization in broad-area
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implanted GaSb and InSb, although this has not been demonstrated.'* In this thesis, we
report the influence of combined broad-area and FIB irradiation, followed by RTA, on
the phase selection and lateral patterning of nitride nanocrystals embedded in GaAs.
Specifically, we present selected growth of ZB vs. WZ nitride nanocrystals in an
embedded matrix, and show the influence of local increases in vacancy concentration on

the spatial positioning of those nanocrystals.

1.6 Dissertation Objectives

The first part of this thesis work focuses on InN nanocrystal formation in N-
implanted InAs. The influence of annealing temperature on the nucleation of zincblende
and/or wurtzite structure was examined. We observe nucleation of zincblende InN
following RTA at 550°C. RTA at 600°C leads to nucleation of both zincblende and
wurtzite InN, with an increase in nanocrystal size in comparison to 550°C anneals. This
is the first report of ion-beam synthesis of InN in InAs. We propose a thermodynamic
model for the nucleation of the zincblende phase that illustrates the key role of surface
energy in the nucleation of InN nanocrystals.

The middle part of this thesis is devoted to investigations of the influence of post-
implantation annealing on the structure of GaAs:N films. The role of annealing
temperature and annealing time on the selective nucleation of zincblende and/or wurtzite
GaN is examined. Through a comparison of our data with literature reports, we have

developed a time-temperature-transformation diagram for the GaAs:N system to provide
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a “roadmap” for the influence of annealing on the nucleation and structural development
of GaN nanocrystals.

In the final part of this thesis, the demonstration of a new process for ordered
nanostructuring, termed directed matrix-seeding, is described. In this technique, N ion
implantation, FIB irradiation, and RTA are used to achieve laterally directed nucleation
of GaN nanostructures. We identify the critical role of vacancy concentration on the
spatially-directed nucleation of nanocrystals. We also apply a thermodynamic model for
the nucleation of GaN that illustrates the key role of surface energy in the preferential

nucleation of zincblende vs. wurtzite GaN.

1.7 Dissertation Organization

This dissertation is organized as follows. Chapter 2 describes the experimental
procedures used for this thesis work, including ion implantation, transmission electron
microscopy (TEM), channeling-Rutherford backscattering spectrometry (RBS), and
focused ion beam (FIB). Details of TEM sample preparation are also presented.

In Chapter 3, the nucleation of InN nanocrystals in an amorphous InAs matrix is
described. The influence of annealing temperature on the nanostructure of the implanted
layer is studied by TEM and SAD. The size-distributions of the nucleated InN
nanocrystals are discussed and a thermodynamic model for the nucleation of ZB vs. WZ
InN for small nanocrystal radii is presented. Following implantation, a N-rich highly
damaged surface layer is formed, with crystalline InAs remnants near the interface of the

implanted layer and the near-substrate layer. For low annealing temperatures, nucleation
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of polycrystalline InAs and ZB InN is observed. As the annealing temperature is
increased, the nanocrystal size is increased and the nucleation of WZ InN is observed. A
thermodynamic model for the minimization of free energy of InN nanocrystals is
proposed. This model predicts the nucleation of the ZB phase for sufficiently small
nucleates. The preference for the ZB phase for small radii is likely governed by a
minimization of surface energy through adoption of the ZB phase, which has a higher
density of low-energy surface planes.

Chapter 4 presents investigations of the influence of the energy and dose of the
implanted ions, and the temperature and duration of post-implantation annealing, on the
nucleation of GaN in N ion implanted GaAs. We compare the size distributions of
nucleated GaN at several annealing temperatures with literature reports; for short
annealing times (i.e. RTA), the maximum observed size at nucleation is smaller than the
size required for WZ GaN nucleation. Furthermore, post-implantation RTA at 600 and
650°C leads to the formation of polycrystalline GaAs and ZB GaN-rich nanocrystals,
respectively. Longer anneals (i.e. FA) at 650°C leads to the nucleation of wurtzite GaN.
We capture these findings in a TTT diagram for the nucleation of ZB and WZ GaN in
ion-implanted GaAs based on literature reports and work presented in this thesis.

In Chapter 5, we present a new method for spatially directing the nucleation of
GaN in N ion-implanted GaAs. Using a combination of broad area implantation and FIB
irradiation, we introduce laterally controlled damage regions which act as seeding
locations for the formation of nanocrystalline GaN. We find that after annealing, a
bilayer is formed with: (1) a surface layer with spatially directed nanostructures, and (2) a

GaN-rich nanocrystalline layer. A comparison of implantation energies reveals a greater
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selectivity in lateral ordering for the lowest energies due to the relative contribution of
FIB-induced damage. We apply a thermodynamic model for GaN nucleation and find
that ZB GaN is favored for sufficiently small nuclei. Finally in Chapter 6, we present a

summary and an outline for future work.
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Table 1.1 A comparison of the physical properties of AIN, GaN, and InN in both the ZB

and WZ phases.
AIN GaN InN
7B WZ 7B WZ 7B WZ
Band Gan Enerev 5.94 6.2 3.2 3.39 0.58 0.65-0.8
Lattice Constant (A) |a=4.12 |a=3.111 [a=4.520 [a=3.189 [a=0.498 [a=3.538
c=4.979 c=5.186 c=5.703
Density (gcm'3) 3.893 3.261 6.092 6.088 7.068 6.921
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Table 1.2 Calculated exciton Bohr radii for selected semiconductors
71,72,73,74,75,134,135,136,137,138,139

Semiconductor | Exciton Bohr Radius (nm)
Si 4.3
GaAs 15-16
InAs 30-34
GaN 2.8-11
InN 1.9
AIN 1.2
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Fig. 1.1

GaAs or InAs

e N NG

as-implanted

GaAs or InAs

post annealing

Ion beam synthesis of nitride nanostructures. In (a), a high dose of nitrogen
ions (5.0x10"7 cm™ at 100 keV) is implanted into an epitaxial GaAs film to
produce a supersaturated “amorphous” layer. In (b), after thermal annealing,
nano-scale crystallites form within the disordered matrix.
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Chapter 2

Experimental Procedures

2.1 Overview

This chapter describes the experimental procedures used for the synthesis and
characterization of the nanostructures studied in this thesis. For these experiments,
epitaxial GaAs (InAs) films grown on (001) GaAs (InAs) were broad-area irradiated N
ions. Following broad-area irradiation, the samples were furnace annealed (FA) flowing
N, atmosphere, or rapid thermal annealed in Ar gas. Plan-view TEM samples were
prepared using mechanical polishing and chemical etching. Cross-sectional TEM
specimens were prepared using conventional mechanical polishing. TEM imaging and
electron diffraction were carried out in a JEOL 3011 operating at 300 kV. XEDS
mapping was performed in a JEOL 2010 TEM operating at 200 kV.

For directed matrix seeding experiments, trenches were milled into the surface of
selected samples using an FEI Nova Nanolab Dualbeam FIB operating at 30 keV. Cross-
sectional TEM samples oriented perpendicular to the length of the FIB-milled trenches
were prepared using FIB liftout techniques.! TEM imaging and diffraction were carried

out in a JEOL 2010F TEM operating at 200kV.
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2.2 Broad-Area Ion Implantation

The GaAsN and InAsN nanostructures described in this dissertation were
synthesized using N ion implantation in GaAs or InAs, respectively, followed by rapid
thermal annealing (RTA) or furnace annealing (FA). The 100 keV 300°C ion
implantation experiments were performed at the Michigan lon Beam Laboratory (MIBL),
using a Varian CF3000 200 keV ion implanter and the 75 keV (300 °C) and 77 K ion
implantations were performed at Los Alamos National Laboratory by Dr. Yongqiang
Wang.

Figure. 2.1 presents a schematic of the broad-area ion implanters used in these
studies. The major components are the ion source, a mass separation system, the
accelerating column, and a scanning system.” The ion source contains the species to be
implanted and an ionizing system to ionize the species. In the case of nitrogen, a plasma
is created with high-purity nitrogen gas which is ionized by electrons thermally emitted
from tungsten filaments. lons are extracted from the source by a small accelerating
voltage and then accelerated into the mass separation system. Here, a spatial separation
of ions subjected to the Lorentz force occurs due to differences in their masses and
charges. The desired ion species are separated from the other species, such as residual air,
hydrocarbons from vacuum pumps, and other impurities, which are removed. The ion
beam is then directed into the accelerating column and accelerated by a static electric
field. Since the target area to be implanted is often larger than the ion beam size, it is
necessary to scan the ion beam over the whole implantation area. This is realized by

electrostatic fields between the X-Y deflector plates. At the target, the ion beam finally
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impinges on the wafer. The ion implanter at Los Alamos is capable of cooling down or
heating up the target over a wide range of temperatures.

For all samples discussed in this thesis, implantation into ~1 um thick GaAs or
InAs films (Si-doped) grown by molecular-beam epitaxy on (001) GaAs and InAs,
respectively, was performed. The films were implanted with 100 keV nitrogen ions at a
fluence of 5.0x10'" ecm™ or 75 keV at a fluence of 2.5x10"" cm™. To minimize
channeling, a ~7° ion beam angle of incidence with respect to the sample surface normal
was utilized. During implantation, the substrate temperature was maintained at 300°C
and 77 K for GaAs and InAs, respectively, as determined by a J-type thermocouple

attached to the back of the sample holder.

2.3 Thermal Annealing

FA experiments described in this thesis were carried out using a Lindberg/Blue
quartz tube furnace. The RTA experiments were carried out using a JetFirst — 150 RTA
system at the Solid-State Electronic Laboratory (SSEL) of Electrical Engineering and
Computer Science Department in the University of Michigan.

A schematic of the FA system is shown in Fig. 2.2. During FA, the sample is
placed between two GaAs anneal caps and held on a quartz sample boat. The boat is then
loaded into a quartz tube equipped with a gas inlet and placed inside the furnace. A gas
line is connected and ambient gas pressure is adjusted externally. The sample can be
heated to a maximum of 1100°C, monitored using a thermocouple mounted outside the

quartz tube under the sample, and another inserted into the quartz tube ~ 2 cm from the
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sample. Implanted-plus-FA samples used in this thesis were annealed in flowing
nitrogen gas at 500-750°C for 10 min.

Figure 2.3 presents a diagram of the RTA system. During RTA, the sample is
supported on a Si wafer held on thin quartz pins in thermal isolation inside a cell
containing a controllable gas ambient. A tungsten-halogen lamp heats the sample through
transparent windows coupled with highly reflective mirrors. The sample can be heated to
~1000°C for a time interval of 1-20 s. RTA samples in this thesis were annealed in

flowing Ar gas at 500-900°C for 30 s.

2.4 Transmission Electron Microscopy Sample Preparation

Both plan-view and cross-sectional TEM were used to examine the microstructure
of GaAsN and InAsN nanostructures. Plan-view TEM samples were prepared by
chemical etching from the backside (substrate side), and cross-sectional samples were
prepared using mechanical polishing or FIB lift-out. All three TEM sample preparation

methods are described below.

2.4.1 Chemical Etching (Plan-view)

Figure 2.4 presents a schematic of the chemical etching process for preparing
plan-view TEM samples. For chemical etching, the samples were cleaved into ~3 x 3
mm squares and polished to ~200 um with 600 grit silicon carbide paper (from South

Bay Technology Inc.) from the backside. Each sample was then mounted epilayer-side
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down on a glass slide using Crystalbond™ from Electron Microscopy Sciences. Next, the
backside of the sample was covered with a layer of Crystalbond™. Small holes with a
diameter of ~0.5 mm were melted into the wax using a Weller 12 W soldering iron
powered through a Variac adjusted to 20% power. Finally, the glass slide was immersed
in NH4OH/H20: (4:1) solution to etch the GaAs substrate until perforation through the
epilayer was visible under 10x optical magnification. Continued etching following
perforation resulted in overetching, in which the etchant leaked through the perforation
and eroded the surface layer. Figure 2.5(a) presents an optical microscope view of an
etched sample with a well-defined edge of the perforation, indicating that the surface

layer has not been etched. In Fig. 2.5(b), the etchant has begun to erode the surface layer,

evidenced by the jagged perforation edge and extensive surface discoloration.

2.4.2 Mechanical Polishing (Cross-section)

Cross-sectional TEM (XTEM) samples were prepared by mechanical polishing
followed by Ar ion milling at 77K, as shown schematically in Fig. 2.6. For these
samples, two pieces of ~1.5 x 3 mm were glued together epilayer side to epilayer side
using Epoxy Technology H22 silver epoxy. This epoxy is a mixture of the silver-filled
resin (H22 part A) and a small amount of hardener (H22 part B). Teflon tape was used to
wrap the sample preparation surface to prevent the sample epoxy from curing on the
heated surface. The epoxied samples were cured for 30 minutes at 150°C on a hot plate.
Such a low curing temperature was chosen in order to avoid any additional sample

annealing. After cooling in air, the samples were mechanically polished in cross-section
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using 600, 800 and 1000 grit SiC papers in sequence. Following polishing of one side,
the sample was mounted polished side down on a 3 mm diameter slotted Mo grid (with a
slot size of 1 x 2 mm) using the silver epoxy and curing process described above. The
sample was then mechanically polished on the reverse side using the process described
above until the sample reached a thickness of 75-100 pum, as determined with a Mitutoyo
upright dial gauge. Finally, the samples were ion milled to perforation using a Gatan ion
miller. To minimize ion damage during milling, the samples were cooled to 77 K and low

angles of incidence (3-5°) and low beam energies (3-5 kV) were used.

2.4.3 FIB lift-out (Cross-section)

FIB lift-out samples were prepared using an FEI Nova 200 Nanobeam and FEI
Quanta 3D. Schematics of the 9 steps of the FIB lift-out process are presented in Figs.
2.7(a-1). We start by thinning ~2 pm wide membrane with a 30 keV, 5.0 nA ion beam.
The current and voltage are gradually reduced as the membrane is thinned to a final width
of 50-120 nm. The steps are as follows:

First, using the SEM imaging capabilities of the Nova and/or the Quanta, the area
of interest was located, as shown in Fig. 2.7(a). Then, the area of interest was coated
with e-beam-deposited Pt (~200 nm) to prevent milling or multiple image scans from
damaging the surface of the cross-sectional TEM specimen (Fig. 2.7(b)). On both sides
of the Pt, leaving a 2 um wide membrane of material in the center, two trenches were
milled. The two trenches were approximately 20 pm wide, 14 um long, and 10 to 15 pm

deep (Fig. 2.7(c)). This material removal step is typically performed at 30 keV, 5.0 nA.

37



A lower beam current, typically 1.0 nA, is used to further thin the membrane to ~1 pm
(Fig. 2.7(d)). Next, the entire sample is tilted to 45 to 60°. Two vertical and one
horizontal cuts are made through the membrane, framing the area of interest, as shown in
Fig. 2.7(e). The vertical cuts stop short of the sample surface to provide structural
strength and stability to the membrane. The beam current and energy are reduced to 10
kV and 0.12 nA, and the membrane is ion polished on both sides to a nominal thickness
of approximately 0.3 um. A tungsten needle is then brought into contact with the
membrane and a layer of e-beam-deposited Pt is used to secure the tip of the needle to the
membrane (Fig. 2.7(f)). The material in the top two corners of the membrane holding it
to the sample are then milled away, leaving the membrane on the tip of the needle (Fig.
2.7(g)). The sample is then moved to a copper TEM lift-out sample half-grid and
attached using e-beam-deposited Pt (Fig. 2.7(h)). The Pt connection between the
membrane and the tungsten needle tip is then severed using the FIB beam, leaving the
cross-sectional sample mounted on the TEM grid as shown in Fig. 2.7(i). Finally, the
sample is polished again, with beam energy and current of 10 kV and 50 pA, bringing the

membrane to a thickness of 50 to 120 nm.

2.5 Transmission Electron Microscopy

To study the evolution of the GaAs:N and InAs:N microstructures, transmission

electron microscopy (TEM) was utilized on both GaAsN and InAsN nanostructures. We

used diffraction contrast imaging and high-resolution TEM (HRTEM), which are
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described below. All TEM experiments were conducted at the Michigan Electron
Microbeam Analysis Laboratory (EMAL), using JEOL 3011 and 2010F microscopes.

Conventional diffraction contrast TEM imaging was conducted using a JEOL
3011 or 2010FX transmission electron microscope operating at 300 and 200 keV,
respectively. The microscope was often aligned in dark-field mode, in which only one
set of diffracted beams is used for imaging. A schematic of the dark-field alignment is
shown in Fig. 2.8. The objective aperture was then inserted to select the direct beam
(000) to form bright field (BF) images or select the diffracted beam (hkl) to form dark
field (DF) images. The contrast of the images is therefore produced by differences in
intensities of electrons scattered into the diffracted beam from various parts of the sample
and is consequently called “diffraction contrast”. The typical diffraction planes used for
imaging were the {220} reflections of GaAs (InAs), but {111} GaN (InN) reflections
were also used. A detailed description of diffraction analysis techniques is presented in
Appendix A.

To obtain HRTEM images, the sample was tilted so that the incident beam was
aligned along the <110> zone axis. The objective aperture was then inserted and
positioned to select multiple beams to form the HRTEM images. The contrast of the
images is called “phase contrast”, which is due to the fact that the electrons leaving the
bottom of the sample have small phase differences arising from scattering inside the
sample. The images were captured with Gatan Digital Micrograph through a CCD

camera.
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2.6 X-Ray Energy Dispersive Spectroscopy

The chemical composition of implanted and annealed samples was examined
qualitatively by X-Ray Energy Dispersive Spectroscopy (XEDS), in a JEOL 2010 TEM
operating at 200 keV. During electron beam irradiation, incident electrons may eject
inner-shell electrons from the sample. An outer-shell electron may subsequently relax to
the lower-energy state and emit an X-ray with energy equal to this difference in
electronic energy levels. Thus, the emitted X-ray is characteristic of the unique atomic
structure of the excited atom, and the number of X-rays emitted in a given scan time
related to the concentration of that element in the sample. In this case, a Si(Li) diode
under reverse bias was used to detect the energies of emitted X-rays.

To determine the chemical composition as a function of depth, we assume a
uniform thickness of the sample in the vicinity of the XEDS measurement. The atomic
percentages of each element C, and Cg can be related to the measured intensities (I, Is)
by the Cliff-Lorimer equation,’

C,
— =k 4 2.1
c, "I, @l

~

where kap is the Cliff-Lorimer factor. To calculate kag, we use XEDS data collected in
regions of pure InAs, typically at 250-300 nm depths below the surface. Once kag is
calculated, the measured ratio of I,/Ig in the nanostructured regions can be used to

calculate the relative atomic percentages of each element, C4 and Cp.

2.7 Channeling Rutherford Backscattering Spectrometry
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Channeling-Rutherford backscattering spectrometry (RBS) was utilized to
determine the depth-dependence of lattice disorder in as-implanted and post-annealing
samples. In this technique, a collimated beam of charged particles (in our case, 2 MeV
He++, i.e. a-particles) is directed at the sample surface. Backscattered particles were
detected by a solid-state particle detector subtending a solid angle Q = 5 mili-steradians,
as shown in Fig. 2.9. The total number of detected ions, or yield, was measured by a
charge integrator connected to a 300 pum-thick B-implanted silicon charged-particle
detector (ULTRA series, Ortec9). A Faraday cup was used near the sample to generate
an electric field, preventing spurious charge counts from sputtered electrons at the sample
surface.

In the channeling condition, the sample is aligned so that the incident beam is
parallel to a channel in the crystal, as shown in Fig. 2.10(a). The particle is steered
through a row of atoms in a crystalline lattice by undergoing only small-angle scattering
within the channel. Rutherford scattering occurs when the incident positively-charged
particle undergoes large-angle scattering from Coulomb repulsion from atomic nuclei of
the sample atoms. Thus, some fraction of the particles will be dechanneled due to lattice
defects, impurities, strain fields, and thermal vibrations. An example of a particle/lattice-
defect interaction that results in dechanneling is shown schematically in Fig. 2.10(b) for
point defects.

The energy of the backscattered particle is characteristic of the target atom that it
collides with. Assuming an elastic collision, the ratio of incoming and outgoing projectile
energies is dependent only on the masses of the particle and target atom and the angle of

collision. This ratio is defined as the kinematic factor K:
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K =

(2.2)
E, M, +M,

E, _[ (] -M}(sin6)*)" + M, cos 9}
where M, and M, are the projectile and target atom masses, £; and E, are outgoing and
incoming projectile energies, and 0 is the scattering angle. Since the atomic weights of
Ga and As are similar (Z = 31 and 33, respectively), the energy difference of a-particles
backscattered by Ga versus As is expected to be negligible. Thus, the profile represents
an average damage depth profile from backscattering from either Ga or As.

In RBS, the yield Y of the backscattered a-particles at a given scattering angle 0
is:*

Y=0(0)-Q-0-N, (2.3)
where o(6) is the scattering cross section at the scattering angle 0, Q is the total number
of incident ions, Q is the detector solid angle, N, is the number of target atoms per unit
area. Therefore, the ratio between the yield of the a-particles backscattered by N, Y, , and

that from Ga, Y, is

Yy oy N, (N)
N, (Ga)

= 2.4
YGa O-G ( )

where o, and o, are the scattering cross sections of nitrogen and Ga, and N (N)and
N,(Ga) are the numbers of nitrogen and Ga atoms per unit area, respectively. The

scattering cross section o is approximately proportional to (Z,Z,)*, where Z, and Z, are

the atomic numbers of the incident and target elements.’ Thus from Eq. 2.4,

Yy (ZuZy)' N _(ZN ] NY) _ o5 M) 03

Yoo (ZnZo)' N,(Ga) \Zg,) N.(Ga) — N,(Ga)
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where Z,,=2, Z,, =7, and Z_,=31 are the atomic number of He, N, and Ga, respectively.

Therefore, the yield of the a-particles backscattered by nitrogen is much smaller than the
yield from Ga, or other heavy elements like In and As, especially when the nitrogen
concentration is low. Therefore RBS does not provide information on N depth profile

due to its relatively small mass.
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Fig. 2.1  Schematic of a typical ion implanter.
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Thermocouple

Fig.2.2  Diagram of the furnace annealing setup. The sample sits between GaAs
annealing caps on a quartz boat. The entire boat setup sits within a quartz
tube purged with flowing gas controlled externally.
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Fig. 2.3 Diagram of the rapid thermal annealing setup. The sample sits on a silicon
wafer with a thermocouple contact on the underside. The chamber is purged
with flowing nitrogen or argon gas and the sample is heated by a halogen
lamp housed inside a quartz window.
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Fig. 2.4

Schematic of plan-view TEM specimens prepared by chemical etching. (a)
The original sample is (b) polished from the back to a thickness of ~200 um
before (c) mounting film side down on a glass side using Crystalbond™. (d)
The back of the sample is then covered in wax and a soldering iron is used to
(e) melt holes in the wax coating. The sample is then dipped in solution and
(f) etched until there is a perforation on the film side of the sample.
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Fig. 2.5

i Undamaged surface

/

Well-defined
perforation

100 pm

Optical microscope views of chemically etched GaAs:N showing (a) an
etched hole where etching was stopped after perforation, leaving a smooth
edge along the hole and an undamaged surface. In (b), an etched hole was not
removed from the etchant following perforation, resulting in a jagged hole
edge and a partially etched, damaged surface layer.
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Schematic of cross-sectional TEM polishing. The sample is (a) cleaved into
two equal parts and (b) glued film side together using epoxy. The Sample is
then (c) mounted on a polishing stub and polished on one side before (d)
mounting on a TEM grid and polishing the opposite side to a final thickness of
75-100 pm. The sample is then (e) placed in an Ar ion miller and milled until
a perforation is formed in the center of the sample.
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Fig 2.7

Schematic of FIB lift-out TEM sample preparation. An area of interest (a) is
identified and then (b) a protective layer of Pt is deposited on the area of
interest. The FIB is then used to mill trenches away from the sides of the Pt,
as well as to (d) thin the area of interest. The FIB is then used to (e) cut
notches spanning the area of interest, but leaving enough material to maintain
contact between the sample and the bulk material. A tungsten needle is then
brought in and (f) attached to the sample using Pt deposition. The FIB is then
used to (g) cut notches to free the sample from the bulk material. The sample
can then be lifted out on the needle and (h) deposited on a TEM half-grid
using Pt deposition, where it is then (i) disconnected from the needle using the
FIB beam.
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Fig. 2.8 Ray diagrams showing how the objective lens/aperture are used in
combination to produce (a) a BF image from the direct beam and (b) a
centered dark field image where the incident beam is tilted so that the
scattered beam remains on axis. (Adapted from Ref. 3)
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Fig.2.9  Geometry of a backscattering experiment, illustrating the collection of
backscattered particles in a solid angle Q.
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Fig. 2.10 Channeling in (a) a perfect crystal, for which the incident ion undergoes only
small-angle scattering within the channel. Dechanneling may occur when the
incident ion interacts with lattice defects, as shown in (b).
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Chapter 3

Formation Mechanisms of Embedded InN Nanocrystals

3.1 Overview

This chapter describes our investigations of the formation of embedded InN
nanocrystals using ion-beam-synthesis of InAs:N, similar to matrix seeded growth' of
GaN nanostructures.”® This chapter begins with background information on studies of
InN nanostructure nucleation. Next, the experiments used to characterize nanocrystal
structure are described. We then discuss the effect of annealing temperature on
nanocrystal size and phase at nucleation. For our lowest rapid thermal annealing (RTA)
temperatures, ZB InN nanocrystals are observed. As the RTA temperature is increased,
the average nanocrystal size increases, and the formation of larger nanocrystals with WZ
structure is consistent with the predictions of a thermodynamic model for the nanoscale-
size-dependence of nucleation of ZB and WZ InN.* The nucleation of ZB InN at lower
anneal temperatures is likely due to the lower surface energy of the ZB phase in
comparison to the WZ phase for small nanocrystal radii. The chapter concludes with a

summary.
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3.2 Background

Due to its low electron effective mass,” high electron mobility,” and high room
temperature drift velocity,” InN is perhaps the most promising group III-N material for
solid state devices including long-wavelength light-emitters and detectors, high-
performance electron devices, and high-efficiency solar cells. Recently, interest in InN
has been renewed due to reports of a low bandgap energy of 0.65-0.8 eV* in lieu of the

previously accepted value of 1.7-2.2eV for wurtzite (WZ) InN.'*!!

Interestingly, the band
gap of zincblende (ZB) InN is predicted to be 0.58 eV,'? slightly below that of WZ InN,
providing an opportunity for extending nitride based light-emitting diodes (LEDs) to the
near infrared.

13,14,15 .16
2 and nanowires.” InN

ZB InN formation has been reported in 2D crystals
nanostructures have been produced by metal-organic vapor-phase epitaxy (MOVPE), but
these structures suffer from instabilities at ambient conditions, resulting in a gradual WZ
to ZB phase transformation and the formation of group-III oxides.'” Ton beams have
been used to nucleate embedded WZ and ZB InN nanocrystals using N implantation into
InP'® and In and N co-implantation into Si," respectively. Although N implantation into

InAs has been examined,” the formation of InN nanocrystals embedded in InAs and the

conditions for selective phase formation of ZB vs. WZ InN have not been reported.

3.3 Experiments
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Following broad-area N-implantation of InAs, as described in Chapter 2, the
samples were rapid thermal annealed (RTA) in argon gas at 500, 550, or 600°C for 30s.
Cross-sectional transmission electron microscope (TEM) specimens were prepared using
conventional mechanical polishing, followed by argon ion milling at 77 K. Dark-field
images were obtained using the InAs {220} polycrystalline reflections and in some cases,
the ZB InN {111} polycrystalline reflection. We note that WZ InN reflections were too
weak for dark-field imaging. All SAD patterns were calibrated to the InAs substrate

(110}.

3.4 Nitrogen Incorporation

We first consider the depth distribution of vacancy concentration and implanted N
concentration following broad-area implantation. Figure 3.1 contains plots of vacancy
concentration and N concentration vs. depth, as predicted by SRIM simulations of N

2l For 100-keV N* implantation, these SRIM simulations predict

implanted into InAs.
maximum vacancy and N concentrations at depths of 125 and 200 nm, respectively,
indicated by arrows. The vacancy (nitrogen) concentration spans depths of 0 to 300 (0 to
350) nm.

Figure 3.2(a) presents a typical cross-sectional HAADF STEM image following
implantation and RTA. EDX maps of In, As, and N were collected from regions ~540 x
420 nm. To determine the depth distribution of N, we assume a uniform sample thickness

and estimate a Cliff-Lorimer factor®> for InAs, kimas, from EDX data collected in regions

of pure InAs, typically at depths from 250 to 300 nm below the surface. Details of this
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calculation are available in Appendix B. A line-cut of EDX data from the surface to a
depth of 300 nm reveals that the atomic percentage of N is highest in the top ~50 nm of
the surface (Fig. 3.2(b)). For depths >50 nm, the N atomic % is negligible, indicating that
after RTA, N incorporation is limited to the surface layer. Any N originally below the
surface layer has likely segregated and agglomerated, forming gas bubbles, labeled with

circles in Fig. 3.2(a), as discussed elsewhere.”>**

Thus, it appears that the implanted N
species has diffused toward the surface following RTA, similar to reports of InAs:Mg

(ref. 25) and InAs:Fe (ref. 26).

3.5 Nanocrystal Formation

Figure 3.3 presents dark-field TEM images showing an overview of InAs:N (a)
as-implanted and following RTA at (c) 500, (e) 550, and (g) 600°C. Most of the TEM
images show evidence of 2 layers: (1) a surface layer whose thickness increases with
annealing temperature, and (2) a crystalline middle layer with extended twinning,
consistent with the HAADF STEM image presented in Fig. 3.1. The corresponding SAD
patterns, shown in Figs. 3.3(b), 3.3(d), 3.3(f), and 3.3(h), respectively, reveal the
formation of randomly-oriented nanocrystals within the surface layer. During annealing
of the implanted InAs layer, there is a competition between nanocrystal nucleation at the
surface and InAs recrystallization near the substrate. For low temperature RTA,
recrystallization of InAs dominates, and the near-substrate layer expands. For high
temperature RTA, N-incorporation dominates and the surface layer expands. Due to the

volatility of group V elements at temperatures above 500°C,”” as well as the reduced
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thermal stability of InAs at temperatures nearing the melting point of InAs (942°C),*® the
expansion of the nitride nanocrystal layer is more significant than the recrystallization of
InAs at higher temperatures. Indeed, at annealing temperatures in the range 650-700°C, a
reduction in thermal stability of InAs was explained by significant Fe outdiffusion.*

For the as-implanted InAs:N, the dark-field TEM image presented in Fig. 3.3(a)
reveals an apparently amorphous 200-nm surface layer. The width of this layer is
consistent with the distribution of vacancies predicted by SRIM (Fig. 3.1). The SAD
pattern corresponding to the surface layer, shown in Fig. 3.3(b), exhibits diffuse rings,
confirming significant damage in the surface layer. However, high resolution TEM
(HRTEM) images of the interface between the damaged layer and the host InAs matrix
(Fig. 3.4(a)) indicate the presence of several grains within an amorphous matrix. These
grains are crystalline InAs remnants which have maintained the tetrahedral coordination
of the crystalline InAs.

Following RTA at 500°C, dark-field TEM imaging, presented in Fig. 3.3(c),
reveals two layers: a 20-30 nm polycrystalline surface layer and a crystalline middle layer
with extended defects. In the surface layer, bright spots indicate the formation of
embedded nanocrystals with 5-20 nm separation. Both the crystallite formation and N
incorporation appear to be confined to the surface layer, indicating that N incorporation is
limited to the nanocrystals embedded in the surface. SAD collected from both the
surface and middle layers is shown in Fig. 3.3(d). The diffraction spots are likely
associated with misaligned InN nanocrystals within the surface layer. HRTEM of the
nanocrystal region (Fig. 3.4(b)) indicates crystallite lattice parameters of 2.95 and 2.59 A,

within 4.8% of the {111} and {200} interplanar spacings of ZB InN.
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We have also examined the influence of higher RTA temperatures on nanocrystal
formation in N-implanted InAs. Figures 3.3(e) and 3.3(g) present dark-field TEM images
of InAs:N following RTA at 550°C and 600°C, respectively. For 550°C (600°C) RTA,
the thickness of the polycrystalline surface layer has increased to ~50 nm (~80nm).

HRTEM from the vicinity of the surface-middle layer interface, shown in Fig.
3.4(c), reveals a single-crystalline middle layer with extended defects, while the surface
layer consists of randomly oriented nanocrystals. SAD and HRTEM imaging indicate a

density of twinning in the nanocrystals < 19.4 pm™.

3.6 Nanocrystal Phase Analysis

Identification of nanocrystals was performed using SAD and HRTEM collected
from the surface layers, presented in Figs. 3.3(f,h) and Figs. 3.3(d,e,f), respectively.
Comparisons of the interplanar spacings determined by SAD and the powder diffraction
standards from InAs and InN are shown in Table 3.1. For RTA at 550°C, d-spacings of
2.85 and 2.48 A are observed, corresponding to ZB InN phases. For RTA at 600°C, d-
spacings of 3.03, 2.59, 2.40, and 2.10 A are apparent, within 3-4% {100} and
{101 }interplanar spacings of WZ InN, the {200} interplanar spacing of ZB InN, and the
{102} interplanar spacing of WZ InN. These distortions are significantly lower than the
39% (22%) distortion for WZ (ZB) InN nanocrystals coherent with InAs, suggesting the
formation of semi-coherent InAs/InN interfaces. The {002} reflection of WZ InN is
likely missing due to the low density of WZ InN nanocrystals, as evidenced by the spotty

and incomplete rings of SAD in Fig. 3.3(h). The nucleation of WZ InN is further
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supported by the fact that the 2.59 and 2.10 A rings lie between the {111} and {200} ZB
InN reflections, and the {220} and {113} InAs reflections, respectively.

The nucleation of InN nanocrystals is confirmed by HRTEM studies (Figs.
3.4(d,e)), which reveal average lattice fringe spacings of 2.89 and 2.53 A, within 2.4% of
the {111} and {200} interplanar spacings of ZB InN. In addition, for the nanocrystals in
Fig. 3.4(f), the average lattice fringe spacings are 2.83 and 2.61 A, within 3.3% of the

{002} and {101} interplanar spacings of WZ InN.

3.7 Nanocrystal Size Distribution

To consider the effect of nanocrystal nucleation size on the formation of WZ vs. ZB
InN, a distribution of nanocrystal sizes, estimated from several dark-field TEM images, is
presented in Fig. 3.5. We note that overexposed portions of the image were not included
in the size analysis. We fit the size distributions with a Poisson log-normal regression for
nanocrystal nucleation frequency as a function of radius and use the maximum likelihood
estimation method to calculate the most probable nanocrystal radius.”’ With increasing
RTA temperature, the maximum likelihood radius (MLR) increases from 1.3+0.2 nm
(550°C RTA, Fig. 3.5(a)) to 2.6£0.4 nm (600°C RTA, Fig. 3.5(b)). Although the
distribution of sizes includes several nanocrystals with radii as large as 3.9 nm (550°C
RTA) and 8 nm (600°C RTA), the surface layer contains a larger number of nanocrystals

with smaller radii, leading to a reduced MLR.
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3.8 Mechanisms of Nanocrystal Nucleation

We now describe a thermodynamic model to consider the influence of nanocrystal
size on the nucleation of ZB and WZ InN. The crystallites form in an amorphous matrix;
thus, strain is not expected to play a role in their nucleation. Therefore, we assume an
unstrained spherical solid nucleating from a liquid. We use the radial dependence of the
InN surface energy, opn, to estimate the size-dependence of the free energy for
nucleation of ZB and WZ InN. A detailed calculation of free energy for the formation of
nanocrystalline InN is presented in Appendix C.

The resulting difference in free energies, AGzg-AGwyz, as a function of nanocrystal
radius, is presented in Fig. 3.6. For 600°C (550°C) RTA, ZB InN is favored when r <
6.25 A (6.50 A). For larger r, WZ InN is favored, consistent with literature reports for the
relative stability of bulk WZ vs. ZB InN.***" Indeed, with an increase in RTA
temperature to 600°C, the MLR has increased, and both ZB and WZ GaN nanocrystals
are apparent. For small r, the reduction in free energy of the ZB phase in comparison with
the WZ is driven by a minimization of oy,n. Figure 3.7 presents a model of (a) ZB and
(b) WZ InN with the close packed surface planes indicated in pink (dark grey). Indeed,
omN 1s minimized by adoption of the ZB crystal structure, which has a higher density of
low energy {111} surface planes in comparison with the WZ structure. Once the
enthalpy and interfacial energies are known for nanoscale InN, a more complete
prediction of the size-dependence of WZ vs. ZB nanocrystal formation is expected to be

possible.
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3.9 Conclusions

In summary, we have examined the formation of embedded InN nanocrystals
using ion implantation followed by RTA. N implantation leads to the formation of a 200
nm, N-rich, amorphous surface layer. After RTA, randomly oriented nanocrystals are
observed within the top 20-80 nm of the amorphized N-rich surface layer. The remainder
of the N-rich surface layer forms a crystalline middle layer containing twin defects. RTA
at 500 and 550°C leads to the selective formation of ZB InN nanocrystals. Following
RTA at 600°C, the average nanocrystal size has increased, and both ZB and WZ InN
nanocrystals are observed. These results are consistent with the predictions of a
thermodynamic model for the influence of nanocrystal size on the nucleation of ZB and

WZ InN.

63



d-spacing (A)

(experimental) Powder diffraction standard (A)
550°C | 600°C 7ZB InN WZ InN InAs
RTA RTA (hkl) (hkl) (hkl)
3.47 3.50 3.50 (111)
3.02 3.03 3.06 (100) 3.03 (200)
2.85 2.86 (111) 2.85(002)
2.59 2.69 (101)
2.48 240 | 2.47(200)
2.13 2.16 2.14 (220)
2.10 2.09 (102)
1.82 1.82 1.83 (113)

Table 3.1 Interplanar spacings of InAs:N following RTA at 550 and 600°C, determined
from SAD, in comparison with the powder diffraction data for InAs and InN.
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Fig. 3.1
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SRIM simulation of vacancy and nitrogen concentrations as a function of
depth for 100-keV N implantation into InAs. The vacancy concentration
(solid) spans depths of 0 to ~300 nm, with a maximum at a depth of ~125 nm
(solid arrow). The nitrogen concentration (dashed) spans depths of 0 to ~350
nm, with a maximum at a depth of ~200 nm (dashed arrow). The distribution
of vacancies is consistent with the width of the amorphous layer following
implantation.
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Fig. 3.2
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(a) Cross-sectional HAADF STEM image and corresponding 2D XEDS
spectral maps of a typical iplanted-plus-RTA sample with a nanocrystal-rich
surface layer (S) and crystalline middle layer (M). Using the line-cut
indicated in (a), with the y-coordinate expanded by 63%, the atomic ratios are
presented for (¢) In, (e) As, and (g) N. Popped Nitrogen bubbles are labelled
with circles.

66



amorph.
damaged
_layer

111pNz78

¢

Fig. 3.3  Dark-field TEM images of (a) as-implanted InAs:N layers and InAs:N layers
following RTA at (c¢) 500°C, (e) 550°C, and (g) 600°C. The corresponding
SAD patterns, collected from the damaged layer of (a) and surface (S) layer of
(¢), (e), and (g) are presented in (b), (d), (f), and (h), respectively.
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Fig. 3.4

Damaged
Layer

HRTEM images of InAs:N layers (a) as-implanted and InAs:N layers
following RTA at (b) 500°C, (c,d) 550°C, and (e,f) 600°C. For (a) the as-
implanted layers, remnant grains of InAs in an amorphous matrix are apparent
near the substrate layers. Following RTA at (b) 500°C and (c,d) 550°C,
polycrystalline nanostructures, with lattice parameters similar to ZB InN,
within an amorphous matrix, are apparent in the surface (S) layers. Following
RTA at 600°C, both (¢) ZB InN and (f) WZ InN nanocrystals have nucleated
within the surface layer.
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Fig. 3.5
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Size distributions of the crystallites in implanted-plus-RTA InAs:N for RTA
at (a) 550°C and (b) 600°C, estimated from analysis of dark-field TEM
images. The size distribution was fit with a Poisson regression, overlayed on
the distribution. A maximum likelihood estimate of nanocrystal radius gives
rvL values of 1.3 and 2.6 nm, respectively.
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Fig. 3.6  Plot of the difference between the free energies of formation for WZ and ZB
InN following RTA at 550°C (dashed line) and 600°C (solid line). For radii
less than 6.5 A (6.25 A), the ZB phase is thermodynamically favored, while
the WZ phase is favored for larger radii.
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Fig. 3.7 Models of (a) ZB and (b) WZ GaN. Close packed surface planes are indicated
in pink. There is a higher density of close packed {111} surface planes for
ZB nanocrystals in comparison to the {001} close packed surface planes of
WZ
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Chapter 4

Formation of GaN-rich Nanocrystals in Nitrogen Implanted GaAs

4.1 Overview

This chapter opens with background information, including applications of
GaAsN. Next, the experimental details of these investigations are described. We then
discuss the influence of broad-area implantation energy on the nucleation of ZB and/or
WZ GaN nanocrystals. The bulk of this chapter is devoted to our studies of the influence
of annealing temperature and annealing time on the formation and growth of GaN. The
correlation between nanocrystal nucleation size and nanocrystal phase are investigated.
We find that with increasing nanocrystal size, there is a transformation from ZB to WZ
GaN. Furthermore, we present a TTT diagram for the transformation of zincblende and

wurtzite GaN in ion-implanted GaAs. The chapter concludes with a summary.

4.2 Background

GaN and related compounds have been studied for potential applications in light-

emitting diodes (LEDs) operating through the visible spectrum, and as electronic devices

suited for high temperature, high power, and high frequency applications.'” GaN
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generally grows in a stable wurtzite (WZ) phase, but a metastable zincblende (ZB) phase
has been reported under certain growth conditions.™ WZ GaAsN has potential
applications toward short-wavelength lasers,™® while ZB GaAsN is promising for optical
communications (A 1.3-1.55 um) and integration with Si-based technologies.

GaN nanostructure formation has been reported following ion implantation plus
rapid thermal annealing (RTA) or furnace annealing (FA). High energy (100-keV) N
implantation into GaAs results in an amorphous layer, with or without crystalline
remnants.’ Following RTA at 750-850°C for 30 s, ZB GaN nanocrystals are nucleated in
the amorphous regions.® For FA > 2 min, the formation of Ga-N bonds,>”'%!!"'%13 the
nucleation of WZ GaN,"'*'> and/or WZ and ZB GaN>*'®!" have been reported, as
summarized in Table 4.1. In addition, a plot of the annealing time and temperature
dependence of ZB and/or WZ GaN nucleation is presented in Fig 4.1. From this plot, it is
apparent that the range of temperatures and annealing durations for which nucleation of
WZ GaN, and the transition from the ZB to the WZ phase occur, are not well defined.
Therefore, we have examined the mechanisms for formation and transformation of ion-
beam-synthesized GaN nanocrystals. We find that post-implantation RTA at 600 and

650°C leads to the formation of polycrystalline GaAs and GaN-rich nanocrystals,

respectively. Longer anneals at 650°C leads to the nucleation of wurtzite GaN.

4.3 Experimental Details

Following broad-area N-implantation of GaAs, the samples were annealed either

via RTA in argon gas for 30 s at 650°C or 900°C, or FA in a quartz tube furnace for 10
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min. Cross-sectional TEM specimens were prepared using conventional mechanical
polishing, followed by argon ion milling at 77 K, or in some cases, using FIB lift-out."®

Plan-view TEM specimens were prepared by chemical etching, as described in Chapter 2.

4.4 Role of Implantation Energy

Figure 4.2 presents dark-field TEM images showing an overview of GaAs:N
following implantation-plus-RTA at (a) 75 keV with a fluence of 2.5x10"" cm™ and (c)
100 keV with a fluence of 5.0x10'" cm™. The TEM images show evidence of 3 layers:
(1) a surface layer, (2) a 175 (220) nm-thick nanocrystal layer, and (3) a near-substrate
layer. The corresponding SAD patterns for 75 and 100 keV implantations, shown in
Figs. 4.2(b) and 4.2(d), respectively, indicate that RTA induces the formation of
randomly-oriented grains within the nanocrystal layer. The nanocrystals have a MLR of
1.04+0.53 nm (75 keV) and 1.37+0.36 nm (100 keV), indicating that the implantation
energy does not significantly affect the size of the nucleated nanocrystals.

Identification of nanocrystals was performed using SAD collected from the
nanocrystal layers following 75 keV and 100 keV implantation-plus-RTA, as shown in
Figs. 4.2(b) and 4.2(d), respectively. The interplanar spacings determined by SAD and
the powder diffraction standards from GaAs and GaN are summarized in Table 4.2. For
all nanocrystal layers, interplanar spacings within 1.8% of the {111}, {220}, and {311}
planes of GaAs are observed. Additionally, for 100 keV (75 keV) nanocrystal layers,
interplanar spacings within 2.5% of the {111} and {220} ({111}) planes of ZB GaN are

observed. For the 75 keV case, the {220} reflection of ZB GaN is likely missing due to a
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relatively low density of GaN nanocrystals. The nanostructures have been shown to
preferentially nucleate at implantation damage sites."”*® Since SRIM simulations predict
a factor of 2 lower maximum vacancy concentration for 75 keV (~1.0x10* c¢m™) in
comparison to that of 100 keV N™ implantation (~1.9x10% cm™), a lower density of
nanocrystals in the 75 keV implanted-plus-RTA sample is expected.”’ Preferential
nucleation of ZB GaN is indicated by the presence of the {111} reflections of ZB GaN,

while the {110} reflections of WZ GaN are absent.

4.5 Temperature-dependence of GaN Nucleation

Dark-field TEM of GaAs:N following RTA at (a) 600°C, (c) 650°C, and (e)
900°C is presented in Fig. 4.4. A ~200 nm nanocrystal layer below a thin surface layer is
observed. The corresponding SAD patterns, shown in Figs. 4.4(b), 4.4(d) and 4.4(%),
respectively, indicate that RTA induces the formation of randomly-oriented grains within
the nanocrystal layer. Comparisons of the interplanar spacings determined by SAD with
the powder diffraction standards from GaAs and GaN are presented in Table 4.2. For the
600°C (650°C) implanted-plus-RTA sample, interplanar spacings within 0.9% of the
{111}, {220}, and {311} ({220} and {400}) planes of GaAs are observed. Additionally,
for both the 650°C and 900°C RTA implanted-plus-RTA samples, interplanar spacings
within 2.2% of the {111}, {220}, and {311} planes of ZB GaN are observed. Hence,
initial nucleation of GaN has occurred between 600°C and 650°C. Furthermore, GaAs

reflections are not observed in the 900°C sample, indicating that at higher temperatures,
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the nucleation of GaN dominates over the nucleation of GaAs. A similar observation was

discussed for N-implanted InAs in Chapter 3, which has also appeared in the literature.**

4.6 Annealing Time-dependence of GaN Nucleation

We also consider the effect of longer annealing times achieved by FA on
nanocrystal nucleation and growth. Figure 4.5 presents dark-field TEM of N-implanted
GaAs following FA for 10 min at 650°C. SAD collected from an area including both the
implanted layer and the substrate is presented in Fig 4.5(b). Interplanar spacings within
0.8% of the {101}, {110}, and {103} planes of WZ GaN are observed. This is in
contrast to the observation of ZB GaN following RTA at 650°C, as discussed above.
Thus, it is likely that the longer annealing time has enabled the transformation of ZB GaN

to WZ GaN.

4.7 Mechanisms for ZB vs. WZ GaN Nucleation

It is interesting to note that the ZB phase has formed following both 75 and 100
keV implantation-plus-RTA, although WZ is predicted to be the most stable
thermodynamically.*! As we discussed in Chapter 3 and reported in the literature,”*** for
small radii, the reduction in free energy of the ZB phase in comparison with the WZ
phase is driven by a minimization of the surface energy. Figure 4.6 presents a model of
(a) ZB and (b) WZ GaN with the close-packed surface planes indicated in pink (dark

grey). Indeed, the surface energy is minimized by adoption of the ZB crystal structure,
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which has a higher density of low energy {111} surface planes in comparison with the
low energy {001} surface planes of WZ GaN.

To consider the effect of nanocrystal size at nucleation on the formation of WZ

vs. ZB GaN, a plot of GaN nanocrystal radius at nucleation, ", as a function of RTA
temperature is presented in Fig. 4.7. For RTA at 650°C, ZB GaN is nucleated with ™

=0.92 £ 0.22 nm. For 800 and 900°C RTA, r™ increases to 1.37 = 0.36 nm and 1.25 +
0.32 nm, respectively, within error of previously reported values.® Thus, averaging with
previously reported values, it appears that the maximum RTA-induced GaN nanocrystal

size at nucleation, »™, is ~1.75 nm. Since the WZ GaN phase has not been observed in

RTA reports to date, »™is likely below that required for transformation to WZ GaN

nucleation, #"". However, WZ (ZB) GaN was observed at FA (RTA) temperatures of
650°C. Therefore, it is likely that FA provides a sufficient annealing time for the
observed GaN nanocrystal nucleation radius, #**, to grow larger than #"**. Indeed, »*
values greater than 12.5 nm have been reported for WZ GaN,’ significantly larger than

max

r

4.8 TTT Diagram

We next consider the nucleation and growth of the ZB GaN nanocrystals using a
generalized Johnson-Mehl-Avrami equation. The time between two fractions of

transformation, f; and f>, is obtained from the activation energy for diffusion, £,=1.0 eV

(ref. 8), at a temperature, 7, using the relation
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E
In(t, —t,)=—%2+C 4.1
@ =10 RT @D

where C is a constant and R is the gas constant. We define f; and f> as the initial

nucleation of ZB GaN, and the 100% nucleation of ZB GaN, respectively. Atr™, we

assume that the transformation fraction has reached f>.

In Fig. 4.8, we plot annealing temperature vs. annealing time for nucleation of
WZ GaN, indicated by triangles, using data from this paper, plus those listed in Table 4.1
(plotted in Fig. 4.1). For the transformation to WZ GaN, we fit the T vs. time data to Eq.
4.1 using a logarithmic regression. The half-nose shape indicates a competition between
the driving force for nanocrystal nucleation, which increases with decreasing
temperature, and atomic mobility, which decreases with decreasing temperature.

The nanocrystal nucleation rate is then expressed as

dN AG E,
E = K{exp( T )exp(kT)} (4.2)

where K is a temperature-independent constant related to the number of atoms on the
nanocrystal surface, AG is the activation free energy, and E, is the activation energy for
nucleation. We assume time-independent variables, integrate Eq. 4.2 over time, and
solve for In(t) as a function of the total number of nuclei, N:

N)+—AG_E" (4.3)

In(¢) = IH(E T

The nanocrystal growth rate is then expressed as

dv E
= Cexp(——< 4.4
7 xp( kT) (4.4)
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where E, is the activation energy for diffusion and C is a pre-exponential. Assuming a
time-independent E, and C, we integrate Eq. 4.4 over time and solve for In(t) as a

function of the total nanocrystal volume, V-

In(¢) = ln(%) + f—; (4.5)

We now compare the expressions for NC nucleation (Eq. 4.3) and growth (Eq.
4.5) of WZ and ZB GaN. Since the NC nucleation energy is determined by the Ga-N

bond energy, we assume that differences in £, for ZB and WZ GaN are negligible. For

both ZB and WZ NCs, nucleation and growth occur within an amorphous GaAsN matrix;
thus, Eg, the activation energy for diffusion, is assumed to be equivalent (1.0 eV) in both
cases.”” We consider the nucleation of similarly-sized ZB and WZ GaN NCs, such that

AG,, = AG,,, at the ZB-WZ phase transition. Since the competition between nucleation

and growth determines the curvature of the NC time-temperature-transformation, we
consider identical curvatures for both the WZ GaN and ZB GaN f, transformations. In
Fig. 4.8, we plot the data point for f> following annealing at 750°C for 30 s, indicated by
a circle. We then plot the f; curve for temperatures ranging 600-850°C with the same

curvature as that of the WZ transformation curve.
We now consider the ZB f; curve. We define £, as the initial nucleation of ZB

GaN following annealing at 650°C, the lowest annealing temperature that results in ZB

650

GaN nucleation. ;" occurs for annealing time 77 = 30 s, and we use f; to calculate

tﬁfo = 85 s. Using Eq. 4.1, we calculate a value of C =-12.7. We then calculate values
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of 7, for temperatures ranging 600-850°C using Eq. 4.1, and plot the ZB f; curve in Fig.

4.8.

Annealing paths for RTA at 650 and 750°C, and a FA curve for 650°C are
overlaid on the plot (dashed lines) in Fig. 4.8. For RTA at 650°C for 30 s followed by
quenching to RT, ZB GaN (square) is nucleated, but only partially transformed prior to
the quench to RT, during which polycrystalline-GaAs nucleates. For RTA at 750°C for
30 s, ZB GaN nucleation begins at ~20 s and transforms to 100% ZB (square) prior to the
quench to RT. In the case of FA at 650°C for 10 min, WZ GaN is nucleated prior to the
quench. For longer FA durations, a more complete WZ transformation occurs, as
observed in the literature." Additional time-temperature-phase data is needed for a

complete set of ZB and WZ time-temperature-transformation curves.

4.9 Conclusions

In summary, we have examined the nucleation and transformation of ZB and WZ
GaN nanocrystals in GaAs prepared via matrix-seeded growth. Post implantation RTA

at 600 to 900°C leads to the formation of polycrystalline GaAs and ZB GaN, with a
maximum nanocrystal radius, ™ ~1.75 nm. For FA, we observe a transformation to
WZ GaN. We have developed a TTT diagram which describes the nucleation and growth
of ZB GaN and the transformation to WZ GaN. Once the annealing times and

temperatures are known, a complete description for the nucleation and transformation of

GaN over a wide range of temperatures and annealing times may be achieved. Our
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methods may also be readily integrated with other materials systems that crystallize in the

WZ and/or ZB structures.
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Table 4.1 Literature reports on N ion irradiation of GaAs, followed by thermal annealing
at various temperatures for times ranging from 30 s to 120 min.

[ref. #] Author

Method of Growth

Anneal Conditions (°C)

Nitride Formation

[7] X. Weng, et al. N" irradiation 750-850 for 30 s 7B GaN
[8] X. Weng, et al. N" irradiation 800 for 30 s 7B GaN
[10] DeLouise N" irradiation 200-500 GaN — unknown phase
[24] DeLouise N irradiation 200-500 GaN — unknown phase

[25] Makimoto, et al. | Nitridation of MBE GaAs | 530-645 for 90 min 7B GaN
[4] Lin, et al. N irradiation 850-950 for 10-120 min | ZB and WZ GaN
[16] Hullavarad, et al. | Nitridation of MBE GaAs | 500 for 10-90 min 7B and WZ GaN

[14] Boudart, et al.

N irradiation

500-950 for 5 min

WZ GaN at 650-850°C

[2] Li, et al.

N irradiation

300-600 for 5-90 min

Ga-N bonding

[11] Hecht, et al.

N irradiation

300 for 6.5 min

GaN - unknown phase

[12] Ho, et al.

N irradiation

850 for 2 min

GaN — unknown phase

[13] Meskinis, ef al.

Nitridation of MBE GaAs

650 for 15 min

GaN — unknown phase

[1] Lo, et al.

N irradiation

800-1000 for 2 min

WZ GaN at 800, 850°C

[3] Dhara, et al.

N irradiation

900 for 15 min

ZB and WZ GaN

[17] Bae, et al. N" irradiation 700 for 60 min 7B and WZ GaN
[15] Baranwal, et al. N" irradiation 850 for 30 min WZ GaN
[9] Majlinger, et al. N irradiation 350-400 for 60 min Ga-N bonding
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Table 4.2 Interplanar spacings measured by SAD of GaAs:N following implantation at
ion energies of 75-keV and 100-keV, and RTA at 800°C, in comparison to

powder diffraction standards.

d-spacing (A)

experimental)

Powder Diffraction Standard (A)

600°C | 650°C | 900°C | 650°C | ZB GaN | WZ GaN

75-keV | 100-keV | RTA RTA RTA | furnace (hkl) (hkl) | GaAs (hkl)

3.26 3.26 3.29 3.26 (111)

2.62 2.59 2.62 2.60 2.60 (111)

2.46 2.44 (101)

2.03 2.01 1.99 2.08 2.07 2.00 (220)

1.73 1.71 1.71 1.72 1.70 (311)
1.55 1.59 1.59 1.58 | 1.59 (220) | 1.59 (110)

1.46 1.46 1.46 (103) | 1.41 (400)

1.33 1.36 1.36 (311) 1.30 (331)
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Annealing Time (min)

Short (30s) anneals at high

In some FA studies, Ga-N bonding is reported

annealing temperature for N ion-implanted GaAs,

temperatures lead to the nucleation of ZB GaN (square). Following high
temperature annealing for longer annealing times (>1 min), WZ GaN

compiled from the references in Table 4.1.
(hexagon) is observed.

Annealing time vs.

Fig. 4.1

(triangle) without identification of a phase.
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Fig. 4.2

100 nm

.

100 nm e

Dark-field TEM images of annealed GaAs:N layers implanted at (a) a dose of
2.5x10"" and ion energy of 75 keV and (c) a dose of 5.0x10'” and ion energy
of 100 keV. The corresponding SAD patterns collected from the nanocrystal
(NC) layer of (a) and (c) are presented in (b) and (d), respectively.
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Fig. 4.3  SRIM simulations of vacancy concentration vs. implantation depth following
N' implantation at 100-keV (solid) and 75-keV (dashed). The predicted
maximum vacancy concentration for 100-keV implantation is approximately
twice that for 75-keV implantation.
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Fig. 44  Dark-field TEM images of implanted-plus-annealed GaAs:N layers following
RTA for 30 s at (a) 600°C (c) 650°C and (e) 900°C. The corresponding SAD
patterns collected from the nanocrystal (NC) layer of (a), (c), and (e) are
presented in (b), (d), and (f), respectively.
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Fig.4.5 Dark-field TEM of GaAs:N following furnace annealing at 650°C for 10
minutes. The corresponding SAD pattern, presented in (b), indicates
nucleation of WZ GaN.
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Fig. 4.6  Models of (a) ZB and (b) WZ GaN. Close packed surface planes are indicated
in pink. A higher density of close packed {111} surface planes for ZB
nanocrystals in comparison to the {001} close packed surface planes of WZ is
apparent.
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Fig. 4.7
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Plot of GaN nanocrystal size at nucleation vs. annealing temperature for rapid
thermal annealed GaAs:N. Data contained in this thesis (squares) and data
from Ref. 8 (circle) suggests that size increases with anneal temperature from
650 to 800°C, reaching a maximum size of 1.75 nm, as shown by the dashed
line.
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Fig. 4.8

900

800

700

600

RTA=%.  poly-
= P FA

Annealing Temperature (°C)

500+

1 10 100
Annealing Time (min)

TTT diagram for ZB and WZ GaN formation based upon literature reports and
data contained in this thesis. WZ GaN nucleation is indicated by triangles.
Annealing paths for select RTA and FA temperatures are overlaid for
comparison (dashed lines). For RTA at 650°C for 30 s, formation of ZB GaN
(square) is observed. During the subsequent quench to RT, formation of
polycrystalline GaAs is also observed. For RTA at 750°C for 30 s, formation
of ZB GaN begins at 14 s; polycrystalline GaAs is not observed following the
quench to RT. In the case of FA at 650°C for 10 min, formation of WZ GaN
is observed and subsequent quenching to RT does not lead to the formation of
polycrystalline GaAs.
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Chapter 5

Spatially Directed Formation of Embedded Zincblende GaN Nanocrystals

5.1 Overview

Ion beam synthesis approaches have been utilized to produce both ZB and WZ
nitride nanocrystals.'> However, a method for spatially directing the nucleation of nitride
nanocrystals has not been reported. This chapter opens with background information on
earlier approaches to spatially direct nanostructure nucleation via FIB processing. Next,
the experimental details of these investigations are described. We then discuss the
influence broad-area ion implantation combined with FIB irradiation on the nucleation of
ZB vs. WZ GaN and vertical and lateral positioning of the GaN nanocrystals. The
correlation between nanocrystal size at nucleation and nanocrystal phase are investigated,
and a preference for ZB GaN nucleation is observed for small nanocrystal radii. The

chapter concludes with a summary.

5.2 Background

To exploit the desired characteristics of both ZB and WZ GaN, an understanding

of the mechanisms for selective phase nucleation is essential. The preference for ZB vs.
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WZ GaN may be related to nanocrystallite strain,” the relative stability of the small size
of WZ and ZB nanocrystals," or the influence of short-to-medium range order in the host
matrix. To date, the mechanisms of ZB vs WZ GaN nucleation in GaAs:N has not been
explored experimentally.

In terms of lateral patterning of nanocrystals, focused ion beam (FIB) milling has
been used to produce sites for selective nucleation of Ge islands on Si(001)," Cu,O
nanodots on SrTiO3(100).° and InP nanowires on GaAs(100).” In addition, it has been
proposed that FIB-induced vacancy motion would enable void organization in broad-area
implanted GaSb and InSb.® In this thesis, we report on the influence of combined broad-
area and FIB irradiation, followed by rapid thermal annealing (RTA), on the phase
selection and lateral patterning of nitride nanocrystals embedded in GaAs. Following N
implantation plus RTA, ZB GaN nanocrystals are observed to be centered about the depth
of maximum ion damage. Additional Ga' FIB irradiation leads to selective lateral
positioning of the nanocrystals in localized regions of highest vacancy concentration.
The preferential nucleation of ZB GaN nanocrystals over the thermodynamically favored
WZ phase of bulk GaN is consistent with the predictions of a thermodynamic model for

the size-dependence of nucleation for ZB GaN.

5.3 Experimental Details

For these investigations, GaAs films were broad-area implanted using 75 or 100

keV N" ions, with a nominal fluence of 2.5x10'” or 5x10'” cm™, respectively. Following

broad-area implantation, trenches with widths and depths of 25 to 50 nm and spacings of
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150 to 200 nm were milled into the surface using a Ga' FIB operating at 30 kV. The
samples were then annealed via RTA in argon gas at 800°C for 30 s, as described in
Section 2.3. Cross-sectional TEM samples, oriented perpendicular to the length of the
FIB-milled trenches, were prepared using FIB liftout’ as shown in Fig. 5.1 and described
in Section 2.4. The depth-dependence of lattice disorder was determined by channeling-

Rutherford backscattering spectrometry (RBS) with a 2 MeV He'" beam.

5.4 Depth-Dependence of Ion Damage

We first consider the influence of vacancy concentration on the depth distribution
of nitride nanocrystal formation in GaAs. Figures 5.2(a) and 5.2(b) present dark-field
TEM images of typical layers formed by 75 and 100 keV implantation-and-RTA.
Figures 5.2(a) and 5.2(b) also contain overlaid plots of depth versus vacancy
concentration and N concentration, as predicted by SRIM. The cavities in the TEM
images, labeled with arrows, are likely remnants of coalesced N gas bubbles at the depths
of highest N concentration, similar to earlier reports.'®'!" Simulations of 75 keV (100
keV) N' implantation predict maximum vacancy and N concentrations at depths of 100
(150) and 160 (200) nm, respectively. For 100 keV as-implanted GaAs, the maximum
vacancy concentration is ~1.9x10* ¢cm™, compared to ~1.0x10* cm™ for the case of 75
keV as-implanted GaAs. In both cases, a surface layer containing a high density of GaN-
rich GaAsN nanostructures within an amorphous matrix, centered about the predicted

depth of maximum vacancy concentration, is observed. This suggests that lattice damage
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provides sites for nanocrystal nucleation, similar to the nucleation of InAs
nanocrystals.' >4

To determine the influence of broad-area N' implantation energy and RTA on
damage depth profiles, (001) channeling-RBS measurements were performed on 75 and
100 keV N implanted GaAs. Figure 5.3 presents the normalized yield versus energy and
depth for 75 and 100 keV as-implanted and implanted-and-RTA GaAs. For comparison,
random and (001) channeling yields from GaAs are included in the plot. The ratio of the
channeling RBS yield to the random yield () is a measure of the fraction of ions which
were dechanneled, presumably due to lattice disorder. For 100 keV (75 keV) as-
implanted GaAs, the normalized yield contains a broad peak spanning depths from 0 to
300 nm (0 to 250 nm). The presence of this peak indicates an increase in lattice disorder
in the range of depths including those of the highest vacancy concentration and the
highest nitrogen concentration, indicated with brackets in Fig. 5.3. For depths to 300 nm,
the normalized yield is an average of 32% higher for 100 keV in comparison with that of
75 keV as-implanted GaAs, suggesting a higher vacancy concentration following 100
keV implantation, consistent with the predictions of SRIM simulations discussed above.
Following RTA, the normalized yield of the 100 keV (75 keV) implanted GaAs is
reduced, indicating partial recovery of crystallinity. For 100 keV (75 keV) implanted
GaAs, the normalized yield contains a local minimum from 0 to 150 nm (0 to 100 nm),
consistent with the predicted depth of maximum vacancy concentration and the observed
depth of nanocrystal formation. This indicates that the nanocrystal formation indeed
takes place at the depth of highest vacancy concentration. We therefore endeavor to use

FIB irradiation to create laterally directed seeding locations for nanocrystal formation.
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This process of directed matrix seeding is shown schematically in Fig. 5.4. Following
broad-area N implantation (5.4(a)), the surface is FIB-irradiated in specific areas to
increase the localized vacancy concentration (5.4(b)), and finally, the thermal annealing

induces the formation of nanocrystals in the FIB-irradiated regions (5.4(c)).

5.5 Nucleation of ZB Nitride Nanocrystals

We also consider the nanoscale structure following broad-area implantation, FIB
processing, and RTA. Figure 5.5 presents typical dark-field diffraction contrast TEM
images after (a) 75 keV implanted-plus-FIB-and-RTA and (c) 100 keV implanted-plus-
FIB-and-RTA. Both TEM images reveal a series of hills and valleys associated with the
FIB-milled trenches, along with two distinct regions below the Pt layer: (1) a nanocrystal
bilayer with a ~20 nm thick surface layer and a 250 nm thick nanocrystal middle layer,
and (2) a near-substrate layer. For both implantation energies, nanocrystal formation
within the bilayer occurs, similar to the nanocrystal layer formed via matrix-seeded
growth."" Within the nanocrystal bilayer of the implanted-plus-FIB-and-RTA samples,
the thickest layer contains nanocrystals in an amorphous matrix. The nanocrystals have
an average radius of 1.04+0.53 (75 keV) and 1.37+0.36 (100 keV) nm.

Identification of nanocrystals was performed using SAD collected from the
bilayer following 75 keV and 100 keV implantation-plus-FIB-and-RTA, as shown in
Figs. 5.5(b) and 5.5(d), respectively. Both SAD patterns contain several spotty rings
associated with the nanocrystals and a diffuse ring, presumably due to the amorphous

regions. Comparisons of the interplanar spacings measured by SAD and the powder
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diffraction standards from GaAs and GaN are shown in Table 5.1. For the 75 keV (100
keV) implanted-plus-FIB-and-RTA nanocrystal bilayer, d-spacings of 3.26, 2.00, 1.71,
1.41 and 1.30 A (3.26, 2.00, 1.71, 1.39 and 1.31 A) are observed, within 1.4% of the
{111}, {220}, {311}, {400} and {331} interplanar spacings of GaAs. Additionally, d-
spacings of 2.56 A (2.59 and 1.62 A) are apparent, within 1.9% of the {111} ({111} and
{220}) interplanar spacings of ZB GaN. The {220} reflection of ZB GaN is likely
missing for the 75 keV case due to the low density of GaN nanocrystals. Fewer
nanocrystals are apparent following 75 keV implantation in comparison with that of 100
keV implantation plus RTA. It is likely that fewer nanocrystal nucleation sites were
formed due to the lower vacancy concentration for the 75 keV case, as shown in Fig. 5.2.
For both implantation energies, the {111} reflections of ZB GaN are evident while the
{100} reflections of WZ GaN are absent, indicating a preferential nucleation of ZB. It is
interesting to note that the ZB phase has formed following both 75 and 100 keV
implantation-plus-FIB-and-RTA, although WZ is predicted to be the most stable
thermodynamically.” The mechanisms for the nucleation of ZB GaN over WZ GaN will

be discussed in Section 5.7.

5.6 Directed Seeding of GaN Nanocrystals

We next consider the influence of FIB irradiation on the spatially-directed

nucleation of nanocrystals. Figure 5.5 presents typical dark-field diffraction contrast

TEM images after (a) 75 keV implanted-plus-FIB-and-RTA and (c) 100 keV implanted-

plus-FIB-and-RTA that reveal a nanocrystal bilayer. Within the narrowest layer of the
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bilayer, it appears that many ~10-15 nm-sized agglomerations of nanocrystals have
formed within a ~20 nm amorphous layer at the surface. The thickness of the amorphous
layer is consistent with SRIM simulations of the depth of highest vacancy concentration
introduced by 30 keV Ga' FIB irradiation, as shown in Fig. 5.6. The agglomerations of
nanocrystals have nucleated near the FIB-irradiated trenches, suggesting a preference for
nucleation in regions of increased vacancy concentration.

For both 75 and 100 keV broad-area implantation energies, we consider the
influence of FIB irradiation on the percentage of preferentially aligned nanocrystals
within the nanostructured bilayer. In the vicinity of the FIB-irradiated regions, similar
densities of agglomerations of nanocrystals are apparent following implantation-plus-
FIB-and-RTA for both implantation energies. However, a comparison of the FIB-
irradiated regions reveals a lower density of randomly spaced nanocrystals in the 75 keV
bilayer, presumably due to a lower vacancy concentration in that case. The comparison
of vacancy concentrations for the 75 and 100 keV as-implanted GaAs is shown in Figs.
5.2(a) and 5.2(b), respectively. Since the 75 keV implantation leads to ~50% fewer
vacancies in comparison to that of the 100 keV implantation, fewer available nucleation
sites are expected to be available in that case. Thus, subsequent FIB irradiation is
expected to provide the greatest selectivity for the 75 keV implanted-plus-FIB-and-RTA

films.

5.7 Mechanisms for ZB GaN Nucleation
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The proposed mechanism for nucleation following broad-area implantation, FIB
processing, and RTA is shown schematically in Fig. 5.7. The implantation of GaAs with
high energy N" ions produces a N super-saturated surface layer, as shown in Fig. 5.7(a).
Subsequently, exposure of the GaAs:N surface to localized FIB irradiation introduces
regions of increased vacancy concentration which act as nanocrystal nucleation sites (Fig.
5.7(b)). Following annealing, a nanostructured bilayer is formed at the surface, as shown
in Fig. 5.7(c).

We examine the size-dependence of nanocrystal phase (ZB vs. WZ) by
considering the free energy for the nucleation of ZB and WZ GaN. The nanocrystals
form in an amorphous matrix; thus, strain is not expected to play a role in their
nucleation. Therefore, we assume an unstrained spherical solid nucleating from a liquid.
A detailed calculation of free energy for the formation of nanocrystalline GaN is
presented in Appendix C.

The resulting difference in free energies, AGzs-AGwz, as a function of
nanocrystal radius, is shown in Fig. 5.8. For implantation-plus-RTA, ZB GaN is favored
when r <2.10 A. For small r, the reduction in free energy of the ZB phase in comparison
with the WZ is driven by a minimization of the GaN surface energy. Indeed, the surface
energy is minimized by adoption of the ZB crystal structure, which has a higher density
of low energy {111} surface planes in comparison with the WZ structure. We note that a
more complete calculation of the size-dependence of WZ vs. ZB nanocrystal formation is

expected once the enthalpy and interfacial energies of nanoscale GaN are available.
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5.8 Conclusions

In summary, we have examined the formation of nitride nanocrystals using a
combination of broad-area implantation and FIB processing. GaN nanocrystals form in
the regions of highest damage, both vertically and laterally, thus making lateral
positioning possible by using FIB patterning to introduce localized regions of increased
vacancy concentration. Following RTA, ZB GaN nanocrystals have nucleated instead of
the thermodynamically favored WZ phase of bulk GaN. This is consistent with the

predictions of a thermodynamic model for nucleation of nano-scale ZB GaN.
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d-spacing (A) Powder diffraction
(experimental) standards (A)
75-keV | 100-kev | ZB GaN GaAs
implant. | implant. (hkl) (hkl)
3.26
3.26 3.26 (111)
2.60
2.56 2.59 (111)
2.00
2.00 2.00 (220)
1.70
1.71 1.71 (311)
1.59
1.62 (220)
1.41
1.41 1.39 (400)
1.30
1.30 1.31 (331)

Table 5.1 A comparison of the interplanar distances measured by selected area
diffraction of GaAs:N following RTA at 550 and 600°C with the powder
diffraction data for GaAs and GaN.
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Fig. 5.1
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SEM image of FIB-milled trenches in GaAs:N. The trenches act as regions of
increased vacancy concentration. FIB liftout techniques were used to create
cross sectional TEM samples perpendicular to the trenches (dotted line).
Deep trenches were milled for position marking.
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Fig. 5.2
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SRIM simulations of the depth-dependence of vacancy and nitrogen
concentrations for (a) 75 keV and (b) 100 keV N ions implanted into GaAs
overlaid onto dark-field TEM images of implanted-and-RTA GaAs. The
regions of highest vacancy concentration (solid line) and highest nitrogen
concentration (dashed line) from the simulation correspond to layers with
crystallite formation and blistering, as shown in the underlying images.
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Fig. 5.3
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Channeling-RBS spectra as a function of backscattered energy of GaAs
layers, comparing 100 and 75 keV as-implanted (solid lines) and implanted-
and-RTA (dashed lines) samples with GaAs in the random and (001) aligned
configurations. For the 75 keV (100 keV) as-implanted layer, a broad peak
which spans depths from 0 to 250 nm (0 to 300 nm), indicated by brackets, is
observed. Following RTA, minima from 0 to 150 nm (0 to 100 nm) indicate
partial recovery of the lattice damage, at depths corresponding to those where
nanocrystal nucleation is observed.
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(a)

N+ broad-area (b) Ga+ FIB irradiation (c) Rapid Thermal
implantation Annealing

Fig. 5.4

Schematic of the directed matrix seeding process. N+ ions are broad-area
implanted into the substrate to create a highly damaged, N-rich surface (a).
Gat+ FIB irradiation is used to introduce regions of elevated vacancy
concentration (b). Following thermal annealing, GaN is nucleated in the FIB
irradiated regions (c).

111



100 nm 3llcas: _»

@ 1lcanzs
N

111gaa:

Near-substrate

Fig. 5.5

Dark field TEM image of (a) 75 keV and (c) 100 keV implanted-plus-FIB-
and-RTA GaAs. Polycrystalline nanocrystals with a clustering of crystallites
near the bottom of the FIB milled trenches appear as bright spots in the TEM
image. The SAD patterns collected from the polycrystalline layers of (a) and
(c), shown in (b) and (d), reveal the formation of ZB GaN in both cases.
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Fig. 5.6 SRIM simulations of 30-keV Ga implanted into GaAs. The vacancy
concentration is centered about a depth of ~18 nm.
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Fig. 5.7

High Energy N ions

EEEEREER

/ - Super-
saturated
(a) GaAs Substrate

DA N4

Ga+ FIB Irradiation

saturated
GaAs Substrate

DA N4

' Rapid Thermal

7. "leNanocrystal

Schematic of the directed matrix seeding process, consisting of (a) broad-area
high energy nitrogen ion irradiation to produce a N super-saturated amorphous
layer, (b) FIB irradiation to produce arrays of localized high vacancy
concentration, and (c) rapid thermal annealing to enable spatially—directed
nanocrystal nucleation.
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Fig. 5.8  Plot of the difference between the free energies of formation for WZ and ZB
GaN following RTA at 800°C. For radii less than 2.10 A, the ZB phase is
thermodynamically favored, while the WZ phase is favored for larger radii.
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Chapter 6

Summary and Suggestions for Future Work

6.1 Summary

In this thesis, the mechanisms for nucleation of embedded gallium (indium)
nitride nanostructures were investigated. We examined the relative roles of implantation
energy, annealing time, and annealing temperature on the nucleation and growth of
nanocrystals. We presented a thermodynamic model for the size-dependant nucleation of
ZB vs. WZ nanocrystals. In addition, we examined the lateral patterning of
nanostructures using focused ion beam irradiation.

In Chapter 3, we examined the formation of InN nanocrystals embedded in InAs.
Low temperature (77K) N ion implantation into InAs led to the formation of a 200 nm,
N-rich, amorphous surface layer with crystalline InAs remnants. RTA up to 550°C led to
the nucleation of zincblende InN nanocrystals with a maximum likelihood radius of
1.3+0.2 nm. RTA at 600°C led to nucleation of zincblende and wurtzite InN, with an
increase in nanocrystal radius to 2.6+0.4 nm. These results were consistent with the
predictions of a thermodynamic model for the nanoscale-size-dependence of zincblende
and wurtzite InN nucleation. The thermodynamic model suggests the dominant influence

of surface energy on nanocrystal structure for nanocrystals with radii up to ~2 nm.
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In Chapter 4, the nucleation and growth of embedded GaN nanostructures was
examined. We discussed the influence of parameters critical for controlling the kinetics,
including annealing time and annealing temperature. For both high energy (100-keV)
and low energy (75-keV) implantations, ZB GaN nucleation was observed. The damage
depth distribution was simulated and compared to TEM images, and indicated a higher
vacancy concentration for high energy implantations. For annealing temperatures of 650
and 900°C, ZB GaN was observed following 30 s of annealing. The size of the
nanostructures was examined and a maximum radius for pure ZB GaN formation was
observed for annealing temperatures greater than 700°C. Following annealing for 10 min
at 650°C, WZ GaN was observed, indicating that a phase transition from ZB to WZ GaN
occurs if the annealing time is sufficiently long. A TTT diagram to describe the
nucleation and coarsening of ZB and WZ GaN was developed and presented, allowing
for predictions of the annealing conditions for ZB and/or WZ GaN formation at arbitrary
temperatures.

In Chapter 5, we reported on the spatially selective formation of GaN
nanocrystals embedded in GaAs. Broad-area N' implantation followed by RTA led to
the formation of nanocrystals at the depth of maximum ion damage. With additional
irradiation using a Ga' FIB, selective lateral positioning of the nanocrystals within the
GaAs matrix was observed in isolated regions of increased vacancy concentration.
Following RTA, the formation of ZB GaN is observed in the regions of highest vacancy
concentration. There is a higher density of randomly spaced nanocrystals within the FIB-
irradiated layer following 100 keV implantation, indicating a greater influence of FIB-

irradiation on spatially-directed nucleation following 75 keV implantation. The
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nucleation of zincblende nanocrystals over the wurtzite phase of bulk GaN is consistent
with the predictions of a thermodynamic model for the nanoscale size-dependence of

GaN nucleation.

6.2 Suggestions for Future Work

In Chapters 3-5, we presented methods for controlling the size, crystalline phase,
and lateral position of InN and GaN nanocrystals. Embedded GaN or InN nanocrystals
were formed via ion implantation followed by thermal annealing. Nanocrystals formed
via this method have dimensions (3-5 nm) that are comparable to the sizes achievable
with colloidal growth, but are embedded in a protective host matrix and can be laterally
spaced, comparable to epitaxial growth methods. However, further work is needed to
examine the effect of the nanostructure on the physical properties of the materials. In the
following sections, we will discuss three suggestions for future work that will relate the
structure of the materials to device performance and present a method of multi-
dimensional fabrication. First, we will discuss thermal conductivity measurements of
InN and GaN nanostructures. Then, we will discuss photoluminescence of InN and GaN
nanocrystals. Finally, we will present a process of extending directed matrix seeding to

multiple dimensions.

6.2.1 Thermal Conductivity of Nanostructured Ga(In)As:N
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Low-dimensional heterostructures are predicted'” to lead to materials with
enhanced thermoelectric figure-of-merit, Z7, in comparison to that of bulk materials. ZT

may be defined as:

S To
K

ZT =

(6.1)

where S is the Seebeck coefficient, ¢ is the resistivity, and « is the thermal conductivity.
Preliminary measurements of S and ¢ have been performed. S of as-grown GaAs
samples range from 100 and 500 uVK'l, for n ranging from 10" em™ to 10" em™ (ref. 3).
Following implantation, S could only be measured for heavily-doped implanted-plus-
RTA layers; however, the measured S for the heavily-doped-plus-RTA samples is slightly
enhanced in comparison to that of the as-grown films. For Si-doped GaAs:N layers,
implantation-plus-RTA increases the resistivity, p (p=1/0), of two samples from ~0.001 to
~0.01 Q-cm and ~0.004 to ~0.04 Q-cm. For Te-doped GaAs:N layer, implantation-plus-
RTA increases p from ~0.001 to ~0.1 Q-cm, a much larger increase than that for the Si-
doped case.* In order to fully characterize ZT, it is necessary to measure k. In the case of
GaAs:N nanocomposite layers, it is likely that phonon scattering due to both the
disordered matrix as well as matrix/particle interfaces will contribute to a decrease in k in
comparison to that of the bulk. For example, the addition of ErAs particles to InGaAs
layers has been shown to decrease k by at least a factor of 2.

We have begun studies on the thermal conductivity of GaAs:N nanocomposite
films. However, to characterize the correlation between nanostructure and thermal
properties, thermal conductivity measurements of both MBE-grown GaAs films and
GaAs:N nanocomposite films are suggested.  For this purpose, a pump/probe technique®

shown in Fig. 6.1 is used. A metal film (~50-100 nm) is deposited as a transducer layer
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on the sample surface. Then, an optical pulse (pump) laser signal is focused onto the
sample surface. The energy of the pulse is deposited in a localized region of the sample
surface (r ~15 pm), leading to a localized increase in the temperature. Stress is generated
by thermal expansion of the material, and relaxes by generating an acoustic strain pulse.
This strain pulse propagates according to the elastic properties of the material and, when
an interface is reached, part of the pulse is transmitted and part is reflected according to
the difference in the acoustic impedance (product of density and sound velocity) of the
two materials. The reflected portion eventually returns to the surface, at which point the
strain pulse can be converted back into an optically detectable signal by the piezo-optic
effect.” The presence of strain alters the optical constants, introducing a change in the
reflectivity, AR. This change in reflectivity can be monitored by a separate optical pulse

(probe). The temperature change is then given by

AT(z)=(—-R) C(%A) exp 7'¢ (6.2)

where R is the sample reflectivity, O is the optical pulse energy, C is the specific heat per
unit volume, 4 is the optical spot area, & is the optical absorption length, and z is the

distance into the sample.® Values for the thermal conductivit , K, can be obtained b
p Y Yy

LGy T,0-T,0.0) (6.3)
oz Ry

z=0
where T, (z,t) is the temperature of the sample film at depth z and time ¢, T, (¢)is the
temperature of the metal film, and R, is the thermal-boundary resistance at the interface

between the metal film and the sample.” Details of this derivation can be found in

Appendix D.
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To date, we have performed pump/probe reflectivity measurements on structures
with 175-220 nm layers of N-saturated, highly damaged GaAs matrix. We have also
performed measurements on a 220 nm layer consisting of ZB GaN nanocrystals within a
highly damaged GaAs matrix. Preparation of these nanostructured films was discussed in
Section 4.3. Preliminary thermal conductivity measurements of 75 keV as-implanted,
100 keV as-implanted, and 100 keV implanted-plus-RTA GaAs are presented in Fig. 6.2.
Following implantation of GaAs at 75 keV (100 keV), the thermal conductivity is 18
W/mK (16 W/mK). Following annealing, the thermal conductivity increases to a value
of 24 W/mK. Thus, the nanostructured films exhibit a thermal conductivity between that

of bulk GaAs (55 W/mK) and that of amorphous GaAs (0.5 W/mK).

6.2.2 Photoluminescence of Ga(In)N Nanocomposites

The N-incorporation induced bandgap reduction of GaAs is attractive for
applications including photovoltaics as well as long-wavelength light emitters and
detectors.'® For example, photomixers fabricated on N-implanted GaAs showed
improvements in power output and responsivity in comparison to as-grown GaAs."" In
recent years, several groups have explored the optical properties of ion-beam synthesized
GaAs:N.'M211415 The PL and CL responses of GaAs:N layers consistent with the
preparation described in Chapter 2 are presented in Refs. 15 and 16. PL features,
including the ~1.5 eV emission associated with the fundamental band gap transition of
GaAs, as well as a ~1.27 eV emission associated with nitride-rich nanocrystals are

observed.
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Reports on the PL response of InN nanoparticles are limited and do not describe
the influence of nanoparticle size on the optical properties. InN nanoparticles
synthesized on amorphous silica nanoparticles'’ or on TiO, (ref. 18) showed blue
emission, although the origin of the emission was attributed to the interface between the
InN nanoparticle and the host material rather than a fundamental property of the InN
nanoparticles. Additional PL measurements on InN nanoparticles have exhibited broad
emission peaks ranging from 1.92 to 2.19 eV, attributed to overlapping bands of ZB and
WZ InN." PL emission of InN nanorods was measured as a function of nanorod length
with negligible change in the PL response for nanorod lengths of 0.25-1.8 pm.*
However, the influence of the radial dimensions of the nanorods were not considered.
There have been no reports of optical properties of ion-beam-synthesized InAs:N.

Studies of the PL response of InN and GaN nanocrystals as a function of
nanocrystal size and phase, and studies in which the spot size of the laser is
systematically varied are suggested. If the spot size of the focused point is comparable to
the mean separation distance between the nanocrystals, the number of nanocrystals
contributing to the PL response is limited and sharp luminescence lines with discrete
photon energies are detected. If the distribution of the dots is dilute enough, response
from a single nanoparticle may be detected.”’ Thus, the PL response of single
nanoparticles and groups of nanoparticles (with some size distribution) can be compared.
By varying the size and phase of the nanoparticles, a direct correlation between the
nanoparticle structure and PL response can be observed. For the suggested PL
measurements, a suitable laser and detector must be employed which can measure the

bandgaps of ZB and WZ GaN; 3.2 and 3.39, respectively.
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6.2.3 Directed Matrix Seeding in 3-D

In Chapter 5, we described a process for laterally controlling the distribution of
nitride nanocrystals by introducing localized regions of increased vacancy concentration.
However, the broad-area implantation techniques produce a nanocrystal layer spanning a
depth of ~250 nm. On the other hand, the directed seeding was confined to a ~20 nm
surface layer corresponding with the depth of FIB irradiation. The randomly spaced
nanocrystals therefore span a depth ~10X greater than the spatially directed nanocrystals.
Any effect on the properties arising from the ordered surface layer would likely by
superseded by a much larger contribution from the random layer. Additionally, the
directed seeding process described in this thesis has been achieved only for nanotrenches,
limiting patterning applications to one dimension. It is therefore necessary to develop a
procedure for introducing a multi-dimensional ordered array of nanocrystals without
introducing a disordered layer beneath it. We suggest several approaches, outlined
below: reducing the broad-area implantation energy, use of a plasma source FIB, and two
dimensional FIB patterning integrated with 3-D growth techniques.

First, we consider reducing the broad-area implantation energy so that maximum
vacancy and nitrogen concentration depths are comparable to the maximum vacancy
concentration from FIB irradiation. Figure 6.3 presents a plot of FIB-induced vacancy
concentration as a function of depth, as predicted by SRIM. The maximum vacancy
concentration is at a depth of ~ 18 nm, with a FWHM spanning ~ 30 nm. In order to

limit nanocrystal nucleation to these depths, broad area implantation should introduce a
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distribution of N with similar depths. Figure 6.4 presents a plot of nitrogen concentration
as a function of depth, as predicted by SRIM. As the implantation energy is reduced, the
maximum concentration is at shallower depths, and the distribution is reduced. For 10
keV implantations, the [N] has a maximum at ~ 20 nm, with a FWHM spanning ~ 40 nm.
This overlaps well with the vacancy concentration introduced by FIB irradiation, which
would reduce unnecessary damage in the sample caused by broad-area irradiation at
depths beyond the span of FIB-irradiation depths.

Next, we consider the use of a plama-source FIB as a N source. Plasma-source
FIB technology is currently in development, with reports of Xe (refs. 22, 23) and Ar (ref.
%) sources with 1.4 pm spot sizes and current densities of 600 mA/cm®. Plasma-source
FIBs offer an opportunity to combine N implantation with localized vacancy
concentration. By using a FIB as a N implantation source, increased vacancy and N
concentrations can be introduced simultaneously, as shown schematically in Fig. 6.5.
The plasma source N FIB would be used to selectively pattern the surface of the
Ga(In)As, with the resolution and current densities afforded by the FIB. Using this
procedure, no further ion-beam processing is necessary. Following FIB implantation, the
sample would then be annealed to nucleate nitride nanocrystals in the FIB-irradiated
areas. Because the implantations could be performed in localized regions, this process
also offers the ability to nucleate nanocrystals without damaging the entire sample and
limit the introduction of N to only the nanocrystal nucleation sites.

Finally, we consider methods for extending directed matrix seeding to multiple
dimensions. To date, the directed seeding process described in this thesis has been

achieved for nanotrenches, limiting patterning applications to one dimension. However,
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this process is readily expanded to 2-D, as presented in Fig. 6.6. Following broad-area
implantation, the sample surface would be patterned using a Ga-source FIB. Following
annealing, the FIB-irradiated regions act as seeding locations for nanocrystal nucleation.
Because the nanocrystals are embedded, they are not subject to atmospheric degradation
and can therefore be integrated with in-situ or ex-situ techniques to integrate 2-D patterns
with 3-D growth techniques. An approach of in-situ FIB-MBE for 3-D directed matrix
seeding is presented in Fig. 6.7. A Ga(In)NAs film is grown on the substrate using
conventional MBE techniques. The surface is then FIB-irradiated using a UHV FIB
mounted directly on the growth chamber.” The sample should then be annealed using a
substrate heater to form nitride nanocrystals. The annealing time and temperature should
be adjusted to those found in Chapters 3-5 for the selected growth of ZB or WZ nitride
nanocrystals. The film growth, implantation and anneal sequence should then be

repeated until the desired dimensions are achieved.

* For the case a FEI UHV Magnum 4.5” FIB mounted on a Riber 32P MBE system, mounting the FIB on
the top 6” flange is recommended. However, modifications must be made to the existing Riber 32P

cryopanel to allow placement of electron detector used for FIB imaging.
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Fig. 6.1

(a) pump (b) probe
beam beam

Schematic of pump/probe thermal conductivity measurements. An optical
signal (pump) hits the surface (a), creating a localized region of increased
temperature (red). A stress pulse (black) is generated by the thermal
expansion of the material. The pulse is (b) reflected off of interfaces in the
material (orange), where it returns to the origin and the stress alters the
reflectivity, which is measured with a probe beam.
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Fig. 6.2  Time-resolved thermoreflectance of GaAs:N obtained using a pump/probe
technique. The thermal conductivity is lowest for high energy (100 keV)
implantation, with a slight increase following RTA. All values are below
those of bulk GaAs (55 W/mK).
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Fig. 6.3  SRIM simulation of vacancy concentration introduced by 30 keV Ga incident
on GaAs. For 3-D growth, the vacancy distribution should span depths
similar to the nitrogen distribution from broad-area implantation.
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Fig. 6.4
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SRIM simulation of N concentration as a function of depth for broad-area N
implantation into GaAs for various implantation energies. As implantation
energy is reduced, the depth distribution of [N] is reduced. For 10-keV
implantation, the maximum [N] is at a depth of ~20 nm.
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Fig. 6.5

(a) Nitrogen FIB (b) Annealing

high [N], [vac] Nitride Nanocrystals

Ga(In)As Ga(In)As

Schematic of the proposed directed seeding process using plasma-source FIB
processing. A N FIB (a) is used to selectively pattern a surface with regions
of high nitrogen and vacancy concentrations. Thermal annealing (b) would
then be used to nucleate nitride nanocrystals in the FIB-processed regions.
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(a N+ broad-area (b Ga+ FIB irradiation © [
Annealing

Rapid Thermal

implantation

Fig. 6.6

Schematic of the 2-D directed matrix seeding process. N+ ions are broad-area
implanted into the substrate to create a highly damaged, N-rich surface (a).
Ga+ FIB irradiation is used to introduce a patterned surface of elevated
vacancy concentration (b). Following thermal annealing, GaN is nucleated in

the FIB irradiated regions (c).
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Fig. 6.7

retractable

'

Schematic of in-situ MBE/FIB experiment for nitride nanostructure growth.
Conventional MBE growth is used to grow thin films of Ga(In)NAs. The
sample is then processed using a UHV FIB mounted directly on the growth
chamber and annealed using a substrate heater. This process can then be
repeated to create multiple layers of nitride nanostructures.
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Appendix A

Selected Area Electron Diffraction Analysis

Electrons impinging at a glancing angle 6 to planes of atoms with interplanar
spacing d are reflected if Bragg’s equation is satisfied:'?

2dsinf@ =1 (A.1)
where /1 is the wavelength of the electrons. From Fig. A.1, it is apparent that the angle
between the incident electron beam and the diffracted electron beam is 26. If the electron
beam is incident on a polycrystalline specimen, the diffracted beams will form a cone
with semi-angle 26, as shown in Fig. A.2. The beam will then ne incident on the TEM
phosphor screen in a circle of radius R, such that

R/L =tan 26 (A.2)
where L is the distance between the specimen and the phosphor screen. The angle 26 is
only a few degrees when the accelerating voltage is on the order of tens of kilovolts.'
Thus, we make the small angle approximation thatsin&d = @ ortan26 = 6. Solving Eq.
A.1 and Eq. A.2 for 4 and setting them equal to each other, we find

Rd = AL (A.3)
where 4 and L are constants associated with the TEM. We can then solve for d by

measuring R. We measure the radius of the ring R using the method described below.
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The diffraction image is loaded into a graphics program which denotes pixel
coordinate values. We used Microsoft Paint, although ImageJ offers similar capabilities
using standard measurement units, although the resolution (0.01”) is not as high as
individual pixel coordinates using Paint. For each polycrystalline ring, several pixel
coordinates are denoted for points on the ring, making sure to denote pixel coordinates
from points along the entire circumference ring when possible. This procedure is
repeated for each ring.

The pixel coordinates denoted must be converted to a radius. To do this, the
center of the diffraction pattern is found. When there are single crystal diffraction spots
in the image, this is accomplished by connecting diffraction spots along a line, and
connecting diffraction spots along a line approximately parallel to the first, as shown in
Fig. A.3(a). The intersection of these two lines is the center of the diffraction pattern and
the pixel coordinates are denoted. When there are only polycrystalline rings in the
diffraction pattern, the center of the image may be found by using the outermost
diffraction ring to circumscribe a rectangle, as shown in Fig. A.3(b) The diagonals of the
rectangle intersect at the center of the diffraction pattern and the pixel coordinates of the
center are denoted.

The pixel coordinates from spot n along the polycrystalline ring (xn,yn) are then

normalized with respect to the center coordinates (X,y.) using the following relation:

(xn()rm7yn0rm):(xn_xc’yn_yc)' (A'4)

The radius, in units of pixels, are calculated using the following equation:

R = eri)rm + y:orm ‘ (AS)
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To obtain d from the radial values calculated from Eq. A.5, a known value of d
must be used. When there are single crystal diffraction spots in the image, d can be
obtained directly from standard values listed with the International Centre for Diffraction
Data (ICDD). When there are only polycrystalline rings in the diffraction pattern, d and
its associated R (related by Eq. A.3) can be obtained for a specific reflection from an
image taken during the same TEM session using the same camera length and accelerating
voltage. Because the right side of Eq. A.3 is constant, two arbitrary reflections in the
diffraction pattern are related by the equation

Rd, =R,d,=AL. (A.6)

We define d; as the known value of d, we and solve for d>:

d, = (A.7)

The crystal structure (e.g. ZB GaAs, ZB GaN, or WZ GaN) is then determined by
comparing the calculated d spacings with the d spacings from ICDD. The observed
reflections are then compared with (1) the predicted highest intensity reflections, also
listed in ICDD, and (2) the predicted ordering of the rings with respect to each other. An
example of the predicted intensities and ordering of diffraction reflections for ZB GaN is

presented in Table A.1.
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Table A.1 The d-spacings and predicted intensities and ordering of reflections for ZB

GaN diffraction.

d (A) h k I | (normalized)
2.599 1 1 1 100
2.250 2 0 0 6

1.592 2 2 0 17
1.358 3 1 1 12
1.300 2 2 2 4

1.126 4 0 0 1

1.033 3 3 1 3
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electron electron
beams

Crystal \9/29 / /'/'
pgnes \/ /
N

Fig. A.1  Schematic of electron diffraction from crystal planes. The incident electron
beam impinges on the sample at angle 6. The diffracted beams are reflected at
an angle 2 0 with respect to the incident beam. (Adapted from Ref. 1)
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| 1 Sample

20

Phosphor
screen

Fig. A.2  Schematic of polycrystalline electron diffraction. The incident electron beam
is diffracted from the sample, forming a cone with semi-angle 20. The
diffracted beams then form a circle of radius R on the phosphor imaging
screen. (Adapted from Ref. 1)
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Fig. A.3 Examples of locating the center of a diffraction image (a) when single-crystal
diffraction spots are visible and (b) when only polycrystalline rings are
visible.

145



References

' T. B Rymer, Electron Diffraction (Methuen & Co. Ltd., London 1970) p.7.
22D, B. Williams and C. Barry Carter, eds. Transmission Electron Microscopy (Springer

Science+Business Media, Inc. New York, 1996), Chapter 35.

146



Appendix B

Calculation of Atomic Ratio Using the Cliff-Lorimer Factor

EDX maps of In, As, and N were collected from regions ~540 x 420 nm. To
determine the depth distribution of N, we assume a uniform sample thickness and
estimate a Cliff-Lorimer factor for InAs, kjyas, from EDX data collected in regions of
pure InAs, typically at depths from 250 to 300 nm below the surface.

The atomic percents of each element, C, and Cg, can be related to the measured
intensities by the Cliff-Lorimer equation: '

C,
=k 4 B.1
c, e (B.1)

~

To determine the depth distribution of N, we assume a uniform sample thickness and
calculate a Cliff-Lorimer factor for InAs, kj,4s, from EDX data collected in regions of
pure InAs, typically at depths from 250 to 300 nm below the surface. For InAs, C,=Cp =

0.5, and from Eq. B.1, k4, can be expressed as follows:

I
Kppas = I‘“ (B.2)
Vi

By averaging values of 14, and /;,, presented in Table B.1, for depths greater than 250 nm,
we calculate a value of k;,4,=1.328.

We next assume a uniform distribution of In and calculate the relative atomic

percents of As using the following equations:
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(B.3)

ST
CAS = O 5 —
kInAs IIn
Cc,=1-C, -C, (B.4)
N In As

Measured values of I, L4, Iy, and Calculated values of C4; and Cy are presented in Table

B.1.
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Table B.1 Measured values of XEDS signal intensity of In, As, and N with calculated
values of the atomic percents of As and N.

Depth (nm) | Iy I Ias Tad/Tn Cas Cy

0 5 86 38 | 0.44186 | 16.46128 | 33.53872
0.002 5 99 40 | 0.40404 | 15.05231 | 34.94769
0.005 5 123 47 | 0.382114 | 14.23545 | 35.76455
0.007 6 137 44 1 0.321168 | 11.96494 | 38.03506
0.01 8 168 31 | 0.184524 | 6.874336 | 43.12566
0.012 6 174 24 | 0.137931 | 5.138547 | 44.86145
0.014 8 187 20 | 0.106952 | 3.984435 | 46.01557
0.017 7 188 19 | 0.101064 | 3.765079 | 46.23492
0.019 5 180 16 | 0.088889 | 3.311508 | 46.68849
0.021 2 173 20 | 0.115607 | 4.306875 | 45.69313
0.024 2 140 23 | 0.164286 | 6.120376 | 43.87962
0.026 2 130 22 | 0.169231 | 6.304602 | 43.6954
0.029 2 104 24 | 0.230769 | 8.597184 | 41.40282
0.031 2 104 22 | 0.211538 | 7.880752 | 42.11925
0.033 5 101 14 | 0.138614 | 5.163985 | 44.83601
0.036 5 112 11 | 0.098214 | 3.658921 | 46.34108
0.038 4 118 13 | 0.110169 | 4.104305 | 45.89569
0.04 3 105 23 | 0.219048 | 8.160502 | 41.8395
0.043 4 104 24 | 0.230769 | 8.597184 | 41.40282
0.045 2 90 29 | 0.322222 | 12.00422 | 37.99578
0.048 2 87 35| 0.402299 | 14.98743 | 35.01257
0.05 1 63 49 | 0.777778 | 28.9757 | 21.0243
0.052 1 61 42 | 0.688525 | 25.65062 | 24.34938
0.055 2 58 60 | 1.034483 | 38.5391 11.4609
0.057 2 60 63 1.05 | 39.11719 | 10.88281
0.059 2 71 62 | 0.873239 | 32.53207 | 17.46793
0.062 4 71 61 | 0.859155 | 32.00736 | 17.99264
0.064 3 72 54 0.75 | 27.94085 | 22.05915
0.067 3 77 56 | 0.727273 | 27.09416 | 22.90584
0.069 1 64 66 1.03125 | 38.41867 | 11.58133
0.071 1 65 67 | 1.030769 | 38.40076 | 11.59924
0.074 1 57 68 | 1.192982 | 44.44392 | 5.556077
0.076 1 43 66 | 1.534884 | 57.18127 | -7.18127
0.078 0 43 76 | 1.767442 | 65.8451 | -15.8451
0.081 1 52 70 | 1.346154 | 50.15024 | -0.15024
0.083 1 51 82 | 1.607843 | 59.89934 | -9.89934
0.086 1 46 83 | 1.804348 | 67.22001 -17.22
0.088 0 47 91 1.93617 | 72.13099 -22.131
0.09 0 50 82 1.64 | 61.09732 | -11.0973
0.093 0 51 89 | 1.745098 | 65.01269 | -15.0127
0.095 1 58 96 | 1.655172 | 61.66256 | -11.6626
0.097 1 62 99 | 1.596774 | 59.48697 | -9.48697
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44.20493
46.00362

0.012996
0.035188
-0.19549
3.776867
1.788339
0.672329
3.268522
7.814797
9.409314
14.60826
14.71928

12.2521
6.404349
9.495145
4.494546
0.068668
7.014079
1.592924
3.314025
7.590829
4.167204
4.110394
11.34849

6.45582
8.174435

8.60615
10.45998
8.948901
6.015696
3.253951
6.839339
9.020088
12.74553
11.02279
12.74553
10.71347
8.824012
11.74542
8.938509
12.00045
6.719077
-4.66024
-2.15625
-2.97119
-6.69158
-0.97979
3.053316
1.929722
5.795075

3.99638



0.219
0.221
0.223
0.226
0.228
0.231
0.233
0.235
0.238

0.24
0.242
0.245
0.247

0.25
0.252
0.254
0.257
0.259

QO -_2NNN=ENNOWLONOOaRMDN

140
157
161
168
151
161
158
168
165
173
155
151
148
154
167
164
140

84

180
183
187
195
195
198
207
211
210
214
227
226
224
215
201
192
197
123

1.285714
1.165605
1.161491
1.160714
1.291391
1.229814
1.310127
1.255952
1.272727
1.236994
1.464516
1.496689
1.513514
1.396104
1.203593
1.170732
1.407143
1.464286
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47.8986
43.42399
43.27071
43.24179
48.11007
45.81605
48.80807
46.78983
47.41477
46.08356
54.55977
55.75834
56.38514

52.0111
44.83921
43.61498
52.42235
54.55118

2.101402
6.576006
6.729286

6.75821
1.889929

4.18395
1.191935
3.210166
2.585226
3.916442
-4.55977
-5.75834
-6.38514

-2.0111
5.160793
6.385016
-2.42235
-4.55118
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Appendix C

Free Energy of Wurtzite and Zincblende Nanocrystal Nucleation

We examine the size-dependence of nanocrystal phase by considering the free
energy for the nucleation of ZB and WZ InN and GaN. The nanocrystals form in an
amorphous matrix; thus, strain is not expected to play a role in their nucleation.
Therefore, we assume an unstrained spherical solid nucleating from a liquid. We note
that the change in free energy needed for the formation of a solid nucleus from a liquid

melt with volume V, and surface area 4, is given by

G, Gy
AG:VS(VW - v )+ A7 (C.1)

where G’ and G’ are the Gibbs free energy of the solid and liquid, respectively; yg, is
the interface energy between the cluster and the surrounding matrix; and ¥, is the molar
volume.

We now consider the term G —G’. At a temperature, T, the change in free
energy is:

G -Gl =AH, -TAS, (C.2)
G’ —G! must be less than 0 for energetically favorable solidification. Let T, be the

temperature at which nucleation occurs. Then
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AH (T,)-T,AS, =0 (C.3)

_AH (T,)
’ T

n

AS (C.4)

In the temperature range of 298 to 1400 K, the formation enthalpy of GaN
fluctuates by ~5%;' therefore, we consider it to be temperature-independent. Inserting
Eq. C.4 into Eq. C.2, we obtain:

Gj—GVL:AHV—TAfV (C.5)

n

Substituting Eq. C.5 into Eq. C.1, we obtain the following expression for the change in

free energy:

AH AH
AG =V ( va _TVmT:)"'Asd/SL (C.6)

To calculate the interfacial energy, we consider the method of Miedema and den
Broeder.” For InN nucleation, we approximate the crystal-melt interface entropy to be
that of In and obtain the following expression for the interface energy between the solid

InN nanocrystal and the liquid matrix:

AH, T,
y=25E-9 5% +0.50E-10- 2 (C.7)

with energy units of kJ.
For GaN nucleation, we approximate the crystal-melt interface entropy to be that
of Ga and obtain the following expression for the interface energy between the solid GaN

cluster and the liquid matrix:

AH, T,
y=25E =9 S5+ 0.65E-10- (C.8)

154



To calculate the total free energy, we consider the enthalpy of formation of ZB
and WZ InN and GaN, listed in Table C.1. For WZ InN, we use AHVWZ =-146.5 kJ/mol;3
however, the thermodynamic properties of ZB InN are not widely reported. Instead, we
consider the relative enthalpies of ZB and WZ GaN at 1 atm, with AH? = 0.991 AH"* *
Assuming that this relation is comparable for the relative enthalpies of ZB and WZ InN,
we use a value of AH”= -145.2 kJ/mol. For RTA at 600°C, the expression for the

change in free energy as a function of radius for ZB and WZ InN becomes

AGPE, =r*(-2.155E —23kJ / A*) +r*(7.281E - 23kJ / A7) (C.9)
AG). =1 (-2.159E = 23kJ | A*) +7r*(7.306E — 23kJ | A7). (C.10)

For WZ GaN, we use AH"?=-131.326 kJ/mol." We again consider the relative
enthalpies of GaN at 1 atm, with AH”= 0.991AH"”** We therefore use a value of

AH = -130.144 kJ/mol. For RTA at 800°C, the change in free energy as a function of
radius for ZB and WZ GaN becomes
AGZ =7’ (-2.833E - 23kJ / A*) +r*(8.588E —23kJ / A*) (C.11)

AGY%, = *(—2.987E —23kJ | A*)+ r* (8.911E — 23kJ | 47). (C.12)
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Table C.1 Values of enthalpy of formation as used in the calculation of free energy of

formation for nanocrystal GaN and InN.

Parameter GaN InN
AHVZB (kJ/mol) -130.144 -145.2
AHVWZ (kj/mol) -131.326 -146.5
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Appendix D

Measuring Thermal Conductivity Using Pump/Probe

We consider the pump/probe experimental setup shown schematically in Fig. D.1.
A short laser pulse (<1 psec) of energy Q is incident on a metal film of thickness d. We
assume that the optical absorption length, &, is much smaller than d. The dimensions of
the area illuminated by the light pulse, A, are assumed to be large compared to d and &.

The total energy deposited per unit volume at a distance z into the film is given by

AT(z)=(1-R) C(%A) exp /e (D.1)

where R is the reflectivity.'

We can extract the value of the thermal conductivity, x, of the sample by
comparing AT to the results of a one-dimensional heat flow calculation, as described in
Ref. 2. We assume that the temperature of the metal film is uniform throughout its
thickness at times greater than 30 ps. We also assume that the lateral heat flow is
negligible compared to the heat flow into the sample. Within the sample, the heat flow

away from the metal interface will obey the one-dimensional diffusion equation:

2
Ka T (z,t) e 0T, (z,1)
0z* ; ot

(D.2)

where 7, (z,t) is the temperature of the sample at depth z and time ¢, and ¢, is the

specific heat per unit volume of the sample.
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The rate of energy loss from the metal film must also be equal to the energy flux

into the sample:

K@TS (z,1) _cd oT, (1)
Oz ot

z=0

(D.3)

where T (¢)1s the temperature of the metal film.

We also consider the effect of the thermal-boundary resistance, R, , which is

defined as the ratio of the temperature difference across the metal/sample interface to the

heat flow per unit area through the metal/sample interface. This is described by:

OLEn _ T,0-T.0.0 (D.4)
0z Ry

z=0

We then vary the unknown parameters, x and R, until we have obtained a curve

that best fits the data.
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Fig. D.1

Air

Metal
Film

Sample

Experimental setup for pump/probe time-domain thermoreflectance
measurements. A pump laser pulse is incident on a metal film of thickness d.
The heat generated from the pulse flows into the sample. A probe laser pulse
is used to detect changes in the reflectance. (Adapted from Ref. 1)
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