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Abstract

Phase and Shape Evolutions of lon Beam Synthesized Ge Based Nanostructures
by
Swanee Shin
Doctor of Philosophy in Engineering — Materials Science and Engineering
and the
Designated Emphasis in Nanoscale Science and Engineering
University of California, Berkeley

Professor Eugene E. Haller, Chair

Synthesis and characterization of Ge based nanostructures are presented. lon beam synthesis of
pure Ge nanocrystals by "*Ge” implantation into a silica matrix is presented and the strategy to
narrow the size distribution by controlling the substrate temperature during implantation is
discussed. The size distribution of the sputter synthesized Ge nanocrystals is compared with that
of ion beam synthesized Ge nanocrystals. Co-implantation of "*Ge and '**Sn forms binary
eutectic alloy nanocrystals. The morphology of the nanocrystals is characterized with
transmission electron microscopy and the thermodynamic implication of the equilibrium shape is
discussed. It is demonstrated that nanocrystals with a metastable state can be formed with a
single excimer laser pulse. The detailed structures and crystallinity of both equilibrium and
metastable states are characterized using Raman spectroscopy, scanning transmission electron
microscopy, and extended x-ray absorption fine structure spectroscopy. Initial composition
dependent recovery of the equilibrium crystalline state upon heating of the metastable structure
is investigated with ex-situ Raman spectroscopy and in-situ transmission electron microscopy
equipped with a heating stage. The observed temperature tuning range extends from near room
temperature to over 500 °C depending on the Sn content, indicating metal mediated lowering of
the crystallization temperature. The phase maps of each phase transformation step of the GeSn
alloy nanocrystals are shown using energy filtered transmission electron microscopy, and the
position shift of the bulk plasmon peak is demonstrated. One dimensional binary eutectic alloy
nanostructures, GeAu nanowires, are also synthesized and characterized. In GeAu nanowires,
composition dependent post-growth engineering produced various types of morphologies due to
the effectively infinite length for atomic diffusion in one direction. The possibility of creating
nanostructures with a combination of ion beam implantation and electron beam irradiation is
visited and remaining issues are discussed.
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Chapter 1

Introduction

Nanoscale science and engineering have grown in a dramatic pace over the past few
decades. Indeed, nanotechnology has existed since the early stage of human history. For example,
the glass of the Lycurgus Cup that was made in the 4t century A.D. during the Roman Empire
shows different colors depending on the position of the light source; green when seen through
reflected light, and red when seen through transmitted light.[1] It was not until late 20" century
that people revealed that the mysterious colors originated from the unique optical properties of
the Ag-Au alloy nanoparticles embedded in the glass matrix.[2] Later they also found that in
order to form such nanoparticles, parameters such as metal concentrations, proportions and
oxidation states of the reducing agent, annealing time/temperature/atmosphere have to meet
specific conditions, which have not been known to people until recently.

As in the case of Lycurgus Cup, new discoveries in modern physics along with the
advancement of nanoscale characterization techniques have led to the emergence of nanoscience.
People have found as materials are formed on decreasing length scale, the differences between
the bulk and the small structures become increasingly pronounced due to two dominant effects:
surface effects and quantum confinement effects. The former effects largely determine the
physical and thermodynamic properties of the nanostructures such as melting temperature, phase
transformation behavior and bulk modulus.[3-7] The latter influences the behavior of electrons,
thus the electronic structure of the materials and have been proposed to be utilized in device
applications ranging from nonlinear optical devices[8-10] to charge storage media.[11, 12]
Tremendous research efforts have been spent on studying those nanoscale phenomena in one
dimensionally confined quantum wells and superlattices,[ 13, 14] two dimensionally confined
nanotubes and nanowires,[ 15-18] and all three dimensionally confined quantum dots and
nanocrystals.[19-22]

Among the various materials candidates for forming nanostructures, group I'V based
materials are particularly attractive because they are compatible with the most popular current
semiconductor technologies, are nontoxic, and are relatively inexpensive. Ge nanocrystals, in
particular, have been proposed for both optoelectronic and non-volatile memory applications. Ge
has a large excitonic Bohr radius compared to Si, which means stronger quantum confinement
effects,[23] and it makes it a promising material for highly tunable light emission material. As an
application for non-volatile memory, Ge or Si nanocrystals have been proposed to replace the
floating gate in conventional flash memories as the charge storage medium.[11, 24, 25] By using
discrete nanocrystals charge storage, the retention time could be prolonged while the tunneling
oxide thickness can be reduced to increase the write/erase speed.

Ge based materials have been extensively studied for applications in another types of
non-volatile memory, phase change memory, and media for optical data storage devices.[26] The
typical materials widely in use are the alloy family of Ge,Sb,Tes. In those devices, one material
state transforms rapidly into the other using, for example, a tailored current or laser pulse, and
resulting in a phase with markedly different optical or electrical properties.[27] The schematic
structures and operating principles are displayed in Fig. 1.1.
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Figure 1.1. The concept of rewritable optical data storage and non-volatile memory using phase
change materials.[26]

There is a substantial current research effort dedicated to understanding existing phase
change materials,[28-31] and to identify new materials with improved properties. The focus of
those studies is mostly on identifying the properties that make a single, bulk material suitable for
phase change applications. However, as the dimensions of the devices become smaller, not only
the precise understanding of the nanoscale phenomena is essential, but the motivation to take
advantage of those unique characteristics is highly desirable.

In this dissertation, the phase change behaviour of the Ge based nanostructures fabricated
mainly by ion beam synthesis is presented. First, the generic ion beam synthesis method is
introduced in Chapter 2. The synthesis and characterization of Ge and GeSn nanocrystals
embedded in a Si0; matrix are shown, and the thermodynamic implications of the alloy
nanocrystal shape are discussed. In Chapter 3, phase transformation processes of the ion beam
synthesized GeSn alloy nanocrystals are presented focusing on its equilibrium and kinetic
aspects. The potential for application of this new concept as a phase change material by tuning
the phase equilibria and transition kinetics at the nanoscale is suggested. In Chapter 4,
composition dependent post-growth engineering of GeAu nanowires is shown. It produced
various shapes of final morphologies, providing an additional knob for nanoscale engineering. In
Chapter 5, ion beam and electron beam irradiation effects on nanostructure formation and
modification are introduced.



Chapter 2

Synthesis and Structural Characterization of
Nanocrystals

2.1. Ton Beam Synthesis

2.1.1. Ton Implantation

Ion implantation itself is a very broad topic. When restricted to artificially induced
implantation of ions, it is believed to have been first performed by Rutherford in 1906, when he
bombarded an aluminum foil with a-particles.[32] Other types of ion implantation include gas
discharge equipment, ion sources producing a focused ion beam, both normally work at energies
up to 5 keV, and an ion source followed by an accelerator used for metal surface treatment at
higher energies. lon implantation is widely used in semiconductor device manufacturing where it
requires very precise parameter control. Shockley first filed his patent for “forming
semiconductive devices by ionic bombardment” in 1954,[33] and defined the necessary
equipment requirements for the ion implantation step: mass separation, electrical and mechanical
scanning systems, the writing beam implanter and the mask projection implanter. Many
accelerators and separators previously used in nuclear research already existed and could be used
for the early stages of semiconductor research. Since then, ion implantation technology has
advanced in a fast pace both in industry and research applications from doping to irradiation
studies, smart cut techniques, and nanostructure formation.



2.1.2. Ion Beam Synthesis Procedure

Ion implantation followed by high temperature annealing, called ion beam synthesis
(IBS) offers a promising approach to create metallic and semiconducting nanostructures. Since
the first attempt by Arnold et al.[34] in 1977 to form Ag and Au nanocrystals embedded in a
glass matrix, IBS related research has exploded in 1990s. The major attractive points of this
method are its flexibility and compatibility. Essentially any element in the periodic table can be
implanted into any host matrix as long as the source materials are practically available. This
allows an extremely large range of nanostructure-host matrix combinations. Also, an ion
implanter inherently acts as a mass spectrometer, therefore isotopically controlled implantation
and nanostructure formation can be achieved. It is a unique advantage of the IBS method that it
can be used for a variety of applications such as the formation of pn junctions at a nanoscale.
Finally, ion implantation is already widely used in the semiconductor manufacturing industry for
doping, so it is very compatible with existing production lines and other device processing steps.

In the present study, the IBS method was implemented to synthesize Ge and GeSn alloy
nanocrystals embedded in an amorphous Si0, matrix. First, 500 nm thick SiO; layers were
commercially grown (Process Specialties Inc.) on (100) Si wafer in a chemical vapor deposition
(CVD) reactor. Then isotopically pure Ge and Sn were implanted into the grown Si0O; layers.
Natural Ge and Sn exist as 5 and 9 different stable isotopes, respectively as listed in Table 2.1.
The most abundant isotopes, '*Ge and '*’Sn, were selected for implantation because they
produce the largest ion flux, thus can minimize the implantation time for the required doses. The
Ge and Sn concentration distribution were predicted using the Trapping Range of Ions in Matter
(TRIM) Monte Carlo software package[35] prior to implantation, and energies were selected
based on that result. Implantation was performed using a Varian CF 3000 implanter. Germanium
tetrafluoride (GeF,4) and Tin Chloride (SnCl,) mixed with Ar as a plasma source were used as
"Ge and '*°Sn ion sources, respectively. The samples were mounted on a water cooled stage and

were kept effectively at room temperature (RT) during implantation unless otherwise stated.
(Chapter 2.3.2)

Ge isotopes Abundance (atomic %) Sn isotopes Abundance (atomic %)
"Ge 20.38 14sn 0.66
“Ge 27.31 "°Sn 0.34
"Ge 7.76 1esn 14.54
"Ge 36.72 "7Sn 7.68
"°Ge 7.83 %S 24.22
"sn 8.59
1208 32.58
'*2Sn 4.63
%Sn 5.79

Table 2.1. Atomic abundance of natural Ge and Sn. [36]



For post-implantation annealing, semiconductor grade quartz ampoules (purchased from
GM Associates Inc.) were used. They consist of two parts- one larger tube (1.2 cm O.D., 1.0 cm
[.D.) to contain the samples and one smaller plug (0.9 cm O.D., 0.7 cm 1.D.) to seal with the
larger one afterwards. Both parts were closed on one end, and open on the other end (see Fig
2.1.) They were thoroughly cleaned with acetone and DI water, etched with 5% HF for 2~3 min,
then rinsed with DI water and methanol to prevent contamination from the ampoules during high
temperature annealing. The samples were also cleaned with boiling xylene, warm acetone, and
methanol for 2~3 min each, dried by blowing N, before being placed in the ampoule to remove
possible surface contamination. The ampoule/sample/plug assembly was then connected to a
turbomolecular pump system and was pumped down until the base pressure reached values
below 107 Torr. (> 4 hrs) Once it reached the base pressure, the assembly was slightly heated
with a hydrogen torch to outgas remaining moisture and solvents from the ampoule/plug, and
was pumped for 10 more min. Finally, the assembly was isolated from the pump system,
backfilled with Ar for better heat conduction, and the inner wall of the ampoule was sealed with
the outer wall of the plug with a hydrogen/oxygen torch.

(o= pmwee (w0 ()

Sample(s) @ H,/O, torch

Figure 2.1. Schematic diagram of the ampoule/plug system for furnace annealing

Annealing was performed in a tube furnace (Lindbergh/Blue HTF55322A) at 900°C for 1
hour, and the sample was manually taken out of the furnace and quenched to room temperature
under running cold water.

To verify the Ge/Sn concentration profiles after implantation compared with the original
TRIM calculation and monitor any changes in the atomic distribution during thermal annealing,
Rutherford Backscattering Spectrometry (RBS) measurements were performed before and after
annealing. The raw data were obtained and processed by Dr. Kin Man Yu of the Materials
Sciences Division (MSD) at Lawrence Berkeley National Laboratory (LBNL) using a 1.92 MeV
He" beam generated from a 2.5 MeV single ended Van de Graaff accelerator. The sample was
typically mounted at an angle of 50° to the beam normal to improve depth resolution, and the
backscattered ions were collected at 165° with a Si detector.

Fig 2.2. shows the Ge and Sn profiles after sequential implantation of "*Ge and '*°Sn, and
after annealing at 900°C for lhour. "*Ge was implanted at 150 keV, and '*°Sn at 120 keV with a
target dose of 4x10'® cm™ and 1x10'® cm™, respectively. The total integrated concentrations are
3.8x10'° cm™ for *Ge and 8.5x10" c¢m™ for '*’Sn, and the changes after annealing is minimal.
The losses of ~10% of the implanted ions are thought to have bombarded to the surface atoms of
the Si0O, layers and contributed to the sputter loss of SiO, surface. A certain amount of sputter
loss is inherent in the implantation process, yet the actual amount at the current implantation
dose level was empirically proven to be small. (<10 nm). One thing to note is that there is a



slight shift of the Ge profile toward the surface after annealing, which was not observable for
Ge-only implantation. It is due to the diffusion of Ge atoms when they form nanocrystals, in this
case GeSn mixture. We can therefore infer that the presence of Sn lowers the chemical potential
of that region (~70 nm in depth) and drive the diffusion of the Ge atoms and form GeSn alloy
nanocrystals. The results and the involved thermodynamic aspects will be discussed in Chapter
2.4., and the principles and analysis of the RBS data are described in appendix A. in more detail.
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Figure 2.2. (a) Raw RBS spectrum of 500 nm thick SiO, layers implanted with "*Ge and '*’Sn at
150 keV, 4x10'® cm™ and 120 keV, 1x10'® cm™, respectively and annealed at 900°C for 1hour.
(b) Processed "*Ge and '*°Sn distribution profiles before (as-implanted) and after (annealed)
annealing.



2.2. Sputtering

An alternative method to synthesize nanocrystals is through sputtering.[37-40] It involves
sputtering of either the desired element (e.g. Ge) alone between sputtered matrix layers (e.g.
Si0,) or co-sputtering of both materials. Nanocrystals are formed in the sputtered layers by
thermal annealing above 900°C in an inert atmosphere. They are formed because there are
concentrations of deposited element(s) above the solubility limit in the desired layers. The
elements precipitate out of the supersaturated layers, forming nanocrystals. The size of the
crystals can be roughly controlled by the thickness of deposited elemental layers or the ratio of
the sputtered element to matrix material target area or the gas mixture used to form the plasma.
In general, for a planar array of nanocrystals, the diameters of the nanocrystals are approximately
the same as the thickness of the deposited layer provided the deposited layer thickness is within a
few nanometers. Along the same idea, the aerial density of the nanocrystals can be tuned by
varying the element to matrix ratio while depositing the active nanocrystal layer. For 3
dimensional arrays of nanocrystals, a relatively thick film of element and matrix material mixture
is grown. In this case, the size and volume density of nanocrystals are governed by the
concentration of the supersaturated element material(s) and the following annealing conditions
that affect the effective diffusion length of individual atom. Although precise control of the size
and density of nanocrystals by sputtering is still not fully achieved, this method offers the
advantage of simplicity, high throughput, and low cost.

As part of the nanocrystals synthesis study, sputtering method was pursued to synthesize
3 dimensional arrays of Ge nanocrystals embedded in co-sputtered SiO, matrix as an alternative
or complementary to the IBS method. 5 mm x 5 mm natural Ge pieces were attached to a 12”
silica target using a silver epoxy, and Ge/SiO, was co-sputtered on a Si wafer (Perkin-Elmer
sputtering system model 2400). Pure Ar gas was used as a plasma source with varying
background pressure from 40 mTorr to 80 mTorr. The sputtered samples were annealed at
temperatures above 900°C either in a tube furnace for 1 hour or in a rapid thermal annealing
(RTA) system (AG Associates Heatpulse 210) for 2 min under flowing dry nitrogen.



2.3. Ge Nanocrystals Size Distributions

2.3.1. Sputtered Ge Nanocrystals

Structure and size distributions of ion beam synthesized Ge nanocrystals both exposed
and embedded in a SiO, matrix have been extensively characterized by a former graduate student
Ian Sharp.[41, 42] The same methods were used to characterize the size distribution of Ge
nanocrystals synthesized by sputtering deposition.

Ge nanocrystals synthesized by Ge/Si0O, co-sputtering at 300 W power and a 40 mTorr
pure Ar plasma atmosphere, as described in the previous section, were characterized by AFM
and Raman spectroscopy. Annealing was performed in a tube furnace at 900°C and 1000°C.
Note that sputtering at 60 and 80 mTorr Ar pressure had been attempted, but no crystalline Ge
Raman signals were detected.

Although the Ge nanocrystal formation mechanism in sputtered films is not well
understood, it could be related to the initial film stoichiometry, hence bonding types of the Ge
atoms. In case of the IBS method where Ge atoms were implanted into a thermally grown pure
Si0O,, implanted Ge atoms are less likely to bond with the existing silicon or oxygen atoms in the
matrix. Rather, they tend to form small amorphous clusters with other Ge atoms. Ge is
chemically more noble than Si.[43] In fact, the total amount of Ge did not changed during
annealing, as shown in Fig 2.2. (b), and approximately 70% of the implanted atoms were
incorporated in crystalline Ge nanocrystals. For co-sputtering, however, the matrix materials
silicon and oxygen are deposited simultaneously with Ge atoms, thus the stoichiometry and
bonding type of each atom are determined by the sputter yield of each element and any
additional impurities in the system. The stoichiometry of the sputter deposited films at 40, 60 and
80 mTorr Ar pressure before and after 900 °C, 1000 °C lhour annealing are measured with RBS
and the results are presented in Table 2.2. The silicon to oxygen ratios are far from that of
thermally grown, stoichiometric SiO, or the target material, 1:2 possibly due to residual oxygen
incorporation from the chamber or the gas line. It suggests that great portions of Ge atoms are
bonded with oxygen atoms and form GeOx that is stable in the matrix and does not precipitate
out when annealed at high temperature. The Ge atoms incorporated as GeOx, as a consequence,
will not contribute to the formation of Ge nanocrystals. Indeed, SiO; and GeO, are fully miscible.
For samples deposited at 60 and 80 mTorr Ar pressure, excess Ge atoms with (Si+Ge):O ratio
greater than 1:2 are less than ~5 at% compared with ~15 at% for samples deposited at 40 mTorr,
therefore, may not be sufficient to form crystalline nanocrystals. As a result, a 40 mTorr Ar
pressure was selected to be the optimal condition for Ge nanocrystal formation by sputtering and
the size distribution was characterized by atomic force microscopy (AFM) and Raman
spectroscopy.

First, AFM was used to measure the size distribution. In order to make individual
nanocrystal accessible to the AFM tip, hydrofluoric acid (HF) etching followed by ultrasonic
cleaning was performed. 1:1 ratio 49% HF:H,O liquid solution was used for etching, then the
sample was transferred to a methanol bath for 40 kHz ultrasonic cleaning for 30 min. Ultrasonic
cleaning provided enough energy to overcome the attractive van der Waals forces in-between
nanocrystals and nanocrystals and the substrate, and left a single sparse layer of non-overlapping
nanocrystals on a smooth underlying Si substrate. The root mean square (rms) roughness of the
etched substrate is approximately 0.1 nm, therefore, has negligible effects on the measurement



Ar pressure 40 mTorr 60 mTorr 80 mTorr

Si: Ge: O ratio

As-deposited 044:1.1:20 04:0.7:2.0 02:0.8:2.0
900°C 1hr annealing 043:1.03:2.0 0.5:0.78:2.0 0.25:0.9:2.0
1000°C 1hr annealing 05:12:20 - 0.3:0.95:2.0

Table 2.2. Si:Ge:O ratios of as-deposited and 900°C, 1000°C 1hour annealed films deposited by
Si0,/Ge co-sputtering. Relative oxygen stoichiometry was fixed to 2 for convenience.

data. AFM (Digital Instruments Dimension 3100) was performed in tapping mode with an etched
Si tip with a resonant frequency of approximately 325 kHz and a force constant of 40 N/m. Due
to the realistic limit of the tip radius (~10 nm), only the height (z-direction) profile provided
accurate size information. Using this method, IBS Ge nanocrystals with the same implantation
condition followed by 900°C lhour annealing were measured to have a mean diameter of 5.1 nm
with a full-width at half maximum (FWHM) of 3.4 nm, which were proved to be in an excellent
agreement with the TEM results.[41]

The size distributions of sputter deposited Ge nanocrystals obtained by the previously
described method are shown in Fig 2.3. For the sample annealed at 900°C, the distribution peak
position is at 1.5 nm and the majority of the nanocrystals are smaller than 3 nm. When annealed
at 1000°C, a bimodal distribution appears; large nanocrystals peaked at ~5 nm and small ones
below ~3 nm. These results suggest a model for nanocrystal formation and size evolution.
Contrary to IBS, Ge atoms are less likely to form small clusters at the as-deposited state since
incoming atoms do not have high enough energy to penetrate into the substrate and move around
by random walk until they form small clusters to lower the local free energy. Rather, they will be
homogeneously mixed with the matrix atoms in the film until excess Ge atoms start to precipitate
at elevated temperature. A homogeneous distribution of Ge atoms could provide a high density
of nucleation sites, and each nucleus goes through a growth and coarsening process. 900°C
annealing is believed to be sufficiently high to initiate nucleation and limited growth, but
substantial coarsening does not seem to happen at this temperature. 1000°C annealing further
provides increased mobility to the Ge atoms and small clusters, and results in significant
coarsening. However, there still remains a certain amount of small (< 3 nm) Ge crystallites in the
matrix that were probably formed at the initial stage.

To assist the AFM analysis, Raman spectroscopy was used to characterize both samples.
Since the Raman spectrum is very sensitive to the bonding type, the crystallinity of the material
and the size of the nanocrystals due to the phonon confinement effect,[37, 44-46] Raman
spectroscopy is very useful to characterize the size and chemical nature of small Ge nanocrystals
(< 5 nm). The Raman spectra are shown in Fig 2.4. Peaks at ~300 cm™ with asymmetric
broadening to the lower energy side clearly indicate that crystalline Ge nanocrystals are mostly
smaller than 10 nm in diameter, a size to which the phonon confinement effect is applicable.
FWHM of the spectrum has increased by 3.9 cm™ from (a) to (b).

A number of attempts have been made to calculate the average size of the nanocrystals
from the Raman spectrum alone,[47] but the uncontrolled or unknown parameters, e.g. the
uncertainty of the boundary condition to set the phonon weighting function of the nanocrystals,
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Figure 2.3. Size distribution of sputter deposited Ge nanocrystals obtained by HF etching and
ultrasonic cleaning. Annealing was performed at (a) 900°C and (b) 1000°C
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Figure 2.4. Raman spectra of sputter deposited Ge nanocrystals followed by annealing at (a)
900°C and (b) 1000°C for 1 hour each.
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the anisotropy of the phonon dispersion curves, and the non-spherical shape of the Brillouin zone,
make the solutions non-unique. In addition, light-nanocrystals resonant effect could be different
for different size of nanocrystals which may cause sampling problem. As a consequence, only a
rough estimate and a comparative statement can be derived from the Raman spectrum alone.

With the same measurement setup, the FWHM of bulk Ge was 11.6 cm™ and IBS Ge
nanocrystals (mean diameter 5.1 nm) was 15.0 cm™ which is very close to Fig 2.4.(b) when a
sputter deposited sample was annealed at 1000°C. Peak broadening is enhanced when annealed
at 900°C, meaning nanocrystals are still significantly smaller than samples annealed at 1000°C.
Although still qualitative, the Raman results are very consistent with the size distributions
obtained with AFM, and clearly show the existence and strong size effects of the nanocrystals
smaller than ~3 nm.
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2.3.2. Control of the Ion Beam Synthesized Ge Nanocrystals

Although IBS and sputtering provide easy, convenient ways to produce embedded
nanocrystals, both methods bear fundamental limits in the size control. As shown in the previous
sections, synthesized nanocrystals have a wide size distribution, which is detrimental for
efficiencies of nanocrystals based devices. For example, for precise tuning of the optical bandgap
and reliable charge storage, narrowing the size distribution is essential.

As a first step, a comprehensive understanding of the IBS process is required. The final
size distribution is governed by the nanocrystal evolution during the implantation process.[48,
49] A theory was developed in our group to understand this process by Dr. Chun-Wei Yuan,[50]
a former graduate student of Professor Daryl C. Chrzan. Kinetic Monte Carlo (KMC)
simulations and the mean-field self-consistent solution to a set of coupled rate equations showed
that nanoclusters size distribution asymptotes to a steady state and the state was governed by two
key parameters: the characteristic length, L , and the interface energy, v, between the implanted
species and the matrix. Empirically, y was found to affect only the average size of the
nanoclusters, therefore, when scaled by the average size, the distribution was governed
exclusively by L . The characteristic length L was defined as the following:

o ! D : effective diffusivity during implantation
n, - : .
L=( F‘” )2, where, n_ :solubility of the implanted species

F :volumetric implantation flux

When fitting the experimentally measured as-implanted size distribution, an estimate
of L could be made. In case of Ge nanocrystals in a Si0, matrix, L was estimated to be 1.38 A,
which is 26.4 times larger than the value predicted by using the normal diffusion coefficient. In

Dn
other words, the estimate of F°° exceeded the expected value by a factor of 700, which could

be attributed to the effect of transient enhanced diffusion (TED).[51] Calculations suggest that
as L decreases, so does the relative FWHM of the size distribution curve. Experimentally, L can
be decreased by either increasing the implantation flux F or decreasing Dn_ . Practically, it is
difficult to modify F in the current experimental setup, therefore, decreasing Dn_ by temperature
control was selected to be the most appropriate and practical route for decreasing L , thus
narrowing the size distribution.

First, a KMC simulation was performed to predict the effect of temperature control. The
parameters were chosen that are appropriate for *Ge implantation into amorphous SiO; at 120
keV.[52] F was set to be 1.5x10'* cm™ s, and the characteristic displacement distance of
collision cascades was A=3.5 A as determined by TRIM calculations.[50] The temperature
dependence of D and n, was assumed to be D = D, exp[-E,, /k;T] and n_ =n, exp[-E, /K;T],

respectively, where D, is the diffusivity at infinite temperature, E  is the migration energy, K,
is the Boltzmann constant, n is the solute site density in the matrix, and E, is the binding energy.
The values used for calculation were D,=3.1 ecm®s”, E,_ = 0.4 eV, n,=8.0x10° A”, and E, =

0.816 eV. With these parameters, the simulated implantation dose-temperature profile is as
follows; Ge implantation of N (dose) = 5x10° cm™ at liquid nitrogen temperature, linear increase
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of the temperature up to final temperature T, in 30 min duration while continuing implantation,

and finish the implantation with total dose N =4.5x10'® cm™. The simulation results are
presented in Fig 2.5. The predicted size distribution is substantially narrower (~20 % of the
scaled width) than the typical constant temperature IBS (~70 % of the scaled width), and pure
coarsening case. The effect of y and T, on the width is almost negligible.
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Figure 2.5. IBS clusters size distributions with different (a) y’s and (b) T¢’s. (¢) A comparison of
cluster size distributions predicted by the proposed narrowing process, constant temperature IBS
(steady state), and a self-consistent coarsening theory.[52] The integrated area under the curves
was set to 1 for all cases.
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Second, a set of experiments were performed to verify the temperature effect. In order to
minimize the variables in its initial investigation process, a cold implantation process was
performed at a fixed liquid nitrogen temperature without increase of the temperature during
implantation. Size distribution of the references samples were implanted at room temperature
and the post-implantation annealing conditions were identical. The implantation energy and dose
were 150 keV, 2x10'® cm™, respectively. The results are shown in Fig. 2.6. The average
nanocrystals size increases with higher annealing temperature for both cases, reaching a typical
coarsening distribution. One distinction is the distribution between RT implantation with 900 °C
annealing and that of cold implantation with 900 °C annealing as shown in Fig. 2.6.(b). Although
not very significant, a cold implant distribution resulted in a narrower distribution as compared
to the distribution of RT implanted nanocrystals. To better observe this effect and quantify it
with more reliability, a set of experiments is in progress with lower annealing temperature and
with temperature increase during implantation process as designed in the original simulation.

RT implantation

______ 900°C <R>=1.65nm

meeee. 1000°C <R>=2.56mm
1200°C <R>=3.62mm

Cold implantation
900°C <R>=1.20mm
1000°C <R>=2.33m
12009C <R>=3.60 mm

P(R) (8) ®
15|
<EB:P(R]
100 15
1.0:
05 :
05:
0.0, ROQ— s 10 15 gl

Figure 2.6. Experimental size distributions of Ge nanocrystals. *Ge was implanted at room
temperature and liquid nitrogen temperature followed by annealing at 900, 1000 and 1200 °C for
1 hour.
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2.4. GeSn Nanocrystals

2.4.1. Transmission Electron Microscopy

Along with attempts to synthesize and accurately characterize single elemental
nanocrystals using the IBS method, significant endeavors have been made to apply IBS to two or
more elements to make alloy or compound nanocrystals.[53, 54] There are multiple phases and
geometries possible that are determined by the significant surface and interface effects at the
nanoscale as well as the inherent bulk properties of the constituent elements.[55, 56]

Among many nanoscale alloy materials, Ge;xSny alloys, in particular, have been studied
intensively as a promising material for light emitting devices due to the reported indirect to direct
bandgap transition at x~0.1,[57-59] and at the nanoscale, GeSn quantum dots showed a size
dependent quantum confinement effect.[60, 61] Additionally, we can expect composition
dependent phase transformation behavior for these materials, in a similar way it was
demonstrated for phase change materials used for memory device and/or optical storage media.
Several nonequilibrium growth methods have been attempted for films[58, 59] and quantum
dots,[60, 61] most of which used epitaxial growth on an underlying substrate. Investigations on
IBS nanocrystals followed by detailed characterization, however, are lacking. In the present
study, the IBS method was used to form GeSn nanocrystals in amorphous SiO,, and the detailed
structure was characterized with transmission electron microscopy (TEM).

Isotopically controlled "*Ge and '*°Sn ions were sequentially implanted at room
temperature into 500nm thick SiO, layers grown commercially on (100) Si wafers via wet
oxidation. The energy and dose were selected to be 150 keV, 4% 10"cm? for *Ge, and 120 keV,
1x10"%cm™ for '*°Sn, such that the peak positions of the implantation profiles approximately
match each other at 80 nm below the surface based on the prediction of the TRIM Monte Carlo
calculation. Annealing to form nanocrystals was performed in a tube furnace at 900°C for 1 hour,
and the sample was quenched to room temperature under cold running water. Detailed sample
preparation procedures are described in Chapter 2.1.

The elemental distribution profiles obtained by RBS were presented in Fig 2.2. It
indicated that there was little loss or change in the profiles during the annealing process. To
observe directly the synthesized nanocrystals, TEM samples were prepared in both cross
sectional and planview geometry,[43] and the images were taken using the 300 kV JEOL 3010
microscope at the national center for electron microscopy (NCEM), Lawrence Berkeley National
Laboratory. Fig 2.7. shows the distribution of GeSn nanocrystals in the amorphous SiO, matrix.
It clearly demonstrates that two phase nanocrystals with bi-lobe shape were formed and the sizes
are approximately 10~20 nm in diameter. Note that there also exists a small, single phase
nanocrystals deeper (> 100 nm) in the matrix. This is due to the slight offset between "*Ge and
129Sn implantation profiles: the "*Ge profile is peaked at ~90 nm in depth, about 20 nm deeper
than the '*°Sn peak. The size and composition of each nanocrystal directly reflects these profiles,
and as a result, pure Ge nanocrystals with smaller average diameters are formed deeper in the
Si0,, where there are no Sn atoms. We confine our interest to the region near the implantation
peaks (~60 nm) where both "*Ge and '*°Sn atoms are present.

In order to investigate the crystallinity and the microstructure in more detail, high
resolution transmission electron microscope (HRTEM) images were taken with 200 kV FEI
Tecnai TF-20. Fig 2.8. (a) and (b) show images from a single nanocrystal taken at slightly
different tilt angles to find a zone axis perpendicular to a lattice plane of each phase.
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Figure 2.7. Bright field (BF) TEM images of GeSn nanocrystals in (a) Cross sectional, (b)
Planview sample geometry. "'Ge was implanted at 150keV with 4x10'°cm™ dose and '*°Sn at
120keV with 1x10'°cm™ dose. Annealing was performed at 900°C for 1 hour.

From the images, each phase is found to be single crystalline, and no defects could be found.
Measured interplanar distances of Fig 2.8 (a) (top right phase) and (b) (bottom left phase) are
3.24 A and 2.00 A, which respectively correspond to Ge (111) and B-Sn (211) planes. This
measurement shows that each phase consists of nearly pure Ge or pure Sn. Also, it appears that
the two phases are oriented to cause minimum lattice mismatch at the interface, and thus form
almost defect-free single crystalline phases on both sides.

Detailed structural information including phase identification could be obtained using a
combination of conventional imaging techniques as shown so far, however, it is not only very
limited in coverage (1~2 nanocrystal at a time) but also very time consuming and requires some
luck in tilting to the right zone axis. Diffraction, another widely used conventional technique,
also has a significant limitation: spatial resolution that is usually defined by the aperture size is
limited to the order of microns and not convenient to resolve phases in a single nanocrystal.
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Figure 2.8. HRTEM images of GeSn nanocrystals at slightly different tilt angles. Lattice fringes
from (a) Ge (111) planes and (b) B-Sn (211) planes are shown.

Therefore, another complementary TEM mode operating with a different imaging
mechanism is introduced; scanning transmission electron microscopy (STEM) with a high angle
annular dark field detector (HAADF), often called HAADF-STEM. A schematic of the beam
optical column of a HAADF-STEM is presented in Fig 2.9. as compared with conventional TEM,
and characteristics of two modes are summarized in Table 2.3. Two main components of
HAADF-STEM are deflection coils and a HAADF detector. A convergent beam is scanned on
the specimen by adjusting the scan coils, and these same coils are used to scan the CRT or CCD
synchronously. The electron detector acts as the interface between the electrons coming from the
specimen and the image viewed on the computer screen.[62] The detector is usually placed in a
conjugate plane to the diffraction pattern in the same manner an objective aperture is placed
directly in the back focal plane of the objective lens. The HAADF detector specifically collects
electrons that are incoherently scattered at high angles (> 50 mrad) by Rutherford scattering, of
which the number is proportional to the square of the atomic number Z. (~Z*). The high
collection angle of the HAADF detector prevents contrast contribution from Bragg scattering
(diffraction contrast), therefore, it is convenient to use for elemental mapping of randomly
oriented crystalline materials as in the current case.

Fig 2.10.(a) shows an equivalent HAADF-STEM image of GeSn alloy nanocrystals as in
Fig 2.7.(a) using FEI Tecnai TF-20. Since Ge and Sn are hardly miscible, we readily know that
phase separated bi-lobe nanocrystals with Sn (bright, Z=50) and Ge (dark, Z=32) are formed. An
X-ray energy dispersive spectrometry (XEDS) line scan across a single bi-lobe nanocrystal was
performed using a Philips CM200/FEG, and it confirmed the formation of GeSn binary bi-lobe
alloy nanocrystals as shown in Fig 2.10.(b).
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Figure 2.9. Shematic diagrams of the electron beam optical columns of (a) conventional TEM
and (b) HAADF-STEM.

Conventional TEM (BF/DF) HAADF-STEM
Specimen illumination Parallel beam Focused beam (scanning)
Contrast mechanism Diffraction contrast Z-contrast
(Bragg scattering) (Rutherford scattering)
Information Sensitive to grain orientation | Sensitive to Z and thickness t

Table 2.3. Comparison of the characteristics of conventional TEM and HAADF-STEM
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Figure 2.10. (a) Cross-sectional HAADF-STEM image of the GeSn nanocrystals after thermal
annealing at 900°C for 1hr. The dotted line indicates the sample surface. (b) XEDS line scan
across a single bi-lobe nanocrystal.
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2.4.2. Thermodynamic Implications

In order to understand the equilibrium morphology of embedded nanocrystals formed
from a strongly segregating binary alloy system, we developed a model to describe it using the
relative magnitudes of the interface energies between two adjacent phases, y,, 5, as governing

parameters.[56] The compositions within each phase were assumed to be uniform, all interfaces
were assumed to be stress-free and to have isotropic interface energies. The matrix is presumed
to enable relaxation to the equilibrium shape. In the model, the free energies of competing
structures were computed and compared.

In segregating binary alloy systems, four types of nanocrystal morphologies can be
predicted: core-shell, inverse core-shell, two separated nanocrystals, and bi-lobe structures. If we
define two phases as a and 3 and the matrix as M, the total interface energy of two core-shell
structures and two separated nanocrystals can be expressed by the following equations:

o core- B shell: E_, :ZAﬂ/i =47ZR§75/M +472f027a/ﬂ

B core- a shell: E, = 47V om +47zr027a//5

Two separated nanocrystals: E, = datly,, \ + 4ty n

S
Where, R, and r, are the radii of the shell and core of the nanocrystals, respectively. I, and r, are
the radii of two separated nanocrsystals.

For bi-lobe nanocrystals, Young’s equation and volume conservation law are applied to
calculate the total interfacial energy:

Yarm €OS 6, +7s/m cos 6, =7Vaip

Vom SING, = Ypim sin 6,
ZV = 4—”R3
3
where V (r,¢) = ZT” r’(1-cos ) —% r’ cosgsin® ¢, ¢: polar angle characterizing the volume

fraction of the cap.

The total interface energy of the bi-lobe structure can then be computed as the following:

Epiiope = Z AL, )7

For convenience, all energies are scaled by 4Ry, ; to be converted to dimensionless
interfacial free energies, and two dimensionless parameters 7, =¥,y / Vo155 V2 =V pim ' Vs g

are also newly defined.
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Figure 2.11. Bi-lobe nanocrystals geometry and parameters used to calculate the total interface
energy
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Figure 2.12. Dimensionless interfacial free energy curves as a function of fg for four types of
binary alloy nanocrystals morphologies with {y;,y.}= (a) {0.4, 0.4}, (b) {0.6, 0.6}, (c) {0.5, 2.0},
(d) {1.0, 1.5}, (e) {2.0, 0.5}, and (f) {1.5, 1.0}. Dotted curve: a-core-B-shell, broken line: B-core-
a-shell, open circle: two separate nanocrystals, solid line: bi-lobe structure.[56]
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Fig 2.12. shows dimensionless interfacial free energy curves of the four possible
structures as a function of f,, the volume fraction of the B phase. Within our model, it is

generally true that whenever a stable triple point can be defined, where the interface energies
relationships among phases are set by Young’s equation, the bi-lobe structure minimizes the
interfacial free energy, irrespective of the value f, . Similarly, when a stable triple point cannot

be defined, a unique structure minimizes the free energy for all f,. The fact that the stable
morphology is independent of f ; enables one to develop a structure map that holds for

embedded nanocrystals as Fig 2.13.
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Figure 2.13. Structure map of binary alloy nanocrystals with f5=0.75. The structures are located
at the respective (yi, v2) coordinates.[56]
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2.4.3. Simulation Results

The arguments used to develop an equilibrium structure map of binary nanocrystals in the
previous section can be applied to GeSn nanocrystals to estimate the interface energies between
two phases, 7,5 . Given the small volume of an individual nanocrystal and relatively slow speed
of the quenching process (a few seconds), we assume the as-formed bi-lobe nanocrystals have
reached the equilibrium structure during the synthesis process. The defect-free, crystalline nature
of the bi-lobe nanocrystal, as shown in the HRTEM images (Fig 2.8.), also provides evidence of
local internal equilibrium.

The structure map predicts that in order to form a bi-lobe type nanocrystal, the sum of
any two interface energy values of 7, si0. s Zsn/sio, » 30d 7ge,s, has to be greater than the other

one, satisfying Young’s equation at the triple point. The white colored area in Fig 2.13.
represents parameter space that satisfies such condition, where y, =y, 0, Vge/sn @nd

Y2 = Yaessio, Veersn - Moreover, depending on the magnitudes of the interface energies, the

morphology of the bi-lobe nanocrystal can vary from dumbell shape to nearly spherical shape as
shown in Fig. 2.14.(a)-(c).

(@

Figure 2.14. Calculated equilibrium geometry of a GeSn nanocrystal with Ge:Sn=4:1 volume
ratio. Interface energies 7, = 7s,/si0, Yae/sn A4 75 = Vgessio, Voe/sn are setas (a) 7, =y, =1, (b)
v, =7,=3,() y, =y, =10. (d) HAADF-STEM image of a bi-lobe GeSn nanocrystal.
(Ge:Sn=4:1) Interfaces are marked with arrows

Careful measurements of the contact angles or the circularity of a single bi-lobe
nanocrystal are convenient ways to roughly determine the unknown interface energy, 7,5 -
Nearly perfect spherical shape of the bi-lobe nanocrystals with ~90° contact angles at
Yeersn! Vaersio, @A Yo 50/ Vsnssio, are observable as shown in Fig 2.10.(a) and Fig 2.14. (d),

which indicate y¢, 0, and yg, g0, are much larger than yg, g, , and close in their values within
the magnitude of yg, s, , still satisfying Young’s equation. Since yg, 5o, has been
experimentally determined to be 0.91 J/m?,[63] s, sio, 18 similar to this value, while yg, g, can

be estimated to be ~ 0.1 J/m*. Additional studies may be required to improve the accuracy of the
measurements to accommodate, for example, stress relaxation at the interface.[64] But it is worth
noting that interface energies play important roles in nanoscale phenomena, and this method
provides a convenient way to estimate the interface energies among materials, especially because
of the small dimension comparable to the element diffusion length in the matrix, isotropic nature
of the amorphous matrix, and facile replacement of the source material.
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Chapter 3

Phase and Shape Evolutions of GeSn Alloy
Nanocrystals

3.1. Introduction

In the previous chapter, it was shown that ion beam synthesized Ge;.xSny nanocrystals in
a Si0; matrix have binary phase bi-lobe morphology as the equilibrium structure. Equilibrium
phase and structure at a given temperature are uniquely determined by thermodynamics, and they
can be predicted if all the necessary parameters are known. (see chapter 2.4.2.)

However, several factors slow the materials approach to equilibrium. For nanocrystals,
for example, strain energy from underlying substrates,[58-61] an energy barrier at the kinetic
pathway[63] can prevent the nanocrystals from reaching the equilibrium structure at the given
temperature. In addition, kinetics itself can play a major role by controlling cooling or heating
rate to keep the material in a metastable state at a certain temperature. From a more practical
application point of view, metastable-stable phase transformations principles have been the most
extensively used to apply to devices with phase change materials (PCM) such as Ge,Sb,Tes
(GST). These compound materials can exist at room temperature in either a stable crystalline
state or a metastable amorphous state, and either an optical (e.g. reflectance) or electrical (e.g.
resistance) property is markedly different between the two states.[65, 66] For all cases, the
elements that consist of the compound materials are miscible, form a single phase, and the way a
specific material responds to the heat source, typically tailored current pulse or laser pulse, are
fixed.

For a segregating alloy system with eutectic behavior, such as Ge-Sn, this metastable-
stable type phase transformation has not been investigated. It is well known that in bulk eutectic
alloys the melting point of the alloy can be substantially lower than that of elemental phases of
either component. Also, when they are mixed together at high temperature and quenched to room
temperature to stay as a metastable state they can form a mixture of any composition by tuning
the initial composition of the equilibrium structure. Further, metals are known to influence the
recrystallization temperature of amorphous thin films.[67, 68] The implication is that alloying
may offer the opportunity to further tune phase equilibria and transition kinetics at the nanoscale,
and thereby enable the development of a new type of phase-change material.

Fig. 3.1 illustrates conceptually the envisioned behavior. Heating an embedded binary
eutectic-alloy nanostructure (BEAN) to above its melting point yields a liquid droplet with a
homogeneous composition. Upon cooling, two types of paths are accessible: (1) For slow
cooling, the BEAN can crystallize at temperature Ty, leading to the equilibrium bi-lobe structure.
(2) For rapid cooling, the liquid can supercool, then freeze at temperature Ty into an amorphous
structure with homogeneous composition as in the liquid state. Upon reheating, the amorphous
structure can recrystallize at temperature Tcrys. Each of the relevant temperatures can be tuned by
altering the composition, the cooling rate, or both.

25



Temperature

Figure 3.1. A schematic of the operating principle of the phase change nanostructures. Enthalpy
curves are sketched for the liquid, crystalline and amorphous phases.
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3.2. Pulsed Laser Melting

To form a metastable state of Ge;xSny nanocrystals, a single pulse from a KrF excimer
laser was used to melt the alloy nanocrystals, a process known as pulsed laser melting (PLM).
The laser wavelength was 248 nm, and the duration was 30 ns with FWHM of 18 ns. The energy
fluence was empirically selected to be 0.3 J/cm®, and at the laser wavelength and pulse energy
used, the particles absorb the laser energy and melt while the silica matrix is relatively unaffected.

248nm KrF excimer laser
30ns pulse, 0.3 cm? fluence

nanay

0.‘2'0.0. 9 o)) 9, i) 0. OO &0 o) O.O Qe a,

S10.

Figure 3.2. A schematic diagram of the PLM process. Laser pulse and the geometry of the
embedded nanocrystals are illustrated.

In order to roughly estimate the temperature the nanocrystals reach upon heating by the
laser pulse, the heat transfer from laser pulse to the nanocrystals was calculated by solving a
simple heat equation: 1 dimensional, non-linear 2" order partial differential equation.

pC,0,T(z,t) =-Q;,(2) +0,(K3,T(z,1))
Where, p : density [g/cm’], C,, : specific heat [J/g-K], z : depth from the surface [cm]
K(T): thermal conductivity [W/cm-K]
Qi (2) =-1,0-R)aexp(-oaz) [W/cm®]: heat absorbed at depth z

Several simplified assumptions have been made for the calculation: 1) Major reflections
occur at the Si/SiO; interface. ii) Multiple reflection effects are ignored. iii) The heat is absorbed
by a 9 nm thick film which is equivalent in volume to nanocrystals formed from Ge implantation
at a 4x10'® cm™ dose. Physical parameters and boundary conditions (b.c.) used are as follows:

p (Ge): 5.32 [g/em’], C_(Ge): 0.32 [J/gK]
K (T) =214T : fitted to raw data of ref [36]

| - fluence

0

=1.0x10" [W/em?]

pulse

Ne.: 1.394,[36] K, : 3.197,[36] ng : 1.570,[36] Kk : 3.565[36]
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—_ 2 2
Oge = ﬂ:162><106 [Cm_l]: RGe = %
1 (n+1)" +k

b.c.: T(z,0)=300K, T(107,t)=300K, 8,T(0,t)=0

=0.65, Ry = 0.675

The original Mathematica script and temperature profile results are displayed in Fig 3.3.

d=5.32;
cp=0.32;
K, [Temp] :=214*Temp ";
K. _.:=0.599;
.:=0.174
n=1.394;
k=3.197;
R=((n-1)’+k%) / ((n+1)’+k’) ;
R
0.650452
A=248*10";
a=(4 7 k) /X;
a
1.61995 10°

fluence=0.3;
tpulse=30*10";
I,:=fluence/tpulse

IO

1. 10’

I, [z ]1:=I*(1-R)*Expl-a*z];
I, [o]

3.49548 10°

I, [9%107]

813440.

R_,=0.675;

Il=Iinc [0] *Rsi

2.35945 10°

Qin[z ]:=-I *(1-R)*a*Exp[-a*z]-I *(1l-R)*a*Expl[-a*z];
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The calculation shows that the maximum temperature reaches ~2000 K, and the
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temperature drop across 9 nm (0.9x10° cm) thickness is minimal. It is significantly higher than
the melting point of Ge nanocrystals embedded in SiO, (1409 K)[63] as well as that of bulk Ge
(1210 K), and we can conclude the laser pulse with current parameters provides enough heat to
melt the nanocrystals.

0.00001 °
Figure 3.3. The calculation result of the temperature profile (T) of SiO, embedded Ge
nanocrystals as a function of thickness (z) and time (t), [T(z,t)], upon KrF laser pulse irradiation.
The pulse duration is 30 ns, and the energy fluence is 0.3 J/cm”.
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3.3. Structural Characterization

3.3.1. Transmission Electron Microscopy

In order to characterize the PLM processed Ge;_xSny nanocrystals, several
characterization methods including advanced TEM were used. As a confirmation step, RBS
profiles were obtained before and after PLM. As shown in Fig 3.4., no changes were observed in
the profiles after PLM, which means all atoms are retained in the matrix without out-diffusion or
ablation, and most probably within the original as-formed nanocrystals. More details about the
local structures and atoms in the matrix will be discussed later.
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Figure 3.4. RBS profiles of Gej sSng, nanocrystals. As-formed nanocrystals were formed by
annealing of as-implanted samples at 900 °C for 1hr as described in Chapter 2.4. PLM was
performed at 0.3 J/cm® energy fluence.

A HAADF-STEM image and an XEDS line scan profile of GesSny, nanocrystals after
PLM process are shown in Fig. 3.5. As Fig. 3.5.(b) indicates, both Ge
and Sn atoms are retained in individual nanocrystal. However, the clear Z-contrast that was
present within individual bi-lobe nanocrystal as in Fig.2.10. has disappeared, indicating
homogeneously mixed alloy nanocrystals have been formed. Given the fact that Ge and Sn are
hardly miscible through the entire composition range, and the slow cooling rate of the furnace
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annealing process (~100°C/sec) compared to the typical liquid to solid phase transformation rate,
it can be concluded that Ge;Sny nanocrystals embedded in the Si0, matrix have bi-lobe shape
as the equilibrium configuration, and the homogeneously mixed nanocrystals are in a metastable
state, kinetically limited by the fast cooling rate of the PLM process.
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Y
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Figure 3.5. (a) Cross-sectional HAADF-STEM image of the Ge, sSng» nanocrystals after PLM
process following thermal annealing at 900°C for 1hr. The dotted line indicates the sample
surface. (b) XEDS line scan across a single homogeneously mixed nanocrystal.
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Figure 3.6. HRTEM images of Ge, sSny, nanocrystals after PLM process. Dotted circles in (a)
indicate regions showing lattice fringes.

To investigate crystallinity and microstructure in more detail, HRTEM images were
obtained as shown in Fig. 3.6. Lattice fringes or phase segregations were hardly observed except
for occasional small regions within some nanocrystals. Together with HAADF-STEM and
XEDS results, it indicates that the mixed nanocrystals have an amorphous structure, and lack a
long-range order. The small regions that show fringes might be due to local non-perfect mixing
or crystallization during the fast cooling process, or some electron beam irradiation effect during
the TEM investigation.
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3.3.2. Extended X-ray Absorption Fine Structure Analysis

Extended X-ray Absorption Fine Structure (EXAFS) measurements were performed on
the bi-lobe and homogeneously mixed Gej sSng» nanocrystals as well as on Ge nanocrystals
before and after the PLM process to confirm and complement the previous results. TEM in
general is a very powerful and accurate technique to determine the local structure of the sample;
however, it can probe a very limited area at a time, and often causes electron beam irradiation
damage. EXAFS, on the other hand, can still probe local structure at the atomic level, while also
provide macroscopic structural information over the entire sample in a non-destructive way. Also,
it does not require crystalline materials or specific crystal symmetry for in-depth investigations
as TEM or Raman spectroscopy, therefore it is a very attractive technique to investigate
amorphous materials.

The measurements were performed at 10 K using a continuous-flow liquid-helium
cryostat in fluorescence mode at beamline 7.3 of the Stanford Synchrotron Radiation Laboratory
(SSRL). A double-crystal Si (220) monochromator was used and the fluorescence spectra at the
Ge K-edge were collected using a 30-element Ge detector. Energy calibration was performed
using the absorption edge of a reference Ge foil placed between two ionization chambers located
after the sample. The pre-edge, edge, and EXAFS regions were measured at constant energy
steps of 10 eV, 0.35 eV and 0.05 eV, respectively. EXAFS data analysis was performed using
both SixPACK and ATHENA/ARTEMIS.[69] The theoretical phases and amplitudes were
calculated ab initio using FEFF 8[70] in a photoelectron momentum (k) range of 3-13.5 A™.

Fig. 3.7. shows the magnitudes of the Fourier transformed EXAFS spectra as a function
of the non-phase-corrected radial distance. Four peaks can be observed. The first peak, located at
about 1.2 A, is due to Ge-O bonding and is absent in the reference sample as expected. This Ge-
O peak originates from the Ge atoms located at the Si0,/Ge interface. The remaining three peaks
ataround 2.1 A, 3.8 A, and 4.3 A correspond to the first, second, and third Ge-Ge nearest
neighbor locations, respectively. The second nearest neighbor is only observed in the Ge
reference, Ge and Ge(sSng, nanocrystals. However, after PLM is performed, this peak is no
longer observed on the Ge and Ge( sSng» nanocrystal samples. This indicates the lack of long
range order of the Ge atoms after PLM, which is consistent with the Raman spectra showing
amorphous Ge peaks.

Table 3.1. shows the refined fitting parameters from EXAFS analysis. The change in
coordination number (N) clearly reflects the change of the local environment of the Ge atoms. It
is observed that the coordination number (N) for the first nearest Ge-Ge neighbor is lower for the
samples containing nanocrystals compared to the bulk Ge reference. This is because atoms at the
surface are only partially coordinated.[54] There is a slight decrease of N after PLM, but for
Gey sSng 2 nanocrystals, the Ge-Ge bond configuration of the bi-lobe nanocrystals was found to
be similar to that of pure Ge nanocrystals. This was expected since the Ge and Sn phases are
separated and only a small fraction of the Ge-SiO; interface has been replaced by Ge-Sn
interface. On the other hand, Ge( 3sSng, nanocrystals after PLM are mixtures of Ge and Sn,
therefore the N value is expected to decrease significantly. This was confirmed experimentally;
the measured N for the bi-lobe structure was 3.5 while the N of the mixed phase was 2.3.
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Figure 3.7. Non-phase-corrected Fourier transformed EXAFS spectra of bulk Ge, pure Ge
nanocrystals, Ge nanocrystals after PLM, Gej sSng»-nc, and Ge, gSng,-nc after PLM. The
original k-space plot was multiplied by k? before the Fourier transform.

Sample Bond type N R (A) Ac*(10° A%
Ge ref. (bulk) Ge-Ge 4 (fixed) 2.44 £0.01 1.8+0.4
Ge nc Ge-Ge 3.7+0.2 2.44 +0.01 33+1.2
Ge nc, PLM Ge-Ge 34+£0.2 2.44 £0.01 49+0.5
GeSn nc Ge-Ge 3.5+03 2.45+0.02 27+04
GeSn nc, PLM Ge-Ge 23+04 2.43 +£0.01 2.5+0.9

Table 3.1. Refined fitting parameters from EXAFS analysis of the Ge-Ge first coordination shell
of the samples in Fig. 3.7. N: coordination number, R: bond length, Ac’: variance in the
absorber-scatterer distance.
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3.4. Recrystallization of GeSn nanocrystals
3.4.1. Ex-situ Raman Spectroscopy

To complete a reversible phase transformation cycle, the metastable amorphous phase
created by the PLM process must return to the original equilibrium crystalline state. In phase
change materials, it is achieved through moderate heating with a tailored current or laser pulse of
intermediate intensity. To mimic such processes, rapid thermal annealing (RTA) was carried out
for 10 seconds for the PLM-amorphized GeSn nanocrystals, and the RTA temperature dependent
crystallization behavior was investigated by ex-situ Raman spectroscopy.

Backscattering geometry was used for the Raman measurements where incident and
scattered photons are in opposite (180°) directions. It is important to note that in the current
sample geometry, Raman scattering from underlying Si substrate as well as that from
nanocrystals has to be taken into account. Temple and Hathaway[71] obtained Si Raman spectra
in backscattering geometry with several different polarization configurations. They showed that
not only one-phonon peak ~520 cm™ but a number of weaker peaks were observed, which were
identified with two-phonon Raman scattering. Obviously all those peaks show up in a normal
setup without using a polarizer, and the two-phonon Si peak ~300 cm™ overlap with the zone-
center optical phonon peak of crystalline Ge. To quench the two-phonon Si peak ~300 cm™,
X'(y',2")X' scattering configuration, as defined in Ref.[71] (x'= (100), y'= (011) z'=(011)),
was used such that the Raman signal ~300 cm™ could be entirely attributed to Ge component of
the randomly oriented GeSn nanocrystals. By convention, the scattering geometry is expressed
by four vectors: K, (g;,e,)k,, where k,k, are the directions of the incident and scattered photons,

i2vs 12°'s

and e, , e, are the polarizations of the incident and scattered photons, respectively.

Fig. 3.8. shows the RTA temperature dependent Raman spectra of GeygSng, nanocrystals.
As-formed Gey gSny , bi-lobe nanocrystals show a strong crystalline Ge peak at ~300 em’™, and
the peak is asymmetrically broadened to the lower energy side due to the phonon confinement
effect. After the PLM process, however, the crystalline Ge peak is significantly suppressed, and
the spectrum shows a broad peak at ~275 cm™. This feature has been observed from a sputtered
Ge film, free-standing Ge nanocrystals exposed to air[41, 64] and embedded Ge nanocrystals
after PLM (Chapter 3.4.3), and it is attributed to disordered Ge-Ge bonds in the amorphous Ge
phase.[72] At low RTA temperatures (e.g. the 323 °C), the Raman peak is intermediate in width
between the as-formed and amorphous cases and is starting to develop the characteristic
asymmetric peak. This indicates the formation of small crystalline Ge clusters. As the RTA
temperature increases, the peak narrows and eventually resembles that of the as-formed state,
showing that larger Ge clusters have recrystallized.
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Figure 3.8. RTA temperature dependent Raman spectra of PLM-amorphized Gej sSng 2
nanocrystals. Raman spectrum of as-formed (900 °C, 1hour annealing without PLM) is also
shown.
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3.4.2. In-situ TEM Observations

The recrystallization process of GeygSng, nanocrystals was directly observed in an in-situ
TEM (JEOL 3010) equipped with a heating stage. Images captured as a function of temperature
are shown in Fig. 3.9.

Figure 3.9. In-situ TEM micrographs of amorphized Gey sSny, nanocrystals at elevated
temperature. Nanocrystals with a dashed circle show clear phase separation between Ge and Sn
phases.



Since the initial structure is in a homogeneously mixed amorphous state, each nanocrystal
is in a single phase as represented by single contrast. Phase separated bi-lobe nanocrystals can
be first observed at 300°C, and most of the phase segregation occurs between 300 °C and 400°C.
These temperatures are in excellent agreement with the Raman result presented in Fig. 3.8 that
indicates a crystallization temperature (Tcrys) ~320 °C. Nanocrystals with a dashed circles show
clear phase separation between Ge and Sn phases. Note that some overlapped, but still single
phase nanocrystals can be also observed at low temperatures (<150 °C).

HAADF-STEM images of the Gey gSny, nanocrystals after PLM+RTA at 500 °C for 10
seconds are also shown in Fig. 3.10. Z-contrast between Ge and Sn phases can be clearly
observed, and the morphologies of the nanocrystals are the same as as-formed bi-lobe
nanocrystals. Taken the Raman and the TEM results together, it is confirmed that Geg sSng»
nanocrystals follow a reversible crystalline — amorphous — crystalline path.

Figure 3.10. HAADF-STEM images of Ge, sSng, nanocrystals after PLM followed by RTA at
500 °C for 10 seconds. (a) Cross-sectional view and (b) planview TEM sample
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3.4.3. Ge:Sn Ratio Dependent Recrystallization

Having established that one can induce a phase change within binary eutectic alloy
nanocrystals, we now turn our attention to controlling the transformation. In particular, we will
consider how the composition can be used to change the recrystallization kinetics in order to tune
the recrystallization temperature.

Starting with PLM-amorphized pure Ge nanocrystals without any Sn content, a 10 second
rapid thermal annealing step was performed over a range of temperature and the degree of
crystallization was monitored by ex-situ Raman spectroscopy, the same way it was carried out
for Gey gSng, nanocrystals. Fig. 3.10.(a) shows the RTA temperature dependent Raman spectra
of pure Ge nanocrystals. The recrystallization begins near 500 °C and reaches completion around
600 °C. Pure Ge nanocrystals are known to be approximately 5 nm in diameter from the earlier
study of Sharp et al.,[41] and the current result is in good agreement with the reported
recrystallization temperature (Tcrys) of amorphous Ge/SiO, superlattices with 5 nm thickness.[73]

For the Sn composition dependent study, "*Ge was implanted first with fixed energy and
dose, 150 keV and 4x10'® cm™. It was followed by '*°Sn implantation at 120 keV with 1x10',
2% 1016, and 4x10'® cm™ doses for Geo.sSng2, Geg 675n0 33, and Gey sSng s nanocrystals,
respectively. PLM was performed at the same energy fluence, 0.3 J/cm®. As demonstrated with
Ge.sSng» nanocrystals (Fig. 3.8) and pure Ge nanocrystals (Fig. 3.10.(a)), the width of the
Raman peak is very useful to characterize the extent of the observed recrystallization. Fig.
3.10.(b) displays the full width at half maximum (FWHM), scaled by the FWHM at 25 °C for
each data set plotted as a function of RTA temperature for nanocrystals of varying compositions.
The lines are guides to the eye, constructed by fitting the data to an empirical functional form:

FWHM (I—Wavg)(l_tanh[T—Tcrst W
FWHM 2 | AT e

25°C

w,,, is the average width of the crystalline Raman peaks for all of the samples, FWHM,s «c is the

width of the peak after pulsed laser melting for the specific sample being fitted, AT is a

parameter that adjusts the temperature range over which the peak width is changing, and T, is

the characteristic recrystallization temperature for the sample. We define the characteristic T.rys 88
the point for which the scaled FWHM is reduced by one-half of its total magnitude of reduction
upon complete recrystallization. These temperatures are plotted versus composition in Fig.
3.10.(c). As shown, as the Sn composition, X, is increased, Tcrys of Ge.xSny decreases. For
example, Terys 1s lowered to approximately 150 °C in nanocrystals with composition near 50
atomic percent Sn (Ge:Sn=1:1).

The observed dependence of the recrystallization temperature on Sn content merits
discussion. It is well known that amorphous semiconductors, such as Si and Ge, crystallize at
temperatures well below the normal crystallization temperature when in contact with metals.[67,
68] This phenomenon, known as metal-induced crystallization (MIC), has been observed for
both semiconductor-metal bilayer structures,[74-77] and co-deposited composites.[78, 79] Wang
et al.[75] observed that MIC of amorphous(a)-Ge/ crystalline(c)-Al bilayer structure resulted in
Ge/Al layer exchange, and ascribed the microscopic steps to Al diffusion into a-Ge, c-Ge grain
formation at the Al grain boundaries, and Ostwald ripening of the c-Ge grains mediated by Al
atoms. Also, Kono et al.[74] directly observed nucleation of single phase c-Si at Al grain
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Figure 3.10. Temperature dependent crystallization of amorphized Ge;.xSny nanocrystals. (a)
RTA temperature dependent ex-situ Raman spectra of pure Ge nanocrystals, (b) Plot of the
FWHM of the Raman peak vs. RTA temperature for different compositions, (c¢) Tcrys versus
composition in atomic percent as estimated from (b). The dashed line is a guide for the eye.
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boundaries at elevated temperature on a-Si/c-Al multilayer structure with in-situ HRTEM. Tan et
al.[78] studied MIC of Ge/Au on codeposited film, and suggested that Au-Ge bonding is critical
in the MIC process based on the EXAFS data. In the Si/Au system,[80] segregation of Au at the
moving crystal-amorphous interface of Si was also directly observed, supporting the
semiconductor-metal bond breaking, metal diffusion, and grain growth by mass transport
argument. The decreased coordination number N of Ge-Ge of the amorphized GeygSny
nanocrystals strongly supports the increased number of Ge-Sn bonds, and therefore effective
source of Sn induced crystallization of a-Ge. Evidently, GeSn nanocrystals embedded in silica
display a similar phenomenon. Certainly, the recrystallization is influenced by the number of
GeSn bonds in the structure. Although the precise origins of the composition dependence of Terys
remain to be understood, it is clear and significant that the observed tuning range extends from
near room temperature to over 500 °C.
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3.5. Phase Map Construction: EFTEM Spectrum Imaging

One way to quantitatively characterize the distribution of different phases in the TEM
specimen is to use the energy filtered transmission electron microscopy (EFTEM) technique.
EFTEM utilizes one of the electron energy-loss spectrum features either to enhance the contrast
by selecting only zero-loss elastic electrons or to tune the contrast by selecting only low-loss
electrons or to create a specific elemental map by selecting only high-loss electrons near the
electron shell edge energies. In particular, in the EFTEM spectrum imaging (SI) mode one
collects the full spectrum at each individual pixel for the chosen energy-loss range (x, y, AE: 3-D
collection), therefore it reduces the chance to miss minor peaks and enables post acquisition
processing to create a chemical map.

To apply this technique to create a chemical map of the Geg 67Sn 33 alloy nanocrystals at
each phase transformation step (bi-lobe crystalline— mixed amorphous — bi-lobe crystalline),
EFTEM SI data collection followed by post acquisition data processing was performed. For the
current experiment, slightly different energies were used for "*Ge and '*Sn implantation to
improve the overlap between the distribution profiles. '**Sn and "*Ge were sequentially
implanted at room temperature into 500 nm thick SiO, with energies and doses of 170 keV,
2x10"® cm™ for 12OSn, and 120 keV, 4x 10" cm™ for 74Ge, respectively. The initial annealing,
PLM, and post-PLM RTA conditions were identical to the previous Ge;xSny nanocrystal
experiments. The RBS profiles of Ge and Sn are presented in Fig. 3.11 for the as-implanted and
as-formed states, showing an excellent match in their peak positions. (~80 nm below the surface)

08 —
I = Ge as-implanted 1
0'07__ . > Ge as-formed ]|
0.06 |- C gl » v Sn as-implanted |
: 0O - Sn as-formed
S 0.05 - 00 =m |
= [ I Q
O I O o Mg :
S 004} s {0 'm ]
2 [ o o 'm |
SO°r TV O T -_
“oo2f S e ]
I o &r‘w’ |
0.01 - o¥" WD ]
o] A — bt o)
0 20 100 150 200 250

Depth (nm)

Figure 3.11. RBS spectra of Ge and Sn atoms for as-implanted and as-formed samples.
Implantation energies and doses are 170 keV, 1x10'® cm™ for °Sn and 120 keV, 4x10'° cm™
for “Ge (Ge:Sn=2:1).
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Figure 3.12. Phase maps of the as-formed Ge 67Sn¢ 33 nanocrystals. (a) SiO,, (b) Sn, (c) Ge maps
are extracted from the EFTEM SI dataset. Three images are combined in (d) where the
contribution of each phase is indicated with colors.
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Figure 3.13. Phase maps of phase-changed Ge7Sng 33 nanocrystals. Phases of (a) as-formed bi-
lobe , (b) PLM processed homogeneously mixed amorphous, and (c¢) bi-lobe after PLM and RTA
(400 °C 10sec) are indicated using colors.
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Figure 3.14. (a)-(c) phase-specific EELS spectra of the phases that are present in Fig. 3.13.(a)-(c),
respectively. (d) Ge and Sn EELS spectra from (a) and Ge+Sn spectrum from (b) are overlapped
to show that the plasmon resonance for the mixed phase lies between those of Ge and Sn.
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Individual phase maps of the as-formed Geg 67Sn¢ 33 nanocrystals are shown in Fig. 3.12
as an example of the extraction process. First, EFTEM SI datasets were obtained in the 3~30 eV
electron energy loss range using a 0.5 eV step and a 0.5 eV energy slit width. Then in order to
construct the individual phase maps, reference EELS spectra were extracted from the selected
areas of the image (e.g. from regions rich in SiO,, Ge, and Sn, respectively). Finally, multiple
linear least squares (MLLSQ) fitting was applied to the image using the reference spectra thereby
determining the contribution of each phase to the observed EELS spectrum. In the individual
phase map, the contribution is indicated using pixel brightness (Fig. 3.12.(a)-(c)), and in the final
combined image contributions of each phase are indicated using colors.(Fig. 3.12.(d))

Phase maps were constructed for the PLM processed and PLM+RTA samples in the same
way as for the as-formed bi-lobe sample. The maps and the reference spectra used are presented
in Fig. 3.13 and Fig. 3.14, respectively.

Note that in Fig. 3.14, the SiO; bulk plasmon peak (blue) was also superimposed on other
phases’ characteristic EELS spectra that were used for MLLSQ fittings, since nanocrystals are
surrounded by SiO, matrix materials in thickness (z) direction as well as in the in-plane
directions. The EELS spectrum from pure SiO, materials (blue) was normalized and subtracted
from each spectrum to obtain pure phase specific spectra as shown with different colors.
Specifically, Fig. 3.14.(d) shows that the plasmon resonance for the mixed phase (orange) lies
between that of nanocrystalline Ge and nanocrystalline Sn. Since this plasmon energy is
determined by the valence electron density, it could be concluded that the valence electron
density of the PLM structure lies between that of the Ge and Sn structures.
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Chapter 4

Nanoscale Phase Segregation of GeAu Nanowires

4.1. Introduction

In Chapter 3, we showed phase transformation behavior of binary eutectic alloy
nanocrystals. The key parameter that determined the final phase structure was the cooling rate
following heating above the melting point of the mixed alloy. On the other hand, there was no
composition dependent morphological change in the structure of each state: phase segregated bi-
lobed crystalline nanocrystals for the equilibrium state, and homogeneously mixed amorphous
phase for the kinetically limited state. Also, in-situ heating TEM investigations shown in Fig. 3.9.
displayed only two such types of nanocrystals while heating up to 500 °C; there are no
intermediate states. The reason behind this simple behavior is related to the small dimension of
the 3 dimensionally confined nanocrystals. Melting/solidification or solid state diffusion that are
essential to phase segregation occur at sufficiently large length scales not to be limited by atomic
diffusion length within a single nanocrystal to reach the global equilibrium.

When the confinement is relaxed in one direction, as in nanowires (NWs) for example,
there could exist multiple composition dependent stable structures, although it may not be in a
global equilibrium state, due to the effectively infinite length for atomic diffusion in one
direction. Since NWs present an ideal platform for elucidating these kinds of nanoscale
phenomena while also having high potential for technological applications, it has attracted many
researchers in the past decade.[81-85] In a structural engineering perspective, they have
demonstrated the synthesis of NW materials with tailored composition by altering the precursors
during the growth process, resulting in superlattice structures with unique electrical and optical
properties.[86, 87]

In the current study, we present a different approach, involving the composition
dependent post-growth engineering of the NW structure through alloying and phase segregation
of binary eutectic compounds induced by thermal annealing. The study was led by Professor Ali
Javey in the EECS department, and we participated in the in-Situ heating experiments and the
modeling. As an example, we utilized the Ge-Au system which has a low eutectic temperature
(361 °C) with negligible Au solid solubility (<107 at. %) in Ge at room temperature. In this
approach, Ge-Au core-shell NWs with HfO, capping layer are first prepared, and then thermally
annealed during which a wide range of nanostructures are controllably formed depending on the
initial Au content and the annealing conditions. This approach presents a novel route for
controlling the NW composition and structure with potential implications for applications in
phase change memory, optoelectronic, and electronic devices.
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Figure 4.1. Ge-Au binary eutectic phase diagram.[88]
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4.2. Composition Dependent Phase Segregation

The NWs with varying compositions were grown in the Microlab at UC Berkeley and the
as-grown structures were characterized with HAADF-STEM at the Molecular Foundry,
Lawrence Berkeley National Laboratory by our collaborator Dr. Yu-Lun Chueh in Professor Ali
Javey’s group. The overall concept of this structural engineering process is illustrated in Fig. 4.2.
Single crystalline Ge NWs are first synthesized by the vapor-liquid-solid process as previously
reported in the literature[89] with diameters d=50~60 nm. (Fig. 4.2.(a)) Then, a Au layer is
sputtered on the surface of the Ge NW arrays with a thickness of ta,=2~15 nm. (Fig. 4.2.(b)) The
thickness of the sputtered Au layer determines the overall Au:Ge atomic ratio of the NWs by
taking into account the calculated volumes from TEM images and known densities of Au and Ge.
The NWs are then capped with ~10 nm thick HfO, deposited by atomic layer deposition (ALD).
(Fig. 4.2.(c)) Finally, thermal annealing at 450 °C for 5 minutes is performed in forming gas
(95 % Ar and 5 % H») with heating and cooling rates of approximately 7.5 °C/sec and 1.5 °C,
respectively. Note that the HfO, capping layer is essential for serving as a nanoscale template for
the controlled formation of the GeAu nanostructures. Without the HfO, template, the overall
shape and structure of the NWs are uncontrollably altered during the annealing step due to the
partial or full melting of the NWs at elevated temperatures.

(a)
-

Au
Au shell
B HfO, ¢ deposition
(b)

HfO, cap
deposition

Figure 4.2. Schematic illustration of the fabrication scheme and the corresponding TEM images
of the initial GeAu core-shell NWs with a 10 nm HfO, capping layer. (Courtesy of Dr. Yu-Lun
Chueh)
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Fig. 4.3. shows the representative transmission TEM images of a series of GeAu
nanostructures formed via the described process for NW samples from low to high overall Au
atomic concentration. At low Au concentrations (<25 at. %), pyramid shaped, Au-rich (~97 at. %
from an EDX quantitative analysis, Table 4.1) islands are formed on the outer surface of the
NWs, beneath the HfO, capping layer (Fig. 4.3.(a)). In contrast, near periodic nanodisk patterns
are formed as the Au concentration is increased to 29-37 at. % (Fig. 4.3.(b)). These periodic
structures are composed of alternating Ge-rich (96 at. %) and Au-rich (99 at. %) regions. As the
Au concentration is further increased to 38-50 at. %, most structures exhibit Au-Ge core-shell
characteristics (Fig. 4.2(c)). Finally, once the Au content increases to 70-80 at. %, NWs are fully
transformed to AuyGe)x alloys (Fig. 4.2(d)).
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Figure 4.3. HAADF-STEM images of the enabled GeAu nanostructures after thermal annealing
at 450 °C for NWs with (a) 13-25 at. %, (b) 29-37 at. %, (c) 38-50 at. %, and (d) 70-80 at. % Au.
respectively.

Position a b c d e f g h 1
Ge (at.%) 3 98 96 1 6 82 23 28 20
Au (at.%) 97 2 4 99 94 18 77 72 80

Table 4.1. EDX composition analysis of different NW regions as labeled in Fig. 4.3.
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4.3. Phenomenological Model

The formation of various NW structures may be understood through consideration of the
phase diagram of the Ge-Au system (Fig. 4.1.) and the eutectic solidification and/or solid state
diffusion of the corresponding atoms during the cooling step. Specifically, upon heating, a
volume fraction of the NWs is molten, the extent of which depends on the Au content and the
annealing temperature as governed by the phase diagram. During the subsequent cooling step,
phase segregation and, perhaps, solid diffusion of Ge atoms take place for certain structures,
resulting in the formation of Au-rich and Ge-rich patterns.

A schematic representation of the proposed formation mechanism of the GeAu
nanostructures is shown in Fig. 4.4. Thermal annealing of the samples with low Au concentration
(<25 at. %) results in the formation of AuyGe,« liquid droplets (Fig. 4.4.(al)) with the bulk of
the Ge remaining in the solid phase. During the cooling step, AuxGe,x droplets are solidified and
Ge atoms are segregated out of the AuyGe;.x droplets, resulting in pyramidal shaped features that
are Au-rich (Fig. 4.4.(a2)). For samples with 29-37 at. % Au, the resulting AuyGe, x droplets are
larger in size since a larger volume fraction of the NWs is molten during the thermal annealing
step, resulting in the formation of disk-like structures (Fig. 4.4.(b1)), a configuration that
presumably minimizes, at least locally, the interfacial free energy.[56] During the cool-down
step, Ge atoms segregate out of the Au,Ge; regions, resulting in the formation of alternating
Ge-rich (96 at. %) and Au-rich (99 at. %) regions (Fig. 4.4.(b2)). For samples with 38-50 at. %
Au, Au-Ge core-shell structures were observed. Using the HAADF-STEM image in Fig. 4.3.(c),
the radius of the inner Au-rich core and the thickness of the Ge-rich shell were measured to be
ray = 28.1 nm and tg. = 17.5 nm, respectively. From this, it was calculated that the NW is
composed of ~ 45 at. % Au, consistent with the initial Au sputtering condition. Based on the bulk
phase diagram, at 450 °C, this NW consists of 57-75 vol. % AuxGe,« liquid alloy with x~0.67.
The remaining volume is pure Ge solid. In this case, a continuous AuyGe;.x molten core is
formed with a solid Ge shell (Fig. 4.4.(c1)). It is not immediately clear that the observed
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Figure 4.4. Schematic of the proposed formation mechanism for various GeAu nanostructures
enabled by thermal annealing process for NW with (a) 13-25 at. %, (b) 29-37 at. %, (c) 38-50
at. %, and (d) 70-80 at. % Au, respectively. (Courtesy of Dr. Yu-Lun Chueh)
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configuration represents a global free energy minimum with respect to interfacial free energy, as
one might expect the Rayleigh instability to intervene.[90] However, the Rayleigh instability
may be suppressed by the constraint of the outer shell, and/or the observed configuration may
well be a local free energy minimum. Once again, during the cool-down step, solid-state
diffusion of Ge out of the AuyGe,x core takes place, resulting in the formation of a Au-rich core
and a Ge-rich shell (Fig. 4.4.(c2)). Finally, when the Au content is increased to 70-80 at. %,
which is near the eutectic point for the bulk Ge-Au system, the NWs are fully molten at 450 °C,
resulting in the formation of fully alloyed NWs (Fig. 4.4.(d1)). In this case, minimal phase
segregation and solid-state diffusion of Ge from the alloy is observed during the cool-down step
presumably due to the lack of solid Ge nucleation sites to facilitate the process (Fig. 4.4.(d2)).
Apparently, the cooling rate is fast enough, and the solidification temperature is low enough such
that the structure is kinetically limited to remain alloyed.

To further investigate the segregation behavior during the cool-down step, in-situ TEM
studies of NW samples with 29-37 at. % Au were conducted using the JEOL 3010 microscope
equipped with a heating stage. In this case, the total volume of regions 1, 2, and 3 (Au,Ge;
nanodisk regions) in Fig. 4.5.(al) at different temperatures was measured, summed, and plotted,
as shown in Fig. 4.5.(b). The total volume of the disk patterns decreased by ~2 times as the
temperature was reduced from 500 °C to ~200 °C, beyond which minimal volume change is
observed. Notably, the phase diagram governing our NWs appears near that of the bulk eutectic
alloy as determined from the temperature dependency of the volume of AuyGe,.x droplets.
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Figure 4.5. In-situ TEM analysis for a NW with 29-37 at. % Au at different temperatures. The
images were captured during cool-down step. (b) The total volume of regions 1, 2, and 3 as a
function of temperature.

The volume vs. temperature curve varies smoothly between 500 °C and 200 °C
suggesting that the eutectic liquid may be supercooled, as has been observed in free standing Au-
Ge alloys.[91] The strong segregation likely occurs upon solidification of the supercooled liquid
eutectic alloy. We note that the solid-state diffusion of Ge atoms out of the AuyGe; regions may
also account for the observed segregation. In either case, the result is the formation of crystalline,
lens-shaped regions of nearly pure Au. At lower temperatures (<200 °C), the diffusion of Ge
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atoms is minimal, and the AuyGe,x volume remains constant (Fig. 4.5.(b)). This result provides a
strong support for the proposed mechanism of the GeAu nanostructure formation, involving first
the formation of liquid AuyGe; alloys at elevated temperatures, followed by the segregation of
Ge out of the alloy during the cool down step. Furthermore, the in-situ TEM analyses confirm
that the alloyed droplets remain in their original positions up to a temperature of 500 °C, even
when the annealing time is 1 hour, and also during the cooling process (Fig. 4.5.(a2),(a3)).
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Chapter 5
Radiation Induced Nanostructure Formation

5.1. Electron Beam Induced Si0,/Ge Nanorods Formation

5.1.1. Introduction

As introduced in Chapter 1, significant portions of embedded nanocrystal studies have
been motivated by its potential application to optical devices[92-94] and charge storage
devices.[40, 95, 96] Among various synthesis methods, IBS has a great advantage in its
compatibility with existing large scale semiconductor production technology. However, the
nanocrystal formation process is governed by diffusion and coarsening of the implanted species
in the matrix during post-implantation annealing, and it is difficult to control the final size,
density, and distribution of the nanocrystals. To better understand the cluster forming mechanism
and elucidate the governing process parameters are in that sense very important as described in
Chapter 2.3.2.

On the other hand, more direct methods to control the size and distribution of the
nanocrystals have been attempted.[97-99] For example, Sharp et al.[100] used a stencil mask and
oxygen co-implantation to form patterned arrays of Si nanocrystals. The chemical deactivation
was achieved by oxygen co-implantation, and the average nanocrystal size could be controlled
by tuning the Si/O or Ge/O ratios, while the nanocrystal location could be chosen with the mask.
The scalability when using a patterning mask, however, is limited by the mask edge effect due to
the lateral straggling of the implanted species, typically in ~100 nm range.

Here, we try another direct method to fabricate nanostructures using direct electron beam
lithography (EBL) patterning onto the sample. An electron beam will be used to nucleate the
implanted species instead of performing a high temperature post-implantation annealing. It was
shown earlier that electron beam can cause moving of clusters or atoms on a surface[101] or
solid state reactions.[102] Precipitation of Ge nanoclusters by e-beam irradiation was also
reported by Klimenkov et al.[103] in Ge implanted SiO, thin films, and by Jiang et al.[104] in
Ge-doped SiO; glass. The observations were all made under TEM electron beam irradiation.

In the current study, we use the focused electron beam of an e-beam writer to locally
induce nucleation of the implanted Ge atoms. The focused electron beam typically used for EBL
is on the order of a few nm, much smaller than the spatial limit of mask patterning, and if we use
an electron beam for forming nanocrystals, it may open up the possibility to form nanocrystals at
low temperature without high thermal budget.
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5.1.2. Experimental Procedure

"Ge was implanted into 500 nm thick thermally grown SiO, layers on a Si substrate. The
lowest reliable implantation energy for Varian CF 3000 implanter, 32 keV, was used with a total
dose of 5x10'° cm™. It was reported that 20 keV, 5x10"° cm™ implantation provides enough Ge
concentration for nanocrystals formation.[103] The expected "*Ge distribution profile simulated
using PC-257 Profile Code™ is presented in Fig. 5.1. The electron beam energy of the e-beam
writer, 100keV, has lower energy than the 200~300 keV TEM beam reported in the literature.
The lowest ion beam energy was used to maximize irradiation effects near the surface.
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Figure 5.1. Expected "*Ge profile in 500nm SiO, layer simulated with PC-257 Profile Code™.
Implantation energy and dose were 32 keV, 5x10" cm?, respectively.

Alignment marks patterning and electron beam irradiation experiments were conducted in
the center for X-ray optics (CXRO) at Lawrence Berkeley National Laboratory under
supervision of Dr. Erik Anderson and Dr. Alexander Liddle. Three rectangular (4pmx 2um) Au
alignment marks were patterned to find the irradiated area with an atomic force microscope
(AFM) and a scanning electron microscope (SEM) after irradiation. First, 300 nm thick KRS-XE
positive e-beam resist was spin coated and baked for 3 minutes. As a second step, the electron
beam irradiated 4pumx 2pm rectangular patterns using the Leica VB6-HR Nanowriter, and the
resist film was developed in LDD 26W solution to etch off the irradiated area. For the last step, a
5 nm Cr adhesion layer and 50 nm Au pattern layer were deposited by thermal evaporation, and
the remaining resist was lifted off with acetone to finally reveal the rectangular shaped Au
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alignment marks. Finally, the 100 keV Nanowriter electron beam was directed to the active area
(2umx*2pum) to nucleate implanted Ge atoms. We exposed 10x10 spots with a 10 nm diameter
beam, and the spots were located 100 nm apart. The total dose for each spot was set to 3.2x10"
C/cm?, giving 64 seconds resident time for each spot with a beam current of 500 pA.

For the characterization, we used Raman spectroscopy to detect Ge crystallization inside
Si0;. To directly observe the nanocrystals with AFM and SEM, matrix SiO, was etched away by
1:1 ratio of 49% HF:H,O solution.[64] Energy dispersive X-ray spectroscopy (EDX)
measurements were also performed for chemical analysis.
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5.1.3. Results and Discussions

An AFM image of the e-beam irradiated sample after HF etching is shown in Fig. 5.2.(a).
Surprisingly, it shows that nanorod structures, instead of expected nanocrystals, were formed.
For comparison, an image of the as-implanted sample after HF etching, and an implanted and
annealed (900 °C, 1 hour) sample after HF etching are shown in Fig. 5.2.(b) and (c), respectively.
Random shape debris or impurities possibly from non-etchable Ge or SiO, phases are present in
Fig. 5.2.(b), and agglomerated Ge nanocrystals that were observed in typical IBS Ge
nanocrystals grown by thermal annealing[42] can be seen in Fig. 5.2.(c). This observation
implies that the original amorphous SiO; phase transformed into another phase or material upon
irradiation which is HF resistive.

Since the height of the Au alignment marks was only 50 nm, we know from comparing
the height of exposed Si substrate and that of Au patterned regions that even the SiO, below Au
layers was totally etched away through undercutting. This confirms the argument that the
nanorod structure is not the same amorphous SiO, anymore. The diameter of the rod increases
from ~10 nm at the top section, which corresponds to the e-beam spot size, to ~100nm, which is
the spacing between each spot. However, considering the fundamental limitation of AFM
measurements due to the tip geometry, especially for high aspect ratio structures, image
dimensions of the side walls and trenches between the rods are not reliable. To complement this
limitation, a SEM image was taken as shown in Fig 5.4. The nanorods with a uniform aspect
ratio can be clearly observed, which verifies the uniform rod-like geometry. It can be also seen
that the total thickness is reduced to below 200 nm from the original 500nm SiO; thickness. It
suggests that part of the SiO, matrix, which is not affected by the electron beam, is either
desorbed or etched away. It can also be used to get additional information about the effective
penetration depth of the electron beam in the current system.

We performed Raman spectroscopy and EDX measurements to investigate the chemical
nature of the structure. From the Raman measurement, we could not detect any crystalline Ge
Raman signal, meaning Ge nanocrystals are not formed at least by detectable amounts. An EDX
result is shown in Fig. 5.5. Ge is hardly detected as in Raman, and more importantly, the O peak
is also invisible. Although a more sensitive measurement is necessary, we can suggest the
formation of an oxygen deficient structure by e-beam irradiation.

Electron-Si0,[105-108] and electron-Ge embedded SiO,[103] interactions have long
been studied. The former studies were all performed with a 100 keV electron beam, which is the
same as in the current experimental condition. Chen et al.[105, 106] observed an EELS plasmon
peak shifted from SiO, 22.9¢V to Si 16.7eV, and Si L-edge from 108eV to 99eV as electron
beam dose increases up to 3x10° cm™. Takeguchi et al.[107] acquired the same EELS result with
quartz single crystal SiO; at 850 K. Single crystal SiO, was first amorphized and then formed Si-
phase nanocrystals at beam dose of 1.6x10° C/cm®. They both attributed this effect to electron
stimulated desorption (ESD) mechanism suggested by Knotek and Feibelman.[109]

When implanted Ge was additionally involved,[103] Ge nanoclusters were formed at a
3.2x10* C/em” dose and nanocrystals at 8x10* C/cm” at the peak region of the distribution
profile. The shrinkage of the SiO; layer mainly caused by oxygen out-diffusion was also
observed, which is consistent with the cases without Ge. Since Ge is much heavier than Si and O,
and has a smaller energy transfer per electron collision, Ostwald ripening of Ge clusters
subsequent to Si, O displacement is the most persuading mechanism for nanocrystal formation as
in the case of the widely studied electron-beam-induced epitaxial recrystallization (EBIEC).
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Figure 5.2. AFM images of (a) irradiated sample after etching (3umx3um), (b) non-irradiated
part of the sample after etching (Sumx5pm), (¢) non-irradiated part of the sample, annealed at
900 °C for lhour and etched (Spmx5um).
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Figure 5.3. AFM line profile of line 1 and line 2 in Fig. 5.2.(a).

Figure 5.4. SEM image of Fig. 5.2.(a). Rods with a uniform aspect ratio can be clearly observed.
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Figure 5.5. EDX spectrum of the e-beam induced nanorods. 32 keV beam energy was used.

From the previous studies, we can suggest the formation mechanism and deduce a
chemical nature of the nanorod structure. The electron energy is thought to be transferred
foremost to Si and O atoms, and cause atomic displacement, and form a new oxygen deficient
phase which is HF resistive. Implanted Ge atoms are expected to ripen and form non-crystalline
clusters inside the matrix and may affect the etch-resistive nature of the structure, but further
investigations such as cross sectional TEM and EDX are needed.
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5.2. GeSn Core-Shell Nanocrystal Formation

In Chapter 3, we showed reversible phase transformations of embedded Ge;_xSny
nanocrystals when they go through as-formed, PLM, and post-PLM RTA processes. It was also
shown that the stable, equilibrium morphology consists of phase-separated bi-lobe shaped
nanocrystals, and the interface energies between phases were estimated based on Young’s
equation in Chapter 2.4.3.

Specifically, for GeygSng» nanocrystals, post-PLM RTA at 500 °C for 10 sec returned the
homogeneously mixed structure back to the equilibrium bi-lobe structure as shown in Fig. 3.10.
It was reproducible for a number of repetitive experiments except for an earlier experiment with
slightly different TEM sample preparation conditions. It is worth discussing the results and
implications.

TEM specimens are thinned down to ~10 pum in thickness before they are inserted into
ion miller where spatially spreaded energetic argon ion beams (typically 5 keV) hit the specimen
at low angle until a hole is drilled at the thinnest region. During the ion milling process, the
sample stage is kept cold with liquid nitrogen to avoid ion beam heating effects and/or damage to
the sample at elevated temperature. Most of the TEM specimens reported in this dissertation
were made that way using a Fischione 1010 ion miller. For a few earlier experiments, a focused
ion beam without a cold stage was used to make TEM samples. (Gatan PIPS) Although not
measured or verified, it is believed that the specimen temperature reaches much higher values
than when using the Fischione ion miller due to the high beam intensity and lack of a cold stage.
In fact, the PIPS ion miller is approximately 10 times faster than Fischione. The implication is
that the argon beam might affect the final morphology of the nanocrystals due to ion
bombardment of the nanocrystals at an elevated temperature.

In Fig. 5.6. HAADF-STEM images show the results of the experiment: GeygSny
nanocrystals annealed at 900 °C for 1 hour, PLM, and post-PLM RTA at 500 °C for 10 sec. Ion
milling was performed in a Gatan PIPS ion miller with a focused argon ion beam. Surprisingly, it
produced core-shell nanocrystals. They are clearly phase segregated into core and shell, and both
Sn core-Ge shell and Ge core-Sn shell nanocrystals are observed as in (a) and (b), respectively.
Although only one equilibrium configuration may exist for a specific embedded binary
nanocrystals system as could be predicted by the magnitudes of the interface energies,[56]
Strobel et al.[55] used a 3-D lattice Monte Carlo simulation to show that when the bond strength,
thus the tendency of mixing between all elements is similar, the final structures are mainly
determined by kinetic effects.

HRTEM images of the same specimen as in Fig. 5.6.(a) are presented in Fig. 5.7. They
show that core-shell nanocrystals consist of a number of randomly oriented small grains, which
suggests ion bombardments might have caused amorphization followed by recrystallization
and/or rearrangements of the crystalline Ge/Sn phases. Although the formation mechanism of the
core-shell GeSn nanocrystals is not well understood, and the processing control is rather poor, it
may suggest that a kinetically limited structure can be created by ion beam irradiation as well as
by controlling the cooling rate.
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Figure 5.6. Planview HAADF-STEM images of core-shell nanocrystals. (a) Sn core-Ge shell and
(b) Ge core-Sn shell nanocrystals.

Figure 5.7. HRTEM images of the Sn core- Ge shell Gey gSny, nanocrystals. Moire fringes are
observed in (a).
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Chapter 6

Conclusions and Future Work

6.1. Conclusions

The research presented in this dissertation was focused mainly on understanding the
formation and phase transformations of Ge based nanostructures using complementary
characterization techniques and theoretical analysis.

IBS and sputtering methods to fabricate embedded nanocrystals were presented, and an
experimental strategy based on theoretical simulation to narrow down the inherently wide size
distribution of IBS method was suggested with preliminary experimental results. Demonstration
of the size control, especially narrowing the distribution, would significantly accelerate
utilization of IBS in making nanostructures and applying them to functional devices.

Formation of the GeSn binary eutectic alloy nanocrystals was shown, and its
thermodynamic implications that are applicable to general binary eutectic alloy systems were
presented. It was demonstrated that a metastable state could be formed with a single short laser
pulse, and the composition dependent equilibrium and kinetic aspects of phase transformation
were discussed. Based on the results, a new type of phase change material that enabled to tune
phase equilibria and transition kinetics at the nanoscale - binary eutectic alloy nanostructures
(BEANS) - was proposed. In one-dimensional BEANs, GeAu nanowires, composition dependent
post-growth engineering produced various types of final morphologies due to the effectively
infinite length for atomic diffusion in one direction. The presented BEANs approach provides
potential implications for applications in phase change memory, optoelectronic, and electronic
devices.

Looking ahead to the applications of BEANSs to data storage, we note that at this time, it
is not possible to characterize directly the transport properties of the bi-lobed and amorphous
nanostructures. We note, however, that the resistivity between amorphous and crystalline Ge
films differ by four orders of magnitude,[110] and there is theoretical evidence that the band gap
of Ge; xSny can be reduced substantially from that of pure Ge.[111] Thus we expect that the
transport and optical properties of the amorphous PLM structure will be different from those of
the bi-lobed structure, and further that these differences can be tuned through a choice of
composition.
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6.2. Future Work

The composition dependent equilibrium and kinetic aspects of zero, and one dimensional
binary eutectic alloy nanostructures (BEANs) were explored, but the precise origin and
mechanism of each phenomenon are yet to be investigated. A good approach would be to explore
the nanoscale phase diagram for a specific eutectic alloy system. As reported by Sutter et al.,[91]
small dimensions and confined geometry can alter the bulk phase diagram. BEANs can provide
an ideal platform to elucidate nanoscale phenomena and build a nanoscale phase diagram that
could be used as a guideline to design nanoscale devices. Diffraction intensity studies on
heating/cooling cycles of embedded GeSn and GeAu nanocrystals are in progress, and they will
provide useful insights.

The desired characteristics of BEANs as potential applications to devices would be a
large change in their structure dependent physical properties. Since IBS nanocrystals can be
embedded practically in any medium, it is useful to explore the contrast between optical
absorption, photoluminescence and/or reflectance of each structure. The positions of the bulk
plasmon peaks were modified in our GeSn nanocrystals experiment, and it is very likely that the
fundamental bandgaps have been modified as well. NWs serve best as a channel for carrier
transport. Transport properties of different materials system will also be explored.
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Appendices
A. Rutherford Backscattering Spectrometry

Rutherford backscattering spectrometry (RBS) is a powerful non-destructive method to
measure the elemental, compositional, concentration distribution of multiple atomic species in
the sample. A sample is bombarded with high energy He" ions generated from an accelerator. A
very small fraction of the bombarding ions are backscattered by the atomic nuclei, and a
combination of the backscattered ion energy, yield, and energy loss through the target provide
the information to extract the atomic distribution. Each contribution can be described by the
following step by step process.

1. Kinematic factor, K (atomic mass determination)

Elastic energy transfer from a projectile to a target atom can be calculated with simple collision
kinematics. Using the law of conservation of energy and momentum, the kinematic factor K can
be described as:

Km = — =
© E (m, +m,)

(]

E m? —m/sin’ @) + m, cos @
s 0) 0O

where E,: incident ion energy, E,: backscattered ion energy, m,: incident ion mass, M, : target
element mass, &: backscattering angle.

When m,>>m,, K (6 =180°) ~1, and all the other values except for m, are either known or
are directly measured, thereby the mass of the target element can be calculated. K, for most

elements is well known and tabulated. For multi-element targets, RBS spectra show multiple
peaks corresponding to the elements in the target material.

2. Scattering cross-section, o (quantitative analysis of atomic composition)
The probability of the elastic collision between the projectile and target atoms can be calculated
to find the atomic composition of the sample from the measured relative spectral intensities. It

. : : : . do
requires the use of the differential scattering cross-section, o

do _ 2.2
do - 2E,

, [cos@ + (1— A’sin? 6)"*]

) o
sin4(5)(l - A’sin* 6)"?

with Z,,Z, : atomic numbers of the incident and target atom, respectively,
o : scattering cross-section, Q : detector solid angle, A : backscattering yield.

The backscattering yield A is the measured spectral intensity in the experiment that in turn can
be expressed as:
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A=o,,ONQ

. . . 2
where, o, : average cross-section, Q : number of incident ions, N : atoms/cm”.

Therefore, N can be calculated for each element, and the composition can be determined.

3. Energy loss, ((jj—E (depth perception)
X

Both incident and scattered ions lose energy as they pass through the sample mainly due to
electronic stopping. This inelastic energy loss can be used to determine the depth of the atoms
within the sample. Total energy loss of the projectile AE is expressed as:

K dE 1 dE
AE=KE,-E, =(—"—| +—— t=[S, ]t
° (cosﬁl dx !®c " cosd, dx e E=15]
with 6,, 6, : incident and scattered angle, respectively, S, : effective stopping power, t: sample

thickness. t can be expressed as:

where, &, 1s the stopping cross-section.

&, 1s obtained from the TRIM code or empirical energy loss data fitting, therefore the thickness
or depth can be determined. More detailed information can be found in Ref.[112]
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B. Extended X-ray Absorption Fine Structure

Extended x-ray absorption fine structure (EXAFS) is one of the regimes of a more
general concept, x-ray absorption fine structure (XAFS). XAFS refers to the details of how x-
rays are absorbed by atoms at energies near and above the core level binding energies of that
atom. Basically, an atom’s x-ray absorption probability is modulated by the presence of the
neighboring atoms, and the resulting spectrum is sensitive to the oxidation state, coordination
number, distances, and species of the atoms surrounding the selected element. Since XAFS has
few constraints on the samples that can be studied, it is used in many fields including materials
science, chemistry, and biology. Especially, crystallinity is not required, which makes it one of
the most appropriate structural characterization techniques for amorphous materials. The basic
principles are rather simple, but the accurate theoretical understanding is quite involved and still
being developed. In this appendix, a brief introduction to the principles of EXAFS and data
reduction process will be provided. A complete description can be found in Ref.[113-116]

XAFS is divided into two regimes: x-ray absorption near-edge spectroscopy (XANES)
for energies within 30 eV from the absorption edge and EXAFS for energies well above the
absorption edge. XANES is sensitive to the oxidation state and coordination chemistry while
EXAFS is used to determine the distances, coordination numbers, and species of the neighboring
atoms. When discussing x-ray absorption, the absorption coefficient # has to be introduced

using Beer’s law:

I = Io exp(—/j[)
with | : incident x-ray intensity, | : transmitted x-ray intensity, t: sample thickness.

At most x-ray energies, the x-ray absorption coefficient x is a smooth function of energy

except for the case where the x-ray energy is equal to that of the binding energy of a core
electron. There is a sharp rise in z, an absorption edge where the core electron is excited to the

continuum state. In XAFS, we are concerned with the intensity of x as a function of energy near

and above the absorption edge. Specifically for EXAFS, we are interested in the oscillations of
1 well above the edge, and we define the EXAFS fine structure function y(E) as:

_ (E) — 1, (E)
A, (E)
with x(E) : measured absorption coefficient, x,(E): smooth background function representing

x(E)
absorption from an isolated atom, Az, (E): measured jump in the absorption u(E) at the
threshold energy E, .

Since EXAFS is best understood in terms of the wave behavior of the photo-electron, it is

common to convert y(E) into y (k) with the well-known relationship k = 1/% . The

different frequencies in the oscillations of (k) correspond to near neighbor coordination shells
which can be described and modeled according to the EXAFS equation:
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with f(Kk): scattering amplitude, J(K) : phase-shift (both are scattering properties)
N : number of neighboring atoms, R : distance to the neighboring atom,
o’ : disorder in the neighbor distance.

Knowing f(k)and 6(k) (typically from calculations using a program such as FEFF), the

above EXAFS equation allows us to determine N , R, and o . Also, since scattering factors
depend on Z of the neighboring atoms, EXAFS is also sensitive to the atomic species.

X-ray Absorption Fine-Structure F

—1.2
photo-electron A~ ( E- Eg)

AVAVAVAVAVAVA!

X=ray \
.\M core-level Absorption
Probability

Absorbing Atom Scattering Atom

Figure B.1. Schematic diagrams of the XAFS process. The scattered photo-electron can return to
the absorbing atom, modulating the amplitude and phase of the photo-electron wave function at
the absorbing atom. This modulates x(E) , causing EXAFS.[113]

For EXAFS data reduction, it is natural to have Fourier transform involved because
EXAFS oscillations consist of different frequencies that correspond to the different distances for
each coordination shell. The data reduction process can be summarized as follows:

1. Convert the measured intensities to z(E) and correct systematic errors, if any.
2. Subtract a smooth pre-edge function from x(E) to remove instrumental background and
absorption from other edges.
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3. Identify E by taking the maximum derivative of u(E) .

4. Normalize p(E)to go from O to 1, which represents the absorption of 1 x-ray.
5. Remove a smooth post-edge background function to approximate z, (E).

6. Isolate y(k) from u(E).

7. k -weight the y(k) and Fourier transform into R -space.

The final process for EXAFS analysis is structural refinement through data modeling.
Programs such as SixPACK and ATHENA/ARTEMIS are used. With the calculated f (k)and

5(k) , we can use the EXAFS equation to predict and modify N , R, and o, and change
E, until we find the best fit to the y(k) data. Since Fourier transform is available, we can do the
refinement in both k -space and R -space. When analyzing in R -space, the full complex y(R)

must be used. We can fit one shell at a time, and add them up for the final fit. Standard signal
analysis tells us that the maximum numbers of free variables that can be effectively fitin a
refinement depends on the considered k and R ranges. It turns out the maximum number of
parameters that can be determined from an EXAFS spectrum is about N AKAR7z for k -

range Ak , and R -range AR .
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