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0.44 Torr GeH4 and 8.81 Torr H; for 1 minute, followed by 8.81
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Low-magnification image of the nanowire with a selected area
diffraction pattern inset. High magnification bright field image of the
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Dependence of Ge nanowire growth rate on GeH3;CHj3 partial
pressure at 375 °C. (a) SEM images of nanowires grown for 1 min in
0.44 Torr GeH4 and 8.81 Torr Hy, followed by 3 min in 0.44 Torr
GeH,, GeH;CHs partial pressure as indicated, and 8.81 Torr H,. The
H, partial pressure was maintained at 8.81 Torr for all except the
1.32 Torr GeH3CHj case, where it was set at 7.92 Torr, to enable

52

53

54

55

56



Figure 3.8:

Figure 3.9:

Figure 3.10:

Figure 3.11:

accurate pressure readings. Dashed white lines in each SEM image
correspond to the Si(111) surface, which is tilted in these images. A
representative nanowire for each partial pressure is falsely colored in

blue for clarity. All scale bars are 300 nm. (b) Nanowire length
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GeH;CHj partial pressure. The dashed line is a least squares linear

fit of the data. 57

(a) SEM image of a representative Ge nanowire grown for 1 minute

at 375 °C in 0.44 Torr GeHy and 8.81 Torr H,, followed by ramp to

325 °C and growth for 3 minutes in 0.65 Torr GeH;CHj3 and 9.03

Torr H,. Note that no GeH4 was used during the final 3 minutes. (b)
HRTEM bright-field image and SAED inset along a [011] zone axis

at the <I111> to <110> kink. 57
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Cross-sectional SEM image of two non-planar Ge nanowire

superstructures from the same sample as that shown in Figure 3.9b

after sonication from the growth substrate and drop-casting onto a Si

wafer. The non-coplanarity of the <110> and <111> segments, as
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Scale bars, 200 nm. 59
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sample as that shown in Figure 3.9b, laying side by side after
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sonication from the growth substrate and drop-casting onto a Si
wafer.

XPS of the Ge (3d) peak for Ge nanowires grown (a) with GeH/H;,
at 375 °C, (b) with GeH3CHj3; at 375 °C, and (c) with GeH3CHj3 at
475 °C after 50 min of exposure to ambient cleanroom air. Recorded
data are marked with circles, squares, and triangles respectively.
Fitted peaks are shown with dashed lines, baselines are shown with
dotted lines, and overall fits are shown with solid lines. The intensity
scale is the same for all figures.

Schematic illustration of growth modes as a function of GeH3;CHj3
exposure and temperature. (a) In the absence of GeH;CH3, <111>
oriented Ge nanowires with tapered sidewalls are observed. (b) Upon
addition of GeH3;CH3 to the growth environment, a robust sidewall
coating (red) blocks subsequent conformal deposition for all of the
temperatures studied here. (c) At growth temperatures above 425 °C,
untapered <111> oriented growth is observed in the presence of
GeH;CHs. (d) At growth temperatures below 425 °C, untapered
<110> oriented growth is observed in the presence of GeH;CHs.

SEM images of Ge nanowires grown at 375 °C, 9.25 Torr total
pressure, 50 sccm GeHy, and 500 sccm H; (a) without TMT for 5
min, (b) without TMT for 2 min followed by 3 min with 20 sccm Ar
bubbled through TMT, (c) with 20 sccm Ar bubbled through TMT
for 5 min. (d) Diameter modulation is accomplished by modulating
TMT flow on and off at 1 minute intervals a total of 5 times. Scale
bars, 200 nm.

Schematic of diameter modulated Ge nanowire synthesis. The
exposed Ge nanowire surface is shown in gray and the transparent
red shell represents the surface termination that results from TMT
adsorption. (a) A nanowire with uniform diameter is grown in the
presence of GeH, and TMT (i.e. “TMT-ON” conditions). TMT
decomposition on the sidewall creates a passivating layer that
eliminates radial deposition and tapering. (b) Growth with only
GeHy (i.e. “TMT-OFF” conditions) enables radials deposition
initially only on newly formed sections of the nanowire. (¢)
Reinitiation of TMT co-flow (i.e. “TMT-ON” conditions) terminates
the recently formed sidewall. A repeated sequence of these basic
steps yields diameter-modulated superstructures.

Bright field TEM images and EDX spectra of a representative Ge
nanowire synthesized under “TMT-ON” conditions at 400 °C, 9.25
Torr total pressure, 50 sccm GeHs, 500 sccm Hj, and 20 sccm Ar
bubbled through TMT. (a) Low magnification image of the
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Figure 4.5:

Figure 4.6:
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nanowire. Scale bar, 100 nm. (b) High resolution image and
corresponding FFT inset of the area delineated by the box in (a).
Scale bar, 2 nm. EDX spectra acquired (c) at the center of the
catalyst droplet and (d) near the nanowire base. The Cu signal results
from the TEM grid.

(a) SEM image of diameter-modulated nanowires grown with 20
cycles of 1 min “TMT-ON” and 1 min “TMT-OFF” at 375 °C. Scale
bars, 200 nm. The radial scale has been stretched 2x for clarity. (b)
Corresponding plot of average nanowire segment length vs. segment
number collected from 10 representative diameter-modulated
nanowires. Experimental data is shown as black circles and error
bars indicate the standard deviation of segment length. The red
dashed line indicates Ge nanowire growth rate without TMT (i.e. no
Sn alloying). An empirical fit of segment length, as determined from
the modified second-order rate law discussed in the text, is shown as
blue crosses. Inset: schematic that illustrates how segment length is
measured.

(a) Plot of calculated growth rate vs. growth time. (b) Plot of
calculated nanowire length vs. growth time. Segment lengths are
determined, as shown with blue dashed lines, after each 2 min
“TMT-ON” and “TMT-OFF” interval and compared to the
experimental data shown in Figure 4.4b via least squares
minimization to determine the parameters t and trvr .

User-programmable diameter-modulated Ge nanowire
superstructures fabricated from 20 nm Au colloid on a Ge(111)
wafer via combinations of different flow conditions at 350 °C. The
sequence of growth conditions utilized for each superstructure is
shown to the left of each image. “G” refers to 15 sccm GeHy and 110
sccm Hj at 2.2 Torr total pressure (i.e. GeHy only), “T” refers to 20
sccm Ar bubbled through TMT and 105 sccm H; at 2.2 Torr total
pressure (i.e. TMT only), and (3) “G+T” refers to 15 sccm GeHy, 20
sccm Ar bubbled through TMT, and 90 sccm H; at 2.2 Torr total
pressure (i.e. co-flow of GeHs and TMT). The number preceding
each flow designation represents the time in minutes that each
condition was applied. Scale bars, 50 nm.

SEM image of the diameter-modulated superstructure array from
Figure 4.6b observed at a 45° inclined angle. Scale bar, 400 nm

Bright field TEM images of a representative Ge nanowire
superstructure from Figure 4.6b from [110] zone axis. (a) Low
magnification image of the nanowire with labels for high resolution
images in b-d. Scale bar, 100 nm. (b-d) High resolution images and
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Figure 5.3:

Figure 5.4:
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corresponding FFT inset of the area delineated by the boxes in (a).
Scale bars, 10 nm.

SEM image of the diameter-modulated superstructure array growth
at 385 °C observed at a 45° inclined angle. Scale bar, 100 nm

Side view SEM images of Ge nanowire arrays grown with a standard
base followed by (a) 3 min with 0.28 Torr GeH4 and 1.92 Torr H; or
(b) 3 min with 0.28 Torr GeHy, 0.12 Torr TMSH, and 1.89 Torr H,
at 385 °C. Arrows denote the position of the catalyst droplet at the
start of TMSH exposure. Scale bars, 100 nm. (c) Axial elongation
rate, plotted as natural log of AL/At (nm/min), as a function of
colloid diameter for the nanowires shown in (a) and (b) with circles
and squares, respectively. Insets: schematic illustrations of the AL
measurement end-points in both cases.

Side view SEM images of Ge nanowires grown with a standard base
as described in the experimental details and followed by 3 minutes
with 0.28 Torr GeH4 and 0.12 Torr SiH3CHs;. 100, 96, 86, and 51 %
of the nanowires kink at least once for 20, 30, 40, and 50 nm colloid,
respectively. Scale bars, 100 nm.

(a) Low magnification bright field TEM image along the [110] zone
axis of a representative Ge nanowire from the array shown in Figure
5.1a. Scale bar, 100 nm. (b, ¢) High resolution bright field TEM
images and FFT insets of the regions denoted by boxes in (a). Scale
bars, 10 nm. (d) Low magnification bright field TEM image along
the [110] zone axis of a representative Ge nanowire from the array
shown in Figure 5.1b. Scale bar, 100 nm. The base is missing and
likely broke during TEM grid preparation. Most nanowires exhibit
this behaviour. (e, f) High resolution bright field TEM images and
FFT insets of the regions denoted by boxes in (d). Scale bars, 10 nm.

(a) EDX spectra of the upper segment for representative 50 nm Ge
nanowires from the arrays in Figure 5.1a (shown in blue) and Figure
5.1b (shown in red). (b) EDX spectra of the catalyst droplet for
representative 50 nm Ge nanowires from the arrays in Figure 5.1a
(shown in blue) and Figure 5.1b (shown in red). Spectra in blue in
(b) are scaled by 1/3. We note that EDX cannot distinguish between
Si located in the bulk of or on the surface of the nanowire.

(a) Side view SEM images of Ge nanowire arrays grown with a
standard base and followed by 10 diameter-modulation cycles, each
consisting of 2 min with 0.28 Torr GeH4 and 1.92 Torr H; and the
standard passivation sequence at 385 °C. Arrows denote the position
of the catalyst droplet during each TMSH exposure. Scale bars, 200
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Figure 5.6:

Figure 5.7:

Figure 5.8:

Figure 5.9:

nm. (b) Axial elongation rate (AL,/At) plotted as a function of
segment number (n) and gold colloid diameter. Inset: schematic
illustration showing the AL, measurement end-points. The diameter-
modulated segment closest to the substrate is denoted n = 1.

(a) Side view SEM images of Ge nanowire arrays grown with a
standard base and followed by a sequence of pressure-dependent
segments: 2 min with 0.28 Torr GeHa, 2 min with 0.43 Torr GeHg, 2
min with 0.66 Torr GeHy, 2 min with 0.28 Torr GeHy, and 4 min
with 0.17 Torr GeH, with the balance as H; for all segments at 385
°C. The growth of each segment is followed by the standard
passivation sequence. Arrows denote the position of the catalyst
droplet during each TMSH exposure. Scale bars, 200 nm. (b) Axial
elongation rate (AL/At) plotted as a function of GeHy4 partial pressure
and colloid diameter. Dashed lines are linear fits for each colloid
size.

(a) Side view SEM images of Ge nanowires grown with standard
base followed by a sequence of temperature-dependent segments at
0.28 Torr GeHy4 and 1.92 Torr H;: 3 min at 385, 330, 360, 300, and
385 °C. Each temperature-dependent segment is followed by the
standard passivation sequence, during which the substrate
temperature is ramped to and held at the next condition. Arrows
denote the position of the catalyst droplet during each TMSH
exposure. Scale bars, 200 nm. (b) Axial elongation rate (AL/At)
plotted as a function of gold colloid diameter and substrate
temperature. The dashed curves for each temperature are from a fit
to the data based on Equation 5.7.

Additional side view SEM images of the samples in Figure 5.7
showing typical kinking and missing segments observed for
segments grown at 300 °C. Scale bars, 200 nm.

(a) Temperature data plotted in linearized version of equation 5.7.
Dashed lines are linear fits to each individual temperature range. (b)
Axial elongation rate (AL/At) plotted as a function of gold colloid
diameter and substrate temperature. The dashed curves for each
temperature are from a fit of equation 5.7 to the data for 330 — 385
°C temperatures only, showing the reversal of the diameter
dependence sign at 300 °C.
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SUMMARY

Semiconductor nanowire synthesis provides a promising route to engineer novel
nanoscale materials for applications in energy conversion, electronics, and photonics. In
order to enable the appropriate function for a particular application, control of atomic and
nanoscale structural details (e.g. diameter, orientation, faceting) is critical. The ability to
engineer nanowire structure by tuning chemistry either at the nucleation point or on the
sidewall is demonstrated in this work, thus enabling the rational fabrication of complex
superstructures.

Chapter 3 demonstrates that methylgermane (GeH;CH3) can induce a transition
from <111> to <110> oriented growth during the vapor-liquid-solid synthesis of Ge
nanowires. This hydride-based chemistry is subsequently leveraged to rationally fabricate
kinking superstructures based on combinations of <I11> and <110> segments with user
defined angles and segment lengths. The addition of GeH3;CH3 also eliminates sidewall
tapering and enables Ge nanowire growth at temperatures exceeding 475 °C, which
greatly expands the process window.

Additionally, Chapters 4 and 5 demonstrate user-programmable diameter
modulation using tetramethyltin (Sn(CH3)4) or trimethylsilane (SiH(CHj3)s) reacting
directly on the sidewalls of growing nanowires to either block or allow conformal
deposition. Catalyst modification with tetramethyltin is demonstrated to decouple axial
and radial growth kinetics and provides further control over nanowire design.

A method is presented in Chapter 5 for interrogating the kinetics of

semiconductor nanowire growth via the vapor-liquid-solid (VLS) technique.
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Morphological markers, generated via user-defined changes to diameter along the
nanowire axial direction, enable the rapid, accurate, and facile extraction of growth rate
information from electron microscopy images. SiH(CH3); is utilized for this purpose and
does not permanently influence growth rate and kinking. As a proof of concept, we apply
this approach to determine the diameter, temperature, and pressure dependence of Au-
catalyzed Ge nanowire growth. These new synthetic strategies comprise a much needed

toolbox for the precision engineering of nanoscale structures and materials properties.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Demand for New Materials

Global energy consumption rate in 2008 was estimated to be 16.9 terawatts (TW),
and is expected to rise to 25.8 TW by the year 2035." The increasing demand for energy
will eventually face the limited known supply of expendable energy sources, such as
fossil fuels. Additionally, the result of deriving energy from oxidizing expendable carbon
sources is the rapid accumulation of carbon dioxide in atmosphere at unprecedented
levels compared to previous 500,000 years and observed changes in the pH of the
oceans.” The desire to avoid the unpredictable results of chemical changes to the global
atmosphere, to minimize and meet the energy demand, and to create sustainable
nonexpendable energy sources for a secure energy future drives global research efforts on
new methods of energy conversion and storage. Total capacities of renewable energies
highlight the dominance of photovoltaics in their current technical potential of 340 TW,
nearly two orders of magnitude above current global energy usage. Together with other
dominant sustainable energy sources, such as wind and hydroelectricity, these processes
largely rely on energy storage to be effective due to their intermittent nature.” However,
to become cost competitive and more efficient, thus creating incentive for rapid change,
new materials are in demand to complement new technologies and enable future
progress. As new materials and structures have been explored, a myriad of improvements

have been made over original concept designs in nearly every field of interest, including
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energy generation and storage. For example, advances in photovoltaic materials have
continuously progressed to higher efficiencies and lower costs aiding the large-scale
expanding deployment.*® Energy storage materials are improving as well in parallel.’
Thermoelectrics for recovering wasted thermal heat to generate electricity or generate
cooling and heating have also been moving progressively towards the goal of widespread
use with new advances in materials.® The energy crisis requires a global approach on

multiple fronts, with the aid of enabling technology and materials.
1.2 Group IV Materials

1.2.1 Industrial Compatibility

Group IV materials have a wide range of applications in many technologies of the
energy landscape. Crystalline silicon (Si) and, to a lesser extent, germanium (Ge) are
extensively used semiconductor materials in photovoltaics, transistors, computing,
photonics, LEDs, etc. While the first transistors were made from Ge,’ Si based transistors
in computing have since taken over and stayed dominant for half a century.'® Si-based
solar cells dominate the photovoltaic markets and Ge finds many uses as a major
component in most efficient multijunction solar cells, fiber optics, and infrared
applications.™ ' These materials have the benefit of having been in the research spotlight
for a long time with a vast amount of existing knowledge and industrial applications to
ease the incorporation of new advances.

In order to scale up for meeting terawatt level energy challenges, abundance and
extractability of raw materials becomes important. Ge is estimated at 1.4 ppm of Earth’s
crust,'> with 128 tons of Ge refined and produced in 2012 mostly as a byproduct of zinc

ore mining."® Nearly 70% of Ge consumption goes to optics and electronic end uses.'* Si,
2



on the other hand, comprises nearly 25% of Earth’s crust, with 7.4 million tons refined in
2011 with only about 3% going towards electronics-related applications.'>'>'®  While
large scale bulk applications similar to Si of Ge may not be feasible, uses in specialized
applications and in small (e.g. nanoscale) volumes are not out of the question.
Additionally, these materials in elemental form have low toxicity avoiding contamination
concerns.'’

It is important to remember that exposure of Si and Ge to air leads to their oxide
formation. Therefore, typically the depositions are done in vacuum environment under
controlled conditions. There are also differences between their oxide qualities. Si oxide
growth forms very smooth high quality electrically passivating layers, thus often used on
purpose, while Ge oxide is uneven, rough, and filled with efficiency lowering defects.'®
¥ However, Ge chemical passivation is still possible, for example, via wet chemical

approaches with long alkyl groups anchored by sulfur atoms.'*?

1.2.2 Basic Properties and Potential

Optoelectronic properties are particularly important for applications. Group IV
materials hold potential for band gap engineering across a wide range of energies through
alloying. Si and Ge semiconductor technologies have been expanding to the rest of group
IV materials. Typically, Si and Ge display diamond cubic crystal structure, also observed
in carbon (C) and tin (Sn). Si;xGey are miscible and well studied with band gaps varying
between 0.66 eV of Ge and 1.12 eV of Si. Crystalline group IV materials band gap range
has the potential to expand lower towards the 0 eV of metal-like Sn alloys, or higher
towards 5.5 eV of C according to interpolation of Vegard’s law with some alloy ranges

already demonstrated.>*’ Furthermore, while group IV alloys typically have indirect
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band gaps, transitions to direct band gaps appear possible by forming alloys with Sn.** %

Ideally, materials of various band gaps would be combined in a desired manner for target
applications, such as to increase efficiency of capturing specific energy ranges of photons
per layer. However, due to large variations in lattice sizes, these materials are difficult to
combine to create heterostructures, such as the ones in highly efficient multijunction solar
cells. Epitaxial growth of a crystal, used to create crystalline group IV materials, consists
of forming a layer of material on top of pre-formed crystal that acts as a seed crystal and
helps arrange new overlayer atoms into a certain crystallographic orientation. When the
lattice size of the overlayers does not match, strain builds up. Strain often accumulates
until the thin film thickness reaches a critical length, typically on the nanoscale, where it
becomes enough to drive a defect formation for relaxation. For example, growth of lattice

1
3031 Dye to

mismatched Ge,Si; films on top of Si causes a high density of dislocations.
the strain build up between mismatched bulk materials, defects and dislocations occur
during growth creating recombination centers and strongly affecting end efficiencies.’>
Classically, lattice matching becomes important and severely restricts usable
combinations in the bulk. Approaches that could allow material properties to be
engineered with more flexibility are highly desired, such as finding methods to
manipulate properties other than just compositionally and demonstrate ability for

incorporation into application-demanded heterostructures. To this end, nanostructure

offers to add additional options to expand the design space.



1.3 Nanostructures as Source of New Materials

Scaling down of materials has often been utilized to create a structure with new
properties that enable new applications. The most direct effect of small scale structures is
the increased ratio of surface area to volume, particularly useful for applications that
require high surface area such as decreasing total material volume requirements for
equivalent conversion in heterogeneous catalysis.”> Electronics have also been scaling
down exponentially following predictions of Moore’s Law,’* allowing more and more
transistors and patterns on same area wafer that switch faster and reduce power losses.

As materials are scaled down, the amount of strain that can build up at their length
scales decreases. Recent progress in battery capacity came from using nanoparticles,
nanowires, and nanotubes that can expand dramatically by incorporating Li ions within
the amorphous structure rapidly across high surface areas with strain relaxation
preventing fracture.>>” Similarly, crystalline stiff materials in bulk can become flexible
and elastic with higher Young’s modulus at the nanoscale.”® * 1In crystalline material,
strain relaxation at the nanoscale is often observed naturally or can be utilized on
purpose. While defect formation is one natural method of strain relaxation, surface
roughness through nanostructures often forms as means of relaxing strain through the
sidewalls. Lattice mismatched materials, including group IV, are known to naturally

. - . 40, 41
evolve nanodomes or nanowires as a method of strain relaxation.**

Alternatively, the
feature sizes of the crystalline material could be specified precisely to allow strain

relaxation in order to create defect free crystals and heterostructures. For example,

nanowires with materials in an axial heterostructure have been demonstrated that have a



lattice mismatch as high as 14.6%.** ** Highly strained material can also be deposited as
a shell in a radial heterostructures around the wire.** This flexibility in accommodating
mismatched materials in nanowires provides a viable platform for future device
engineering.

Once the nanocrystal dimensions decrease, changes occur to density of electron
states and available transitions due to the quantum confinement effects.*”*” The
dependence of semiconductor band gap on diameters of nanoparticles and nanowires has
been demonstrated across a wide range of materials, including -V’s,*® 81, Ge,> >
and Si;xGey alloys.54 Additionally, transitions from indirect to direct band gaps at
severely quantum confined nanowire diameters have been theorized.” *° This provides
an extra method for band gap engineering by simply changing the dimensions of
nanomaterials.

Photon management becomes significantly important in photovoltaics where
reflection losses have to be suppressed and absorption increased with structures that
increase the optical path length through the material. The dimensions of nanostructures
provide tools for enhanced scattering and light trapping.””>’ Diameter, alignment, and
spacing of nanowires have been shown to strongly affect their scattering strength and

1 . . .
60, 61 Diameter modulated nanowires have been theorized to

absorption enhancement.
enhance light trapping based on their chosen morphology.®> ® Light interaction with
localized surface plasmon resonances has been demonstrated to be tunable in Si
64, 65

nanowires via a strong dependence on morphology and dopant concentrations.

Efficient photon absorption with nanostructures may allow the reduction of the raw



materials consumption, thus lowering cost and allowing rarer and more expensive
materials to be used efficiently.

Phonon scattering at the nanoscale is of particular interest for thermoelectric
applications where high electric conductivity and low thermal conductivity are required.
A discrete energy spectrum of quantum confined structures and higher electron effective
masses provides electron filtering for increasing the Seebeck coefficient beneficial for
thermoelectric efficiency.®® Lattice thermal conductivity can be reduced through
scattering phonons from point defects from alloying and scattering phonons at interfaces
across the conduction path. Ideally this should be done without compromising
crystallinity from epitaxy at interfaces for charge transport. Thin film superlattices take
advantage of interface scattering and electron filtering, such as shown in SiGe
superlattices®” and nanowires.®® This design is, potentially, an ideal match for nanowires
due to their ability to form defect-free heterostructures with large mismatch to scatter
phonons and tune quantum confinement. Silicon nanowires have shown experimental
thermoelectric efficiencies much higher than in the bulk.”” Additional roughness
increases the efficiencies further by scattering phonons for thermal transport across a

. 1
wider range.’”®”’

Diameter modulated nanowires have been theorized to give even higher
efficiencies by precise tuning of the morphology.”” > Geometric design of nanowires,
such as through kinked structures, has also been found as a strong phonon scattering
method.”* 7 Direct electronic pathway provides for efficient charge transport without
relying on electron hopping between particle interfaces, and offers high mobilities and

fast charge carrier extractions.”” "*"



P SubSate :

Figure 1.1 Highlights of some applications from nanowire-based prototype devices. (a)
SEM of InP nanowire axial p-i-n doped heterostructures in a 13.8% efficient photovoltaic
cell. From Wallentin et al.* Reprinted with permission from AAAS. (b) SEM of a high
charge capacity Li battery anode made from Si nanowires that underwent lithiation.
Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology, Chan
et al.,”” copyright 2008. (c) SEM of a three-dimensional field-effect transistor (FET)
made from a kinked and dopant level modulated nanowire for chemical sensing
applications. Inset shows the schematic of the nanowire FET component. From Tian et
al.*! Reprinted with permission from AAAS. (d) Photograph, schematic, and a close up
SEM image of a thermoelectric power generator with charge carrier separation occurring
in doped Si nanowire components. From Li et al., ** © 2011 IEEE.

The higher surface area of nanowires could prove detrimental due to surface
defects acting as centers for charge carrier recombination. However, surface passivation
approaches are available options for Si and Ge nanowires with oxides,* carbon-based

84, 85

chemical species, and radial shells.® Furthermore, surface modification could

become essential for 3-D band gap engineering in quantum confined systems, similar to



modifications to distribution of electronic states studied on surfaces and quantum dots.®"”
% Taking all these aspects into account, nanowires are of particular interest for high
performance electronics. Nanowire architectures allow the combination of nanoscale
attributes, such as strain relaxation, mismatched heterostructure formation, quantum
confinement, light scattering, and phonon scattering with large scale direct charge
transport.

Reported nanowire-based prototype devices vary greatly in applications among

80, 90 82, 92

photovoltaics, energy storage,”’ sensors,” piezoelectrics,” thermoelectrics,
nanoelectronics,” etc. Figure 1.1 highlights some of these demonstrations. In order to
meet desired application demands through controlling the final material properties,
corresponding structure must be first dictated through chemical synthesis. Ideally,
production of desired materials should start with following an established chemistry-
structure-property relationship. The expansion of the chemical “toolbox” to dictate basic
aspects of material structure would enable their rational engineering. In the
semiconductor nanowire case, even simply dictating morphological aspects, such as

diameter and crystal orientation, is highly desired. Further progress demands research on

improving current materials and pushing the limits of what is possible.
1.4 Growth of Group IV Semiconductor Nanowires

1.4.1 Manufacturing Approaches

There are two general approaches to creating semiconductor nanowire structures:
top-down and bottom-up.”* > The first is a top-down approach where unwanted material

is removed through etching leaving behind the desired structure. The material has to be



first created in the bulk form, then patterned and consequently made to undergo a
selective removal process. This approach typically takes multiple steps for completion
and is limited by the synthetic limitations of the original bulk material and possible bulk
heterostructures. Pattern lithography can be precise in positioning and shaping within a
plane. Out of plane designs are limited in lithographic manufacturing approaches, but can

still be demonstrated such as in FinFET and tri-gate MOSFET designs.”®
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Figure 1.2 (a) SEM image of Ge nanowire array of user defined diameters and locations
fabricated via placing the Au seed particles via electron-beam lithography followed by
bottom-up nanowire growth. Reprinted with permission from Dayeh et al.”” Copyright
2010 American Chemical Society. (b) SEM image of InP nanowire array with individual
nanowires defined by diameter and location of Au seed particles via nanoimprint
lithography followed by bottom-up growth. Reprinted with permission from Mértensson
et al.”® Copyright 2004 American Chemical Society.

Alternatively, bottom-up fabrication is an additive process where desired
structures are assembled directly from components. This can allow flexibility of
specifying each layer directly. Nanowire bottom-up synthesis directly at the nanoscale
offers the benefits of strain relaxation, potential ease of heterostructure formation, and
provides options to break from planar design. Both approaches can also be combined, for
example, by using the benefit of a top-down approach to dictate the precise location of

where selective bottom-up growths will occur. Such combinations are demonstrated in
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Figure 1.2 where electron-beam or nanoimprint lithography and lift-off techniques are
utilized to dictate size and location of seed particles from which bottom-up growth can
occur. The flexibility of a bottom-up approach for direct nanowire growth is of particular
interest to build unique out of plane 3-D complexity directly, such as one offered by

vapor-liquid-solid (VLS) nanowire growth mechanism.

1.4.2 Vapor-Liquid-Solid Growth

1.4.2.1 Growth Mechanism

The vapor-liquid-solid (VLS) growth mechanism, pioneered by Wagner in 1964,
provides a systematic way to grow semiconductor nanowires.”” VLS is a bottom-up
technique that can be utilized with a chemical vapor deposition approach where gaseous
precursor species containing desired atoms are flown over a substrate with a liquid
catalyst. The precursor decomposition into the catalyst droplet leads to alloying,
supersaturation, and precipitation of a solid crystalline nanowire at the liquid-solid
interface. The continuous supply of vapor precursors continues to force supersaturation
and ‘layer by layer’ epitaxial crystal nucleation events for continuous growth of the
nanowire with the size of the liquid droplet constraining the diameter at the growth front.
Diameter of the nanowire is dictated by the size and saturation solubility of the catalyst
droplet at the top, in addition to the force balance between liquid, solid, and vapor
interfaces at the triple phase line.'” Similar vapor-solid-solid (VSS) growth has also been
reported where the catalyst appears to be solid during nanowire growth.'”" > The
epitaxial growth of crystalline nanowires allows orientation control by growth from a

crystalline substrate. By matching the conditions of known nanowire crystal growth
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orientation to the same normal of the substrate plane, ordered vertical aligned nanowires

have been demonstrated to be grown.lo3 105

(a) (b)
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—
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c
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Figure 1.3 General schematic of VLS growth via chemical vapor deposition. (a)
Identification before decomposition of the vapor phase precursor S-R, liquid catalyst C,
and solid phase substrate. (b) Basic VLS growth from one precursor S-R forming
semiconductor material S and leaving groups from ligands R. (¢) VLS growth from
multiple concurrent precursors for forming compositional alloys. (d) Axial
heterostructure formation with reservoir effect gradients omitted for simplicity.

As shown in Figure 1.3 schematics, by placing catalysts of desired size on a solid
substrate (Figure 1.3a), the user can dictate the size and placement of grown nanowire
structures (Figure 1.3b). S-R is the precursor species (e.g. GeHy) that decomposes in the
catalyst C (e.g. Au), forming a S-C alloy (e.g. Au-Ge eutectic), as R groups leave (e.g.
H,). As the droplet supersaturates, it precipitates the atoms S at the liquid-solid interface

forming a solid nanowire made of species S (e.g. Ge diamond cubic lattice). By

specifying atomic makeup of the vapor phase precursors, the user can dictate the atoms
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that form an alloy with the catalyst and precipitate as a single material (Figure 1.3b) or as
an alloy (Figure 1.3c). The combinations of the vapor phase precursors allows the
corresponding control of composition (Figure 1.3c¢), while manipulations of the vapor
phase precursors during growth allows for control over their axial composition profiles
(Figure 1.3d). While switching precursors in gas phase stops the supply of previous
atomic contribution to the catalyst, the catalyst can act as a reservoir of old atoms that
will have to first be depleted below saturation before the precipitated material switches
completely to new target compositions. This ‘reservoir’ effect is responsible for
characteristic gradients observed at heterostructure junctions. However, compositionally
abrupt heterostructures have been achieved through reducing the solubility of transient
species in the catalyst before the precursor composition switch through in-situ catalyst

196197 or solidifying the catalyst and relying on VSS nanowire growth.'” This

alloying
catalyst-assisted approach has since been successfully used for a wide range of material
systems (metal oxides, elemental group IV, II-VI, III-V nanowires, and heterostructures)
and their combinations demonstrating its wide flexibility.'? '

Ideal VLS catalysts should allow precursor decomposition reactions at low
temperatures, have insignificant vapor pressure, have insignificant solubility in the
nanowire material, and allow saturation of the desired material in their alloy. For
example, Ge-Au bulk liquid eutectic alloy, formed above 361 °C at 28 % atomic Ge
content far below individual melting points (e.g. 1064 °C for bulk Au) , allows Ge atoms

T Additional effects are observed from the nanoscale of

to fully saturate the liquid alloy.
this binary system where smaller diameter eutectic droplets are able to have higher Ge

content at the liquidus transition line at the same temperature, deviating from bulk
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12153 Eioure 1.4 shows a binary Au-Ge phase diagram for the bulk in gray

measurements.
lines. The in-situ annealing (Figure 1.4a) and compositional analysis (Figure 1.4b) of
liquidus transition as function of temperature and diameter are overlayed in the phase
diagram. As expected from temperature dependent interface energy densities, the force
balance at the triple phase line (Figure 1.4b inset schematic) was observed to change as a
function of temperature, leading to changes in contact angles in Figure 1.4a. Diameter
dependence of the observed liquidus line is attributed to smaller nanowire diameters
requiring increased supersaturation for a phase transition, derived from the curvature
dependent Gibbs-Thomson effect.”’ In addition, nanoscale VLS growth is often observed
even far below the eutectic temperatures, once again deviating from the bulk phase
thermodynamics. The subeutectic growth stabilization of the liquid eutectic phase is
attributed to continuous supersaturation of Ge in the eutectic that prevents solid-Au
nucleation in the Ge-rich environment. Furthermore, very small nanowire droplet alloys
appear to have a substantial energy barrier to forming a diamond cubic crystal phase. ''*
"> With these effects, VLS growth of Ge nanowires has been observed at as low as 260
OC.”6

Several events occur to initiate nanowire VLS growth. Gas phase species deliver
semiconductor atoms to the surface of the droplet. Alternatively, exposed reactive
semiconductor substrate can serve as an additional material source. The semiconductor
atoms then begin to diffuse into the catalyst particle due to a concentration gradient,
forming a new and growing Au-Si liquid alloy phase. This incubation step duration
decreases with increasing temperature from an energy barrier governed diffusion process.

The complete filling of the entire droplet to a state of supersaturation leads to a time
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delay before nanowire growth can occur, increasing with larger diameters.''”> ''®

However, at very small diameters the Gibbs-Thomson based increase in the chemical
potential of the Au solid increases the catalyst alloying rate as well.""” The relative time
scales of Au particle liquification and nucleation of the diamond cubic nanowire material
can lead to different growth mechanisms (e.g. VLS, VSS).!'* 2* As another transient
process of initiating VLS growth, the droplet is forced to undergo a transition in the force
balance from initial on-plane to the final top-of-pillar growth geometry, leading to rapid

121 . . . . . .
These issues with incubation can be avoided via often

diameter changes at the base.
employed two step growth processes where all growth is initiated with high temperature

. . 104
incubation.'®

c f
__ 1120
X,
o
S 960
-—
S
0]
o
800
)
|_
640 k
I 20 30 40 50 60 70 80 S0 100
. Germanium Content [at%)]
40 nm

Figure 1.4 (a-e) In situ TEM images showing Ge nanowires with Au-Ge alloy tips
annealed to specified temperatures. (f) Au-Ge binary allow phase diagram for bulk shown
with gray lines. The data shown by the squares are the temperature dependent
compositional measurements of the nanowire catalyst droplet for various diameters. Inset
schematic signifies the change in the contact angle at the triple phase boundary observed
upon increasing the temperature. Reprinted with permission from Sutter et al.'"
Copyright 2010 American Chemical Society.

Recent in-situ HRTEM nanowire growth studies reveal a periodically oscillating

liquid-solid interface at the edge by the triple phase line in VLS growth (Si/Au, Si/Al,
15



Si/AlAu, Ge/Au, GaP/Au, a-Al,03/Al nanowire/metal catalyst systems)'**"** and even in
VSS growth (Si/Cu system).'** Figure 1.5 shows the schematic of such mechanism, using
the Ge/Au system as an example, with the Ge nanowire growing in typical <111>
direction. It is important to note that the <I11> oriented nanowire shown here has 3-fold
axial symmetry, thus from the observed zone axis only one truncated edge is clearly seen.
Assuming continuous exposure to a Ge-containing precursor, once supersaturation of Ge
in the droplet reaches critical value, a rate-limiting nucleation of a new bilayer occurs at
the corner of the top {111} truncated facet in the liquid-solid interface'** that then rapidly
propagates across the liquid-solid interface adding to nanowire the length and raising the
catalyst droplet (Figure 1.5a). As saturation drops after forming the bilayer, the material
at the truncated edge is then quickly absorbed into the catalyst only to be slowly
deposited back as supersaturation of the droplet increases (Figure 1.5b). While only a
limited number of precursor and material systems were studied with in-situ microscopy
and limitations in frame-rate resolution exist, no evidence was found for a previously

assumed completely flat liquid-solid interface.'*

Figure 1.5 Schematic of layer by layer growth during Ge nanowire VLS growth during
(a) rapid ledge flow and truncated edge depletion and (b) slow filling of the truncated
edge.
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1.4.2.2 Axial Kinetic Growth Models

Several growth kinetic models have been proposed since the discovery of VLS
growth. Axial growth rate of elemental Si or Ge nanowires can be empirically estimated

via a first order Arrhenius equation in the form

dL/dt=A- exp( i"’

=) -P, (L1)

where dL/dt is the axial growth rate, A is the pre-exponential factor, E, is the activation
energy, R is the gas constant, T is the temperature, and P is the partial pressure of the
vapor species. However, additional concerns such as adatom diffusion to the catalyst may
require additional parameters.'”> The nearly first order pressure dependence is often
observed and has been used to claim precursor decomposition as the rate-limiting step.
However, nucleation kinetics also depend on supersaturation and can be affected by
pressure and flux. Furthermore, activation energy has been reported to be diameter-
dependent as well.'”® Nanowires often show a decrease in growth rate at smaller
diameters, often attributed to increased vapor pressure and solubility of the material due
to curvature and the Gibbs-Thomson effect. To this end, nucleation at liquid-solid
interface has also been considered as the rate limiting step.127

An alternative empirical model has often been used to describe nucleation based

kinetics:

— b (Ao _ mf
dL/dt = b (kT Yus) (1.2)
where b is a temperature-dependent kinetic coefficient independent of supersaturation,

Apy is the difference in chemical potentials from vapor and solid phases, k is the

Boltzmann constant, T is the temperature, Q is the atomic volume of the solid, yys is the
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surface energy density of the vapor-solid interface, and d is nanowire liquid-solid
interface diameter. Quadratic dependence was shown to fit experimental data and can be
approximated only for a limited range through facet growth modeling.97’ 127, 128

Finally, another version of the growth rate expression is often used based on the

classical nucleation theory in a supersaturated liquid for 2-D islands overcoming a barrier

for creating a nucleus of a critical size in a liquid in a form similar to:

Q TLU.CZ
dL/dt = V, - exp (— kYT—Au) (1.3)

where the pre-exponential factor V, often includes attachment frequency, Zeldovich
factor describing the size-dependent curvature of the energy profile for forming a
nucleus, and monomer concentration, and vy, is the variously weighted surface energy
density of a nucleating facet. Ap is the actual difference in chemical potentials of liquid

and solid phases that can incorporate the curvature-dependent Gibbs-Thomson effects.'**

129

While these and other versions of models proposed'**'**

all show some fitting
ability to real data, the fits are largely empirical. The difficulty in proving the validity of a
particular expression becomes easily evident when considering testing individual
components of the theoretical equations, such as real-time surface energies,
concentrations, and reaction kinetics across the three non-equilibrium fluctuating phases.
Unexpected reported phenomena, for example simple diameter independence in Si
nanowire growth from disilane,”” demonstrate a lack of a clear unifying and predictive

theory. The kinetic analysis of these observations suggests that poorly understood

evaporation and reverse reactions may exist and play a significant role in VLS growth.'**
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1.4.3 Reactions on the Nanowire Surfaces

Nanowire sidewalls form at the edges of the catalyst droplet during epitaxial
growth by the VLS method. Surface facets are often observed for Si and Ge nanowire
growth."® " In the Si-Au case, surface faceting has been previously assigned to forces
generated at the triple-phase line,””® and Au wetting leading to morphological
decomposition of larger facets."*” Au wetting of sidewalls is often not observed for Ge
nanowires,'* but can be found as temperatures are increased.'*' Catalyst migration on
sidewalls is often undesirable, but can be chemically controlled at higher hydride
pressures or through surface modification (e.g. oxidation, carbon deposition).'**'*

Adatom diffusion (e.g. Si, Ge) can also play an increasing role at higher temperatures in

formation of facets and add to VLS growth.'*> %7
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Figure 1.6 Schematic of vapor-solid chemical vapor deposition causing tapering during
VLS growth. S — semiconductor atoms, R — ligands and leaving groups.

Additional major changes in diameter from growths of sidewall facets, observed
as tapering, come from conformal vapor-solid (VS) deposition at elevated
temperatures.'** '* VLS growth from vapor species is not always limited only to axial
growth, but also concurrent radial expansion through the vapor-solid reactions can occur.

Figure 1.6 shows a general schematic for vapor-solid reactions, analogous to thin film
19



growth. The tapered form can appear simply from the sidewall further down being
exposed longer to conformal deposition. In chemical vapor deposition (e.g. from SiHy,
GeHa,), the delivery of additional species with the precursor (e.g. —H) results in blocking
of surface sites needed for further VS decomposition until their rate-limiting

130151 1t has been also suggested that the presence of surface species at lower

desorptions.
temperatures can limit the adatom diffusion caused faceting and lead to planar growth.'>
Radial reactions and corresponding film growth can be utilized for creation of
user-defined core-shell radial heterostructures.** '>* However, the attempts to create
strictly axial specific compositional and dopant profiles can be complicated by undesired
radial deposition and resulting profiles.'*> '** > Recently, the use of surface-reaction
blocking species, such as C,H,, have been demonstrated to prevent incorporations at the

sidewall.'*

1.4.4 Ge Nanowires as a Representative Material

Ge nanowires, in particular, are a good and promising platform for investigation
of Group IV potential at the nanoscale. Ge offer higher intrinsic carrier mobilities and
concentrations over Si, and good compatibility with silicon processes.'*® Additionally, Ge
nanowires achieve quantum confinement at larger more accessible diameters due to a
larger Bohr exciton radius of 24.3 nm than Si at 4.9 nm, a characteristic length scale near
which available electronic energy states begin to vary from bulk."””’ Ge is less reactive

with molecular O, than Si,"®

which is difficult without ultra-high vacuum conditions, at
base pressures more industrially accessible. Ge is also known for forming less stable
germanides with transition metals when compared to silicides of Si.'" Furthermore,

resistance of Ge to Au wetting the sidewalls could offer more control over sidewalls. Ge-
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Au VLS offers a relevant and simple system to use as a basis for exploring chemical
processes and forming a general “toolbox™ for creating nanowire architectures, which

could then be expanded to and combined with other more complex material systems.

1.5 Motivation for Current Research

The understanding of chemistry-structure-property relationship is essential for
improving current nanowire applications and exploring the unknown accessible phase
space of structures and properties. As the simple synthetic approaches with precursors
from thin film chemistry are rapidly explored, additional approaches become desired. For

example, specific pressure and temperature conditions have been reported to alter VLS

162, 163 104, 149

grown axial nanowire orientations,'®” '®! defect introduction, and tapering.
However, the observations were largely empirical and lacked fundamental certainty of
the underlying processes.

Recently, several other studies have connected the possibility that chemical
reactions on the sidewall and near the triple phase line can be responsible for
morphological and structural changes of nanowires. Si;Hg growth of Si nanowires at
various pressures and temperatures was studied in-situ to correlate changes in axial
growth orientation to the presence of transient surface hydrogen and confirmed with
atomic hydrogen.'®* Hydrogen rich conditions were then used for user defined twin and

stacking fault introduction.'®

Chemically induced Si nanowire kinking via oxygen
introduction has also been demonstrated.'®® Diameter modulation from user defined

blocking and allowing conformal deposition through a shell formation from the catalyst

has been demonstrated in Ge nanowires with C2H2/HC1145 and 02.167 These studies

21



suggest chemistry at the triple phase line and further away from the droplet can be
utilized in dictating final structure and building complexity from epitaxial VLS growth.
The concept of structural manipulation with chemistry has been previously
utilized in other synthetic systems. Morphology control of nanocrystals in solution phase
synthesis has been reported through selective surface passivation.'® '® Similarly, large
differences in surface energies between facets based on orientation and passivation '°'"
can be utilized in VLS growth. Vacuum chemistry functionalization studies have been

173 Surface

reported on many semiconductor surfaces, including Ge and Si.
functionalization should allow changes in the force balance at the triple phase line,
altering diameter, and related nanoscale effects such as supersaturation. Additionally it
may allow selection or stabilization of preferential facets, governing crystal growth
directions and radial growth. The goal of the following studies is to build a chemical
‘toolbox” and gain the fundamental understanding for the rational synthesis of nanowires
with user-defined structure.

Chapter 2 describes the equipment and methods used in synthesis and analysis of
VLS grown nanowires used throughout this work. Chapter 3 will describe the study of
methylgermane effect on basic VLS GeH4 chemistry for the synthesis of Ge nanowires.
The study takes advantage of stable methyl termination on Ge at low temperature,
analogous to the mentioned hydrogen effect on Si nanowires. The study successfully
gains control over nanowire crystal growth orientation between <111> and <110>
directions at user defined periodicity. Additionally, methyl groups are shown to

successfully prevent tapering, expanding the temperature phase space for constant

. . 174
diameter nanowires. !
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Tetramethyltin precursor is used to deliver a resist during growth to prevent
conformal deposition without inducing kinking in Chapter 4. Switching between
exposure to tetramethyltin and regular GeHs growth allows synthesis of diameter
modulated nanowires with user defined diameter profiles. Additionally, control over axial
growth rate is achieved through Au catalyst alloying with Sn.'”> Chapter 5 takes
advantage of trimethylsilane for diameter modulation without the permanent alloying
effect to create diameter modulated superstructures. The process conditions for individual
segments of the superstructures are modulated within a single wire for rapid exploration
of the synthetic phase space. An empirical expression for the axial growth rate
dependence on temperature, pressure, and Au gold colloid diameter is extracted from
these structures. The summary of the conclusions and future outlook are provided in
chapter 6. This work successfully adds to the modern understanding of the chemistry-
structure relationship from exploring the precursor chemistry effect on nanowire structure
and allows rational engineering of nanowire morphology through orientation and

diameter control.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1 Chemical Vapor Deposition Reactor

2.1.1 Introduction

Chemical vapor deposition (CVD) is a process where reactive gaseous chemical
species are delivered to a substrate at which point they react and deposit to form a solid
material. Any unreacted species or volatile byproducts are meanwhile removed in gas
flow. In semiconductor industry such processes are often used to create films of
amorphous, polycrystalline, or single crystalline material. FirstNano EasyTube 3000
CVD reactor was designed for custom nanoscale single crystalline group IV CVD
chemistry for electronic materials ready for combinations of multiple highly reactive

precursors for wide range of temperatures and pressures in a programmable fashion.

2.1.2 Gas Precursor Delivery Design

Silane (SiHa, 99.999%, Air Products) and germane (GeHs 99.999%, Matheson
Tri-Gas) gases are used as silicon and germanium precursors respectively. Other relevant
gases include: hydrogen (H,, 99.999%, AirGas), argon (Ar, 99.997%, Air Products),
methylgermane (GeHs;CHj3, 97%, Gelest), trimethylsilane (S1H(CHj3)s, 99.99%, Voltaix).
Figure 2.1 shows a schematic for the gas lines used in the reactor. The gases are stored in
the cylinders one floor below the reactor and are connected at minimum of 8 psig line
pressure through submicron stainless steel filters to individual mass flow controllers

(MFC) per gas source. Additionally, each MFC has an Ar purge line connected via
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additional pneumatic valve. 316L seamless stainless steel lines and fittings are used
throughout the reactor. Mass flow controllers (MKS) are calibrated by manufacturers

specifications based on heat capacity and density of the precursors.

|:>_ Inject line
MFC 2000 sccm

Ar

|:>—f MFC 2000 sccm Vent line
.,

H,

T _ Quartz chamber
SiH(cﬁJ g |—| MFC 50 sccm |—| E
0.1%F%>':;’?§]—|m|{i7

————————— — o
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- Three zones of
infrared lamps

_—— e ———— e —

- —————— — ——

————— ——

P e e —— — —— =

Dry pump system

Figure 2.1. Schematic of the process lines in the reactor. Black line with red outline
represents trace heated line. Orange lines are the inject lines into the quartz chamber.
Blue lines bypass the chamber and head directly to pump. Standard bubbler schematic is
shown separately in Figure 2.3 for three identical bubbler setups surrounded by long
dashed lines. Short dashed lines represent microcontroller based feedback loops.

Pneumatic valves with mounted solenoids are used for rapid 0.005 second
switching between open and closed states. If the pneumatic valves from gas line to MFC
and from MFC to reaction chamber are open, the MFC deliver individual gases at set
flowrates through the inject line into the chamber. Alternatively, when gas flows need to
be stabilized, but not yet injected into the reaction chamber, the vent line is used that

bypasses the reaction chamber. Through differential pressure sensor between vent line
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and the inject line, with vent line controlled to same pressure via Ar MFC, gases can be
switched between vent line (bypassing the chamber) to inject line (injecting into the
chamber) without flowrates fluctuations. Figures 2.1 and 2.2 show the schematic and the

physical images of the reactor.

Figure 2.2. Photographs of (a) the precursor lines set up, (b) graphite susceptor, (c)
infrared heating chamber with cooling water lines, and (d) reactor enclosure with
computer interface.

2.1.3 Liquid and Solid Precursor Delivery
Multiple liquid precursors are also utilized: tetramethyltin (Sn(CH3)4, TMT, 98%,

Strem Chemicals), bromoethane (CH3;CH,Br, 99%, Sigma Aldrich). Figure 2.1 shows the
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process schematic for liquid precursor lines used in the reactor with three identical
bubblers, shown on Figure 2.3 schematic. Liquid precursors are stored in stainless steel
bubblers inside the reactor case. Individual bubbler temperatures are monitored by a
thermocouple in a stainless steel sheath embedded near the bottom center and controlled
to set point (up to 130 °C) with an electric heating strip wrapping the bottom of the
bubbler. The bubbler is additionally covered on the outside with a thick rubber sheet for

thermal insulation.

Ar MEC AV3 Inject line
==,
Arinlet 220 Scem

Vent line Vent line

Thermal insulation
\ , Liquid precursor

6.62" _— Heating element

143" 1730

e |
ID=187" !

Figure 2.3. Schematic of the liquid precursor bubbler set up. MV are manual valves. AV
are software controlled automatic valves. BPV is a backpressure valve. Pl is a pressure
indicator. TI is a temperature indicator.

Ar carrier gas is introduced at controllable flowrates (4-200 sccm) into the
bubblers with an MFC through a line going to the bottom of the bubbler to allow Ar gas
to bubble through the liquid or over a solid precursor before reaching the bubbler outlet
line. The outlet leads to a pressure sensor in feedback loop to backpressure control valve

that allows the bubbler pressure to be controlled independently higher than downstream

line pressure. The outlet line temperature is independently controlled (up to 130 °C) all
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the way to the reaction chamber. At the reaction chamber, a quartz tube distributes the
flow of liquid precursors upstream across the susceptor.
The bubbler set up allows for controllable flowrates of precursors, with the

assumption for full saturation of Ar carrier gas using the following equation:

Psat

FL=FA (21)

r )
Ppubbler- P53

where F is the flowrate of the liquid precursor, Fy, is the Ar carrier gas flowrate, P is
the vapor pressure of the liquid precursor at bubbler temperature, and Pyyppier iS the
pressure of the bubbler.

To achieve constant flowrate quickly with a backpressure valve, the following
method is utilized. First, the bypass valve line (AV2 open, AV5 and AV6 closed) is
brought to bubbler set point pressure and the bubbler is brought to temperature.
Following, the bubbler pressure is brought to set point pressure with Ar (AV5 and AV6
open, AV2 closed). Immediately, the bypass bubbler line is used again to stabilize the
flowrate at final Ar bubbler carrier gas set point and matching bubbler pressure. When
the pneumatic valves are switched back to the bubbler, the pressure does not have to
change significantly, and equilibrium pressure and flowrate of gas through liquid
precursor is established quickly. The bubbler Ar carrier gas flowrate remains constant
throughout the experiment to avoid re-stabilization. Stabilization is executed into the vent
line, bypassing the reaction chamber, and remains there until needed for use. Once
required, the flow is easily switched to and from inject line, leading to the chamber,
without destabilizing the flowrate.

The bubbler level is estimated by filling the individual bubblers with exhaust

closed from 300 to 400 Torr with Ar at 20 sccm and comparing the fill duration between
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a filled and an empty bubbler. This approach roughly measures the available volume
including the bubbler and local process lines.! As the time for pressure change
approaches that of an empty bubbler, the bubbler is refilled in an air-free glovebox or in a
fume hood followed by a freeze-pump-thaw procedure. The bubblers are connected and
disconnected by evacuating the connection junction via MV1 and MV2 as labeled in

Figure 2.3 to avoid air contamination and vapor exposure.

2.1.4 Pressure Controls

The pressure in the reaction chamber is controlled below 0.001 to above 500 Torr
by two capacitance manometers (10.000 Torr and 1000.0 Torr maximum reading) in a
feedback loop to variable speed dry vacuum pump (Busch BA100 70 CFM). The seal to
the reaction chamber is differentially pumped between two Viton O-rings by a dedicated
secondary pump to ensure effective seal. The leak up rate at base pressure is below 0.001
Torr per minute. The individual partial pressures are calculated via the following
equation:

Fj

b
Frotal

P, = Prota (2.2)

where P; is the partial pressure of precursor 1, P total is the controlled total pressure of the
chamber, F; is the molar flowrate of the precursor 1, and Fro, 1s the total molar flowrate

of all precursors through the chamber.

2.1.5 Temperature Controls
Reaction chamber is a quartz tube surrounded by infrared lamps from top and
bottom for cold wall heating of the graphite susceptor. The 4 inch diameter susceptor has

three embedded K-type thermocouples across the length in a feedback loop to
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corresponding three zones of infrared lamps for £3 °C temperature uniformity across the
length. The lamps are capable of heating and cooling the susceptor up to £10 °C/sec. The
effective temperature range is between 200-900 °C. For germanium wafers, where
infrared light absorbs directly, only the bottom lamps are used, minimizing local heating

from direct irradiation.

2.1.6 Reproducibility Measures

The reactor microcontrollers responsible for temperature, pressure, and flow rate
control are programmable through software interface on a desktop computer with step by
step recipe execution. Set points can be set in step wise or ramp manner. The values of all
analog and digital readings are logged and stored continuously to the hard drive.

The quartz chamber, holder, and thermocouple sheaths were cleaned every several
months in dilute HF. Graphite susceptor was cleaned via sandblasting. Multiple carrier
wafers were used to reduce cross contamination. Between experiments involving liquid
precursors, a cleaning recipe was used where 500 Torr of H, was brought up to 900 °C
for 20-60 minutes with the carrier wafer inside the chamber.

The varying efficiency of the infrared lamps was dealt with by systematic
calibration for steady state manual values across the desired temperature range to
minimize variations over time. The total pressure was kept nearly identical across sets of

experiments to minimize deviations in convective heat transfer.

2.1.7 Reactor Design Overview
The CVD reactor was constructed by First Nano based on custom specifications
for simultaneous delivery of up to 8 different precursors in addition to Ar and H, carrier

gasses. Individual mass flow controllers coupled with chamber pressure control allow
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control over gas phase composition for exploration of the chemistry phase space. The
number of precursor lines in addition to run-vent lines allow for rapid and vast changes in
gas phase composition during growth for heterostructure formation and other synthetic
opportunities. The three bubblers allow expanding precursor selection past limited
commercial gas cylinder based precursors to vastly abundant less volatile liquid and solid
phase precursors. The cold-wall infrared heating allows the chamber to heat and cool
quickly for during growth synthetic applications and overall experimental duration, thus
increasing the throughput of experimental processing. Digital control over the chamber
allows the users to recreate and modify previous experiments with high reproducibility.
The initial precursors were chosen for group IV semiconductor chemistry to span
C, Si, Ge, and Sn species for alloy and chemistry exploration. In particular, the hydride
chemistry (e.g. SiHi, GeH,) has been successfully demonstrated in thin film* and
nanowire synthesis.> * and was selected as a starting foundation for exploration.
Additionally, this hydride chemistry allowed to minimize temperature based energy
requirements for future industrial applications when compared to, for example, chloride
chemistry.” ¢ Other complementary precursors were selected to complement the hydrides

for specific projects discussed in later chapters.

2.2 Substrate Preparation
Single-side polished Si(111) (EI-Cat, CZ) and Ge(111) (MTI Corporation, CZ)
substrates were initially etched in 10% HF and rinsed in DI water to remove the native
oxide and hydrogen terminate the surface. Subsequent deposition of 20 or 50 nm Au
colloid (unconjugated, BBI) was accomplished via immersion of the substrate in the

colloid-containing solution with 0.1 M HF for 2 or 5 minutes, respectively, until desired
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density of Au was achieved and rinsed in DI water. The negatively charged citrate ion
that stabilized gold nanoparticles becomes neutral at lowered pH and allows adhesion to
hydrogen terminated substrate.” ® The wafers were then rinsed in 10% HF and DI water

before quickly being loaded under vacuum into the reaction chamber.

2.3 Electron Microscopy

Scanning electron microscopy (SEM) was used to image the nanowires on the
substrates using Zeiss Ultra-60 field emission scanning electron microscope. By cleaving
the (111) wafers along the natural (112) planes, crystal directions based on crystal
symmetry were extracted. The confirmation of crystal directions was done with
transmission electron microscopy (TEM) with selected area electron diffraction (SAED)
or high resolution TEM (HRTEM) and 2-D fast Fourier Transforms (FFT). Elemental
analysis was done with energy dispersive spectroscopy (EDX) with the TEM. The TEM
samples were prepared by sonication of nanowire covered substrates in methanol,
followed by dropcasting the solution onto a lacey carbon grid (Ted Pella). JEOL 100CX
100 kV TEM, FEI Tecnai F20 200 kV, JEOL 2200FS, and FEI Titan S 80 — 300 HRTEM

were used these studies.
2.4 X-ray Photoelectron Spectroscopy

2.4.1 Theory
X-ray photoelectron spectroscopy (XPS) is a spectroscopic method where the
substrate is irradiated with X-rays and the kinetic energy and count of the emitted

electrons is measured. The signal comes from the few nanometers near the surface where
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the electrons are able to escape the material, making XPS a surface sensitive technique.
The electron binding energy is calculated via the following equation:

Eg = hv — Ex — Ey, (2.3)
where Ep is the electron binding energy, hv is the energy of the X-ray photons, Ex is the
measured kinetic energy, and Ew is the spectrometer work function. The schematic of the

XPS energy diagram is shown in Figure 2.4.
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Figure 2.4: Schematic of the basic energy transitions in a typical XPS experiment with
labels from Equation 2.3.

The electron binding energies are characteristic to specific elements and their chemical
environment.” Lower sensitivity to chemical environment allows accurate elemental
association and examination of multiple environmental states of each element through
peak fitting. For example, higher oxidized states of Ge, due to delocalization of their

electron density, would have higher binding energy.
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2.4.2 Analysis Methods

Thermo K-Alpha XPS instrument was used to collect XPS data for ex-situ
measurement of nanowires on original substrates, utilizing monochromated Al source
with double-focusing hemispherical analyzer. Adventitious carbon C s peak at 284.5 eV
is used to calibrate the spectra for comparison between samples. The spectra are collected

with 50 scans at 0.1 eV step size, 50 ms dwell time, and 50 eV pass energy.
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CHAPTER 3
CHEMICAL CONTROL OF SEMICONDUCTOR NANOWIRE

KINKING AND SUPERSTRUCTURE

3.1 Introduction

Control of nanowire crystal structure during synthesis, via the vapor-liquid-solid
(VLS) growth technique' or other method,” is required to engineer electrical, optical, and
mechanical properties.” The recent demonstration of Si nanowire “kinking”
superstructures creates new opportunities to accomplish this task and achieve nanoscale
devices with novel function. The ability to manipulate nanowire growth orientations
could allow to control electronic properties,® phonon scattering at kink interfaces,’
complex out-of-plane electronics,”” etc. Lastly, understanding the phenomena underlying
the kinking mechanisms could in turn allow to avoid deviations from 1-D geometry when
is so desired. Lieber and coworkers temporally modulate pressure during the VLS growth
of Si and Ge nanowires to yield a kink between two <112> oriented segments at user-
defined positions along the nanowire length. While the mechanism underlying this
process still requires additional clarification, the ability to rationally select other kink
angles would enable additional levels of complexity.

Changes in nanowire crystal growth direction are most commonly observed by
modulating global process parameters such as precursor partial pressure or substrate
temperature.” ® Kinking from <111> to <112> crystal orientations has been shown to

occur at lower temperatures and higher hydride pressures in SiH,; grown nanowires.®

Adapted with permission from I. R. Musin et al., Nano Lett., 2012, 12, 3363. Copyright
2012 American Chemical Society.
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Unfortunately, multiple aspects of nanowire morphology can be impacted with this
approach. For example, pressure and temperature changes often lead to the nucleation of
small diameter nanowires in both the Si/Au and Ge/Au nanowire/catalyst systems.’
Unwanted tapering and radial dopant incorporation are also observed in the Ge/Au
system when growth temperature is increased.'®'? Ge nanowire tapering can be reduced
by maintaining growth temperatures below 300 °C," but doing so greatly restricts the
process window and increases the complexity of Si/Ge heterostructure formation.

The side effects described above complicate superstructure fabrication and
motivate the search for more direct and flexible methodologies with which to dictate
nanowire crystal structure and kinking. Recent work shows that O, can direct Si nanowire
kinking at constant temperature and pressure,'* and modeling suggests that this effect
results from changes to solid-vapor interface energetics.” In the present work, we show
how the introduction of a bifunctional organohydride, methylgermane (MG), to a
traditional Ge nanowire growth environment (i.e. GeH4/H;) can modulate crystal growth
direction and generate kinking superstructures with user-defined segment lengths and a
range of angles. In addition, we find that MG creates a passivating layer on the nanowire
sidewall, which prevents tapering and significantly expands the process window for Ge

nanowire growth from hydride-based precursors.

3.2 Experimental Details

Substrates for nanowire growth are prepared by a gold colloid deposition method
on hydrogen-terminated Si (111) substrates (El-Cat, CZ, 3-5 Q-cm) in a manner similar
to that described previously.” The native oxide is initially etched with 10% HF for 5 min.

Substrates are subsequently dipped into a citrate-stabilized 50 nm gold colloid suspension
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(BBI) with 0.1M HF for 5 min. The samples are rinsed in DI water, dried with nitrogen,
and immediately transferred to a cold wall rapid thermal processing chemical vapor
deposition reactor. A Zeiss Ultra60 scanning electron microscope (SEM), a FEI Tecnai
F20 200 kV high resolution transmission electron microscope (HRTEM), and 100kV
JEOL 100CX II TEM are used to assess nanowire morphology and crystallography. For
HRTEM analysis, nanowires are removed from the growth substrate via sonication in
methanol and then drop-cast onto lacey carbon grids (Ted Pella). X-ray photoelectron
spectroscopy (XPS) is accomplished with a Thermo K-Alpha instrument equipped with a
monochromated Al source and double-focusing hemispherical analyzer. Samples are
analyzed as-grown on the Si(111) substrate and binding energies are calibrated using the
adventitious carbon C s peak at 284.5 eV. All spectra consist of 50 scans acquired with a

50 eV pass energy, 0.1 eV step size, and 50 ms dwell time.

3.3 Results and Discussion

The cross-sectional SEM images shown in Figure 3.1 for Ge nanowire growth
with and without MG reveal important morphological differences as a function of
temperature. To enable a direct comparison between different process conditions, all
samples in Figure 3.1 include an initial nucleation step at 375 °C with 0.44 Torr GeHy
and 8.81 Torr H, for 1 min. For the samples shown in Figures 3.1a and b, this step is
followed by an elongation step at the same partial pressures and 375 °C or 475 °C,
respectively. While the radial growth rate increases as a function of temperature,
nanowires grown with the standard GeHs/H, chemistry always exhibit a <111> crystal

orientation. Increasing the partial pressure of GeH4 by 50% (0.65 Torr) or 100% (0.86
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Torr) results in a faster growth rate, but the growth direction always remains the same

(Figure 3.2).

375 °C[{e)}
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Figure 3.1 SEM images of Ge nanowires grown on Si (111) (a-b) without and (c-f) with
GeH;CHs. All growth protocols begin with a 1 min nucleation step at 375 °C with 0.44
Torr GeHy and 8.81 Torr H,. The second step consists of (a) 3 min at the same conditions
or (b) a ramp to and 1 min growth at 475 °C with the same partial pressures as (a). For
the remaining images, the second step takes place at 0.44 Torr GeHy, 0.21 Torr
GeH;CH3, and 8.81 Torr H, with (c) a ramp to and 3 min growth at 325 °C, (d) a ramp to
and 3 min growth at 375 °C, (e) a ramp to and 3 min growth at 425 °C and, (f) a ramp to
and 1 min growth at 475 °C. (g) Schematic illustration of various <I111> and <110>
orientations for comparison with SEM images. The profile schematic is slightly tilted for
clarity. All scale bars are 400 nm.

Figure 3.2 SEM images of <111> oriented Ge nanowires grown at 375 °C with 0.44 Torr
GeH, and 8.81 Torr H, for 1 minute, followed by 8.81 Torr H, and (a) 0.44, (b) 0.65, and
(c) 0.86 Torr GeHy for an additional 3 minutes. (a) is the same image as shown Figure
3.1a and is included for comparison. Scale bars, 200 nm.
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Figure 3.3 Arrhenius plot of Ge nanowire growth rate normal to the substrate for
conditions matching Figure 3.1c, d, and f. To eliminate the uncertainty associated with
the initial nucleation time (i.e. at the substrate), growth rates were determined by growing
two samples at the same conditions for times that differ by 1 min. An accurate growth
rate for each temperature is readily calculated by subtracting the length of nanowires
from each run.

The elongation step for the samples shown in Figures 3.1d-f occurs at
temperatures between 325 °C and 475 °C in the presence of 0.21 Torr MG at the same
GeH,4 and H; partial pressure. Importantly, the addition of MG leads to a transition from
<111> to <110> oriented growth below 425 °C. As illustrated in Figure 3.1g, this initial
assignment is made by considering the diamond cubic lattice structure and noting the
angle by which nanowires deviate from the vertical. 85% and 77% of the nanowires
shown in Figures 3.1c and 3.1d, respectively, transition from <I111> to <I110> oriented
growth upon addition of MG. While uncontrollable kinking is observed with MG at
elongation temperatures near 425 °C (Figure 3.le), kinking ceases and we observe
vertically oriented <111> nanowires at 475 °C (Figure 3.1f). 88% of the nanowires in
Figure 3.1f remain <111> oriented when MG is added. The growth rates for nanowires in
Figures 3.1c, d, and f are 0.18 = 0.07, 0.67 = 0.12, and 1.40 + 0.1 pum/min, respectively

(Figure 3.3). Unfortunately, the uncontrolled kinking in Figure 3.1e precludes an accurate

determination of axial growth rate and kinking yield. Nanowires grown at 375 °C in the
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absence of MG exhibit a hexagonal cross-section as previously reported,'® but no clear
sidewall facets are observed for nanowires exposed to MG.

The change of radial deposition rates with and without MG is striking. As
previously reported, conformal deposition is common when utilizing hydride precursors
at elevated temperatures.'’ Thermal desorption studies of vacuum-prepared Ge surfaces
indicate that surface-bound hydrogen largely desorbs by 375 °C'® and the presence of
free surface sites enables additional precursor adsorption and decomposition. This
behavior is exemplified by the extensive tapering of the nanowires shown in Figure 3.1b.
On the other hand, MG creates a passivation layer on the nanowire sidewall as evidenced

by the elimination of sidewall tapering after its introduction (Figure 3.1c-f).

Figure 3.4 HRTEM images along the [011] zone-axis of a representative Ge nanowire
grown by the same protocol as used in Figure 3.1d. (a) Low-magnification image of the
nanowire with a selected area diffraction pattern inset. High magnification bright field
image of the nanowire (b) below, (c) at, and (d) above the <111> to <I110> transition.
Insets are corresponding FFTs and 300% fringe magnifications.

54



Figure 3.5 HRTEM images along the [011] zone-axis of a representative Ge nanowire
grown by the same protocol as used in Figure 3.1f. (a) Low-magnification image of the
nanowire with a selected area diffraction pattern inset. High magnification bright field
image of the nanowire (b) below, (c) at, and (d) above the point at which MG is added.
Insets are corresponding FFTs and 300% fringe magnifications. The dashed line in (b)
indicates the transition between rough and smooth sidewalls.

HRTEM images and diffraction patterns of Ge nanowires elongated in the
presence of MG at 375 °C (Figure 3.1d) and 475 °C (Figure 3.1f) are shown in Figure 3.4
and Figure 3.5, respectively. The diffraction patterns shown in Figure 3.4 confirm a
crystal orientation transition from <111> to <110> upon MG addition. Nanowires remain
single crystalline upon MG addition and, as opposed to reports for the Si/Au system,'’ we
do not observe twin defects or stacking faults near the kink. In addition, <110> oriented
nanowires transition back to the <111> growth direction when MG is removed from the
growth environment (Figure 3.6). Figure 3.5 shows that Ge nanowires grown at elevated
temperature remain <l111> oriented, even in the presence of MG, and tapering is

eliminated. The spacing of the {111} lattice fringes corresponds to that of a bulk Ge

lattice (0.327 £+ 0.005 nm) both before and after the addition of MG, which suggests no
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significant C incorporation. Post growth surface oxidation and poorly understood
deviations from Vegard’s rule for Ge; ,Cy alloys20 prevent a more precise assessment of

C incorporation at this time.

Figure 3.6 Bright field image and SAED pattern insets of a representative twice-kinked
Ge nanowire grown for (i) 30 seconds at 375 °C in 0.44 Torr GeH4 and 8.81 Torr Hy, (ii)
followed by a 2 min ramp to 325 °C and growth for 5 minutes in 0.44 Torr GeHy, 0.21
Torr GeH3;CH3, and 8.81 Torr Hy, and (iii) an additional growth for 2 minutes with in
0.44 Torr GeHy and 8.81 Torr H,, The growth directions are assigned from the SAED
patterns along the [011] zone axis.

Figure 3.7 shows how varying the MG concentration during the elongation step
impacts nanowire growth. At 375 °C, nanowire growth rate is first order in MG partial
pressure, indicating that Ge—C bond cleavage is taking place and contributing Ge atoms
to the nanowire. This occurs despite the strength of the Ge—C bond (~109 kcal mol™) and
general difficulty of depositing Ge thin films with MG alone.”’ The growth of Ge
nanowires at 325 °C from MG in the absence of GeHs (Figure 3.8) confirms that the
Au/Ge eutectic catalyst can accelerate Ge—C decomposition. While complete elimination
of carbon residue from nanowire surfaces and/or bulk is unlikely, our data indicates that
carbon does not significantly accumulate (Figure 3.4 and Figure 3.5) and reports of Ge
thin film deposition using MG support a mechanism whereby excess carbon removal is

possible in the form of CH4.22
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Figure 3.7 Dependence of Ge nanowire growth rate on GeH;CH3 partial pressure at 375
°C. (a) SEM images of nanowires grown for 1 min in 0.44 Torr GeH, and 8.81 Torr Hy,
followed by 3 min in 0.44 Torr GeH4, GeH3CHj partial pressure as indicated, and 8.81
Torr H,. The H; partial pressure was maintained at 8.81 Torr for all except the 1.32 Torr
GeH;CHj case, where it was set at 7.92 Torr, to enable accurate pressure readings.
Dashed white lines in each SEM image correspond to the Si(111) surface, which is tilted
in these images. A representative nanowire for each partial pressure is falsely colored in
blue for clarity. All scale bars are 300 nm. (b) Nanowire length measured normal to the
substrate is plotted as a function of GeH3;CHj partial pressure. The dashed line is a least
squares linear fit of the data.

2000m

Figure 3.8 (a) SEM image of a representative Ge nanowire grown for 1 minute at 375 °C
in 0.44 Torr GeHy and 8.81 Torr H,, followed by ramp to 325 °C and growth for 3
minutes in 0.65 Torr GeH3;CHj3 and 9.03 Torr H,. Note that no GeH4 was used during the
final 3 minutes. (b) HRTEM bright-field image and SAED inset along a [011] zone axis
at the <111> to <110> kink.
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Figure 3.9 Ge nanowire kinking superstructures fabricated at 325 °C by introducing
GeH;CHj at user-defined points during VLS growth. Segments without GeH;CH3 are
grown with 0.44 Torr GeH4 and 8.81 Torr H, while those with GeH3;CHj3 are grown with
0.44 Torr GeHy, 0.21 Torr MG, and 8.81 Torr H,. SEM images of (a) <111>/<110>, (b)
<110>/<110>, and (c) <111/<111> superstructures where GeH3;CH3 is cycled on for 1
min and off for 1 min, on for 1.5 min and off for 15 seconds, and on for 10 seconds and
off for 1 min, respectively. Dashed lines show where GeH3;CHj; flow was initiated or
terminated. A "*" denotes “defect” locations where transition does not occur as desired.
Schematics for each growth direction change is shown below each corresponding
superstructure with the smallest deviation angle labeled. As denoted by the bolded
sidewalls in the schematic for (b), the diamond cubic lattice dictates that neighboring
<110> segments of the <110>/<110> superstructure cannot lie in the same plane.
Kinking toward a specific degenerate crystallographic direction (e.g. [110] vs. [110])
within a family of directions (e.g. <110>) is not possible to control at this time.

The MG induced kinking described above can be leveraged to form complex Ge
nanowire kinking superstructures with a variety of distinct angles. Figure 3.9 shows
representative  examples of <I11>/<110>, <110>/<110>, and <111>/<I111>

superstructures fabricated at 325 °C as well as schematic illustrations of each kink type.
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Since our TEM imaging of nanowires with single and double kinks (Figures 3.4 and 3.6)
confirms MQG’s ability to modulate growth direction from <111> to <110> and vice versa
below 425 °C, we assign the orientation of each superstructure segment based on MG

flow (i.e. on or ofY).

Figure 3.10 Cross-sectional SEM image of two non-planar Ge nanowire superstructures
from the same sample as that shown in Figure 3.9b after sonication from the growth
substrate and drop-casting onto a Si wafer. The non-coplanarity of the <110> and <111>
segments, as expected from the diamond cubic crystal structure of Ge, is clearly visible.
The cleaved edge of the wafer is indicated by the dotted line. Scale bars, 200 nm.

It is important to emphasize that the diamond cubic crystal structure dictates that
not all <110> and <111> segments can lie in the same plane. Two non-planar nanowires
from Figure 3.9b are shown from the side in Figure 3.10. While not shown in Figure 3.9
for clarity in comparison, each superstructure is formed after an initial 1 min nucleation
step at 375 °C with 0.44 Torr GeH4 and 8.81 Torr H, followed by <110> oriented growth
in the presence of 0.21 Torr MG while cooling to 325 °C for 2 min. The superstructure
shown in Figure 3.9a is accomplished with three cycles of 1 min GeH4/H, flow followed
by 1 min of MG co-flow (6 min total). Figure 3.9b shows a superstructure consisting of
five <110>/<110> transitions, achieved by reducing the GeH/H, flow segment to 15 sec

and increasing the MG co-flow segment time to 1.5 min (8 min 45 sec total). The <111>

segments are almost completely eliminated in this situation, while the length of <110>
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segments is increased. Figure 3.9c shows a <111>/<111> superstructure with small
<110> bridge segments where a zig-zag structure, accomplished with five cycles of
GeH4/H; flow for 1 min and MG co-flow for 10 seconds (5 min 50 sec total), is more
prevalent.

While these results show that Ge nanowire kinking superstructures with a range of
angles and user-defined segments lengths are possible by temporally varying MG
exposure, a number of important observations require additional discussion. As indicated

b

by a ‘*’ in Figure 3.9, occasionally nanowires do not transition as desired. Figure 3.9b
shows a segment that does not kink to a different <110> direction and Figure 3.9c
exhibits a <110> segment when <111> is expected. We attribute these superstructure
defects to transients in the triple-phase region and/or local differences in MG
concentration that result from the structural complexity of kinked nanowires arranged on
the Si(111) substrate. It is also important to note that kinking toward a specific
degenerate crystallographic direction (e.g. [110] vs. [110]) is not possible to control at
this time. The “handedness” of the nanowires seen in Figure 3.9a and 3.9b is only one of

many different superstructure motifs. Figure 3.11 shows random adjacent nanowires from

Figure 3.9b as they lay next to each after the drop-casting procedure.
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Figure 3.11 SEM image of three Ge nanowire superstructures, from the same sample as
that shown in Figure 3.9b, laying side by side after sonication from the growth substrate
and drop-casting onto a Si wafer.

(a) Ge3d| (b Ge3d| (c) ~ Ge3dd
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Figure 3.12 XPS of the Ge (3d) peak for Ge nanowires grown (a) with GeHs/H; at 375
°C, (b) with GeH3;CH3 at 375 °C, and (c) with GeH3CH3; at 475 °C after 50 min of
exposure to ambient cleanroom air. Recorded data are marked with circles, squares, and
triangles respectively. Fitted peaks are shown with dashed lines, baselines are shown with
dotted lines, and overall fits are shown with solid lines. The intensity scale is the same for
all figures.

Tuning the morphology and crystal structure of nanocrystals via surface chemistry
is well known,” ** but has only been sporadically discussed in the context of VLS
growth.'**> As shown in Figure 3.12, XPS was utilized to investigate the role of surface

passivation on Ge nanowire morphology in the presence of MG. To increase the
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photoelectron signal of the nanowires relative to the substrate, samples for XPS analysis
were grown for an extended period of time. More specifically, the Ge nanowires in
Figure 3.12a were grown without MG for 11 min at 0.44 Torr GeH, and 8.81 Torr H; at
375 °C. The sample in Figure 3.12b was nucleated at 0.44 Torr GeH4 and 8.81 Torr H; at
375 °C for 3 min, with 0.21 Torr MG added for another 8 min. The sample in Figure 3.12
was nucleated at the same conditions for 1 min, and then ramped to and held for 2 min at
475 °C with 0.21 Torr MG. All samples were exposed to controlled cleanroom air at 70
°F and 38% relative humidity for 50 min prior to introduction into the XPS system. All
samples exhibit Ge 3ds, and Ge 3ds;, photoelectron peaks near 29.6 eV and 30.2 eV,
respectively. Peak fitting of the spin-orbit doublet was accomplished by setting a 3:2 area
ratio and equal FWHMSs. An additional peak appears +2.7 eV above that for Ge 3ds/, only
in the case of nanowires grown without MG (Figure 3.12a). Its high binding energy is
indicative of surface oxidation,” as would be expected for a bare Ge surface exposed to
ambient. Our data is not sufficiently resolved to identify specific oxidation states;
however, the peak center suggests a Ge”* contribution, analogous to reports for planar Ge
substrates®’ as well as nanowires synthesized in solution.”® Notably, both the kinked (375
°C) and unkinked (475 °C) nanowire samples grown with MG are largely oxide-free. C
Is photoelectron data (not shown) is convoluted by adsorption of adventitious carbon
during sample transfer and prevents a more detailed characterization of surface
termination. It is important to note that all recipes include a nucleation step without MG,
such that a Ge thin film is present on the Si substrate for all samples and this accounts for

part of the XPS signal. While the surface chemistry of the Ge-coated substrate is
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expected to be nearly identical to the nanowire sidewall, the density, diameter, and length

of nanowires indicates that they contribute at least 60% of the photoelectron signal.

<111>I ‘ <110>

T>425°C T<425°C

Figure 3.13 Schematic illustration of growth modes as a function of GeH3;CHj; exposure
and temperature. (a) In the absence of GeH3;CH3, <111> oriented Ge nanowires with
tapered sidewalls are observed. (b) Upon addition of GeH;CH3 to the growth
environment, a robust sidewall coating (red) blocks subsequent conformal deposition for
all of the temperatures studied here. (c) At growth temperatures above 425 °C, untapered
<111> oriented growth is observed in the presence of GeH;CHj3. (d) At growth
temperatures below 425 °C, untapered <110> oriented growth is observed in the presence
of G6H3CH3 .

These results support the in-situ formation of a robust passivating surface layer on
the nanowire sidewall, as illustrated in Figure 3.13, which blocks sidewall deposition and
prevents tapering. Tapered nanowire growth is observed in the absence of MG because
surface hydrogen (from GeHy) rapidly desorbs from the sidewall (in the form of H,),"
thus enabling additional GeH4 adsorption/decomposition (Figure 3.13a). These open
surface sites are subsequently terminated upon exposure to MG (red shell, Figure 3.13b).
A comparison of Ge—C (~109 kcal mol™) and C—H (~105 kcal mol™) bonds relative to

Ge—H (~83 kcal mol™)* ** suggest that MG initially reacts on the nanowire surface via
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the —GeHj; group. While a subsequent surface reaction (e.g. decomposition of the —CHj3
group) is possible, we do not observe a thick surface coating along the sidewall at any
temperature (Figure 3.4 and 3.5) as is seen for some nanowire syntheses.’' Yet, the
oxidation resistance observed for nanowires grown in the presence of MG at both 375 °C
and 475 °C (Figure 3.12b and 3.12c¢) indicates a thin carbon-containing film or residue is
likely present and responsible for the observed surface passivation.

MG can also influence nanowire morphology by altering the force balance at the
triple-phase line. Although the precise mechanism underlying kinking during VLS

. . 1
growth remains under active debate,” "

our pressure-dependent data (Figure 3.2)
indicates that changes to catalyst supersaturation are not solely responsible for <110>
oriented growth under the conditions studied here. Similar to other nanoscale systems,>”
** we propose that surface chemistry, specifically the lifetime of MG-derived solid-vapor
interface moieties (e.g. —CHs) relative to the timescale for bilayer nucleation, governs the
<111>/<110> orientation transition. Below 425 °C, the presence of surface adsorbates
reduces the surface energy,’” stabilizes new Ge facets, and drives <110> oriented growth
(Figure 3.13d). Recent continuum modeling by Tersoff and coworkers, which shows that
small changes to the solid-vapor interface energy are sufficient to cause kinking, supports
the proposed mechanism.”” As the growth temperature is increased above 425 °C, the
timescale for nucleation is faster than adsorbate delivery and/or adsorbate decomposition
is accelerated. The solid-vapor interface energy is expected to rise in this situation and
<111> oriented growth becomes favorable again (Figure 3.13c). Coincidentally with our

transition from <110> to <111> oriented growth, temperature programmed desorption

studies from planar Ge surfaces show —CHj3 groups desorbing above 425 °C and also
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decomposing on the surface,” further confirming a surface chemical connection to
nanowire structure. Although a detailed analysis of the precise surface chemistry requires
in-situ spectroscopic techniques and is beyond the scope of the present work, such studies

are currently underway in our laboratory.

3.4 Conclusions

In conclusion, we can control the crystal growth orientation and prevent tapering
of Ge nanowires by introducing MG during VLS growth. This capability was
subsequently leveraged to fabricate Ge nanowire kinking superstructures with angles
based on combinations of <l111> and <110> crystal orientations. Additional work is
required to completely eliminate transition “defects” and select a particular kink direction
among a set of degenerate crystallographic directions (i.e. [110] vs. [110]). Importantly,
the approach described here decouples kinking and tapering from global process
parameters, such as temperature and pressure. Sidewall termination also expands the
process window for Ge nanowire growth and is expected to simplify the fabrication of
Si/Ge heterostructures. This chemistry is also expected to minimize radial dopant
gradients and yield synthetic advantages when axially oriented junctions are desired. We
anticipate that additional benefits will result from the application of similarly complex

chemistries to the growth of this (e.g. Ge) or other nanowire systems (e.g. Si or III-V).
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CHAPTER 4
SURFACE-CHEMISTRY CONTROLLED DIAMETER-
MODULATED SEMICONDUCTOR NANOWIRES AND

SUPERSTRUCTURES

4.1 Introduction

The use of semiconductor nanowires as active components in next generation
devices is predicated on an ability to manipulate their physical properties via
morphology, composition, and/or crystal structure engineering.'® To date, the vast
majority of studies have relied upon nanowires with a constant diameter. However,
diameter-modulated superstructures, where diameter is rationally varied as a function of
axial position, present a largely unexplored opportunity to engineer nanowire function
with spatial and spectral specificity. For example, the optoelectronic properties of
nanowires that are quantum-confined in the radial direction could be spatially tuned by
adjusting diameter along the nanowire longitudinal axis.” ® Diameter-modulation also
presents a method to spectrally engineer phonon scattering and increase the

9, 10

thermoelectric figure of merit.” =~ Furthermore, the intimate relationship between photon

scattering and nanostructure geometry suggests new routes to highly customizable light
trapping materials.'" '

The vapor-liquid-solid (VLS) technique is the most common bottom-up
semiconductor nanowire synthesis method.">"> Semiconductor atoms delivered from
impinging precursor gases (e.g. GeHy) collect in a metal-semiconductor alloy (e.g. Au-
Reprinted with permission from I. R. Musin et al., J. Vac. Sci. Technol. B, 2013, 31,

020603. Copyright 2013, American Vacuum Society.
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Ge) catalyst sitting atop a crystalline semiconductor nanowire (e.g. Ge). Nanowire
elongation occurs via a repeated sequence of catalyst supersaturation, nucleation near the
triple-phase line (i.e. where the vapor, liquid, and solid meet), and step flow across the
nanowire-liquid interface.'® ' Nanowire diameter is generally fixed via selection of
catalyst size prior to growth, but a handful of options are available for modest diameter
tuning in-situ. For example, growth temperature effects semiconductor atom solubility in
the catalyst and thus nanowire diameter.'”” ' Unfortunately, such changes to global

19-21

process parameters influence multiple aspects of nanowire synthesis. Even if these

effects can be managed, the window for stable nanowire growth* will limit the extent of

24,2
»23 can also

diameter modulation. While changes to nanowire polytype> or composition
influence diameter, an ideal synthetic method would offer independent control of
diameter and crystal structure.

Here, we demonstrate that Ge nanowire surface chemistry can be controlled via
the addition of tetramethyltin (TMT) to a standard hydride synthesis environment (i.e.
GeH4/H;). This “molecular resist” blocks radial deposition, which provides a general
method to adjust diameter in-situ and opens the door to diameter-modulated
superstructures with nanoscale periodicities. The in-situ alloying of Sn atoms with the
catalyst permits tuning of axial growth rate, and thus superstructure dimensions, without
unnecessarily doping the nanowire. Recent reports, particularly the use of
C,H,/HCI/GeH4*® and 0,/GeH,*” for Ge nanowire growth, show that alternative
chemistries also influence sidewall deposition rates. However, the C,H, chemistry

requires elevated temperatures, which accelerates axial growth rate and limits the

proximity of diameter-modulated regions. Furthermore, both approaches create a carbon
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or oxide shell, respectively, at the catalyst growth-front only and do not significantly
impact the exposed sidewalls far from the droplet. A direct approach to blocking radial
deposition along the entire nanowire is presented in this work, making it possible to
“lock-in” the previously formed 3-D nanowire sidewall shape and dictate structure

segment by segment.

4.2 Experimental Details

Single-side polished Si(111) (EI-Cat, CZ, 3-5 Q:cm) and Ge(111) (MTI
Corporation, CZ, 42-64 Q-cm) substrates were initially etched in 10% HF to remove the
native oxide. Subsequent deposition of 20 or 50 nm Au colloid (BBI) was accomplished
via immersion of the substrate in the colloid-containing solution, to which 0.1M HF had
been added.”® The samples were rinsed in 10% HF and deionized water (DI) water
immediately prior to placement in the reactor for nanowire growth. TMT is heated to 30
°C and delivered by bubbling with Ar. Nanowire morphology and crystal structure were
analyzed with a Zeiss Ultra60 scanning electron microscope (SEM) and a FEI Tecnai F20
200 kV transmission electron microscope (TEM) equipped with an energy-dispersive X-
ray (EDX) spectrometer. As-synthesized nanowire arrays were imaged with SEM without

further preparation.
4.3 Results and Discussion

4.3.1 Structural Changes from TMT
Figure 4.1 shows cross-sectional SEM images of epitaxial Ge nanowires grown at
375 °C with 50 nm Au colloid on Si(111). Nanowire growth occurs under two standard

flow conditions: without and with TMT. The condition “TMT-OFF” refers to 25 sccm
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GeHa, 500 sccm Hj, and 9.25 Torr total pressure, whereas “TMT-ON” refers to 25 sccm

GeHy, 500 sccm Hj, 20 sccm Ar bubbled through TMT, and 9.25 Torr total pressure.

Figure 4.1 SEM images of Ge nanowires grown at 375 °C, 9.25 Torr total pressure, 50
sccm GeHy, and 500 sccm H; (a) without TMT for 5 min, (b) without TMT for 2 min
followed by 3 min with 20 sccm Ar bubbled through TMT, (c) with 20 sccm Ar bubbled
through TMT for 5 min. (d) Diameter modulation is accomplished by modulating TMT
flow on and off at 1 minute intervals a total of 5 times. Scale bars, 200 nm.

Figure 4.1a shows a representative image of nanowire growth with the condition
“TMT-OFF”. The clear tapering is a common structural motif for Ge nanowires grown at
substrate temperatures above 300 °C.'” The nanowires shown in Figure 4.1b were grown
at condition “TMT-OFF” for 2 minutes followed by condition “TMT-ON” for 3 minutes.
The addition of TMT immediately eliminates nanowire tapering. A comparison of Figure
4.1a and Figure 4.1b further reveals that the tapering in the lower portion of Figure 4.1b
does not increase after the addition of TMT. As shown in Figure 4.1c, no tapering is
observed when the entire nanowire is grown with condition “TMT-ON.” Whereas

tapering becomes significant above 300 °C for the classic GeHs/H, chemistry,

temperatures in excess of 400 °C are required with TMT. This expansion of the process
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window for taper-free Ge nanowire growth offers important benefits for controlling

26, 29

dopant incorporation and fabricating abrupt heterostructures.”® The clear changes in

nanowire growth rate as a function of TMT delivery time are addressed in detail below.

GeH, GeH,
Sn(CH), =) GeH, mmp Sn(CH,),
(a) (b) (c)

Figure 4.2 Schematic of diameter modulated Ge nanowire synthesis. The exposed Ge
nanowire surface is shown in gray and the transparent red shell represents the surface
termination that results from TMT adsorption. (a) A nanowire with uniform diameter is
grown in the presence of GeH4 and TMT (i.e. “TMT-ON” conditions). TMT
decomposition on the sidewall creates a passivating layer that eliminates radial deposition
and tapering. (b) Growth with only GeHy4 (i.e. “TMT-OFF” conditions) enables radials
deposition initially only on newly formed sections of the nanowire. (c) Reinitiation of
TMT co-flow (i.e. “TMT-ON” conditions) terminates the recently formed sidewall. A
repeated sequence of these basic steps yields diameter-modulated superstructures.

We accomplish diameter-modulation with sub-200 nm periodicity by allowing
and then suppressing radial growth in the absence and presence of TMT, respectively.
The nanowires shown in Figure 4.1d were synthesized with five cycles, each consisting
of 1 min “TMT-ON” and 1 min “TMT-OFF.” The diameter-modulation process is

schematically illustrated in Figure 4.2. It is important to note that TMT adsorbs directly

on all exposed nanowire sidewalls. Cessation of TMT flow reinitiates radial deposition
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on newly formed portions of the nanowire, but the stability of the previously created

surface layer “locks-in the diameter on lower sections.

10 2 4 6 8 10 12 14
Energy (keV)

1
0 2 4 6 8 10 12 14

Energy (keV)

Figure 4.3 Bright field TEM images and EDX spectra of a representative Ge nanowire
synthesized under “TMT-ON” conditions at 400 °C, 9.25 Torr total pressure, 50 sccm
GeHy, 500 sccm H», and 20 sccm Ar bubbled through TMT. (a) Low magnification
image of the nanowire. Scale bar, 100 nm. (b) High resolution image and corresponding
FFT inset of the area delineated by the box in (a). Scale bar, 2 nm. EDX spectra acquired
(c) at the center of the catalyst droplet and (d) near the nanowire base. The Cu signal
results from the TEM grid.

The mechanism by which TMT limits radial deposition deserves additional

discussion. In the absence of TMT, H, desorption®" **

opens surface sites for subsequent
GeH4 adsorption and decomposition. This behavior, which is commonplace for

traditional thin film deposition, leads to the sidewall tapering often observed during Ge

nanowire growth. We propose that TMT delivers surface species directly to the nanowire
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sidewall that prevent subsequent GeH4 decomposition, even above the H, desorption
temperature. The weakness of the Sn—C bond (2.8 e¢V)® suggests that the initial
decomposition products are Sn and —CHs. A comparison of the Ge—C (4.7 eV)** and Ge-
H (3.6 ¢V)* bond strengths, in addition to prior evidence from temperature programmed
desorption studies,”® suggest that —CH; moieties exhibit reasonable lifetimes under our
nanowire growth conditions. While CHy4 desorption may occur in the highly reducing
GeH, environment,”” it is expected to be less rapid than H, desorption. A recent report of
Ge nanowire synthesis via vapor-phase transport also indicates that Sn co-delivered to,
and presumably adsorbed on the sidewall of, the nanowire can reduce the rate of radial
deposition.”® Therefore, Sn and ~CH; may be simultaneously responsible for the diameter
control observed here. Additional studies are currently underway in our laboratory to
determine the identity of the surface passivating species.

High-resolution TEM imaging and EDX spectroscopy provide additional insight
into the role of Sn during Ge nanowire growth under “TMT-ON” conditions. The clear
(111) lattice fringes and corroborating Fast Fourier Transform (FFT) inset in Figure
4.3a,b shows that these nanowires are single-crystalline and retain a diamond cubic
structure. Figure 4.3c reveals that Sn alloys with the Au catalyst and Figure 4.3d shows
that the sidewall Sn concentration is undetectable (< 1-2%). Prior studies show that the

4
3940 4 value

solubility of Sn in bulk Ge is on the order of 1% at our growth temperatures,
that lies at the edge of our ability to detect its presence with EDX. A more detailed
chemical analysis, similar to dopant incorporation studies,”” should be performed via

atom-probe tomography for spatial resolution (for differentiating between nanowire and

near-surface composition) and sensitivity necessary to conclude on nanowire composition
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in future studies. While Sn does not strongly influence the resistivity or minority carrier

% we plan to undertake transport

lifetime of bulk Ge, even at large concentrations,
measurements to assess its impact in VLS-grown material. Furthermore, we do not
observe significant amorphous shells, carbon or otherwise, even though each TMT
molecule delivers four carbon atoms to the nanowire sidewall. These data suggest that the

surface layer generated by TMT is either self-passivating or the nanowire growth

environment removes excess surface species from the sidewall.

4.3.2 Kinetic Study of the TMT Effect
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Figure 4.4 (a) SEM image of diameter-modulated nanowires grown with 20 cycles of 1
min “TMT-ON” and 1 min “TMT-OFF” at 375 °C. Scale bars, 200 nm. The radial scale
has been stretched 2x for clarity. (b) Corresponding plot of average nanowire segment
length vs. segment number collected from 10 representative diameter-modulated
nanowires. Experimental data is shown as black circles and error bars indicate the
standard deviation of segment length. The red dashed line indicates Ge nanowire growth
rate without TMT (i.e. no Sn alloying). An empirical fit of segment length, as determined
from the modified second-order rate law discussed in the text, is shown as blue crosses.
Inset: schematic that illustrates how segment length is measured.
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The observed changes to nanowire length as a function of TMT exposure time
(Figure 4.1) in conjunction with EDX data (Figure 4.3) indicate that TMT alloying with
the catalyst reduces the axial growth rate. We investigated the change of growth rate
upon in-situ Sn catalyst alloying by periodically modulating TMT delivery with 20
repeated cycles of 1 min “TMT-ON” and 1 min “TMT-OFF” at 375 °C. Figure 4.4a
shows representative nanowires that result from this process. The radial scale bar is
intentionally stretched 2x relative to the axial scale bar to improve clarity. Figure 4.4b
shows average segment length plotted as a function of elapsed segment number. Segment
lengths are measured as shown in the Figure 4.4b inset and segments are numbered
starting from the substrate. Average segment length clearly decreases as the growth
continues.

A simple kinetic rate law is proposed to empirically describe the observed growth
rate reduction as a function of Sn incorporation in the catalyst. The present data does not
fit first-order kinetics as previously reported for Ge nanowire growth with a pure Au
catalyst (i.e. no Sn alloying).*' Thus, we use a second-order rate expression with an
adjustable parameter that reflects the impact of Sn alloying on the concentration of
catalyst “active sites”:

r=k0active PGert, 4.1
where k is the rate constant, 0,.ve 1S the concentration of active sites equivalent on the
catalyst, and Pgens is the partial pressure of GeHs. Sn alloying of the catalyst is
incorporated into the rate law by assuming that it reduces the concentration of Au active
sites. In other words, Sn atoms are treated as catalytically inactive and only serve to

dilute the catalytically active Au atoms. In this case, the rate law becomes:
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N Ay
r=k———P 4.2
Ny +0gy GeH4 ( )

where ny, is moles of Au, ng, is moles of Sn, and the remaining variables are the same as
introduced above. Dividing the numerator and denominator by nu, and expressing the

ratio of moles Sn to moles Au as a function of TMT exposure time:

Ngn _ trmrFsn _ trmr 4.3)
DAy DAy T

where tryr is the TMT exposure time, Fg, is the molar delivery rate of Sn, and 7t is an
adjustable lumped parameter, yields the final rate law:

1

r=k——P,
I+t /T GeH,

(4.4)

The rate constant is determined from measurements of Ge nanowire growth rate
using a pure Au catalyst (i.e. tpyr = 0). Nanowire arrays grown for 5, 8, and 11 min at
0.44 Torr GeHy and 8.81 Torr H, exhibit lengths of 1.33 £ 0.02, 2.08 + 0.02, and 2.81 +
0.02 pm, respectively. From this data, the rate constant is determined to be k = 0.56 um
min™ Torr" and is in agreement with previous studies of GeH; nanowire synthesis.*'

To determine the value of Pgens for Equation 4.4, we require a value for the TMT
partial pressure under our bubbling conditions. The Antoine parameters for TMT are
estimated from thermodynamic data (A = 7.571, B = 1632, C = -3.320) and yield a vapor
pressure of 135 Torr at 30 °C.* Assuming equilibrium above the bubbler and pure Ar at
the bubbler inlet, a mass balance yields a TMT flow rate of 7 sccm. Thus, we find that the
partial pressures are 0.42 Torr GeHy, 0.12 Torr TMT, 0.33 Torr Ar, and 8.37 Torr H,

under “TMT-ON” conditions.
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It is important to note that changes to nanowire growth rate do not occur
continuously because TMT is pulsed on (i.e. “TMT-ON” conditions) and off (i.e. “TMT-
OFF” conditions) during the experiment shown in Figure 4.4. Thus, we determine T via
the following procedure:

1. Calculate growth rate from the rate law at 0.1 min time intervals, accounting for
segments that do and do not include TMT flow (Figure 4.5a).

2. Segment length as a function of segment number is then determined from this
data (Figure 4.5b).

3. Calculated (Figure 4.5b) and experimentally determined segment lengths (Figure
4.4b) are compared and the difference is minimized by varying t and trvr with a
standard least squares algorithm.

Since the substrate is sometimes ramped to the growth temperature in TMT flow, the
variable trur is included to account for the quantity of Sn in the droplet upon reaching

the setpoint (1.e. 375 °C). For Figure 4.4b, we extract T = 6.4 min and tpmto = 1.1 min.
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Figure 4.5 (a) Plot of calculated growth rate vs. growth time. (b) Plot of calculated
nanowire length vs. growth time. Segment lengths are determined, as shown with blue
dashed lines, after each 2 min “TMT-ON” and “TMT-OFF” interval and compared to the
experimental data shown in Figure 4.4b via least squares minimization to determine the
parameters T and trmr,o.
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As shown in Table 4.1, the fitted parameters from this method also predict the
final length of the nanowires shown in Figure 4.1. We note that tryro = 0 min for Figure

4.1a and figure 4.1b since the substrate temperature was ramped to 375 °C in GeHy only.

Table 4.1 Comparison of experimental and predicted nanowire lengths from Figure 4.1.

tr™T0 Length at Predicted Nanowire Experimental
t=0 Length Nanowire Length
min um um um
Figure 4.1a 0 0.10 1.33 1.36
Figure 4.1b 0 0.10 1.19 1.25
Figure 4.1c 1.1 0.14 0.91 0.90
Figure 4.1d 1.1 0.14 1.68 1.67

This model yields an excellent empirical fit to our data, as shown with the blue
crosses in Figure 4.4b. As summarized in Table 4.1, the same equation also predicts the
final lengths of the nanowires shown in Figure 4.1. The need for a plasma discharge to

synthesize Si nanowires with SiH, and a pure Sn catalyst™" **

suggests that Sn reduces the
hydride decomposition rate specifically. The precise volume or area of the dilution effect

is convoluted with unknown sticking coefficient and delivery rate, requiring further

study.

4.3.3 User-Defined Diameter-Modulated Superstructures

We combine this new knowledge of sidewall termination and Sn accumulation in
the catalyst to demonstrate user-programmable diameter-modulated superstructures as
shown in Figure 4.6. Here, nanowire growth occurs with 20 nm Au colloid on a Ge(111)
substrate at 350 °C under three distinct flow conditions labeled as follows: (1) “G” refers

to 15 scem GeHy and 110 sccm Hj at 2.2 Torr total pressure (i.e. GeHys only), (2) “T”
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refers to 20 sccm Ar bubbled through TMT and 105 scem H, at 2.2 Torr total pressure
(i.e. TMT only), and (3) “G+T” refers to 15 sccm GeHs, 20 sccm Ar bubbled through
TMT, and 90 sccm H; at 2.2 Torr total pressure (i.e. a co-flow of GeHs and TMT).
Superstructure uniformity is excellent throughout the array as seen in Figure 4.7. Figure
4.6a shows four diameter-modulated sections created by alternating between “G” and “T”
conditions. This protocol, where GeHy4 and TMT are never introduced simultaneously,
demonstrates that the surface termination step can be completely separated from axial
elongation. We also note a slight reduction of growth rate, as expected, after each “T”

step (vida supra).

Label example: 1/2 G+T

2T
- L with TMT
2G A with GeH,
step duration (minutes)
2T e
2G-
G U3 T e 1/3 T 1/2 G+T{
2G- 2G4 2G+TH
2G 13T e 4G+
&l 2 G+T 4 2GH
2T e 25
13T = 13 Tem
2GH 2GH 2 G+TH 2G+
2G ~ 20 Tt : 20 T 20 Tamp 20 Temp
1/2 G+T+ 1/2 G+T A 112 G+TA 112 G+T
112G 112G 112G 112G

Figure 4.6 User-programmable diameter-modulated Ge nanowire superstructures
fabricated from 20 nm Au colloid on a Ge(111) wafer via combinations of different flow
conditions at 350 °C. The sequence of growth conditions utilized for each superstructure
is shown to the left of each image. “G” refers to 15 sccm GeH, and 110 sccm H; at 2.2
Torr total pressure (i.e. GeHy only), “T” refers to 20 sccm Ar bubbled through TMT and
105 scem H; at 2.2 Torr total pressure (i.e. TMT only), and (3) “G+T” refers to 15 sccm
GeHa, 20 sccm Ar bubbled through TMT, and 90 sccm H; at 2.2 Torr total pressure (i.e.
co-flow of GeH4 and TMT). The number preceding each flow designation represents the
time in minutes that each condition was applied. Scale bars, 50 nm.
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Figure 4.6b shows that sub-100 nm periodicity at same growth times is possible
by initially adding a significant quantity of Sn to the catalyst. This capability underscores
the usefulness of TMT as a route for decoupling axial and radial growth rates. To
unambiguously show that the position of each diameter-modulation is user-selectable,
Figure 4.6c shows two diameter expansions separated by a section with uniform
diameter. The inverse of this structure, where two sections with uniform diameter
straddle a single diameter-modulated region, is displayed in Figure 4.6d. Finally, Figure
4.6e shows the result from a single diameter modulation followed by extended growth in
the absence of TMT, demonstrating the flexibility in the tapering dimensions and

locations.

Figure 4.7 SEM image of the diameter-modulated superstructure array from Figure 4.6b
observed at a 45° inclined angle. Scale bar, 400 nm.
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Figure 4.8 Bright field TEM images of a representative Ge nanowire superstructure from
Figure 4.6b from [110] zone axis. (a) Low magnification image of the nanowire with
labels for high resolution images in b-d. Scale bar, 100 nm. (b-d) High resolution images
and corresponding FFT inset of the area delineated by the boxes in (a). Scale bars, 10 nm.

Figure 4.8 shows HRTEM of a representative nanowire superstructure from
Figure 4.6b. The nanowires appear single crystalline throughout the tapered segments,
with a clear {111} sidewall at the junctions facing away from the growth direction. This
geometry suggests that the conformal deposition and growth occurs in 3-D: grows
laterally and overgrows some of the previously terminated sidewall towards the base. The
precise quality of the overgrowth requires additional investigation.

The process was further optimized for slightly larger nanowires grown at an
elevated temperature of 385 °C on Ge(111) substrate with 20 nm gold colloid shown in
Figure 4.9 where the tapering is easily observed. Additional condition “H” was added
that refers to 125 sccm H; at 2.2 Torr total pressure (i.e. H, only). The following steps

were used in the growth this array listed in order with numbers corresponding to duration

of the adjacent condition in minutes: 1 G, 1 G+T,20T,5H,2 G, 1/3T,2 G, 1/3 T, 2 G,
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1/3 T. The addition of H, only condition after alloying step was added as a precautionary
measure to purge the chamber from residual TMT vapor residues and led to more

consistent results. Elevated temperature is observed to aid the formation of clear

downward facing facets from conformal deposition.

Figure 4.9 SEM image of the diameter-modulated superstructure array growth at 385 °C
observed at a 45° inclined angle. Scale bar, 100 nm
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4.4 Conclusions

We have demonstrated diameter-modulated nanowire superstructures by
systematically modifying sidewall surface chemistry during vapor-liquid-solid (VLS)
synthesis. Our approach relies on the addition of a “molecular resist,” TMT in the present
case, which inhibits radial deposition at user-defined points during nanowire growth.
Superstructure dimensions can be rationally tuned via segment growth time as well as Sn
alloying in the catalyst, which increases the radial-to-axial growth rate ratio. The use of
surface chemistry to modulate radial deposition rates is a general concept and its
application to other materials systems (e.g. Si) is only limited by catalyst and precursor
selection. In addition to diameter-modulation, robust control of sidewall termination also
promises new opportunities to engineer dopant atom incorporation and heterostructure

formation.
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CHAPTER 5
DIAMETER MODULATION AS A ROUTE TO PROBE THE

GROWTH KINETICS OF SEMICONDUCTOR NANOWIRES

5.1 Introduction

The vapor-liquid-solid (VLS) technique is the dominant synthesis method
and offers control of nanowire length, diameter, orientation, composition, and
doping, but often within a narrow range.'™ The long-term, practical utilization of
nanowires will therefore require advanced growth protocols and, in pursuit of this
goal, a robust understanding of process-structure-property relationships is
essential. However, the few global process variables that govern growth,
particularly substrate temperature, precursor species, and partial pressure, generate
a vast phase space for exploration. In order to accelerate process development, we
propose a method for determining basic growth kinetics for a range of conditions
in one experiment. More specifically, we fabricate diameter-modulated nanowires
and utilize the user-generated changes to sidewall morphology as indicators of
growth rate. We note that similar studies are also possible via dopant profile
modulation,” © but that measurement of the morphology changes shown herein is
straightforward with electron microscopy.

Modulation of nanowire diameter, a prerequisite for the approach outlined
here, is governed by adsorption and desorption on the nanowire sidewall. Most

frequently, the tapering of nanowires grown with hydride species (i.e., GeHy) is a
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function of substrate temperature and precursor pressure.”” By analogy to thin
films, GeH4 decomposition delivers hydrogen atoms to the nanowire sidewall that
act as a resist, limiting vapor-solid (VS) deposition and enabling untapered growth
at low temperature.'” '' As the temperature rises and the removal of adsorbed
hydrogen via H, desorption accelerates,'” surface sites become available for
additional GeH4 decomposition and tapering increases.

Recent demonstrations show that nanowire tapering can also be controlled,
at constant temperature and pressure, by chemically passivating the sidewall. For
example, O, and C,H,/HClI react at the triple-phase line to create amorphous oxide
and carbon shells, respectively, that prevent VS deposition.'” '* We recently
reported on a series of “molecular resists” that react with the sidewall directly.'> '°
As these species can passivate and prevent VS deposition on previously grown
segments, it becomes possible to create diameter-modulated structures by growing
and subsequently terminating tapered segments. While many precursors can
terminate the nanowire sidewall, a number of additional effects are frequently
induced. For example, methylgermane (GeH;CHsj) results in growth direction
changes (i.e., kinking)'"> and tetramethyltin (Sn(CHs)s) reduces the axial growth
rate.'®

Here, we identify trimethylsilane (SiH(CHs3);, TMSH) as a precursor that
resists VS deposition without permanently modifying growth direction and/or rate.
TMSH consists of a central Si atom, one labile Si—H bond, and three, more stable
methyl groups. The Si—H bond of TMSH is expected to react with the nanowire

sidewall at locations vacated following H, desorption, therefore anchoring TMSH
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to the surface, blocking GeH4 adsorption, and preventing tapering. The lower
reactivity of Si—H (3.9 eV) relative to Ge—H (3.6 eV),l7'l9 in addition to the steric
hindrance imparted by the methyl groups in TMSH, ensures that GeH4
decomposition remains the dominant reaction in the catalyst droplet under standard
nanowire growth conditions (i.e., T < 385 °C). However, in the event of TMSH
decomposition in the catalyst droplet, C is poorly soluble in Au and unlikely to

impact growth.”® While Si atoms are miscible in Au,'”?'

we show that separating
axial elongation (i.e., without TMSH) and sidewall termination (i.e., with TMSH)

prevents Si accumulation in the catalyst droplet.

5.2 Experimental Details

Single-side polished Ge(111) wafers (MTI Corporation, CZ, 42—64 Q-cm)
are cleaved into ~0.5 cm? substrates and cleaned with a sequence of 10% HF
etching, deionized water rinsing, and N, drying. Gold colloid with diameters of 20,
30, 40, and 50 nm (<8% coefficient of variation, Ted Pella, BBI) are subsequently
deposited on each substrate. To ensure proper adhesion and a clean Au/Ge
interface, 0.3% HF is added to each colloid solution immediately prior to drop
casting.”” All substrates are then rinsed in deionized water and dried under N, prior
to insertion into the growth reactor.

Ge nanowires are grown in a cold-wall FirstNano EasyTube 3000 CVD
system on a graphite susceptor heated from the bottom by infrared lamps. Four
substrates, each with a different colloid diameter, are processed simultaneously

and aligned perpendicular to the direction of gas flow. Germane (GeHy, 99.999%,
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Matheson Tri-Gas), hydrogen (H;, 99.999%, AirGas), and trimethylsilane
(SiH(CH3)3, 99.99%, Voltaix) are used without further purification.

The following procedure results in a tapered base that is standard for all
nanowires. Substrates are first exposed to 2.2 Torr H,, ramped to 385 °C, and
stabilized for 1 min. Nanowire growth is then started with 0.28 Torr GeH,4 and 1.92
Torr H; at 385 °C for 2 min. Sidewall passivation is then accomplished with a two
step sequence consisting of (i) 0.27 Torr GeHy4, 0.12 Torr TMSH, and 1.81 Torr H,
for 5 sec and (ii) 0.14 Torr TMSH and 2.06 Torr H, for another 2 min. The 5 sec
step is included to prevent Au diffusion during the removal of GeH,4 and ensures
that the catalyst droplet diameter remains constant. This procedure yields arrays of
nanowire bases with greater than 90% vertical alignment and lengths of 202, 233,
242, 261 nm for 20, 30, 40, 50 nm colloid, respectively.7’ 22,13 Segments are then
grown as described in the text. Samples are cooled to room temperature under H,
flow upon completing growth.

Scanning electron microscopy (SEM) of as-grown nanowire arrays is
accomplished with Zeiss Ultra 60 and Leo 1530 instruments. High resolution
transmission electron microscopy (HR-TEM) of nanowire structure is performed
with a FEI Titan S 80 — 300 microscope following ultrasonication of substrates in
methanol and drop casting onto lacey carbon grids (Ted Pella). A Cs-corrected
JEOL 2200FS equipped with a Bruker-AXS X-Flash 5030 silicon drift detector
enables energy dispersive X-ray spectroscopy (EDX) of nanowire catalyst droplet

composition.
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5.3 Results and Discussion

5.3.1 Synthesis of Diameter Modulated Heterostructures with TMSH
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Figure 5.1 Side view SEM images of Ge nanowire arrays grown with a standard
base followed by (a) 3 min with 0.28 Torr GeH4 and 1.92 Torr H; or (b) 3 min
with 0.28 Torr GeHy, 0.12 Torr TMSH, and 1.89 Torr H, at 385 °C. Arrows denote
the position of the catalyst droplet at the start of TMSH exposure. Scale bars, 100
nm. (c) Axial elongation rate, plotted as natural log of AL/At (nm/min), as a
function of colloid diameter for the nanowires shown in (a) and (b) with circles
and squares, respectively. Insets: schematic illustrations of the AL measurement
end-points in both cases.

We begin by assessing the impact of TMSH on axial growth rate and VS
deposition. Figure 5.1a shows Ge nanowires grown from gold colloid with
diameters of 20, 30, 40, and 50 nm where the upper segment is grown for 3 min at
385 °C with 0.28 Torr GeHs and 1.92 Torr H,. A tapered base is clearly visible
(below the arrow), which is passivated with TMSH and thus resists VS deposition
during growth of the upper segment. On the other hand, the upper segment exhibits

significant taper since TMSH is absent during its elongation. Figure 5.1b shows
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nanowires, grown with the same base (below the arrow), but subsequently
elongated for 3 min at 385 °C with 0.28 Torr GeHy, 0.12 Torr TMSH, and 1.89
Torr H,. Tapering is significantly reduced at all points above the base due to co-
flow of GeHs and TMSH. The probability of nanowire kinking with TMSH is
negligible, and is particularly helpful for these experiments. A study of the related
precursor methylsilane (SiH3CHi;, MS) shows that this is not always the case
(Figure 5.2), most significant with the 20 nm colloid diameter where 100% of the
nanowires kink. Despite the dramatic reduction in VS deposition observed
following or during TMSH addition, minor sidewall roughening is present far from

the catalyst droplet and indicates that resistance to attack by GeH, is imperfect.

Colloid Diameter (nm)

Figure 5.2 Side view SEM images of Ge nanowires grown with a standard base as
described in the experimental details and followed by 3 minutes with 0.28 Torr
GeH, and 0.12 Torr SiH3;CHj;. 100, 96, 86, and 51 % of the nanowires kink at least
once for 20, 30, 40, and 50 nm colloid, respectively. Scale bars, 100 nm.
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Figure 5.3 (a) Low magnification bright field TEM image along the [110] zone axis of a
representative Ge nanowire from the array shown in Figure 5.1a. Scale bar, 100 nm. (b, ¢)
High resolution bright field TEM images and FFT insets of the regions denoted by boxes
in (a). Scale bars, 10 nm. (d) Low magnification bright field TEM image along the [110]
zone axis of a representative Ge nanowire from the array shown in Figure 5.1b. Scale bar,
100 nm. The base is missing and likely broke during TEM grid preparation. Most
nanowires exhibit this behaviour. (e, f) High resolution bright field TEM images and FFT
insets of the regions denoted by boxes in (d). Scale bars, 10 nm.

Elongation rate (AL/At) can be determined by dividing the upper segment
length (AL) by its growth time (At). These data for nanowires grown with and
without TMSH are plotted in Figure 5.1c as a function of diameter. As shown in
the Figure 5.1c insets, the upper segment lengths are measured for the nanowires in
Figure 5.1a and Figure 5.1b from the catalyst-nanowire interface to the point
where the diameter is largest or where the sidewall slope changes, respectively
(vide infra). The axes in Figure 5.1c are selected to linearize the data and are based
on a recent model where growth rate is exponentially dependent on the inverse of
diameter.”* We find that growth rate is 14 - 20% faster in the presence of TMSH.

242 .y .
% exhibits a reduction

The slope, which is related to the Gibbs-Thompson effect,
of 22% when the sidewall is passivated by TMSH. The y-intercept, which

describes growth rate at infinite diameter, shows a smaller 2% increase.
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Figure 5.4 (a) EDX spectra of the upper segment for representative 50 nm Ge nanowires
from the arrays in Figure 5.1a (shown in blue) and Figure 5.1b (shown in red). (b) EDX
spectra of the catalyst droplet for representative 50 nm Ge nanowires from the arrays in
Figure 5.1a (shown in blue) and Figure 5.1b (shown in red). Spectra in blue in (b) are
scaled by 1/3. We note that EDX cannot distinguish between Si located in the bulk of or
on the surface of the nanowire.

TEM analysis yields important information about nanowire crystal structure
and morphology. Figures 5.3a-c display bright field TEM images of a
representative Ge nanowire from the array shown in Figure 5.1a, where TMSH is
added only for a brief period of time after base growth. The FFTs confirm that the
nanowire is single crystalline and oriented in the <111> direction. Figure 5.3b
shows the junction between the base and upper segment. A {111} facet oriented
toward the substrate is clearly visible and results from conformal deposition. We
make note of this point, as this is where nanowire diameter is greatest and, as
shown in the Figure 5.1c inset, serves as the end-point of all segment length (AL)
measurements. Figures 5.3d-f show bright field TEM images of a representative

Ge nanowire from the array seen in Figure 5.1b, where the upper segment is grown

in the continuous presence of TMSH. This nanowire is also single crystalline and
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<111> oriented. Some sidewall roughness is detectable for both cases, likely from

conformal deposition, and increases away from the catalyst droplet.
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Figure 5.5 (a) Side view SEM images of Ge nanowire arrays grown with a
standard base and followed by 10 diameter-modulation cycles, each consisting of 2
min with 0.28 Torr GeH4 and 1.92 Torr H, and the standard passivation sequence
at 385 °C. Arrows denote the position of the catalyst droplet during each TMSH
exposure. Scale bars, 200 nm. (b) Axial elongation rate (AL,/At) plotted as a
function of segment number (n) and gold colloid diameter. Inset: schematic
illustration showing the AL, measurement end-points. The diameter-modulated
segment closest to the substrate is denoted n = 1.

Energy dispersive X-ray (EDX) spectra of the catalyst droplet for both
nanowires (Figure 5.4) reveals the presence of Si in the catalyst droplet for
situations where TMSH is co-delivered with GeHy4. This finding provides an
explanation for the growth rate differences observed in Figure 5.1c. Importantly,

the creation of a SiGeAu alloy may impact supersaturation and/or interface

energetics, thus modifying growth rate and influencing our results. However, the
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fact that no Si is found for the nanowire in Figure 5.1a suggests that decoupling the
addition of TMSH (i.e., sidewall termination) and GeHy (i.e., nanowire elongation)
will mitigate the impact of Si incorporation. Even if a small quantity Si is
incorporated into the catalyst droplet during TMSH flow, the process is likely
reversible on a time and length scale far shorter than segment growth. In other
words, Si will be quickly expelled upon removal of TMSH and reinitiation of
GeHy flow. Reports for Si;Gex heterostructures provide support for this
reasoning.”” >’

We demonstrate that separating TMSH and GeHy delivery results in
constant nanowire growth rate as a function of axial position, which
experimentally confirms that Si does not impact our results. Figure 5.5a shows
nanowires with 10 diameter-modulated segments grown with 20, 30, 40, and 50
nm colloid. Each segment is achieved with 2 min at 0.28 Torr GeH4 and 1.92 Torr
H, followed by the standard passivation sequence at 385 °C. The former elongates
the nanowire with concomitant VS deposition, while the later passivates the
sidewall and inhibits additional tapering.

The elongation rate for each segment (AL,/At) is plotted as a function of
segment number (n) in Figure 5.5b. Despite the observed sidewall roughening,
which increases with distance away from the catalyst droplet, the shape and end
points of each tapered segment are easily identifiable. Unless the properties of the
catalyst (e.g., temperature, size, etc.) change as a function of distance from the
substrate, the length of each diameter-modulated segment, and thus measured

growth rate, should be constant. Consistent with this expectation, we find that
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growth rate deviates from the first segment length by no more than 0.4 % per total
number of segments. A clear diameter dependence, consistent with that observed
in Figure 5.1, is also seen. These data confirm that nanowire growth, with discrete
delivery of GeHs and TMSH, does not depend on axial position and permits the

pressure- and temperature-dependent measurements discussed next.
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Figure 5.6 (a) Side view SEM images of Ge nanowire arrays grown with a
standard base and followed by a sequence of pressure-dependent segments: 2 min
with 0.28 Torr GeH4, 2 min with 0.43 Torr GeHy, 2 min with 0.66 Torr GeHy, 2
min with 0.28 Torr GeH4, and 4 min with 0.17 Torr GeH4 with the balance as H,
for all segments at 385 °C. The growth of each segment is followed by the
standard passivation sequence. Arrows denote the position of the catalyst droplet
during each TMSH exposure. Scale bars, 200 nm. (b) Axial elongation rate
(AL/At) plotted as a function of GeHy partial pressure and colloid diameter.
Dashed lines are linear fits for each colloid size.

The dependence of nanowire growth on GeHy partial pressure is displayed
in Figure 5.6. Here, each diameter-modulated segment is grown with different, but
not monotonically increasing, GeH4 partial pressure at a constant temperature of

385 °C and total pressure of 2.2 Torr. More specifically, the first three segments
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(after the base) are each grown for 2 min with partial pressures of 0.43, 0.66, and
0.28 Torr GeHy, respectively, with the balance as H,. The final segment is grown
at 0.17 Torr GeH4 with the balance as H, for 4 min (i.e., twice the time) to ensure
that tapering is observable. Similar to Figure 5.5, the standard passivation
sequence is applied after the growth of each segment. We reemphasize that TMSH
is only delivered between segment elongation steps and not during. Side view
SEM images of the resulting nanowires are shown in Figure 5.6a. Nanowire
elongation rate, measured in the same manner as above, is plotted as a function of
GeHy partial pressure in Figure 5.6b for 20, 30, 40, and 50 nm colloid. Growth rate
is clearly proportional to GeH, partial pressure as previously reported.”” A
diameter-dependent slope is also found and consistent with the other growth data
included herein.

Diameter-modulation can also be utilized to explore the temperature
dependence of nanowire growth. Six successive, segments are grown at 385, 330,
360, 300, and 385 °C for 3 min with 0.28 Torr GeH4 and 1.92 Torr H,. Each
segment is passivated with the standard passivation sequence, during which the
substrate is ramped to and stabilized at the next temperature. We note that the first
and last segments are grown at the same temperature (i.e., 385 °C) to ensure
consistency and that temperatures are not changed in a monotonic fashion. Figure
5.7a displays side view SEM images of the resulting nanowires. Sidewall tapering
is clearly proportional to growth temperature as expected. The elongation rate of
the two segments grown at 385 °C are within 5% of each other for all diameters

and confirm that our results are independent of segment order or axial position.
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Figure 5.7 (a) Side view SEM images of Ge nanowires grown with standard base
followed by a sequence of temperature-dependent segments at 0.28 Torr GeH4 and
1.92 Torr Hy: 3 min at 385, 330, 360, 300, and 385 °C. Each temperature-
dependent segment is followed by the standard passivation sequence, during which
the substrate temperature is ramped to and held at the next condition. Arrows
denote the position of the catalyst droplet during each TMSH exposure. Scale bars,
200 nm. (b) Axial elongation rate (AL/At) plotted as a function of gold colloid
diameter and substrate temperature. The dashed curves for each temperature are
from a fit to the data based on Equation 5.7.

5.3.2 Empirical Model for Temperature, Pressure, and Diameter Phase Space
Dependence

Many models have been proposed to describe VLS nanowire growth.'®: 242¢
3% We fit our data to the recently reported model by N. Li et al,** but emphasize
that the use of this model is largely illustrative of the fitting made possible by the
rapid and accurate extraction of nanowire growth rate. The model assumes that

nucleation at the liquid-solid interface is rate limiting and leads to the following

expression for growth rate
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dL/dt= o exp (—dﬁs), (5.1

with

|/ SOS L
a = chymCsAS S 2wexp | — OISy (CCT>
\ i)

\i , (5.2)
J

g = mS(05)"ys? (QSYVS_ZQLYVLSin(G))' (5.3)

2 QS
cL
Ceq

where dg — nanowire diameter, C* — Ge atom concentration in the droplet, CeqL —
Ge atom concentration in the catalyst droplet at equilibrium with the Ge solid
assuming a flat liquid-solid interface, Co° — volumetric atom density in the solid, A
— solid layer thickness, ® — capture rate of Ge atoms by growing island, Q° — solid
Ge atom volume, Q" — liquid Ge atom volume, y.s — liquid-solid interface energy,
yvs — vapor-solid interface energy, yyvr — vapor-liquid interface energy, k —
Boltzmann’s constant, T — absolute temperature, 0 is the catalyst droplet contact
angle to the liquid-solid interface plane. The assumptions that len(CL/CeqL) >>
2(QSYVS - 2QLYVLsin(9))/ds and Q% = Q' allow the terms dependent in nanowire
diameter to be collected, which should be valid here when far from the critical
diameters.”

The diameter and volume of the catalyst droplet, assuming a spherical shape,
are related via dp. = [(24V/n)(1+cos(0))?(2-cos(0))']">. The diameter of the liquid
catalyst droplet (dp) and solid nanowire (ds) beneath can be related via ds =

disin(0). V is the actual volume of the catalyst droplet and can be expressed as V =
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dc01101d3(7t/6)/(1-CLQL), assuming an ideal solution, where dcop0ig (nm) is the original
diameter of the, assumed spherical, Au colloid nanoparticle. Substituting these
relationships into the above equations provides growth rate as a function of Au

colloid diameter

dL o _ B!
/dt - aexp ( dcolloid) PGeH4 ' (54)
' $4S5/2 m30SyLs?
a = KymnCyA>>“wexp| — o , (5.5)
z(kT)%(%)
€q

1

)5, (5.6)

2 1
g _ m30%y15*(0%yvs-20"yvisin(®)  (1+5in(6))3(2-sin(8))3 (1-KPgen, 0"
Kp 2 sin(0) 4
KT len(%)
Ceq

where K = C"/Pgens is a temperature-dependent equilibrium constant, assuming
crystallization is rate limiting and Pgepns is the partial pressure of GeHy (Torr).
Based on the data shown in Figure 5.6, the pressure dependence appears nearly
first order (1.00+0.02). Clearly, almost every unknown variable comprising the
lumped parameters (i.e., a‘ and ’) varies with temperature. Thus, we determine,
via fitting of our data, the functional form of the overall T dependence for each
parameter using a minimum number of free variables. o and B’ exhibit a
exp(AxT) and BxT—C relationship, respectively, where A, B, and C are positive

empirical constants. These dependencies lead to the following final rate expression

BT-C

dL/dt = exp(AT) exp (— -

) Pens - (5.7)

colloid
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We plot our data as In(AL/At/Pgens) as a function of 1/dcoiid, @s shown in Figure
5.9a, to extract o’ and B’ from the slope and y-intercept, respectively. We find that
A= 1.01><10'2, B = 1.18><10'1, and C = 6.64x10" when using data collected at all
the temperatures shown in Figure 5.7. This equation successfully captures, as
shown in Figure 5.7b, the decrease of growth rate with decreasing diameter and the

increase of diameter dependence with increasing temperature.

Colloid Diameter (nm)

Figure 5.8 Additional side view SEM images of the samples in Figure 5.7 showing
typical kinking and missing segments observed for segments grown at 300 °C. Scale bars,
200 nm.

We note that segments grown at 300 °C appear to deviate from the model
prediction. At this temperature, we observe that the segment grown at 300 °C is
kinked (Figure 5.8) and, in some instances, is missing entirely or undetectably
short. We attribute both of these effects to solidification of the droplet upon

removal of GeH4 and cooling at the end of the previous segment. This behavior,

which results in vapor-solid-solid (VSS) growth’' and/or kinking, is well-
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documented during sub-eutectic Ge nanowire growth. Thus, we tentatively
attribute the reduced elongation rate (AL/At) to the extra time (At) needed for
liquefaction of the solid catalyst when GeHy flow is reinitiated at the beginning of
the segment. Nevertheless, the model is able to describe our results reasonably
well, especially at larger diameters and higher temperatures where nanowires are

less susceptible to solidification.”'
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Figure 5.9 (a) Temperature data plotted in linearized version of equation 5.7.
Dashed lines are linear fits to each individual temperature range. (b) Axial
elongation rate (AL/At) plotted as a function of gold colloid diameter and substrate
temperature. The dashed curves for each temperature are from a fit of equation 5.7
to the data for 330 — 385 °C temperatures only, showing the reversal of the
diameter dependence sign at 300 °C.

The model, when fitted to our data, suggests diameter-independent growth
will occur at 290 °C; however, it’s clear that our 300 °C data remains diameter-
dependent. If we assume that the morphological and trend differences observed for
growth at 300 °C are attributable to catalyst droplet phase change, then a fit

without data at this temperature is warranted. This possibility is explored in Figure

5.9b, which shows the experimental data and model prediction when excluding the
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300 °C data in the fit. We find A = 1.01x107, B = 1.47x10™, and C = 8.57x10' for
this case. Importantly, this fit results in the prediction of an inverse diameter-
dependence at temperatures below 310 °C that results from a sign change for p’.
Such behaviour is known for other nanowire systems,**>* but its significance here,

if any, requires additional investigation.

5.4 Conclusions

We demonstrate a new method for determining semiconductor nanowire growth
rate at a range of pressures and temperatures. The technique relies on user-defined
morphological markers, in the form of diameter-modulated segments positioned along the
axial direction of VLS-synthesized nanowires, to rapidly and accurately measure length
via electron microscopy. To demonstrate the usefulness of this approach, we fit an
empirical expression for Ge nanowire growth rate as a function of diameter, substrate
temperature, and precursor pressure with data extracted from just a single experiment.
TMSH is an excellent precursor for this purpose due to its ability to passivate the
sidewall without permanently impacting nanowire growth rate or direction. While
additional studies are necessary to determine the chemical functionality responsible for
the observed resistance to GeH4 decomposition, we suggest that -CH3 moieties play an
important role. Finally, we note that chemical termination of the sidewall, when
accomplished without influencing the triple-phase line, is beneficial for dopant profile

and heterostructure engineering.
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CHAPTER 6

CONCLUSIONS

6.1 Impact and Related Work

In recent years, the significance of user defined chemistry-structure relationship in
VLS has been demonstrated by several reports. The incorporation of atoms into the
nanowire from the droplet is the foundation of VLS growth and has been known from the
initial observations. Much early work was spent on studying basic thermodynamic effects
from temperature and pressure variations, and the resulting properties of observed
nanowires' ™ with precursors borrowed from thin film chemistry. However, the first direct
confirmation of surface chemistry effect on the VLS growth of nanowires was shown by
Shin, et al only in 2012.° The authors grew Si nanowires with Si;Hg and an in-situ FTIR
spectrometer correlating strong Si-H signals to <110> oriented nanowires at low
temperatures and high pressures and weak S-H signals to <111> nanowires grown under
high temperature and low pressure conditions. The relationship of surface hydrogen to
morphology was then confirmed through introduction of atomic hydrogen that induced
kinking to <112> from <I111> of nanowires with diameters larger than 100 nm through
chemical bonding. After all, temperature and pressure affect desorption and adsorption
kinetics of chemical species on the sidewall, and not just the nucleation driving forces
from semiconductor atoms. The importance of ligands (e.g. -H in Si;Hg) used in vapor

phase species became clearer.
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In parallel, our research on Ge nanowire synthesis yielded similar results in
kinking the nanowires via the use of additional methyl groups.® In both cases, at low
temperatures where the surface species had longer lifetimes, a specific growth orientation
was selected, while at higher temperatures or when surface species were not used, a
different orientation became favorable. Just as the Si case was able to use atomic
hydrogen to modulate growth orientation, we were able to do the same by modulating
methyl containing GeH;CH3 species on and off from concurrent flow with GeHy creating
kinking superstructures (Chapter 3). Further work demonstrated the ability to utilize
surface-species-rich conditions to introduce defect planes into group IV nanowires for
rational control of the lattice within same material.” ® Even thin-shell formation was
reported through reactions at the triple phase line with O,” and C,Ho/HCI'® chemistries in
addition to GeHy. Overall, these studies demonstrated the ability to change structural
properties of nanowires through reactions directly at the growth front by the triple phase
line.

Other interface reactions of interest are on the sidewalls away from the droplet
that govern the radial growth and tapering without impacting the growth front. In chapter
3, GeH3CH3/GeH4 combined system was successfully used to reduce sidewall reactions
and change growth orientation. However, the combined effect of tapering suppression
and orientation control made it difficult deconvolute the effects with high selectivity.
Chapters 4 and 5 focused on the use of surface species to block the sidewall termination
without orientation control. To this end, we used tetramethyltin (Chapter 4) or
trimethylsilane (Chapter 5) successfully as a molecular resist on the sidewall to govern

where and when, during growth, the vapor-solid deposition was allowed to occur.'’ In
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both cases, orientation controlling effects at triple phase line were suppressed. This
allowed us to demonstrate chemical morphological control selectively at the sidewall,
opening up an avenue to explore what makes reactions selective in VLS. For example,
additional methyl groups on trimethylsilane, when compared to (mono)methylsilane,
appear to quench the kinking mechanism, possibly due to steric effects and lower
reactivity. We then took advantage of easily observed radial morphological changes to
study effect of tetramethyltin on axial growth rate and various temperature and pressure
process conditions in axial superstructures, rapidly on top of one another. Tetramethyltin
appeared to have a secondary effect of slowing down axial growth permanently without
permanently impacting the radial expansion.

The major contributions of this work are as follows. First, it introduced the
concept of using concurrent or intermittent flows of growth and surface reacting groups
for rapid chemical modulation via a highly reactive anchor group (Ge-H, Si-H, Sn-C)
bonded to more stable groups (e.g. Ge-CH3, Si—CHj3, Sn) for modifying surface chemical
stability on demand. This stability in turn drives either stabilization of specific facet
formations that lead to kinking or acts as a “molecular resist” and blocks conformal
deposition directly on the sidewall at user-selected locations. This work allows robust
generation of diameter modulated superstructures with user-defined expansions or
introduction of changes in the crystal growth direction at user defined intervals from
simply varying the precursors alone. The specific chemistry or the basic synthetic
approach of allowing or blocking conformal deposition can be used by research groups
around the world now to create and optimize the nanowire structure they want for the

properties they need.
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Temperature studies of MG growth suggested a link between decomposition of
methyl groups on the Ge surfaces and growth orientation, matching the connection
behind hydrogen decomposition on Si and growth orientations.” Similarly, rapid
decomposition of surface hydrogen from Ge surfaces compared to more stable TMT or
TMSH delivered moieties can influence the lateral dimensions. Overall, these studies also
highlight the importance of selecting specific ligands for delivering semiconductor atoms
in CVD processes. The decomposition of surface species with a clean desorption (such as
with —H species) or decomposition with products remaining on surface (such as with —
CHs;) will have to be taken into account. The stability of the ligands delivered to the
nanowire surfaces have to be taken into consideration to predict the final morphology of
nanowires rather than blindly explore the vast phase space of process parameters and
functional group chemistry. This, in turn, allows rational engineering of the chemistry for
the formation of specific user-defined predictable nanowire structure.

The other major contribution is the use of these morphological markers to study
kinetics of growth under varying conditions (time of tetramethyltin exposure,
temperatures, pressures) within a single wire. These morphological methods provide a
simple way to rapidly extract kinetic profiles from ex-sifu measurements and serve as
calibration or exploration tools. These calibration recipes can be used to match process
conditions between various reactors or to observe deviations from the standard conditions

due to other experimental variables, such as additional precursors.

6.2 Future Outlook
The bottom-up synthesis of semiconductor nanowires has come a long way since

its initial demonstration in 1964."* Vapor-liquid-solid (VLS) synthetic approach has
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allowed many nanoscale material systems to be successfully demonstrated."* Methods are
continuously investigated in forming structures with axial and radial compositional and
dopant profiles, changes in growth orientations, defect introductions, modifications to
sidewall morphologies, and other motifs. However, a majority of these studies are done
through investigating the pressure and temperature phase space with chemical precursors
designed for 2-D thin film growth. As this research field matures, the “low hanging
fruits” of basic growth parameters will get rapidly exhausted and additional approaches
will be vital to further progress. The empirical approaches to finding novel arbitrary
structures through growth parameter exploration are limited and inefficient. A more
direct approach is essential for creating new technologies and materials based on user
demands. Nanowire growth field requires fundamental understanding of the chemistry-
structure-property relationships for demanded applications. The addition of chemistry
variation increases the phase space for VLS growth considerably while providing
important new handles of the underlying synthesis, including synthesis far from the
thermodynamic equilibrium. Ideally, researchers would want the ability to build
complexity in nanostructures much like an organic chemist builds complexity in
molecules via specific and targeted steps from a synthetic “toolbox.” The complexities of
VLS growth, in particular three distinct phases and their relationships, force us to
consider and design reactions for multiple interfaces.

Future progress in the field will have to address molecular precursor designs for
selective reactions at multiple interfaces, degenerate symmetry of the crystal lattice, and
high yield reproducibility. External fields (e.g. magnetic, electric, etc.), custom designed

catalyst particles (alloys, multiphase), directional radiation (photon, electron, etc.),
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addition of top-down approaches (etching, lithography, plasma processing, etc.), self-
assembly on the nanostructures (Van der Waals attachment, click chemistry,
polymerization, hydrophobic/hydrophilic interactions, etc.), and many other ideas are still
available for expansion of the synthetic phase space and breaking away from the
limitations and degeneracy of a simple symmetric crystal. For example, an external
magnetic field may be used to break the symmetry of the catalyst particle and aid the
nucleation event at a specific edge to allow formation of kinks to a specific among
degenerate crystal growth directions. Combinations of etching and growth could allow
formation of quantum scale nanowires or segments of nanowires grown at larger more
controllable diameters. [In-situ crystallographic and compositional analysis (e.g.
environmental TEM, EDX, etc.), in-situ chemical bond detection tools (e.g. XPS,
electron energy loss spectroscopy, Fourier transform infrared spectroscopy, Time-of-
flight mass spectrometry, etc.), and ex-situ analysis (e.g. atom-probe tomography, SEM,
etc.) provide methods of gaining further fundamental understanding in the chemistry-
structure relationships of VLS growth. Furthermore, as more synthetic mechanisms are
developed, the complexity of possible nanomaterials from their combinations will grow
rapidly.

Mastering the chemistry-structure relationship would allow the design of
nanowires for specific properties and applications that range from everything
semiconductors are used for to more novel ideas. While the 1-D applications are the most
apparent, VLS growth of nanowires can serve as a foundation for building complex 3-D
architectures. Controlled changes in compositions, orientations, radial and axial

dimensions could also theoretically allow bottom-up synthesis, or self-assembly, of very
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complex designs at the nanoscale like 3-D nanoprinters. It is not difficult to imagine only
needing the seed particles on a growth surface to create unlimited copies of high-
complexity user programmable designs simultaneously, side-by-side in roll-to-roll like

processing.
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