Controlling vapor-liquid-solid growth of
copper-seeded silicon microwire arrays

for solar fuel generation

by
Sridhar Majety

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba
in partial fulfillment of the degree of
MASTER OF SCIENCE

in the
Faculty of Engineering

Department of Electrical and Computer Engineering

Copyright © 2018 by Sridhar Majety

1



Acknowledgements

| would like to thank the Department of Electrical and Computer engineering for accepting me to
the master’s program. | am greatly indebted to my advisor Prof. Derek Oliver for his inspiration
and support, as well as encouragement to pursue ideas and shaping them with his valuable critique.
| am thankful to Prof. David Herbert for allowing me to access the microwire growth facility in
the Department of Chemistry. My research work wouldn’t have been a better experience without
the support of my colleagues Onkar Singh Kang, Patrick Giesbrecht, Kevin McEleney, Ravinder
Sandhu, Jordan Engel, Alex Ogaranko, Seth Cathers and Tao Xu. | would like to thank my family
who supported my decision to pursue graduate studies and my friends Emily Barker, Praneeth
Chakravarthula, Venkata Revanth for talking me out of my frustrations. And to my other friends
in engineering Mrigank Rochan, Mallikarjun Thammiah, Sumanth Kuntavalli, Puneet Anand,
Vaibhav Dubey, Mayank Thacker, Anton Vykhodtsev for making this entire experience

memorable.



Contents

ACKNOWIBAGEMENTS ...ttt bbbt I
IS o) T [0TSR iv
List of Copyright Material obtained with PermisSSion..........cccccvecviieiieie i iX
1 INEFOQUCTION ...ttt b e nr e r e 1
1.1 Artificial PhotoSYNteSIS QEVICES .......eciviiiiiieiecie sttt 2
1.2 TRESIS OULHNE ...ttt 3

2 Literature ReVIEW and TREOTY: ......coiiiiieieieiie et 5
2.1  Silicon microwire arrays grown using Vapor-Liquid-Solid (VLS) technique:................ 9
2.2  Catalyst Materials for VLS growWth: .........ccoooiiiiiiiie e 12
2.3 Parameters inVOIVed iN groWEN..........ccooiiiiiicccec s 15
2.3.1  The role Of tEMPEIALUIE. ........coiiieieie et 17
2.3.2  The Role Of NYArOQEN .....ccuoiiiieieee e 18
2.3.3  The Role of the SHICON PrECUISO .........coiiiiiiieieiee e 18
T o o 1o To TSP 25

2.4 Doping by Metal CatalySt...........coueiieiiiieie e s 28

3 EXxperimental MethOdS .........ccuvoiiiiiiccic et 31
3.1 SUDSLrAte PrePAratiON..........coiiuiiiiiieieie ettt bbb 31
3.2 Growth in @ CVD TUMACE .....cciiiiiiiiiie e bbb 34
3.2.1  Silicon Microwire Growth at 950 °C .........cccoeiiriiiiiiieie e 37



4

5

6

10

3.3 EICCIIICAl MEASUIEIMIENTS. .. ..ottt e e et e e e ettt e e e e e e ee e eeeeeeeenan 38

RESUILS AN DISCUSSION ...ttt 40
4.1  DOPING CONCENIIATION ...ttt bttt n bbb 43
4.2 Morphologies of the MICIOWITES .........ccoiiiiiiiiiiee e 47
4.3 COMPOSITE MICTOWIE ....cuviuiiieitiiti ettt b bbbttt nn bbb 52
4.4 Microwire Growth at 950 OC ........cceiiiiiriiiiiiieee e 54
4.5  IntrinSic-p* dOPed MICTOWIIES ......c.cuvitiieieiiteciee ettt 56

Conclusions and FULUIE WOTK ...........couiiiiiiiiieie e 60
5.1 CONCIUSIONS ...ttt bbbttt n bbb enes 60
5.2 FULUIE WOTK ..ot bbbttt bbb 62

APPENTIX A ettt et et e et et e areeate et e areenaeere e e nreeaeas 64

APPENTIX B oottt e et e e ae e re e e nre e 66

APPENTIX C oottt ettt e s a e et et e ae e te et e araeaae e reareenreeneeas 68

APPENTIX D ettt a bbb 70

RETEIENCES ...ttt bbb bbbttt e bbb 72



List of Figures

Figure 2-1 The conduction (Ec) and valence (Ev) bands of an ideal semiconductor for a water
splitting reaction with absolute energy scale on the [eft axiS...........ccoiveiiniiiiiieic 6
Figure 2-2 Prototype device proposed by Gray [10] with high aspect ratio structures as the photo-
electrodes. The red region is n-type material- to carry out the oxidation of water and the blue region
IS p-type material-to carry out proton reduction. The green region is an ionic membrane that allows
conduction of ions and electrons between the two regions. The spheres on the surface of these high
aspect ratio structures represent a catalyst to promote the OER and HER. Reprinted with
permission from [10]. Copyright (2009) Macmillan Publishers Ltd: Nature Chemistry. .............. 7
Figure 2-3 p-i-n microwire structure shown with energy band diagrams straddling the
electrochemical potentials of OER and HER required for splitting of water into hydrogen and
(0) Q[ [=] 1 1R TP 8
Figure 2-4 Schematic indicating the interfaces at which the 4 steps of a VLS process occur...... 10
Figure 2-5 Gold-silicon system phase diagram [15]......ccccceovieiiiieiiiciicc e 13
Figure 2-6 Silicon whisker growth as a cycle of two steps: crystallization, droplet movement. The
forces acting at the edge of the liquid-solid interface (red circle) are shown for both the cases. The
newly grown layer is indicated by a dashed line. Adapted with permission from [14]. Copyright
(2009) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim..........cccccevviieiieceie e 14
Figure 2-7 Change of growth rate with temperature for silicon nanowires for d=3-40 nm (labelled-
“this work™ [44]), d=100-340 nm (labelled-Lew et. al [45]), d=0.5-1.6 um (labelled-Bootsma et.al
[13]) using SiH4 as silicon precursor. Reprinted with permission from [44]. Copyright (2005)

AMerican INSHItULE OF PRYSICS. ....uviiiiiiie i anees 19



Figure 2-8 Variation of measured growth rates of silicon whiskers with diameter for various molar
concentrations SiCls/H> i.e. supersaturations (levels of supersaturations increasing froml to 4).
Reprinted with permission from [12]. Copyright (1975) North-Holland Publishing Company... 23
Figure 2-9 The dependence of growth rate (dL/dt) with diameter (d). The solid line represents the
least square fit. Reprinted with permission from [38]. Copyright (2006) American Physical
RS0 To3 -] PSSR 24
Figure 2-10 Schematic of axial dopant incorporation showing various dopant fluxes and
concentrations. Reprinted with permission from [49]. Copyright (2011) Materials Research
RS0 Tod =1 OSSR 26
Figure 2-11 Position of impurity levels created by catalyst metals with respect to middle of
bandgap. The impurity levels above mid-gap level marked with solid symbols are donor levels and
open symbols are acceptor levels. The impurity levels below mid-gap level marked with solid
symbols are acceptor levels and open symbols are donor levels. Reprinted with permission from
[14]. Copyright (2009) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.............c.ccccccvene. 29
Figure 2-12 Threshold concentration of impurities for solar cell performance reduction. Reprinted
with permission from [58]. Copyright (1986) EISeVier B. V. .......ccccccveieiiieiicieiecce e 30
Figure 3-1 Optical image of wafer substrate post UV exposure development. The dark regions
represent exposed regions and the bright regions is the photoresist. ..........ccccoceevviveiieic i, 33
Figure 3-2 Schematic of the wafer processing used to pattern the wafers with the copper catalyst.
The color representation is as follows: blue- silicon wafer, yellow- SiO, red- photoresist (HPR
10 o - g To TR o] o] o] SRS SURPRSRPP 34

Figure 3-3 Schematic of chemical vapor deposition furnace used to grow silicon microwires. .. 36



Figure 3-4 Scanning electron microscope (SEM) image of the microwire arrays grown using the
VLS technique in this study. Inset shows an identical array of microwires with metal catalyst at
the tip OF the MICTOWITES. ......eeiiiic et esre e neanee e 37
Figure 3-5 Schematic of a) two-point measurement where direct contact is made by a pair of probes
to record the V-I response. b) four-point measurement showing the outer and inner probes as
connected to the semiconductor device analyzer (Agilent B1500A). The outer probes were
positioned to the ends of the microwire and the spacing between the inner probes was changed to
have different probe separations and was used to measure the resistivities of various sections of
TNE MICTOWITE. ...ttt b et b et b e e et e b e nbesbenbenbeenes 39
Figure 4-1 Phase diagram of a copper-silicon eutectic system [15]. ......ccccocevvveviiiiiiievcciieceens 41
Figure 4-2 Linear response of microwire growth rate to silicon precursor flow rates (samples p1-
p4). The lengths of the wires were measured on the glass slide. The measurement uncertainty is of
the order of the size of the data points. The line does not pass through zero because at lower flow
rates the droplet Would NOt SAEUFALE. ..........coviiiiieie e 43
Figure 4-3 The variation of doping concentration with the ratio of dopant concentration to SiCl4
concentration in ppm for n-type doped microwires (log-log scale)..........cccccevvevviveiieiecceceee. 45
Figure 4-4 The variation of doping concentration with the ratio of dopant concentration to SiCls
concentration in ppm for p-type doped microwires (log-log scale). The data is plot as two sets
based on the parameter varied during the growth proCess. ..........cccecevieiieiieiiieie e 46
Figure 4-5 SEM images of silicon microwires a) p-type doped microwires grown in 10 sccm flow
rate of SiCls (p4) having 12 facets (alternating {110} and {211} crystal directions); b) p-type with

6- {211} facets grown in 1 sccm flowrate of SiCls (same conditions as p1) for 120 minutes. .... 49

Vi



Figure 4-6 SEM image of microwire grown at 1 sccm for 360 minutes (p1). The wires look almost
triangular with three of the larger facets looking flat and having no secondary faceting............. 50
Figure 4-7 SEM image of a microwire grown at 1 sccm of BCls flow rate (p7). Reduction in the
concentration of boron in the reaction chamber did not alter the number of sidewalls and resulted
in 12 faceted for all samples even with a change of BClz flow rate (p4-p7). ....cccoovvereniiininnnnn 51
Figure 4-8 SEM image of microwires a) n-type with 12 facets (alternating {110} and {211} crystal
directions) grown with 22 sccm PH3 (n1); and b) 6- {211} facets grown when PH3 flow rate was
ST ot o 0 I (1) PSRRI 52
Figure 4-9 Composite Si microwires - SiCls flow rate of 10/1/10 sccm. a) & b) evidence of 12-
faceted wire grown at 10 sccm with transition to a 6-faceted wire grown during 1 sccm growth. c)

& d) detail of transition between 12- and 6- faceted growth mode (arrows pointing the transitions).

Figure 4-10 Optical images of composite Si microwires (SiCls flow rate of 10/1/10 sccm). a) Two-
point electrical measurement from end-end of wire. b) Two-point electrical measurement at one
end of the wire (excluding 1 sccm-growth region). ¢) Wire failure (structural shear) at slow-growth
region. d) wire failure (slow-growth region melting at 9 MA). .......cccooveii e 54
Figure 4-11 SEM images of wires grown at 950 °C a) temperature changed at 1 °C/min. The
sidewalls are 12-faceted with saw tooth like features on the sidewalls with a periodicity of 0.5 um.
b) temperature changed by changing the set point to 950 °C (cooling time ~ 5 minutes). The
sidewalls are 12-faceted and SMOOTN. .........ccoiiiiiiriiii s 56
Figure 4-12 Resistance calculated from four-point measurements for different spacing between the
inner probes. Inset shows the initial position of two inner probes on the p+ side and the left probe

IS Moved iN the direCtioN OF ThE AITOW. ......eeeeeieeee e eeeeeeeeeeeeneennees 57

vii



Figure 4-13 Resistance calculated from four-point measurements for different spacing between the
inner probes. Inset shows the initial position of two inner probes, one on the intrinsic and other on
the p* side and the right probe is moved in the direction of the arrow. ............ccccceevvevievicienenn, 59
Figure 6-1 Temperature profile inside the furnace as a function of distance from the center on the
entry side of the gases. The region where substrates are placed is marked in the figure. ............ 65
Figure 8-1 Substrate surface completely etched after 15 minutes etch in KOH at 80 °C............. 69

Figure 8-2 SEM image of a p-type microwire etched for 210 seconds in KOH at 50 °C and

thickness changed from ~ 3 um to ~ 0.8 um (marked in the figure). ........ccccceveveeve i, 69
Figure 9-1 TEM grid with microwires placed on the grid. ... 70
Figure 9-2 TEM image of the ion milled MICrOWIFES. ..........cccoviiiiiiiiiicc e 71

Figure 9-3 Diffraction pattern of the microwire. The bright spot is due to the amorphous layer of

silicon that is present because of the MIIING. .......c.cccooviieiiece e 71

viii



List of Copyright Material obtained with permission

Figure 2-2 Copyright (2009) Macmillan Publishers Ltd: Nature Chemistry.

Figure 2-6 Copyright (2009) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
Figure 2-7 Copyright (2005) American Institute of Physics.

Figure 2-8 Copyright (1975) North-Holland Publishing Company

Figure 2-9 Copyright (2006) American Physical Society.

Figure 2-10 Copyright (2011) Materials Research Society.

Figure 2-11 Copyright (2009) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 2-12 Copyright (1986) Elsevier B. V.



1 Introduction

The increasing population of the world is resulting in growing need of energy and the energy per
capita has been going up too. The world population is 7.6 billion in 2017 and is expected to reach
9.8 billion by 2050 [1]. Over 85% of the current world energy requirements are met through non-
renewable sources of energy like coal, oil and natural gas. The possibility of the depletion of crude
oil in the near future in combination with the increased greenhouse gas emissions leading to global
warming in the past few decades, has motivated mankind to switch towards clean and renewable

form of energy.

Renewable energy (excluding hydroelectric energy) production has seen an increase in the last few
years and most of it coming from wind energy. Sunlight that is incident on earth surface (1367 W
per m?) is enough to provide the earth with a clean, sustainable form of energy. When the sunlight
is incident on a material, photons are absorbed to generate free electrons that contribute to
electricity. This phenomenon called the photovoltaic effect led to construction of the solar cell.
However, there are problems associated with adoption of solar energy that include the rather poor
conversion efficiencies, the storage of the energy, the cost of installation and the variation in the
sunlight levels throughout the year. There have been more and more studies to solve the economic
and efficiency aspect of the solar devices. Efficient storage of the converted solar energy can
address the lack of consistency in the sunlight levels. The solar energy absorbed can be used to
produce chemical fuels like hydrogen or the electricity could be used to charge batteries. The

chemical fuels or batteries could be used as sources of energy for various purposes.



1.1 Artificial Photosynthesis devices

Photosynthesis refers to the process in which plants use sunlight to convert carbon dioxide and
water to sugars and oxygen. The artificial photosynthesis device uses semiconductor material to
absorb the sunlight and to split the water molecule into hydrogen and oxygen. The splitting of

water molecule happens through the following reaction
H,0 > H, +1/,0,

The hydrogen produced is stored and used as fuel. Combustion of hydrogen releases energy and
the only by-product of this process is pure water. It does not involve any carbon emissions and
thus may be seen as a potential chemical fuel. The energy required to split a water molecule is 1.23
eV [2] and this energy is provided by the sunlight in these devices. The splitting of water molecules
involves losses such as inefficiencies in electron transfer at semiconductor/electrolyte interface
and resistive losses in the microwires arrays. Thus the energy required for successfully splitting
water can vary between 1.6-2.4 eV [2]. The requirement for a material to successfully split water
molecule is that the conduction and valence band of the material should straddle the
electrochemical potential of hydrogen evolution reaction and oxygen evolution reaction. A water
splitting cell has been demonstrated using TiO- [3] which has a bandgap of 3.2 eV. However, using

materials with bandgap > 2 eV would be inefficient because of poor conversion efficiencies [4].

Silicon, with a bandgap of 1.15 eV, is a suitable material for a single bandgap solar cell with good
conversion efficiencies. However, smaller band gap materials need to be used in combination with
other smaller bandgap materials to carry out the water splitting reaction [2]. A dual bandgap
configuration also allows the possibility to have separate half cells for hydrogen and oxygen

evolution reactions, which makes collection of the byproducts more efficient. High aspect ratio



microwire structures have been used to obtain better carrier collection efficiencies, which are
grown using a Vapor-Liquid-Solid method. Differently doped microwires can be grown using this
method. The doping levels are chosen such that the conduction band on the hydrogen evolution
side and the valence band on the oxygen evolution side straddle the electrochemical potentials
required for hydrogen evolution reaction and oxygen evolution reaction. The microwires grown
using this method have sidewall properties that are based on the growth conditions chosen and are
critical for attaching catalysts onto the surface of the microwires. This improves the carrier transfer
at the semiconductor/electrolyte interfaces. The purpose of this project is to set out the growth

parameters to grow p-n or p-i-n microwires that will enable efficient water splitting using sunlight.

1.2 Thesis Outline

The following parts of the thesis is divided into four chapters. The second chapter- literature
review, covers the theoretical background required for this research work that is covered by the
thesis. The chapter starts with an introduction to the cell configurations for the artificial
photosynthesis device and the requirements of the semiconductor material for the implementation
of such a device. This is followed by an overview of the Vapor-Liquid-Solid (VLS) method- the
growth process for high aspect ratio microwires. The following sections of the chapter mainly
covers the requirements of the catalyst materials for the VLS growth process and the role of

temperature, carrier gas, precursor gases and doping mechanism in microwire growth.

The third chapter starts with the cleanroom fabrication procedure to pattern the silicon substrate
with the copper catalyst. This is followed by a description of the chemical vapor deposition furnace
used for VLS growth. A range of growth conditions for microwires have been used to understand
the impact of silicon precursor and dopant gas flowrates on microwire properties. In the second

half of this chapter, the procedure to isolate microwires from the growth substrates is described.



The microwires are put onto a glass slide to perform two-point and four-point electrical
measurements. These electrical measurements are used to calculate the doping concentrations for

various growth conditions used in this study.

The fourth chapter involves the results and discussions of the study. In the initial part of this section
an understanding of the impact of silicon precursor and dopant gas flow rates on the dopant
concentration is presented through a detailed discussion of the microwires using four-point
electrical measurements. The impact of the catalyst as a dopant in the microwires is also discussed.
In the next part of this section an understanding the impact of the silicon precursor and dopant gas
flowrate on the sidewall properties of the microwires is obtained by examining the scanning
electron microscope (SEM) images of the microwires. Towards the end of the chapter, composite
microwires with varying silicon precursor flowrates in a single growth run and microwires grown

with two differently doped regions are examined.

In the final chapter a conclusion of the study and future work are presented. This section lists the

direction of research that needs to follow the work done in this thesis.



2 Literature Review and Theory:

The photo-electrolysis process involves conversion of light energy into electrical energy. This
electrical energy is utilized to split the water molecule into hydrogen and oxygen, in the case of a

water splitting cell. A single molecule of water splits according to the reaction:

H,0 > 1/,0, + H, AG = +237.2 kJ.mol™?
2H* +2e~ - H, Hydrogen Evolution Reaction
H,0 + 2h* - 1/2 0, + 2H* Oxygen Evolution Reaction

The free energy change (A G) to convert one molecule of water to Hz and % O, under standard

temperature and pressure (STP) conditions (273 K and 760 Torr respectively) is 237.2 kJ/mol. The
corresponding to an electro-chemical potential difference, AE® = 1.23 eV, is the energy

transferred per electron [2], [5].

The idea of a solar water splitting cell could be realized by using semiconductor materials, which
absorb solar energy to generate the carriers (electrons/holes) which in turn drive the water splitting
reaction. The ideal semiconductor material to carry out a water splitting reaction should have a
bandgap (Eg) large enough to split water (Eq>1.23 eV). Also, the conduction band edge (Ecb) and
the valence band edge (Ew) straddling the electrochemical potentials E°(H*/H,) and
E°(0,/H,0) i.e., the conduction band energy (Ecs) should be higher than the electrochemical
potential for hydrogen evolution- E°(H*/H,) and the valence band energy (Ew) should be lower
than the electrochemical potential for oxygen evolution- E°(0,/H,0) as shown in figure 2-1.
Under illumination, electrons and holes with energies sufficient to drive the hydrogen evolution

reaction (HER) and oxygen evolution reaction (OER) are generated.
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Figure 2-1 The conduction (Ec) and valence (Ev) bands of an ideal semiconductor for a water splitting
reaction with absolute energy scale on the left axis.

The carriers generated by the absorption of light energy need to travel to the semiconductor surface
before recombination, to participate in the electrolysis half-reaction. The carrier recombination is
determined by the minority carrier diffusion length (Lp), the average distance a minority carrier
diffuses before recombination. In a bulk semiconductor, to be able to collect carriers efficiently,
Lo > 1/a (absorption length), where o is the absorption co-efficient of semiconductor material
near its bandgap energy (Eg). Structures with high aspect ratio and larger surface area (for example:
non-planar structures like micro/nanowires), reduce the distance travelled by the carriers to reach
the surface (radially), while the light is still being absorbed along the length of the wire (axially).
Thus, this decoupled Lp from absorption length and allows high carrier collection efficiencies [6],
[7]. The carriers reaching the surface are transferred at the semiconductor/electrolyte junction to
drive the OER and HER. The transfer process involves losses related to electron transfer at

semiconductor/electrolyte interface and resistive losses in the microwires arrays. Taking into



account all such losses, the energy required for photo-electrolysis at a semiconductor electrode is

reported to be between 1.6-2.4 eV per electron-hole pair generated [8], [9].

Figure 2-2 Prototype device proposed by Gray [10] with high aspect ratio structures as the photo-electrodes.
The red region is n-type material- to carry out the oxidation of water and the blue region is p-type material-
to carry out proton reduction. The green region is an ionic membrane that allows conduction of ions and
electrons between the two regions. The spheres on the surface of these high aspect ratio structures represent
a catalyst to promote the OER and HER. Reprinted with permission from [10]. Copyright (2009) Macmillan
Publishers Ltd: Nature Chemistry.

A single bandgap device could be used for water splitting but for bandgaps larger than 2 eV the
maximum theoretical efficiencies of these cells drop drastically. A solution to this problem was to
use multiple bandgap cells with smaller bandgap semiconductor materials. Such a dual bandgap
configuration in a water splitting device would allow separation of the OER and HER thus enabling
safe and efficient collection of oxygen and hydrogen. Silicon is an attractive candidate as

semiconductor material for water splitting applications because it is earth-abundant and ubiquitous



in the technology industry. The bandgap of 1.12 eV for p-type silicon is suitable for splitting water

in a dual bandgap configuration for hydrogen evolution.

Prototype devices using semiconductor electrodes to absorb sunlight and store it in the chemical
bond of hydrogen via water splitting are of growing interest. Gray’s proposal [10] for such a system
consisted of two sets of microwires, p-type (photoanode) and n-type (photocathode) connected in
series through a conducting polymer membrane. This cell could safely separate the oxygen-
evolving and hydrogen-evolving half-cell reactions associated with the water splitting (see Figure
2-2 in [10]). In such a dual bandgap configuration, the bandgaps of both the electrodes must be

appropriate to produce enough photovoltage to drive both the HER and OER.

In principle, a single p-i-n microwire structure with the conducting polymer membrane positioned
across the intrinsic region is an alternative to the conventional two wire and membrane structure
(Figure 2-3). Aside from reducing some of the design requirements for the conducting polymer
membrane, the intrinsic region would reduce the leakage current losses along with any losses due

to contact resistance of microwire/membrane system.

EC
/ -qE°(H*/H,)
1.23eV] = L — — — — — — — — o O E F_ ] 1.23 eV
&\
-E° (0,/H,0) \
n-side p-side
(anode) (cathode)
membrane

Figure 2-3 p-i-n microwire structure shown with energy band diagrams straddling the electrochemical
potentials of OER and HER required for splitting of water into hydrogen and oxygen.



2.1 Silicon microwire arrays grown using Vapor-Liquid-Solid (VLS) technique:

The vapor-liquid-solid (VLS) mechanism is a chemical vapor deposition (CVD) process which
allows a bottom-up synthesis of highly crystalline silicon (or any other material) wires. The
mechanism for growing silicon whiskers using VLS was first proposed by Wagner and Ellis [11]

in 1964. The observations made in their study were:

1. The whiskers are dislocation free and unidirectional (mainly growing in the <111>
direction).

2. Impurities are essential for the whisker growth.

3. Aliquid-like globule is located at the tip of the whiskers during their growth. The extension

in length of the whisker occurs by addition of material to this globule at the tip.

When gold is deposited onto a silicon substrate and then heated to temperatures above 363 °C,
droplets of a Au-Si alloy will form on the surface. When this alloy droplet is exposed to silicon
precursor gases like silicon tetrachloride (SiCls) or silane (SiH4) the gas molecules dissociate on
the surface of the droplets and the silicon then gets incorporated into the droplet. The continued
supply of silicon to the droplet make it supersaturated with silicon, resulting in silicon crystallizing
at the droplet/silicon substrate interface. The vapor silicon is dissolved in the droplet, passes
through it and finally deposits as a solid. Hence the name vapor-liquid-solid (\VLS) for this growth

mechanism.

The wires grown in this process can be doped by using doping precursors. By switching the dopant
gas and its flowrate the doping profile of the wire can be varied in the axial direction. The benefit

of the VLS process is that it allows for a wide range of diameters for the liquid droplet, from tens



of nanometers to hundreds of micrometers. The growth rate of the wires is an important parameter
to understand and is dependent on the diameter of the droplet. The radius dependence of growth

rate depends on the rate determining step of the VLS growth process.

The VLS process involves three phases and two interfaces (vapor-liquid, liquid-solid). The choice
of the growth conditions decides the rate determining step. The process occurs in four main steps

(figure 2-4):

=

Mass transport of the precursors in the gas phase

2. Incorporation step: silicon precursor cracks at the surface of the droplet and silicon is
incorporated into the droplet.

3. Diffusion step: dissolved silicon atoms diffuse from the vapor-liquid interface to the vapor-

solid interface.

4. Crystallization step: silicon crystallizes at the liquid-solid interface to form a silicon wire.

B+

Figure 2-4 Schematic indicating the interfaces at which the 4 steps of a VLS process occur.
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The kinetic coefficients for the VLS process are an exponential function of temperature, whereas
the mass transport in gas phase usually follows a power law [12]. Thus, step 1 has no role in
determining the growth rate. The droplet is almost a hemisphere and thus the diffusion length from
the vapor-liquid interface to the liquid-solid interface is a function of the thickness of the whiskers.
The observation that the rate of growth is independent of whisker thickness [12] suggest that step

3 can also be neglected when determining the growth rate.

Bootsma and Gassen [13] concluded that the incorporation step is the rate determining step based
on the observation that the growth rate of silicon and germanium whiskers is linearly proportional
to the partial pressure of their precursors (SiH4 and GeHa). However, Givargizov [12] argued in
favor of the crystallization step being the rate determining step, based on the observation that
growth rate depends on the crystallographic direction in grown GaAs whiskers. However, the
conflict can be resolved by replacing the assumption of a single rate determining step with an

interplay between the incorporation and crystallization steps to determine the growth rate [14].

The critical parameter in determining the growth rate is the supersaturation of the droplet, which
is defined by the silicon chemical potential difference in the droplet and the nanowire [14]. If there
isn’t sufficient supersaturation of the droplet, the crystallization and hence the growth of the wire
does not happen. As the droplet becomes more supersaturated, the crystallization rate increases
and silicon chemical potential difference between the droplet and the silicon vapor decreases i.e.,
incorporation rate reduces. Under steady-state growth conditions, the incorporation rate should be
equal to the crystallization rate. The steady state condition determines the supersaturation in the

droplet to levels at which the incorporation and crystallization rates are equal. It can be concluded

11



that, the growth rate is an interplay of both incorporation and crystallization steps. Some other

possible growth mechanisms are discussed in section 2.3.

2.2 Catalyst Materials for VLS growth:

In some of the initial work for silicon whisker growth [11] gold was used as a catalyst material to
grow silicon whiskers through VLS mechanism. Most of the research involving VLS growth of
microwires or nanowires involved the use of gold as the catalyst. The several advantages gold

offered were:

1. Gold was one of the standard metals used for electrical contacts and hence was available
in most of the evaporation systems.

2. Gold has a high chemical stability and doesn’t oxidize easily even at elevated temperatures.
Thus, reducing the constraints on the oxygen background pressure.

3. The gold-silicon eutectic system has a strong reduction in the melting point (eutectic
point=363 °C) in comparison to the individual melting points of gold (1064 °C) and silicon
(1414 °C).

4. High % of silicon at eutectic point as shown in the phase diagram (Figure 2-5) indicates a
high solubility of silicon in the eutectic mixture. Thus, offering good growth rates and
allowing low silicon precursor partial pressures with which to work.

5. Gold has low vapor pressure at elevated temperatures (less than 10® mbar at 800 °C).

Hence, there is no loss of metal catalyst through unwanted evaporation during growth.
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Figure 2-5 Gold-silicon system phase diagram [15].

However, the biggest disadvantage for gold is that it is not compatible with complementary metal-
oxide-semiconductor (CMOS) production standards as it creates an impurity level in silicon close
to the center of the bandgap. This acts as a very efficient recombination center, significantly
reducing carrier lifetimes. The high chemical stability of gold inhibits removal of contaminant
atoms. These reasons motivated studies of alternate catalyst materials for silicon whisker growth.
All metals cannot be catalysts for VLS growth of silicon whiskers and the requirements for VLS

growth catalysts are [16, Ch. 1]:

1. It must have the ability to form a eutectic mixture (liquid) with silicon (for this research).
2. The solubility limit of the metal in liquid phase (Ci) must be higher than that in the solid
phase (Cs) i.e. K=C4/C < 1. This condition ensures minimal contamination of the whisker
grown and also prevents the reduction of the droplet volume (thus the wire cross-section)

during growth.
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3.

The vapor pressure of the metal at elevated temperatures should be small compared to the
pressure in the chamber during growth. This prevents metal the loss of metal catalyst
through evaporation.

The metal needs to be inert to chemical reactions. Any reaction of the metal with the
precursor gases could hamper the catalytic nature of the metal.

The surface tension of the liquid droplet should fulfill the Nebol’sin stability criterion [17]

as defined below.

A range of alternative metals have been explored based on the type of whiskers grown e.g. copper

[17]-[20], aluminium [17], [21], [22], silver [17], [23]-[25], nickel [12], [17], [26], [27], platinum

[12], [17], [26], [28], zinc [17], [26], [29]. The behavior of various metals as a dopant in the

whisker is discussed in the further sections.

: \J |

new layer growth Oy
(crystallization) 1

.

s droplet movement o
(de-wetting)

Figure 2-6 Silicon whisker growth as a cycle of two steps: crystallization, droplet movement. The forces
acting at the edge of the liquid-solid interface (red circle) are shown for both the cases. The newly grown
layer is indicated by a dashed line. Adapted with permission from [14]. Copyright (2009) Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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In the VLS mechanism, after the crystallization step and formation of a layer of silicon, the metal
droplet wets the sidewall of the whisker. This would result in a net vertical force that pulls the
droplet upwards by an amount equal to thickness of the newly grown layer i.e. the droplet de-wets
the sidewall of new layer. The continuous cycle of crystallization (wetting) and de-wetting results
in the silicon whisker growth as is shown in Figure 2-6. To have a stable and continuous growth,
the net force in the vertical direction must be upwards, which puts a lower limit on the surface
tension of the liquid. The Nebol’sin stability criterion determines the relationship between the
surface tension of the liquid (o)) and the surface tension of the solid (os) for a net upward force to

exist, and to de-wet the sidewall is given as:

o, > 0 /V2 )

where oy is the surface tension of the liquid and os is the surface tension of the solid. The value of
os for silicon is 1.2 J m [17] and this puts a lower limit on o) of about 0.85 J m. Droplets with
surface tension lower than this value are not capable of de-wetting the sidewall. Metals exhibit a
range of surface tension values: copper, nickel, platinum have surface tension values > 1.3 J m?;
silver and gold have values closer to 0.9 J m; while for aluminum, the value is 0.8 J m. Metals
with lower surface tension values (e.g. bismuth, lead and antimony have values around os = 0.4 J
m[17], [30]-[32]) tend not to promote whisker growth [17], although indium (0.5 J m?2[17]) has

been an effective VLS catalyst [17], [33], [34].

2.3 Parameters involved in growth

The VLS process is a chemical vapor deposition method in which precursor gases are flowed into

a chamber holding a substrate coated with metal catalyst and heated to temperatures above the
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eutectic temperature of the metal-silicon system. The growth process and the resulting microwire
properties are influenced by the temperature, the pressure, the metal catalyst, the diameter of the
wire, the nature of gases involved. The identifiable influences of each of these parameters are

discussed in the following subsections.

It has been observed that the silicon wires grown using this process are enlarged in the region
where the wire is connected to the substrate [35]. This expansion at the base should not be looked
on as an overgrowth of silicon. Givargizov [36] found that the expansion at the wire base is
independent or a weak function of the growth temperature used and the shape of the expansion
roughly scales with the diameter of the wires grown. Based on which he concluded that the
expansion of the base is related to a change in the contact angle of the droplet and not due to

overgrowth.

When the substrate is heated, a liquid alloy droplet is formed, and the shape of this droplet
determined by the liquid-solid contact angle, depends on the rate at which temperature increases
during alloying [35]. Gold-silicon alloy droplets showed a contact angle of 43° on flat silicon
surfaces, in the temperature range 400-650 °C [37]. As the wire starts to grow, the contact angle
increases and as a result the diameter of the wire decreases gradually. Once the wire grows beyond
the tapered section, the contact angle stabilizes and remains constant (no change in diameter) if
the growth temperature is not changed. It was observed that the droplet on top of a wire has a
contact angle close to 120° [38]. Evidently, the droplet shape and contact angle have to transition
in the initial stages of growth and thus validating Givargizov’s [36] conclusions. Qualitative
models were also derived based on Givargizov’s explanations which agreed with the experimental

observations [39].
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2.3.1 The role of temperature

The catalyst-silicon system should be heated to temperatures above eutectic temperature to form a
liquid alloy. When the temperature is increased above the eutectic temperature, the solubility of
silicon in the droplet increases and thus reduces the supersaturation and the axial growth rate [12].
The vapor-solid (V-S) deposition is found to increases with increasing temperature. Wires grown
at lower temperatures are twelve sided, alternating {110} and {211} faces. The {110} faces are
more favorable sites for VV-S deposition than {211} [35]. As the temperature is increased, increased
deposition on the {110} faces results in more material being added to the {110} faces in
comparison to the {211} faces. As a consequence, the {110} faces disappear as the surface area of
{211} facets increase, resulting in a six-sided wire with all {211} faces. Further increasing the
temperature, causes three of the six {211} faces grow at the expense of the other {211} faces. At

about 1300 °C, VLS and V-S growth rates become comparable [35].

Temperature changes during growth also affect the diameter of the wire. Since the liquid surface
tension is inversely related to the temperature when the temperature is reduced, the droplet contact
angle changes in order to balance the increase in liquid surface tension as per Nebol’sin stability
criterion [17]. Thus, the cross section of the wire decreases gradually and stabilizes when the
temperature is reduced. While changing the temperatures during growth, it is preferable that the
supply of silicon precursor should be reduced or stopped completely, and the temperature needs to
be reduced gradually. Rapid temperature changes may cause small droplets to be pinched off from
the seed droplet, leading to the formation of branches. An increase in temperature would result in
an increase in the cross section. For such a gradual increase in temperature, it is useful if the
proportion of silicon precursor in the carrier hydrogen gas is increased. This prevents the re-

melting of silicon at the liquid-solid interface which may destabilize the <111> interface. In
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extreme cases, the droplet may lose its stability and run down the side faces, causing uncontrolled

growth.

2.3.2 The Role of hydrogen

Hydrogen is used as the carrier gas in the VLS process. At elevated temperatures, pure silicon and
some of the silicon precursors and dopant gases are highly reactive with oxygen or water vapor.
Hence, the presence of hydrogen environment prevents the oxide formation on the wires. The flow
rate of hydrogen in the chamber determines the background pressure at which the growth happens.
The hydrogen gas provides a reducing atmosphere in which the silicon precursor/dopant gases at
the droplet surface, enabling the formation of elemental silicon/dopant species that is incorporated
into the droplet. The presence of hydrogen as background gas reduced the radial growth rate either
by suppressing the dissociation of silane (SiH4) [40], [41] or by suppressing the absorption of
reactants onto the silicon surface through surface passivation [42]. This would reduce the tapering
along the axial direction in the wires grown. Also, hydrogen gas has been identified to reduce

surface roughness of the wires by passivation in a way similar to that observed in thin films [43].

2.3.3 The Role of the Silicon Precursor

Silicon precursors like silane (SiHa), disilane (Si2Hs) and silicon tetrachloride (SiCls) have been
used to grow silicon whiskers. These silicon precursors dissociate on the surface of the droplet and
gets incorporated into the droplet. The growth rate depends on the temperature and the choice of
silicon precursor. The pressure in the growth chamber is mainly dependent on the choice of
gaseous silicon precursor and its cracking probability at the droplet surface [14]. Growth using
SizHs can be done at extremely low partial pressures of SioHs (10® — 10 Torr) [38], whereas, the

partial pressure of SiH4 required for wire growth is five orders of magnitude higher.
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Figure 2-7 Change of growth rate with temperature for silicon nanowires for d=3-40 nm (labelled- “this
work” [44]), d=100-340 nm (labelled-Lew et. al [45]), d=0.5-1.6 um (labelled-Bootsma et.al [13]) using
SiH, as silicon precursor. Reprinted with permission from [44]. Copyright (2005) American Institute of
Physics.

The growth rate of whiskers shows an Arrhenius relationship with the deposition temperature. The
activation energy for the growth process can be estimated from the slope of this Arrhenius
relationship. This value of activation energy can then be correlated to the rate determining step.
The activation energy of the growth process for gold-catalyzed silicon whisker diameters in the
range 3-40 nm is 230 kJ/mol [44], for diameters in the range 100-340 nm is 92 kJ/mol [45] and for
diameters in the range 0.5-1.6 um is 49.8 kJ/mol [13] (see Figure 2-7 [44]). The activation energy
of the decomposition of SiH4 (Ea) ranges between 213 and 234 kJ/mol in the temperature range of

375-1200 °C [44]. The reduction of activation energies for each of the growth processes in
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comparison to Ex is attributed to the catalytic decomposition of SiH4 at the surface of liquid droplet

and the rate determining step is decomposition of SiH4 in all the three studies.

The growth rate of the silicon microwires is proportional to the partial pressure of the silicon
precursor (SiHs [13], [44], Si2He [38], SiCls [46]) in the growth chamber. Wagner et al. [35]
estimated the growth rate V (cm/sec) for a given total gas flow rate f (cm®/sec), a SiCla/H2 mole

ratio fraction mg and reaction tube’s cross section A (cm?) as:

_ fmgM
 pAY,

where M is the molecular weight of SiCls, Vo is the standard volume of a perfect gas and p is the
density of solid silicon. The assumptions made in arriving at this equation included that the system
has a high flow rate, that the condensation coefficient (i.e. the probability of a gaseous species to
condense) is unity for the liquid alloy, and the absence of a disproportionation reaction that would
detract from the efficiency of growth (i.e. Si not ending up as a part of the microwire). Kodambaka
et al. [38] reported that the growth rate of silicon nanowires (dL/dt) is proportional to the partial
pressure of SioHe and the proportionality constant is related to the reactive sticking probability S
of an incident SizHe molecule. The sticking probability S is calculated using

dL/dt Awirepsi

S =
2F Agrop

where Awire iS the cross-sectional area of the wire, Adrop (~2Awire) iS the surface area of the
hemispherical droplet, psi is the atomic density of silicon and F is the SioHs flux which may be
estimated from the measured pressure. Bootsma et al. [13] used an expression for growth rate g
from the kinetic theory of perfect gases in which growth happens as a result of the number of

effective collisions of vapor molecules on a surface. The growth rate for the decomposition of SiH4
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gas molecules that results in the formation of a solid phase Si (Si vapor pressure is much smaller

than the pressure of impinging SiH4 molecules) is calculated as follows:

D M

9=, |2nRT

where p, T are pressure and temperature of the SiHs4, M is the ratio of the square of the molecular
weight of Si to the molecular weight of SiH4 (M = Mszi/Msl-H4), p is the density of silicon, R is the
gas constant and the factor a is the efficiency of the collision process or the fraction of impinging

SiH4 molecules yielding in a free radical Si molecule. The value of o may be given by
a = a,exp(—E/RTs)

where Ts is the temperature of the substrate and a, is the temperature independent factor and E is

the activation energy. The values of o, and E are characteristic of the decomposition reaction.

Wagner’s model [35] shows that there is an empirical relationship and this was derived based on
the concentration gradient of silicon at the liquid-solid interface. Calculation of growth rate from
this relation is reasonable only under growth conditions that have limited supply of silicon from
the vapor. The other two models by Kodambaka [38] and Bootsma [13] are derived based on the
sticking probability of the silicon precursor gas molecules on the catalyst droplet and is applicable
for growth processes where the rate limiting step is determined by the Si incorporation. To apply
any of these models, the activation energy may be calculated from the Arrhenius relation for a
VLS growth process. This activation energy, in comparison to the activation energies of each of
the steps of a VLS growth process, would help finding the rate determining step for a VLS growth

process, based on which one of the above three models discussed can be chosen.
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There are deviations from the ideal uniform growth rate model for VLS growth of silicon wires.
Some of the non-idealities are due to the diffusion of metal catalyst from or to the droplet. At the
beginning of the growth, the growth rates are slow and non-uniform (a typical seeding effect).
When the metal droplet is supersaturated with Si the growth rate becomes constant. As the metal
catalyst diffuses away from the droplet, the size of the droplet reduces, and the droplet maintains
its composition by crystallizing the silicon at the liquid-solid interface at an increasing rate
(increased growth rate). The deviation & in the linear growth rate due to the changes in the size of

the droplet is given by the relation [38]:

dv
6 = ~f —/m(d/2)?

where f is the volume fraction of silicon in the droplet, dV/dt is the rate of change of droplet volume
and d is the diameter of the droplet. In general, wires with increasing diameters as they grow
exhibit a decrease in growth rate while wires with decreasing diameters as they grow exhibit
accelerated growth rates [38]. The tapering of the wire as it grows could be a result of the metal
catalyst being consumed from the droplet and not just because of the sidewall deposition [38].
Consumption of the metal catalyst (incorporation into the microwire) causes the droplet to shrink
as the wire grows. In turn, the cross-section of the wire (related to the diameter of the droplet) will

decrease as the wire grows.

Another important parameter that determines growth rate is the diameter of the droplet.
Givargizov’s argument [12], [34] that the wire growth rate depends on the level of supersaturation
and thus, on the wire diameter would be valid for growth near equilibrium or when the growth rate
reflects a kinetic competition between silicon adsorption and crystallization. The rate of

crystallization exhibits a Gibbs- Thomson effect, because the silicon chemical potential is constant,
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hence the growth rate is expected to depend on the wire diameter. In Figure 2-8 the variations of
growth rate are shown as functions of the wire diameter at different molar concentrations of
SiCla/H>. 1t can be seen that whiskers with smaller diameters grow slower than those with larger
diameters [12]. There exists a critical diameter at which the growth completely stops as a result
of decrease in growth rate when supersaturation decreases (growth rate is proportional to square
of supersaturation). The critical diameter reduces with an increase in the molar concentration of
SiCla/Hz> i.e. supersaturation [12] i.e. higher pressures are required to grow whiskers of smaller
diameters [47]. There are reports confirming such a diameter dependence and the existence of a

critical diameter [44].
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Figure 2-8 Variation of measured growth rates of silicon whiskers with diameter for various molar
concentrations SiCla/H; i.e. supersaturations (levels of supersaturations increasing from1 to 4). Reprinted
with permission from [12]. Copyright (1975) North-Holland Publishing Company.
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However, there have been reports that are not in agreement with Givargizov’s explanations [38],
[48] because of differences in growth mechanisms or silicon precursor used. Schubert et al. found
that the growth rate of molecular beam epitaxially (MBE) grown silicon nanowires increases with
decreasing diameter. This contrary behavior is attributed to the strong surface diffusion of silicon
in whisker growth by MBE which results in a larger growth rate when diameter is reduced [48].
Kodambaka et al. reported that the growth rate of nanowires grown using disilane (SizHs) as silicon
precursor was found to be independent of diameter [38] as shown in Figure 2-9. It was suggested
that the rate determining step for whisker growth under these conditions is due to the thermally
activated metal catalyzed dissociative adsorption of SioHe on the catalyst droplet [13], [38]. This
is confirmed from the linear dependence of growth rate with partial pressure of silicon precursor
which implies a constant sticking probability (S) despite the varying chemical potential. It was
suggested that these conclusions do not depend on the low pressures used in the study or on any
particular property of SioHe, but are applicable to any system where growth occurs by a thermally

activated metal catalyzed dissociative adsorption process occurring on the catalyst droplet [38].
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Figure 2-9 The dependence of growth rate (dL/dt) with diameter (d). The solid line represents the least
square fit. Reprinted with permission from [38]. Copyright (2006) American Physical Society.
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2.3.4 Doping

The electronic properties of a semiconductor material may be varied by adding impurity atoms to
the pure semiconductor. The position of the impurity level in the silicon band gap is a function of
the type of majority carriers (electrons or holes). The concentration of the majority carriers depends
on the number of impurity atoms substitutionally incorporated into the silicon crystal lattice.
Conventional methods of doping, such as ion implantation and diffusion, are used to dope bulk
semiconductor materials. However, due to the high aspect ratio of the silicon whiskers, it difficult
to use such methods for doping microwires. A more practical approach involves using in situ
doping during the VLS growth. Flowing p-type or n-type dopant gases along with the silicon

precursor into the growth chamber the microwires may be doped in situ.

The dopant atoms are incorporated into the whiskers while it is growing either through radial
deposition or through the metal droplet. Wallentin et al. [49] explained the dopant incorporation
processes using a theoretical model illustrated in Figure 2-10. The model examines the competing
processes involved in dopant incorporation, namely, the dopant flux from the vapor to the liquid,
JV, the dopant flux from liquid to solid, J-¥ and the re-evaporation from liquid to vapor, JEV. The
segregation co-efficient (Cs/CL - where Cs and C. are the solubilities of dopant atoms in solid and
liquids phases respectively) at the liquid-solid interface. This ratio determines the rate at which

dopants atoms are incorporated into the whiskers.
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Figure 2-10 Schematic of axial dopant incorporation showing various dopant fluxes and concentrations.
Reprinted with permission from [49]. Copyright (2011) Materials Research Society.

Based on dopant solubility in the metal droplet, Cs, the dopants are divided into two categories
defined as being type A or type B. Type A dopants have a low solubility in the droplet and high
segregation coefficient, thus making the flux from vapor to liquid, J'V, the rate determining step
for axial incorporation of dopant atoms. Phosphorus doping using phosphine (PHs) in silicon
nanowires is an example of a type A dopant. Schmid et al. [50] found that the phosphorus doping
concentration was increased with the increasing molar concentration of phosphine until the solid
solubility limit of phosphorus in silicon was reached. Type B dopants have high solubility in the
droplet and low segregation coefficient, thus the dopant concentration is mostly determined by the
segregation coefficient and not the dopant gas molar concentration. Low solubility or high
segregation coefficient limits the memory effect (presence of residual impurity atoms in the
catalyst droplet after that dopant gas flow was stopped) of the dopant atoms and enables the growth

of abrupt heterostructures.
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The dopant atoms may be incorporated in the radial growth via adsorption and capture [49].
Dopants with high solid diffusivity may diffuse into the whiskers through the sidewall facets. The
dopant atoms could diffuse out through the sidewall facets when the dopant source is turned off
(effectiveness of such a process is not observed experimentally). The presence of dopant atoms in

the growth chamber effects the growth rates and sidewall faceting of the whiskers.

Givargizov et al. [51] observed periodic instability and changes in faceting during the growth of
undoped silicon and germanium whiskers with high temperatures and high molar concentrations
of SiCls which was attributed it to the surface energy effects. The addition of AsCls to the gaseous
reaction mixture prevented these instabilities, even at most appropriate conditions for instabilities
to develop. It was determined that AsCls improved the wetting of the seed particle. Using diborane
as the dopant precursor resulted in saw-tooth faceting on the sidewalls of silicon nanowires which
was not observed in cases of undoped and PHs doped segments [52]. However, when a growth
sequence of undoped segment followed by diborane doped segments was used, faceting was
observed on the undoped segments in nanowires. This observation led to the conclusion that

faceting was due to the radial overgrowth,

The addition of dopant precursors to the reaction mixtures affects the radial and axial growth rates
of the silicon whiskers [49]. The doping of silicon nanowires with diborane created an amorphous
silicon shell [53] which could be made crystalline by annealing it at high temperatures. Diborane
improves the decomposition of silane and thus boosting the radial deposition. When diborane was
replaced with trimethylboron, no amorphous shell was observed in case of trimethylboron because
of its higher stability [54]. Unlike diborane, the n-type dopant precursor PH3 does not have strong
effects on growth of silicon whiskers [55]. Phosphine (PH3) has minimal effect on growth rate and

does not induce tapering by sidewall deposition [50]. Hence PHs is a better choice for n-type
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doping. Schmid et al. [50], however, also observed that when PHz:SiHs ratios higher than
2 X 1072 are used, nanowire nucleation (growth) seems to be inhibited. This behavior is similar
to the case where arsine [50] is used as an n-type dopant, which is known to affect the growth of

silicon whiskers by changing the surface tension balance [12], [54].

The resistivity of n-type doped silicon whiskers grown using PHz as the dopant precursor, is
inversely proportional to the PH3:SiH4 volume ratios [14]. The annealing of such silicon whiskers
did not reduce the resistivity, suggesting that for in situ doping through PH3, most of the
incorporated donors are substitutional and therefore electrically active [50]. On the contrary, the
resistivity of p-type doped silicon whiskers grown using diborane as the dopant precursor is not as
consistent as the PH3 doped wires. One reason for such an inconsistency in the resistivity values
could be because of the growth of an amorphous shell when diborane is used as a dopant precursor.
The amorphous silicon has higher resistivity values compared to crystalline silicon for a given
dopant concentrations (This was discovered by Spears et al.[56] when developing amorphous Si,
they found they needed large hydrogen concentrations to decrease resistivity). Trimethylboron
could be used instead of diborane to avoid the growth of amorphous shell but secondary ion mass
spectroscopy (SIMS) measurements over these wires showed that the boron incorporation
efficiencies for trimethylboron is two orders smaller than diborane [57]. Thus, at same dopant gas
pressures of trimethylboron and diborane, the resistivity values of nanowires are much higher in

case of trimethylboron than diborane.

2.4 Doping by metal catalyst

Metal atoms also get incorporated as dopants into the silicon lattice during wire growth. Metals
that create impurity levels close to the valence band and conduction band act as a p-type dopant

(example: indium, gallium, aluminum) and n-type dopant (example: bismuth, lithium, antimony,
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tellurium) respectively. The choice of metal catalyst could be made based on whether doping is

intended or not in the whiskers grown.
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Figure 2-11 Position of impurity levels created by catalyst metals with respect to middle of bandgap. The
impurity levels above mid-gap level marked with solid symbols are donor levels and open symbols are
acceptor levels. The impurity levels below mid-gap level marked with solid symbols are acceptor levels
and open symbols are donor levels. Reprinted with permission from [14]. Copyright (2009) Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Impurity levels, close to the middle of the bandgap can produce recombination centers that may
determine the recombination rates and carrier lifetimes, which as stated previously are important
parameters determining the efficiency of a solar device. The closer the impurity level is to middle
of the bandgap the more efficient it is as a recombination center (example: gold, zinc, iron, copper,
lead, cobalt). There is a threshold concentration for each dopant atoms after which the solar cell
performance starts to degrade, as shown in Figure 2-12 [58]. In case of gold, the threshold doping
for degradation of a solar cell performance is orders of magnitude less than other alternative

catalysts.

29



S,

TE ol |
] 10' + &, ot
3 10!5 i Cu
£ 0t
St Wi
B a2 | Co /]
g ? Cr Hn/Te =
ad /58 /
/ L /Be//Ti v N/OSF e
N /Mg, 8 /Cr /ar
K /6 /ST Mok Ty AufR, 70 /6 \Ge/As]5e/Br
#[8r/ Y Tt Wie /7e [Ru/Rh )/ Cd [fn ) Sn/56/7e/ T/ /
Cs [Ba /g IHF TS 2 y 77 /P4 /B
Fr/Fa /e

Figure 2-12 Threshold concentration of impurities for solar cell performance reduction. Reprinted with
permission from [58]. Copyright (1986) Elsevier B. V.

Hall et al. [59] did solubility measurements on p-type and n-type silicon and observed that
substantially all of the solubility in intrinsic silicon is due to interstitial copper. In the case of gold
as a catalyst, it is due to substitutional impurities [60] which act as a single donor and may
precipitate rapidly. In p-type silicon, most of the solubility is due to interstitial copper which is a
single donor. As the p-type doping concentration increases, the solubility of copper also increases.
In n-type silicon, the solubility of copper decreases with free electron concentration till the
solubility reaches a minima. In this region, the solubility is mainly due to the singly charged
interstitial Cu. Beyond this minima, the solubility of Cu increases approximately as the cube of

the free electron concentration (Np > 10% cm™), which is expected in case of a triply charged,

substitutional, acceptor Cu impurity.
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3 Experimental Methods

In order to fabricate silicon p-i-n microwire arrays using the VLS method, the silicon substrates
are patterned with the copper catalyst to be placed in the CVVD furnace. The physical and electrical
properties of the microwires grown were studied in detail. In this chapter, the substrate preparation
for VLS growth and electrical characterization methods used to characterize an isolated microwire

will be described.

3.1 Substrate preparation

A summary of the substrate preparation process is shown in Figure 3-2. The silicon substrates used
for VLS growth of microwires were fabricated using 3-inch diameter, p-type doped silicon (111)
wafer (Addison Engineering, p <0.005 Q-cm). The substrate was cleaned in a two-step process to
remove native oxide layer on the wafer. First, the wafers were RCA cleaned (piranha solution,
H2S04:H20> = 4:1) for 5 minutes. Secondly, the wafers were etched for 3 minutes in 1% HF
solution followed by a 1 minute etch in 1% HCI. A 500 nm thermal oxide film was grown using
wet oxidation (by flowing water vapor) in a furnace (Lindberg/Blue-M quartz tube furnace) at
1000 °C for 70 minutes. The average thickness of the oxide was measured using Nanometrics
Nanospec 210, at five different points on the wafer, to ensure uniform oxide thickness and was

found to be 500 + 20 nm.

The wafers were then transferred to the lithography room for patterning the oxide.
Hexamethyldisilazane (HMDS) coating serves as an adhesion promoter for the photoresist. Vapor
priming of the wafer using HMDS was performed using a YES-5 Oven, through a pre-programmed
cycle in which the oven pumps down to dehydrate the samples and then fills pure HMDS vapor to

coat the wafers. Spin coating of the photoresist (HPR 504) was completed by spreading for 10
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seconds at 500 rpm and then spinning for 40 seconds at 3000 rpm. This resulted in a photoresist
of uniform thickness 1.5 + 0.2 um, across the wafer. The wafers were then soft baked at 110 °C
for 90 seconds. After the soft bake, the wafers were left to rehydrate for about 15 minutes as it is

important to ensure the proper exposure and developing of the resist.

The wafers were then exposed to UV light for 5 seconds using a chrome mask with 3 um diameter
circles, 7 um pitch. The ultraviolet wavelengths available were 436 nm and 365 nm which are g-

line and i-line of mercury. In contact printing, the finite mask to wafer separation (z) causes

diffraction spreading that limits the minimum possible resolution (Wmin) which is given by

Winin = \J kcAz

where A is the exposure wavelength and approximately ke ~1.6 [61]. A wavelength of about 400
nm would lead to a minimum resolution of 3 um, where the gap between the mask and the wafer
was about 14 um. The precise minimum achievable resolution is influenced by ambient humidity,
ambient temperature and the presence of mask imperfections. The most effective control for these,
to ensure consistency, is to ensure near-perfect contact between the mask and wafer to transfer the

pattern.

The exposed wafers were developed using developer 354 for 20 seconds and then rinsed with DI
water. The wafers were baked in an Isotemp oven at 120 °C for 20 minutes. The wafer was
observed under a microscope (Olympus BX51) to confirm an effective exposure. A successful
exposure resulted in a uniform array as shown in Figure 3-1, where the dark regions represent the
exposed areas (removed when developed) and bright regions represent unexposed photoresist. The

wafers were then transferred to the wet bench for further processing.
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Figure 3-1 Optical image of wafer substrate post UV exposure development. The dark regions represent
exposed regions and the bright regions is the photoresist.

The oxide in the regions without the photoresist was removed using 10:1 BOE (~ 10 minutes). The
thermal oxide thickness was the same on both sides of the wafer. Thus, the back (unmasked)
surface of the wafer turning hydrophobic confirmed the completion of the etch process. A pure
silicon surface is hydrophobic. Silicon dioxide (SiO2) makes the surface hydrophilic. After etching
away the oxide, copper was deposited onto the wafer in a thermal evaporator. The thickness of the
copper deposited was chosen to be about the same thickness as the oxide layer which was
confirmed using AFM measurements. Following the Cu deposition, the photoresist was “liftoff’ed
by washing it with acetone followed by a DI water rinse. The wafer finally had an oxide layer with
holes etched in it and copper deposited inside the holes. It was critical to ensure all the oxide layer
is removed. The presence of an oxide layer prevents the diffusion of copper into the silicon. The
silicon and copper must form a eutectic mixture when it is heated to create microwire growth. A

10% over-etch was used to ensure removal of oxide across the wafer. It is also necessary that the
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copper thickness inside the hole is less than or equal to the oxide thickness to be able to grow a

uniform array of silicon microwires.

]
thermal oxidation photoresist (HPR 504)_
@ 1000°C coating
UV exposure and
developing
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thermal evaporation BOE etch
of copper

photoresist
lift-off

Figure 3-2 Schematic of the wafer processing used to pattern the wafers with the copper catalyst. The color
representation is as follows: blue- silicon wafer, yellow- SiO,, red- photoresist (HPR 504), orange- copper.

3.2 Growth in a CVD furnace

Silicon microwires were grown in a custom built chemical vapor deposition (CVD) reactor as
shown in Figure 3-3. The wafer was cut into small pieces to produce a substrate (1 x 1 cm) that
could be loaded into the reaction chamber (quartz tube) of the furnace. The growth substrates were
placed 6-10 cm away from the center of the furnace, closer to the entry point of the precursor
gases. A description of the furnace temperature calibration is given in Appendix A. The reaction
chamber was sealed on both sides and then pumped down using roughing pump to 5 Torr. It was

then filled with argon gas until the pressure reached 760 Torr. The chamber was then pumped
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down again using roughing pump to ~3 Torr. The chamber was then opened to the drag pump and
held at a pressure of ~0.01 Torr for 1 hour prior to microwire growth. These steps ensured that
most of the oxygen and water vapor was removed. Water vapor and oxygen react vigorously with
the silicon precursor gases at elevated temperatures forming silicon dioxide and a range of

intermediate chlorosiloxanes [62]. Some of these reactions are shown below in Equations 3-a, b.
SlCl4(g) + 02(9) s 5102(5) +2 Clz(g)

The reaction chamber was heated to 1000 °C under Hzg) (6.0 Semiconductor Process Grade,
Praxair Inc.). A separate line of Ha is used to draw silicon tetrachloride (SiCls) vapor from the
source tank (liquid SiCls, fiber optic grade 99.9999%; Strem Chemicals) into the reaction chamber.
The rate at which hydrogen flows into the SiClstank is used as the SiCls flow rate in the following
discussions. The hydrogen gas flowing into and through the SiCls tank sweeps the SiCls vapor
present over the SiCls liquid along the direction of flow. A calculation of the amount of SiCls
present in the hydrogen flowing out of the SiCl4 tank is given in Appendix B. To obtain microwires
of p-type doping, boron trichloride gas (250 ppm BCls in hydrogen; Matheson Tri-Gas) was used
as a source of boron, whereas for n-type doping, phosphine gas (100 ppm PHs in hydrogen;
Matheson Tri-Gas) was used as a source of phosphorus. Microwires of different dopant
concentrations were grown by varying the flow rate ratios of the dopant precursor and SiCls while

using the hydrogen carrier gas to ensure a consistent total flow rate of hydrogen and SiCl..
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Figure 3-3 Schematic of chemical vapor deposition furnace used to grow silicon microwires.

The copper-silicon system has a eutectic temperature of ~802 °C [20]. When the substrates are
heated to 1000 °C, a droplet of a copper-silicon eutectic mixture is formed. Microwires of different
doping densities were grown by 1) changing the flow rate of SiCls, while keeping the total flow
rate of hydrogen and SiCls at 500 sccm (standard cubic centimeters per minute) or 2) changing the
flow rate of dopant gases (BCls, PHs). The silicon precursor (SiCls) and dopant gases react at the

droplet surface where the elemental silicon and the dopant atoms are incorporated into the droplet

according to the following reactions:

2 PH3(gy = 2 P(g) + 3 Hy(g)
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The unreacted precursor gases and any remaining reaction products leave the reaction chamber,
entering a 6M KOH bath in which they were oxidized. The KOH bath was kept open to atmosphere
throughout the duration of the wire growth, thus maintaining the chamber pressure at 760 Torr
(atmospheric pressure) during the reaction. Phenolphthalein, a commonly used indicator in acid-
base titrations was used in the KOH bath to indicate when the solution required replacement. The
threshold for this would be the solution becoming neutral (at pH~8). The growth times of the wires
were chosen such that the lengths of the wires (~120 um) grown were enough to allow for electrical

measurements.

Figure 3-4 Scanning electron microscope (SEM) image of the microwire arrays grown using the VLS
technique in this study. Inset shows an identical array of microwires with metal catalyst at the tip of the
microwires.

3.2.1 Silicon Microwire Growth at 950 °C
The influence of sidewall deposition on the choice of flow rates used for growth could be

minimized by reducing the growth temperature [35]. Wires were grown at 950 °C by first flowing
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SiCls (10 sccm) at 1000 °C for 5 minutes to saturate the droplet with silicon. The temperature was
then lowered to 950 °C and the flow rate of SiCls was reduced to 1 sccm [35]. The temperature
was dropped from 1000 to 950 °C in two different techniques. In the first of these techniques the
temperature is reduced at 1 °C/min. In the second technique, the set point is just lowered to 950 °C
and the furnace is allowed to cool for ~ 5 minutes. With either technique, when the temperature is
stable at 950 °C the flow rate of SiCls was then increased back to 10 sccm and grown for 20

minutes.

3.3 Electrical measurements

The microwires were separated from the substrate using a razor blade by scraping a corner of the
substrate which was suspended in acetonitrile (HPLC grade, Sigma Aldrich). The suspended
microwires tend to aggregate and thus the suspension was sonicated for 4-5 minutes. The
microwires were then transferred onto a glass slide using a 10 puL micropipette. The resistivity and
doping concentrations of the microwires were calculated from four-point probe measurements on
individual microwires. The individual probes were controlled by piezoelectrically driven units

(Imina Technologies micromanipulator miBot BT-11).

The most common way used to form ohmic contact to semiconductor micro/nano-structures is to
thermally evaporate metal contacts onto the wires. For the diameters of microwires (> 1.5 um) in
this study, the metal films required to ensure reliable ohmic contact are too thick for a lift-off
process [63]. However, it has been shown that direct and reliable ohmic contacts to silicon
microwires could be established using tungsten probes by applying sufficient local mechanical
pressure [64]. The resistivity and band structure of silicon was reported to vary as a function of
applied pressure [65], [66]. Applying a pressure of ~ 11 mN pm on planar silicon, it was reported

that a local phase transition from Si-I (semiconductor) to Si-1l (metallic) [67], [68] can occur. Such
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a direct contact formation technique avoids the extra lithography steps required for thermal

evaporation of metal contacts.

For making direct contacts, tungsten probes with a tip radii 2 um (American Probe and
Technologies) were etched in 2M KOH solution for ~30 seconds to remove any tungsten oxide.
Two-point electrical measurements were made using a single pair of tungsten probes to make
direct contact by applying a local pressure > 11 mN pm [64], [69] and recording the I-V response.
To perform four-point measurements, electrical contact to the microwire was first established
using the outer probes which are used to drive the current through the wire. The inner probes were
used for voltage sensing by placing them in contact with the microwire. A current-voltage (1-V)
response was recorded using an Agilent B1500A semiconductor parameter analyzer [70].
Successful, hysteresis free (around 1=0) four-point measurement were obtained by using an
intermediate local pressure regime (2-11 mN pum™) for the inner probes along with the local

pressure regime (>11 mN um-?) for the outer probes.

a) b)

microwire microwire

Glass substrate Glass substrate

Figure 3-5 Schematic of a) two-point measurement where direct contact is made by a pair of probes to
record the V-I response. b) four-point measurement showing the outer and inner probes as connected to the
semiconductor device analyzer (Agilent B1500A). The outer probes were positioned to the ends of the
microwire and the spacing between the inner probes was changed to have different probe separations and
was used to measure the resistivities of various sections of the microwire.
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4 Results and Discussion

The ability to grow microwires with desirable physical and electrical properties is the first step
towards successful implementation of these structures into a water splitting cell. The properties of
the microwire structures were varied by changing the flow rates of the gases and temperature. The
physical properties of the resulting wires were observed using a scanning electron microscope
(SEM) and the electrical properties (doping) were measured using four-point probe measurements.
In this chapter the impact of growth conditions on the microwire properties are presented. This
allows for the optimization of the growth conditions to produce p-i-n microwires for an efficient

water splitting device.

In this study, copper was used as a metal catalyst for growth of microwires using VLS mechanism.
Copper was chosen as the catalyst as opposed to gold as it is more abundant and cheaper. Copper
also has higher threshold for solar cell degradation than gold [58]. Finally, the copper-silicon
system has higher percentage of silicon at its eutectic temperature. From the phase diagram of the
Si-Cu eutectic shown in Figure 4-1, it can be seen that the eutectic has ~ 18% Si, by weight. Also,
the Si-Cu eutectic offers higher growth rates than gold [26]. The copper atoms get incorporated
into the wire during growth along with the dopant atoms. To establish the nature of doping by the
copper atoms, microwires were grown by flowing only the SiCls precursor gas. The resultant
microwires had measured resistivities equivalent to n-type doping on the order of 10*’ cm, which
is on the same order as the solubility limit of copper in silicon at the growth temperature of 1000
°C, however precipitation and out diffusion of copper [71]-[73] still occurs. The n-type nature of
the copper atoms was confirmed through four-point electrical measurements on an intrinsic-p

composite microwire which will be discussed in detailed later in this chapter (section 4.5).
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Figure 4-1 Phase diagram of a copper-silicon eutectic system [15].

The different microwires used in this study were grown by changing the flowrates of the silicon
precursor (SiCls), the p-type dopant gas (BCls) and the n-type dopant gas (PHs). In Table 1 the
various flow rates used for the p-type and n-type samples are listed. Samples p1-p4 were grown
by varying the flow rate of SiCls as 1, 3, 5 and 10 sccm while maintaining a total flow rate of SiCls
and hydrogen at 500 sccm. The flow rate of BClz was maintained at 22 sccm in all the four samples.
The samples p1, p2 were grown for 15 minutes and p3, p4 were grown for 60, 360 minutes

respectively, to ensure that the wires were long enough to facilitate the four-point electrical

measurements.
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Table 1 Growth conditions, the resultant growth rates and doping concentrations for the samples considered.
The hydrogen carrier gas flow rate was used to ensure that the sum of flow rates of SiCl4 and hydrogen in
every growth is 500 sccm (p1-p4) or 490 sccm (all other samples).

Sample Precursor SiCls | Dopant- BClz or | Measured Measured  doping
(sccm) PHz (sccm) growth rate | concentration (cm)
(um/min)
pl 1 22 0.17 9.2x 10%°
p2 3 22 2.22 4.0x 10%°
p3 5 22 3.78 6.8x 1018
p4 10 22 8.14 5.8x 1018
pS 10 15 7.36 5.5x 1018
p6 10 10 751 2.2x 1016
p7 10 1 7.42 1.7x 104
nl 10 22 10 2.9x 10%°
n2 10 15 8.67 2.7x 10%°
n3 10 10 9.82 2.4x 10%°
n4 10 5 9.17 1.5x 1019
n5 10 1 8.83 9.7x 1017
n6 10 0.1 7.01 1.1x 107

The growth rates (um/min) were calculated by dividing the average length of 50 microwires in
each sample by the growth time. As expected, the microwire growth rates varied linearly with
SiCly4 precursor flowrate and as such is proportional to the partial pressure of SiCls in the chamber
[13], [38], [46]. The linear dependence is shown in Figure 4-2. The samples p5, p6, p7 were all

grown for 15 minutes, with a variation in the BClIs flowrate as from 15, 10 and 1 sccm respectively.

42



The flowrate of SiCls was maintained at 10 sccm and the hydrogen flowrate at 490 sccm. The
samples n1-n6 were all grown for 15 minutes with the flowrate of PHz changing from 22 sccm to
0.1 sccm as shown in Table 1. Flowrate of SiCl4 and hydrogen were maintained at 10 sccm and

490 sccm respectively.
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Figure 4-2 Linear response of microwire growth rate to silicon precursor flow rates (samples p1-p4). The
lengths of the wires were measured on the glass slide. The measurement uncertainty is of the order of the
size of the data points. The line does not pass through zero because at lower flow rates the droplet would
not saturate.

4.1 Doping concentration
Independent four-point measurements were made on 30 separate microwires for each of the sample

growth conditions shown in Table 1. After the direct contact was made by the outer probes, the
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ohmic nature of the direct contacts was confirmed by the linear response of the measured I-V
curve. The inner probes were then brought into contact with a section of the wire and the potential
drop between the inner probes was recorded while current was being driven through the outer
probes. The resistance of the section between the inner probes was measured from the slope of the
I-V curve. It has been shown that the minimal impact of contact resistance in a four-point

measurement makes it a more reliable approach [70].

Assuming a uniform flow of electric current, the resistivity (p) of an individual microwire can be

extracted from the measured resistance (R) as
p=R—

where A is the cross-sectional area of the microwire and L is the length between inner probes. The

doping concentration of the individual microwires is extracted from the resistivity (p) values using

1
T q(n g + D pp)

p

where q is the electron charge (= 1.6 x 1071° C), n is the electron density in the conduction band,
p is the hole density in the valence band, pin is the mobility of electron (< 1400 cm? V1 s1) and pp

is the mobility of hole (< 450 cm? V! s1). For a p-type semiconductor, p >> n, the equation can be
simplified to p = ﬁ and for a n-type semiconductor, n >> p, the equation can be simplified to
‘Hp

1

p— The doping concentrations of both p-type and n-type samples were in the range of 10*’

p =
- 10%° cm3. However, in this regime the mobility is a strong function of doping concentration. The

mobility values were estimated from previous measurements [74] to estimate the doping

concentrations (final column of Table 1).
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Figure 4-3 The variation of doping concentration with the ratio of dopant concentration to SiCl4
concentration in ppm for n-type doped microwires (log-log scale).

In Figure 4-3 the variation of doping concentration with volume fraction is shown for p-type (p1-
p5) and n-type (n1-n6) microwires. The variation of doping concentration with volume fraction
for p-type samples (p1-p7) is presented in Figure 4-4. The volume fraction of the dopant precursor
gas (BCls or PH3) was calculated in parts per million relative to the SiCls partial pressure. An

example calculation of volume fraction is included in Appendix B.
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Figure 4-4 The variation of doping concentration with the ratio of dopant concentration to SiCls
concentration in ppm for p-type doped microwires (log-log scale). The data is plot as two sets based on the
parameter varied during the growth process.

The lower bound of the doping concentration accessible in both p-type and n-type microwires
grown using VLS technique is constrained by the presence of copper residues in the microwire.
The copper incorporated acts as an n-type dopant [59] with doping densities on the order of high
10% cm which is approximately the solid solubility levels of copper in silicon at the microwire
deposition temperature. This is the primary explanation for the lower doping concentration limit
of 101" cm™ in n-type microwire growth as shown in Figure 4-3. The dopant concentration response

to volume fractions of BCls on the order of 102— 10° ppm is different from the response at higher
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volume fractions as shown in Figure 4-4 reflects the extent of influence of copper residue. For
volume fractions below 10° ppm, the extracted doping concentrations reflect a net doping
concentration including contributions arising from any copper present, rather than absolute doping
concentration. At higher doping concentrations, the influence of the copper residue is less
pronounced. Both p-type and n-type microwires show similar variations in doping concentrations

with volume fraction.

For p-type doped microwires with a doping variation of 10 — 10%° cm™ using copper seed, for
same order of volume fraction range used in this study is smaller than gold seeded ones (102 —
107 cm3). This could be attributed to the higher percentage of boron in the copper droplet at 1000

°C (10-12%) [75] than in gold at the same temperature (< 0.3%) [15].

4.2 Morphologies of the microwires

The microwires grow axially in the {111} direction and have a number of sidewall facets which is
a result of the sidewall deposition of silicon that happens through a vapor-solid (VS) mechanism.
It has also been reported that the metal catalyst forms a layer on sidewalls of the microwire, to
behave as a surface catalyst for sidewall growth [76]. The sidewalls of the microwires have
dangling bonds which acts as a site for deposition of silicon atoms from the vapor phase. Surface
passivation of the sidewalls of the microwires resulted in a drop in the radial growth rate [76]. The
shape and size of the microwire facets depends on the surface chemistry and the exposure time of
the sidewalls to VS deposition. The sidewall growth rate is two orders of magnitude less than the

axial growth rate [38].

The microwire samples grown at higher flow rates of SiCls (p3, p4) were twelve faceted with
alternating {110} and {211} facets as shown in Figure 4-5a. For microwires grown at lower flow

rates of SiCls (p1 growth conditions for 120 minutes, p2) were six faceted all being {211} as shown
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in Figure 4-5b. At lower flow rates of SiCls, the concentration of the reaction by-product gaseous
HCI in the chamber is relatively low compared to the gaseous HCI at higher flow rates of SiCla.
The presence of HCI in the chamber reduces the catalyst diffusion on the microwire surface as the
Cl atoms tend to passivate the sidewall surface [76]. As a result of these factors, the sidewall
growth rate increases with a decrease in the concentration of HCI in the chamber. When the radial
growth rate increases, {110} facets are more prone to sidewall deposition thermodynamically than

the {211} facets [35] and hence resulting in six-{211} facets.

At lower flow rates of SiCls, because of the smaller growth rates, the wires had to be grown for
longer durations to have microwires having length suitable for making four-point measurements.
The sidewalls in such samples are exposed to sidewall deposition for longer durations and thus
more sidewall deposition occurs. When the microwires were grown for extremely long times (for
example 360 minutes for sample pl), the wires almost looked triangular as shown in Figure 4-6.
The large {211} facets are flat and do not show secondary faceting, indicating it is stable against

silicon deposition radially [76].
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Figure 4-5 SEM images of silicon microwires a) p-type doped microwires grown in 10 sccm flow rate of
SiCls (p4) having 12 facets (alternating {110} and {211} crystal directions); b) p-type with 6- {211} facets
grown in 1 sccm flowrate of SiCl, (same conditions as p1) for 120 minutes.
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Figure 4-6 SEM image of microwire grown at 1 sccm for 360 minutes (p1). The wires look almost triangular
with three of the larger facets looking flat and having no secondary faceting.

Boron, being an acceptor atom, has a strong tendency to form covalent bond with surrounding
silicon atoms. The boron atoms on the surface of the microwire results in an enhanced surface
adsorption of silicon atoms onto the sidewall [77]. Thus, the radial growth rate increases with
boron concentration although at high concentrations of boron, the growth rate is suppressed due
the precipitation of boron at the grain boundary [78]. When the flow rate of SiCls is reduced, the
increase is small in proportion to boron atoms concentration in the reaction chamber also
contributes to increased sidewall deposition. The sample p4, grown at 22 sccm BCls flow rate is
12-faceted and reducing the flow rate of BClz from 22 sccm to 1 sccm (p4-p7) also resulted in 12-

faceted wires, which is expected. The lower boron concentration in the chamber results in a
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reduced sidewall deposition rate and thus the 12 facet morphology of the microwire at 22 sccm is

observed at 1 sccm.
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Figure 4-7 SEM image of a microwire grown at 1 sccm of BCls flow rate (p7). Reduction in the
concentration of boron in the reaction chamber did not alter the number of sidewalls and resulted in 12
faceted for all samples even with a change of BCl; flow rate (p4-p7).

Phosphorus atoms bind with the hydrogen on the sidewall surface and block the available sites for
adsorption of silicon onto the sidewalls [79], [80]. Therefore, a higher concentration of PH3
reduces the radial growth rate of the microwires. The n-type doped microwire samples n1-n6, the
flow rate of PHs was reduced from 22 sccm to 0.1 sccm. It was observed that at higher flow rates
of PHs (n1, n2, n3, n4), the microwires were 12 faceted, as shown in Figure 4-8a. However, the
microwires grown at lower flow rates of PHs (n5, n6), were 6-faceted, as shown in Figure 4-8b.
At lower flow rates of PH3z, the lower concentrations of phosphorus resulted in a higher sidewall
deposition. When the sidewall deposition rate increases, {110} are more prone to sidewall

deposition, resulting in microwires with 6 {211} facets.
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Figure 4-8 SEM image of microwires a) n-type with 12 facets (alternating {110} and {211} crystal
directions) grown with 22 sccm PH3 (nl1); and b) 6- {211} facets grown when PH3 flow rate was 1 sccm
(n5).

4.3 Composite microwire
Composite microwires were grown by changing the flow rates of SiCls during a single growth run,
while keeping the total flow rate of SiCls and hydrogen constant at 500 sccm and a constant flow

rate of BCl3 at 22 sccm. The growth sequence was as follows: 1) 10 sccm SiCls for 10 minutes (80
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pum), 2) 1 sccm SiCls for 10 minutes (1-2 um), 3) 10 sccm SiCls for 10 minutes (80 um). The
number of facets changed from 12 to 6 to 12 when the flow rate of SiCls was changed from 10 to
1 to 10 sccm, as shown in Figure 4-9. This observation was consistent with the number of facets

observed in microwires grown at 10 and 1 sccm of SiCls flow rate.
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Figure 4-9 Composite Si microwires - SiCls flow rate of 10/1/10 sccm. a) & b) evidence of 12-faceted wire
grown at 10 sccm with transition to a 6-faceted wire grown during 1 sccm growth. ¢) & d) detail of transition
between 12- and 6- faceted growth mode (arrows pointing the transitions).

Two-point electrical measurements were done on these wires from end to end and at one end of
the wire (10 sccm SiCls flow rate region) as shown in Figure 4-10a and 4-10b respectively. The

resistance calculations showed that the region where the transition happened (3-5 pm), has a

resistance equal to the rest of the microwire. For very high currents (~9 mA) in the microwires
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grown at 10 sccm or 1 sccm, the transition region melted as can be seen in Figure 4-10d. Therefore,
indicating that the transition region is electrically defective. When pressure was applied using the
probes, the microwires often cleaved at the transition region (at significantly lesser pressures than
the normal microwires) as shown in figure 4-10c, suggesting that the region is mechanically

defective.

Figure 4-10 Optical images of composite Si microwires (SiCls flow rate of 10/1/10 sccm). a) Two-point
electrical measurement from end-end of wire. b) Two-point electrical measurement at one end of the wire
(excluding 1 sccm-growth region). ¢) Wire failure (structural shear) at slow-growth region. d) wire failure
(slow-growth region melting at 9 mA).

4.4 Microwire Growth at 950 °C
As discussed above, the lower limit of doping range accessible for microwires grown at a 1000 °C

is limited by the solubility of copper. Also, changing flow rates during the growth may result in
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defective microwires due to difference in sidewall deposition rates and therefore the number of
facets. The sidewall growth rate was found to be directly proportional to the growth temperature.
By reducing the growth temperature, the influence of sidewall deposition on the choice of flow

rates for growth was minimized.

When the temperature was dropped gradually at 1 °C/min the microwires were 12 faceted and
developed sawtooth like features on the sidewalls, as reported by Ross et al. [81]. This effect is
seen in Figure 4-11a. These features were periodic in nature and the periodicity (A) given by A~
0.45R, where R is the radius of the wire [81], is in agreement with the measured periodicity of
~0.5 pum (radius = 1-1.5 um). These features are developed because of the continuous change in
the contact angle while the temperature changes gradually. When the temperature was dropped to
950 °C suddenly, the microwires were 12 faceted with smooth sidewalls as shown in Figure 4-11b.
The wire might have developed sawtooth like features but the region with such features would be
very small compared to the rest of the microwire. This is a result of the cooling taking place for

very short period compared to the total growth time of the wire.

Four-point measurements were done on the wires grown at 950 °C while flowing 22 sccm BCl3
and 10 sccm SiCls (similar flow rates as p4) for both cooling conditions. The microwires grown
with rapid cooling to 950 °C had a doping concentration of 6.8 x 108 ¢cm™ and the ones with
gradual cooling at 1 °C/min had a doping density of 8.5 x 10'® cm™ in comparison to a doping
concentration of 5.8 x 108 cm for microwires grown with same flow rates at 1000 °C. Ross et
al. associated the relatively higher value of doping concentration in the case of gradual cooling to
modifications of the mobility derived from the same growth conditions that yielded sawtooth

features [81].
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Figure 4-11 SEM images of wires grown at 950 °C a) temperature changed at 1 °C/min. The sidewalls are
12-faceted with saw tooth like features on the sidewalls with a periodicity of 0.5 um. b) temperature
changed by changing the set point to 950 °C (cooling time ~ 5 minutes). The sidewalls are 12-faceted and
smooth.

4.5 Intrinsic-p* doped microwires
Intrinsic-p* doped microwires were fabricated by first growing the intrinsic region with a SiCls
flow rate of 10 sccm for 15 minutes, without any dopant gas. This was followed by growing the

p* region for 10 minutes with flow rates of 10 sccm and 22 sccm for the SiCls and BCls
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respectively. Based on the dependence of growth properties on precursor gas flow rates, the flow
rates were chosen to grow the intrinsic-p™ wires such that defect free microwires were produced

(no signatures detected on the sidewalls or no unusual response in electrical characterizations).
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Figure 4-12 Resistance calculated from four-point measurements for different spacing between the inner

probes. Inset shows the initial position of two inner probes on the p+ side and the left probe is moved in the
direction of the arrow.

Four-point electrical measurements were performed on these microwires by placing the outer
contacts at the ends of the microwire and measuring resistance as a function of the distance
between the inner probes. The inner probes were first placed on the p* side and the left inner probe

was moved in the direction indicated by the arrow in inset of Figure 4-12. It should be noted that
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there is a sudden change in the slope of resistance curves in the graph, indicating that the probe
has entered the high resistance region (intrinsic side). In this regime the resistance scales linearly
with probe separation length as shown in Figure 4-12. Once, the inner probes were at maximum
distance, the left inner probe was held constant and the right probe was moved in the direction
indicated by the arrow in the inset of Figure 4-13. Similar behavior in the resistance vs length was

seen with two differently sloped regions.

The resistivities of the p* section and the intrinsic section correspond to doping concentrations of
5 x 108 cm™ and ~2 x 106 cm™ respectively. The presence of a doping concentration as high
as 10% cm in the intrinsic region is observed because of the doping due to the copper catalyst.
The p* region which has the same doping conditions as p4 has a doping density similar to that of
p4. It has also been observed that the transition from intrinsic to p* region was abrupt, which is a
favorable and demonstrates the control with which the doping of the microwires could be varied.
The measurement of spatial abruptness is bounded below by the size of the probes and ability to

measure distances.
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Figure 4-13 Resistance calculated from four-point measurements for different spacing between the inner
probes. Inset shows the initial position of two inner probes, one on the intrinsic and other on the p* side and
the right probe is moved in the direction of the arrow.
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5 Conclusions and Future work

5.1 Conclusions

An artificial photosynthesis device was envisaged by Gray [10] which would use sunlight to split
water into hydrogen and oxygen. The hydrogen gas could then be used as fuel. The prototype
proposed by Gray has arrays of microwires, doped as p-type to drive the hydrogen evolution
reaction (HER) at the cathode and n-type to drive the oxygen evolution reaction (OER) at the
anode. The arrays of microwires are supported by a membrane which is transparent, allows the
exchange of protons across the membrane and separates the reaction products (oxygen and
hydrogen). The energy gap between the conduction and valence band of the semiconductor used
to carry out the water splitting reaction which was required to straddle the electrochemical
potentials driving the HER and OER. To implement such a device using silicon as the
semiconductor material, a dual band gap structure was proposed using a p-i-n structure where the
doping levels of the p and n-side chosen are such that the energy gap between conduction band on
the HER side and valence band on the OER side is greater than 1.23 eV. The practical value to
effectively drive the water splitting reaction is 1.6-2.4 eV. For effective carrier collection and to
minimize ohmic losses in the device, the semiconductor arrays need to defect free. In addition to
the energy requirements for the semiconductors, catalysts were attached to the surface of the
semiconductor for the efficient transfer of carriers at the semiconductor/electrolyte junction. The
VLS method was used to grow microwire arrays, using copper as the metal catalyst. In this study
an investigation the influence of the silicon precursor gases and the dopant gases flow rates on the

electrical and morphological properties of the microwires was undertaken.

The silicon microwire growth rates were found to be proportional to the flow rate of the SiCls

precursor gas. Four-point electrical measurements were used to calculate the doping
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concentrations of the microwires. The n-type nature of the copper catalyst which gets incorporated
into the microwires during growth was confirmed. It was also observed that the solubility of copper
in silicon limits the minimum doping levels for both p and n-type microwires. The minimum
doping concentration of both the p and the n-type microwires were decreased due to the presence
of the Cu. When the doping concentration is orders higher than the solubility of copper, both p and
n-type microwire doping concentrations showed similar dependence on the volume fraction of the
dopant gas. The n-type doping concentrations were varied from 1.1x 107 cm=to 2.9x 10'° cm-
3 as the volume fraction was increased from 50 to 1000 ppm. The p-type doping concentrations
varied from 5.5x 108 cm= to 9.2x 10%° cm when the volume fraction was changed from 2000
to 40000 ppm. For volume fractions below 2000 ppm, the p-type doping concentrations are
comparable to the solubility of copper and measured doping concentration in such microwires

represents the net doping density.

The sidewall of the microwires had faceting due to the radial growth which occurred at a rate two
orders lower than the axial growth. When the microwires were grown at higher flow rates of SiCls,
they were 12-faceted, known to be with alternating {211} and {110} facets [35]. But when the
microwires were grown at a lower flow rate they were 6-faceted (all {211} facets) [35]. The
chloride atoms from the SiCl4 passivate the silicon atoms on the sidewalls. At lower concentrations
of SiCls, the chloride density on the sidewalls passivating the microwire surface is reduced which
results in less sidewall deposition rate is reduced and as the wire grows slowly, the sidewalls are
exposed to sidewall deposition for longer durations. When the sidewall deposition rate increases,
the {110} facet is more prone to deposition. When the flow rate of SiCls is changed from 10 to 1
and then back to 10 sccm during a single growth, the sidewall of the microwire changed from 12

to 6 to 12-faceted. The transition region was found to be electrically and mechanically defective.
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As such it is not recommended that flow rates be changed without considering its effect on the

physical and electrical properties of the resultant microwires.

When the microwires were grown for 6 hours, the sidewalls are exposed to deposition resulting in
almost triangular shaped microwires. The dopant atoms also play a role in determining the sidewall
properties of the microwires. At higher boron concentrations in the reaction chamber, there is an
increased sidewall deposition due to the acceptor nature of the boron atoms [77]. It was also
observed that with a decrease in the concentration of phosphorus in the reaction chamber, there is

an increased sidewall deposition due to the donor nature of phosphorus atom [80].

As the sidewall deposition reduces with a decrease in temperature, microwires were grown at 950
°C by saturating the droplet at 1000 °C and dropping the temperature. The sidewall developed
sawtooth like features with a periodicity of ~0.5 pm when the temperature was dropped at 1 °C/min
and these microwires showed slightly higher doping concentrations because of the implications of
the sawtooth features on the mobility. When the temperature was dropped suddenly from 1000 °C
to 950 °C, the sidewalls were smooth and 12-faceted, and the doping changed by about 15%
compared to wires grown under same conditions at 1000 °C. Intrinsic-p+ microwires were grown
and the flow rates were changed in way to grow defect free microwires. An abrupt (~5-10 pm)

junction (within the spatial ability of the probes) was observed at the transition.

5.2 Future Work

The dopant atoms have an ability to show residual doping effects even after turning off the dopant
gas leading to decreasing doping concentration over a wide region. For the artificial photosynthetic
device described in this work, it is necessary to grow a p-i-n microwire with an abrupt transition
between the regions. The abruptness depends on the solubility and segregation coefficients of the

dopant atoms. To understand the abruptness of the transition between differently doped regions,
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intrinsic-p* wires were grown. It was observed that the dopants started to get incorporated
immediately when the BClz gas was flowed into the reaction chamber. The next step would be
growing p*-intrinsic microwires and study the nature of the transition region. A similar study needs

to be done on intrinsic-n* and n*-intrinsic microwires.

The segregation coefficient of phosphorus atom in silicon is higher than that of boron, so it is
expected that the transition region in n*-intrinsic would be more abrupt than the p*-intrinsic
sample. Based on the results of such a study, n-i-p microwires it should be possible to obtain more

abrupt interfaces at each of the transition.

The efficiency of catalyst attachment to the sidewalls needs to be studied as well for both 6 and
12-faceted microwires. The flow rates can be chosen accordingly during growth depending on the

number of facets that are favorable.
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6 Appendix A

Calibration of the temperature in the furnace

The substrates were placed 6-10 cm away from the center, on the side from which the gases enter,
to obtain uniform growth across their entire area. The temperature profile inside the furnace needs
to be understood to know the gap between the temperature setpoint and the temperature at the
position of the substrate. The temperature at different points inside the quartz tube was measured
by opening it on both sides. The temperature of the furnace was set to 300, 500, 1000 °C and waited
till the reading on the furnace display reached the setpoint. A thermo-couple (Omega Part # Bare-
20-K-12 AC#PL 2009/05) was inserted from one side and the other end was connected to a
multimeter that displayed the temperature corresponding to the potential difference generated
between the ends of the thermocouple. The tip of the thermocouple was held in position and waited

till the temperature reading settled and that number was recorded.

The thermo-couple had ceramic separators (alternate 1, 1.5 cm long) at equal intervals which were
used as a reference for the position of the tip of the thermo-couple. It was observed that in the
region where the substrates are placed the temperature is ~5% lower than the setpoint (figure 6-1).
But when the actual growth is happening the quartz tube is sealed and the airflow is expected to
be lower than 5%. Growth was not observed when the substrates were placed 6-10 cm on the side
the gases exit and silicon coating on the inside of the quartz tube happened at 6-10 cm on the entry
side of the gases. The reason could be related to the direction of air currents inside the tube during
the growth and also it is expected that the temperature profile is not symmetric on either side of

the center of the furnace.
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Figure 6-1 Temperature profile inside the furnace as a function of distance from the center on the entry side
of the gases. The region where substrates are placed is marked in the figure.
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7 Appendix B

Volume fraction calculation

The SiCly is inside a 1-liter steel bubbler containing 500 g of SiCls. The volume occupied by 500

g of SiCly is given by:
V=m/p

where p is the density of SiCls (1.483 g/ml) and m is the mass of SiCls. The 500 g of SiCls occupies
a volume of 337.15 ml and the headspace in the tank is 1000-337.15=662.85 ml. Vapor of SiCly is
present above the liquid and there exists an equilibrium between them. The number of moles of

SiCls in vapor phase is given by:

ByapV

" =TRr

where P is the vapor pressure of SiCls at 300 K (34kPa), V is the volume of SiCls, R is the universal
gas constant and T is the temperature (in K). The number of moles from this calculation is 4.5956

millimoles. The concentration of vapor in the headspace (c) is given by:

c = 6.933 umol/ml

Vheadspace

Hydrogen gas is bubbled through the SiCls tank to transport SiCls to the reaction chamber. A
flowrate of f sccm hydrogen is equal to f ml/min. The moles of SiCl4 carried by the hydrogen per

minute is given by ¢ x f which is equal to 6.933f umol/min, which corresponds to a volume of

umol
ml

ml 300 _
X 22400m— X ——= = 0.17f ml/min

V = 6.933f X o
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The p-type doping source, boron trichloride gas is diluted in hydrogen and the concentration is 250
ppm BClz and the n-type doping source, phosphine gas is diluted in hydrogen and the concentration

is 100 ppm PHs in hydrogen. For flowrate of f, sccm for BCls and f, sccm for PH3 their actual
flowrate is given as:

250

for BCls: 106 X fp, ml/min

100 ,
for PHj: 106 X fn ml/min

The volume fraction (in ppm) is the ratio of actual flowrate of dopant gas to actual flowrate of

SiCls and is given by:

250 .
BCl 100 X Jp mt/min 1470 59f"’

for BCls: 0.17f ml/min el ppm
PH % X Jp m/min 588 24f”

for PHs: 0.17f ml/min N ppm
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8 Appendix C

Etching using KOH to identify differently doped regions

KOH solution etches silicon at different rates based on the doping levels and type of doping of the
silicon and KOH of silicon microwires was used to demonstrate differently doped regions in a
silicon nanowire [82]. To understand the extent of reservoir effect for the growth conditions used
in this study, intrinsic and p-type doped wires etched to see the effect. Intrinsic wires were grown
at 10 sccm SiCls flowrate and the axial growth direction being <111>. Each etch was done using
30% KOH solution at 80 °C for 15 minutes. The etch rate in <111> direction is ~0.96 um/hr). All
the microwires were etched away (Figure 9-1) demonstrating that <111> is not the etch direction
and <110> could be a possible etch direction (6 facets in a 12-faceted microwire has this

orientation) which has an etch rate of ~121 um/hr for the same conditions.

Due to the high etch rates for the 12-faceted intrinsic wires, p-type doped wires grown by flowing
10 sccm of SiCls and 22 sccm of BClz was used (doped wires have lowered etch rates in KOH).
In addition to choosing doped microwires the temperature and etch time was reduced to 50 °C and
210 seconds respectively. It was observed that the microwires became thinner and the thickness

changed from ~ 3 um to ~ 0.8 um (figure 8-2) and this change is close to the etch rate of <110>
direction for the conditions used (18.99 um/hr). As the KOH etching of the microwires grown in

this study needed a standardized recipe and is a time taking process, this direction was not pursued
for longer time. But from these initial experiments, it is predicted that the KOH etch rate in <110>

direction is the key to developing a recipe for such an etch.
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Figure 8-1 Substrate surface completely etched after 15 minutes etch in KOH at 80 °C
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Figure 8-2 SEM image of a p-type microwire etched for 210 seconds in KOH at 50 °C and thickness changed
from ~ 3 um to ~ 0.8 um (marked in the figure).
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9 Appendix D

Transmission Electron Microscope (TEM) imaging of the microwires

The microwires grown in this study have a diameter of ~ 3 um. To image a sample using TEM the
sample should be transparent to the electrons and the thicknesses of the wires is significantly higher
to study in a TEM. The thickness of the microwires was reduced by ion milling machining. The
microwires were transferred to a TEM grid using the same technique used to prepare slide for
electrical measurements. The grid was placed under the optical microscope and probes were used

to move the microwires onto the grid as shown in Figure 9-1.

The wires were imaged using TEM (FEI Talos F200X) and the microwires clearly were transparent
to the electron beam and imaging was possible (Figure 9-2). But the milling process damaged the

microwire surface to prevent the observation of crystal directions clearly.

Figure 9-1 TEM grid with microwires placed on the grid.
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Figure 9-2 TEM image of the ion milled microwires.

— 5.00 1/nm

Figure 9-3 Diffraction pattern of the microwire. The bright spot is due to the amorphous layer of silicon
that is present because of the milling.
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