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ABSTRACT

In the majority of reported studies, metal contacts to semiconductor nanowires
(NWs) have been fabricated using high-resolution electron-beam lithography with metal
evaporation. In our study, copper (Cu) or iron (Fe) electrical contacts to as-grown gallium
arsenide (GaAs) nanowires have been fabricated via electrodeposition. For nominally
undoped GaAs nanowires, we find that Cu or Fe has a preference for nucleation and
growth on the gold catalyst avoiding the sidewalls. For carbon-doped nanowires with
higher conductivity, Cu nucleation and growth began to occur on the sidewalls as well as
on the gold catalyst. COMSOL finite element analysis, carried out to simulate the
experimental results, was used to discuss the growth mechanism in terms of nanowire

sample surface, conductivity and morphology.
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INTRODUCTION

Semiconductor nanowires have attracted wide attention as building blocks for the
next generation of nanoelectronic components or solar cells. While significant work had
been done on the bottom up fabrication of these one-dimensional nanostructures, direct
assembling or incorporating nanowires into nanosystems is important both for

characterization and for creating new functionality.

Various methods have been developed to assemble metal contacts onto
semiconductor NWSs. There are two different kinds: end bonded or side contacts. A
common method for both types is to disperse the NWs onto an insulating substrate with
pre-patterned alignment markers and then fabricate the contacts through electron beam
lithography and metal evaporation [1][2][3]. Such contacts have also been achieved by
electrodeposition onto NWs dispersed onto pre-patterned metal electrodes [4] or directly

on the ends or sidewalls with the NWs still attached to the growth substrate [5].

In this work we studied the assembly of copper (Cu) and iron (Fe) contacts on
as-grown, GaAs and InAs vertical NWs using electrodeposition. During deposition, the
whole NW is surrounded by electrolyte, which makes both end and side contacts possible
under certain conditions. The experimental methods and some previous experimental
results on electrodeposition of metal on GaAs bulk sample will be reviewed briefly in
Chapter 1. Chapter 2 will discuss the electrodeposition experimental details, and sample

preparation including evaluating the wettability of NW surfaces. We will present the



experimental results in Chapter 3 and the analysis of the growth mechanisms in Chapter 4

in terms of NW conductivity, morphology and surface oxidation.



1: ELECTRODEPOSITION

1.1 Electrodeposition overview

Electrodeposition is the process of reducing metal ions into a solid by supplying
electrons to the electrode. A typical electrochemical cell consists of two electrodes
immersed in an electrolyte with a DC power supply connected to both electrodes. A
schematic of the set-up for Cu deposition on our GaAs NW sample is shown in Figure
1.1 where the electrolyte consists of copper sulphate (CuSQO,) dissolved in de-ionized

water.

Figure 1.1: Schematic diagram of an electrodeposition cell. Galvanostatic

electrodeposition uses a constant current source with two electrodes: cathode and anode.



At the cathode (GaAs NW sample), positively charged ions (H" and Cu?*) are
attracted to the sample surface, reduced, and bonded to form a solid on the electrode (Cu)
or evolve as gas (H,). While at the anode (platinum), negatively charged ions (SO,* and

OH") are attracted and become oxidized. The major reactions can be written as:

Cathode: Cu”™ +2e > Cu (1.1)
Anode: 40H" - 4e" > O, + 2H,0 (1.2)
In our experiment, we used a constant current power source (galvanostatic
electrodeposition). Many researchers use a constant voltage power source (potentiostatic

electrodeposition), where an extra reference electrode is used to control the cathode
voltage. That works best when the cathode is a good conductor with a reproducible, low
resistance contact. In our case, variations in both the bulk resistivity of the GaAs cathode
and the resistance of its ohmic contact meant that the control of current maintained a

constant voltage drop and flux of ions within the electrolyte.

1.1.1 Nernst’s equation and overpotential

Based on the principle of microscopic reversibility in electrochemistry, there is a
reverse reaction occurring during Cu deposition:
Cu > Cu®*+2¢” (1.3)
The Nernst equation gives the cathode potential required at equilibrium, Eeg,, i.e. when

no net current is flowing across the electrode/electrolyte interface [6]:
RT
Eeq = Ep + Z—lna , (1.4
where R is the universal gas constant, T is the absolute temperature, F is the Faraday

constant, z is number of electrons for the exchange reactions, which is 2 for Cu



deposition, and a is the chemical activity, which equals the molar concentration of
electron or acceptor ion in a dilute solutions. Eg is the standard hydrogen potential, given
the hydrogen chemical activity, an+= 1. For copper sulphate with a 0.1 mol/L

concentration, we know the standard potential for Cu** > Cu is 0.337 V [7], thus:

Eeq = 0.337 + 22 x log(0.1) = 0308V (1.5)
When the electrodes are connected to an electric power source that provides excess

charge, the equilibrium will be broken. The departure of the electrode potential from its
equilibrium value is called the overpotential.

N=E—Eg (1.6)

1.1.2 Butler-Volmer equation

The Butler—VVolmer equation is one of the most fundamental equations
in electrochemistry describing the relationship between current density and electrode
potential, considering that both a cathodic and an anodic reaction occur on the same

electrode [6]:

I[=A-ig- {exp {%(E - qu)} — exp [—C;;F(E - qu)}} )

| is electrode current, ig is exchange current density, n is number of electrons involved in

the electrode reaction, A is electrode active surface area, and « is charge transfer
coefficient. The Butler-Volmer equation developed in the 1960°s is based on pure metal
electrodes. The process becomes more complicated when you have both metal and
semiconductor electrodes in the electrodeposition system explained further in the next

section.
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1.2 Electrode/electrolyte interface

The electrode/electrolyte interface is very important for electrodeposition. Under
equilibrium conditions, the interface region is electrically neutral; the time-averaged
forces for every electrolyte ion are the same. The rate of deposition of Cu is the same as
the rate of dissolution. When the substrate is biased negatively from equilibrium, current
flows and the consequences to the interface charge varies for different electrodes, and

depends on whether it is a metal, semiconductor or insulator.

1.2.1 Metall/electrolyte interfaces

Three different models in history have been proposed to describe the interfacial layer
[6]. The first one is a parallel-plate capacitor model by Helmholtz and Perrin[6], which
treats the electrified interfaces as two sheets of charge with same magnitude and opposite
sign. Hence we have the term “double layer”. Then Gouy-Chapman proposed a diffuse—
charge model, which freed the ions from the sheet and introduced a diffuse region where
the movement of ions is affected by electric forces and thermal jostling [6]. The Stern
model combined the above two, suggesting an inner Helmholtz layer and an outer
diffusion layer [6]. The combination of these three is the most commonly used within
certain limitations. Fundamental questions remain to be solved for a better understanding
of the electrified double-layer region. But generally we can treat the interface as shown in

Fig.1.2.



Figure 1.2: Schematic diagram of a doublelayer on an electrode: 1. Inner Helmholtz
layer, largely occupied by water dipoles and a very few unsolvated negative ions, which
can be considered as a hydration sheath of the electrode. 2. Outer Helmholtz layer,
largely distributed solvated positive ions. 3. Electrolyte diffusion layer. 4. Solvated ions.

5. Adsorbed foreign ion. 6. Water molecules [8].

The Helmholtz layer (inner and outer) is 1.5 to 2.0 times the thickness of a mono-
molecular water layer, smaller than 1 nm. Similar to the diffusion layer in the electrolyte,
interfacial excess charge on the metal electrode is distributed from the solid face towards
the interior forming a diffuse layer of excess electrons. This diffusive layer is called the
“surface charge layer”. The thickness of the diffusion and space charge layers depend on

the concentration of mobile charge carriers, characterized by the Debye length, L.



1 e?n
L—d = ’ﬁ (1.8)

where n is the concentration of charge carriers, e is the elementary charge on an electron,
k is Boltzman’s constant, T is temperature, and ¢ is the permittivity. For metal electrodes,
with large electron densities (10?2 cm™), the space charge layer thickness is small, less
than the thickness of one monatomic layer. So the potential drop across the Helmholtz
layer is large, thus creating a very strong interfacial electric field (10° Vm™), which

extends perhaps only 0.5 nm into the electrolyte [6].

1.2.2 Semiconductor/electrolyte interfaces

Compared to metals, semiconductors have a much lower charge carrier density. The
semiconductor space charge layer is in the range 100 nm — 1 um for low-doped
semiconductors (10 ~10" cm™) and drops to 10 nm — 100 nm for heavily-doped
semiconductors. Since the carrier concentration is lower the Debye length is longer and
hence a semiconductor surface is a more difficult surface for a metal nuclei to form
compared to Au. The thickness of the electrolyte diffusion layer is in the range of 10 to
100 nm in aqueous ionic solutions of low ionic concentration (specify what is low in
brackets) comparable to the thickness of the depletion layer in a heavily-doped
semiconductor[9]. So for intrinsic semiconductors (< 10 cm™), we can treat the
semiconductor/electrolyte interface like the reverse of a metal/electrolyte interface. As
shown in Fig 1.3, the voltage drop occurs primarily inside the semiconductor, and very

little on the electrolyte side.
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Figure 1.3: Potential drop at the semiconductor-electrolyte interface (schematic) [9].

1.3 Previous work on electrodeposited epitaxial metal on GaAs

Previous work by Dr. Zhiliang Bao showed that epitaxial Cu can be
electrodeposited onto single crystalline GaAs substrate. The optimal growth condition
determined was 53 °C with a current density 0.1 mA/mm? from pure CuSO, (0.1 M) [10].
Figure 1.4 shows an x-ray diffraction 8-26 scan of Cu/GaAs (001) and a SEM image of
the sample surface. We can see that the Cu film surface shows well-aligned pyramidal
shapes.

Dr. Bao also summarised three key process parameters that are essential to achieve
epitaxial Fe deposition on GaAs substrate. One is the addition of ammonium sulphate to
the electrolyte: optimum epitaxy occurs for (NH4),SO4/FeSO, ratios of 1:3. The second
is setting the deposition current density to 0.1 mA/mm?. The third is using ammonium

hydroxide to etch the GaAs native oxide before electrodeposition [11].
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Figure 1.4: (a) XRD 0-20 scans of Cu/GaAs deposited at 53°C onto (001) oriented

substrate and (b) SEM image of the sample surface [10].

1.4 Electrodeposition setup

Figure 1.5 shows photographs of the electrodeposition system. It consisted of a
glass beaker (Kimax 20 ml) on a support stand with anode and cathode suspended, and a
computer-controlled power supply (Keithley 2400). The power supply provided a
constant current from 10 pA to 1 A within a voltage compliance range £100 V. A
labview program was used to control the current output and record the voltage and
current data. We used platinum wire as the anode. Ohmic contact between the GaAs
substrate and the experimental apparatus was made via InGa liquid alloy on the backside
of the sample (not the nanowire side). The nanowire side faced the platinum wire inside

the cell. Stainless steel tweezers (Almedic #3 Switzerland) with a sharp and tight tip were

10



used to hold the sample. Photoresist, as an inert insulator, was used to define the

! Stainles 'f;‘ v
‘Tweezers y

t

. Cathode

TE=S
Pt Anode «ue

Electrolyte
Keithley 2400 LabJack

Figure 1.5: Schematic diagram of the circuit with a photo of the deposition cell.
growth window for the sample. As shown in Figure 1.6, photoresist was painted on the

backside as well as on the edges of the GaAs NW sample.

11
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Figure 1.6: Schematic diagram of a sample prepared with photoresist masking. The red
areas represent photoresist. The sample side with NWs appears darker compared to a

polished GaAs substrate.

1.5 Experimental parameters: current density and initial voltage

For all samples, two different initial open circuit voltages: 50 V or 100 V were
applied. We found no differences in the experimental results. The average area of the
NWs versus the whole substrate was 40%. Therefore, we used 40% of the optimum value
0.1 mA/mm? indicated from Dr. Bao’s work, giving 0.04 mA /mm? as the current density.
When a larger current density, 0.1 mA/mm?, was applied to certain samples the results

showed no significant difference from those runs at 0.04 mA/mm?.

1.6 Experimental procedures

Cleaning of the glass beakers and samples is very important to avoid any possible
contamination of the sample and electrolyte. This is also vital for the epitaxial metal

growth. Glassware and the platinum electrode were cleaned using an ultra-sonicating bath

12



in isopropanol then doubly-deionized water (DDI), each for 5 minutes. This process
removes any micro-dust or other particulate matter that may interfere with the metal
deposition.

Samples were prepared by cleaving the as-received GaAs NW sample into 15-30
mm? pieces. The backside and the edges of the sample piece were then coated with
photoresist. After sufficient drying of the photoresist paint at room temperature (10
hours), the deposition area was measured for calculation of current.

The oxide etching solution consisted of ammonium hydroxide (10%) made by
diluting 28% ammonium hydroxide with doubly deionized (DDI) water. The electrolytes
consisted of 0.1 M CuSQO, using DDI water for Cu or 0.1 M FeSO, with 0.3 M
(NH4)2S0O4 for Fe.

Ohmic contact was made to the substrate backside; the area was first etched with
10% ammonium hydroxide and then dried. A large area of InGa was scratched onto the
surface and stainless tweezers were securely attached to the substrate.

The dried platinum wire and tweezers with sample attached were assembled onto
the experiment stand. The sample was first etched for 10 seconds in 10% ammonium
hydroxide to remove the native oxide then immersed in DDI water for another 10
seconds. The power supply was turned on and then the sample under open-circuit voltage
was immersed in the electrolyte for metal deposition. The deposition time (20 — 60 s) was
controlled by a labview program; the power was turned off when the deposition process
reached the preset time.

After deposition, the sample was rinsed in acetone to remove the photoresist and

then cleaned with isopropanol and deionized water. The InGa contact could be removed
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by ammonium hydroxide using a cotton swab. The beakers and platinum wire were
immersed in concentrated sulphuric acid and then rinsed by deionized water. The beakers
and platinum wire were stored when not in use immersed in 2-propanol inside a sealed
large beaker, to prevent contamination.

After our sample was totally dried, the deposited structure was studied using
scanning electron microscopy (FEI Strata Dual Beam 235 Scanning Electron
Microscope) (SEM) operating at 5 keV. The NWs were mechanically transferred to a
carbon-coated grid for TEM analysis using a FEI Tecnai 20 field emission Scanning

Transmission Electron Microscope (STEM) operating at 200 keV.
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2: NANOWIRE SAMPLES

2.1 NW samples

GaAs and InAs NWs from Dr. Simon Watkins’ group (Simon Fraser University)
and InAs NWs from Dr. Philip Poole (Institute for Microstructural Sciences, NRC
Canada) were used for the deposition experiments. All wires were (111) oriented and
grown on (111)B oriented single crystalline substrates. Table 2.1 lists the details of the
NW samples used for this work. GaAs nanowires were grown epitaxially on n-type Si-
doped GaAs substrates by gold-catalyzed vapour liquid solid (VLS) growth in a
metalorganic vapour phase epitaxy (MOVPE) reactor. To control conductivity, growth
with a carbon dopant source were investigated. The carbon concentration was controlled
with the addition of carbon tetrabromide gas (CBr,) during growth. The As precursor was
tertiarybutylarsine (TBAS) while there were two different types of Ga precursors, Type
A: triethylgallium (TEGa) and Type B: trimethylgallium (TMGa) [12][13].

Unintentional carbon doping of GaAs NWs can occur via the Ga precursor used in
the MOCVD growth as a function of temperature, as well as from intentional carbon
doping when CBr4 was added. Nevertheless, for convenience, “doped or undoped NWs”
refers to GaAs NWs grown using either TEGa or TMGa with TBAs precursors and with
or without CBr,, respectively. “Core-shell NWs” refers to wires grown with an undoped
GaA:s core, followed by a doped GaAs shell.

InAs NWs obtained from Dr. Watkin’s group were grown at a temperature of 440

°C using trimethylindium (TMIn) as the group 111 precursor and TBAs as the group V
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precursor. The NWs were unintentionally doped and the substrate was n-type GaAs

doped with Si (~ 5x10%"/cm?).

InAs NWs from NRC were grown epitaxially on n-type InP substrates without

gold catalyst. These wires were grown from small patterned openings (~160 nm) in a 20

nm thick S;O, layer that covered the entire top surface of the InP wafer.

Table 2.1: Summary of NW samples deposited in this work.

NW MOCVD Gaorln Doping Metal Time | Location | Section
Run No. Precursor Deposited (s)
GaAs | 5849 TEGa CBr, Cu 40 | Au 3.21
5902 undoped Cu 40 | Au 3.1.1
5906 2/3 CBr, Fe 30 |Au 3.3
coreshell 1/3undoped
6027 TMGa CBr, Cu 30 | Au 3.2.2
6026 undoped Cu 30 | Au 3.1.2
6059 Core TMGa | undoped Cu 40 | Auand 3.2.3
Shell TEGa CBry sidewall
InAs | 6060 TMIn undoped Cu 40 | Auand 34.2
sidewall
NRC TMIn undoped Cu, Fe 30 | Topand |34.1
sidewall

16




2.2 Wettability of sample surfaces

We investigated the effects of sample preparation on water repellancy as measured
by the contact angle of liquid drops on each surface. Although the NW substrates are
totally immersed in the electrolyte during the deposition this does not necessarily mean
that the entire NW was in contact with the electrolyte.

Young’s Equation describes the contact angle @ of a liquid droplet on a flat, solid
surface as a function of interfacial surface tensions (Figure 2.1):

C0S O¢ = (ysv- YsL)/YLv , (2.1)
where ysy, vsL, and y,yv are the solid-vapour, solid-liquid, and liquid-vapour interfacial
surface tensions, respectively, in units of force per unit length. A lower y,y or ys_ will
cause a smaller contact angle. Sample surfaces were examined using a contact angle
instrument consisting of an optical microscope and built-in software for angle
measurement (VCA Optima located in Dr. Hogan Yu’s Lab in 4D Labs) [14].

Yiv
Vapor

>VYsv

Solid

Figure 2.1: lllustration of the contact angle, &, of a liquid droplet on a substrate as a
function of the interfacial surface tensions, y solid liquid (SV), solid vapour (SV) and

liquid vapour (LV).
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2.2.1 As-received sample surfaces

Figure 2.2 shows different as-received sample surfaces under SEM and the
corresponding de-ionized water droplet on the surface under an optical microscope. The
measurement of contact angle was obtained from the optical images of the liquid drop
interfaces for each sample surface. The red lines on each image are tangents to the drop
and substrate surfaces at their intersection.

The pure as-received GaAs (111) B substrates were hydrophobic, with a contact angle
ranging from 65° to 70°. The evaporation of Au nanoparticles onto these GaAs substrates
made the surface more hydrophobic, with larger contact angles ranging from 85° to 100°.
Even larger contact angles, greater than 150°, were found for some of the NW samples,
e.g. (c) and (d) while others (e) and (f) had contact angles of zero becoming hydrophilic.

The wetting properties of GaAs NWSs have been reported to be a function of surface
geometry, the length of the NWs [15], the wire density and the morphology of NWs [16].
It is found that hydrophobic behavior becomes more pronounced as the length of the
nanowires increases [15]. Figure 2.3 shows a series of contact angle measurements taken
for different as-received GaAs NW samples as a function of NW diameter, length, and
density and the gold thickness. Consistent with the literature reports, nanowire diameters
greater than 200 nm, or lengths greater than 2 pm, or density less than 15 pm, about half
of the samples are hydrophobic with average contact angles of 140°. The NWs with
higher densities are mostly those that also had smaller diameters. These results indicate

that surface preparation to enhance wetting is required.
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Figure 2.2: Tilted-view SEM images of different as-received sample surfaces and the
corresponding optical photograph of a deionized-water droplet on the surface: (a) GaAs
(111) B substrate. (b) same GaAs substrate but with Au nanoparticles evaporated and
annealed in preparation for nanowire growth. (c) - (f): GaAs NWs grown from gold
thicknesses of 2 nm, 2 nm, 0.5 nm and 1.5 nm. The added red lines are tangents to the

drop surface and substrate at their intersection. The resulting angle is the contact angle.
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Figure 2.3. Plots of contact angle versus NW (a) diameter, (b) length, and (c) density and
(d) gold film thickness (before annealing to form gold nanoparticles for MOCVD NW
growth).

2.2.2 GaAs NW surfaces after ammonium hydroxide etching

It has been reported that alkaline treated GaAs bulk surfaces are hydrophilic [17],
attributed to the OH groups left on the GaAs surfaces. Our GaAs substrates and NW
samples when etched in (NH4)OH, also became hydrophilic with the solution completely
wetting the surface like those in Figure 2.2 (e) or (f). All samples also became

hydrophilic after immersion in ethanol, consistent with its lower surface tension
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compared to water [18]. Table 2.2 compares surface tensions for air interfaces with water,
ethanol and ammonium hydroxide (9.6%). Ethanol has a much lower surface tension
compared to water, or ammonium hydroxide. Experiments with dipping the nanowires in
ethanol followed by rinsing in water prior to electrodeposition showed that ethanol

treated GaAs NW surfaces also became hydrophilic.

Interface with air y (MN-m ™)
Water 72.86
Ethanol 22.39
Ammonium Hydroxide (9.6%0) 67.85

Table 2.2 The liquid-vapour interfacial surface tension for water-air, ethanol-air and

9.6% Aqueous ammonia (ammonium hydroxide) — air interfaces at room temperature. ™!

2.3 Removal of gold

To check the effect of the Au catalyst on NW electrodeposition a method to remove
the gold before deposition was needed. There are two commonly used wet etching
solutions that dissolve gold [20] including (1) mixtures of nitric acid (HNO3) and
hydrochloric acid (HCI) (ratio 1: 3) and (2) fresh aqueous solution of I, and KI (aqueous
tri-iodide) (K1 : 1,: H,O=4g:1g: 40 ml). Fresh solutions are necessary since the
iodine oxidizes easily in water. It is known that nitric acid will damage a GaAs surface
[21], therefore, we chose to use aqueous tri-iodide to remove the Au catalysts. Figure 2.4

(b) shows SEM images of GaAs substrates with gold nanoparticles only and nanowires
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with Au catalysts after etching in tri-iodide. In both cases the Au particles are gone but
there is obvious damage to the nanowires. Similar damage was reported for Ge NWs
when etched in Kl/l,. [22] They reduced this problem by adding HCI to the etching
solution, which protected the Ge NWs likely by a chlorine-based surface passivation.
Based on this work we carried out a second set of Au etching experiments adding HCI to
the tri-iodide etching solution (2 mL 35% HCI in 15 mL tri-iodide). Figure 2.4 (b left)
shows an SEM image of the same Au nanoparticle GaAs sample as in (a left) but after
such etching. We can see that there are round-shaped depressions left on the substrate,
which likely indicate the original location of gold nanoparticles that had reacted with the
substrate, or that the etch has caused new damage to the GaAs substrate. Similarly,
Figure 2.4 (c right) shows an SEM image of GaAs NWs that shows clearly that the gold
catalysts were removed with minimal damage to the GaAs NWs. (The size of the Au
nanoparticles on GaAs in this case were larger than those used to grow the NW samples

shown.)
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Figure 2.4: SEM images left side: gold nanoparticles on GaAs (111) sample, right
side GaAs NWs: (a) as-deposited and (b) and (c) after gold etching in KI/I,

solutions:(b) without HCI, and (c) with HCI.
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2.4 Light-assisted electrodeposition

Photocurrent can be generated from GaAs NWSs under visible or ultraviolet (UV)
illumination [23]. Experimental results of photoconductivity measurements for GaN
nanowires also indicate that the generated current from the NW increased considerably
under UV illumination [24]. Light-assisted electrochemical deposition of metal films on
Si or GaAs substrates has been reported years ago [25][26]. The deposition rate increases
significantly for Au on p-Si under illumination (100-W tungsten-halogen lamp) compared
to in the dark [25]. Also, there is intensive study about photo-electrochemical deposition
used to form patterned metal films [26]. Since our GaAs nanowires were potentially
carbon-doped, meaning p-type, it was interesting to check if light during
electrodeposition would have an effect on metal growth rates.

To investigate the effect of light exposure, electrodeposition experiments were
performed on GaAs substrates as a function of illumination from an LED white light
source. The band gap energy of intrinsic GaAs (1.42 eV at room temperature) is
equivalent to the energy of a photon with a wavelength of 870 nm (infrared). Since we
used a glass beaker (Kimax 20 mL No0.14000) to hold the electrolyte and sample, it was
important to measure the transmission spectra of the light source through glass to predict
the intensity spectra that would expose our GaAs substrates.

Figure 2.5 shows transmission spectra measured using a spectrometer (spm-002
by Photon Control) with a spectral detection range from ultra violet (UV), (200 nm) to
near-infrared (1700 nm). The source generated light with two major peaks at 440 nm and
550 nm with absorption losses of 50% through the glass. The UV light from a lamp (peak

position 254 nm) was totally absorbed by the glass. For the electrodeposition experiment,
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the LED flashlight was oriented to project parallel to the nanowires (perpendicular to the
GaAs substrate surface). The light was turned on before ammonium etching and

maintained throughout the subsequent deposition process.

1 — LED flashlight
1200 - —— LED flashlight through beaker

1000
800

600

400

200

X y T ¥ T ¥ T : T i T
0 200 400 600 800 1000 1200
Wavelength (nm)

Intensity (arb. unit)

Figure 2.5: Transmission intensity for a LED flashlight measured in air and through a

Kimax glass beaker.

2.5 Electrodeposition of metal on InAs NWs

Previous work in the literature on electrochemical deposition of metal on InAs
NWs or InAs bulk samples was not found. Unpublished results by a former student, Jon
Bratwold, found that electrodeposition of Fe on InAs (100) single crystalline substrates
was feasible with ammonium hydroxide etching. Plan view TEM showed that such Fe

films had a preferred growth orientation. Ammonium hydroxide (10 %) was reported to
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be used for indium surface preparation prior to growing metal contacts on InAs bulk
samples using electron-beam evaporation [27]. Thus, we used the same surface
preparation that we used for GaAs NWs for the preparation of copper deposition on InAs
NWs. We also chose to use similar electrodeposition parameters, i.e. electrolyte

concentration: 0.1 mol/L CuSQ,, current density: 0. 1 mA/mm? and at room temperature.
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3: RESULTS

This chapter is organized into six sections with SEM and TEM results from the
electrodeposition of two metals (Fe, Cu) onto two different semiconductor NWs (InAs

and GaAs).

3.1 Electrodeposition of Cu on GaAs NWs

3.1.1 Unintentionally-doped GaAs NWs - Type A Ga precursor (TEGa)

Figure 3.1 shows SEM images comparing Type A GaAs NWs before and after
electrodeposition of Cu. After MOCVD growth, most of the NWs are vertically
perpendicular to the substrate, in the (111)B direction. Gold nanoparticles can be seen at
the tips of each NW. After electrodeposition, the Au seeds become coated with Cu. It

appears that Cu deposits only at the top of the NW.

Figure 3.1: SEM images of undoped Type A GaAs NWs before (left) and after (right)

electrodeposition of Cu for 40 s.
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TEM images shown in Figure 3.2 of these wires give a higher magnification-view of
their crystal structure. The first image is a low magnification image of the entire wire
after removal from the substrate onto the grid. The image at the bottom right is the
enlarged view of the top part of the NW. We can see that the Cu/Au particle looks darker
due to its greater thickness compared to the GaAs. The large period fringes visible are
most likely due to translational Moiré fringes from overlapping Au-Cu regions with
different lattice constants. The spacing between the Moireé fringes (1.6 + 0.3 nm),
compares to the calculated spacing of translational Moiré fringes from Au-Cu (111) (1.81
nm) [28]. From the BF images (a) and (c) we can see that the Cu crystal has hexagonal
facets, which indicates a single crystalline epitaxial material. The selected area diffraction
pattern in (b) shows that the GaAs wire is (110) oriented in the plane of the image with a
growth direction of [111] as expected. The Cu and Au diffraction spots are not clearly

visible from this wire.
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Figure 3.2: TEM bright field images of a undoped Type A GaAs NW: (a)(c), and the
SAD pattern from the Au end region, (b) after electrodeposition of Cu for 40

s. Image (c) shows the enlarged version of the top part of the NW (a). In
graph (b) the circled indexed points are diffraction spots from GaAs. The
solid line circles are calculated diffraction rings for polycrystalline Au and

the dashed line circles are calculated diffraction rings for polycrystalline Cu.

3.1.2 Unintentionally-doped GaAs NWs: Type B Ga precursor (TMGa)

The difference between NW growth using TMGa and TEGa precursors is fully discussed
in references [12] [13]. Briefly, tapering has been found for Type A GaAs NWs (TEGa)
while Type B (TMGa) NWs exhibit much higher axial growth rates, as well as a dramatic

reduction in tapering. It was also found that growth with CBry, is associated with less
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tapering for Type A GaAs NWs. Figure 3.3 shows Type A NWs grown with and without
CBr,. The geometry of Type B NWs is similar to (b1), regardless of whether CBry is

added.

100 nm (a1)

100 nm (b1)

Figure 3.3: BF TEM images of Type A GaAs NWs grown without CBr, (al) and with
CBr, (b1), respectively. (al) shows the extreme condition for tapering while in certain

cases there is still a gold catalyst left on top of the NW [12].

Figure 3.4 shows SEM images of Type B GaAs NWs (a) before and (b) after Cu
deposition for 30 sec. We can see in Fig. 3.4 (b) that the previously vertically-aligned
nanowires have bent together to form clusters. This is due to a known capillary effect
during preparation before electrodeposition[29]. Others have shown that it can be
eliminated by introducing an electric field during drying[30]. We tried to dry the sample
with 100 V for 5 minutes directly after electrodeposition. It did not stop our coalescence.
More details need to be analyzed, such as the distance between the sample surface and

counter electrode. For these experiments this distance is only 1 mm while it was ~ 2 cm



in our case. The diameters of these NWs ranged from 60 to 120 nm, averaging 70 nm.
Combining a top view with tilted images, the Cu crystals are distinguished from the
substrate surface or nanowires as isolated faceted particles are found around the bottom
of the NWs, as well as at the top. The diameter of the Cu on top of the NWs is not

uniform, which is possibly due to the cluster structure.

Figure 3.4: SEM images of type B GaAs NWs before (a) and after (b, ¢) Cu
electrodeposition for 30 s. (b) is a top view while (a) and (c) are tilted images (45°). The

arrows point to examples of Cu crystals.

3.2 GaAs NWs intentionally doped with carbon

Three different kinds of GaAs NWs intentionally doped with carbon using CBr, were
examined for deposition. The first two varied the type of Ga precursor, Type A or Type
B. The third samples were core-shell with a Type A core and a Type B shell. The effects
of these growth conditions on the effectiveness of carbon doping was unknown. The
intention was to investigate variations in the conductivity in the NWs by monitoring the

rate of metal electrodeposition.
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3.2.1 Type A TEGa precursor

Figure 3.5 shows SEM images of intentionally carbon-doped Type A GaAs NWs
before and after Cu electrodeposition. Cu is predominantly found on the top of the NWs
or as isolated large crystals on the substrate. As seen in the TEM images of Figure 3.6 (c),
these GaAs NW grew along the (111) direction and thickness fringes appear around the
NW centre and edge. The diffraction pattern indicates that the electron beam was
perpendicular to a GaAs (112) plane, with the Cu (111) planes almost parallel to the the
GaAs (111) planes. Gold (111) also aligns with the GaAs (111) planes, in an epitaxial
arrangement [31].

Dark field TEM images of one of these wires are shown in Figure 3.6 (b). They
indicate that the Cu at the top of GaAs is a single crystal of orientation [112] the same as
the GaAs crystal and Au. Figure 3.7 shows TEM bright field and dark field images of
another GaAs NW with the same orientation. We can see that the Cu crystal is a perfect
hexagonal shape, surrounding the Au catalyst (the darker part) inside. The dark field
image confirms that we have single crystalline copper growing on top of single
crystalline GaAs.

Figure 3.8 illustrates the increase of the Cu crystal volume on top of two different
intentionally carbon-doped Type A GaAs NW with double the deposition time, (from 40
s to 80 s) under otherwise similar experimental conditions. Longer deposition times gave

larger Cu particles.
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Figure 3.5: SEM images of Type A intentionally carbon-doped GaAs NWs before (left)

and after (right) electrodeposition of Cu for 40 s.

Au (440)

L cusy
HT3d

cu(i31)

Figure 3.6: TEM images of Type A intentionally carbon-doped GaAs NWs after
deposition of Cu. Image (a) is the SAD pattern showing a (112) zincblende orientation.
The indexed spots are GaAs with other Cu and Au spots indicated. Dark field images (b)
and (c) were obtained using a Cu (131) and a GaAs (220) diffraction spot, respectively.
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Figure 3.7: TEM bright field image (left) of one GaAs NW and its dark field image
(right) from a Cu diffraction spot. The fringes are due to thickness variations. There are

also dislocations visible within the Cu.

Figure 3.8: TEM bright field images of intentionally carbon-doped GaAs NWs after
electrodeposition of Cu for 40 s (left) and 80 s (right). The two NWs have similar
diameters and the deposition experimental parameters are the same. The dark fringes are

interference from thickness variations.
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3.2.1.B Nanowire diameter and geometry
Due to the distribution of diameters of the Type A GaAs NWs, we are able to analyse

the relationship between NW diameter and the volume of deposited Cu. Figure 3.9 shows
the experimental results for one GaAs sample with NW diameters ranging from 50 nm to
140 nm. Calculation of the Cu volume is based on the assumption that the Cu
nanoparticle is a sphere. Some data points have larger error bars because the Cu crystals
actually are facetted with different radii at different orientations. We corrected the Cu
volume by deducting the volume of the inside gold hemisphere and GaAs core. The
linear fit intersects the x-axis at 50 nm, suggesting that there may not have been copper

growing on GaAs NWs with diameters less than 50 nm.

We also found Cu nanoparticles growing around the nanowire shaft as well as at the
top for larger diameter (~ 1 um) NWs. Figure 3.10 shows SEM images from Type A C-
doped GaAs NWs. The gold nanoparticle size is not uniform, with diameter varying from
50 nm to 1 um. We can see that polycrystalline Cu nanoparticles have grown around the

large diameter nanowires while the others with smaller diameter only have Cu at the top.
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Figure 3.9: Top: TEM images of intentionally carbon-doped GaAs NWs (type A) after
electrodeposition of Cu for 80 s. Bottom: Plot of calculated Cu nanoparticle volume as a

function of NW diameter. The dotted line is the best linear fit.
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Figure 3.10: SEM images of GaAs NWs (Type A carbon-doped) with large diameters
after deposition of Cu for 40s.

3.2.2 Carbon-doped GaAs NWs with Type B (TMGa) precursors

The Type B GaAs NWs intentionally doped with CBr4 had diameters that ranged from
40 nm to 120 nm, with an average diameter of 50 nm. As shown in Figure 3.11, the NWs
also adhered together due to the capillary effect. Similar to undoped GaAs NWSs grown
with Type A (TEGa) precursors, we found Cu only grew around the NW bottom and at
the top. An evaluation of the relationship between NW diameter and Cu volume was not
carried out since clustering made it too difficult to distinguish how many wires belonged

to each Cu nanoparticle.
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Figure 3.11: SEM images of GaAs NWs before (a) and after (b, c) electrodeposition of
Cu for 30 s. (a)(b) are tilted images while (c) is a top-down view.

3.2.1 Core-shell (Type B -Type A) GaAs NWs

A core-shell GaAs NW sample was made by first growing an undoped core using
Type B (TMGa) (200 s) with a 1 nm annealed gold layer, and then growing a CBr4 -
doped Type A (TEGa) shell (400 s). The diameters of the NWs ranged from 60 nm to 120
nm, with an average length of 1.5 um. Figure 3.12 (left) shows that a little tapering is
visible near the top part of most NWs, which is due to a change from undoped to doped
core growth at the Au end. Figure 3.12 (right) clearly shows that Cu has grown on the
sides around the NW while a large Cu particle still exists on top of the NW. Also for
certain wires, it appears nothing grew right below the top part of the NW, which is likely
due to the depletion of Cu ions near the Au tip. Analysis of the Cu shell diameter and the
core NW diameter (Figure 3.13) indicates that the Cu diameter increases for NWs with

larger diameters.
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Figure 3.12: Sketch of the NW sample (a) and SEM images of undoped core, carbon-
doped shell GaAs NWs before (b) and after (c) electrodeposition of Cu for 40 s.
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Figure 3.13: Plot of Cu crystal diameter growing on the sides of the NW versus NW
diameter.
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3.3 Electrodeposition of Fe on GaAs nanowires

Fe was deposited onto Type A GaAs NWSs grown with CBr, for the first part of the
growth, followed by no CBr,4 precursor during the last part of the growth. It was found
that tapering occurs when the carbon source is turned off [12]. As we can see in the SEM
images shown in Figure 3.14 the upper part of the GaAs NW is tapered while the lower
part is uniform in diameter. Again, Fe is only depositing on the top end of the NW where

the Au is. The SEM image shows that no Fe has grown on the smallest wires.

‘ (a)

TEGa doped core

TEGa undoped shell J ()
Figure 3.14: Sketch of the NW sample (a) and SEM images of GaAs NWs before (b) and
after (c) electrodeposition of Fe for 30 s. Tapering in the wires towards the Au end

occurred when the CBr4 was turned off in the later part of the growth.

Figure 3.15 is the plot of Fe volume versus NW diameter. We assumed again
spherical-shaped particles for the volume calculation of Fe nanoparticle. The best linear
fit has a threshold of 30 nm, indicating that there is no growth of Fe on NWs with a

diameter smaller than 30 nm.
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Figure 3.15: Plot of calculated Fe nanoparticle volume as a function of NW diameter. The

dotted line is the best linear fit with a intercept of 30 nm.

Figure 3.16 shows TEM and an associated SAD pattern for one of the nanowires
from the sample in Figure 3.14. The TEM image shows that the NW grew along a (111)
direction but that the Fe is not single crystalline. The Fe diffraction spots are indexed on
the SAD. The dark field image intensity from the Fe spot is not uniform everywhere in

the Fe region.
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Figure 3.16: TEM images of the GaAs NW after deposition of Fe for 30 s. (c): BF image
and (a) SAD pattern. Dark field images (c) from Fe (211) spot, (d) from GaAs (111) spot.

Figures 3.17 and 3.18 show EDS spectra from two spots on the wire sample
imaged in Figure 3.16. They confirm that there is no detectable Fe growth on the GaAs
sidewalls. From the EDS spectrum from spot (1) of Figure 3.19 we can see that a large Fe

peak is detected. And there is no oxygen peak, which confirms the deposit is Fe not FeO,.
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Figure 3.17: (a) STEM image of a GaAs NW after deposition of Fe. The numbers
indicate the location where the EDS spectra (1) and (2) were obtained. The carbon (C)

and Cu signals are from the holey carbon-coated TEM grid (copper mesh).
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Figure 3.18: (a) A STEM image of the Au end of another wire electrodeposited with Fe.
The arrow shows the path of the focused electron probe that was used to excite x-rays
collected by the EDS detector. (b) The resulting analysis of EDS spectra as a function of
position along the arrow. We can see that the Fe region covers the Au region and the

intensities both drops to zero within 20 nm when on the GaAs wire.

The Ga signal declines towards the Au end, which is related to its decrease in
diameter. There is Ga detected in the Au. The Ga signal that overlaps the Fe signal
suggests that the Fe is growing on the wire but more likely it has simply grown out from

the Au. There is no Fe signal on the wire away from the Au.
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3.4 Electrodeposition of metal on InAs nanowires

3.4.1 NRC InAs NWs

The NRC InAs nanowires were patterned into different arrays with different number
of wires. Figure 3.19 (a) shows an SEM image from one area of the sample showing that
the wires have typically a diameter of 160 nm, with an average length 1.5 um and
average NW spacing of 340 nm. Figure 3.19 (b) shows another region on the same
sample with fewer wires in a line with a spacing of 380 nm. The EDS spectrum is shown

in Figure 3.20 obtained using an electron beam energy of 5 keV. The peaks identified

include those from the InAs wire, InP substrate, and the SiO, layer.

Figure 3.19: SEM images of InAs NWs from NRC obtained from two regions of the

same SiO,/InP patterned wafer, sample tilted 45°.
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Figure 3.20: (a): SEM image of one InAs NW growing through a SiO, masked

InPsubstrate. (b): EDS spectrum from the rectangular region in (a).

3.4.1.A Electrodeposition of Cu

There were different sizes of NW arrays in the sample but all wires had the same
diameter of 160 nm. To choose the electrodeposition current applied by the constant
current supply such that the current density was 0.1 mA/mm? the total sample area was
equal to the number of InAs nanowires times this individual areas. Figure 3.21 shows the
experimental results for different patterns of InAs NW arrays on the same sample
electrodeposited simultaneously. We can see that the single InAs NWs are fully covered
with Cu uniformly all over the wire. Compared to the single NW, less copper is found in
the NW forest where the wires have the same size but a larger number and density. This
is probably due to depletion of Cu ions. According to the EDS spectrum of Figure 3.22,
the solid that has grown around the InAs NW is Cu and not CuO. CuO would have

generated a much stronger O peak.
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Figure 3.21: SEM images of InAs NWs with different array sizes after electrodeposition
of Cu for 30 s. (a) and (b) single wire, (c) 6 wires and (d) forest wires. All wires have the

same size, and wire arrays in (c) and (d) have the same density.

~

Intensity

Figure 3.22: Left: SEM image of one of the InAs NW after deposition of Cu. Right: EDS

spectrum of the rectangular area shown in (a).
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3.4.1.B Electrodeposition of Fe

Electrodeposition at a total current 0.001 mA (estimated current density of 0.04
mA/mm?) resulted in no evidence of deposition after 5 seconds based on SEM
investigations. In a second attempt, at a total current of 0.002 mA (current density 0.1
mA/mm?) deposition time 30 s, deposition was obtained. Figure 3.23 shows SEM images
from a single NW and a small NW array from this experiment.

Comparing this result to Cu where the same current and deposition time was used, the
Fe deposition is thinner. The cell voltage for the two depositions was different. For Cu
deposition the cell voltage is 0.60 V while for Fe it was 1.08 V. The sample for Fe
deposition was reused after the first attempt without additional cleaning. The 5 s

deposition may have caused a change in the sample surface.
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Figure 3.23: SEM images (45 ° tilted) of InAs NWs after electrodeposition of Fe for 30 s.
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3.4.2 Electrodeposition of Cu on InAs NWs from Dr. Watkins’ group

Figure 3.24 shows SEM images from the undoped InAs NWs from Dr. Watkins’ lab.
The wires are highly tapered with the top showing little evidence of Au particles. After
deposition of Cu, we found solid Cu had grown around the NW with also some large Cu

crystals randomly lying on the GaAs substrate surface.

i 11

Figure 3.24: SEM images of InAs NWs before (a) and after (b) electrodeposition of

Cu for 40s.

3.5 Experiment with light illumination

Figure 3.25 shows SEM images of carbon-doped Type B GaAs NWs (TMGa
precursors) after electrodeposition in the dark and under white LED flashlight
illumination. We can see that with or without light during deposition, the Cu still prefers
to grow at the NW top. Octahedrally faceted Cu crystals can be found in both samples.
There is no significant difference in the Cu volume or deposition density.

Another experiment using the same sample was carried out involving simply
putting the NW sample surface under LED illumination for 180 s. The sample is in the
electrolyte and every other procedure is the same except that no current was supplied
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(Keithley power supply off). A certain amount of metal growth will occur simply by
providing the electrolyte. [32] SEM and EDS showed that the sample stayed the same as

before, nothing was detected to have grown on the surface.

Figure 3.25: SEM images of GaAs NWs after electrodeposition of Cu for 30 s. Left:
deposition in dark. Right: deposition under LED flashlight illumination.

3.6 Metal deposition without gold catalyst

3.6.1 Electrodeposition of Cu on gold nanoparticle samples

As a comparison experiment, we electrodeposited Cu on gold nanoparticle GaAs
samples. The gold nanoparticle sample we used had a Au particle diameter distribution
from 100 nm to 400 nm. By lowering the electrolyte beaker gradually during the
deposition, we were able to change the deposition time of deposition on different areas of
the sample in one experiment. As we can see in the series of SEM images in Figure 3.26,
at first, Cu crystals grow on a small numbers of Au nanoparticles. Then as time goes by,
more Au nanoparticles have Cu growth; finally all Au particles are covered by Cu
islands.
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Figure 3.26: SEM images of Cu deposition on a gold nanoparticle/GaAs substrate sample
as a function of deposition time obtained by moving the electrolyte in a stepped time
series of (a) 3s,(b) 65, (c)8s,and(d) 10s.

3.6.2 Cu growth without gold catalyst

For this experiment we used carbon-doped Type A GaAs NWs (TEGa) with a range of
NW diameters of 50 nm to 500 nm. The Au catalysts were etched as described in section

2.3. After making sure that most of the Au was gone (Figure 2.4), we used the sample for
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electrodeposition following the same procedures as samples with Au. Figure 3.27 shows
SEM images from wires showing the comparison between deposition with and without
gold catalyst. We can see that with the Au catalyst, Cu hats are found on the tops of most
NWs. In comparison, for the deposition without the Au catalyst, Cu still has a preference
for growing on top of the NW but there is less growth on NWs having diameters smaller
than 100 nm. Also, for the NWs with larger diameters, there is now more than one single
crystal growing on top. Figure 3.28 shows two NWs with diameters of 125 nm (left) and
150 nm (right). The dark part on top of the 125 nm NW could be residual Au after the
etching process. The 150 nm NW has a hexagonal-shaped Cu crystal growth on top and
the contrast indicates that there is no Au catalyst left, supported by subsequent EDS
analysis.

Figure 3.29 is a TEM image and associated SAD pattern from one NW with a
diameter of 200 nm. The main periodic spots in the SAD pattern index to GaAs
indicating that the NW is oriented with the electron beam perpendicular to a (112) GaAs
plane. The expected Cu spot positions are shown by the added indexed diffraction rings.
Considering the lattice mismatch between Cu and GaAs the Cu (111) atomic spacing
(0.2087 nm) is most closely matched to GaAs (220) atomic spacing (0.200 nm) with a 4%
lattice spacing mismatch. There are spots from Cu crystals that are consistent with more
than one single crystal of Cu having grown on the top of the wire, consistent with our

SEM analysis. There is no evidence of an epitaxial arrangement of the Cu on the GaAs.
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Figure 3.27: SEM images of carbon-doped GaAs NWs (Type A) after 40 s
electrodeposition of Cu. The upper image is NWs with Au catalysts while the bottom
image is after etching the sample in an HCI: potassium-tri-iodide solution to remove the

Au catalysts.
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Figure 3.28: TEM images of GaAs NWs where the Au was etched prior to
electrodeposition of Cu (40 s).
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Figure 3.29: TEM bright field image of a zincblende GaAs NW with associated SAD
pattern. The diffraction pattern indicates that the electron beam was perpendicular to a
GaAs (112) plane. The (hkl) indices are GaAs diffraction spots while the labelled black

circles are calculated diffraction rings for polycrystalline Cu.

55



4: DISCUSSION

In our experiments, we have tested samples with different morphology (metal
nanoparticles on semiconductor, semiconductor NWs on top of semiconductor),
conductivity (InAs NWs and GaAs NWs with different carbon doping levels) and
structure (diameter, with and without gold catalyst at the growth end). The conductivity
and actual dopant impurity concentration in the GaAs wires investigated was unknown.
We found that metal deposition happened in different locations for different samples and
we propose that this was due to variations in the conductivity. We discuss the growth
mechanism as a function of sample surface, conductivity and morphology. COMSOL
finite element analysis was carried out to simulate the experimental results based on the

Butler-Volmer equation and Nernst-Planck equation.

4.1 Current and resistivity calculation

From the estimated Cu crystal volumes, V, as described previously in section 3.2,
we can obtain the total charge, Q, that is transferred during deposition through the

gold/electrolyte interface given by:

Q= AizeVNA (4.1)

where p is the atomic density of Cu, A, is atomic weight and N is Avogadro’s number, z
= 2 is the Cu ion valence. The total charge divided by the deposition time will give us the
average current through the NW. The challenging part for further calculation of the NW

resistance is that we do not know the voltage drop across the length of the NW. If we
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ignore the voltage drop of the outer cell circuit (which is very small), our system
primarily measures the potential drop between the cathode and anode. The n-type GaAs
substrate and p-type C-doped GaAs NW interface is a forward biased p-n junction during
deposition. Since the cathode is platinum and the anode wafer is heavily-doped n-type
GaAs (350 + 25 um thickness), the voltage drop mainly occurs inside the semiconductor
NW, the Helmholtz layer and the electrolyte. To make a rough approximation, we
assumed 1.5 V out of the total 2 V voltage drop as the potential difference across the
NW, from the NW base at the wafer surface to the gold tip. From TEM or SEM images
we can measure the length and diameter of NWs, and then use

p=R- (4.2
for resistivity estimates.

Data for Cu volume versus NW diameter for the intentionally carbon-doped
sample discussed in section 3.2.1 (type A) was shown in Fig. 3.9. This was used to
calculate the average current and resistivity as a function of GaAs NW diameter via
equations 4.1 and 4.2, respectively. . The current increases, up to 2.5 pA as the diameter
increases. The 52 nm diameter NWs were more conductive than the 60 nm-90 nm ones,
which might be due to a higher doping level [33]. Figure 4.1(b) is a plot of current versus
NW cross-sectional area. The slope of the best linear fit line gives us the average current
density, which is 0.24 + 0.09 mA/mm?, the same order of magnitude as the applied
current density (total current divided by sample area times 40%, 0.1 mA/mm?). The
calculated average resistivity was 2 + 1 x 10* Qm, equivalent to bulk GaAs with a very

low carrier density ~10™ cm™ [34].
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Figure 4.1: (a) NW current (solid circle point) and calculated resistivity (dashed square
point) versus NW diameter and (b) current versus NW cross-sectional area for Cu
deposition on carbon-doped GaAs NWs (type A) (section 3.2.1). The dashed line is the
best linear fit with slope 2.4 + 1 x10™ pA/nm? (average current density’ 0.2 + 0.1

mA/mm?’
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Figure 4.2 shows the calculated current and resistivity for the Fe-deposited NWs
grown on type A NWs with CB, doping for the initial part of the MOVPE growth, as
discussed in section 3.3. In Figure 4.2 (a) the current increases up to 5.5 pA as the
diameter increases. The intercept at 30 nm indicates that deposition on NWs with
diameters smaller than 30 nm did not occur. From the slope of Figure 4.2 (b) the
calculated average current density is 0.17 + 0.05 mA/mm?. The calculated average
resistivity for this sample is also ~10* Qm.

The same calculation was carried out using the Cu volume measurements from
Cu-deposited onto undoped GaAs NWs (type A) described in section 3.1.1). The average
current through these wires was 0.8 pA and the calculated resistivity is therefore, 2400 +
900 Qm, equivalent to bulk GaAs with a carrier density ~10™ cm™. The undoped wires
are apparently slightly more conductive than those that were intentionally carbon-doped
based on this model calculation. . It has been reported that the resistivity of VLS grown
undoped GaAs NW is ~ 500 Qm by transmission-line I-V measurement [35] comparable
to our result. However, it is unlikely that the level of dopant impurities in our wires was
less than typcial values for planar grown MOVPE GaAs (~10"°/cm?®). The calculated high
resistivity indicates that all NWs grown with or without CBr, with diameters under 200
nm discussed in this section were likely fully depleted. We will discuss the depletion

width in more detail in section 4.3.1.
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Figure 4.2: (a) Calculated current versus NW diameter and (b) NW cross-sectional area
for Fe deposition on intentionally carbon-doped followed by undoped type A GaAs NWs
(section 3.3). The dashed line in (b) is the best linear fit with slope of 0.17 + 0.05

mA/mm?. (c) Plot of the calculated resistivity as a function of NW diameter.

4.2 COMSOL simulation

To better explain the deposition results, finite element simulation was carried out
using COMSOL® Multiphysics. We started with the simplest situation: the deposition
process for a quasi-metal (INAs) NW without a gold catalyst. The model was built with
the Chemical Engineering Module using the Nernst-Planck equation. [36] We simulated
the electric field distribution for our electrochemical cell as applied to GaAs NWs using

the AC/DC Module.
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4.2.1 Cu deposition on InAs NWs

For the NRC InAs NWs sample, there were no gold catalysts. NWs grew from the InP
substrate via openings in a deposited SiO, insulating layer. InAs NWs are naturally
highly conductive due to their smaller bandgap (0.36 eV) and a surface accumulation
layer [37]. All of these facts made the system easier to simulate.

The model system is designed by using the material balance for the ions involved:
Cu*" and SO, and the electroneutrality condition. The model geometry is depicted in
Figure 4.3. The cell is fully filled with electrolyte. The anode is represented by the upper
horizontal boundary while the cathode substrate is placed at the bottom a distance 30 um
away from the anode.

To make the model simple and not introduce other ions, we used Cu as the anode
material. Thus, it is a copper dissolution process (reverse of deposition) on the anode. For
the cathode, only the InAs NW portion of the sample has a current distribution. The
vertical walls of the model cell are assumed to be insulating similar to the glass container
of the real cell.

The flux of ions in the electrolyte is given by the Nernst-Planck equation [9]:
N; = —D;V¢; — zu;Fe;Ve; (4.3)
where N; denotes the flux of moving ions (mole m? s™), D; is the ion diffusivity (m s),
ci the concentration of ion in the electrolyte (mole m™), z; the charge on the ionic species,
u; the mobility of the charged species (m?s*J™mole™) , F Faraday’s constant (As mole™)

and ¢; the potential in the electrolyte (V). The material balance is expressed by:

2

94 V-N; =0 . (4.9)
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Figure 4.3: Sketch of the deposition cell model dimensions with anode, and cathode

boundaries and insulating walls.

The electroneutrality condition is given by:

2i(zic;)) = 0. (4.5)
The boundary conditions for the upper anode and InAs NW cathode are given by the
Butler-Volmer equation for copper deposition. The deposition process can be simplified
into two steps:
cu**+e=cCu
Cu’+e =Cu,
where the first reaction is the rate determining step[38]. This gives the following relation

for the local current density as a function of potential [38].
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i=1iy(exp ((%) — exp (— %))) (4.6)

where 1 denotes the overpotential:

N=¢s0— P~ Adeq (4.7)
@; o denotes the electronic potential of the respective electrode, @, the electronic potential
of local electrolyte and Ag,,, the relative equilibrium potential (which we set to 0 V). We
set current density io to be 200A/m? (0.1 mA/mm?) and cathode potential -0.15 V and
anode potential 0.15 V. For electrolyte potential, we set it to decrease uniformly from
0.15 V to -0.15 V from top to bottom. Then, for the InAs NW cathode:

i 1-5F(¢s,ca hode_q)l_Aq)e ) 0-5F(¢’s,ca hode_q)l_Aq)e )
Negyz+ +n = —2—‘1’:(exp - T L —exp (— - — 1)). (4.8)

The condition at the anode is:

1-5F(¢s,anode_¢l_A¢eq) _ exp _ O-SF(¢s,anode_¢1_A¢eq)

Neyas 1 = =32 (ex - ( - ). (49)
where n denotes the normal vector to the electrolyte/electrode boundary.All other
boundaries are insulating:

Negz+ -0 =0 . (4.10)
For sulphate ions, insulating conditions apply everywhere:
Ngo,2+*n =0 . (4.11)
The initial concentration is set to be
Cso,2+ = Cey2+ = Co = 100 mol/m? . (4.12)

Equation (4.4) (4.5) and (4.8) to (4.12) can be solved using the Nernst-Planck Equation
interface by COMSOL. To keep track of a time-dependent deposition, we can calculate

the growth rate by:
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N = icathodeMcu
pZiF

: (4.13)
where M denotes molar mass. The moving boundaries are treated through an arbitrary
lagrangian eulerian (ALE) method incorporated inside COMSOL.

Simulation results

Figure 4.4 shows the simulation results after 1 s of deposition. The deposited Cu is
represented by the blank part between the original domain boundary and the colourful
mesh. From Figure 4.5 we can see that, as time goes by, the tip region has a slightly
greater copper growth compared to the bottom. After 5 s deposition the simulation shows
greater copper thickness at the tip compared to other parts, but the difference is relatively
small. From the isopotential lines around the NW we can tell that the top part is denser
which means a larger electric field. The model results tell us that if we have quasi-metal
NWs (without gold catalysts) in the electrochemical system, under reasonable
overpotential, Cu will deposit uniformly around the NW without a significant preference

for the tip.

65



160

140

120

100

Figure 4.4: Copper ion concentration (mol/m®), isopotential lines (black), total flux
stream lines (white), and electrode displacement in the cell after 1 second of operation.
The scale bar represents the copper ion concentration value.
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Figure 4.5: Copper ion concentration (mol/m?), isopotential lines, total flux stream lines,
and electrode displacement in the cell after (a) 2 s, (b) 3 s, (¢) 4 sand (d) 5 s of operation.
The scale bar represents the copper ion concentration value.

4.2.2 Electric field simulation for low conductivity GaAs NWs

For low conductivity GaAs NWs samples, there is no basic theory available to predict
current flow when we have both semiconductor and metal as the nanoscale electrode. We
found Cu only deposited around the NW bottom and at the top for the undoped and
intentionally-doped GaAs NWs presented in 3.1.2 and 3.2.2. Also we found that Cu still

had a preference for growing on the top even after we etched away the gold catalysts for
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intentionally-doped NWs. If we compare our electrified NW to a high building in Figure
4.6, the gold catalyst at the tip of the NW acts like the lighting rod. The tip growth

preference might be due to the higher electric field.

Figure 4.6: GaAs NW sample sketch and lightning rod picture from Nick Suydam; Flikr,
Yahoo!; January 2008.

To improve our understanding of the electric field distribution inside the cell, we
used the AC/DC module in COMSOL to simulate the electrostatic fields. Here we treated
0.1 mol/L copper sulphate as a solid material with a conductivity 85.9 Sm™ at room

temperature. [39]
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Electrolyte

Figure 4.7: Geometry of the electrolytic cell: GaAs substrate and GaAs NWs with or
without a Au tip as a cathode. The cell is filled with copper sulphate and there is a

platinum anode at the very top.

The cathode consists of GaAs substrate and GaAs NWSs with or without a gold catalyst.
The current in the domain is controlled by the continuity equation:

=V-(eVV) =0, (4.14)
where V is the potential and ¢ is the conductivity (S/m).
The ground potential boundary is set to be at the platinum/electrolyte interface. External
current at a current density of Je= -100 A/m?is applied to the bottom surface of the GaAs

substrate. In a stationary coordinate system, the point form of Ohm’s law states that:

J=cE+], (4.15)
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E=-VV . (4.16)
As shown is Fig 4.9, copper sulphate is filled in the cell and the outer boundaries of the
domain are insulating:

n-J=0 (4.17)
The conductivity of the n+ GaAs substrates is set to 10° S/m (10*%cm™ doping level) and
the GaAs NWs to low or high conductivities between of 10 S/m and 10° S/m,

respectively.

Simulation results

Fig 4.8 shows the simulation results for two non-conductive GaAs NWs the left
one with Au and the right one without Au. We can see that very low current goes through
the NWs because the electrolyte is more conductive than the wire in this situation. The
electric field is largest at the top part for both NWs with Au and without a Au catalyst.

Figure 4.9 shows the simulation results for conductive GaAs NWs with and
without a Au catalyst. The current through the wires is much larger than the current
through the electrolyte. The electric field is larger at the top part as well as at the bottom
around the NW, which is consistent with our experimentally observed Cu nucleation sites
as shown in Figure 3.11. Also the Au catalyst of the left NW attracts more current
compared to the one without a Au catalyst on top at right. This model is producing results
that more closely match our experiment. The corners at the NW/substrate interface will

cause a higher electric field around the bottom of the NW.
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Figure 4.8: Simulation results of (a) current density (A/m?) and (b) electric field (\V/m)
distribution in the cell for GaAs NWSs with low conductivity 10 S/m with and without a

Au catalyst.
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Figure 4.9: Simulation results of (a) current density (A/m?) and (b) electric field (\V/m)
distribution in the cell for GaAs NWs with conductivity 10° S/m with and without a Au

catalyst.
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4.3 Other factors important to metal nucleation

4.3.1 Geometry and depletion width

From Fig 3.10 we saw that for type A GaAs NWs with large diameters (~1 um)
copper also nucleated and grew on the GaAs sidewalls NW, right below the Au tip.
Conversely, referring to Fig 3.14, we did not find Cu growth on greatly tapered NWs.
Furthermore, from measurements of Cu or Fe volume versus wire diameter there was a
threshold wire diameter below which the metal did not form. If the wires were of
identical conductivity and length then the current density would have been the same.
However, the total current available for nucleation will eventually be too small for
smaller wires for nucleation to succeed. Alternatively, if the wire conductivity is a
function of diameter decreasing with decreasing size, then smaller wires would become
too resistive for nucleation. Although the electric field is theoretically higher at smaller
wire tips, their shrinking cross-sectional area and increasing resistance, lowers the
available current.

On the other hand, the sidewall Cu growth of the type A GaAs NWs with large
diameters (~1 um) in Fig 3.10 means these wires with large diameter are more
conductive than the wires with small diameters, which indicates that they are not fully
depleted. Thus, the depletion width is between 65 nm and 400 nm if we assume there is a
200 nm conductive core for the 1 um diameter wire. The depletion width for GaAs NWs

can be calculated as [40]:

d= |2 , (4.18)

en
where n is the concentration of charge carriers, e = 13.1 is the relative permittivity of
GaAs and Vs = 0.45 V is the surface potential for p-GaAs [41]. If we reverse the
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calculation assuming d = 65 to 400 nm we get a carrier concentration in the range of 3.7
x 10" cm™ and 1.4 x10* cm™. If we do the same calculation for the core-shell GaAs
NWs discussed in 3.2.3, whose depletion width should be smaller than 40 nm, the relative
calculated carrier concentration is larger than 3 x 10" cm™. These values for the actual C-
dopant impurity concentration for CBr, MOVPE growth are more consistent with planar

results.

4.3.2 Gold catalysts

In section 3.6.2 we showed that Cu still prefers to grow on the ends of the NW even
after we etched off the Au catalysts. This indicates that either the gold was not all
removed or that gold is not necessary for the Cu tip nucleation. However, we do see Cu
nucleation on NWs of smaller diameters (< 100 nm) with Au catalysts still there, which
we do not see as frequently for NWs of the same diameter without Au catalysts. This is
again likely due to the increased conductivity of Au versus the semiconductor , as
discussed in section 1.2. Without a Au catalyst on the top end, the NW still has to face a
depletion region at the semiconductor/electrolyte interface. The current of the smaller

diameter NW is not large enough to form a stable nucleus.

4.3.3 Overpotential

Cu electrodeposition is reversible, but there is a minimum nucleus size necessary for
continued metal growth [42]. The number of Cu ions, N, in each critical nucleus is a
function of the overpotential:

me?s

Geo? (4.19)

Nerit =
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where s is the area of one metal atom, and z is the number of electrons each ion carries (2
for Cu®*). We can see that the size of the critical cluster will decrease as the overpotential
increases. On the other hand, if we apply an extra high overpotential, the current through
the NW will increase, thus increasing the number of electrons that tunnel through the
depletion barrier.

Figure 4.10 shows the experimental results for Cu deposition on GaAs NWs with
an extra large current density, i.e. large overpotential. Cu growth can be detected around

the NW extending into dendrites growing out the top of the NW.

Figure 4.10: SEM image of GaAs NWs after Cu deposition for 5 s with 40
mA/mmz2 current density and relative EDS spectrum from two different spots of the

GaAs NW.
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4.4 Sample surface

In this section, we focus on the chemical composition of the electrode surface in our

experiments.

4.4.1 Surface oxidation

A previous report found Ni growth only on the Au catalysts at the top end of P-doped
Si NWs. After removing the Si NW surface oxide (1% HF), they found Ni particles also
deposited along the sidewalls of the NWs [43]. They concluded that the surface oxide on
their p-doped Si NWs, acted as an insulating layer which prevented metal deposition on
the sidewalls.

In our experiment, a dilute ammonium hydroxide solution was used to etch the GaAs
NW surface oxide. Contact angle measurements indicated that the resulting surfaces of
the NW samples were then hydrophilic. Yet for the unintentionally-doped GaAs NWs,
Cu electrodeposition also occurred predominantly only at the Au ends of the wire. Was
this due to poor oxide etching, poor wetting of the NWs by the electrolyte, or simply poor
NW conductivity? Evidence that the electrolyte reached the substrate is that Cu
electrodeposition was also visible at the bottom of unintentionally-doped GaAs NWs.
Once the wires were of higher conductivity, including the core-shell doped GaAs NWs
and InAs NWs, we found Cu growth around the sidewalls to the substrate. This further
supports the conclusion that surface oxides were removed by ammonium etching in all
cases, and that the NWs were completely immersed in the electrolyte for both InAs and
GaAs NWs. Variations in the location of metal growth were due to variations in wire

conductivity.
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We know GaAs in the ambient environment forms a layer of native oxides, a mixture
of Ga,0O3 and As,Os. This electrically insulating layer could inhibit or prevent entirely
sidewall Cu growth. Also gold does not oxidize in air or water. Thus, as a suggestion for
a future experiment, leave the oxide on the wire, remove organic impurities with ethanol

instead of ammonium hydroxide, then tip only deposition should be feasible.

4.4.2 Incorporation of carbon

Our results indicate that Cu grows only around the Au catalyst at the top end of
undoped GaAs NWs and doped GaAs NWs, while Cu grew along the length of core-shell
doped GaAs NWSs. The most likely conclusion is that the degree of carbon doping that
occurs during the VLS NW growth is much lower than during the growth of a shell onto
an existing GaAs core. In VLS-doped NWs the carbon concentration is too low to make

sufficient difference to the conductivity.

45 Cu contact for 1-V measurement

The initial purpose of this project was to make ohmic contacts for NW I-V
measurements. A tungsten probe tip was installed inside the SEM so that individual wires
could be contacted. The probe radii are about 150 nm, much larger than the diameter of
most of our GaAs NWSs. Fig 4.11 shows that a large copper contact provides a larger
contact surface, makes the contact process easier and more visible, compared to trying to

contact the smaller Au catalyst directly without a copper contact. Measurements of 1-V
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from individual NWs is left for future work.

Figure 4.11: SEM images of a nanoprobe touching electrodeposited Cu on a GaAs NW
head.
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5: SUMMARY

For low-doped (non-conductive) NWs, both COMSOL simulation and
experimental results find that electrodeposition happens at the top part of the NW, as
shown in Figure 5.1. This preferential growth is due to a large depletion region barrier on
the semiconductor sidewalls and the higher electric field on the NW top. The top growth
preference did not change when we removed the gold catalyst, as shown in Figure 3.27.
The square in the figure is the sample substrate while the grey bar represents a low-doped

NW. The deposited metal is represented by the darker regions.

Au catalyst Deposited metal

£\

E o a

NW NW @ —>

Figure 5.1: Sketch of low-doped NW sample before and after electrodeposition.
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For our individual GaAs NW samples, we found Cu or Fe grows preferentially on
top of the gold particles used for GaAs nanowire growth. Copper was epitaxial whereas
iron was randomly oriented. Removal of the gold catalyst did not change the location of
preferential growth.

Sidewall deposition on low-doped NWs can be achieved by applying higher
current density (higher overpotential) within a short time. Three electrode systems are
required for further investigation of the relationship between cathode overpotential,
deposition time and film thickness.

For highly-doped (conductive) NWs, we would expect metal deposition
everywhere around the wire, and a large head growth if there is a Au catalyst at the end,
as shown in Figure 5.2. Sidewall metal growth should be prevented by keeping the
native-oxide film around the nanowire. For GaAs NW sample, this might be achieved by
etching the sample with ethanol instead of ammonium hydroxide right before deposition.

Future experiment needs to be done to test this.

Aucatalyst Deposited metal

\

NW NW

Figure 5.2: Sketch of highly-doped NW sample before and after electrodeposition.
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A summary of the experimental results regarding metal nucleation locations for
all samples investigated is shown in Table 2.1.

Through our experiment on GaAs NWs, we can conclude that direct carbon-
doping of GaAs shell layers is more effective than carbon-doping via the Au catalyst (C-
doped Type A or B). The effective resistivity of the undoped and CBr, doped NWs was
estimated to be 10° Qm and 10" Qm, respectively, limited by surface depletion. Three
electrode, potentiostatic electrodeposition systems might be useful for a more precise

control of GaAs surface voltage, and thus rate of metal nucleation.
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APPENDICES

Appendix A : Potential time relation

The potential drop across the deposition cell has been recorded during
electrodeposition. Figure A. 1 shows plots of potential versus time for seven different
experiments. We can see that it usually takes 2~3 seconds for the voltage to become
stable. The voltage change for Au nanoparticle samples was different compared to the
NWs whether GaAs or InAs. The potential dropped abruptly during the first 8 s then
gradually decreased further to a stable value. While for all other samples, the potential
dropped to a minimum value at the first 5 s as we immersed our samples into the
electrolyte, and then increased gradually towards a constant value likely due to the
establishment of diffusion-limited Cu ion transport in the electrolyte. This difference
might be due to the nature of the electrolyte diffusion profiles for a flat substrate
compared to nanowires. Another factor might be that the contact area of the Au
NP/semiconductor interface increases as deposition goes on if Cu began to deposit

directly on the GaAs substrate.
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| Fe on GaAs bulk samples|
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Figure A.1l: Potential change as a function of deposition time for: (a) Cu
deposition on Type B GaAs NWs with CBr, or without CBry, (b) Cu deposition on
Type B GaAs NWs with CBry in the dark or illuminated with a LED flashlight, (c)
Cu deposition on core shell GaAs nanowires. The sample was lifted up a bit (thus
reaction area decreased) at 27 s after the start of deposition. (d) Fe deposition on
Type A doped/undoped GaAs NWs. (e) Cu deposition on InAs NWs from NRC.
(F) Cu deposition on Au nanoparticle samples with 2 nm and 5 nm Au thickness

before annealing and (g) Fe deposition on GaAs bulk samples.
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