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This thesis is a study of the structural, electrical and magnetic properties of indium
antimonide (InSb) nanowires (NWs), that were synthesized by a template-assisted ordered
growth technique via electrochemical deposition. InSb was chosen for this study because
of its intrinsic properties that make it a material of choice for applications in high channel
mobility, infrared (IR) sensing, thermoelectrics, and magnetoresistive sensing martials.
This work has four main components: (i) Growth in commercially available anodic
aluminum oxide (AAO) template, where hole-dominated conduction was observed,
following NW growth in a low pH electrolyte. The challenge in using these AAO templates
was in covering the back surface of the pores with a metal film. Uncovered pores resulted
in electrolyte leakage and non-reproducible results. (ii) Growth in flexible polycarbonate
membranes, where the flexibility of the membranes resulted in polycrystalline or high
defect density NW growth. (iii) Fabrication of an AAO template, where the barrier layer
thinning technique was found to be efficient in removal of the think aluminum oxide
barrier that exists at the interface between the template and the aluminum metal. This
allows for direct growth of NWs into the template pores without the need for metal
evaporation. (iv) Fabrication of a heterostructure comprising of an InSb layer sandwiched
between two ferromagnetic contacts. Preliminary results show evidence of inverse spin-

valve effect at the low temperature of 4K.
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CHAPTER 1

INTRODUCTION

1.1. Semiconducting Nanowires: Significance and Applications

Semiconductor nanowires (NWs) have awakened a lot of scientific interest and are
regarded as one of the most promising candidates as possible building blocks in future nano-
electronics.

The significance of this class of materials arises from the fact that they are one-
dimensional (1-D) materials with high surface to volume ratio. Typically their lengths range
from one to several tens of microns. However, to be considered as NWs, their diameters are in
the range of nanometers (nm). NWs are very thin and long semiconductor crystals in cylin-
drical form (1-D). In bulk materials, when growing heterostructures, the lattice-mismatch
between different materials can cause challenges due to large strain energies at the interfaces
resulting in defects and dislocations which are detrimental for the device performance. The
extremely small volume of the nanostructures resulting from their small radial dimension
relaxes the requirement for lattice-matching in heterostructure NWs. It is therefore possible
to fabricate devices where different materials are sandwiched together to exploit the unique
properties of each to achieve a certain functionality.

Another significant advantage of NWs is their vertical geometry which allows fabri-
cation of vertical transistors where the gate length can be controlled accurately. It is also
possible to have wrap-around gate electrodes. The NW geometry is therefore ideal for fabri-
cating tunneling field effect devices. The ability to combine lattice-mismatched materials and
the cylindrical NW geometry facilitating gate positioning at the tunneling junction coupled
with one-dimensional electron transport allows for a potential breakthrough in electronic

device performance.

1.2. Significance of InSb NWs

Since scaling of planar Si-CMOS devices is not a viable long-term option, several

approaches to achieve improved electronic and spintronic devices are being investigated. As



part of this effort, this dissertation work focuses on the benefits of synthesizing and fabri-
cating devices based on a popular group II-V semiconductor - Indium Antimonide (InSb).

An important parameter that governs the use of a material system in the fabrication
of electronic devices like transistors is the speed with which electrons can move across a given
length, since this determines how fast the transistor can respond to a varying gate potential.
So, the electron transport properties of carriers in a semiconductor are determined by its
carrier mobilities: electron mobility (p.) and hole mobility (up). InSb has an extremely high
electron mobility, roughly 55 times greater than bulk electron mobility compared to Si. The
intrinsic properties of InSb are as indicated in Table 1.1.

TABLE 1.1. Physical properties of bulk semiconductors, Si and InSh

Parameter Si InSb

Lattice constant ag (A°) 5.431 6.479

Energy band gap E, (eV) 1.12 0.17

Electron mobility p. (em?/V's) 1400 77000

Hole mobility pp, (ecm?/V's) 450 850

Conduction band effective mass mg;, m. = 98 1.4
mp = 19

Despite its attractive properties, it is highly unlikely that InSb will replace Si in large
scale electronic circuits. This is because Si wafers are the only economically viable option
for mass production. Semiconductors like InSb have relied on expensive synthesis strategies.
Moreover, there are years of research and billions of dollars already invested into Si-based
device technology. The focus of this thesis is to demonstrate the ability to synthesize large
arrays of InSb NWs using relatively inexpensive growth techniques. The device potential of
this material for electronic and spintronic devices will also be demonstrated. Interest in InSb
is triggered by the fact that it is the lowest narrow band gap semiconductor, has highest
carrier mobilities and lowest charge carrier effective masses and very high lattice constant.

On account of its small electron effective mass, InSb exhibits quantum confinement effects



in much larger structures since its Bohr radius is &~ 60 nm. So, quantum confinement or

size-effects are observable in NWs as thick as 60 nm in diameter.

1.3. Past, Present and Future of MOSFET Devices

The design, architecture, size and density of MOSFETSs have been continuously evolv-
ing, as shown in Figure 1.1 . From planar design (where only 1 gate on the channel) to
FinFET | three sides of channel are surrounded by gate electrodes. This three sides of gate
electrode in FinFET enhance the gate controllability of channel charge, improves the per-
formance, reduce leakage current and ultimately reduces the gate length scaling. Due to
all above quality, FinFETs have allowed successful scaling of technology upto 14 nm and
beyond. However, further scaling is reaching to its technological limit, and operating voltage
at this scale is extremely challenging. To circumvent this limit, Gate-All-Around (GAA)
FETs have been introduced by researcher and semiconductor industries. This GAAFETS ,

allow a significant improvement on performance with reduced operating power [1]. There are

Gate Channel Gate Channel

Channel Channel (Nanowire) (Nanosheet)
Traditional planar FET FinFET Gate-All-Around FET (GAAFET)
1 Gate on the channel 3 Gates on the channel 4 Gates on the channel

FIGURE 1.1. Schematics of MOSFETSs, past on the left (Planar FET),
present in the middle (FinFET), and future on the right are Gate-All-Around
(GAAFET) which is cylindrical shape NWs and at right most Multi-Bridge-
Channel FET (MBCFET). In the case of planar FET only 1 top gate is re-
quired, and in the case of FinFET 3 gates are requited on each channel, however
in the case of GAA (NW or nanosheet) there are 4 gates are requited on each

channel [1].



many challenges and difficulties as the processing continues with relentless focus on Moore’s
Law of transistor scaling. However in recent years, there has been less focus on scaling and

more importance on performance such as engineering of high k-metal gates.

1.4. Physics of Traditional Planar Metal Oxide Field Effect Transistor (MOSFET): MOS

Transistor

A schematic of a metal oxide semiconductor field effect transistor (MOSFET) device is
shown in Figure 1.2. The MOSFET in this case consists of a p-type semiconductor substrate
in which two n™ or n-type regions have formed via ion implantation of pentavalent impurity
atoms (for example: Phosphorus (P), Arsenic (As), Antimony (Sb), and Bismuth (Bi) ).
These n-type regions function as the source and drain electrodes. Silicon is used as a typical
semiconducting material, even though germanium (Ge), silicon germanium alloys (SiGe),
indium arsenide (InAs), and indium gallium arsenide (InGaAs) can also be used as other
semiconducting materials for FET applications [2, 4].

A “gate dielectric”, is a thin layer of insulating material which covers the region
between the source and drain. Silicon dioxide (SiO;) was used as a standard dielectric for
many years. However in recent years, silicon oxynitride (SiON) and stacks (lower and upper
interface of high dielectric layer) composed of insulators with high dielectric constant known
as “high-x dielectrics” have become common. Hafnium oxide (HfO,) is an example of high-x
dielectric (k = ~ 22 —25) [5] material which has dielectric constant approximately five times
higher than SiOs (k = ~ 4.5) [6].The “gate” electrode is formed by deposition of metal on
the top of gate dielectric.

To explain the operation of a planar MOSFET, we consider the case when the p-type
substrate and the source are held at zero bias (Vgyp = Vs = 0 V), and a positive drain
voltage (Vp ) is applied. The gate bias is also set at 0 V. This transistor has two p-n
junctions: substrate-source and substrate-drain. A space charge region exists around the
drain and the source electrodes. The width of this space-charge region can be modulated by
an applied bias. When the drain is positive with respect to the substrate (held at 0V), no

current flows between the drain and the substrate because the drain p-n junction is reverse
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FIGURE 1.2. Schematic view of a traditional planer MOSFET.

biased. Since the substrate and source are held at 0 V, there is no current flowing across
the source pn junction too. As a result, there is no current flow between the source and the
drain. The transistor is in “OFF” state, acting as an open switch.

If a positive bias is applied to the gate, the holes which are the majority carriers in the
p-substrate underneath the gate are repelled away from the surface and a ”depletion region”
that is void of holes is created in the region below the gate. The depletion region width
is dependent on the p-type doping concentration and the magnitude of the positive gate
voltage. When the gate bias reaches a critical threshold voltage, the depletion region width
reaches a maximum and cannot be further controlled by the gate bias. Under this condition,
the gate-induced depletion region merges with the source and drain junction depletion region
that exists on the source and drain side of the device. It is therefore noted that the channel
is pinched off near the drain as the depletion region width increases for increasing drain
voltage (Vp > Vg — Vry) and the drain current saturates (i.e. no longer increase in drain

7

current with increasing drain voltage Vp. In this scenario, the ””saturation” drain current

is given by

1 w
Ipsat = §Mcozf(VG - VTH)2 (1)

At any gate bias greater than the critical threshold gate voltage, electrons that are



the majority carriers in the source and drain electrodes are attracted towards the gate and
form an electron-rich layer underneath the gate insulator. This layer is called an “inversion
channel”, because the channel that originally had holes as the majority carrier is now void
of holes and rich in electrons, implying that the channel region is converted from p-type
to n-type, with electrons tunneling between the source and drain electrodes. Under this

condition, the transistor is in an “ON” state and behaves like a closed switch.

The MOSFET is not a perfect switch because even in the OFF-state there is a small
current flow. Moreover, the switching from “OFF” to “ON” state does not occur suddenly
at a specific gate voltage; rather there exists a range of gate voltage values, over which the
switching takes place. The variation of drain current with gate voltage at a fixed value of
drain voltage (50 mV) is shown in Figure 1.3. As seen in the Figure 1.3, the ON current is
~1 mA and the OFF current is ~50 pA. The right side axis of this plot shows the variation
in a linear scale. In this scale, there is negligible drain current below a certain gate voltage.
This gate voltage is called the “threshold gate voltage” and in the cited example, the value
is ~0.5 V. For low drain voltage (~ 50 mV in this case), the drain current increases linearly

with gate bias above threshold voltage. .

The “linear” or “non-saturation” current, is expressed as: [7]
w 1
Ipain) = Ncomf (Ve = Vru)Vp — QVD (2)

where p, Cop, L, W, Vg, Vry, and Vp are the carrier mobility in the channel
(m?V~1s71), the gate capacitance (Fm?), the gate length (m), the the gate width (m),
the gate voltage (V), the threshold voltage (V), and the drain voltage (V) respectively. As
described in the device design, it is assumed that the source and substrate are grounded.

The left side of the plot in Figure 1.3 shows the dependence in logarithmic scale,
where the drain current is seen to vary exponentially with gate voltage below threshold, but
the “OFF” current is not equal to zero. The “sub-threshold slope” (also called sub-threshold
swing (SS)) is a parameter that describes rate of increase of current below threshold gate

voltage: SS = dVi/d(log(Ip)). A typical value for SS slope of a bulk MOSFET is ~ 80 mV
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FIGURE 1.3. Transfer characteristics of MOS transistor at drain bias of 50
mV. Linear drain current is plotted on right hand side of y-axis and logarithmic

on the left hand side of y-axis [2].

/dec, which means that an 80 mV increase of the gate voltage results in a tenfold increase
of drain current.

In reality, the gate control of the channel region in a practical MOSFET is not perfect.
This is due to the electrostatic coupling between the substrate through depletion layer. The
value of SS can be reduced by impact ionization effects [8, 9], quantum tunneling effects
[10, 11, 12], and by using ferroelectric gate materials [13], but none of these techniques
have delivered success. This fundamental challenge for the MOSFET design is referred to
as the “Boltzmann tyranny” [14, 15]. The limitations in terms of time period of scaling
[16], and improved performance in terms of microprocessor clock frequency, has reached

its limit due to the so-called “short channel effect”; an effect the arise due to very small



separation between source and drain. Short channel effect increases as devices are scaled
down in length. The consequence of short channel effect is evident in Figure 1.4 (a), where
any increase in the drain voltage results in a decrease in the threshold voltage, but there is
a simultaneous increase in the “OFF” current. This is not desirable. Similarly, in Figure 1.4
(b), as the channel length is reduced the “OFF” current increases by orders of magnitude,

an undesirable effect.
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FIGURE 1.4. In both cases OFF current increases when (a) drain voltage is
increased from 0.05 V to 1.0 V or (b) channel length is decreased. Both are

examples of drain-induced barrier lowering (DIBL) effect [2].

It is therefore evident that a novel design involving low-dimensional materials with
unique electronic properties needs to be developed to address challenges faced by the planar

MOSFET technology.

1.5. Physics of NW FET

Back-gated geometry is generally used for NW field effect transistor as shown in Figure
1.5. This requires relatively little effort during fabrication compared to top-gated NW FET.
It involves creating source-drain electrodes on a highly doped Si (p-type or n-type) substrate
coated with thermally grown dry silicon dioxide ( SiO3) to act as a the metallic gate and

gate dielectric, respectively.



Source

Nanowire

Gate

FIGURE 1.5. Schematic of NW field effect transistor (NSFET), where bottom
layer is made of highly doped Si and NW is lying on Si substrate separated by

thin film of oxide layer. Source and drain is made of gold(Au).

In an FET device, the most important parameter is the field effect mobility and to
determine this, the device with three contacts is modelled as a NW field effect transistor
(NWFET). In this model, represented by Figure 1.5, the NW is the channel, the Au contacts
are our source and drain, and the Si substrate serves as a back gate. The current between

the source and drain is expressed as:

Ips = /qnvddA (3)

where q is the carrier charge, v, is drift velocity, A is the cross-sectional area of the
NW, and n is the number of carriers per unit volume. The drift velocity v, is expressed by

the equation:
Vg = urpl (4)

where the electric field E is caused by the potential difference between the source and



the drain. So, E = Vpg/L where L is the gate length. Equation (3) can be rewritten as:

Ips = /%Wl (5)

Defining the accumulation charge @ 4.

Q(ICC
dA = 6
[ anaa =2 )
Equation 5 is rewritten as:
,UFEQQCCVDS
g = M DS ™

According to S. Dayeh et al. [17], the accumulation charge can be expressed in terms of
experimental parameters as Quee = C(Vas — V;), where C is the capacitance between the
gate and the NW and V; is the threshold voltage. Using these equations, the field effect

mobility can be expressed as:

LQ
= 8
HEE = Vs (Vas — Vi) /Ins ®)
Assuming a negligible contact resistance and defining transconductance as g, = g‘I/DDz, the
field effect mobility equation is rewritten as:
gmL?
= 9
HFE CVps (9)

A few basic assumptions were made related to negligible contact resistance and effect of
interface states.

The second important parameter that can be calculated with the NW in an FET
type configuration is the carrier concentration. The number of carriers N is expressed as
the ratio of the total charge  and the charge per carrier (q). The carrier concentration
by definition is n = Q/qV. For the gated NW shown in the schematic of Figure 1.6,
V = 7mR?L. Assuming Qo = Quec, the carrier concentration n is defined as:

C(Vas — Vi)

e A (10)

The absolute value of Vzg — V; is considered since the majority carriers could be either

electrons or holes.
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Since equations 9 and 10 for field effect mobility and carrier concentration contain the
capacitance of the device, a strategy has to be developed for determining device capacitance.
To determine the FET device capacitance, the NW is considered as a conducting cylinder
that is sitting on plate (highly doped Si substrate) which is coated with a dry oxide (Si0,)
thin film. To obtain the capacitance of cylinder on plane separated by an insulating oxide

layer, we must start with the definition of the capacitance between two electrodes:

Q
¢a_¢b

where Q is the total charge on the electrode and ¢, — ¢ is a potential difference between

C:

(11)

the two electrodes. For our purpose, we will take C equal capacitance per unit length. then

our equation will be changed to:
PlL
¢cyl ¢pln

where p; is charge per unit length and ¢.y — ¢p, is potential difference between a NW,

C = (12)
modeled as a conductive cylinder of radius R, and a plane conductor. First, we will discuss

the potential for the cylinder, which requires that we use the method of images. The potential

at a distance r from a line charge can be taken as ¢ = f: Edr where E is the magnitude of

the electric field due to the line charge. since £ = ¢ = =In("2). If this is true and we

27rer ’

take p; = —p;, then ¢o; = £-In(*). Due to the nature of the method of images, triangle

2me
OPP; and OP;P are similar. Thus, = = 3 d vt Also, d; will get smaller as t"l gets larger.
Thus, if t"z < 1, then d = t,,+R and 2d+d ~ ﬁ.We know that ¢, = 0 because for a point

charge near a conducting plane, the potential on the surface of the plane is zero. Therefore,

L 2mel

2ﬂeln<2d§d¢) ln(%i)

We know that: In(z 4+ va? = 1) = cosh™!(z), since we are assuming = >> 1, then

2d d d\?
In (E)Nzn 7+ (E) +1 (14)

In (%fl) ~ cosh™* (%) (15)
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FIGURE 1.6. (a) Schematic view of a cylinder (NW) lying on a plane (highly
doped Si) separated by a thin film layer silicon dioxide, and (b) cross-sectional
view of the plane-and-cylinder model for NW on a sample with an oxide layer

(tor acting as a dielectric with R radius of NW.

2d (tw R
In (E) ~~ cosh ( 7 ) (16)

2mege, L
cosh=1 (—t"“”I;fR)

In order to arrive at this equation, a couple of assumptions had to be made. Firstly, we had

Thus,
C =

(17)

to assume that the NW would act as a conductor. This assumption must be made in order
to treat the NW and the substrate as a capacitor. In practice, there are several NWs that
do meet this requirement, so this is a reasonable assumption. We also had to assume that
the thickness of the oxide dielectric far exceeds the radius of the NW in question. This also

is a reasonable assumption since in many cases, %’” > 6.

1.6. Spintronics

Electronic and spintronic devices use the same elementary particles, electrons, for
their operation. However, they use a different fundamental property of the particle. In
electronics it uses the charge and in spintronics it uses the angular momentum, also better
known as spin. For the latter, placing the particle in a magnetic field results in a coupling

of its magnetic moment (generated by its spin) to the magnetic field. If now the spin is
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measured we obtain only two possible states, the spin-up state and the spin-down state.
This last spintronic property can be used to perform Boolean logic operations, in a similar
way as is already done in nowadays computer chips. For this type of logic operations two
states are needed, a zero and a one state. This can be easily found in a spintronic device just
by assigning the spin-down state to the zero and the spin-up state to the one state. However,
to be able to create a computer chip containing only spintronic devices it is necessary to build

fundamental spintronic devices in which the spin state can be manipulated [18, 19].

1.6.1. InSb NWs Based Spin-Valve Device

Electron has both property spin and charge and in spintronics we can exploit the
spin property of electron in addition to charge. The change in resistance of a material
when placed in a magnetic field is described by the phenomenon of giant magnetoresistance
(GMR). In this thesis, the GMR effect of InSb NW array and single NWs will be studied. A
simple schematic shown in Figure 9 below shows the case where electrons with spin oriented
parallel to the magnetization of the metal have a lower resistance than those whose spins are
oriented anti-parallel. Experiments have shown that in bulk materials, due to the presence
of magnetic domains, it is difficult to align the spins with perfectly parallel or anti-parallel
alignment. However, with 1-D NWs, the diameter and morphology can be controlled such
that the NW is a single crystal and hence a single domain. Thus, it should be possible to
enhance the amplitude of the GMR effect in nanostructured materials.

Experimental detail and results of tri-layer (Ni-InSb-Co) magnetoresistance will be

presented in detail in chapter 6.

1.7. Motivation and Thesis Outline

The scope of this thesis is fourfold. At the heart of this thesis is understanding the syn-
thesis mechanism of semiconducting InSb NWs using a template assisted electrodeposition
approach.To show that the synthesized NWs can be integrated in nano-micro and macro cir-
cuitry, the insertion of these wires was manipulated by drop cost followed by UV-lithography

or e-beam lithography. A direct application using a single InSb NW in a back-gated field
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FIGURE 1.7. Schematic of a spin valve response. The coercivities of two fer-

romagnets are |H1| and |H2|. Magnetic field is swept from left to right (red
line), when it reached to + |H;| then ferromagnet 1 (FM1) switched the mag-
netization to up direction and high Resistance state is experienced. again,
when magnetic filed reached at + |Hj| then ferromagnet 2 (FM2) magnetiza-
tion switches to down and experience a low resistance state. Similarly when
we sweep the magnetic field in negative direction we experience again high

resistance state between - |Hq| and - |H,|.

effect transistor configuration is presented, with qualitative and quantitative analysis of car-
rier concentration and field effect mobility. Finally, using the established recipe for InSh
NW growth, a heterostructured array comprising of Ni-InSb-Co NWs grown in polycarbon-
ate membrane was established along with structural and electrical characterization of the
heterostructure array.
This thesis is divided into seven chapters:

Chapter 2 is a review of general synthesis techniques of semiconducting NWs. This in-
cludes review of NW growth by high vacuum techniques like molecular beam epitaxy (MBE),
and Metal-Organic Chemical Vapor Deposition (MOCVD). High temperature growth like

14



Chemical Vapor Deposition (CVD), as well as room temperature electrochemical deposition
techniques will also be presented. Considering the goals of this thesis which focuses on
electrochemical NW growth, this chapter will present determination of optimal deposition
parameters like acidity of electrolyte solution, deposition potential, cell geometry and tem-
plate type and geometry.

Chapter 3 is a discussion about template assisted growth of InSb NW in commercial anodic
alumina oxide (AAO) template. These NWs were characterized via Raman and SEM and
finally a back-gated field effect transistor was fabricated using the NW as the channel and
the NW was found to exhibit p-type behaviour.

Chapter 4 is a presentation of our results based on the electrochemical growth of InSb NWs
in polycarbonate (PC) template. These NWs were characterized via FESEM, Raman, XRD
and STEM. The structure of these NWs in terms of their crystallinity as well as their defect
configuration is also presented. Current-voltage characteristics of these NWs showed space
charge limited current (SCLC) to be the dominant conduction mechanism in these wires.
Chapter 5 will summarize the fabrication of home-made anodic aluminum oxide (AAO)
template. The need to grow AAO membranes is justified and the challenges faced during
this membrane growth is also presented.

Chapter 6 focuses on growth of heterostructured NWs with composition of Ni-InSh-Co.
These NWs were grown in the pores of a PC template. Initially pure Ni and Co NW arrays
that were grown in PC template was characterized to study their magnetic properties. Fol-
lowing this, attempts were made to measure magnetoresistance (spin-valve) of Ni-InSb-Co
heterostructure.Preliminary results are analyzed and conclusions drawn about the experi-
mental results.

Chapter 7 summarizes the conclusions of the previous chapters and provides an outlook of

the possibilities of using NWs grown via template assisted electrodeposition techniques.
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CHAPTER 2

SYNTHESIS OF INDIUM ANTIMONIDE NANOWIRES - A REVIEW, AND
STRATEGIES TO ACHIEVE ORDERED GROWTH IN TEMPLATE PORES BY
ELECTRODEPOSITION

2.1. Introduction

Semiconductor NWs can be fabricated using a variety of techniques. These tech-
niques are based on the semiconductor industry legacy of using lithography patterning and
material removal methods to etch semiconductor layers into different dimensionalities like
two-dimensional thin films, one-dimensional NWs and zero-dimensional quantum dots. This
technique is the so-called “top-down” fabrication technique. A typical example is the pat-
terning of photoresist lines on top of a silicon-on-insulator layer followed by the removal of
excess silicon using a plasma etch tool in order to create silicon NWs. Another example is
the patterning of an array of “dots” on a silicon substrate and the use of plasma etching to

fabricate vertical silicon columns.

An alternate and more versatile technique is based on the direct epitaxial growth
of a low-dimensional structure like a NW from a seeding substrate without using material
removal techniques. In this approach, the low-dimensional structure is grown, epitaxially,
layer by layer and hence this approach is called “bottom-up” growth. A classical example of
this technique is the vapor-liquid-solid (VLS) growth of silicon NWs on a silicon substrate

using gold eutectic droplets [20, 21].

To enable the use of NWs for different applications, it is extremely important to
understand their synthesis process. As mentioned in the preceding section, the two main
strategies for NW growth are: (a) bottom up approach and (b) top-down approach. These
strategies, irrespective of material type can be used to growth one-dimensional NWs of
any size, morphology and composition. In this chapter, the basic physics and chemistry
of semiconductor NW growth will be presented along with a discussion of the fundamental

challenges faced during their synthesis using either complex, expensive techniques or low-
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cost, high-efficiency and bottom-up approaches.

During the growth of arsenide, phosphide or antimonide semiconductors, the biggest
challenge arises from maintaining the correct ratio between the group-V and group-III pre-
cursors, called the V/III ratio. In most synthesis recipes, the V/III ratio is typically kept
rather high because the group V element has a high vapour pressure. It therefore evaporates
from the growing crystal without incorporating into the crystal structure, thus causing a
loss in crystal stoichiometry. Irrespective of the growth strategy, the challenge is in carefully
maintaining a balance of the V/III ratio.

The first part of this chapter is a brief introduction to the growth of InSb NWs using
various techniques . Details of the chemical vapor deposition (CVD) will then be discussed,
followed by advantages and challenges faced. Finally, in this chapter, the advantages of using
electrochemical deposition for NW growth will be presented along with different approaches

that were used to overcome challenges inherent in this growth technique.

2.2. High Vacuum Epitaxial Growth Techniques

Epitaxy comes from the Greek words (above and in an ordered manner). It is used
to describe the growth of a crystalline material on a crystalline substrate, when there is a
relationship between the two crystals. Several techniques can be used for epitaxial growth.
The most common ones are: 1. Metal-Organic Chemical Vapour Deposition (MOCVD) and
2. Molecular Beam Epitaxy (MBE).

1. For MOCVD, the growth is based on metal-organic precursors which decompose
on the substrate surface. The advantage of this technique is that it is more easily scalable
than other epitaxy techniques, and therefore interesting for industrial applications. The
drawback is the possibility of unintentional doping of the materials due to incorporation of
parts of the organic precursors.

2. MBE on the other hand is based on the evaporation of pure materials that are sup-
plied into the growth chamber from pure sources contained in Knudsen cells. It is therefore
ensured that the high purity of the source is transferred to the high purity of the growing

crystal. MBE chamber consists of an ultra-high vacuum chamber, which is kept at a base
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pressure of 1 x 107! Torr by cryo-pumps and cryo-panels (liquid nitrogen circulating in the
reactor walls). Ultra-high vacuum is an important requirement for MBE growth, not only to
avoid unintentional incorporation of atoms, but also to ensure that atoms which are emitted
from a cell can travel almost ballistically to the substrate. The sample is mounted on a
manipulator, which can be heated and rotated. Low growth rates at substrate temperatures
at 820°C are reported to grow GaN and AlGaN NWs with diameters from 50 to 250 nm and
lengths from 2 to 7 pum [22, 23]. Hydrogen silsesquioxane (HSQ) was used and converted
to Si0, by thermal treatment before the growth of GaAs NWs on GaAs (111)B substrate
[24]. Most od the MBE NW growth parameter are growth substrate, growth time, substrate

temperature, and source beam fluxes.

2.3. Chemical Vapour Deposition (CVD) Technique

This is an example of a physical vapor deposition system in which atoms, molecules
or films of a chosen material are deposited onto a select substrate from the vapor phase. The
impinging molecules condense from the vapors and react on the surface of a substrate. The
CVD process has different approaches that are based on how the source material is vapor-
ized to produce the vapors. Very often, the process is thermally driven, but there are CVD
approaches where light or plasma-assisted methods are used. This technique is considered
more versatile than many traditional methods. In CVD, the film or structure growth occurs
at close to atmospheric pressure, under non-equilibrium conditions. The composition and
morphology of the CVD grown structures depend on several factors including: (i) the chem-
ical precursor, (ii) growth temperature, (iii) growth time and (iv) environment on growth

substrate and in the growth chamber.

2.4. NW Growth Mechanism

As mentioned in the previous section there are different techniques that can be em-
ployed to grow NWs. Irrespective of the growth technique, most NWS grow by a mechanism

called the Vapor-Liquid-Solid (VLS) growth mechanism.

The most popular, simple and versatile physical vapor deposition technique for growth
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of nanostructures is achieved by thermally evaporating and sublimating a source material(s)
in powder form, During this high temperature process the vapors of the sublimed material is
transported into the growth zone where the vapors subsequently condense and deposit onto
the substrate that is held at a certain temperature region to form desired nanostructures.

A standard CVD system is shown in Figure 2.1

Temperature control
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FIGURE 2.1. Schematic view of chemical vapor deposition (CVD) system for

growth of InSb NWs

In a CVD system, NW growth typically occurs by supplying vapors of the desired
material to a molten metal droplet. For the growth of InSb, a self-catalyzed growth process
is typically used. This means that NW growth is initiated by supplying In and Sb vapors to
a molten In droplet. A standard recipe used by our research group [25, 26, 27, 28] is where
the Si substrate is coated with a thin film of In and subsequently placed into the growth
chamber. As the temperature in the growth zone of the CVD system rises and reaches
about 300 °C, the In film melts and forms droplets on the Si surface. During this period,
the source that is held at a slightly higher temperature will sublime and vapors of In and

Sb reach the molten In droplet. The droplet gets saturated with these vapors and as more
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and more vapor condense on the molten droplet, it becomes supersaturated with In and Sb
atoms. This stage of supersaturation determines the onset of NW growth. At this stage, a
solid phase precipitates out of the molten droplet. The solid phase continues to grow and
the NW increases in length. Its diameter is determined by the growth kinematics and also
by the size of the molten droplet. NW growth continues as long as the source and substrate
temperature are maintained and vapors of In and Sb are supplied to the growth region.

The biggest challenge in the growth of NWs by CVD using the VLS growth mechanism
is the difference in vapor pressure of In and Sbh. Since Sb has a high vapor pressure, it re-
evaporates from the growing crystal. Hence, it is important to maintain a high Sb vapor
pressure in the growth chamber.

Another challenge arises from the fact that CVD growth of NWs occurs at close to
atmospheric pressure. Due to this, any trace of oxygen in the growth chamber results in
the formation of In and/or Sb oxides. It is therefore critical that all traces of oxygen be
eliminated from the growth region. A previous work, in reference [25], showed that any
variation in the growth temperature can result in NWs that are metallic, semiconducting or
semi-metallic. As seen in Figure 2.2, NWs grown at 400°C are semi-metals of Sh. A slight
increase of temperature to 450°C results in growth of semiconducting (InSb) NWs. Further
increase to about 600°C results in growth of metallic (In) NWs. All temperature dependent
stoichiometry of InSb NWs grown at different temperatures are shown in Figure 2.2.

On account of these challenges, high-temperature growth of compound III-V semi-
conductors like InSb by CVD is not viable for mass-production of these NWs. An alternate

to this is growth of InSb NWs by electrochemical technique - the objective of this thesis.

2.5. Growth of NWs Using Electrochemical Deposition Technique

There electrode cell configuration was used to grow the NWs (InSb, Co, and Ni). In
this thesis two different kind of template were used. First, commercial free standing an-
odic aluminum oxide (AAO) wafers purchased from Synkera technologies. Inc.(now became
InRedox). Average AAO template pore diameter were 100 + 10 nm and pore length of 50

+ 1 pm. Second, ion-track etched polycarbonate (PC) templates were purchased from GE
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FIGURE 2.2. Schematic view of (a) electrochemical deposition setup for NWs
growth, and (b) the cross-sectional view of NWs grown in anodic aluminum

oxide (AAO) template.

and their pore diameter were ~ 150-200 nm and pore length of 20 pm.

Since both (AAO and PC) templates are free standing (pores are open both sides),

its is necessary to cover one side with metal (Au) film so that metal film side can work as
a working electrode. Thermal evaporation is used for Au thin film deposition on both of
templates (AAO and PC). Since AAO templates are rigid and fragile, it is not suitable for
attachment in a sample holder. So, the AAO template was coated on one side with Au thin
film, which was then attached to sticky conducting copper tape (which works as a working
electrode). For counter electrode, platinum (Pt) mesh was used. Solution of silver Chloride

(Ag/AgCl) was used in reference electrode with semipermeable membrane at the bottom of
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FIGURE 2.3. Schematic view of (a) electrochemical deposition setup for NWs
growth, and (b) the cross-sectional view of NWs grown in anodic aluminum

oxide (AAO) template.

the electrode. For InSb NW growth, indium chloride (InCly), antimony chloride ( SbCls) ,
citric acid, and potassium citrate/or sodium citrate were used with specific concentrations as
an electrolyte. Detail of InSb NW growth in AAO template via electrochemical deposition
is presented in Chapter 3. Growth of InSb NW in PC template is presented in detail in
Chapter 4. Irrespective of flexible (PC) and hard (AAO) template, growth mechanism is

almost similar as described in next subsection.

2.5.1. Electrochemical Growth Mechanism: Convection, Migration, and Diffusion

The benchmark method for synthesis of NW was suggested in 1986 by Martin et
al. [29], where NWs were grown inside polycarbonate membranes. This method has since
been widely used to synthesize NWs in both polycarbonate and anodic aluminum oxide
(AAO) membranes. These membranes contain a high density of cylindrical pores that are
perpendicular to the membrane surface and in most cases, these pores penetrate the entire
membrane thickness. There have been several studies on electrochemical growth of NWs

but very small number of investigations on understanding the growth mechanism of NWs in

AAO pores.
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Template-assisted NW growth process consists of two major steps: electrochemical
reduction of the cation inside the pore, followed by removal of the template. Several studies
[30, 31] have shown that during the pore-filling stage (NW growth), the total constant current
density is independent of flux variation inside the pore and concentration of electrolyte at
the mouth of pore during electrodeposition. Recently, another study [32] showed that the
electrolyte concentration at the mouth of the pore remains constant and current decays with
time; a fact that contradicts the previous study where current remains constant. Here, we
discuss the more realistic model that describes a situation where the electrolyte concentration
at the mouth of the pores is different than the bulk during electrodeposition.

The electrodeposition growth process of NWs in porous templates has been mod-
eled by considering different mechanisms of mass transport at different stages of the growth
process [33]. There are mainly three different mechanisms that could explain the growth pro-
cess: (i) diffusion process (arising from concentration gradients existing between electrolyte
in the template pores and in the solution), (ii) convection process (arising from movement of
deposition ions in the electrolyte), and (iii) migration of ions into the template pores. Con-
tribution of each process can be controlled by modifying the cell design, reducing depositing
ion concentrations compared to mixing electrolyte, and stirring the electrolyte during growth

process to avoid the concentration gradient.

2.5.2. Diffusion Mechanism in NW Growth Process

Mass transport of ions during NW growth is mainly controlled by a diffusion process.
The three main stages of this process are shown in Figure 2.4. Figure 2.4(a) shows the earlier
stage of diffusion where diffusion front propagates in only one dimension inside the pores.
Figure 2.4(b) shows the second stage where diffusion front reached the mouth of the pore
and opens in three-dimensional hemispherical front. As soon as diffusion front reaches at the
mouth, then there is a concentration gradient builds up between the mouth and the bulk.
Figure 2.4(c) shows the third stage where linear diffusion happens inside and outside of the
pores. This diffusion-limited electrodeposition results in a morphological instability driven

by individual NWs [34]. In template-assisted electrodeposition, NW length must follow the
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length of AAO pore, but some NW grows fast compared to others and ends up mushroom-
like structures at the top surface of AAO template [35, 36, 37, 38, 39, 40]. Recent study [34]
also showed that this growth instability can be avoided by introducing temperature gradient
between bottom and top of the AAO pores. The diffusion mechanism during various stages

of NW growth is described by the S-curve of current-time plot, as shown in Figure 2.4(a

- s
4 I

(a) (b) (c)

r - L
I

FIGURE 2.4. Schematic of growth of NW in a single nanopore: (a) linear
diffusion, (b) linear and semi-infinite hemispherical diffusion, and (c) semi-

infinite planar diffusion outside the pore [3].

The entire mechanism involves three consecutive growth stages: (i) one dimensional
diffusion front inside AAO pores; (ii) linear diffusion inside the pores and hemispherical
diffusion at the mouth of the pores; and (iii) merging of hemispherical diffusion front and
resulting in planned front over the surface of the mouth. The electrodeposition time and
average length of wire have been controlled by monitoring the deposition current versus time

at given deposition voltage -1.5 V which was maintained with respect to reference electrode.
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Inset of Figure 4(a) shows the schematic of the various stages of electrodeposition.

In first stage of growth process, concentration of the electrolyte at the mouth of pores
matches the concentration of the bulk of the electrolyte (¢’). The linear diffusion front
passing through pore length results in transportation of In and Sb ions inside the pores of
the AAO template. The diffusion fronts between individual pores have not been overlapped
at this stage. The concentration within the pore changes as NW growth starts and it has
been expressed by Fick’s law as: c(z,t) = cPerf [#ﬁ], where 2v/Dt is the diffusion length
(L) that corresponds how far concentration varies along the pore length at time t. The initial
pore length is LO at t = 0. There is a sharp decrease in electrodeposition current during this
time, as is expected for diffusion-controlled process. The current was observed to decrease
from 35 to 20 mA in region (I) of the plot in Figure 2(a) which corresponds to region (i) of
growth process. In region (i), In and Sb ions diffuse to the bottom of the pore in the tubular
column of AAO template to initiate NW growth.

During region (II) of the growth process, initial linear diffusion front reaches the
mouth of the pores and three dimensional hemispherical diffusion front develops at the
mouth. During this stage in region (II) of plot Figure 4, the steady increase in current
has been observed and is believed to increase the diffusion of ions to the NW growth front.
During the final stage in region (III), the NWs have filled the pore completely and the
hemispherical cap merges with each other and formed a continuous rough film on the surface
of template. In the region (III) of the S-curve plot, current does not increase significantly
and tends to saturate, as compared to region (II) of the plot. Figure 2(b) and (c) shows
cross-sectional SEM images of template in the region (I) and (III), respectively. Figure 2(b)
shows partially filled pores, which correspond to a linear diffusion in region (I) of the S-curve.
Figure 4(c) shows the completely filled pores and hemispherical caps that merge to form a

dense mushroom-like overgrowth on the surface of the pores.

2.5.3. Convection Mechanism in Growth of NWs

The effect of convection on NW growth process is dependent on cell design. The

three electrodes in an electrochemical cell are: (i) working electrode (substrate); (ii) counter
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electrode (Pt wire/mesh); and (iii) reference electrode.

I N N A

(a) (b) ()

FIGURE 2.5. Schematic of cell designs: (a) cathode over anode; (b) anode
over cathode; and (c¢) cathode and electrode placed laterally and parallel to
each other. Letter A represents working electrode (Cathode), C represents

secondary electrode (Anode), and B represents reference electrode [3].

To minimize the mechanism of natural convection, electrodeposition cell configuration
is an integral part of NW growth in nanoporous templates. In Figure 3(a) and (b), the
cathode and anode are placed vertically above each other, whereas in Figure 3(c), the cathode

and anode are placed parallel to each other.

The effects of convection are considered to be minimal for the design in Figure 3(c).
Konishi et al. [41] reported that the electrodeposition current increases in the case of anode
over cathode Figure 3(b) configuration, and current decreases in the case of cathode over
anode configuration Figure 3(a) during early stages of the electrodeposition. They have
found the considerable difference in the transient behavior of the current in 100- and 200-
nm-sized pores in certain stage of electrodeposition, which is caused by the electrolytic cell
configuration.

Figure 2.6 shows the optical image of three electrode electrochemical cell which was
used for some of the experiments. Figure 2.6(a) shows the vertical configuration where
migration and convection of ions are favorable, which can be avoided with the Figure 2.6(b)

configuration.
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FIGURE 2.6. Optical images of electrochemical cell with 3 electrode (a) rep-

resents one of two vertical configurations of electrodes presented in Figure 2.5
(a) Figure 2.5 (b), in this case anode is over cathode representing figure 2.5
(b), However, (b) represent the horizontal electrode configuration where cath-
ode and anode are placed horizontally and parallel to each, which avoids the
convection and migration of ions into the pores of template. Symbol 71”7 in
black color represents the working electrode, symbol ”2” in green color repre-
sents the the reference electrode, and symbol ”3” in red color represents the

counter electrode.

2.5.4. Migration of ITons During Growth of NWs

The effects of natural convection are proven to be significant and reported in Reference
[42] for the schematic shown in Figure 4, where an increase in convection current because of
this mechanism is shown for pores size as small as 100 nm. This effect was observed during
Cu electrodeposition.

To explain the InSb NW growth process in the following section, the effect of migration
of In and Sb ions has not been considered in this discussion. Since concentration of these
ions in supporting electrolyte is low, the contribution of ion migration is considered to be
lower than diffusion.

To conclude the discussion on mechanisms affecting NW growth in template pores, we

27



Electrolyte solution

AAQO/PC

Au film

FIGURE 2.7. Schematic diagram convection in and around nanoporous pores

in the configuration of anode over cathode. [3]

can say that there are various parameters that affect the NW growth such as cell design, pH
of electrolyte, applied bias as well as various growth mechanisms like convection, migration
and diffusion. However, of these, diffusion-controlled mass transfer flux is more important.
Influence of migration can be ignored by lowering the concentration of depositing metal
and increasing the concentration of supporting electrolyte. The contribution due to natural
convection can be avoided by electrodeposition cell design in which working electrode can
be placed in up or vertical positions.

In this thesis, only linear difusion dominated growth of NWs is considered as shown
in Figure 2.5(c), and Figure 2.6(b). We have used two different kinf of template to grown
InSb NWs (a) flexible ion-track-etched polycorbonate template with average pore diamter

of 175 nm (ranging from 150 to 200 nm) and pore length 20 pum, and (b) commercial anodic
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alumium oxide (AAO) template with pore diameter 100 nm and pore legth of 50 pum as

shown in Figure 2.8

— 2 (a)

1pm

Flexible PC membrane SEM image of top side of

PC template
~20) | N
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Potentil (v vs AGAZC) Rigid AAO template SU18105.000 s o tkogiozszogs £y B Phiodn
& P SEM image top side of AAO AAO Template filled with InSb NW
Cyclic voltammetry to
template

determine deposition potential

FIGURE 2.8. Optical image of electrodeposition setup, (a) shows the flexible
PCtemplate and SEM image of template and after NW growth and partial
eching to see the NWs, (b) circilar rigid AAO template, and SEM images with
blank and after NWs growth and etching where NWs are bundled.
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CHAPTER 3

TEMPLATE-ASSISTED GROWTH OF INDIUM ANIMONIDE NANOWIRES IN
COMMERCIAL ANODIC ALUMINUM OXIDE TEMPLATE!

This chapter based on published results (indicated in footnote) is a report on the
growth of Sb-rich indium antimonide (InSb) NWs fabricated by dc electrodeposition in the
pores of a gold-coated nanoporous anodic alumina oxide (AAO) template. An explanation
of the various mechanisms of mass transport during successive stages of the growth process
is also presented with experimental results confirming different growth stages. The 100 nm
thick InSb NWs that were grown using an electrolyte of pH 1.7 were found to be rich in an-
timony (Sb). The electrical properties of a single InSb NW was investigated by connecting
the NW in a field-effect-transistor type configuration. The NWs showed p-type conduc-
tion with a hole concentration of ~ 1.9x10'® cm~2 and field effect hole mobility of ~ 507
em?V ~1s7!. The device had a high on-off current ratio of the order of 103. Temperature-
dependent transport measurements showed thermally activated Arrhenius conduction in the
temperature range from 200-325 K, yielding an activation energy of 0.1 eV. The ability to
obtain high density of p-type InSb NWs without addition of any dopants opens up new

opportunities for using these NWs in fabrication of electronic devices.

3.1. Introduction

In recent years, there has been increasing interest in nanostructured I11-V semicon-
ducting materials due to their potential applications in electronic and optoelectronic devices
[43]. Of these, indium antimonide (InSb) with a direct band gap of 0.17 eV at 300 K is ex-
tremely promising since it has high electron and hole mobility [44, 45] of 77000 cm?V ~1s™1,
and 850 cm?V ~1s™! respectively. With a small electron effective mass of 0.014,[44, 46] and
large Lande g-factor of 51[46, 47], InSb is a material of choice for use in high-speed electronic

devices, low-power logic transistors,[48, 49] NW field effect transistors (FETSs),[50, 51, 52]

IThis chapter has been reproduced as is from the publication ” Template-Assisted Electrochemical Syn-
thesis of p-Type InSb NWs” ECS Journal of Solid State Science and Technology, Volume 6, Number 5,
Pages N39-N43, Published 6 April 2017 , with permission from ECS.
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infrared (IR) nano-optoelectronics,[53, 54, 55] thermoelectrics,[56, 57, 58, 59, 60] and mag-
netoresistive sensors[61]. Among various techniques such as chemical vapor deposition
(CVD)[62] and molecular beam epitaxy (MBE)[63] used to synthesize NWs, electrodepo-
sition in nanoporous anodic alumina oxide (AAO) template is a relatively inexpensive and
versatile method that can be performed at room temperature. This low-temperature growth
technique is preferred for growth of compound semiconductors like InSb where the differ-
ence in vapor pressures between In and Sb can result in non-stoichiometric growth at high
temperatures. The technique is especially desirable for growing heterostructures since it pre-
vents heat-induced inter-diffusion of elements across adjacent layers in the heterostructure.
Another advantage is the possibility that the NW can be doped during the electrodeposition
process, thus making it the method of choice for synthesis of nanostructured materials at

low cost.

In recent years, electrochemical growth of NWs in AAO templates has received much
attention. AAQO is a self-organized nanostructured material containing a high density of
uniform cylindrical pores that are aligned perpendicular to the surface and penetrates the
entire thickness of the template [64, 65, 66, 67]. AAO is also optically transparent, electrically
insulating, thermally and mechanically robust and chemically inert[68, 69, 70]. NW arrays
grown in template pores can be used for a wide range of applications such as energy[71,
72, 73] and electronic[74, 75, 76] devices that requires density, scalability, reproducibility
and cost effectiveness|[70]. In this regards, template-assisted electrodeposition offers distinct

advantages[64, 66] since it is readily scalable to mass production.

There are works on InSb growth in AAO template pores. InSb that is not intentionally
doped typically show n-type behavior since their electron-rich surface layer pins its Fermi
level in the conduction band. To develop this material for CMOS applications it is required
to have both n and p-type InSb. Doping InSb with carbon has been shown to result in
p-type transport [77], but the addition of carbon was found to result in mobility reduction.
This is one of the major contribution of this work where p-type doping of InSb was achieved

without the addition of any dopant resulting in a higher value of field effect hole mobility.

31



There are also several challenges that affect the growth of uniform InSb NWs in the
template pores. These challenges have resulted in a number of theoretical papers modeling
the growth process of NWs in porous membranes [78, 79]. Experimental evidence validating
the model has also been presented [70, 80]. In this paper, we present our results and discuss
the growth mechanism, highlighting the challenges of template assisted growth.

InSb NW arrays have important technological applications and there are works where
the aspect ratio of the NWs size (diameter/length), shape and periodicity have been engi-
neered for applications in NW-based photovoltaics and photodetectors[81, 82, 83]. An im-
portant characteristic of template grown InSb NWs is their surface roughness, which makes

them attractive for thermoelectric applications.

3.2. Experimental Method

The NWs were grown in a commercial self-organized porous anodic aluminum oxide
(AAO) template purchased from Synkera Technologies, Inc, with pore length and diameter of
~ 50 pm and ~ 100 nm respectively. The template pores were first widened by soaking the
template in 5% phosphoric acid (H3POy) for 5 min at 30° C. This also resulted in removal
of any unintentional oxide at the barrier end of the template. It most likely also resulted
in moderate pore wetting. One side of the AAO template was then coated with a thin gold
(Au) film (150 nm) using thermal evaporation (HHV Technologies, Linde: Auto 306). The
template was subjected to pore wetting and de-aeration by placing it in an ultrasonic bath
with DI water for 2-3 minutes.

The electrodeposition process was conducted in a three electrode cell with the Au
side of the AAO template functioning as the working electrode, platinum wire as the counter
electrode and Ag/AgCl as the reference electrode. The experiment was done under potentio-
static conditions, where a constant potential of -1.5 V is maintained between the Au at the
bottom of the pores (working electrode) and the reference electrode (Ag/AgCl) immersed in
the electrolyte and placed fairly close (about 1 cm) to the working electrode. The Au-plated
side of AAO template was then attached to a conducting copper tape and an insulating

polymer was applied to the template edges in order to avoid any conducting path for the
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electrolyte, except through the open AAO pores which terminate at Au thin film at the
bottom of the pores. The entire electrodeposition process was controlled and carried out us-
ing a Princeton potentiostat (Potentiostat/Galvanostat 263A). The electrolyte used in this
experiment was: 0.15 M InCls3, 0.1 M SbCls, 0.36 M C¢gHsO7H,0, and C¢HsNazO7 [43], and
its pH value was adjusted to 1.7. During this room-temperature electrodeposition process,
the citrate ions were used as complexing agents to bring the deposition potential of In and Sb
closer to maintain a binary growth of InSb NWs[43, 84, 85]. On completion of the deposition
process the AAO template was carefully removed from the electrodeposition cell, rinsed sev-
eral times with DI water, and removed from copper tape for further processing by soaking in
acetone for removal of the protective polymer. The NWs were then extracted by dissolving
the AAO template in 1 M KOH. To remove all traces of KOH, the NWs were cleaned with
DI water and the solution centrifuged (Fisher Scientific Centrifuge 228 Benchtop Centrifuge)
at 3000 rpm, resulting in the NWs being present as a residue at the bottom of the centrifuge
vial. The NWs were subsequently dispersed on a clean silicon (Si) substrate and its surface
morphology and composition was studied using scanning electron microscopy equipped with

energy dispersive X-ray (EDX) spectroscopy (SEM, Hitachi SU 1510).

The InSb NWs were also characterized by Raman Spectroscopy at ambient temper-
ature using a Nicolet Almega XR—Raman spectrometer with a 532 nm green laser. For
electrical measurements, the NWs were dispersed on a n™ Si substrate (resistivity of 0.001—
0.005 Qem) covered with a 250 nm thick SiOy layer. Two metal (Cr/Au) contacts were
established at the NW ends to function as the source and drain electrodes. To facilitate
three terminal measurements, the NWs were used in a field-effect transistor type config-
uration, with the highly doped nt Si substrate serving as the back gate. The contacted
NW was placed in a temperature controlled cryostat (Lakeshore 330), and carrier transport
measurements were made using a semiconductor parametric analyzer (Agilent Technologies
B1500A). This also allowed for temperature dependent conductivity measurements in the

temperature range from 100 to 450 K.
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FI1GUre 3.1. Evolution of NW growth in the AAO template pores: (a)
Current-time plot of InSb NW growth showing different growth regions; (b)
Cross-sectional SEM image of the template in region 1. The thin bottom layer
is a gold film. The pores are partially filled with InSb. This region corresponds
to planar diffusion inside the pore; (c¢) Cross-sectional SEM image of region 111
where NWs have filled the pores and the dome shaped tips collapse to form
mushroom shaped clusters, corresponding to semi-infinite planar diffusion at

the mouth of the pore.

3.3. Result and Discussions

In references [78, 79], the authors have modeled the electrodeposition NW growth
in porous membranes by considering the various mechanisms of mass transport during dif-
ferent stages of the growth process. The overall growth process includes the mechanism
of diffusion (arising from a concentration gradient), convection (arising from movement of
ions in the electrolyte) and migration of ions into template pores. The contribution of each
of these mechanisms to the overall growth can be controlled by modifying cell design, vary-
ing concentration of electrolyte and by introducing other experimental variables like solution
stirring and maintaining a temperature gradient across the pore length[70] during the growth
process. The effects of migration of In and Sb ions during the electrodeposition process is
not considered in this discussion. Due to the relatively low concentration of these ions in

the supporting electrolyte, we consider their contribution to the growth process to be sig-
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nificantly lower than that due to diffusion. Similarly, the effect of convection is also most
likely minimal. In the works by Blanco et al.[78], and Konishi et al.[86], the dependence of
convection on the cell design has been studied and it was shown that the effect of natural
convection at the short time periods required for growth is minimized when the working
electrode points down and the NWs grow downwards towards the gravitational field. This
design favored larger electrodeposition currents compared to the design in which the work-
ing electrode is below the counter electrode. In the cell design used in our experiment, the
working electrode (anode) and the counter electrode (cathode) are placed adjacent to each
other, with the reference electrode placed in between the two. We therefore base the analysis
of our time dependent current response during the growth process on the assumption that

the InSb NW growth was governed mainly by the process of diffusion.

The correlation between the S-curve of the current-time plot [Fig.3.1(a)] and the var-
ious stages of the NW growth process is best described by three successive growth stages: (i)
one-dimensional diffusion front inside the pores, (ii) linear diffusion front inside the pores and
hemispherical diffusion front at the mouth of the pores, (iii) coalescing of the hemispherical
fronts resulting in a planar front over the pore surface. The electrodeposition time and con-
sequently the average length of the InSb NWs was controlled by monitoring the deposition
current (I) vs. deposition time (t) for the given deposition voltage of -1.5 V maintained at
the alumina template with respect to the reference electrode. The inset of the current-time

plot [Fig.3.1(a)] shows the corresponding schematic of the growth stage.

During the initial stage of the growth process, the concentration of the electrolyte at
the mouth of the pores matches the concentration in the bulk of the electrolyte (c?). The
one-dimensional diffusion front passing along the pore length results in transport of In and
Sb ions inside the pores of the template. At this stage, the diffusion fronts between individual
pores do not overlap. The concentration within the pore changes as growth commences and
is expressed by Fick’s law as: c(x,t) = cPerf [#ﬁ]’ where 2v/Dt is the diffusion length (L)
that characterizes how far the concentration varies along the length of the pore in time t.

At time t = 0, L = L,, which is the initial pore length. As time increases, L decreases as
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small sections of the pores get filled. During this time of the growth process there is a sharp
decrease in the electrodeposition current, as is expected for diffusion-controlled processes.
The decrease in current from 35 mA to about 20 mA in Region (I) of the plot [Fig.3.1(a)]
corresponds to stage (i) of the growth process, during which the In and Sb ions diffuse to
the bottom of the narrow pore in the tubular columns of the AAO template to initiate NW

growth.

During the second stage of the growth process, the initial linear diffusion front reaches
the mouth of the pores and a three-dimensional hemispherical diffusion front develops at the
mouth. The hemispheres do not coalesce with each other and at this stage the material flux
into each pore is determined by the ratio of the flux inside and outside the pore. During
this stage, shown in Region (II) of the plot [Fig.3.1], the steady increase in current with
the growth of the NWs is believed to be due to an increased diffusion of ions to the NW
growth front. During the final stage of the growth, the NWs fill the pores completely and
the hemispherical caps coalesce with each other and forms a continuous rough film on the
template surface. As can be seen in region III of the graph, the current does not vary
much with time during the stage of pore filling. Fig.3.1(b) and (c) shows SEM image of
the template corresponding to region I and III of the growth process as described by the
current-time plot of Fig.3.1(a). Fig.3.1(b), is a cross-section SEM image of the alumina
template with a thin Au film coating one side of it. The image also shows partially filled
tubes, corresponding to linear diffusion within the pores (stage 1 of the growth process).
Fig.3.1(c) is an SEM image showing the completely filled pores and the hemispherical caps

that have coalesced to form a dense overgrowth on the surface.

Following growth, the crusty surface layer was removed from the surface by mechan-
ical polishing. The template was subsequently dissolved in KOH. The average length and
diameter of the InSb NWs after processing was about 20-30 wm and 100 nm respectively
[Fig.3.2(a)]. The NWs were found to have a rough jagged surface, attributed to roughness
of the template tube walls. This is clearly visible in the SEM image of a single InSb NW
shown in the inset of Fig.3.2(a). EDX spectrum [Fig.3.2(b)] obtained along the NW length

36



showed the NWs to be rich in Sb with an average In:Sb weight ratio of 40:60.
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FIGURE 3.2. SEM images of (a) InSb NWs that were removed from the AAO
template and dispersed on a cleaned Si substrate. Inset shows a single NW

with roughened surface; (b) EDX spectrum of Sb-rich InSb NWs.

Fig.3.3 shows the Raman spectrum obtained from two crossed InSb NWs that were
placed on a Si substrate (optical image shown in inset of Fig.3.3). Room temperature Raman
spectrum reveals distinct peaks of TO and LO phonon modes at 178 cm™! and 188 cm™*
respectively, which matches closely with the TO and LO peaks of prior studies on InSbh NWs
[43, 87, 88, 89, 90]. The observation of these two distinct peaks for the TO and LO modes of
phonon vibration is indicative of the high quality of InSb NWs. However, in comparison with
bulk InSb, there are a number of important differences in the Raman spectra of InSb NWs.
Though the phonon peaks in bulk InSb are symmetric, they are asymmetric in the NWs
and are shifted in comparison to the bulk values. More importantly, the peaks at about 150
cm ™! and 108 cm™! are not reported in bulk InSb, but they are prominent in our InSb NWs
and has been reported by other works[91]. The additional peaks (TO-TA and 2TA) can be
attributed to surface roughness and defects in the NW [92]. There is also the possibility that
in NWs, phonons away from the Brillouin zone could participate in the scattering process
due to relaxation of the q = 0 Raman scattering rule, resulting in asymmetric broadening

and downshifting of the Raman peaks. Additional peaks at 150 cm™! and 110 cm™! were
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reported earlier in InSb nanorods by Wada et al. [92]; assigned to TO-TA and 2TA phonon

modes, respectively.
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FIGURE 3.3. Raman spectrum obtained from two crossed InSb NWs; inset
shows the region from where the Raman spectrum was collected. The two
peaks at 150 and 110 cm ™! are most likely related to surface roughness and
defects in the NW. The characteristic TO, LO peaks attest to crystallinity of
the InSb NWs.

To determine the type, concentration, and mobility of carriers in the Sh-rich InSb
NWs, current-voltage measurements (2-terminal and 3-terminal) were made on the fabricated
device. The device schematic and SEM image of a single InSb NW that is contacted by Cr/Au
electrodes on both ends is shown in Fig.3.4. The results of electron transport measurements
made on the back-gated NW at different Vg, (varying from from 0.2 V to 1.0 V in steps of
0.2 V) are shown in Fig.3.5. The transfer curves at Vg, = 1.0 V, both on linear and on log

scale (inset) shows a sub-threshold region between -0.5V and +0.5V. This value most likely
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corresponds to complete depletion of the NW. As seen in Fig.3.5, the InSb NW conductance

was found to decrease with increasing Vi, indicative of a p-channel FET behavior.

(a) Source Drain

Nanowire

Silicon dioxide thin layer

Silicon wafer

Gate

FIGURE 3.4. (a) Schematic of back-gated InSb NW field effect transistor, (b)
SEM image of a single InSb NW contacted by two Cr/Au contacts.

The equilibrium hole concentration py in the NW was found using the equation 18

93, 94]:
Clvr|
= ) 18
Po (qmR2L) (18)
where the gate capacitance (C) was determined from the equation 19 [95] :
C— 2meg€er L (19)

~ cosh™! (%) '
with €5y ~ 2.2 is the effective dielectric constant of the SiO, dielectric, €, is the permittivity
of free space, t,, = 250 nm is the thickness of dielectric, R = 50 nm is the NW radius and L
= 10 pm is the channel length of NW FET. Equation 19 is the capacitance of a structure
comprising of a metallic cylinder above a conducting plate and its use in this work with NWs
of radius 50 nm positioned over an oxide of thickness 250 nm is justified.

Using equations (18) and (19), the hole concentration in the NW at room temperature

is estimated to be 1.96x10' ¢cm™. From the linear part of the I s vs Vs dependence Fig.3.5,
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F1cURE 3.5. Transfer characteristics of InSb NW back-gated FET at increas-
ing Vs from 0.2 V to 1.0 V. Inset shows a logarithm plot of the I;; — Vs curve

at Vs = 1.0 V. The on-off current ratio is estimated to be of the order of 10°.

the field effect mobility (urg) is determined at different constant Vg by applying equation

20:
L? dl s
= . 20
Hre CVis - (dVQS) ( )
where transconductance g, :(%‘Z) is deduced at different constant Vg,. The peak field

effect mobility was found to be 507 cm?V~!s7! at Vg4, = 0.8 V. Our lowest mobility is
277 em?V~1s71 at Vg, of 0.2 V which is higher than previously reported [96] value of 57
ecm?V~!s7! obtained at Vg4, = 0.1 V on unintentionally doped 5 ym long p-type InSb NWs
grown by electrochemical method. Similarly, carbon doped p-type InSb NWs of length 1.8
pm were reported to have a mobility of 127421 ecm?V~'s™! at V4, = 0.05 V [77]. As seen

in the logarithm plot of I,V plot (inset of Fig.3.5), the p-type NW FET has a relatively
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high on/off current ratio of 103. Though the surface and bulk of a stoichiometric InSb NW is
intrinsically n-type, it was found when InSb is grown as an Sbh-rich material it shows p-type
behavior. This can be attributed to the two common defects in Sb-rich InSb: Sb antisite
and In interstitial defects|[97]. It is likely that the lower-pH (1.7) of the electrolyte favors
adsorption of Sb anions on the growing crystal[98]. As the concentration of Sb in the NW
increases, it introduces Sb antisite and In interstitial defects and this could account for the
NW exhibiting p-type FET behavior.

Results of temperature dependent I-V measurements are shown in Fig.3.6(a). The
linear nature of the I-V characteristics indicate that the Cr/Au contacts to the NW are
ohmic contacts. The InSb NW was found to have a resistivity of 248 ).cm, which is higher
than those reported for bulk InSb. Intrinsic defects like the Sb antisites and In interstitials
as well as surface roughness of the NW (Fig.3.2(b)) are responsible for the extremely high
resistivity. An increased resistivity was also measured by Alexander et al.[45] and V.N.
Brudnyi et al.[99], attributed to a significantly reduced hole mobility caused by scattering
at NW surface. As shown in the inset of Fig.3.6(b), the resistance of the InSb NW decreases
with increasing temperature; the dependence being rather large at temperatures below room
temperature. Such large temp dependence of resistance has been observed previously in
InSb NWs[45, 100] and is characteristics of a semiconductor where carrier concentration
varies exponentially with temperature. Using the device geometry, the NW conductivity
was determined and a study of the variation of conductivity with temperature (Fig.3.6(b))
shows that below T = 200 K, the NW conductivity (o) has a thermally activated character

with equation 21:

—E,
g = 0'06%]9(@), (21>

where oy is the pre-exponent factor, E, is the activation energy, kg is Boltzmann’s constant
(8.617x107° eVK™') and T is the absolute temperature. E, is estimated to be about 0.1 eV
corresponding to carrier generation across the band gap with activation energy equal to half
of the band gap.

The roughness of the NW surface can be exploited to control phonon transport.
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FIGURE 3.6. (a) Temperature dependent I-V shows current increasing with
temperature, which is characteristic semiconducting behavior. (b) Tempera-
ture dependent conductivity measurements (Arrhenius plot) for the extraction
of activation energy from a single InSb NW. Inset shows normalized resistance
vs. temperature which shows the exponential decrease of resistance with in-

creasing temperature.

Future work will hence be directed towards reducing the intrinsic point defects within the
NW so that electrical conductivity can be enhanced, while the surface roughness can impede
transport of phonons to reduce the lattice contribution to thermal conductivity, making it a

promising material for thermoelectric applications.

3.4. Conclusion

Crystalline p-type InSb NWs of diameter ~ 100 nm and tens of microns in length
were grown at room temperature using a DC electrodeposition process. The NWs were found
to be rich in Sb and had rough surfaces. Surface roughness, elemental analysis and the good
crystalline quality of the NWs were confirmed via SEM, EDX, and Raman spectroscopy
respectively. A p-channel InSb NW field effect transistor (NW FET) was fabricated using
the electrochemically grown InSb NWs and the transfer characteristics at room temperature
show decreasing drain-source current with increasing gate bias. The p-type behavior is most

likely caused by a high concentration of Sb antisite and In interstitial defects in the NW.
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These defects and the NW surface roughness adversely affect the NW conductivity and
mobility, a fact that was verified by temperature-dependent conductivity measurements and

three-terminal gate measurements.
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CHAPTER 4

ELECTROCHEMICAL GROWTH OF INDIUM ANTIMONIDE NANOWIRES
INFLEXIBLE POLYCORBONATE MEMBRANE!

This chapter is based on published work (indicated in the footnote) in which a dense
array of vertically aligned InSb NWs with high aspect ratio (diameter 150 nm, length 20 pm)
were grown in the pores of a track-etched polycarbonate membrane via a one-step electro-
chemical method. There are several reports on InSb NW growth in the pores of mechanically
rigid, nano-channel alumina template (NCA), where NW growth occurs in the pores of the
NCA. This work on InSb NW growth in pores of track-etched polycarbonate (PC) membrane
sheds light on the various factors that affect nucleation and NW growth. The average length
and diameter of the as-grown NWs was about 10 um and 150 nm respectively. Two possible
mechanisms accounting for two different morphology of the as-grown NWs are proposed.
The polycrystallinity observed in some of the NWs is explained using the 3D ‘nucleation-
coalescence’ mechanism. On the other hand, single crystal NWs with high density of twin
defects and stacking faults grow epitaxially by a two-dimensional (2D) nucleation/growth
mechanism. To assess the electrical quality of the NWs, two- and four-terminal devices were
fabricated using a single InSb NW contacted by two Ni electrodes. It was found that at
low bias, the ohmic current is controlled by charge diffusion from the bulk contacts. On
the other hand, at high bias, the effects of space charge limited current (SCLC) is evident
in the current-voltage behavior, characteristic of transport through structures with reduced
electrostatic screening. A cross-over from ohmic to SCLC occurs at about 0.14 V, yielding

a free carrier concentration of the order of 10* ¢m™3.

4.1. Introduction

One-dimensional NWs exhibit novel physical, optical and electronic properties, mak-
ing them attractive for applications as interconnects and as nanoscale electronic, optoelec-
IThis chapter has been reproduced as is from the publication ”Structure and Electronic Properties of

InSb NWs Grown in Flexible Polycarbonate Membranes”, Nanomaterials, Volume 9, Page 1260, Published 5
September 2019.
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tronic devices. Several types of NWs including metallic, semiconducting and organic NWs
have been synthesized and of the semiconducting class of NWs, group III-V materials like
indium antimonide (InSb) show great promise as devices [43]. InSb has a direct band gap of
0.17 eV at 300 K, and high electron mobility [44, 45] of 77000 cm*V ~'s~!. The small electron
effective mass of 0.014,[44, 46] and large Lande g-factor of 51[46, 47], makes it a promising ma-
terial in applications such as high-speed electronic devices, low-power logic transistors,[48, 49
NW field effect transistors (FETs),[50, 51, 52] infrared (IR) nano-optoelectronics,[53, 54, 55]

thermoelectrics,[56, 57, 58, 59, 60] and magnetoresistive sensors[61].

There are several NW growth techniques including high temperature growth by
chemical vapor deposition (CVD)[62] and high-vacuum growth by molecular beam epitaxy
(MBE)[63]. In these cases, ordered growth of dense NW arrays requires patterning of the
substrate with seed layers, the entire process requiring very sensitive control of the growth
environment, resulting in a complex, expensive and non-scalable NW growth technique. An
extremely successful approach for growing ordered arrays of NWs with high aspect ratio is
electrochemical growth in non-conducting porous membranes. This relatively inexpensive
and versatile growth can be performed at room temperature, and is preferred for growth of
compound semiconductors like InSb where the difference in vapor pressures between In and
Sb can result in non-stoichiometric growth at high temperatures. The technique is espe-
cially desirable for growing heterostructures since it prevents heat-induced inter-diffusion of
elements across adjacent layers in the heterostructure. Another advantage is the possibility
that the NW can be doped during the electrodeposition process, thus making it the method
of choice for synthesis of nanostructured materials at low cost. There are several reports on
growth of metallic NWs in pores of polycarbonate membranes, whereas most semiconductor
NWs are grown in alumina templates. So, the first challenge is to determine an appropri-
ate template, with the required geometry in terms of pore diameter, channel length and
surface chemistry that will facilitate total removal of template after NW growth without

compromising the surface or composition of the NWs.

The motivation for this study is the low-temperature synthesis of NWs in pores of a
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flexible template. This is of interest in fabrication of stretchable devices that leads to promis-
ing applications in wearable and futuristic technology, including biometric and optoelectronic
devices. Moreover, InSb NW growth in polycarbonate membranes allows producing NWs
with uniform diameters and relatively smooth surfaces when compared with NW growth
in alumina template. Though the pore density is significantly lower than anodized alumina
templates, the realization of an array of NWs in a flexible PC membrane raises the possibility
of realizing composite nanosctrutures with unique functionalities.

In this work, we study the efficacy of using track-etched polycarbonate (PC) mem-
branes as a template for InSb NW growth. The PC membranes contain a high density of
uniform cylindrical pores aligned perpendicular to the surface and penetrating the entire
thickness of the template [64, 65, 66, 67]. It therefore allows for ordered growth of NWs,
promising for applications related to energy[71, 72, 73] and electronic devices[74, 75, 76]
where the array format of NWs is preferred; the major advantages of array-based devices
being device density, process scalability, reproducibility in terms of dimensions and cost
effectiveness[70]. There are works on InSb NWs grown in AAO template pores, but to the
best of our knowledge there are no reports on InSb NW growth in PC membrane. In this
paper, we present our findings on the synthesis and characterization results of InSb NWs
that are electrochemically grown in template pores and we present a model explaining the

role of electrodeposition parameters on the sample crystallinity.

4.2. Experimental Method

A commercial nanoporous PC track-etched membrane (Millipore Sigma), of pore
length and diameter of ~ 20 yum and ~ 100 nm respectively was used for NW synthesis. A
thin layer of gold (Au) (~ 200 nm) was thermally evaporated on to one side of the membrane
using an Auto 306 (HHV Technologies) thermal evaporator. The Au layer functions as a
contact electrode and also as the nucleation site for NW growth inside the porous template.
Electrodeposition of InSb was conducted in a three electrode flat cell (Model K0235, Prince-
ton Applied Research) with the template functioning as the working electrode, platinum

mesh (2.54 cm x 2.54 cm) as a counter electrode, and Ag/AgCl as a reference electrode.
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A potentiostat (Princeton Applied Research, model: 263A) was used to apply a constant
potential (between -1.0 and -1.5 V) with respect to the reference electrode (Ag/AgCl) for
the entire electrodeposition time period of 15 mins. The value of the applied potential was
decided based on data obtained from cyclic voltametry experiment discussed in the next
section. The electrolyte was a solution containing 0.15 M indium chloride (InCl3), 0.1 M
antimony chloride (SbCl3), 0.36 M citric acid (CsHgO7H20), and 0.17 M potassium citrate
(CeHsK307) and its pH value was adjusted to 1.8.

Post-growth, the PC membrane was carefully rinsed several times with DI water and
subsequently placed in a clean Corning Centristar centrifuge vial as part of the procedure
to dissolve the template and allow NWs to be extracted from the template pores. Using a
disposable pipette, few drops of dichlorobenzene solution were added to the vial and after
10 minutes of gentle agitation, the solution was sonicated for about 5 seconds. The visual
impression at this stage was that the PC membrane was completely dissolved. However,
there are some traces of the membrane that remain in solution. The sonication process
was found to be aggressive and resulted in breakage of NWs and so its duration was kept
very short. To remove traces of the membrane that stick to the NW surface, the solution
containing NWs was diluted with isopropyl alcohol (IPA) and centrifuged (Hermle model
Z206A) at 3000 rpm for 2 minutes. The residue at the bottom of the vial contains the NWs
and so this residue was repeatedly (~4 to 5 times) treated with dichlorobenzene followed by
IPA wash. The NWs were finally placed in a vial containing IPA and its concentration in

solution was adjusted by varying the volume of TPA.

To characterize the as-grown InSb NWs, an electron microscope (JEOL JSM 7001F
SEM and Hitachi SU1510) equipped with energy dispersive x-ray spectroscopy (EDX) was
used to study the morphology and composition of the NWs. To study the crystalline nature
of the NWs, the NWs were placed on a lacy carbon TEM grid and studied by transmission
electron microscopy (TEM: A NION UltraSTEM 200 scanning transmission electron micro-
scope equipped with a 3rd generation C3/C5 aberration corrector operating at 200kV ) and
Selected Area Electron Diffraction (SAED). The NWs were also characterized by Raman
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spectroscopy where the spectrum was recorded at ambient temperature on a Nicolet Almega
XR Dispersive Raman spectrometer, using a 532 nm green laser. High resolution X-ray
diffraction studies were performed using a Rigaku Ultima III XRD with CuKa tube (A =
1.5406 A°). For electron transport measurements, a droplet of the solution containing the
NWs was placed on Si04(200 nm)/n*Si substrate and an isolated, sufficiently long NW was
identified under a scanning electron microscope (JEOL JSM 7001F) and its position marked
with reference to pre-patterned markers. Two electrodes separated by 1.5 pm were defined
by electron beam lithography (JEOL JSM 7001F with XEON patter writer). Prior to metal
(300 nm thick Ni film) deposition, a reactive ion etch (AGS RIE MPS-150) “descum” pro-
cess was used to ensure excellent metal film adhesion by removing any remaining resist not
fully washed away by development. Nickel has a work function that closely matches that of
InSb and so is expected to provide good ohmic contact to the NW. Following lift-off of the
resist, the device comprising of a single NW contacted by Ni electrodes was studied using

an Agilent B1500A semiconductor parameter analyzer.

4.3. Results and Discussions

InSb NW growth occurred under potentiostatic conditions through a multi-step re-
action process involving various ions responsible for the electrochemical deposition of InSb
[101, 102]. With reference to Ag/AgCl electrode, the balanced reaction and the overall

electrode potential for indium (In) and antimony (Sb) deposition is expressed as:

Int® 4+ 3¢~ — In(E°= —0.46V) (22)
SbOT +2H" +3e~ — Sb+ H,O(E = +0.39V) (23)

Prior to electrodeposition, the equilibrium deposition potential was determined using
cyclic voltammetry and three different deposition potentials of -1.0. -1.25 and -1.50 V was
used to grow NWs. A reduction potential more cathodic than -0.46 V is needed to deposit
the NWs. Cyclic voltammetry (CV) was used to help determine the best deposition potential

for the plating bath. Fig. 4.1 shows the data from the CV experiment, where the potential
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was swept in the cathodic direction beginning at +0.0 V to -2.0 V and back to +0.5 V. There
is minimal current flow until close to =~ -0.5 V, where the current increases rapidly to the
final potential at -2.0 V. A small reduction peak can be seen at ~ -1.0 V corresponding to
the deposition of InSb. At a more cathodic potential than -1.0 V, the current continues to
increase and bubbles can be observed corresponding to hydrogen evolution at the substrate
surface. To ensure a stoichiometric InSb deposition, potential values greater than -1.0 V are
applied to the working electrode. The rates of reduction for both In*™3 and Sb™ ions in
solution can be controlled by careful selection of the electrochemical parameters (i.e. pH,

temperature, potential, concentrations) facilitating co-deposition.

-0.01 |-

0.00 |-

0.01 |-

Current Density (mA/cm?)

0.02 |-

2.0 1.5 -1.0 0.5 0.0 0.5
Potential (V vs Ag/AgCl)

FIGURE 4.1. Results from cyclic voltammogram showing variation of current
with positive (oxidizing) potentials and negative (reducing) potentials. In-

creasing the negative potential beyond -1.5 V leads to hydrogen evolution.

Likely In and Sb exhibit an anomalous codepostion mechanism where the nucleation
of one species affects the deposition of another species in solution. This is common in iron

based alloys and also seen in other semiconductor electrodepostion reactions[103, 104]. The
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implication of a high negative electrode potential on the stoichiometry of InSb thin films has
been discussed by Ortega et al.[105]. Most InSb electrochemical depositions therefore occur
at about -1.5 V. The reactions involved in the NW growth mechanism is most likely more
complex and the quality of the growing crystal, its morphology and composition were found
to be critically dependent on the pH value of the electrolyte, the applied potential as well as
the type and aspect ratio of the template pores in case of template-assisted electrochemical
growth. As seen in Fig.4.1, as the voltage is swept to -2.0 V, a reduction peak occurs
around -1.1 V; the increase in cathodic current beyond this voltage results in hydrogen
evolution. Based on the cyclic voltammetry data, InSb NW synthesis was performed under

potentiostatic conditions at three different potentials: -1.0, -1.25 and -1.50 V.

The nucleation and growth kinetics of InSb deposition on Au electrode in the PC
membrane was studied using the current transient technique for the three different applied

potentials (Fig.4.2).

The mechanism depends strongly on the InSh—Au interaction and since the Au film
was thermally evaporated on the back of the PC membrane it is most likely an amorphous
film which does not provide any epitaxial influence to the NW growth process, which is not
a steady state process. As seen in the curves of Fig.4.2, the plot resembles the classical
Stranski-Krastanov (S-K) (layer + island) growth model with the current-time transient
showing four characteristic regions: (i) a sharp drop in the initial current density due to
discharging of the double layer. The thickness of the double layer depends on the total ion
concentration in the electrolyte. The decrease in current signifies the stage where NW growth
is initiated as the In and Sb ions diffuse through the double layer to the Au electrode at the
bottom of each pore, following Fick’s first law. (ii) a constant low current region (induction
period t;,4) corresponding to the nucleation time, when many nuclei with random orientation
form on the Au nanostructured surface inside the pores. As seen in the plot, ¢;,4 varies with
deposition potential and in this particular experiment, its value was a minimum at the higher
deposition potential of -1.50 V. ¢;,4 varies for each run, indicative of the randomness of the

nucleation stage. It was also noted that at the large negative potential of -1.5 V, there was
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FIGURE 4.2. Current transient of room temperature InSb NW growth in Au-
coated polycarbonate membrane at three different deposition potentials: -1.0

V, -1.25 and -1.50 V.

some hydrogen evolution from the pores, a process that gets faster as the negative potential
is increased. (iii) an increase in the current density corresponding to growth of columnar
structure inside the pores. The magnitude of the current density and the growth period
depend on the electrolyte composition, nature of the working electrode, pH of solution,
deposition potential etc. (iv) a limiting (steady state) current, where the current magnitude

is limited by diffusion of the ions to the top surface of the template [91].

To investigate the effect of electrodeposition on the template morphology, the PC
membrane was first studied to verify the pore density and pore-size. Fig.4.3(a) is an SEM
image of the blank PC template, showing variable pore diameters and shapes and indicating

about 20% porosity.

A magnified section of the template (indicated by the square in Fig.4.3(a)) clearly

shows that the pores are not uniformly spread out over the membrane surface (Fig.4.3(b)),
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FiGURE 4.3. SEM images of blank polycarbonate membrane before and af-

ter growth of InSb NWs (a) SEM image of bare polycarbonate template (b)
Zoomed in SEM image of polycarbonate template with different diameters and
shapes of pore, ranging from ~ 150 — 200 nm (¢) SEM image of InSb NW ex-
posed tips after 30 seconds of oxygen plasma etching, and (d) Zoomed in SEM

image of exposed tips of InSb NWs.

unlike those found in alumina templates. Following InSb NW growth at -1.5 V, the template
surface was etched with Oy plasma for 5 min at 100 Watts and 100 mTorr pressure and
examined under the SEM. As seen in Fig.4.3(c), NWs grew profusely in the template pores
and their tips are clearly visible. A zoomed-in version of the marked section of the membrane
is shown in Fig.4.3(d). This image showing protruding tips of the NWs verifies that NW
growth occurred in the template pores. The NWs were then released into solution (following

procedure explained in previous section); a droplet of this solution was found to contain a
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high density of uniform NWs, as seen in the SEM image of Fig.4.4(a).

Counts (a.u.)

Energy (I?eV)

FIGURE 4.4. (a) SEM images of bundle of InSbh NWs after drop casting on
silicon wafer (b) EDX spectrum of a single and short (~5 pum) InSb NW, that

is shown in the inset of figure (b).

The NWs tend to clump together and efforts to separate them by sonication resulted
in breakage, most likely caused by mechanical stress induced by the process. The as-grown
NWs were found to have uniform diameters but varied lengths; the average length of the
NWs was determined to be about 10 pum, comparable to the thickness of the template.
The NWs had diameters in the range of 120 — 150 nm, corresponding to the template
pore diameter. EDX analysis of a single NW (inset of Fig.4.4(b)) shows a stoichiometric
composition (Fig.4.4(b)).

Fig.4.5(a-c) shows the Raman spectrum obtained from a single or a few InSb NWsg
(shown in figure inset). The Raman spectrum for all three deposition potentials is dominated
by the peak at about 147-149 cm~! and a wide peak centered at 120 cm~!. These peaks
have been reported by other works[91, 92|, and are assigned to TO-TA and 2TA phonons.
They have been attributed to defects and also to the amorphous/polycrystalline nature of
the NWs [106, 107, 108]. The peak at 149 cm~' has been attributed to a high density of
Sb-Sb bonds, typically found in a-InSb [109].

The presence of Sb related defects is most likely related to growth related parameters
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FI1GURE 4.5. Raman spectrum of electrochemically grown InSb NW in porous
polycarbonate template. (a) At a deposition potential of -1.0 V, spectrum

shows characteristic defect related peak at 147 ¢m™! and around em™'. No

1

peaks were observed in the 180 — 190 em™" range, which is the region where

peaks corresponding to crystalline InSb are typically measured; (b) Spectrum
obtained for growth at -1.25 V shows similar defect related peaks as observed in
(a). Absence of any peak in the 180 — 190 cm ™! range (c) Spectrum obtained

from NWs grown at -1.5 V. Well-defined peaks were observed at 149 cm ™!

1 1

, around 120 em™" and around 181 ¢m™". The zoomed in Raman spectrum

image shows two distinct peaks at 180.5 em~tand 188.7 em !

which is assigned
to the ¢-InSb TO and LO phonon modes, respectively. In all three cases, the
Raman peaks measured in the range from 145 — 149 cm-1 is attributed to
TO-TA modes and is believed to originate from defects in the NWs; as is the

peak around 119.7 em™!.

like the deposition potential and pH of electrolyte. So, though the SEM images showed

relatively smooth NWs, the amorphous/polycrystalline nature of the as-grown NWs was first
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evident in the Raman spectrum. There was a difference in the Raman spectrum obtained
from a single InSb NW grown at -1.5 V. The room temperature spectrum reveals peaks
of TO and LO phonon modes at 180.5 cm~! and 188.7 cm™! respectively, which matches
closely with the TO and LO peaks reported in previous studies on InSb NWs [43, 87, 88,
89, 90]. Fig.4.5(b) is a zoomed-in view of these two peaks, which are typically reported
in c-InSb NWs.The lack of crystallinity in NWs grown at very low deposition potentials
deserves further investigation. Since the crystalline peaks were only found in NWs grown at
-1.5 V, all further analysis including XRD measurements, HRTEM and electron transport

measurements were done on NWs grown at this potential (-1.5 V).

To verify the findings from Raman measurements and to further investigate the ori-
entation and crystalline quality of the NWs, x-ray diffraction studies were performed on the
NW array grown at -1.5 V. Since it is very difficult to get XRD pattern from a single NW,
XRD pattern was taken from NWs embedded in the PC membrane. It was first verified that
a bare template does not give any XRD signal. Only templates that were filled with NWs

produced an XRD pattern ( shown in Fig.4.6).

Inset of Fig.4.6 shows the SEM image from where XRD data was collected. The InSh
diffraction pattern matched the JCPDS file (00-006-0208) for a cubic zinc blende crystal
structure. The sharp peak around 20 = 23.70° corresponds to (111) crystallographic direc-
tion, while the peak at 260 = 39.36° corresponds to the (220) direction. The reflections ((111),
(220), (311), (400)) corresponded to a random crystal structure with no preferred orienta-
tion. Another peak is observed at ~ 33.71°, probably due to a thick oxide layer around the
NWs. The presence of this oxide layer is also confirmed by TEM. The lattice constant along
different lattice planes was calculated and the average value was estimated to be 0.658 nm,

with an average mismatch of about 1.55 %.

In order to probe the microstructures of the as-grown InSb NWs and obtain informa-
tion about its crystallographic orientation, structure and surface, results from transmission
electron microscopy as well as high-angle annular dark-field (HAADF) scanning transmission

electron microscopy (STEM) measurements were analyzed. These studies revealed that two
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FIGURE 4.6. XRD spectrum of as grown InSb NW in polycarbonate template.

types of NWs were grown in the template pores: one type was composed of polycrystalline
NWs that under low magnification appeared to have a smooth surface. The second type of
NW was found to have a rough surface. (Fig. 4.7(a)) shows an HAADF image of a smooth
wire, in which the grain size is on the order of 50 nm (estimation based on what seems to
be about 3-5 different grains as seen in the Fast Fourier Transform (FFT) of the image); the
inset depicts a FFT of the image confirming its polycrystalline nature. An individual grain
oriented to be viewed along its [111] zone axis is observed in the atomic resolution HAADF

image in(Fig. 4.7(b), where the measured distance between atomic columns is 0.28 nm .

The presence of a complex microstructure with randomly oriented nanocrystals in
these NWs was also revealed in the indexed rings in the SAED pattern of Fig. 4.7(c) that

shows diffraction patterns corresponding to the lattice indices of face-centered cubic (fcc)
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FiGURE 4.7. STEM images taken along a single InSb NW clearly showing the

presence of an amorphous oxide shell: (a) ABF-STEM image of a relatively
smooth NW that shows several crystal grains; inset shows FF'T of the image in-
dicating multiple crystallographic orientations; (b) magnified HAADF-STEM
image of outlined region in (a), looking down the (111) direction of one of the
larger grains, with a measured distance of 0.25 nm; (c) selected area diffraction
pattern (SAED) shows indexed rings with discrete spots confirming polycrys-

talline nature of the NW.

InSh.

An example of a NW with a rougher surface can be seen in the HAADF images of
Fig. 4.8(a) — (c) respectively, where the parallel stripes observed in (b) and (c) indicate the
presence of stacking-faults and twinning defects.

A magnified section of the wire from Fig. 4.8(a) shows a high density of twin defects
and stacking faults, the most likely cause for the rough-surface morphology in the as-grown
NWs.The rough NWs are therefore not a perfect single crystal, but rather one with a dense
distribution of stacking faults. Such crystal defects are common in metal NWs grown in
template pores, and has been explained based on low-dimensional growth in spatially con-
fined pores of the template [110]. In both types of NWs, an amorphous layer was clearly
visible on the NW surface and its composition as determined by EDX was of InsO3. The
presence of an oxide was also seen in the XRD spectum of Fig.4.6. A model of the zinc

blende InSb along the (111) and (220) directions [111] reveals that along the (111) direction,
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(a) (b) (c)

Ficure 4.8. (a) HAADF-STEM image taken from a significantly rougher
NW; (b) HAADF image of outlined region in (a) showing presence of crystal
defects which accounts for the observed roughness in the NW; (c¢) magnified

HAADF image of (b) showing twin planes and stacking faults.

one can only see the Sb atoms with an atomic separation of around 0.37 nm, validating our
observation of similar spacing measured in the HAADF-STEM images of Fig. 4.7. Similarly,
it has been reported that along the (220) direction, the separation between In and Sb atoms
is about 0.23 nm, which explains the measured spacing of about 0.25 nm measured in the
FFT analysis. The two major lattice spacing measured in the HAADF image ( Fig. 4.8(c))
was determined to be about 0.37 nm and 0.23 nm corresponding to the (111) and (220)
direction respectively of zinc blende InSb.

Based on our experimental findings of two distinct NW morphologies observed in a
single growth cycle, we conclude that different growth modes are at play in their formation.
From the growth curves of Fig.4.2, the layer + island growth mode that is characteristic of
the S-K growth mode was implicated, which accounts for the observed polcrsytallinity in the
as-grown NWs.

Another competing mechanism that controls NW morphology is the Frank-van der
Merwe growth mode, where a 2-D nucleus forms and NW growth occurs layer by layer. How-
ever in this growth mode, compressive strain in the growing layer imposed by the confined
pore environment as well as lattice mismatch between the metal electrode and the grow-

ing layer results in crystal growth with lot of defects. There are several works explaining
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FIGURE 4.9. A schematic of the ‘nucleation-coalescence’ growth mechanism,
where: (a) a few monolayers of InSb grow on the Au electrode; (b) islands
from over the monloayer; (c) coalescence of the islands to form individual

crystals/grains.

polycrystallinity in Au [112], Ni [113] NWs. In these works, it has been proposed that poly-
crystalline NW growth most likely follows the 3D ‘nucleation-coalescence’ mechanism. A
schematic of this growth mechanism is shown in Fig.4.9. The first stage of growth involves
the formation of a few angstroms of InSb on top of the metal seed (Au) that exists at the
bottom of the template pores (Fig. 4.9(a)). As growth proceeds, isolated islands form over
this crystalline layer and coalesce to form a linked network (Fig. 4.9(b, c¢)). The growth
mechanism is sensitive to the growth environment which includes the condition of the tem-
plate pore interior, the nature of the electrodes at which nucleation begins, the electrolyte
and the deposition potential. It has been reported [113] that in electrochemical deposition,
there exists a critical dimension d., beyond which new crystals form. For single crystal
growth, the value of d. should be large and the most appropriate way to achieve this is to
maintain a low deposition potential. It is worth noting that electrochemical growth of NWs
in template pores is a complicated process and the NW quality is affected by the movement
of ions in the pores, process of diffusion, reaction and adsorption to the metal seed at bottom
of pore. All of these factors are related to deposition conditions and influence the growth
modes, which in turn are influenced by surface energy of the growing layers. For a 2D-nucleus
growth, the critical size of a 2-D nucleus d. is inversely proportional to the square of the
overpotential [114], whereas for a 3D-like nucleus d, is inversely proportional to the cube of

the overpotential. At the higher deposition potential of -1.5 V, the surface diffusion of In

29



and Sb atoms favors their aggregation resulting in nucleation and growth of several small
3-D crystals that grow simultaneously and independently of each other during the first few
minutes of growth. The polycrystalline NWs showed relatively large grain sizes (about 50
nm), which implies that single crystal growth of semiconductors like InSb in template pores

is affected by several factors unlike what has been observed in growth of metallic NWs.

On the other hand, if the growth environment in the membrane pores is such that
it inhibits the formation of several 3-D nuclei, and instead a 2-D nucleus forms, then it
favors single crystal growth. NW growth in this case follows the two-dimensional (2D) nu-
cleation/growth mechanism. Since growth occurs in a confined pore, lateral stresses develop
in the growing crystal as a result of the confined growth process. This results in the growth
of InSb NWs with high defect density. The process effectively forces the NWs to crystallize
in the cylindrical geometry of the membrane pores, resulting in formation of stacking faults
as the crystal growth rate in different directions were disturbed. This results in formation of
111 stacking faults and twin defects of the NW crystal lattice. The high density of defects

is responsible for the rough morphology of some of the InSb NWs.

To assess the electronic quality of the NWs, current-voltage measurements were made

on a single InSb NW that was contacted by Ni electrodes is shown in Fig.4.10.

Fig. 4.11 shows the experimental I-V curves on a linear and a double-logarithmic
scale. As seen in this plot, the fairly symmetric non-linear I-V plot shows two distinct
regions: (i) at small bias T oc V, (ii) At larger bias, I oc V2. This behavior is characteristic
of space charge limited current (SCLC) that is typically observed in very resistive materials
with ohmic contacts[115]. The contacted cylindrical NWs have a contacted length of 3.0 ym

which is much greater than the NW radius of 100 nm (L >>R).

This results in reduced electrostatic screening effects which implies that charge in-
jection effects by the contacts will be much higher on these devices as compared to a bulk
structure. Since the electrical contacts to the two ends of the NW are symmetric, it leads to
fairly symmetric I-V plots for positive and negative bias. Since we do not observe any expo-

nential trend in the lot, we do not consider Schottky barriers at the contacts. We therefore
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20.0kV SEI SEM WD 25.1mm 2:51:50

F1GURrE 4.10. SEM image of single InSb NW contacted by four Ni electrodes.
The NW was placed on a 200 nm thick silicon dioxide ( SiOy ) grown over
a highly dopedp™ Si substrate. The channel length between each electrode is
about 1.5 ym. The metal electrodes are Cr (5 nm)/Ni (200 nm). Cr enables
better adhesion of Ni film on the SiO, layer.

believe that the current changes from ohmic at low bias to SCLC at high bias. Using a four-
terminal device configuration, it was also verified that the contact resistance was much lower
than the wire resistance. In the low bias regime, the as-grown NW has a resistance of the
order of 10° €, while the contact resistance is of the order of k. The high NW resistance is
to be expected at low bias, since in this bias regime the injected electron concentration is low
compared to the equilibrium electron concentration and the magnitude of the current follows
Ohm’s law where I o< V. The cross-over point in the I-V characteristics occurs at about 0.14
V, which is most likely the point at which the injected electron concentration exceeds the
equilibrium electron concentration. Since the contact dimensions are much larger than that

of the NW, the behavior of the current variation with bias in this regime is expressed by
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FIGURE 4.11. Current-voltage measurements on a single as-grown Insb NW.
the NW diameter and electrode spacing are 190 nm and 1.5 pum respectively.
(a) Symmetric non-linear I-V curve on linear scale. The curves are linear
(ohmic) at small bias and transforms at high bias; (b) I-V curves plotted on a

logarithmic scale, showing a crossover to SCLC at V, = 0.14 V.

Mott-Gurney law in which I oc V2. From the I-V curve of Fig. 4.11, the cross-over voltage
of V, =0.14 V is used to make a rough estimate of the free carrier concentration in the NW,

using the equation [115]

Eovm
"= (erR2In(L/R) (24

where ¢ is the permittivity of free space and L and R represent the NW dimensions.
Using this model, the free carrier concentration is estimated to be of the order of 10** em=3.
This value is about an order of magnitude lower than that reported for undoped bulk c-InSb.
This discrepancy could be attributed to the fact that in using equation 24, we have assumed
that the symmetry in [-V characteristics is indicative of a symmetric electric filed created
by the contacts around the NW. However, with the polycrystalline NWs, the conduction
will be non-uniform and the presence of defects like stacking faults could further impact the

conduction mechanisms. SCLC is typically observed in undoped NWs with low free carrier
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concentration where the ohmic current is controlled by charges from bulk contacts diffusing
through the NW, rather than from impurities or dopants. The effect of polycrystallinity on

the conduction mechanism and hence on the SCLC is a topic for further study.

4.4. Conclusion

Polycrystalline and crystalline InSb NWs with high defect density were synthesized at
room temperature using a DC electrodeposition process in porous polycarbonate membrane.
The structural quality of the NWs was assessed by high resolution transmission electron mi-
croscopy, Raman spectroscopy and x-ray diffraction studies. An important parameter that
determines the structural quality of the NWs is the critical grain size whose value changes
with deposition potential. The Stranski-Krastanov growth mode best explains the growth
of polycrystalline InSb NWs by a 3-D ’'nucleation-coalescence’” mechanism. On the other
hand, the growth of crystalline NWs follows the Frank—van der Merwe growth mechanism
that follows a 2-D nucleation epitaxial growth. On account of reduced carrier screening in
the NW geometry, the phenomenon of space charge limited current was observed due to in-
creased charge injection at high bias fields. At low bias, current follows the traditional ohmic
behavior. The cross-over voltage was used to determine an equilibrium carrier concentration

of 10™ em 3.
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CHAPTER 5

FABRICATION OF NANOPOROUS ANODIC ALUMINUM OXIDE
TEMPLATEBASED ON BARRIER LAYER THINNING AND SYNTHESIS OF COBAL
TNANOWIRES IN THE TEMPLATE PORES!

5.1. Introduction

Anodic films on aluminum have received considerable attention due to their extensive
application as templates for synthesizing various nanostructures in the forms of NWs and
nanotubes. The previous two chapters were based on growth of InSb NWs in pores of
commercially purchased templates: AAO and polycarbonate membranes. The challenge is
using these membranes were:

1. The AAO membranes have fixed thickness of 50 pym. For electrochemical growth
of NWs; it is important that the back-side of these templates be coated with a metal like
Au to function as the working electrode. To enable this, a thin layer of metal is typically
deposited by thermal evaporation onto the back-side of the AAO membrane. However, this
task is extremely difficult since in most cases, the metal coats the edges of the pores and
does not extend over the pore surface. Even after evaporating almost 700 mg of Au, it was
found that the Au did not cover the pores. An SEM image of this challenge with different
thickness of Au evaporated on the pore surface is shown in Figure 5.1 As seen in Fig (a), (b)
the top and bottom surfaces of the template have different appearance. The correct surface
is first identified by SEM and this is followed by metal evaporation on the back surface. The
bottom surface has relatively thick walls and the pores appear embedded within these walls.
This is the reason why coating the back surface with metal is a challenge. Upon evaporation,
the metal typically deposits on the pore walls. As evaporation progresses, the pore walls get
thicker which implies that the pores are deeply embedded within these walls. As seen in Fig.

(c) and (d) the pore walls have gotten thicker but the pores are still visible.

IThis chapter has been reproduced partially from the publication ”Understanding the Mechanisms that
Affect the Quality of Electrochemically Grown Semiconducting NWs”, from the book ”Semiconductors -
Growth and Characterization” Chapter 2, http://dx.doi.org/10.5772/intechopen.71631.
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(c) Bottom surface afte (d) Bottom surface after Au
evaporation | evaporation

' 1/00um SU1510 10.0kV 19.0mm x60.0k SE 12/19/2018

SU1510 110KV 19.0mm x45.0kSE 12/19/2018

FIGURE 5.1. SEM images of top and bottom surfaces of AAO template (a)
top surface at scale bar of 1 um and (b)bottom surface with scale bar 2 pm,
and after 800 mg of Au thermal evaporation (c¢) bottom surface at scale bar
of 1 um (d) bottom surface at scale bar of 500 nm. Open pores in (c), and (d)
even after 800 mg of Au evaporation, is not ideal for electrochemical growth

of NWs

If the metal does not extend over the pore surface, the NWs cannot grow since the
solution contained within the template pore will see an empty pore. To overcome this
challenge and enable NW growth (as described in Chapter 3), after Au evaporation, the
template had to be glued onto a conducting copper tape. This tape helped close the pores
with a metal. This was a major challenge, since in some cases, the electrolyte solution reacted

with the glue and the solution leaked onto the copper tape resulting in clustered growth on the
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tape. This challenge resulted in experimental results that were not reproducible. On the off-
chance that thermal evaporation was too aggressive for coating metal on AAO membranes,
attempts were made to commercially plate the AAO templates by e-beam evaporation where
(~ 500 nm) was e-beam evaporated onto the back surface of the AAO membrane. However,

the results were the same and the metal did not close the pores as shown in Figure 5.2.

SU1510 20.0kV 19.0mm x40.0k SE 12/19/2018 =~ "1.00um

FIGURE 5.2. SEM images of bottom surfaces of AAO template after (~
500 nm) e-beam evaporated Au thin film. We can clearly see that pores

are not completely filled.

Another important challenge with AAO templates is that the pore interiors are not
smooth. This results in the grown NWs having rough surfaces as shown in Figure 5.3.

2. In the case of polycarbonate membranes, the pore sizes are not uniform (~150 -
200 nm range) and the pore density is rather low, as shown in Figure 5.4

Moreover, the flexibility of the PC membranes results in NWs that are either poly-
crystalline or with high density of structural defects, as discussed in Chapter 4. It is also
important to control the temperature (lower the temperature) during metal evaporation,

since at high temperatures, the flexible membrane melts and crumples up.
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FicUure 5.3. SEM images of InSb NW grown in AAO template. Rough
notched on the surface of NWs are shown by red arrows comes from the mor-

phology of interior of AAO template

— 100nm JEOL 8/22/2018
X 10,000 15.0kV SEI SEM WD 10.2mm 12:23:55 X 75,000 15.0kV SEI SEM WD 10.7mm 12:19:13

FIGURE 5.4. SEM image of polycorbonate (PC) template, zoomed in image
shows the non-unoform pores of PC temnplate where pore are ranging from ~

150 to 200 nm in diameter.

NW growth in the commercially available templates helped establish the NW growth
recipe and provided interesting results on structure, composition and dependence of stoi-

chiometry on growth parameters. On account of the challenges discussed above, this chapter
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presents work on home-made AAO templates. The advantage of this home-grown template
technique is the fact that the bottom electrode is the Al foil that is used for template fab-
rication. This eliminates the need to evaporate a metal over the back-surface to function as
the working electrode. Moreover, by growing the template in the lab, it became possible to

tune the pore diameter and length [116, 117].

5.2. Fabrication Method

To obtain a higher control of the NW dimensions and surface quality, an electrochem-
ical self-assembly technique was used to fabricate a hexagonally ordered array of cylindrical
nanopores on an aluminum substrate. Starting with high purity, unpolished and annealed
aluminum (99.997 %, AlfaAsar) foil with thickness of ~ 250 pm, the unpolished samples
were first chemically polished [118] using 15 parts of 68% nitric acid and 85 parts of 85%
phosphoric acid for 5 min at 85° C as shown in Figure 5.5(a) just after chemical polishing.

Figure 5.5 shows the different stages of fabrication of AAO template.

|
|
|
ad

FIGURE 5.5. Optical images of 2x2 cm? aluminum coupon at different stages
of fabrication process of home-made AAO template (a) just after chemical
polishing for smother surface of aluminum foil, (b) aluminum foil after the
first step anodization, (c¢) aluminum foil after the second step anodization,
and (d) circular AAO template separated from the aluminum foil after etching

of aluminum using 1M HgCl, solution.

The samples were then neutralized in 1 M sodium hydroxide (NaOH) for 20 min.
This was followed by a multi-step anodization process using 3% oxalic acid and 40 V DC

at room temperature. Final step of anodization is carried out for 5 min, which produces
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pore length of ~1 pm [119]. Figure 5.6 shows SEM images of top surface of AAO template
after second anodization, Figure 5.6(a) is the SEM images of top surface at a scale bar of 2
pum and Figure 5.6(b) is the top surface with a scale bar with 500 nm which shows the pore

diameter of AAO template is ~ 50 nm.

006173 um
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FIGURE 5.6. SEM images of top surfaces of AAO template (a) at scale bar
of 2 ym and (b) with scale bar 500 nm in pore diameter which shows that

diameter of pore is ~ 50 nm [3].

After second step anodization, aluminum is dissolved in 1 M mercury chloride (HgCly)
saturated solution. We have achieved ~ 50 pm pore length in about 4 h 16 min with pore
diameter of 50 nm. One advantage for the home-grown route of synthesizing templates is
the possibility of obtaining smaller pore diameters. In this chapter, results of pore widths
of 50-70 nm are presented, in contrast to the larger diameter 100 nm obtained from the
commercial templates. NWs of different diameters will enable a study of its dependence on
the electrical, magnetic, and thermoelectric properties of NWs. A noteworthy challenge in
homemade AAO templates is the presence of a thin barrier layer comprising aluminum oxide
at the bottom of the pore. Following fabrication of the alumina layer and removal of the
underlying metallic aluminum, the bottom layer of the template was found to exhibit bulges

or protrusions.

Figure 5.7(a) shows an SEM image showing the capped protrusions (hemispherical
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FIGURE 5.7. SEM images of bottom side of AAO template: (a) hemispherical

cap of barrier layer formed during anodization and (b) complete barrier lay er

etching in 5% phosphoric acid at 30° C for 30 min. [3].

caps) of the barrier later at the bottom of the pore. Inset shows an enlarged image of the
barrier caps. Figure 5.7(b) shows the completely opened barrier later after etching in 5%
phosphoric acid at 30°C for 30 min. It has also been observed that if etching time in 5%
phosphoric acid is increased from 30 min to 35 min, the thin membrane tears in sections
from the top surface and the pores merge together as their walls collapse. Such membranes
cannot be used for NW growth via electrodeposition, since the collapsed walls will result in

direct contact with the underlying metal layer.

Figure 5.8 shows SEM images of bottom and top surfaces after etching in 5% phos-
phoric acid (H3zPOy) for 35 min at 30°C. Figure 5.8(a) shows the SEM image of bottom
surface, which shows all the barrier layers are etched and pores are uniformly open and
Figure 5.8(b) shows the SEM image of the same sample as shown in Figure 5.8, which shows

over etching of top surface which looks like pores are bundled together.

To check the anodization rate, cross-sectional image of AAO template has been taken
at two different times of second anodization, 5 and 250 min, respectively. Figure 15 shows
SEM images of cross-section of homemade templates. Figure 15(a) shows 50-pm long pore

which was obtained after 250 min of second anodization, and inset shows smooth and straight
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FIGURE 5.8. SEM images of bottom and top surfaces after etching in 5%
phosphoric acid (H3 PO,) for 35 min at 30°C. (a) SEM image of bottom surface,
which shows all the barrier layers are etched and pores are uniformly open and
(b)SEM image of the same sample as in (a), which shows over etching of top

surface which looks like pores are bundled together [3].

pore and; Figure 15(b) shows 5-um long pore which was obtained after 15 min of second
anodization. Based on Figure 15, anodization rate in the above mentioned condition for the
growth of homemade AAO template is 1-um long in 5 min, which is a faster rate than any

other anodization conditions reported before [117] .

As mentioned earlier, removal of the barrier layer from the bottom of the AAO mem-
brane is very challenging; if the etching time is not well controlled in most cases, it results
in collapse of the tubular walls and destruction of the pores from the top surface of the

template.

Results of barrier removal using 1 M H3 PO, at 30°C at different times are presented
for comparison. Figure 5.10 shows the SEM images of AAO top surface (a) as-grown and
without etching, (b) after 17 min etching in 1 M phosphoric acid at 30°C and (c) after 20
min etching. It is clear from SEM image in Figure 5.10(b) that after 17 min of etching in
1 M phosphoric acid, the AAO template top pores are widened to its maximum capacity,

and any increase in etching time will result in merging of the pores. Figure 5.10(c) shows
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FIGURE 5.9. SEM images of cross-section of home-made AAO template: (a)
shows ~50 pum long pore which was obtained after 250 min of second anodiza-
tion, and inset shows smooth and straight pore and (b) shows 5-pm long pore

which was obtained after 25 min of second anodization [3].

FIGURE 5.10. SEM images of top surface of AAO template: (a) shows non-

porous hexagonal AAO pores without any etching, (b) after 17 min etching in
1 M phosphoric acid at 30°C and, (c) after 20 min etching in 1 M phosphoric
acid at 30°C [3].

that 20 min of etching is over etching and the pores are merged. After appropriate time
etching, barrier layer is thinned and pore diameter is widened. Now, pores can be filled with
metal (for example cobalt NW) by AC electrochemical deposition using a 5% C'0SO,.7TH,0
solution stabilized with 2% H3BO5 at 20 V AC and 250 Hz [120].

Barrier layer thinning (BLT) [121] is an alternative technique to remove the barrier

layer formed at the end of second anodization process. After thinning of barrier layer,
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individual pores terminate in the metallic aluminum layer at the bottom of the template.
Such membranes grown directly on aluminum foil are suitable for electrodeposition since the

bottom aluminum layer works as one electrode.

DC voltage (V)
eo®® .:
|, 250min [ J
40V Yoo
$01V I:l‘ L
30V L f[_l—\_

1s
20V

o

10 min Open barrier
Barrier layer Barrier layer thinning (BLT) layer

Time (min)

FIGURE 5.11. Schematic plot of voltage reduction steps vs time for thin-
ning/rupturing the barrier layer at the bottom of the AAO pore. First, alu-
minum (99.999% was anodized (second anodization) for 250 min to grow 50
pm long pore at the rate of 1 um/5 min at 40 V in 0.3 M oxalic acid (CyH20y)
with platinum mesh as a counter electrode at room temperature. afterword,

voltage was stepped down from 40 to 10 V in decrements of 0.1 V/ sec.

During the voltage reduction process it is very important to note that if there is
fluctuation in voltage (like from 40 to 39.9, 39.8, 39.5 (instead 39.7) etc per sec) then barrier
layer thinning will not uniform and it shown in Figure 5.12. Figure 5.12(a) shows partially
dark area, which is indicative of onlt that area of barrier layer is open and NWs are grown.
Figure 5.12(c) shows the closed pores area. So opening of barrier layer is not uniform.

Non uniform opening of barrier layer as shown in Figure 5.12 was fixed by modifying
our home-made power supply which gives nearly 0.1 V/sec. After using this step reduction
method and wet etching in 1 M phosphoric acid , which helps to remove the residue at
bottom as well as widen the pore size from 50 to 60 nm as shown in Figure 5.13

After that, we remove the aluminum layer and, we were able to see open the barrier
layer uniformly in SEM as shown in Figure 5.14. SEM images were taken everywhere on

the back side of AAO template after aluminum removal to make sure that the entire back
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| T
FIGURE 5.12. (a) Optical image of AAO grown on aluminum foil after barrier
layer thinning and electrodeposition of InSb NWs, only top portion of AAO is
filled with NWs. (b) SEM image of top of the AAO surface where there is no
growth of NWs, (c) SEM image of top surface of AAO (black region in (a) after
partial etching with phosphoric acid, where bundles of wires are clearly visible,
(d) optical image of bottom of the AAO template after aluminum removal in
1 M mercury(II) chloride, white area in (d) is the area where barrier layers
(pores) are not open, (e) SEM image of the NW area in (d) where hemispherical
closed tips are shown, and (f) SEM image of dark area in (d) where barrier

layers are open.

surface of the template is opened - (~ 1 cm diameter) circular area.

This BLT technique can applied for different kinds of NW growth. For example, it can
be used for single NW growth of desired length (1 pum to 50 um) , as well as heterostructure
(like Ni-InS-Co). In this particular home-made template, we can grow the NW of diameter

~ 60-70 nm.
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FIGURE 5.13. SEM images of top surface of AAO templates (a) before etching
and after 2nd anodization and BLT at scale bar 1 ym, (b) before etching and
after 2nd anodization and BLT at scale bar 500 nm, (c) after etching and BLT

at scale bar 1 pm, and (d) after etching and BLT at scale bar 500 nm

5.3. Conclusion

Home-made AAO template fabrication process has been discussed in detail using 0,3
M oxalic acid at 40 V dc at room temperature. Before fist anodization, aluminum foil is
chemically polished instead of electro-polished, which makes aluminum surface as smooth
as RMS ~ 3 nm. This ~ 3 nm roughness is comparable with electro-polished aluminum
surface. AAO pore diameter was found to be ~ 50 nm and length can be tuned from ~
1 pm to 50 pm with the growth rate of ~ 1 pum/5min. Since removal of aluminum layer
after 2nd annotation was easy however opening the barrier layer was difficult task. So that,

BLT techniques was used to remove the barrier layer. This BLT technique is very useful and
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F1GURE 5.14. SEM image of bottom side of AAO template after aluminum
removal in mercuric chloride. All the pores are open and suggesting this tech-

nique can be used to grow the NWs directly on anodized aluminum substrate.

[ Alumina (Al,04)

[l Cobalt (Co)
mmw |nSh
Il Nickel (Ni)

H Aluminum (Al)

FIGURE 5.15. Schematics of AAO template (left) after BLT where barrier
layers are removed, and cross-section of AAO template after heterostructure
(Ni-InSb-Co) NW growth. Length of each NW can be controlled via electrode-

position time.

favorable to grow any metal (Co, Ni etc) or semiconductor (InSb) NWs without coating of

conducting layer on free sanding AAO template.
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CHAPTER 6

MAGNETIZATION STUDIES OF PURE NICKEL AND COBALT NANOWIRES AND
A STUDY OF SPIN-VALVE EFFECT IN NI-INSB-CO HETEROSTRUCTURES

6.1. Introduction

Heterostructures typically comprise of different types of material systems from differ-
ent groups in the periodic table grown epitaxially over each other. When heterostructures
are grown as thin films, matching the lattice constant is very critical. High quality het-
erojunctions have lattice matched materials stacked on top of one another, failing which
there will be stress and strain built up at the interface. This frequently results in stacking
faults and other structural defects forming along the NW length. In some cases, lattice mis-
matching is used to obtain materials with new and interesting properties, where the tensile
or compressive strain that is caused by lattice mismatch is exploited for novel applications
as in thermoelectrics. In the synthesis of one-dimensional NWs, the constraint of lattice

mismatch is relaxed.

This chapter is a study of magnetoresistance effects in arrays of heterostructured
NWs. Magnetoresistance is a fundamental phenomena that describes the ability of a material
to change its electrical resistance when it is acted on by an external magnetic field. The
initial discovery of this phenomenon was by William Thomson, better known as Lord Kelvin,
in 1856. However, at that time, the electrical resistance of any material system could not be
lowered by more than 5 %. More than a century later, several systems have been developed
where a magnetic field can change resistance by orders of magnitude. In 2007, Albert
Fert and Peter Griinberg were jointly awarded the Nobel Prize for the discovery of Giant

Magnetoresistance effect.

One material system where considerable effort has been invested in is the Co-InSh-
Ni system [122, 123, 124, 125]. Such a system is commonly called a spin-valve device. The
characteristic of this device is that a spacer layer that is paramagnetic is sandwiched between

two ferromagnetic contacts with different coercivities. The spin-valve signal is defined by a
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ratio given by the equation:
AR  Rap— Rp
R Rp

(25)

In this equation R p and Rp is the device resistance when the two ferromagnets have
anti-parallel and parallel spins respectively. If the majority spins in the first ferromagnet
(Co) is the same as the majority spin in the second ferromagnet (Ni), then R4p > Rp and
the effect is a normal spin-valve effect.

InSb is chosen for this system because it is a narrow band gap group III-V semicon-
ductor and has two important characteristics: (i) strong Rashba spin-orbit coupling, and (ii)
large gyromagnetic ratio (g-factor). It is known that in a semiconductor which has majority
carriers, the magnetoresistance is proportional to [1+ (1#B)?], where p is the carrier mobility
and B is the magnetic field. At room temperature, assuming an electron mobility in InSb of
(= 4 m?/Vs), it is expected that in a 0.25 T field, the increase in magnetoresistance would
be about 100 %.

InSb is therefore considered to be a promising material in applications like the Datta-
Das type spin field effect transistor (SPINFET) [126], where the drain-source current can be
modulated by a gate potential that changes the Rashba spin-orbit interaction in the transistor
channel. The downside of a strong spin-orbit interaction is the rapid spin relaxation. It is
desired to have strong spin-orbit interaction but no spin relaxation. To do this, it is best
to design the channel as a NW where all the carriers are confined to the lowest conduction
sub-band. This allows for strong spin-orbit interaction but weak spin relaxation. The small
effective mass of carriers in InSb, its large g-factor and strong Rashba interaction increases
the energy separation between sub-bands in InSb and allows for single sub-band occupancy
even in relatively large diameter InSb NWs at room temperature.

In this chapter, the synthesis of arrays of Co-InSh-Ni NWs is presented. The ~ 175
nm thick NWs were synthesized by sequentially electrodepositing Ni ;, InSb and Co in the
pores of a flexible polycarbonate template membrane. A schematic representation of the
heterostructure is shown in Figure 6.1.

The length is each NW in the array is about 20 pum long corresponding to the thickness
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of the PC membrane. It is estimated that the Co section of the NW is about 16 pm, InSh
is about 1 pm and Ni is about 3 pum long. Each heterostructured NW is expected to act as
a ”"spin-valve”, where one of the ferromagnetic contact ”Co” injects spin-polarized electrons

into the semiconductor (InSb).

co B

B Polycarbonate template

InSb il
Ni

Au

!

FIGURE 6.1. Schematic diagram of an InSb spin-valve device. Bottom layer

is coated with gold thin layer before electrodeposition of the NWs. Top and

bottom contact were using metal wire to connect external circuit.

This injection possibly occurs by tunneling of the electrons through the Schottky bar-
rier formed at the Co-InSb interface. If the length of the semiconductor is kept small enough,
the second ferromagnetic contact (Ni) transmits the electrons to varying degrees depending
on their spin. The first contact is the injecting contact which acts as a spin polarizer while
the second contact is the detecting contact that acts as a spin analyzer. Considering that the
PC membranes do not have a homogeneous, high-density pore distribution, it is estimated
that ~ 10 NWs are electrically contacted from top to bottom, thereby defining an assembly
of 100 resistors in parallel. Each heterostructure represents a single NW spin-valve where the
total spin-valve resistance comprises of three resistances in series: resistance of the injecting
ferromagnetic contact, the InSb NW spacer and the resistance of the detecting ferromagnetic
contact. Considering the metallic nature of the ferromagnets, it is obvious that the InSb

NW resistance dominates the total resistance.
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6.2. Analysis of The Magnetic Properties of Ni and Co NWs

The Au coated PC membrane was used to first grow about 3 pum of Ni NW. The
Ni NWs were electrodeposited using an electrolyte containing 0.457 M M NiSO,7H>0, and
0.728 M M H3BOs3 [127, 128, 129, 130, 131, 132] under -1.0 V dc in three electrode configu-
ration in potentiostatic mode. The pH value of electrolyte was adjusted to about 2.2 for Ni
NW growth. An Ag/AgCl reference electrode was combined into a three-electrode system,
in which a platinum mesh electrode served as a counter electrode for DC electrodeposition.
A separate Au coated PC membrane was used for growth of Co NWs following the same
procedure at -1.0 V. The electrolyte for Co NW growth was lectrolyte containing 0.18 M
CoSO,TH,0, and 0.5 M H3BOj3 [30, 127, 133, 134, 135, 136, 137, 138] .

6.2.1. Magnetic Measurements of Ni NWs

A schematic of the Ni NW array grown in PC membrane is shown in Figure 6.2.

B Polycarbonate
template

20 pm

Ni [l
Au

I Glass rod

FIGURE 6.2. Schematic of pure Ni NWs;, electrochemically grown in ~ 20 gm
long pore length of PC template with diameter ranging from ~ 150 nm to 200

nim.

The length of the NWs in this array is 20 um and they have an average diameter of
about 175 nm. An SEM image of the Ni NW array with corresponding EDX measurements

is shown in Figure 6.3
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FIGURE 6.3. (a) SEM image of pure Ni NWs electrochemically grown in PC

template. (b) EDX spectrum shows only Ni peak.

The array of Ni NWs were characterized for magnetic measurements using the Physi-
cal Property Measurement System (PPMS). This instrument incorporates a precision current
source and a precision voltmeter allowing for electrical transport measurements at different
temperatures (ranging from 4K to 400 K) and different magnetic fields (ranging from -1 Tesla
to +1 Tesla). It is known that the magnetic properties of the NW array are directly related
to their physical properties. Thin NWs typically show more hysteresis effect. It is also
known that coercivity is inversely proportional to NW diameter and directly proportional to
its length. So, a thin and long NW will have increased coercivity. For a given NW diameter,
the coercivity saturates at a critical value of length. Another factor that affects coercivity
is the crystal quality. The magnetization hysteresis loop shown in Figure 6.4 was measured
for the Ni NW array embedded in a PC membrane with the magnetic field direction parallel
to the axis of the NWs.

As seen in the plot, the coercivity (H.) and remanent magnetization (M, ) are tem-
perature dependent. At the low temperature of 4K, the ratio M, /M, which represents the
squareness of the hysteresis of the Ni NWs is about 85 %. This ratio decreases to about 4
% at 300 K. These values are less than those reported [139] for room temperature measure-

ments. This is most likely because our NWs had a larger diameter and at this stage of the
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FIGURE 6.4. Magnetization hysteresis curve of Ni NWs array with applied
field parallel to the wire axis.Magnetic hysteresis loop of Ni NWs at different
temperatures (4, 50, 100, 150, 200, 250, and 300K) (a) magnetic field applied
from -10000 Oe to +10000 Oe, (b) Zoomed in data of magnetic field applied
from -1000 Oe to +1000 Oe. We can see the coercivity of Ni NWs array is

decreasing with increasing temperature.

work, we do not have sufficient information about its crystal structure.This is also refelcted

in the fact that the measured coercivity of 500 Oe at 4K and 228 Oe at 300 K is much below
the theoreticaly expected value of about 1000 Oe [139].
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TABLE 6.1. Coercivity H. of Ni NW at different temperatures

T(K) H. (Oe) (I[) M, M, M, /M, (|])
4 500 0.00179  0.0021 0.85238
50 460 0.00166  0.0025 0.664
100 440 0.00153  0.0026 0.58846
150 378 0.00142  0.0026 0.54615
200 246 0.00127  0.0027 0.47037
250 282 0.00103  0.0027 0.38148
300 228 0.000115 0.0028 0.04107
500 — T T T L ' e
K - Hc }oo0018
450 |- B —-Mr -} 00016
! -\ Ni NWs {00014
400 |- ~} 0.0012
O [ To.0010
I 350 |- -
i }0.0008
300 |- - 0.0006
: 4 0.0004
250 |- L 0.0002
56D L. . . . 0.0000
0 50 100 150 200 250 300

T(K)

FIGURE 6.5. Magnetization hysteresis curve of Ni NWs array with applied

field parallel to the wire axis.
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6.2.2. Magnetic Measurements of Co NWs

A schematic of the Co NW array grown in PC membrane is shown in Figure 6.6. The
length of the NWs in this array is 20 um and they have an average diameter of about 175
nm. An SEM image of the Co NW array with corresponding EDX measurements is shown

in Figure 6.7

B Polycarbonate
template

Co.

Au

FIGURE 6.6. Schematic of pure Co NWs, electrochemically grown in ~ 20 gum

20 um

long pore length of polycarbonate (PC) template with diameter ranging from

~ 150 nm to 200 nm.

Tz

Counts

FIGURE 6.7. (a) SEM image of pure Ni NWs electrochemically grown in PC

template. (b) EDX spectrum shows only Ni peak.

The array of Co NWs were characterized for magnetic measurements using the Phys-
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ical Property Measurement System (PPMS) in similar conditions as Ni NWs. The magneti-
zation hysteresis loop shown in Figure 6.8 was measured for the Co NW array embedded in

a PC membrane with the magnetic field direction parallel to the axis of the NWs.
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FIGURE 6.8. Magnetization hysteresis curve of Co NWs array with applied
field parallel to the wire axis. Magnetic field is applied parallel to the NW
axis. (a) Hysteresis curve from -1 T to +1 T, (b) zoomed in version of data

between -0.5 T to +0.5 T.
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TABLE 6.2. Coercivity H. of Co NW at different temperature

T(K) H(Oe)(l) M, M, M, [ M,
4 398.99  0.00156  0.00956 0.16318
50 352.02  0.00142  0.00956 0.14854
100 318.28  0.00131  0.00956 0.13703
150 287.27  0.00121  0.00956 0.12657
200 255.81  0.00109  0.00956 0.11402
250 219.33  0.001 0.00956  0.1046
300 180.11  0.000871 0.00956 0.09111
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FIGURE 6.9. Temperature dependence of remnant magnetization(M,.) coer-

50 100

cive field (H¢) of Co NWs array.

Similar to the discussion about Ni NWs, the array of Co NWs also showed less than
expected values for M, /M, (squareness of the hysteresis plot) [139]. The coercivity of the
Co NW array (400 Oe at 4K and 180 Oe at 300 K) is also significantly lower than those

reported based on theoretical estimates [139]. It has been reported before that increasing

T(K)
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the diameter of the NW, coercivity decreases [140, 141]. Since, our NWs average diameter
is about 175 nm compared to the reported values where diameter ranges from 20 to 78 nm.

So less coercive field is expected in our NWs.

6.3. Fabrication Method of Spin-Valve Device (Ni-InSh-Co)

As discussed in section 4.2, InSb NWs were grown in PC template. Fow spin valve de-
vice, it is essential to have a heterostructure where the semiconductor is sandwiched between
two ferromagnetic materials. This is why a tri-layer comprising of Ni-InSh-Co is considered
for studying the spin-valve behavior. So first Ni NWs were grown at the bottom of pores of
PC template that is coated with thin Au film. This growth is followed by growth of InSb
NWs and terminated with the growth of Co over the InSb NWs.

6.4. Extraction of the Spin Diffusion Length in Co-InSb-Ni NWs

In Figure 6.1, a Schottky barrier exists at the Co-InSb and the InSb-Ni interface.
When an electrical bias is applied to the device, carriers are injected from Co into InSb
by tunneling. Let the spins have a polarization P;. It is expected that the width of the
Schottky barrier is narrow enough to preserve the spin signature of the injecting ferromagnet
(Co). After spin injection, the carriers drift and diffuse through the InSb (spacer) with
an exponentially decaying spin polarization expressed as P, exp|—L/Ls] where L and L,
represent the length of the InSb region (spacer length) and the average spin relaxation
length respectively. Following this, the carriers have to cross a second interface where the Ni
contact has polarization P,. An equation called the Julliere formula is used for determination

of spin relaxation length (L).

AR 2P Prexp(—L/Ly)
R 1— P Pexp(—L/L,)

(26)

In this model the loss of any spins across the two interfaces are ignored.
In equation 25, if Rap <Rp, it produces a negative spin-valve peak (-AR). This

so-called ’trough’ is a manifestation of ’inverse spin-valve’ effect.
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6.5. Working of The Spin-Valve Device

Spin-valve device set-up is shown in Figure 6.1 , where PC template embedded with
tri-layer (Ni-InSb-Co) was attached to resistivity puck. Before connecting the resistivity puck
to Quantum Design PPMS DynaCool, I-V was taken using semiconducting device parameter
analyzer (Agilent B1500A) while resistivity puck is attached to sample wiring test station in

voltage source configuration. Room temperature device resistance was measured as ~ 17 2.
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FIGURE 6.10. (a) shows the sample holder and electrical connections and (b)

shows the I-V curve at the room teplerature.
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FIGURE 6.11. Inverse spin valve effect at 4K. This data was collected at a

bias current of 10 A
Initially, the device (Co-InSb-Ni) is placed in a high magnetic field. It should be noted
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that Co and Ni have different coercivities. At high fields, both Co and Ni are magnetized
in the direction of the field. This means their spins are parallel and the device exhibits low
resistance. As the magnetic field is reduced and reversed, the ferromagnet with the lower
coercivity (nickel) reverses its magnetization. This causes an anti-parallel configuration
between the two ferromagnets, thereby increasing the device resistance. Further increase in
the magnetic field in the reverse direction causes the second ferromagnet (Co) to reverses
its spin as the coercive field is exceeded. This again results in parallel spins and low device
resistance. The change in device resistance from low - high - low results in a peak in the
magnetoresistance which occurs between the coercive fields of the two ferromagnets. The
height of this spin-valve peak above the background resistance is defined by the quantity
AR.

0.2 ~————+—T——1——T"—T—7—
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| \/WW” !

oo LV] .W

R(H) - R(0) [ohms]

-4000-3000-2000-1000 0 1000200030004000
Magnetic Field (Oe)

FIGURE 6.12. Inverse spin valve effect at 4K. This data was collected at a

bias current of 10 A

6.5.1. Device Characterization: Magnetoresistance (Spin-Valve) of Ni-InSh-Co NWs

As shown in Figure 6.12, at the low temperature of 4K, there is some evidence of an
inverse spin-valve effect. This effect is not observed at room temperature. At this stage of

the work, it is not possible to make a firm assertion about our experimental results. This
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FIGURE 6.13. Inverse spin valve effect at room temperature (300K). This data

was collected at a bias current of 10 pA

is most likely due to: (i) the InSb spacer length and diameter is much greater than those
previously reported. In these reports, the InSb length and diameter are 50 nm and 60 nm
respectively. In contrast, in our experiment, the InSb length is about 1 ym and diameter
is about 175 nm. Since the growth recipe is now established, future work entails growth of
this heterostructure in the home-made template where the length of the NWs will be kept
about 1 ym and the InSb will be grown for 30 s to ensure a length of a few nms.

Based on the experimental results, an attempt was made to determine the magnetore-
sistance from equation 26 Using P, and P, of 0.33 and 0.42 respectively, for the InSb lenght
of 1 pm, the spin relaxation length is also of the same order of magnitude (Ls; ~ 1.1 pm.)
This value is orders of magnitude higher than the expected spin relaxation length of tens of
nm.The most likely reason for the over estimated lenght is the actual spacer length which
means that more than one sub-band is populated with carriers and the magnetic signature

is far more complex.
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CHAPTER 7

CONCLUSION

7.1. Contributions

The objective of this thesis was to demonstrate the efficacy of electrodeposition as
the growth technique for the mass production of NWs, specially those made of compound
semiconductors of the III-V group. This growth technique is justified because NW growth
occurs at room temperature and the experimental variables that could affect crystal growth
and stoichiometry are controllable parameters. The major contributions of this work are

listed below:

7.2. First Focus: InSb NW Growth in AAO Template, Highlighting Growth Mechanism and

Influence of Electrolyte on NW Stoichiometry and Morphology

The first part of this dissertation work is demonstrating growth of InSb NWs in
a commercial nano-channel anodic aluminum oxide template (AAO) template. This part
involved a detailed study of the various mechanisms of mass transport during successive
stages of the NW growth process. InSb NW growth was governed mainly by the process of
diffusion. The diameter of the NWs were determined by the diameter of the pores in the AAO
template. An interesting contribution of this work was the fact that experiments showed the
dependence of NW stoichiometry on the pH of the electrolyte. As a result, the 100 nm thick
InSb NWs that were grown using an electrolyte of pH 1.7 were found to be rich in antimony
(Sb). The most likely reason for this is the possibility that a lower-pH (1.7) of the electrolyte
favors adsorption of Sb anions on the growing crystal. In an attempt to verify if the excess
Sb in the InSb NW acted as active defect centers, a single InSb NW was investigated by
connecting the NW in a field-effect-transistor type configuration.The as-grown Sb rich InSb
NW showed p-type conduction with a hole concentration of ~ 1.9x10'® cm~3 and field effect
hole mobility of ~ 507 cm?V ~!s~!. The device had a high on-off current ratio of the order
of 103. This result is very promising since it demonstrates an ability to obtain high density

of p-type InSb NWs without addition of any dopants during crystal formation. This opens
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up new opportunities for using these NWs in fabrication of electronic devices. Normally
p-type doping in InSb is achieved by using dopants like Carbon. But, these intentionally
added dopants act as scattering centers that reduce carrier mobility. It is therefore possible
that when NW growth occurs in a low pH electrolyte, the concentration of Sb in the NW
increases, and it introduces Sb antisite and In interstitial defects in the growing crystal. This
could account for the NW exhibiting p-type FET behavior. The presence of defects were

L along

also verified by Raman spectroscopy which showed defect related peak at 145 e¢m™
with crystalline peaks at 179 em ™! and 188 cm ™.

The as-grown NWs were also analyzed by temperature-dependent transport measure-
ments which showed thermally activated Arrhenius conduction in the temperature range from
200-325 K, yielding an activation energy of 0.1 eV. This corresponds to activation energy
from levels close to the middle of the energy band gap. Another important conclusion drawn
from this part of the work is the NW morphology. The NWs were found to have a rough sur-
face which corresponded to roughness of the template pore interior. Such rough surfaces of

NWs could prove beneficial in applications where phonon transport needs to be interrupted

without affecting electron transport - an important feature of thermoelectrics.

7.3. Second Focus: InSb NW Growth in Polycarbonate Template, With Detailed Study of
Effect of Membrane Flexibility on NW Crystallinity

The second contribution of this dissertation work is demonstrating growth of InSb
NWs in ion track etched PC template. Following the geometry of the PC membranes, the
as-grown NWs were about 10 pum long and about 150 nm thick. Raman spectroscopy on
these NWs showed that they were not crystalline and showed strong defect related Raman
peak. Further studies were done by high resolution electron microscopy and it showed that
there are various mechanisms affecting NW crystallinity. The two different NW structures
were (i) NWs that were polycrystalline and (ii) crystalline NWs with high density of stacking
faults. The polycrystallinity of the NWs is explained using the 3D ‘nucleation-coalescence’
mechanism. On the other hand, single crystal NWs with high density of twin defects and

stacking faults grow epitaxially by a two-dimensional (2D) nucleation/growth mechanism.
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Electrical contacts were established to a single InSb NW | which showed that at low
bias, the ohmic current is controlled by charge diffusion from the bulk contacts. At high
bias, the current-voltage behavior of the device exhibited the phenomenon of space charge
limited current (SCLC). This is attributed to transport through structures with reduced
electrostatic screening. A cross-over from ohmic to SCLC occurs at about 0.14 V, yielding

a free carrier concentration of the order of 10 ¢cm™—3.

7.4. Third Focus: Fabrication of AAO Template with Desired Pore Size and Length Followed
by Growth of InSb NWs

Considering the challenges faced in accomplishing NW growth in commercial template
pores, this dissertation focused on fabrication of AAO templates staring with an Al foil.
Following chemical polishing, the Al foils were anodized in two different stages to obtain a
high density of uniform pores with smooth pore interiors. These templates are still attached
to the base Al foil through a barrier which obstructs the pore reaching the metal electrode.
Following previously reported strategies of pore opening using a voltage step reduction, the
oxide barrier was initially punctured and eventually the barrier was completed removed by an
acid etch. The advantage of the home-made templates is that it removed the requirement of
metal evaporation for functioning as the working electrode. Instead, the Al foil itself served
as the electrode. Following template fabrication, the home-made AAO templates were used

to grow not such semiconducting InSb NWs, but also metallic magnetic NWs of Co and Ni.

7.5. Fourth Focus: Synthesis of a NW Heterostructure of Ni/InSb/Co for Potential Use as

Magnetoresistive (Particularly spin-valve) Devices

In this part of the dissertation work, a recipe to grow heterostructured NWs in home-
made and commercial templates was established. Initially, ferromagnetic NWs of Co and Ni
were synthesized and their magnetic properties studied for determination of ..... Finally, the
spin-valve device comprising of an InSb layer sandwiched between two ferromagnetic layers
of Co and Ni were studied for determination of their spin-valve behavior. These results were

not conclusive and though there is a weak evidence of inverse spin valve effect at 4K, it is
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difficult to assert this with absolute certainty. This is because the InSb NWs in the contacted
array were rather long (about 3 gum) and this is much larger than the spin relaxation length

reported for InSb, which is about....

7.6. Future Directions

The growth of crystalline InSb NWs using MBE and MOVPE are common with ex-
pensive equipment and low yield. In comparison, electrochemical deposition of InSb NWs
in templates (AAO and PC) provides high yield, and good quality with easily controllable
experimental parameters. This is promising for using this material for sensing and optoelec-
tronic applications in addition to spintronics.

Future work should focus on fabrication of the spin-valve device. The InSb length
should be controlled for a more detailed study of the magnetoresistance behavior. It is
specially promising to consider experiments in which the magnetic signature of the spin-
valve devices can be measured for different InSb lengths and to ascertain at what length
the effect is measurable. This would allow for an estimate of the spin relaxation length in
InSh. Another focus of future work would be to determine the effect of NW crystallinity on

spin-signature.
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Annealing on Nanowire Crystallinity,” Nanomaterials, vol. 8, no. 8, p. 607, Aug. 2018.

Z. Algarni, A. Singh, and U. Philipose, “Role of chemical potential and limitations
of growth kinematics on stoichiometry of indium antimonide nanowires,” Mater. Chem.
Phys., vol. 219, pp. 196-203, Nov. 2018.

A. Singh, Z. Algarni, and U. Philipose, “Template-Assisted Electrochemical Synthe-
sis of p-Type InSb Nanowires,” ECS J. Solid State Sci. Technol., vol. 6, no. 5, pp. N39-N43,
Jan. 2017.

Z. Algarni, D. George, A. Singh, Y. Lin, and U. Philipose, “Hole-dominated trans-
port in InSb nanowires grown on high-quality InSb films,” J. Nanoparticle Res., vol. 18, no.
12, p. 361, Dec. 2016.

B. Mallampati, A. Singh, A. Shik, H. E. Ruda, and U. Philipose, “Electro-physical
characterization of individual and arrays of ZnO nanowires,” J. Appl. Phys., vol. 118, no.

3, p. 034302, Jul. 2015.

7.7.2. Conference: Contributed Oral Presentations

Abhay Singh, Usha Philipose, " Understanding Electrical Conduction Mechanisms
in Polycrystalline Indium Antimonide Nanowires Grown in Flexible Polycarbonate Mem-
brane Pores” 2019 MRS Fall Meeting, December 1-6, 2019 in Boston, MA. A. Singh, Usha
Philipose, “Intrinsic quality of InSb NWs grown in template pores,” presented at the APS
March Meeting 2019, Boston, Massachusetts , March 4-4, 2019

A. Singh, Usha Philipose, ”Electrical transport in semiconducting InSb nanowire
grown via electrochemical deposition in anodic alumina oxide template” AVS Texas Chapter
conference, Aug 1st-3rd 2018, Texas Christian University.

A. Singh, Usha Philipose, “Challenges in barrier thinning of home-grown anodic
aluminum oxide template on aluminum foil,” presented at the APS March Meeting 2018,

Los Angeles, California, March 5-9, 2018
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A. Singh, Usha Philipose, “Role of electrodeposition parameters on stoichiometry
of InSb nanowires,” presented at the APS March Meeting 2017, New Orleans, Louisiana,
March 13-17, 2017 A. Singh, Usha Philipose, “Electrochemically grown InSb nanowires:
challenges and growth determined properties,” presented at the APS March Meeting 2015,
San Antonio, Texas, March 2-6, 2015

7.7.3. Poster

Abhay Singh, Bhargav Mallampati, Bryan McLaren, Vincent Lopes, Chris Littler,
A.J. Syllaios, U. Philipose, ” Temperature dependent resistivity and 1/f noise measurements
in ZnO nanowires”, 32nd International conference on the Physics of semiconductors (ICPS),
August 10-15,2014, Austin, TX.

7.7.4. Summer School

7th NCN-NEEDS Summer School, Spintronics: Science, Circuits, and Systems, July
23-25, 2014, Purdue University
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