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This dissertation work is a study of the growth kinematics, synthesis strategies 

and intrinsic properties of InSb nanowires (NWs). The highlights of this work include 

a study of the effect of the growth parameters on the composition and crystallinity of 

NWs. A change in the temperature ramp-up rate as the substrate was heated to reach 

the NW growth temperature resulted in NWs that were either crystalline or 

amorphous. The as-grown NWs were found to have very different optical and 

electrical properties. The growth mechanism for crystalline NWs is the standard 

vapor-liquid-solid growth mechanism. This work proposes two possible growth 

mechanisms for amorphous NWs. The amorphous InSb NWs were found to be very 

sensitive to laser radiation and to heat treatment. Raman spectroscopy 

measurements on these NWs showed that intense laser light induced localized 

crystallization, most likely due to radiation induced annealing of defects in the region 

hit by the laser beam. Electron transport measurements revealed non-linear current-

voltage characteristics that could not be explained by a Schottky diode behavior. 

Analysis of the experimental data showed that electrical conduction in this material 

is governed by space charge limited current (SCLC) in the high bias-field region and 

by Ohm’s law in the low bias region. Temperature dependent conductivity 

measurements on these NWs revealed that conduction follows Mott variable range 



 

hopping mechanism at low temperatures and near neighbor hopping mechanism at 

high temperature. Low-temperature annealing of the amorphous NWs in an inert 

environment was found to induce a phase transformation of the NWs, causing their 

crystallinity to be enhanced. This thesis also proposes a new and low-cost strategy to 

grow p-type InSb NWs on InSb films grown on glass substrate. The high quality 

polycrystalline InSb film was used as the host on which the NWs were grown. The 

NWs with an average diameter of 150 nm and length of 20 μm were shown to have 

hole concentration of about 1017 cm-3 and mobility of about 1000 cm2V-1s-1. This thesis 

also proposes a strategy for the fabrication of metal-semiconductor nanocomposites. 

InSb NWs grown by electrochemical deposition were decorated with nanometer sized 

Au and Ag nanoparticles to form the nanocomposite. 
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CHAPTER 1

INTRODUCTION

1.1. Overview

The aggressive downsizing of devices on integrated circuits has driven the size of

conventional devices into sub-micron length scales–the nanoscale regime, where 1 nm =

10−9m. Nanoscience is the study of materials in which the length scale in any one dimension

is less than or equal to 100 nm [1]. The field of nanotechnology has gained popularity

since early 21st century [2], when nanoparticles were used by ancient Chinese and Romans

for light emission purposes. They achieved this by using nanoparticles of gold, silver and

copper embedded in their glaze to coat surfaces with, so that when light bound off these

coated surfaces at different wavelengths, it gave it the ‘iridescent’ look. Nanotechnology is

an interdisciplinary field in that its study includes the major sciences like physics, chemistry,

biology, and also engineering [3]. As the field of nanotechnology has continued to grow, it

has opened up many areas of applications [2]. Commercial products made of nanostructures

have revolutionized not just technology but also medicine. One can therefore state that this

field of study impacts human life positively since it leads to device miniaturization, making

it possible to reduce the size and power consumption of products we use every day like cell

phones, computers, and many other electronic items. With success in research on carbon

nanotubes and graphene, it became possible to create composite materials wherein these

nanostructures were embedded in a host matrix to enhance a selected property like material

strength or stiffness.

Despite promises in developing this science, there are several fundamental limitations.

The main limitation arises from the fact at the nanometer length scales, new physical phe-

nomena occur. The second limitation is a technological one, since device miniaturization

leads to more complex integrated circuits, which means that the fabrication steps that are

required to achieve this becomes more complex and expensive. One example of this is the

silicon (Si) field effect transistor (FET). As the channel gate length of Si FET approaches

1



a few nanometers, the short channel can cause serious leakage current issues. Materials can

broadly be classified in terms of their dimensionality as bulk (3-dimensional), thin films (2-

dimensional), nanowires (NWs) (nanotubes) (1-dimensional) or nanoparticles or quantum

dots (0-dimensional). During the past two decades, significant progress has been made in

the field of one-dimensional nanostructures. In bulk materials, the length scale in all 3-

dimensions is more than 100 nm, whereas in 2-D, 1-D and 0-D materials, the length scale

in one dimension, two dimensions and three dimensions are less than or equal to 100 nm

respectively. The significances of these length scales is in the fact that as materials shrink in

size in any dimension, the carriers in that material are confined in that dimension. As a re-

sult, the material properties cannot be explained by conventional classical physics. Instead,

as carriers are confined, one has to use quantum mechanics to explain novel effects that arise

as a result of such confinement. In such confined cases, the relevant length scale is the exci-

ton Bohr radius (ao), which describes the spatial extension of excitons (electron-hole pairs)

in semiconductors. This spatial confinement of excitons in semiconductor nanostructures

results in phenomenon known as quantum confinement.

This thesis is a study on one-dimensional nanostructures called nanowires (NWs).

These cylindrical nanostructures have one free and two confined directions, which means

that at least two dimensions are limited to length scale less than 100 nm. NWs have length

scale in microns but they have very small diameters. They have relatively large surface area to

volume ratio, and this plays an important role in defining their properties. Most synthesized

NWs are either metallic or semiconducting. The focus of this thesis is on semiconducting

NWs and an important property of this class of materials is their band gap. Energy band

gaps play a critical role in determining the electrical and optical properties of semiconductor

materials. In nanoscale materials, due to quantum confinement effects, the electrons and

holes in the semiconductor are confined. This confinement increases the energy difference

between the filled states and the empty states, thus widening the energy band gap, breaking

the continuous energy bands into discrete and effectively changing the optical and electronic

properties of the semiconductor. For one dimensional structures, the quantized states in two
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directions are filled with carriers (electrons and holes) and the density of electronic states

D(E) (the number of states per unit energy at an energy E) can be express as [4]:

D(E) =
L

π
(
2m

~2
)

1
2E

−1
2 (1.1)

where L is the length of the solid, m is the mass particle, and ~ is Planck’s constant.

Therefore, the density of electronic states is proportional to the inverse square root of E. A

schematic of the quantum confinement effects for one-dimensional system is shown in Fig. 1.1

[5].

Figure 1.1. Quantum confinement effects on the charge carriers in a one-

dimensional structure.(a) A quantum wire for one dimensional structure. (b)

The movement of the charge carriers is only in x-direction and confined in other

two directions. (c) The dispersion relation (the energy (E) vs wavenumber(k))

for free carriers shows a continuous distribution of states along the x-axis and

discrete within y and z directions. (d) The density of electronic states has a

dependency on inverse square root of the energy [5].

One example of the effect of size on energy band gap is in Si. Bulk Si is an indirect

band gap semiconductor and hence is not useful in optoelectronic applications. However,

in nanoscale, Si has a direct band gap making it promising for both electronic and optical
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applications [6]. The relation that shows the band gap energy is a function of the diameter

of the nanowire (NW) is expressed as [7, 8]:

Eg(nano) = Eg(bulk) +
h2π2

8d2
[

1

m∗e
+

1

m∗h
]− 1.8e2

εd
(1.2)

where Eg(nano) is the energy band gap of the material; Eg(bulk) is the energy band gap of the

bulk material; h is the Planck constant; d is the diameter of the NW; m∗e and m∗h are the

effective mass of electron and hole respectively; and ε is the dielectric constant. equation

(1.2) shows the relationship between the energy band gap of a one dimensional NW and its

diameters. This equation shows that the band gap of a NW depends on: (i) the band gap

of the bulk material, (ii) the kinetic energy of the carriers which has a 1
d2 dependence, and

(iii) the coulomb energy which related to interaction between the carriers and contains a 1
d

dependence. Since the Bohr radius of indium antimonide (InSb) is 65 nm, equation (1.2)

shows that for NWs with d > 65 nm , Eg(nano) = Eg(bulk). For d < 65 nm, Eg(nano) increases

and becomes greater than the bulk value.

1.2. Semiconductor NWs

Semiconductors can be elemental semiconductors located in IV group of periodic

tables, having a single element such as Si or Germanium (Ge). They can also be compound

semiconductors that are combination of elements from different groups in the periodic table

such as III-V, II-VI, and I-VII [9]. They can also be cataloged into direct and indirect band

gap semiconductors depending on their band structures that are represented by (E) energy

versus (k) wave number band diagram. In direct band gap semiconductors, the value of

k at conduction band edge and k at valence band edge are the same value resulting from

absorbing a photon in the crystal. However, in indirect band gap, the values of k are different

and so band-to-band transitions require involvement of phonons [10, 11, 12].

Semiconductor NWs possess several unique characteristics, which enables them to

have important applications in electronics, chemical sensing, optoelectronic, medical, and

energy-conversion applications. They can be integrated into electronic devices, exhibit novel

sub-wavelength optical phenomena, and exhibits high tolerance to mechanical stress. Most
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semiconductor NWs are synthesized as single crystals with well controlled chemical compo-

sition and dimensions. The resulting electronic and optical properties make them attractive

as sensors, light-emitting diodes, field effect transistors and solar cells. The spike in research

interest for this group of materials is also because there exist a number of relatively simple

techniques to synthesize elemental or compound semiconductor NWs, like Si, Ge, indium

oxide (In2O3) , InSb and zinc oxide (ZnO) to name just a few. The III-V semiconductor

NWs like Ga and In based compounds possess many attractive intrinsic properties like direct

band gap, small electron effective mass, and outstanding thermal conductivity. These prop-

erties make them ideal for lasers, light-emitting diodes, and solar cells devices and high speed

devices [13]. They are formed from group III metal (cations) and group V (anions) where

each atom from group III is bonded to four atoms from group V and vice versa. Fig. 1.2 (a)

shows a section of the periodic table containing commonly used semiconductors elements.

Fig. 1.2 (b) is a table that shows a comparison of lattice constant and energy band gap of

popular III-V semiconductors at room temperature [14].

III-V 
semiconductors

Lattice 
constant
a (nm)

Band gap
Eg (eV)

GaAs 0.5653

GaSb 0.6096 0.72

InAs 0.6058 0.36

InSb 0.6479 0.17

III             IV             V
5

B
Boron
2S22P

13

Al
Aluminum

3S23P

31

Ga
Gallium
4S24P

49

In
Indium
5S25P

6

C
Carbon
2S22P2

14

Si
Silicon
3S23P2

32

Ge
Germanium

4S24P2

50

Sn
Tin

5S25P2

7

N
Nitrogen
2S22P3

15

P
Phosphorus

3S23P3

33

As
Arsenic
4S24P3

51

Sb
Antimony
5S25P3

(a)                                             (b)

Figure 1.2. (a) shows some binary compound semiconductors in the peri-

odic table.(b) shows a comparison of lattice constant and energy band gap of

popular III-V semiconductors at room temperature.
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Synthesis of compound semiconductor NWs specially from group III-V are challeng-

ing, because group III elements like Ga and In have low vapor pressure compared to group

V elements. This implies that at high growth temperatures, it is difficult to maintain sto-

ichiometry of the growing crystal. The group V elements, on account of its high vapor

pressure will leave the growth chamber before NW growth has commenced, thus resulting in

a crystal that is non-stoichiometric and almost metallic due to a high concentration of group

III element. Details of such challenges will be discussed in detail in Chapter 2.

1.2.1. Synthesis Methods

Low dimensional structures can be made using a ‘top-down’ or ‘bottom-up’ approach.

In the top-down approach, bulk materials are patterned using lithography and then etched

to fabricate nanostructures [15, 16]. However, in this technique there is a resolution limit,

that allows size of the orders of a few microns only. This limit is defined by its resolving

power (RP) as:

RP =
λ

2n
(1.3)

where n is related to the numerical aperture of the lens system. Considering the wavelength

of light used in this set-up, device feature sizes cannot be reduced below ≈ 100’s of nms.

This is because the diffraction limit poses a fundamental restriction to the resolution that

can be achieved in photolithography using light of a given wavelength. On the other hand,

the bottom-up approach allows size limits of much below 100 nm. It thus removes the

limitations imposed by top-down approach. This approach is inexpensive because it uses

physical and chemical forces to assemble basic units such as atoms or molecules into more

complex structures.

The bottom-up approach of NW synthesis is the more widely used strategy. In this

approach, 1-D NWs are synthesized using physical vapor deposition (PVD) or chemical vapor

deposition (CVD). The main difference between these two techniques is that PVD is done at

very high vacuum levels and so requires the use of expensive equipment. On the other hand,

CVD is done under low vacuum and in many cases at atmospheric pressure. The PVD
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method includes techniques such as evaporation, sputtering, and molecular beam epitaxy

(MBE). The main advantage of NW synthesis by the PVD process is that it enables atomic

level control of thickness for the growing material as well as very good control of chemical

composition. The PVD technique of growth is preferred when sharp interfaces are desired

during the growth of heterostructures. Though the PVD growth process is relatively more

expensive, it is the desired route to grow device worthy nanostructures. Another advantage

of PVD over CVD is the safety issue.

CVD techniques use precursors and source materials that are toxic, pyrophoric, or

corrosive. Moreover, in some cases, additional steps are required for purification purposes

post-growth in CVD process. The major advantages of CVD methods are the relatively

inexpensive techniques that can be scaled up for mass-production of nanostructures. In a

CVD growth process, a carrier gas is introduced into the reaction chamber, which transports

precursor molecules pass to the growth substrate, where they are finally deposited. In most

of these cases, a metal catalyst is used to initiate NW growth. The growth is assumed

to follow the standard vapor-liquid-solid (VLS) model proposed by Wagner and Ellis [17]

(mechanism discussed in detail in Chapter 2).

Synthesis strategies of III-V NWs have been widely published. It is important to

distinguish between a growth mechanisms and growth methods. Growth mechanisms explain

how NWs growth occurs by explaining the thermodynamics and kinematics of the crystal

growth and nucleation process. However, NW synthesis is an explanation of the experimental

techniques and the chemical reactions required to form the NWs. NW growth mechanisms

can be divided depending on the presence of a metal catalyst. When a metal catalyst is

used, VLS, and vapor-solid solid (VSS) mechanisms are generally used to explain the III-V

semiconductor NWs growth. For non-catalyst growth, vapor-solid (VS), solution-liquid-solid

(SLS), and oxide-assisted are examples of growth mechanisms [18].

1.2.2. Why Indium Antimonide (InSb)?

Our motivation for studying InSb NWs is based on what is known about its bulk

properties. It has unique physical and electronic properties that are summarized in Table 1.1
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[19, 20, 21].

Property Value Property Value

Crystal structurel Zinc blende Number of atoms 2.9 × 1022 ( in 1cm3)

Molar mass 236.578 g.mol−1 Dielectric constant 16.8

Density 5.77 g.cm−3 Elecrtric conductivity 3 × 103 (Ω.cm)−1

Melting point 525oC Intrinsic carrier con-

centration

2 × 1016 cm−3

Band gap 0.17 eV Electron mobility 7.7 × 104 cm2.V −1.s−1

Effective electron mass 0.014 mo Hole mobility 850 cm2.V −1.s−1

Effective hole mass (heavy) 0.43 mo Electron affinity 4.59 eV

Effective hole mass (light) 0.015 mo Refractive index 4

Table 1.1. Physical and electrical properties of InSb at 300o [19,20,21].

The structure of InSb crystal is zinc-blende and is made of two face-centered cubic

lattices. These lattices are located relative to one another. The group III metal (In) is

bonded to four group V (Sb) atoms and vice versa. They are connected by covalent band

[22]. A schematic of bonding structure of InSb crystal is shown in Fig. 1.3 (a) and Fig. 1.3

(b) shows the zinc-blende structure of InSb crystal.

InSb has the smallest energy band gap (0.17 eV at room temperature) among the

III–V compound binary semiconductors. It also has a high absorption coefficient in mid-

infrared region 5-7 µm, thus making it a popular material to be used in an infrared detector

[19]. It is also used in high speed, optical devices because of its a high electron mobility,

resulting from its small effective mass Table 1.1 [23]. As a NW, the band gap of InSb can

be modified as function of its diameter leading researchers to maximize the coverage of the

infrared spectrum from mid-infrared to near-infrared regions. The exciton Bohr radius of

InSb is about 65 nm and so quantum confinement effects can be observed in NWs with

diameter equal to 65 nm or less. InSb can be alloyed with elements like nitrogen to make

alloys (InNxSb1−x) and depending on the N concentration, the spectral response can be

extended to far infrared. There are reports where 1 % N has caused the cut-off wavelength

to extend to 12 µm.
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InSb

(a)                                                (b)

Figure 1.3. (a) A schematic of the bonding structure of InSb crystal. (b)

shows a zinc blende structure of InSb crystal.

Another area of intensive research is the study of the electrical properties of InSb

NWs. A detailed article of the electrical and optical properties of InSb NWs is given in the

review by Shafa et.al. [24]. InSb NWs are intrinsically n-type. This is because InSb NWs

grown by CVD at high temperature have a high concentration of Sb vacancies, attributed

to the high vapor pressure of Sb. This makes the NWs to be rich in In, and exhibit n-type

transfer characteristics. It is also possible to have p-type transport. This is usually evident

in InSb NWs grown at room temperature by electrochemical methods. The InSb NWs in

this case are Sb–rich. Our group recently published a paper revealing p-type conduction

with field effect hole mobility (µFE) of ≈ 507 cm2.V −1.s−1 of a single InSb NW grown by

electrochemical deposition method [25]. There are also reports of back-gated transistors of

InSb at low temperature (4K) that have electron carrier concentration(no) of 1017 cm−3 with

µFE of 35 ×103cm2.V −1.s−1 [26]. The optical properties of an array of InSb NWs have been

studied by optical infrared absorption measurements which display a band gap of ≈ 0.17 eV
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for diameter of 80 nm and 0.2 eV for 60 nm showing quantum confinement effects [27].

The fabrication of field effective transistors based on InSb NWs and their transport

have been studied extensively. Gas sensors based on an array of InSb NWs sensing device

synthesized via CVD approach was shown to detect 1 ppm of NO2 gas. The resistance of the

sensing device increased during gas exposure [28]. The characteristic of photodetectors based

on single InSb NW (grown electrochemically) show good performance of photoconductivity

and responsivity of 8.4 × 104 A. W−1 [23].

InSb NWs also are applied in many heterostructure devices [29, 30, 31] taking benefit

of their similarity in chemical and physical properties with other III-V compound semicon-

ductors.

1.3. Growth Strategies of InSb NWs

The synthesis of InSb NWs is accomplished by top–down and bottom–up approaches.

The top-down method consists of irradiating the structure of the InSb wafers by focused ion

beam, resulting in forming nanorods with cone shaped [32],or nanopillars [33]. The bottom-

up approach includes MBE, chemical beam epitaxy (CBE ),and CVD. MBE is a physical

growth technique where the growth of InSb NWs are achieved by evaporating highly pure

indium and antimony sources under ultra-high vacuum environments. By controlling the

growth parameters such as substrate temperatures and the beam flux of Sb/In , growth of

high quality InSb NWs is achieved [26, 34]. The disadvantage of this method is the relatively

low growth rate, expensive equipment and complexity of use. The CBE technique is similar

to MBE in terms of its vacuum condition. However, it has a higher growth rate and the

source materials are supplied as chemical precursors, and it is easy to control growth [35, 24].

Successful growth of InSb NWs with this approach have been reported [36, 37]. Both MBE

and CBE are expensive and required ultra-high vacuum chamber [35, 24].

The CVD and metal organic (MOCVD) are both following the same basic princi-

ple where the source materials evaporate and are delivered by carrier gases to react with

substrate surface inside the tube furnace. MOCVD technique involves using metalorganics,

which are toxic. Hence, MOCVD units typically have expensive scrubbers incorporated into
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the exhaust vent. CVD on the others hand, requires small amounts of relatively safe and

stable solid sources. Details of this technique are provided in section 1.3.1 and in chapter 2.

The disadvantage of CVD technique is optimization of growth parameters to maintain the

stoichiometric of the grown InSb NWs.

Solution based growth method is an approach in which the composition and the

direction of the NWs can be controlled. Growth of InSb NWs has been carried by two

common methods: the electrochemical deposition [38] and solution-liquid-solid (SLS) [39].

In this thesis two main approaches are applied to synthesis InSb NWs: the chemical

vapor deposition and the electrochemical deposition.

1.3.1. NW Growth by Chemical Vapor Deposition (CVD)

InSb NWs were grown by (CVD) in a quartz tube that was placed in a Lindberg Blue

furnace using indium (In) or gold (Au) as the catalyst. At a selected growth temperature,

a chemical reaction takes place on the substrate surface (Si). This reaction is between the

molten metal catalyst (In or Au) and the vaporized antimony (Sb) that is transported by

carrier gas (H2/Ar) at atmospheric pressure. Details of the exact growth mechanism are

provided in chapter 2.

1.3.2. NW Growth by Electrochemical Deposition (ECD)

An alternative to vapor phase growth is solution based synthesis, that can be applied

to grow InSb NWs. The ECD growth involves the use of a template membrane. The

NWs usually are grown in different types of templates that include ion track-etched, and

anodic aluminum oxide. The advantages of using ECD method is: (i) the equipment used

is simple electrochemical cell with cathode and anode, relatively inexpensive techniques, (ii)

the NWs grow in the template pores, which have a pre-determined length and diameter,(iii)

the process can be easily translated for large-area growth of NWs, (iv) the as grown NWs

are stoichiometric, have length of several microns and diameter in the range of 100-120 nm,

(v) since ECD is a low-temperature growth, the possibility of the NWs oxidizing at high

temperature does not exist.
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The growth process is carried out in electrochemical cell that consist of three elec-

trodes. A working electrode was formed by thermal evaporation of gold layer on the back side

of the membrane. A platinum (Pt) served as a counter electrode and Ag/AgCl as reference

electrode. The electrolyte solution was 0.15 M InCl3, 0.1 M SbCl3, 0.36 M C6H8O7H2O, and

C6H5Na3O7, and the growth process was carried out using a (potentiostat/galvanostat) at

room temperature. By applying external voltage, electrons react with In and Sb ions, and

then are directed to the porous of the template where the deposition of InSb NWs occurs.

1.4. Techniques Used for Nanowire Characterization

There are several techniques that are routinely used for assessing the quality and

composition of NWs. In this thesis, we have used the scanning electron microscope fitted

with Energy Dispersive X-ray spectroscopy (SEM + EDX) for structural and compositional

analysis of NW. These equipments are an integral part of the NW growth process and after

every growth, the samples are analyzed for structural studies. In addition, this thesis includes

optical studies for verifying the crystalline nature of NWs. This was done using Raman

spectroscopy and X-ray Diffraction (XRD) studies. The following paragraph provides brief

information on the two techniques.

1.4.1. Raman Spectroscopy

Raman spectroscopy is a versatile non-destructive technique that provides information

on crystal structure. By indexing the Raman peaks, it becomes possible to ascertain the

crystal composition [40]. This technique involves inelastic scattering of incident photons that

interact with NW crystal. In Raman scattering, photons are first excited to higher unstable

state; they are subsequently re-emitted with absorption or emission of a phonon. There

are two kinds of Raman scattering which are Stokes and anti-Stokes scattering. When the

emitted photon has energy lower than the excited photon, the scattering process is called

Stokes Raman scattering, whereas if the emitted photon has energy higher than the excited

photon, the scattering is called anti-Stokes Raman scattering [40]. First- order Raman

scattering of optical phonons (transverse (TO) and longitudinal (LO)) at the center of the
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Brillouin zone (k'0) are characteristic of crystalline semiconductors. All phonons from the

center of the Brillouin zone to the edge participate in the first- order Raman scattering [41].

However, this does not hold for amorphous materials and is interpreted as a violation of the

first order Raman selection rules. Due to the increased disorder in amorphous materials, the

selection rules at k'0 are relaxed. The Raman intensity of disordered materials is expressed

by the equation [42, 43]:

I(ω) = Σb
cb[n(ω) + 1]ρ(ω)

ω
(1.4)

where I(ω) is the intensity at energy shift ω, n(ω) is the Bose-Einstein factor, cb and

ρ (ω) are the coupling constant, and the density of vibrational states in band b respectively.

The summation is over all branches of the phonon spectrum. The difference in the Raman

spectrum of crystalline and amorphous materials is mainly in the fact that the peaks of

amorphous materials are broad and possibly shifted, while those of crystalline materials are

sharp and narrow [44]. As reported by several papers, the Raman spectrum of crystalline

InSb is characterized by the transverse optical (TO) phonon 179.8 cm−1 and longitudinal

optical (LO) phonon modes 190.8 cm−1 at the center of Brillion zone [45, 46, 47, 48, 49, 50].

It is also known that amorphous III-V semiconductors contain a large number of structural

defects of the III-III and V-V types[43]. As it willl be discussed in section 3.3, the atomic

structure of amorphous InSb contains a high density of homopolar In–In and Sb–Sb bonds.

Previous work on amorphous III-Sb compounds has shown that the Raman spectrum showed

the presence of V-V bonds [41].

1.4.2. X-ray Diffraction Studies

X-rays are electromagnetic waves with wavelength ranging from 10 nm to 10−3nm [51].

They are produced by using cathode tube where the electrons are accelerated under high

voltage. The fast moving electrons hit a metallic target electrode and suddenly slow down

which generates the X-ray. The commonly used target is copperÅ. These rays are filtered

by using crystal monochromators to have monochromatic X-rays, which are then directed to

interact with the crystal [52]. Diffraction is a result of passing the X-ray through a crystal

that has atoms arranged periodically. Therefore, XRD is a technique that is used to study
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the crystal structure and other related parameters such as crystal defect, crystallinity, and

grain size [52]. Since the crystal structure has crystallographic planes that can diffract the

X-rays, it can produce constructive interferences when satisfying the Bragg ′s law [51, 52]:

nλ = 2dsinθ (1.5)

where n, λ, d, and θ are an integer, wavelength of the X-rays, a lattice spacing, and the

diffraction angle. The constructive interferences represent diffraction peaks seen in XRD

spectrum. Diffraction peaks are converted to d-spacing which the unknown crystal can be

identified. Each material has a special and unique d-spacing. The d-spacing is defined by

Miller indices (h k l). Since InSb has a cubic zinc-blende structure, the d-spacing of cubic

crystal is given by[51]:

d =
a√

h2 + k2 + l2
(1.6)

where a is lattice constant. When the atoms are arranged in the crystal precisely, the

diffraction peaks are sharp. On other hand, when the crystal has defects, the diffraction

peaks are shifted and become broadened [53].

1.4.3. Electron Transport Measurements

The electrical properties of InSb NWs are studied using electron transport measure-

ments including two and three terminal measurements. Two metal contacts are established at

the end of the NW that represent source and drain respectively. The contacts are patterned

by using standard photolithography process, as displayed in Fig. 1.4 [54]. To establish the

electrical measurements, the device undergoes optical lithography (photolithography) fabri-

cation process. It is a process that uses the ultraviolet (UV) light to print pattern on the

photoresist coating SiO2/Si substrate. Photolithography is a process that is applied by using

a Karl Suss MJB3 UV mask aligner. The system is equipped with 365 nm UV light in soft

contact exposure mode and it utilizes an Hg lamp with 200W in constant power (CP). The

intensity of UV light is ∼ 5 mW/cm2.

The typical photolithography process includes succession steps [55]: substrate pre-

treatment, spin casting, soft baking, exposure, development, metal deposition and lift off.
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Figure 1.4. SEM image of a single NW is contacted by two In/Au contacts;

inset shows enlarged area of contacted NW where the channel length is 5µm

[54].

The typical photolithography process demonstrates in Fig. 1.5.

(i) Substrate Preparation (ii) Photoresist spin casting (iii) Soft baking 

(iv) Exposure                                                (v) Development                                               (vi) Metal deposition

(vii) Lift off

SiO2

Si

Photoresist
InSb NW

Si
SiO2 Si

SiO2

Si
SiO2

UV light

The Mask

SiO2

Si

Si
SiO2

The Metal

Si
SiO2

Figure 1.5. A schematic of the photolithography process.

A description of each step is given below [55]:

(1) Pre-treatment of SiO2/Si Substrate
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Before starting the photolithography process, the SiO2/Si substrate is cleaned in

acetone, alcohol, and then in DI water and that is necessary for a successful pattering and

lift off. Then NWs are deposited on SiO2/Si substrate by drop casting of NWs from alcohol

solution. A brief baking to SiO2/Si substrate is important to ensure a good adhesive of the

NWs and remove any moisture.

(2) Photoresist spin casting

The SiO2/Si substrate is placed on a spinner chuck and a thick uniform positive

photoresist coating the SiO2/Si substrate which thickness is controlled by spin speed. The

typical spin coat cycle includes: 400 rpm for 5 s, 2000 rpm for 30 s, 400 rpm for 5 s.

The positive photoresist (S1805) is used for fabrication and the feature of using positive

photoresist is that the exposed areas to UV light can be soluble in the developer than the

unexposed areas. The thickness of photoresist is determined from spin speed and it is ∼ 800

nm.

(3) Soft baking

After applying the photoresist on SiO2/Si substrate , it is essential to post baked the

photoresist on a hot plate at 120◦ C for 60 s to evaporate the solvent from the photoresist,

increase stability at room temperature , and ensure a good adhesive to SiO2/Si substrate.

(4) Exposure of UV light

Before exposure, the image of the mask is aligned on the SiO2/Si using Karl Suss

MJB3 mask aligner and then exposed to UV( 365 nm) light for a time depending the thickness

of photoresist. The exposure time is set to be 12 s for 800 nm thickness.

(5) Photoresist Development

To ensure a good lift off, the SiO2/Si substrate coated with photoresist is soaked

briefly in Toluene as surface modifier for 12 s and dried with N2 gas following with baking

on the hot plate at 120◦C for 15 s. This step is extremely important to create an undercut

edge. Then the substrate is developed in MIF-319 developer for 30s following cleaned in DI

water and dry with N2 gas. The developer is used to remove the exposed photoresist.

(6) Metal deposition
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The metal film is deposited on SiO2/Si substrate by thermal evaporation, using Linde

evaporator. Typically, Cr/Au or In/Au is used as metal electrodes.

(7) Lift off

After metal evaporation, photoresist is removed with acetone leaving an image of

pattern on SiO2/Si substrate.

1.4.3.1. Two Terminal Electrical Measurements

The two-terminal device consists of a source and drain which are a two metal contacts

that are usually fabricated by thermal evaporation. The two terminal measurements are

obtained from the plot of the (source–drain) current (Ids) vs (source–drain) voltage (Vds)

at a gate bias of 0 V at room temperature. If the plot of two terminal measurements show

linear behavior, its suggested that the two metal electrodes make ohmic contact to the NW.

The electrical resistance , resistivity, and conductivity can be found from the plot of (Ids) vs

(Vds).

1.4.3.2. Three Terminal Electrical Measurements

FET is a three-terminal device and the three-terminal are referred as source, drain,

and gate. The current that flows between the source and drain is controlled by gate voltage.

The gate configurations can be back , top, side, or surrounded. The most common used is

the back gate because of its simplicity [56]. The FET has a basic configuration and is shown

in Fig. 1.6. Using Si substrate p-type or n-type as a back gate with oxide layer SiO2 as

insulating layer. From three terminal measurements, the device mobility can be calculated

by taking the linear part of the transconductance (gm)=dIds/dVgs,and the gate capacitance

(C) can be estimated using cylinder on plane model [57]. Three-terminal measurements

are popular techniques used for the determination of carrier concentration and field effect

mobility.

1.5. Metal-Semiconductor Nanocomposites

Metal nanoparticles attached to the surface of low-dimensional semiconductors like

nanowires are known to change the intrinsic characteristics of the semiconductor. Such
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Vds

Vgs

Figure 1.6. A schematic of basic configuration of FET.

nanocomposites have unique physical, chemical, electrical, and optical properties [58, 59],

which makes them promising for several applications, one example being plasmonic appli-

cations. Localized surface plasmon resonance (LSPR) is an optical effect that is a result of

the interaction of light with metal nanoparticles. If the nanoparticle size is less than that

of the incident wavelength, then similar to the effect in surface plasmon resonance, then

the electric field of the incident light will cause coherent localized plasmon oscillations with

resonant frequency [58]. The resonant frequency depends on the size, shape and separation

distance of the metal nanoparticles. For most metal nanoparticles, the effect of LSPR is

that light of certain wavelength are absorbed or scattered in visible and near infrared region

[58, 3]. Several experiments have been reported for the synthesis of metal nanoparticles with

controlled morphologies and dimensions [60]. These experiments include template directed

growth, electrolysis, and citrate reduction [59].

Metal nanoparticles on semiconductor nanowires are often referred to as ‘hybrid nano-

materials’ or ‘nanocomposites’. They have interesting applications including optoelectronic

and photovoltaic [60]. When hybrid nanomaterials are fabricated, the plasmonic activity of

the metal nanoparticles facilitates and increases the time of light interaction between the

two materials [61]. The interactions at the interface can enhance charge separation or en-
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ergy transfer depending on the semiconductor electronic structure [62]. Nanocomposites can

be fabricated by several methods, which include impregnation [63], sputtering [64], electro-

chemical deposition [65], self-assembly [66], and wet-chemical reduction methods [67]. A very

simple and straightforward technique for decorating nanowire surface with metal nanoparti-

cles is drop casting of the metal nanoparticles in suspension form directly on the surface of

the NWs. Details of this technique are discussed in Chapter 5.

1.6. Thesis Objectives

This thesis focuses on exploring the thermodynamics of InSb NWs synthesis and

studying its electronic properties. It also provides a unique strategy to synthesize amor-

phous InSb NWs and uses optical and electrical characterization techniques to verify their

amorphous nature. The thesis focus is several fold:

(1) Synthesis of InSb NWs by different techniques: CVD and ECD techniques.

(2) To understand and explain the thermodynamics and kinematics of InSb NWs growth

by VLS and to address the challenges regarding the optimization of growth param-

eters to enable stoichiometric composition of InSb NWs.

(3) To study the dependency of growth parameters such as high temperature-ramp up

rate on crystallinity of as-grown NW samples.

(4) To develop an alternative effective strategy to grow InSb NWs on high quality home-

grown InSb film and to characterize the InSb film and the NWs in terms of their

properties: structure,optical, and composition.

(5) To characterize NWs in terms of their structural, optical and electronic quality.

1.7. Thesis Outline

This thesis includes 7 chapters with the following descriptions:

Chapter1 is the introduction, that gives an overview of nanostructures, semiconduc-

tors NWs, synthesis methods as well as physical and electrical properties of InSb, and growth

strategies for InSb NWs.
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Chapter 2 describes thermodynamics and kinematics of InSb NWs growth by (VLS)

growth mechanism. It includes a study of the parameters that govern the growth of InSb

NWs in a CVD system. A discussion of growth parameters that influence the composition

of the NWs, such as the role of surface tension, chemical potential, and carrier gas is also

presented. The significance of the Gibbs Thomson effect and its role in determining a critical

alloyed droplet radius as well as the limitations in maintaining the stoichiometric of InSb

NWs. The quality of the as- grown NWs is assessed by electrical and optical studies.

Chapter 3 presents a relatively simple and versatile strategy to synthesize amorphous

InSb (a–InSb) NWs in the CVD system. It includes a study of experimental observations, and

an analysis of the effect of temperature ramp-up to growth temperature on the crystallinity

of InSb NWs. Two possible mechanisms for the growth of a–InSb NWs is presented along

with results of optical and electrical characterization techniques. This chapter also includes

a study of the effect of post-growth heat treatment on the crystalline quality of the as-grown

NWs.

Chapter 4 discusses a new approach to grow p-type InSb NWs on high quality home-

grown InSb film. It includes synthesis of InSb film on quartz substrate, film characterization

and determination of morphology, composition and optical properties of the InSb film by

atomic force microscope (AFM), scanning electron microscopy(SEM), energy dispersive X-

ray (EDX) spectroscopy, variable angle spectroscopic ellipsometer, and Fourier transform

infrared spectroscopy (FTIR). The quality of the InSb NWs grown on this film is also studied.

Chapter 5 presents a discussion of growth InSb NWs in polycarbonate membrane.

Post-growth, nanocomposites are formed by embedding Au and Ag nanoparticles on the

NW surface. This is followed by characterization of the nanocomposite.

Chapter 6 discusses the electron transport mechanisms. It includes the dependency

of electrical conductivity on the temperature for different mechanisms. Also, it includes a

study of the dependency of the electrical conductivity on the temperature for InSb NWs.

Chapter 7 is the conclusion of the thesis and a brief discussion on prospects for future

work.
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CHAPTER 2

GROWTH KINEMATICS OF CRYSTALLINE INDIUM ANTIMONIDE NANOWIRES1

2.1. Overview

InSb NWs have been synthesized by various techniques [8, 36, 38, 68]. Of these,

CVD is the most economical and widely used. The CVD growth process is a chemical

reaction involving volatile precursors that are exposed to the growth substrate. Reaction

and decomposition occur on the growth substrate to make a desired solid deposit [69]. This

growth technique will be discussed in detail in the next section. In the CVD system, the

growth InSb NWs follow the VLS growth mechanism, which was developed in 1964. This

mechanism was initially presented by Wagner and Ellis [17]. Subsequently, the growth

kinetics and the mechanism have been discussed by Givargizov [70]. As discussed in Chapter

1, VLS growth of NWs is based on the use of a metal catalyst. For InSb NW growth, VLS

can be either self- catalyzed growth using In as the metal seed initiating the growth, or using

a foreign element like Au as a seed. The metal seed forms a liquid alloy on the top of the

NWs at the growth temperature. It eventually solidifies to form the NW.

2.2. Chemical Vapor Deposition (CVD)

In the CVD process, the InSb NWs growth is achieved through a chemical reaction

between In and Sb are transported by the carrier gases to the catalyst, which at a specific

temperature is a molten droplet. The Sb vapors react with molten metal (In or Au), at

specific temperatures to form molten alloyed droplets. Fig. 2.1 shows a schematic diagram

of the experimental setup of CVD system for the growth of InSb NWs. It consists of a

horizontal single zone quartz tube (Lindberg Blue), and it is heated by the heat element that

are located outside, around the quartz tube. The furnace can reach a maximum temperature

of 1100◦C. In this experiment, NW growth occurred at a much lower temperature of 560◦C,

1PARTS OF THIS CHAPTER ARE REPRODUCED FROM Z. ALGARNI, A. SINGH, AND U.
PHILIPOSE, ”ROLE OF CHEMICAL POTENTIAL AND LIMITATIONS OF GROWTH KINEMATICS
ON STOICHIOMETRY OF INDIUM ANTIMONIDE NANOWIRES”,,MATERIALS CHEMISTRY AND
PHYSICS,, 219, 196-203 ,2018, WITH PERMISSION OF ELSEVIER.
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the so-called NW growth temperature. Growth occurs in a reducing ambient and so a

mixture of (Ar/H2) gases, regulated by the flow controller is allowed to pass through the

growth chamber. The substrate is placed on the top of the source that is set in the center

of the quartz tube.

⤵⤵⤵⤵⤵⤵⤵⤵⤵⤵

⤵⤵⤵⤵⤵⤵⤵⤵⤵⤵

Temperature control

Substrate

Source

Quartz tube

Bubbler

Carrier gas

Flow controller

H2 gas

Ar gas

Heating agents

Vacuum seal

H2O

Figure 2.1. The schematic diagram of CVD system.

The main advantages of CVD technique are that it is a cheap and simple technique

where the NW growth occurs at atmospheric or relatively low pressure. On the other hand,

the major disadvantages of this technique is that NW growth occurs at relatively a high

temperature, which can create structural and native point more defects in the growing crys-

tal. The other major challenge is the interconnected growth parameters, such as growth

temperature, gas flow rate, and pressure.

The temperature is very critical parameter that affects the NW growth. InSb NWs

have a narrow growth temperature window. Therefore, it is important to measure the

temperature distribution of the tube furnace for accurate control NWs growth. Fig. 2.2

shows the temperature profile for a set point 560◦C. The temperature was measured by

thermocouple for 1 cm movement from the center of tube furnace. In middle of the tube

furnace, the temperature is higher by 15 ◦C than the actual temperature. This curve is used
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to control the position of the source and growth substrate respectively.
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Figure 2.2. Temperature profile of the tube furnace.

2.2.1. Experimental Set Up

The oxide layer of p-type Si substrate was removed by chemical etching in hydrofluoric

acid (49%). Then the Si substrate was cleaned in acetone, alcohol, and lastly in DI water

by using sonication for 10 min each. The tube was annealed at 800◦C under constant flow

of (50 sccm) H2 gas for 1 h before the growth to remove any contaminations with oxygen.

In film was used as a seed layer where In metal was thermally deposited on the Si substrate

at a pressure of 4x10−6 mbar. Solid InSb crystals (Alpha Aesar,99.99%) were loaded into

an alumina boat and the In coated Si substrates were placed face-down directly above the

source. The furnace was then flushed by flowing a mixture of H2 and Ar gas at (50 sccm)

for 15 min, at room temperature.

The source temperature was ramped to 560◦C and InSb NW growth was carried out

at 530◦C for 90 min at close to atmospheric pressure in a reducing environment of Ar:H2 gas

at 50:50 sccm. Post growth, the furnace was cooled down at room temperature under flow

of a mixture of H2 and Ar gas at (50 sccm) for few hours.
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This chapter will present our work on a study of the dynamics of the various stages

of InSb NW growth.

Through this work, we show that there are several factors that provide the driving

force for the growth-rate-determining step. This includes the difference between the partial

pressure of InSb in gas phase and the equilibrium vapor pressure of InSb in solid phase, as

well as the chemical potentials and radius of the droplet. The next few sections will review

the growth dynamics and kinematics.

2.3. The VLS Growth Mechanism

The VLS mechanism involves three different phases: vapor, liquid, and solid. Sim-

ilarly NW growth includes three stages: alloying, nucleation, and supersaturation followed

by crystallization and growth [71]. The schematic of the VLS growth mechanism is shown

in Fig. 2.3, and it is explained using a phase diagram. The process is initiated by forming

nanometer sized liquid droplets of the metal catalyst. Depending on the metal catalyst types,

the VLS growth mechanism can be divided into:(i) self-catalyzed and (ii) foreign metal cat-

alyzed. Usually gold (Au) is used as a foreign catalyst because of its stability, accessibility,

and safety [24]. On the other hand, it can act as an impurity in the grown NWs and affect

the NW’s electrical and optical properties. On the other hand, for self-seeded VLS growth,

the low melting point group III element, such as In or Ga are typically used to promote

growht of III-V semiconductor NWs [15].

In seed droplet

Si substrate

In film forming In 
droplets or islands

In  vapor

Si substrate

Sb vapor

In  Sb

Formation of alloyed 
droplet

Si substrate

In  Sb

Stage of 
supersaturation

Si substrate

InSb NW

Stage of precipitation: solid NW 
precipitates out of the 
supersaturated droplet

Figure 2.3. The schematics of VLS growth mechanism of InSb NW.
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2.3.1. Self (In) Catalyzed InSb NWs Growth

To illustrate the VLS growth of InSb NWs by a self-catalyzed growth process, the

In–Sb phase diagram is considered, and it is shown in Fig. 2.4 (a) [72]. The schematic

of the phase diagram shows that the melting point of In and Sb are 156.6oC and 630.76oC

respectively. The system also has two eutectic temperatures: (i) In–rich eutectic temperature

which is ∼ 153.9oC and (ii) Sb–rich eutectic temperature which is ∼ 492.5oC. The solubility

of Sb in In at the (In–InSb) region is extremely low (∼ 0.56 %), and the solubility of In in

Sb at the (Sb-InSb) region is ∼ 32.19% respectively. The congruently melting point of InSb

is ∼ 525.7oC.

(a)                                                          (b)
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Figure 2.4. The phase diagram of growth InSb NWs [72]. (a) The In–Sb

phase diagram. (b) The Au–InSb phase diagram [24].

The phase diagram predicts that InSb NWs can be grown above the eutectic tem-

perature of ∼ 492.5oC, and is above the congruent sublimation temperature which is ∼

270o–400oC [73, 74]. This implies InSb will dissociate and the more volatile Sb will evapo-

rate first from the solid InSb source as tetramers (Sb4) or as dimer (Sb2) [75]. The In film

on the Si substrate will form droplets on or above its melting point. As the InSb source

is heated, the incoming vapor of Sb and later In forms a liquid alloy. In the temperature

range of (∼ 430o-600oC), Sb4 will be absorbed in the In droplet and dissociate into Sb2
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molecules [76]. The dissociated Sb2 molecules will then react with In to form InSb following

the reaction equation [75]:

In(g) +
1

2
Sb2(g) ←→ InSb(s) (2.1)

Continuous supply of Sb vapor along with In supplied both by the roplet and the source,

permits the alloyed droplet to be supersaturated with In and Sb. Beyond the supersaturation

stage, a solid InSb NW precipitates out of the liquid droplet at the liquid-solid interface.

2.3.2. (Au) Catalyzed InSb NWs Growth

Fig. 2.4 (b) shows Au–InSb phase diagram [24] where Au–InSb liquid alloy will form

above the eutectic temperature of ∼ 337o. As discussed in self growth mechanism, the Au

catalyst follows the VLS growth mechanism where the diameter of InSb NWs is determined

by the Au droplet size.

2.4. Explaining InSb NWs Growth Kinematics Using Thermodynamic Model

Assuming that NW growth follows the VLS mechanism, the process can be described

as follows: As the furnace heats up, the In film on the Si substrate will first melt as it reaches

the In–rich eutectic point in the In–Sb phase diagram Fig. 2.4 (a) [72]. At this temperature

the molten In droplet is surrounded by Sb vapors, which subsequently dissolves in the molten

In to form a liquid alloy of composition determined by the phase diagram. The volume of

the alloyed droplet can be expressed by the relation [77]:

Valloy = xInVIn + xSbVSb (2.2)

where xIn , xSb represents the mole fraction of In and Sb respectively. As growth proceeds,

the vapor pressure of Sb increases and as the alloyed seeds are supersaturated, solid InSb

NWs begin to crystallize from the alloy droplet. The NW growth kinematics and the sta-

bility of the various phases involved in the growth process can be explained in terms of the

Gibbs energy. Since, VLS growth is an isothermal growth process, and since the pressure

is kept constant during growth, the stable phases are the ones where the Gibbs energy is

a minimum. Under steady state conditions, in unit time the number of atoms condensing
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from the vapor to the liquid droplet is equal to the number of atoms transferring from the

liquid droplet to the growing crystal. The thermodynamics that dictate the vapor-liquid

and liquid-solid equilibrium conditions change dynamically and in this section, the critical

growth relationships are discussed in two stages.

2.4.1. Initial Stages of Growth

During the initial stages of growth, the droplet is mostly comprised of In. The pressure

inside this droplet (Pin) and outside it (Pout) is governed by the Young-Laplace equation,

expressed as [78, 79]:

Pin = Pout +
2σlv
R

(2.3)

where σlv , R are the surface tension at the liquid-vapor interface, and the radius of droplet.

The pressure outside the droplet is initially controlled by the vapor pressure of Sb, since when

the source temperature exceeds the in-congruent sublimation temperature of InSb (270◦)C

[73], there exists initially a much higher vapor pressure of Sb than In in the growth chamber.

Subsequently, the Sb vapor pressure decreases as growth proceeds [80]. The vapor pressure

of Sb is hence a rate-limiting factor during InSb NW growth.

The radius of the droplet is another critical parameter. It is obvious from equation

(2.3) that for small radii droplets, the pressure difference becomes significant. As growth

progresses, the In seed is an alloyed droplet comprising of mole fractions of In and Sb and its

Gibbs energy is a function of temperature, pressure, composition as well as size of the seed.

Due to the high surface to volume ratio of the alloy seed, the total Gibbs energy will also

include a contribution from its surface energy and is therefore added to the Gibbs energy of

the bulk system. The Gibbs energy can thus be expressed as [77]:

G = Gbulk +Gsurface (2.4)

The change in Gibbs energy, dG, when small amounts of In and Sb are transferred between

the vapor and the liquid phase is expressed as a differential in the form [78]:

dG = −SdT + V dP + µdn+ σdA (2.5)
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where S, µ and σ represent the entropy, chemical potential and surface tension of the spherical

droplet with surface area A. Applying equation (2.5) to the vapor-liquid phase [78]:

dG = −SdT + V dP + µvdnv + µlv−ldn
l
v−l + σlvdA (2.6)

where µlv−l represents the chemical potential of the alloy liquid phase when there is conden-

sation of vapor to liquid and µv is the chemical potential of the vapor phase. At a given

growth temperature (T) and pressure (Pout) in the growth chamber, when the vapor and

the liquid phases are in equilibrium, using equation (2.3), the following condition must be

satisfied [78]:

µl,eqv−l(Pin, T ) = µl,eqv−l(Pout +
2σlv
Req

, T ) = µv(Pout, T ) (2.7)

The superscript ‘eq’ is used to indicate the chemical potential of the liquid droplet with radius

Req that is in thermodynamic equilibrium with the surrounding vapor. During growth, the

surface curvature of the droplet (1/R) will adjust itself to an equilibrium surface curvature

(1/Req). These changes are triggered by an attempt to attain equilibrium between the vapor

and liquid phases. Before reaching equilibrium, when µl is greater than µv, the droplet will

evaporate, causing its volume (Ωl) to decrease. This decrease in volume of liquid droplet

leads to an increase in its diameter (reduction in its surface curvature 1/R). When R increases

above Req, equation (2.7) implies that the droplets chemical potential is less than that of

the vapor which causes vapor to condense into the liquid phase and eventually reach a state

of equilibrium. Defining pressure P∞ as the vapor pressure in the bulk limit or flat surface

(infinite radius), the chemical potential of the liquid at P∞ is denoted as µl,∞v−l and using

equation (2.6), the chemical potential of the spherical droplet is expressed as [78]:

µlv−ldn
l
v−l = µl,∞v−ldn

l
v−l + σlvdA+ V dP (2.8)

For a spherical droplet since dA/dn = 2ΩL/R, equation (2.8) can be expressed as [78]:

µlv−l = µl,∞v−l + Ωl(Pout − P∞) +
2Ωlσlv
R

(2.9)
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The change in chemical potential in equation (2.9) can be used to determine the critical

radius of the droplet at a given temperature and pressure.

∆µl = Ωl(Pout − P∞) +
2Ωlσlv
R

(2.10)

Since ∆µl can be expressed as kBT ln(Pout/P∞), the critical radius can be expressed as:

Rc =
2Ωlσlv

kBT ln(Pout/P∞)
(2.11)

This is the Gibbs-Thomson equation that gives the relation between supersaturation and

the radius of liquid alloy [81, 70].

2.4.2. Later Stages of Growth

As growth progresses and the droplet tries to attain thermodynamic equilibrium,

some of the liquid at the liquid-solid interface will solidify since its chemical potential is

higher than that of the solid phase. Applying the same analysis (as that described for the

vapor-liquid system) to the liquid-solid system, at constant pressure and temperature, the

chemical potential between liquid and solid phases can be expressed as [78]:

µll−s = µs − σls
Al−s

(2.12)

Where σls ,Al−s are surface tension of liquid-solid interface, and areal atom density of liquid-

solid interface respectively.

Comparing equations (2.9) and (2.12), the following relation between the chemical

potentials between the vapor, liquid and solid phases must be satisfied for NW growth [78]:

µlv−l > µll−s (2.13)

If µll−s is greater than µlv−l, solidification cannot be approached and NW growth will

not occur. For NW growth, the critical stage is the onset of the supersaturation nucleation

process. During this stage, the liquid in the droplet will start to solidify only when the

difference in chemical potentials between the phases satisfy equation (2.13).
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2.5. Dependence of Liquid Chemical Potential on Contact Angle

Fig. 2.5 shows a plot of µlv−l and µll−s at different contact angles for InSb NW of

radius 60 nm. The chemical potentials were estimated based on the values of surface tension

obtained at the growth temperature of 530◦C, with the molar volume of liquid phase set at

1.8× 10−5m3/mole [77]. The numerical plots were obtained using the equations:

µlv−l = 1000[12 +
300

r
sinθ] (2.14)

and

µll−s = 1000[35 + 30cosθ] (2.15)
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Figure 2.5. Variation of the chemical potential of liquid phase µl with

contact angle θ during the vapor to liquid and liquid to solid phase transi-

tions. The dependence was obtained using : µlv−l = 1000[12 + 300
r
sinθ] and

µll−s = 1000[35 + 30cosθ] [82].
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As seen in the plot (Fig. 2.5) [82], the inequality expressed by equation (2.13) is sat-

isfied when angle θ approaches 130◦. At this angle, the chemical potential is (≈ 16 kJ/mole)

and solidification is energetically feasible. InSb NW growth resulting from solidification from

the liquid droplet will only commence when the inequality expressed by equation(2.13 )is

met. As explained in the previous section, at this stage of growth, there is a decrease in R

and an increase in θ. Though the inequality criteria is satisfied for all θ >130◦ ,there are

limitations on θ imposed by the surface tension considerations expressed in equation(2.19)

and equation (2.3).

2.5.1. Surface Wettability as Determined by Contact Angle

Another important experimental feature that determines 1-D growth is the surface

wettability by the molten droplet as measured by the contact angle θ. When a molten

droplet is in a liquid phase resting on a solid surface surrounded by vapor, the triple phase

line (TPL) is created between the vapor, liquid, and solid phases. The contact angle is

less than π/2 and the inclination angle α is equal to zero. Initially, the droplet is not in an

equilibrium position where TPL is moved to horizontal direction to the center of the droplet.

Thus, a sum of net horizontal force that acting on TPL is formed as shown in Fig. 2.6(a)

and expressed as [83]:

Fh = σsvcosα− σlvcosθ − σls (2.16)

where (σsv) is surface tension of solid–vapor interface. This will cause TPL to change

following the forces of surface tensions until reaching the equilibrium where TPL is returned

to original condition. In this situation, the droplet is in equilibrium with its surroundings

and the sum of net horizontal force that acting on TPL is equal to zero Fh=0 as shown in

Fig. 2.6(b). Balancing the horizontal components of surface tensions between liquid–solid

(σls) and liquid–vapor (σlv) phases, and the Neumann triangle equation that describes the

relation between the contact angle (θ), the inclination angle (α), and the surface tensions is

expressed as [84, 81]:

σls = σsvcosα− σlvcosθ (2.17)

31



𝝈𝒍𝒗

𝝈𝒍𝒔 𝝈𝒔𝒗
𝜽 𝑭𝒉 = 𝟎

𝒗

𝒔

𝒍

(a)                                              (b)

𝑭𝒉 = 𝝈𝒔𝒗	𝒄𝒐𝒔𝜶 −	𝝈𝒍𝒗 𝐜𝐨𝐬𝜽 −	𝝈𝒍𝒔

𝝈𝒍𝒗

𝝈𝒍𝒔 𝝈𝒔𝒗
𝜽

𝑭𝒉

𝒗

𝒍
𝒔

Figure 2.6. Schematic of a molten droplet on a solid surface where the sur-

face tensions acting at the triple phase line (TPL) [83].

Considering the use of In as the metal catalyst, stable VLS growth of InSb NWs is

possible only when the droplet shape and its surface tension satisfy criteria dictated by the

growth kinematics.

The NW growth process involves formation of two-dimensional monolayers that nu-

cleate and extend layer-by-layer from the In–Sb droplet to form the InSb NW. Fig. 2.7(a)

shows a vector equilibrium diagram of a molten droplet resting on a solid surface. In the

early stages of growth, α is equal to zero and θ is less than π/2 [ Fig. 2.7(a)]. In this situa-

tion, the droplet is in equilibrium with its surroundings and Fh is equal to zero. Inset shows

an SEM image of the droplet under this condition.

As growth proceeds, the vapor pressure of Sb increases and saturates the molten

droplet. During this stage of growth α and θ increases ( Fig. 2.7(b)), and eventually α =

90◦. As new layers of InSb form at the liquid-solid interface, the droplet is dragged upward

to the edge of the new layer. This is because the TPL changes its direction to downward

and the net vertical force Fv acting on the TPL moves in upward direction as illustrated in

Fig. 2.8, which can expressed as [83]:

Fv = σlvsinθ + σls − σsv (2.18)
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( a ) ( b )

( c ) ( d )

Figure 2.7. Schematic of the VLS growth mechanism as applied to the InSb

NWs involving the balance of the surface tensions at different growth stages.

(a) The alloy droplet in the early stage of growth, showing the contact angle (θ

) is less than π/2 and the inclination angle (α) is equal to zero. Inset shows an

SEM image of alloyed droplet under this condition. (b) The saturated alloyed

droplet shows an increase in (θ) and (α). (c) Late stage of the growth showing

a net force directed upward. Inset shows an SEM image of a single InSb NW

with the alloyed droplet under equilibrium condition of surface tensions. (d)

Net forces directed downward causing the NW to penetrate into the droplet.

Inset shows an SEM image of the nanostructures -resembling cones grown

under this condition [82].

which causes the droplet to wet the NW growth front but not its sidewalls. An SEM image

of the growing InSb NW with the droplet riding on its tip is shown in the inset of Fig. 2.7(c).
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Figure 2.8. Schmatic of equilibrium balance of surface tensions. (a) The

force is balanced in a horizontal direction. (b) The force is balanced in a

vertical direction [81].

The inequality between the surface tensions, is expressed by equation (2.19) [81, 83]:

σlvsinθ + σls > σsv (2.19)

If the surface tension of the In–Sb alloy droplet is too low, there can be net surface forces

directed downward, tending to increase the part of the NW wetted by the liquid. As the

NW penetrates into the droplet, the vertical forces will continue to increase and the droplet

will continue sliding down until the solid NW fully penetrates the droplet, resulting in an

unstable nucleation event and no NW growth as evidenced by the bulky cones of InSb in

the SEM image shown in the inset of Fig. 2.7(d). The choice of In as the metal catalyst as

well as the composition of the alloy droplet (as determined by the phase diagram) are thus

critical in determining the surface tension of the droplet. 1-D growth is possible only when

the inequality expressed by equation (2.19) is satisfied.

To assess the appropriateness of the temperature used in this experiment, the surface

tensions of the liquid and solid phases (σlv and σsv) at the growth temperature of 530◦C

was estimated and found to be ≈ 0.45 N/m, 0.6 N/m respectively. From the SEM image

in the inset of Fig. 2.7(c), the contact angle is about 130◦, which shows that at the growth
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temperature, the surface tensions satisfy the inequality expressed by equation (2.19).

2.5.2. Relating NW Growth Rate to Critical Radius

Assume the NW is a cylinder with contact angle θ of 90◦,and has length L. The radius

(R) of the spherical droplet is related to the NW radius (r) by the relation r= R sinθ. The

NW growth rate (dL/dt) can be expressed by the relation [85]:

2πr2Jnα = (πr2/Ωs)dL/dt (2.20)

where α, and Ωs are the adsorption coefficient and atomic volume in the solid phase respec-

tively. Jn is the net flux condensing on the molten droplet per unit area per unit time and

is the difference between the deposition and desorption flux from the droplet. These fluxes

are related to temperature T and pressure P by the equation [85]:

Jn =
P∞[exp( ∆µl

kBT
)− exp(2Ωlσlv

rkBT
)]

(2πmkBT )1/2
(2.21)

equation(2.21) shows under an unstable equilibrium when Jn is equal to zero, the critical

radius Rc is given by equation (2.11). Taking the approximation of equation 2.21, Jn is

expressed as [85]:

Jn = C1(1− Rc

r
) (2.22)

where C1 is a constant and is equal to
P∞∆µlexp( ∆µl

kBT
)

(2πmkBT )1/2 . Putting C= 2 Ωsα C
1 and substituting

equation (2.22) in equation (2.20), the NW growth rate in equation (2.20) can be defined in

terms of the critical radius as [85]:

dL

dt
= C(1− Rc

r
) (2.23)

where C is a constant that depends on growth conditions like supersaturation and temper-

ature. As the NW radius tends to the critical radius Rc (equation (2.11)), the net flux Jn

(equation (2.21)) and the growth rate dl/dt (equation (2.23)) tends to zero, which implies

that Rc is the kinetically allowed minimum radius of the NW.
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2.5.3. The Role of Carrier Gas on NW Composition

During the synthesis of InSb NWs by CVD, the biggest challenge is contamination

with oxygen. In experiments where Ar is used as the carrier gas, it might be virtually

impossible to remove all traces of oxygen. Argon gas is distilled from air and since its vapor

pressure is comparable to that of O2 it always contains trace amounts of O2 as impurity [86].

During the VLS growth of InSb NWs, any trace of O2 in the growth chamber will result in

In or Sb oxide formation. The only way to circumvent this problem is to create a reducing

environment in the growth chamber by using a mixture of H2 and Ar as the carrier gas.

However, a high flow rate of hydrogen will lower the vapor pressure of Sb and also drive

out vapors of Sb from the tube [87]. This will result in a high In content to accumulate in

the droplet over the time, resulting in formation of In droplets or In NWs. It is therefore

essential to lower the flow rate of H2 to achieve a high Sb vapor pressure.

2.6. Maintaining Stoichiometry of InSb

During the initial growth phase, the In film breaks up into droplets with sizes varying

from about 50 - 200 nm, as shown in the SEM images of Fig. 2.9.

Figure 2.9. An SEM image of In droplets on Si substrate during the initial

growth phase. The droplet diameters range from 50-200 nm [82].
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The non-uniformity in the size of these droplets was found to have a direct relationship

to the NW composition. Post-growth analysis of these NWs showed that many of the droplets

with radius exceeding 100 nm and less than 40 nm were pure In (Fig. 2.10(a)), while NWs

with radius in the range of 50–60 nm were InSb (Fig. 2.10(b)).

Figure 2.10. Composition variation in NWs with different radii. (a) EDX

spectrum of pure In NW. Inset is an SEM image of a single In NW with radius

of 120 nm. (b) EDX spectrum of a stoichiometric InSb NW. Inset is an SEM

image of a single InSb NW with radius of 60 nm [82].

As can be seen from the diameter-composition plot in (Fig. 2.11), NWs grown at

530◦C with diameter in the range of 100-130 nm have an In/Sb ratio of ≈ 1.

However, the thin NWs (diameters in the range of 60-80 nm) have a very high con-

centration of In and in some cases, they are purely In. The same was also true for very thick

NWs.

The variance in stoichiometry is explained on the basis of the Gibbs-Thomson effect.

In equation (2.11) defined above, the output pressure (Pout) can be interpreted as the partial

pressure of Sb. In this case equation(2.11) requires that there are limitations on the critical

radius, beyond which nucleation and growth of InSb is not possible. In other words, the

Gibbs-Thomson effect limits the Sb supersaturation in the seed particle. It was found that
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Figure 2.11. The diameter- composition plot of NWs grown at 530◦C . The

plot shows that for a given growth temperature there is a range of diameters

for which the In:Sb ratio is close to 1. Outside this range for d <100 nm and

d>130 nm, the In content increases [82].

InSb NWs cannot nucleate from small radii droplets, as an increased Sb pressure in the

droplet will reduce the driving force required to transfer more Sb molecules from vapor to

liquid thus preventing supersaturation. Also, as indicated by equation(2.23), the growth rate

is slow for thinner NWs.

This slow growth rate could result in the loss of Sb from the growing crystal if the

growth temperature is high enough for dissociation to occur.

On the other hand, if the source temperature is lowered sufficiently to lower Sb vapor
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pressure, equation(2.11 )predicts that this will result in an increase in Rc and the droplet will

grow radially beyond the critical values required for nucleation. Due to the flow of carrier

gases, these vapors have a short residence time in the growth tube and so the ramp rate of

temperature to its set-point is also critical.

The edges of the growth substrate were also found to contain a high density of very

thin NWs that were pure In. The most likely cause for this is that during the temperature

ramp-up phase of growth, after the more volatile Sb has evaporated from the source, excess

liquid In nucleates on the growth substrate and as growth proceeds, the continuous supply

of In from the evaporating source results in the synthesis of In NWs. The substrate also

showed evidence of growth of multiple NWs from a single nucleation site in a ‘flower-shaped

configuration’ as shown in Fig. 2.12(a). The NWs were comprised of In, (Fig. 2.12(b)),

while the island from which it grew was Sb (Fig. 2.12(c)). This suggests that though the

initial nucleation event did not result in 1-D growth but rather in an island of Sb. A

continuous supply of In from the evaporating source then resulted in formation of In NWs.

It was also verified that NWs grown on the same substrate under identical conditions showed

different composition; a direct verification of the fact that Sb dissolution in the alloy droplet

is extremely critical for InSb nucleation and InSb NW growth.

2.7. Characterization of c–InSb NWs

The studies involved 3 separate experiments for determining the crystal quality of

c–InSb NWs. These include:

(1) Structural and compositional analysis

(2) Optical characterization

(3) Electrical characterization

2.7.1. Optical Characterization

2.7.1.1. Raman Spectroscopy

To assess the optical quality of the c–InSb NWs, they were characterized by Raman

spectroscopy.
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Figure 2.12. (a) SEM image of NWs grown from a single nucleation site in

a flower shaped configuration. (b) EDX spectrum collected from a selected

region on the NWs shown in (a). The NWs are mostly comprised of In. (c)

EDX spectrum collected from the bare of the island showing the composition

to be Sb [82].

Room temperature Raman spectrum obtained from In and InSb NWs (Fig. 2.13)

(a), (b) shows distinct peaks associated with pure In and InSb respectively. The Raman

spectrum for In NWs (Fig. 2.13)(a) shows a peak at 118 cm−1, which has been observed

and reported on previously and is attributed to In [88]. The TO and LO phonon modes of

InSb at 179 cm−1 and at 187 cm−1 (Fig. 2.13)(b) with narrow full width at half maximum

(FWHM) attests to good crystalline quality of the InSb NWs [89]. In comparison with bulk

InSb, the Raman spectrum for InSb NWs show some striking difference. The prominent
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additional peak at 150 cm−1 is attributed to TO-TA modes [90]; this has been reported in

other works and are attributed to the presence of intrinsic defects in the NW [91]. These

defects are most likely related to a higher concentration of In in the NWs which results in

Sb vacancies.

Figure 2.13. Raman spectrum for In and InSb NWs, measured at room

temperature. (a) Raman spectrum for In NWs which shows a broad Raman

peak at 118 cm−1, attributed to pure metallic In. (b) The spectrum for InSb

NWs show two Raman active modes attributed to TO and LO modes of phonon

vibration in InSb. The additional peak at 150 cm−1 is attributed to TO-TA

modes and is believed to originate from defects in the NW [82].

2.7.1.2. X-ray Diffraction Studies

This analysis was done on as grown array of c–InSb NWs. This is because the

XRD signal was too weak to be measured from single NW. The structure InSb NWs were

performed using High Resolution X-ray Diffraction (XRD) (the Rigaku Ultima III). After

synthesis InSb NWs, they were characterized using x-ray diffraction (XRD) techniques.

The XRD spectrum obtained from an array of c–InSb NWs grown on shown in

Fig. 2.14. The diffraction peaks were observed at 2θ with value of 23.45◦ , 39.05◦ , 46.5◦ , and

56.6◦ corresponding to the hkl lattice planes (111), (220), (311), and (400). The structure
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of the NWs shows a diamond cubic phase [50] with a lattice constant of 6.5 Å with predom-

inant orientation in the (111) direction. The spectrum also shows other peaks marked in (∗)

corresponding to Si wafer peaks and In2O3 peak at 2θ of 30.3◦ corresponding to its (222)

lattice plane. The In2O3 could exist on the surface of the NWs [92], or on the surface of the

growth substrate. Similar results have been reported for InSb NWs grown by CVD [93, 50].
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Figure 2.14. XRD pattern of c–InSb NWs, and measured at room temper-

ature. The peaks are indexed in correspond to InSb structure. Peaks are

marked in (∗) are assigned to Si substrate and In2O3.

2.7.2. Electrical Characterization

2.7.2.1. Two Terminal Electrical Measurements on c–InSb NWs

To ascertain the electronic quality of these NWs, electron transport measurements

were performed (using a semiconductor parametric analyzer (Agilent Technologies B1500A))

on individual In and InSb NWs contacted by Cr/Au electrodes. The results are shown in

Fig. 2.15(a) and (b) respectively. Fig. 2.15 (a) shows the measurement results on a single

80 nm diameter In NW. It shows the linear Ids - Vds plot, evidence that the Cr/Au provides
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ohmic contacts the metallic NW. The electrical resistance is estimated to be ∼ 100 kΩ and

the NW resistivity is estimated to be ∼ 12 × 10−3 Ω.cm. The resistivity of In NW is higher

than the corresponding bulk value, and is most likely a consequence of carriers scattered

along the NW edges . However, this value is comparable to [94].

Fig. 2.15(b) shows transport measurement results obtained from a InSb NW. The

current Ids flowing through the InSb NW is about two orders of magnitude lower than that

through the metallic In NW. The electrical resistance is estimated to be ∼ 15 MΩ and the

NW has a resistivity of ∼ 4 Ω.cm. The resistivity of InSb NW is higher than the bulk ( ∼

4× 10−3 Ω.cm) [47] and is most likely the result of carrier scattering at intrinsic defects.
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Figure 2.15. Electron transport measurements made on In and InSb NWs

contacted by Cr/Au electrodes. (a) shows the linear variation of Ids with Vds.

(b) shows Ids vs Vds for an InSb NW at zero gate bias. As seen in the plot Ids

for InSb is much lower than that for an In NW [82].

2.7.2.2. Three Terminal Electrical Measurements on c–InSb NWs

To obtain information on carrier concentration in these NWs, they were connected in

a field-effect transistor type configuration, with the highly doped p+ Si substrate (resistivity

of 0.001–0.005 Ω.cm) covered with a 200 nm thick SiO2 layer, serving as the back gate. Back-

gate measurements were performed on individual In and InSb NWs and they are shown in
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Fig. 2.16(a) and (b) respectively. Fig. 2.16 (a) shows the back-gate measurement results on

a single In NW. It is clear that there is no gating effect on the metallic NWs; an expected

result attributed to high electron concentration in the In NWs. Fig. 2.16(b) shows transport

measurement results obtained from a InSb NW. The back-gate effect on Ids at Vds = 0.7

V was analyzed to realize that the electron concentration in the InSb NWs is of the order

of 1017 cm−3, about an order of magnitude higher than the intrinsic carrier concentration

of 1016 cm−3. The higher electron concentration is attributed to the presence of intrinsic

defects either on the surface or inside the NW.
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Figure 2.16. Transport measurements of 3-terminal device made on In and

InSb NWs (a) Back-gate measurement made on of a single metallic In NW

shows no gate effect. (b) Gate measurements made on a single InSb NW at

Vds = 0.7 V. The increase in Ids with Vgs shows n-type behavior of InSb NW

[82].

2.8. Conclusion

We can thus conclude that there are several energetic and kinematic factors that gov-

ern the VLS NW growth. The evaporation of solid InSb source to achieve antimonidization

of In droplets will not result in stoichiometric InSb NWs unless several critical parameters are
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well controlled. Unless these conditions are met, the synthesized NWs is mostly comprised

of metallic In since the NW growth commenced past the stage of in-congruent sublimation

where the InSb source is almost entirely made of the less volatile group-III element. The

modified composition of the InSb source material also results in unreproducible experimental

results and maintaining stoichiometry of InSb NWs becomes a big challenge. The influence

of the Sb vapor environment, the surface energies and chemical potential of the droplet are

all critical parameters for growth of stoichiometric InSb NWs. During the initial growth

phase, the varying sizes of the molten In droplets results in NWs with composition varying

from pure metal In to semiconducting InSb. A single substrate can exhibit variation in NW

composition.
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CHAPTER 3

SYNTHESIS AND CHARACTERIZATION OF AMORPHOUS INDIUM ANTIMONIDE

NANOWIRES:TECHNIQUES TO ENGINEER CRYSTALLINITY1

3.1. Overview

In Chapters 1 and 2, the promising properties and applications as well as the growth

mechanism of InSb NWs were predicted for an atomically perfect crystal of InSb. However,

there are challenges in the synthesis of such perfect crystals, especially when synthesis is by

a cost-effective technique, like CVD. In this technique, since growth occurs at atmospheric

pressure, there are questions about the effect of growth parameters like temperature-ramp-

up rate, effect of oxygen contamination and the role of partial vapor pressures of In and Sb

in determining NW crystal quality and composition. A series of experiments leads us to the

conclusion that it is possible to grow both crystalline and amorphous InSb NWs. Hereafter,

these will be referred to as c–InSb and a–InSb NWs.

Amorphous semiconductors are promising because they have a number of interesting

intrinsic properties, which makes them popular for numerous potential optoelectronic and

microelectronic applications. Most amorphous materials have high temperature coefficient of

resistance, which makes them attractive in photoelectric and clean energy device application.

Though several techniques are available for the characterization of c–InSb, experimental

techniques that allow investigation of disordered a–InSb are very limited.

To the best of our knowledge, no one has reported on the growth of a–InSb NWs and

hence there is no appropriate growth model that can be established. For this reason, the

focus of this chapter is to analyze our experimental observations and propose the most likely

mechanism for the growth of a–InSb NWs. Our present understanding of the results is that

these NWs are not poly-crystalline; and are most likely amorphous. There is not enough

1PARTS OF THIS CHAPTER ARE REPRODUCED FROM Z. ALGARNI, A. SINGH, AND U. PHILI-
POSE. SYNTHESIS OF AMORPHOUS INSB NANOWIRES AND A STUDY OF THE EFFECTS OF
LASER RADIATION AND THERMAL ANNEALING ON NANOWIRE CRYSTALLINITY. NANOMA-
TERIALS 8, NO 607 (2018):1-14. FROM MDPI (OPEN ACCESS JOURNALS).
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information on the arrangement of atoms in such NWs. Their amorphous nature is being

reported based on Raman measurements where the observed peaks corresponded with those

reported in literature for a–InSb. In addition, the high resistivity measured during electrical

transport measurements is an indication that these NWs have an amorphous nature.

In the first part of this chapter, experimental observations on the effect of temperature

rise-rate to the growth temperature and its effect on the crystallinity of InSb NWs will be

presented. Experiments were done at two different temperature ramp-up rates: 75◦C/min

and 25◦C/min. Through the temperature ramping rates were different growth of InSb NWs

were at the temperature of 560◦C. The slower ramp rate of 25◦C/min has been reported by

other growth groups and has been established to be ideal for the growth of crystalline InSb

NWs. Most amorphous solids can be re-crystallized into crystalline forms through annealing.

This chapter will also include studies on post-growth annealing treatment of a–InSb NWs

to enable rearrangement of atoms.

3.2. Atomic Structure of Amorphous InSb (a-InSb)

Most III-V semiconductors like InSb have a tetrahedral bonding geometry involving

In and Sb atoms, with a coordination number of four. This bonding geometry is maintained

in a–InSb, but with slight elongation of the interatomic distances. Because of the disorder in

a–InSb, the band edges lose their sharpness and there exists a large density of localized states

that tails into the energy band gap. This affects temperature-dependent and independent

transport measurements. It has been reported [95] that the energy band gap of a–InSb

ranges from about 0.4 to 0.65 eV, an increase by a factor of almost 4 from c–InSb which has

a band gap of 0.17 eV.

3.3. Growth Mechanism of a–InSb NWs

The disorder that is apparent in the atomic structure of a–InSb NWs (Fig. 3.1)[96,

97] shows that the In-In and Sb-Sb bonds have closer packing and there is a short-range

arrangement of atoms in the amorphous state. The main challenge during InSb synthesis is

maintaining the stoichiometry of the growing crystal. Since Sb has a much higher partial

47



pressure at the melting point of InSb, it becomes necessary to adjust the growth parameters

to ensure that the growth environment is rich in Sb. To ensure this, the following additions

were made to the growth process:

(1) Use of an extra source of Sb. This source was placed at the center of the tube.

(2) Maintaining the substrate temperature lower than the source temperature.

(3) Use of very small amounts of sulfur in the growth chamber to ensure that oxidation

is prevented and the growing NW has a passivated surface.

(a)                                        (b)

In Sb

Figure 3.1. (a) The disorder structure of a–InSb where gray circles are In

atoms, and white circles are Sb atoms [97] .(b) The structure of atoms for a

tetrahedral coordination where In are the yellow spheres and Sb are the purple

spheres [96].

Amorphous bulk materials or films are typically grown by two mechanisms: (i) lower

the temperature abruptly so that the source melt is frozen in what is called the melt-quenched

amorphous phase; (ii) growth from a vapor phase using techniques like thermal evaporation

or CVD. The as-grown a–InSb possesses more disorder and they also contain the so-called

wrong homopolar bonds, even though the material is stoichiometric InSb. In the amorphous
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phase, the In-Sb bonds are longer (2.832 Å) and a large number of homopolar In-In and

Sb-Sb bonds exist [98].

The occurrence of a large number of a–InSb NWs on the as-grown substrates could

be attributed to high temperature ramp-up rates. Though the growth temperature was

maintained the same as for c–InSb NWs, the temperature rise rate was more than double in

the case of a–InSb (75◦C/min). At such high temperature ramp up rates, the NW growth

mechanism is most likely modified. Growth might still most likely follow the VLS mechanism

described in Chapter 2. However, the crystallinity of the NWs was found to be very sensitive

to the temperature ramp-up rate. This is especially true for NWs synthesized at high

temperatures. The growth temperature range for a certain thickness of the In catalyst

film was very narrow. For an In film of thickness varying from 200–300 nm, the growth

temperature for stoichiometric InSb NWs was determined to be in the range of about 550◦C

570◦C. Moreover, to maintain stoichiometry, an excess source of group V element was also

used.

3.3.1. Mechanism

As the temperature was ramped up to the set point at the high rate of 75◦C/min.,

several important thermodynamic changes occur to the molten droplet. The schematic of

InSb NWs growth mechanism is shown in Fig. 3.2. These can be listed as follows:

(1) Indium has a very low melting point of 156◦C. So, as the temperature rises above

room temperature at the fast rate of 75◦C/min, the 200 nm thick In film breaks up

into small droplets. These droplets are not uniform in size and as seen in Fig. 3.2(ii),

the droplets range in diameter from about 100 nm to about 300 nm.

(i) Deposited In film

Si substrate

In film
In seed droplets

Si substrate

(ii) In film breaks into droplets 

In islands

Si substrate

(iii) Forming In islands by ripening

Figure 3.2. The schematic of a–InSb NWs growth mechanism [54].
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(2) As the temperature continues to increase, the In droplets increase in size by coa-

lescing with other droplets nearby Fig. 3.2(iii). The high ramp rate also results in

these droplets having sufficient energy to migrate to the edge of the substrate where

they are eventually immobilized. SEM image in Fig. 3.3 shows the movements of In

droplets where the arrows show the movement directions. At this stage, the droplets

are highly disordered.

3 𝝁𝒎

Figure 3.3. An SEM image illustrates the growth mechanism of InSb NWs

and it shows the movements of In droplets where the arrows show the move-

ment direction [54].

(3) As growth progresses and the temperature increases very rapidly to the growth

temperature, the droplets receive incoming flux of Sb and reach the stage of super-

saturation. This is the InSb solidification stage. The transformation from the liquid

to solid phase requires some level of cooling of the molten droplet.

(4) As the solid NW phase begins to separate out from the highly disordered molten

alloy, the droplet is cooled. Heat is taken away from the droplet at the rate expressed

as [99]:

q̇ =
dq

dt
(3.1)
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During this time, the temperature of the molten droplet decreases at a rate expressed

by the equation [99]:

dT

dt
=

q̇

mcp
(3.2)

A cooling curve Fig. 3.4 [99] shows two possible paths below the melting point Tm

when the liquid transforms to solid: A–B–C where the nucleation and crystal growth

occur and A–B–D where no crystallization occurs.

Figure 3.4. Cooling curve that shows possible paths to transform the liquid

to solid [99].

(5) The cooling rate of the molten alloy droplet determined by (dT/dt) is an indicator

of the crystallinity of the growing NW. The physical, chemical and thermodynamic

condition of the molten droplet during this solidification phase will determine the

arrangement of the atoms in the growing NW.

(6) As seen in equation (2.13), the criteria for NW growth requires that the Gibbs

free energy for a solid becomes less than that of the liquid (Gs < Gl). Since the

temperature of the molten droplet changes too fast (because of the high temperature
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ramp rate), the onset of the solidification stage is also very abrupt. The difference

in the Gibbs free energy provides the driving force for the liquid to solid phase

transformation and is expressed by the equation:

∆G = Gl −Gs = ∆H − T∆S (3.3)

where H is enthalpy of fusion and S is entropy of disorder.

(7) At the temperature T, as the nucleating droplet begins to precipitate the solid

phase as a NW, the arrangement of atoms in the nuclei is critical. The relatively

high entropy of the nucleating site implies that there are movements of atoms in

the tetrahedral arrangements, causing bonding and compositional changes in the

growing NW.

(8) This rapid movement of In and Sb atoms in the solidifying (cooling) molten liquid

is attributed to the high temperature ramp-rate and is the most likely cause for the

amorphous nature of the InSb NW.

The NW growth mechanism provides information on the driving force for formation

of 1D structures. Based on the growth conditions like the temperature ramp -up rate, these

NWs could be crystalline or amorphous. The InSb NWs grow by a self-seeded mechanism,

which means that NW growth occurs in the presence of a catalyst (In).

The growth of crystalline InSb NWs, that follow the VLS growth mechanism is de-

scribed in detail in Section (2.3). For the growth of a–InSb NWs, the effect of temperature

ramp-up rate on melting of liquid droplet and solidification process is discussed in the first

part of this section. The growth process could follow either of the mechanisms discussed

below [100]:

(1) In vapor from the source penetrates into the molten In seed by diffusion, resulting

in precipitation of an In NW. As Sb vapors impinge on the growing In NW, this is followed

by antimonidization of the In NW. In this mechanism, one could observe a highly metallic

In core. The antimonidization process continues as long as the In NW core exists. A simple

schematic of the process is shown in Fig. 3.5(a-b).
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Si substrate

Sb vapor
In  vapor(a)

Si substrate

InSb NW

(b)

(c)

Si substrate

In  vaporSb  vapor

InSb  clusters

Si substrate

InSb NW

(d) InSb  clusters

Figure 3.5. Schematic of the two possible growth mechanism of a–InSb NWs.

(a-b) Possible growth mechanism 1, in which an In core first precipitates from

the molten seed (a), followed by complete antimonidization of the In core,

resulting in an InSb NW (b); (c-d) Possible growth mechanism 2, in which In

and Sb atoms combine to form InSb clusters over the molten In droplet (c).

These clusters settle on the surface of the molten droplet and slips to the lower

hemisphere and diffuses to the interface between the substrate and the molten

In droplet (d). The mechanisms follow those reported for the growth of a-SiOx

NWs [100], and cite in [54].

(2) In this case, the Sb does not penetrate the In droplet. Instead, InSb clusters

form on the molten In droplet. However, it does not penetrate into the droplet. Due to the

low solubility of InSb in In , the InSb clusters slip to the lower hemisphere of the molten

catalyst and begins to grow as a 1-D NW. Continuous supply of InSb clusters then support

the growth of an a–InSb NW as shown in Fig. 3.5 (c-d).
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3.4. Characterization of a–InSb NWs

The studies involved 3 separate experiments for a–InSb NWs, along with presentation

of results and discussion.

(1) Structural and compositional analysis

(2) Optical studies

(3) Electrical transport studies

3.4.1. Structural Characterization

a–InSb NWs were characterized by scanning electron microscopy (SEM, Hitachi SU

1510), and energy dispersive X-ray (EDX) spectroscopy.

Fig. 3.6 is an SEM image of the NWs that grew along the substrate edge. As can be

seen in the figure, the NWs grow from a bed of islands or clusters. These are InSb clusters.

The InSb NWs that grow from small nucleating sites on these huge islands were found to

have a deformed tip. This is in contrast to the spherical tip that is observed on c–InSb NWs.

The inset of Fig. 3.6 shows a single a–InSb NW with an irregular tip on top of the NW. The

composition of the NW was determined by Energy Dispersive X-ray spectroscopy (EDX)

and is shown in Fig. 3.6 (b).
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Figure 3.6. (a) An SEM image of high density of as- grown InSb NWs on

Si substrate. The inset represents a single NW with a deformed tip; (b) EDX

spectrum of as grown a–InSb NWs [54].
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(c)

(a)
(b) In

Sb

Figure 3.7. An SEM image of a single InSb NW grown at 560◦C. (a) shows

a single InSb NW with the body and the tip seen clearly; inset shows an

enlarged image of the tip of the NW. The spherical tip is the classical tip that

is reported for VLS grown NWs; (b) shows a line scan from the NW body to

its tip. As shown in the spectrum, the NW is composed of In and Sb, but

the tip is mostly just In; (c) EDX spectrum of the line scan, confirming the

stoichiometric composition of the NW.

As seen in the EDX spectrum, the NW is stoichiometric with an In:Sb ratio of 1:1. It

was also noted that majority of the NWs on the substrate did not have a tip. This is not in

violation of the VLS mechanism since NW growth was enabled by a self-seeded mechanism

and it is possible that In was consumed during the NW growth process. In some cases, a

single spherical tip as shown in Fig. 3.7 was found at the end of the NW. This spherical tip

was present in less than 1% of the NWs and has been reported to be evidence of VLS growth

mechanism. EDX (Fig. 3.7) spectrum was obtained from a line-scan as shown by the line in

(a). The line scan from the NW length to the tip displays an increase of In and Sb signal

first and then at the beginning of the tip shows a decrease in Sb signal and an increase in
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In. The composition along the length of the NW shows an In:Sb weight ratio of 50 : 50.

Another significant feature of some of the NWs is shown in Fig. 3.8 (a). In this case,

In metal precipitates out of the growing NW and is present as ‘nodules’ on the edge of the

NW. As seen in the EDX spectrum, these nodules are pure In. Such precipitates of the

metal catalyst along the NW edges have been reported by other groups. Their appearance

can be attributed to two effects: (a) precipitates because of evaporation of the element In

from the source and condensation along the NW edges, following the mechanism discussed

in Ref [101], or (b) condensation of indium vapor during cooling process [102].
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Figure 3.8. (a) An SEM image of a single InSb NW grown at 560◦C, with

In precipitates along the NW edges; (b) EDX spectrum of a single nodule

showing that the nodule is an In precipitate [54].

As explained in the growth mechanism (Section 3.3), the high temperature ramp-up

causes In film to break into droplets of different sizes. Because of this, it was observed that

the diameter of InSb NWs was in range of ∼ 200-350 nm (Fig. 3.9 (a) and (b)) for an In film

with a thickness of 200-300 nm. The optimum growth temperature for this thickness of In

film was found to be in the range of 550◦C –570◦C for growth of stoichiometric InSb NWs.

Stoichiometric NWs grew in a very narrow temperature range. It was observed that reduc-

ing the growth temperature to less than 540◦C results in non-stoichiometric NWs and the

majority of NWs were In. For a given growth temperature of 560◦C, an important parameter
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(a) (b)

Figure 3.9. An SEM image of InSb NWs with different diameters grown

using 200 nm thick indium film. The NW diameters are: (a) ∼ 200 nm. (b)

∼ 350 nm.

that determined NW composition was the metal film thickness. An In film thickness of ∼

100 nm was observed to result in a mixture of stoichiometric InSb NWs (Fig. 3.10), and

growth of NWs with high In content.

(b)

Sb
In

(c)

Sb

(a)

SiIn

Sb

Figure 3.10. (a) An SEM image of a single NW of thickness ∼ 300 nm (b)

EDX spectrum showing stoichiometric NW composition.

It is noticeable that these NWs showed a large diameter, though the In film was
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only 100 nm thick. This could be attributed to the fact that III–Sb NWs are reported to

generally show large diameters [103], compared to other semiconductors. Moreover, the high

temperature ramp rate resulting in formation of large In islands can affect NW diameter.

The role of sulfur in this work is that of a passivating agent [104]. Sulfur has a low solubility

in the molten In seeds. It also has a high vapor pressure, which implies that at the growth

temperature it is driven out of the growth region. This is why an EDX spectrum of the

NWs did not show the presence of any S. However, on some substrates, a yellow-orange

colored substance was found, which on analysis were InS. The addition of S was critical to

the growth process. An alternative would be to grow in 100% H2, but the presence of H2,

lowers the vapor pressure of Sb and so the resulting NWs are mostly just In. So, to maintain

sufficient concentration of both In and Sb in the growing NW, it is important to have sulfur

so that any trace of O2,can be removed from the growth region. It is believed that very

low concentration of S (not within detectable limits of EDX) accumulates on the NW edges

and passivates it. This is most likely the reason for the contrast observed in the SEM image

shown in Fig. 3.10 (a).

3.4.2. Optical Characterization

(i) Raman Spectroscopy: Raman measurements were obtained on the as-grown InSb

NWs at ambient temperature using a Nicolet Almega XR-Raman spectrometer equipped

with a 532-nm green laser. The Raman spectrum of c–InSb is well documented and is

known to be characterized by TO phonon 179.8 cm−1 and LO phonon modes 190.8 cm−1

[45, 75, 36, 48, 49, 50]. The amorphous nature of the as-grown InSb NWs was first verified

by Raman spectroscopy. Fig. 3.11 shows Raman spectrum of single a–InSb NW at room

temperature. These NWs are stoichiometric with composition of (In:46.9 wt%, Sb: 53.1

wt%). As seen in the spectrum, a relatively wide peak is evident at low frequency, centered

around ∼ 145 cm−1. The atomic structure of a–InSb contains a high density of homopolar

Sb–Sb bonds [43]. Homopolar bonds resulting in characteristic Raman peaks has also been

reported for several other amorphous III-V semiconductors [41], and specifically in a–InSb

[41, 105]. This aggregation of Sb–Sb defects is attributed to growth conditions which include
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NW growth in an Sb-rich environment and a high temperature ramp-up rate.
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Figure 3.11. Raman spectrum is obtained from crossed InSb NWs at room

temperature; inset shows an optical image of crossed InSb NWs on Si substrate.

The two peaks at ∼ 145 cm−1 and 121 cm−1 are attributed to a–InSb. The

TO and LO peaks of crystal InSb are not detected [54].

Additionally, a shoulder peak is detected around 120 cm−1 , and has been observed

in several amorphous semiconductors like a–Si,a–Ge, a–GaAs and a–InSb [105, 42]. This

low energy shoulder is reported to occur near the LA branch of a crystal. The complete

absence of the Raman peaks assigned to c–InSb NWs and the presence of the peaks ascribed

to Sb–Sb homopolar bonds is used to verify that the NWs are a–InSb NWs.

To study the effect of laser light on the amorphous nature of the as-grown InSb NWs,

the evolution of the Raman spectrum was studied as a function of laser power at room

temperature, by measuring the Raman spectrum at the same spot on the NW for three

different laser intensities.
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Figure 3.12. Comparison of Raman spectrum of a single a–InSb NWs, mea-

sured with increasing laser power on the sample. The laser power was varied

from 40 mW to 150 mW. At 40 mW, the broad peak around ∼ 155 cm−1 is

attributed to homopolar Sb–Sb bonds in a–InSb. Increasing laser power (75

mW), causes localized crystallization of the NW, resulting in characteristic

crystalline peaks measured at 181 cm−1 and at 186 cm−1. Further increase in

the laser power results in reverting the material back to its amorphous sate.

This is evident in the disappearance of the crystalline peaks and the emergence

of the broad peak around ∼ 145 cm−1 [54].

The results are shown in Fig. 3.12. The broad peak around ∼ 155 cm−1 attributed

to the presence of Sb–Sb bonds is evident at the low laser power of 40 mW, focused at a

spot on the NW for 60 s. As the laser power was increased to 75 mW, the peak attributed

to c–InSb at 181 cm−1 (TO phonon) and at 186 cm−1 (LO phonon) appear as shown in

Fig. 3.12. The observation of these peaks indicates the possibility that the region of the NW

hit by the laser light crystallized locally. Further increase in the laser intensity causes the
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crystalline peaks at 181 cm−1 and 186 cm−1 to disappear and the peak attributed to a–InSb

re-appears around 145 cm−1. It is thus evident that with increasing laser power, structural

defects of the Sb–Sb type form, returning the crystal to its amorphous state. The slight shift

(about 10 cm−1) in the position of the peaks in a–InSb is most likely induced by stress in

the highly defective material.

Through this study, it is evident that laser light intensity can cause radiation-stimulated

diffusion of defects in a–InSb. There is some critical laser power that causes localized crys-

tallization through rearrangement of atoms and bonds in the crystal. Beyond this critical

value, the laser light causes radiation induced damaged to the crystal and the amorphous

material re-emerges.

(ii) X-ray Diffraction (XRD) studies: No XRD data is available due to the amorphous

nature of a–InSb NWs.

3.4.3. Electrical Characterization

The disorder in amorphous InSb causes the band edges to lose their sharpness and

there exists a large density of localized states that tails into the energy band gap [106, 107].

These localized electronic states causes carrier scattering, resulting in low carrier mobility,

and also induces charge trapping [107, 108]. Despite the fact that amorphous semiconductors

have a high concentration of defects, the limited number of electrically active charge carriers

causes them to be poor electrical conductors [6]. In the case of a–InSb NWs, only 2-terminal

transport measurements were done. Due to the highly resistive nature of the a–InSb NWs,

a study of the intrinsic properties of the NWs through electrical gating was not a possibility.

To measure the electrical properties, the semiconductors are contacted by metals. Metal–

semiconductor junctions can be either ohmic or a Schottky junction. For ohmic contacts,

the current has a linear dependence on voltage. The current density (J) follows Ohm’s law

and is expressed by the equation[109]:

J = enoµ
V

L
(3.4)
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where V is the applied voltage, L is the separation between the contacts, and µ is carrier

mobility.

However, unless the work functions are well-matched, most metal-semiconductors junctions

are characterized as a Schottky contact. Schottky junctions arise when the energy band dia-

gram shows band bending as a consequence of Fermi levels from the metal and semiconductor

aligning at the interface [110]. The energy level positions of both metal and semiconductor

with respect to vacuum are shown in Chapter A (a). At the metal-semiconductor junction,

the Fermi levels align and this results in band-bending. Chapter A (b) shows the formation

of Schottky junction and the barrier at the interface obstructs carrier transport.

Metal  Semiconductor

𝝌s	∅𝒔

𝐄𝐕

𝐄𝐅
𝐄𝐂

Vacuum level

∅ 𝒎

(a) (b)

Metal  Semiconductor

∅+

𝐄𝐕

𝐄𝐅
𝐄𝐂

Vacuum level

∅ 𝒎
∅𝑩 		

𝝌s	

Figure 3.13. Schematic of metal and semiconductor junction. (a) shows

the metal and semiconductor are not in contact. (b) shows the formation of

the band bending because of aligning the Fermi levels between the metal and

semiconductor.

The current is no longer linearly dependent on bias, since the carriers have to be transported

over or through the barrier at the interface. In this regime, the charge transport can fol-

low either of two mechanisms: (1) thermionic emission over the barrier, and (2) quantum

mechanical tunneling through the barrier [110, 111].

(1) The thermionic emission theory is based on the assumption that electrons with

energy greater than the Schottky barrier height (φB) can overcome the barrier at the interface

between the metal and semiconductors. The magnitude of this thermionic current depends

on the height of this barrier [110, 111] and the current density is expressed by the equation

[110, 111]:
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J = Joexp[
qφB
kT

][exp
qV

nkT
− 1] (3.5)

where φB, and n are the Schotty barrier height and the ideality factor respectively. The

Schottky barrier height (φB) can be expressed as φB = φm – χs, where φm, and χs are

metal work function and semiconductor’s electron affinity. Thermionic current dominates

for Schottky junctions in the case of low doped semiconductors.

(2) The tunneling current theory predicts that the tunneling current through the

Schottky junction is determined by the carrier density and the tunneling probability. Math-

ematically, this tunneling current is expressed as [111]:

Jn = qvRnΘ (3.6)

where q , vR, n, and θ are the charge carrier, velocity, density of electrons, and the tunneling

probability respectively.

In addition to the two currents described above, an important phenomena exists that

is created by space charge limited current (SCLC) and is typically observed in semiconduc-

tors that have low free carrier concentrations [109]. SCLC is a very common phenomena

observed in semiconductor NWs, and it is a consequence of carrier depletion and reduced

electrostatic screening in low-dimensional structures. In this case, the charges injected by the

contacts exceeds the equilibrium charge.The electric field and charge distribution becomes

non-uniform and is dependent on sample geometry. Since NWs have a cylindrical shape with

length L and radius r, as shown in the schematic comparing different dimensional structures,

(Fig. 3.14) charge screening effect is significantly reduced.

SCLC effect is observed in two different types of materials: (a) No traps exist at

the interface (trap-free SCLC); (b) Traps exist at the interface (trapped–SCLC). (a) In

the absence of traps, it is important that one of the two contacts must be Ohmic. This

ohmic contact permits charge injection and thus provides an excess amount of carriers to

the channel. The current in this case is expressed by the Mott-Gurney law [112]:
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Figure 3.14. Schematic of (a) 3-D material, (b) 2-D material and (c) 1-D

material with corresponding dependence of current density on voltage [109].

I =
εAµV 2

L3
(3.7)

where ε, A, µ, and L are the permittivity of the solid material, cross sectional area, mobility,

and length of the channel respectively. The current in this case obeys a power law where

I ∝ V2. In this mechanism, the injected charge carriers control the space charge and the

electric-field profile. Therefore, there exists a feedback mechanism in which the electric field

drives the current, and the current in turn sets up the electric field.

(b) Trapped-SCLC is observed in the materials that have charge trap and low doping.

The I–V is characterized by non-linear and non-exponential behavior[111]. The model of

trapped SCLC was discussed in [113] where the trapped carrier concentration is much higher

than the free carrier concentrations. The traps can be expressed in energy and it is given as

[111]:

h(E) =
Ht

Et
exp[
−E
Et

] (3.8)

where E is the energy that is measured from Lowest the conduction band. Ht, Et are trap

concentration, and constant of the distribution. Fig. 3.15 shows the exponential distribution

of trapped state [111].
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Figure 3.15. Schematic of exponential distribution of trap state which is

located under the conduction band [111].

3.5. Determining the Current-Transport Mechanism in a–InSb NWs

As discussed in the preceding section, laser induced radiation effects are noted in the

as-grown NWs. In order to ascertain the possibility that thermally activated defect diffusion

is also a possibility, a–InSb NWs were subjected to post-growth heat treatments and their

electronic quality was assessed by analyzing their current-voltage behavior. The nature of

the I-V plots were analyzed to study the dependence of I on V and to make conclusions

about the dominant electron transport mechanism.

In the first set of experiments, as-grown a–InSb NWs were annealed in a tube furnace

for 4 hrs under flow of Ar gas at 150 ◦C. Raman spectrum showed that the NWs retained

their amorphous nature. In the second set of experiments, the as-grown a–InSb NWs were

annealed in an inert environment at 150 ◦C for 18 hrs. Current-voltage response of the three

devices [Device A (as-grown a–InSb NWs) as shown in Fig. 3.16; Device B (a–InSb NWs after

4 hours of thermal anneal at 150 ◦C) (Fig. 3.17); and Device C (a–InSb NWs after 18 hours

of thermal anneal at 150 ◦C)] (Fig. 3.18) was analyzed. There are three fundamental carrier

injection processes: (i) conduction by thermionic emission, (ii) conduction by space-charge-

limited-current (SCLC), and (iii) Fowler-Nordheim (F-N) tunneling induced conduction. As

seen in Fig. 3.16, Fig. 3.17, and Fig. 3.18 (a-c) respectively, the I-V plots at room temperature
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are non-linear.
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(a) Device A: as grown a-InSb NWs

Figure 3.16. Current-Voltage curve of device A comprising of single a–InSb

NW, contacted by In-Au electrodes. The I-V curve shows a non-linear behavior

[54].
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(b) Device B: a-NWs annealed 4 hrs

Figure 3.17. Current-Voltage curve of device B showing non-linear behavior [54].
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(c) Device C: a-NWs annealed 18hrs

Figure 3.18. The I-V plot of device C showing the curve is becoming more

linear as the material becomes more crystalline with long-duration anneal [54].
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Figure 3.19. The semi-log plot of a device A shows a non-linear trend indi-

cating that the contact is not a Schottky contact [54].
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Since Schottky barriers can form at metal-semiconductor junctions, the I-V data for

device A (as-grown NWs) was first analyzed to assess a possible Schottky diode behavior

by creating a semi-log plot of the I-V curve. For a Schottky diode behavior, the semi-log

plot of I-V should exhibit linear characteristics. The non-linearity of the I-V curve (shown

in Fig. 3.19) confirms that the metal-semiconductor contact is not a Schottky contact.

Moreover, the ideality factor (n), estimated from the fitting parameter q/nkT gives n

much grater than 100, whereas n=1 for an ideal Schottky junction. It was hence concluded

that the non-linearity in the I-V curves are not due to current through a Schottky junction.

To ascertain a power dependence, a log-log plot of the I-V curves were analyzed (Fig. 3.20,

Fig. 3.21 ,and Fig. 3.22 (a-c)).
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(a) Device A: as grow a-InSb NWs

Figure 3.20. A linear log-log plot of device A shows two different slopes. At

the low bias, the slope is m = 0.8), and the plot obeys Ohm’s law. At high

bias, the slope is (m = 3.2), and the plot obeys I ∝ Vm.
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(b) Device B: a-NWs annealed 4 hrs

Figure 3.21. The log-log plot of device B shows two different slopes in the

low bias (m = 0.9) and high bias regime (m=2) [54].

For all three devices, in the low-bias regime the I-V plot is linear (m ≈ 1), which

implies that in the voltage ranges below ≈ 0.4 V, the conduction mechanism is related to

thermionic emission type of conduction, and for all three devices, in the low-bias regime, I

∝ V and the device obeys Ohm’s law.

The linear fit to the log-log plots for all three devices for bias above 0.4 V shows

values of slope varying from 3.1 to 1.6, indicating that in this relatively high-bias regime, I α

Vm, with m decreasing as the NW device is annealed for longer durations. For the as-grown

NW device, m = 3.2, while for NW that was annealed for 4 hours the value of m decreases

to 2 and for the NW that was annealed for 18 hours, m decreases further to 1.6. The high

values of m are consistent with the space-charge-limited current (SCLC) conduction model

[114, 108].

A possible explanation for different transport mechanisms in the low and high bias
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Figure 3.22. The log-log plot of device C displays two different slopes. At

the low bias (m =1.1) and it obeys Ohm’s law. At high bias (m = 1.65) and

the plot obeys I ∝ Vm [54].

regimes and for the changing m is the existence of a high density of defects at the metal-

semiconductor interface. These defects can trap injected electrons and increase the electric

field at the interface. Heat treatment of amorphous materials are known to increase crys-

tallinity. After 18 hours of annealing, the 50% reduction in the value of m indicates that the

NW is becoming more crystalline and the conduction becoming more ohmic.

A comparison of the NW resistivity shows that the as-grown sample has a high

resistivity of ∼ 19 × 102 ± 4 × 102 Ω.cm. For the InSb NWs that were annealed at

150 ◦C for 4 hrs, the resistivity drops to about 7 ± 2 Ω.cm and the NW that was annealed

for 18 hrs has a resistivity of 2 ± 0.2 Ω.cm. These values are about 10 times higher than

that reported for c–InSb NWs that have a resistivity of about 0.3 Ω.cm [47].

It is thus apparent that laser light-induced radiation effects and post-growth heating
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effects were both found to affect the crystalline quality of the as-grown NWs. The non-

linearity of the current-voltage measurements on individual NWs is attributed to different

conduction mechanisms in the low and high-bias regions. Post-growth annealing was found

to be effective in transforming the amorphous NW into a crystalline one with improved

electrical conductivity. Further studies are required to ascertain the role of traps and defects

in the power-law dependence observed in the current-voltage measurements.

3.6. Effect of Heat Treatment on Improving Crystalline Quality of a–InSb NWs

Amorphous materials can return to the crystalline state under heat treatments. So

a study of post growth annealing treatment was undertaken for a–InSb NWs that were

grown by CVD. It has been reported that polycrystalline InSb NW array was fabricated by

electrodeposition was subjected to two annealing steps: (i) low temperature ∼ 150◦C for 6

h to diffuse In and Sb particles to each other after they were formed in the electrodeposition

process; (ii) high temperature ∼447◦C for 4 h, to improve the crystallinity of the NWs [115].

To verify if the treatment reported for NWs grown in template pores can also be applied to

NWs grown by CVD, we subjected the as-grown a–InSb NWs to post growth heat treatments

to transform the NWs from amorphous to crystalline state. These NWs were characterized

by SEM, and EDX spectroscopy.

The optical and electrical behavior of the NWs that were subjected to the low tem-

perature anneal of 150◦C for 4 h (Device B) has been reported in previous section. As seen

in this section a low temperature anneal for 4 hrs and 18 hrs improve NW crystallinity.

To verify if a high-temperature anneal for short times can improve crystalline quality, we

performed the following experiment.

Sample Annealing at ∼ 400 ◦C:

The a–InSb NWs were annealed at ∼ 150 ◦C for 4 hrs under flow of Ar gas. Then

the NWs were annealed at ∼ 400 ◦C for 2 hrs. After the NWs were subjected to the heat

treatment, they were characterized by SEM,and EDX spectroscopy. Fig. 3.23 (a) An SEM

image of a single NW contacted by the metal electrodes. Inset shows enlarged area from

the length of NW, and it clearly shows that defects were present on the surface of the NW,
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after it was annealed at ∼ 400 ◦C. Also, the NW showed Sb deficiency,and the composition

that were obtained from EDX spectrum was (In:94.9%;Sb:5.1%) Fig. 3.23 (C). Fig. 3.23 (b)

shows the dependence of the source-drain current (Ids) on source-drain voltage (Vds) curves.

As seen in the plot, the current through the NW is about 10 times higher than that for

as-grown a–InSb NWs Fig. 3.16. The NW resistivity was estimated to be ∼ 9 × 10−2 Ω.cm.

The NWs did not show any gating effect. It can thus be concluded that high-temperature

anneal of a–InSb NWs is not possible since the NWs begin to lose Sb and become more

metallic.
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Figure 3.23. (a) An SEM image of a single InSb NW contacted by the metal

electrodes. Inset shows enlarged area from the length of the NW. (b) Transport

measurements made on InSb NW and shows the variation of Ids on with Vds.

(c)The EDX spectrum shows Sb deficiency.

3.7. Conclusion

A new and relatively simple technique to synthesize a–InSb NWs and to transform

them post-growth into crystalline NWs is presented in this chapter. The relatively high

temperature ramp-up rate during NW growth is believed to be the main factor affecting the

crystalline quality of the NW. Laser light-induced radiation effects and post-growth heating
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effects were both found to affect the crystalline quality of the as-grown NWs. The non-

linearity of the current-voltage measurements on individual NWs is attributed to different

conduction mechanisms in the low and high-bias regions. Post-growth annealing was found

to be effective in transforming the amorphous NW into a crystalline one with improved

electrical conductivity. Further studies are required to ascertain the role of traps and defects

in the power-law dependence observed in the current-voltage measurements.
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CHAPTER 4

HOLE-DOMINATED TRANSPORT IN INDIUM ANTIMONIDE NANOWIRES

GROWN ON HIGH-QUALITY INDIUM ANTIMONIDE FILMS1

4.1. Overview

The synthesis of InSb NWs by CVD has challenges. The challenges mainly arise

because of the low dissociation temperature of InSb and also due to the large difference in

vapor pressure of In and Sb [88, 91], resulting in non-stoichiometric growth of InSb NWs,

unless the growth parameters are carefully controlled. Due to the high vapor pressure of

Sb, it was found that InSb NWs grown at high temperatures (above 520◦C) were rich in In

and showed metallic behavior, while those grown at lower temperature (below 500◦C) were

rich in Sb. Stoichiometric InSb NWs grew in a very narrow temperature range of 500-520◦C.

Due to the challenges in maintaining stoichiometry, several groups have used InSb substrates

(which is expensive) coated with Au nanoparticles as the seed layer to grow stoichiometric

InSb NWs. An alternative, inexpensive strategy to grow stoichiometric InSb NWs would be

to first grow thin films of InSb on a chosen substrate like glass, quartz or Si, followed by NW

growth.

In this chapter[116], a new approach to grow p-type InSb NW growth on high-quality

InSb thin film is presented. The proposed technique is low-cost and will enable us to fab-

ricate p-channel InSb based nanoscale devices without intentionally adding dopants like

carbon which tend to reduce the hole mobility. InSb thin films and NWs that are not in-

tentionally doped typically show n-type behavior since their electron-rich surface layer pins

the Fermi level in the conduction band. This makes p-type doping of InSb challenging and

the realization of p-channel devices difficult, thereby impeding its development in CMOS

applications.

1THIS ENTIRE CHAPTER IS REPRODUCED FROM Z. ALGARNI, D. GEORGE, A. SINGH, Y.
LIN, AND U. PHILIPOSE. ”HOLE-DOMINATED TRANSPORT IN INSB NANOWIRES GROWN ON
HIGH-QUALITY INSB FILMS.” JOURNAL OF NANOPARTICLE RESEARCH 18, NO. 12 (2016): 361.
WITH PERMISSION FROM SPRINGER NATURE.
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4.2. Experimental Details

4.2.1. Synthesis of InSb Film

The first step involved deposition of a thin film of InSb on quartz substrate following

a three-step process: (i) chemical bath deposition of Sb2S3 thin film [117]; (ii) evaporation of

In film on the Sb2S3 film; (iii) annealing of the films to obtain a thin film of InSb. During the

annealing process the evaporated In reacts with the chemically deposited Sb2S3 thin film and

forms InSb film. The glass substrates were first cleaned in acetone, alcohol and DI water and

dried in air. The substrates were then immersed in a chemical bath comprising of a solution

of 1 M Na2S2O3 that was cooled to 10◦C. A solution of SbCl3 was also prepared by dissolving

1.3 g of SbCl3 (Alfa Aesar) in 5 ml of acetone. This solution was added to 50 mL of cooled

Na2S2O3, followed by 145 ml of cold deionized (DI) water. The solution mixture was stirred

well for 30 min. The cleaned glass substrate was then suspended vertically in the solution

mixture that was maintained at 10◦C. After 4 hours, the glass substrate was found coated

with a orange-yellow thin film of Sb2S3. The substrate was cleaned in DI water and dried.

The glass substrates with the thin film of Sb2S3 were then loaded in to a thermal evaporator

and about 20 mg of In was evaporated on to the Sb2S3 film at a pressure of 6 ×10−6 mbar.

The Sb2S3-In film was then annealed at 300◦C for 1 hour in an inert environment comprising

of 50 sccm (standard cubic centimeter) of Ar gas. The solid-state chemical reaction between

Sb2S3 and In can be described by the following equation [117]:

Sb2S3 + 2In→ 2InSb+ 3S ↑ (4.1)

Since the surface of the InSb film will oxidize and form In2O3 when removed from the inert

environment of the furnace, the top layer of the oxidized InSb film was etched in 1M HCl

for 30 mins.

4.2.2. Synthesis of InSb NWs on InSb Film

The glass substrate with the thin film of InSb was then used as the growth substrate

for the synthesis of InSb NWs. Gold colloidal nanoparticles of size 20 nm (Ted Pella) were

spin coated (1000 rpm for 1 minute) onto the InSb film to serve as the metal seed initiating
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the growth of InSb NWs. The substrate with the Au nanoparticles was then loaded into a

quartz tube that was placed in a Lindberg Blue tube furnace, and annealed at 400◦C for

10 min in an environment of Ar (50 sccm) and H2 (50 sccm). This was followed by InSb

NW growth at 500◦C for a period of 4-6 hours, using solid InSb (Alfa Aesar) as the source

material and in an inert and reducing environment comprising of a mixture of H2 and Ar

gas at 50 sccm.

4.3. Characterization Techniques of InSb Film

The surface morphology and structure of the InSb film grown on the glass substrate

was first studied by an atomic force microscope (AFM) (T-AFM 50, Workshop) in air. This

was followed by studying the film using scanning electron microscopy and energy dispersive

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

4.3.1. Surface Topography Characterization of the InSb film

4.3.1.1. Atomic Force Microscopy(AFM)

An AFM is a branch of scanning probe microscopy (SPM) and it has been used to

image the material surface and measure their properties at nanometer scale. The AFM offers

a 3D profile of the surface using a sharp tip. The tip is attached to a flexible cantilever as

supporter. The surface image is generated by measuring the force between the tip and surface

at very short distance. The AFM system has basic components which are: the laser, the

cantilever with tip, a piezoelectronic scanner, a photodetector, and a feedback electronics.

The three modes in the AFM depend on the forces between the surface and the tip. When

the tip is experiencing repulsive forces, it will be in contact mode. However, if it is moved

away from the surface, attractive forces will take over and it will be in non-contact mode.

Tapping mode is similar to contact mode, but the cantilever is oscillated at its resonance

frequency where the tip lightly tapping the surface during scanning the sample [118].

The AFM machine that was used to characterized InSb film was applied in the tapping

operation mode using a force probe which is attached to a cantilever. The cantilever which

is made of Si N-type is a 40 µm wide, a 225 µm long, and a 7.8 µm thick with a rigidity
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coefficient of about 36-90 N/m. The probe tip is a 14-16 µm tall with ∼10 nm the end of

curvature radius.

4.3.1.2. AFM Characterization of InSb Film

Fig. 4.1(a) shows the AFM image characterizing the topographic profile and quanti-

fying the spatial length scales of the surface roughness of the InSb epilayers grown on the

glass substrate. The surface roughness is estimated to be approximately 100 nm.
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Figure 4.1. Surface morphology and composition of the InSb film grown on

glass substrate .(a) AFM micrograph showing the surface topography of InSb

film grown on glass substrate.(b) EDX spectrum of the stoichiometric InSb

film. Inset shows the SEM micrograph of the InSb film [116].

4.3.2. Morphology and Composition Characterization

Fig. 4.1(b) shows the SEM micrograph and EDX spectrum of the InSb film. It can

be seen from the inset of Fig. 4.1(b) that the film comprises of about 700 nm sized particles

and in some cases cracks were also observed due to stress build-up during deposition and

annealing. The EDX spectrum of Fig. 4.1(b) shows characteristic peaks for In and Sb, with

the In/Sb ratio (In 55% and Sb 45%) close to the required stoichiometry.
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4.3.3. Optical Characterization Techniques

The spectrum of optical constants of InSb film were characterized by using a J.A.

Woollam variable-angle spectroscopic ellipsometer (VASE) at room temperature with wave-

length range from 300-2000 nm and angle of incidence set at 56.5◦. The optical properties

of the InSb film in the high wavelength ranges were investigated at room temperature by

Fourier transform infrared spectroscopy (FTIR) using a Nicolet 6700 spectrometer in the

wavelength range between 2.5 µm and 25 µm.

4.3.3.1. Fourier Transform Infrared Spectrometry (FTIR)

FTIR spectroscopy is a vibrational and non-destructive technique which is used to

obtain a spectrum in infrared (IR) region. The infrared spectrum is a result of passing

electromagnetic radiation through molecule’s atoms which absorb a fraction of the incident

radiation corresponding to atom’s vibration frequencies. The IR spectrum can be divided

to three regions which are the far FIR (400–10 cm−1), the MIR (4000–400 cm−1), and NIR

(14000–4000 cm−1) regions.

FTIR spectrometer has basic components which include a radiation source, an inter-

ferometer, and a detector. FTIR system is based on the interferometer which produce an

interferogram signal. This signal is a result of interfering two beams and it has information

about all infrared frequencies. As the interferogram signal passes the sample, it is measured

by a detector. After the signal is digitalized, it is sent to a computer which can be decoded

by a Fourier transformation. As the signal is decoded, the infrared spectrum can be obtained

and it can be as absorbance transmittance, and reflectance [119, 120].

4.3.3.2. Spectroscopic Ellipsometry (SE)

Ellipsometry (SE) is a non-destructive, a non-invasive and an optical technique. SE

is used to measure the material properties such as optical constants (refractive index (n)

extinction coefficient (k)), surface roughness, and film thickness. SE is based on the mea-

surements of the change of light polarization when it is reflected or transmitted from the

sample. By measuring the change of light polarization, the optical properties of the mate-
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rials can be calculated. SE has basic components which include the light source, the linear

polarized, the compensator, the analyzer, the detector, and the sample [121, 122].

4.3.3.3. FTIR and SE Characterizations of InSb Film

Fig. 4.2 shows the normalized optical transmittance spectra of the InSb film in the

photon energy range from 0 to 2.0 eV. These measurements were made after the InSb films

were etched in 1M HCl for removal of the oxide layer from the film surface. The low en-

ergy measurements were made using FTIR ((Fig. 4.2(a)), while the high energy measure-

ments were made using ellipsometry (Fig. 4.2(b)) at room temperature. The FTIR spectrum

(Fig. 4.2(a)) shows a decrease in the transmission (maximum absorption) spectrum at about

0.23 eV. This value is higher than the band gap of InSb at 0.17 eV; the increase in optical

band gap is possibly due to the presence of small crystallites in the polycrystalline InSb film.

The transmittance of the film finally decreases with increase in photon energy eventually re-

ducing to almost zero for photon energies above 2.0 eV. These results agree well with those

reported in references [117, 123, 124]. The reduction in transmission is attributed to the fact

that the high energy photons are absorbed by the InSb film.

The low-energy reflectance spectra of the InSb film relative to glass is plotted in

Fig. 4.3(a). As seen in the figure, reflectance decreases as the photon energy approaches

the InSb band gap of 0.17 eV, beyond which point the high-energy photons are absorbed by

InSb. This increase in absorption is also evident in the absorbance plot shown in Fig. 4.3(b)

where the optical absorption coefficient of the InSb film was extracted from ellipsometry

data using the relationship:

α =
1

d
[ln

100−R%

T%
], (4.2)

The film thickness (d) is estimated to be about 8 µm and T and R are the optical transmit-

tance and reflectance respectively. As seen in Fig. 4.3(b), the absorption coefficient α, is a

function of photon energy and is essentially zero for energies below 0.2 eV. α then increases

to values of the order of 103 cm−1 at energy greater than 0.2 eV. This is a characteristic

behavior of direct band gap III-V semiconductors, where the fundamental absorption edge

corresponds to valence-to-conduction band transitions at the Γ point of the Brillouin zone.
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Figure 4.2. Optical transmittance spectra of InSb film after etching it in

1M HCl for removal of oxide layer: (a) FTIR measurements of low-energy

transmittance by InSb films; (b) Ellipsometry measurements of high-energy

transmittance by InSb films [116].

The absorption coefficient is relatively high in the high energy region from 0.2 to 4.0 eV.

The absorption coefficient has a maximum value of the order of 104 cm−1 at 4.0 eV, a value

which is in agreement with that reported by Moss et al [125], with inter-band absorption

resulting in high absorption coefficients [126]. The absorption spectrum for photon energies

greater than the band gap of InSb will have peaks associated with direct optical transitions

at the L and X points of the Brillouin zone, which in the case of InSb are estimated to be

at 1.87 and 4.19 eV [127].

Analysis of the ellipsometry and FTIR data also provided information on variation of

refractive index (n) and extinction coefficient (k) with photon energy (Fig. 4.4). As seen in

the figure, there is an increase in the refractive index (n) in the energy range from 1.1 eV to

about 1.7 eV. Thereafter, n decreases with increasing photon energy which is a characteristic

behavior of semiconductors [124, 128]. The variation in refractive index with photon energy

results from interactions between photons and electrons. The refractive index (n) in Fig. 4.4

shows two peaks at about 1.8 eV and 3.5 eV, mostly attributed to transitions from the last

valence band to the first conduction band [124].
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Figure 4.3. (a) Reflectance of the InSb film relative to glass versus photon

energy; plot shows a drop in reflectance at photon energies corresponding to

the band gap of InSb; (b)Optical absorption coefficient of InSb film plotted

against photon energy [116].

The maximum value of refractive index is about 3.7, which is lower than the value

of 5 reported by Adachi [128] and 4.9 reported by Akinlami [124]. However, the values are

comparable to those reported by Paskov [127], where the author calculated near-band-gap

refractive index spectra of InSb for different free-carrier densities. Fig. 4.4 also shows the

extinction coefficient (k) spectrum in the energy range from 0.5 eV to 4.1 eV. As seen in

the spectrum, k increases with photon energy and has a maximum value of about 3.3 at

about 4.1 eV. This trend wherein k increases with photon energy in the energy range from

0.5 - 4.1 eV shows that in this energy range there is a fraction of light that is lost due to

combined effects of scattering and absorption. The peak value of k near 4.0 eV indicates a

good absorption near this energy range. Higher energy ranges are not reported due to limited

capability of instrumentation. In addition to the peak near 4.0 eV, there are two additional

peaks at about 1.8 eV and above 4.1 eV, most likely attributed to optical transitions at the

L and X points of the Brillouin zone.
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Figure 4.4. Experimentally determined spectral dependence of refractive in-

dex (n) (solid line) and extinction coefficient (k) (dashed line) for InSb film

[116].

4.4. Characterization of InSb NWs

4.4.1. Structural Characterization

The morphology and composition of the InSb NWs were studied using SEM with

EDX. Au colloidal nanoparticles were used to initiate epitaxial growth of InSb NWs on the

glass substrate. The length of the NWs was several micrometers and the typical diameter of

the NWs grown using this method was about 40 - 60 nm. The alloyed spherical tip (inset of

Fig. 4.5) confirms that the growth of InSb NWs occurred via the Vapor-Liquid-Solid (VLS)

growth mechanism. The corresponding EDX spectrum is shown in Fig. 4.5; the NWs found

to be rich in Sb.

82



Sb

Sb

In

In

C
ou

nt
s 

(a
rb

. u
ni

ts
)

Energy (keV)

150 nm

3																																													4

Figure 4.5. EDX spectrum of InSb NW showing the composition to be non-

stoichiometric with an In:Sb composition of 40:60. Inset is an SEM image of

a single InSb NW with a spherical alloyed tip comprising mainly of Au [116].

4.4.2. Electrical Characterization

The InSb NWs were removed from the substrate and dispersed on a p+ Si substrate

covered with a 300 nm thick SiO2 layer. Using a patterned mask, two contact pads were

established at the NW ends, followed by evaporation of metallic (Cr) and (Au) contacts.

These contacts function as the source and drain electrodes. To facilitate three terminal

measurements, the NWs were used in a field effect transistor (FET) type configuration,

with the highly doped p+ Si substrate serving as the back gate. Transport measurements

were made using a semiconductor parametric analyzer (Agilent Technologies B1500A). To

determine the carrier concentration, type and mobility of carriers in the NWs, three-terminal

measurements were performed on InSb NWs contacted by Cr/Au electrodes in an FET type

configuration. An SEM image of the channel showed that the channel contained three Sb-
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rich InSb NWs in it. The metal electrodes function as the source and drain while the

heavily-doped Si substrate served as a back gate to control source-drain current. Fig. 4.6(a)

shows the dependence of source–drain current (Ids) on source–drain voltage (Vds) curves at

a gate bias of 0 V. The linear behavior of the plot reveals that there is no energy barrier

interrupting the flow of charge carriers, suggesting good ohmic contacts. The InSb NW

resistivity estimated to be of the order of 10−3 Ω.cm corresponds to an upper bound of NW

resistance due to the 2-probe measurement where the contact resistance is assumed to be

small due to the ohmic nature of the contacts.

The dependence of the gate bias (Vgs) on (Ids) at a fixed Vds = 2V is shown in

Fig. 4.6(b). Inset shows the device schematic. Ids decreases as the gate bias increases from

-10 V to +10 V, demonstrating a p-type channel in the FET device. The gate control was

not very effective and conduction could not be completely turned off by the gate bias. The

minimal value of current occurs at Vgs ' 4.0 V. However, this value of voltage does not

correspond to complete depletion of the NW. Thus, for this back-gated InSb NW FET, it

was not possible to estimate an accurate threshold voltage. Assuming a threshold voltage

of about 4.0 V, the equilibrium hole concentration p0 was found using the equation [129]:

p0 = C|VT |/(eπR2L) with the gate capacitance C given by the equation [57, 130]:

C =
2πε0εeffL

cosh−1
(
tox+R%

R

) . (4.3)

% Here εeff ≈ 3.9 is the effective dielectric constant for SiO2 dielectric of thickness tox ≈

300 nm, R = 40 nm is the NW radius, and L = 6.5 µm is the distance between the source

and drain contacts. The carrier concentration in the InSb NW at room temperature is

estimated to be of the order of 1017cm−3. From the linear part of the Ids vs Vgs dependence

shown in Fig. 4.6(b) the field effect mobility [131, 132] µFE = L2

CVds

dIds
dVgs

was found to be ≈

1000 cm2V−1s−1. This value is higher than the value reported for C- doped InSb NWs (140

cm2V−1s−1) [133], and for bulk InSb [134]. However, the hole mobility values are comparable

to those reported for InSb films with excess Sb [135, 136]. The observed p-type conduction in

the NWs is attributed to the higher concentration of Sb in the NW. High concentrations of
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anions in compound semiconductors typically results in acceptor levels within the band gap

and raises the possibility of the material showing p-type behavior. This has been reported

for thin films of InSb grown with excess Sb [136] that exhibited p-type conduction. Undoped

InSb films and NWs that are prepared by various techniques typically show n-type conduction

due to higher concentrations of In and so the technique described above might be a versatile

method to grow p-type InSb NWs without the addition of intentional impurities like copper

or carbon. The excess Sb in the InSb nanowires that results in p-type conduction is most

likely a consequence of the thermodynamics of the Au–In–Sb ternary system. The annealing

of the Au nanoparticles on the InSb film at 400◦C likely resulted in the formation of Au–In

alloyed droplets with very low Sb content. During the InSb NW growth at 500◦C the high

vapor pressure of Sb from the InSb source, results in an Sb–rich phase of InSb as predicted

by the AuIn–Sb phase diagram [137, 138].
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Figure 4.6. Transport measurements made on InSb NWs contacted by metal

electrodes. (a) Variation in Ids with Vds; the linear nature attesting to the

ohmic nature of the source and drain contacts. Inset shows a single NW

contacted by the Cr/Au contacts. (b) Output transfer characteristics (Ids

- Vgs) of the 3-terminal device at Vds = 2V. Inset shows the FET device

schematic [116].
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4.5. Conclusion

A relatively simple technique is presented for the synthesis of p-type InSb NWs grown

on high-quality InSb films. The success of this technique will allow for large area growth

capability on any chosen substrate. AFM measurements on the film showed that it has a

roughness of about 100 nm. The structural and optical properties of the InSb film showed

good quality film with the refractive index having a peak value of 3.7 at 1.8 eV. This is

slightly lower than the values reported for intrinsic InSb, but is still significantly high for its

use as a reflector. The extinction coefficient of the InSb film is estimated to be about 3.3 at

about 4.1 eV, which indicates that the film is absorbing well in this energy range. The energy

band gap of the InSb film estimated from the reflectance and absorbance data corresponds

to a band gap of ≈ 0.2 eV. The InSb NWs grown on the film by VLS technique showed the

NWs were rich in Sb and exhibited p-type behavior. Measurements on individual InSb NWs

showed that they are p-type with a hole concentration of ' 1.3× 1017cm−3 and mobility '

1000 cm2V−1s−1. These are promising values enabling development of p-type InSb NWs for

their use in various device architectures.
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CHAPTER 5

TEMPLATE ASSISTED SYNTHESIS OF INDIUM ANTIMONIDE NANOWIRES AND

FORMATION OF METAL NANOWIRE-NANOCOMPOSITES

5.1. Overview

Indium antimonide NWs can also be grown by using a solution based synthesis route.

The solution method includes a number of approaches, one of which is electrochemical de-

position (ECD) inside template pores. The template electrodeposition technique can be

applied using either direct, alternating, or pulse current. It is a simple, cheap, flexible, and

controllable technique for NW growth.The templates must be electrically conductive. So, a

metal film typically coats the back side of the membranes [139]. Two of the commonly used

templates for NW synthesis are nanoporous anodic alumina oxide (AAO) template and ion

track-etched polycarbonate membranes. These templates are commercially available and the

manufactureres have a range of template thickness and pore sizes.

The synthesis of InSb NWs were carried out in commercially available polycarbonate

template. The nucleation and growth by electrochemical deposition depends on several

parameters such as electrode potential, electrolyte concentration, pH, and temperature [139].

The growth of InSb NWs were done by a direct current (DC), potentiostatic electrodeposition

technique. The experimental setup uses a three-electrode cell, where the potential is kept

constant at -1.5 V respect to a reference electrode. The growth of InSb NW is controlled

by diffusion and convection process which occurs by three successive stages. In this chapter,

the growth of InSb NWs by electrochemical deposition technique will be discussed.

5.2. The Electrochemical Deposition (ECD)

ECD is a process in which In and Sb ions diffuse into the pores of a template. The

process is driven by applying an external electrical field which cause the positive ions to be

deposited on the cathode electrode surface. ECD is employed by using templates that are

characterized by having straight cylinder-shaped pores [140]. Template based methods are

used to produce different nanostructures such as NWs, nanorods and nanotubes [141]. The
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pore densities of AAO templates can be as high 1011 pores/cm2, and for the polycarbonate

templates about 109 pores/cm2 [141]. Fig. 5.1 shows an SEM image of a commercial (a)

polycarbonate membrane and (b) AAO templates. The AAO template pores are fabricated

by using an aluminum sheet that is oxidized in acidic solution such as sulfuric, phospho-

ric, or oxalic, producing pores which are uniform in length and diameters [140, 141]. The

polycarbonate membranes are fabricated using polycarbonate sheets. To fabricate the ion

track-etched membranes, the polycarbonate sheets are subjected to two processes:(i) irra-

diation of the polymer to create several tracks by heavy charged particles, (ii) chemical

etching in an appropriate reagent to form cylindrical pores [139]. Comparing both types

of templates, it was found that the polycarbonate membranes are much easier to deal with

in contrast to AAO templates. This is because pores in the polycarbonate membranes are

cylindrical and have uniform diameters. On the other hand, the AAO pores are not uniform.

Many have conical shapes and also the interior of the pores are rough. This means that

NWs grown in polycarbonate have uniform diameters along the entire NW length. On the

other hand, NWs grown in AAO pores have relatively rough surfaces. The major advan-

tage of using AAO templates are its inflexibility and resistance to high temperature [141].

This means that NWs grown in AAO pores can be subjected to further heat treatments to

improve crystalline quality. They can also be used as part of a device, offering mechanical

stability and providing electrical insulation, in applications where the entire NW array is

to be used as a device. The growth of InSb NWs by electrochemical deposition in AAO

membranes has been reported extensively [38, 91, 142]. However, the growth of InSb NWs

by the polycarbonate membrane is limited.

5.3. Experimental Procedure

5.3.1. Synthesis InSb NWs

Commercial polycarbonate membrane with pore diameters ∼ 100 nm and thickness of

20 µm was used to grow the InSb NWs. The synthesis of InSb NWs was carried out in elec-

trochemical cell that consists of three electrodes. A working electrode was formed by thermal

evaporation of thin layer of gold on the back side of the polycarbonate membrane. A plat-
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(a)                                           (b)

Figure 5.1. An SEM image of a commercial (a) polycarbonate membrane

and (b) AAO templates.

inum (Pt) served as a counter electrode and Ag/AgCl as reference electrode. The electrolyte

solution was 0.15 M InCl3 (indium(III) chloride), 0.1 M SbCl3 (antimony(III) chloride), 0.36

M C6H8O7H2O (citric acid monohydrate), and C6H5Na3O7 (sodium citrate), and the growth

process was carried out using a Princeton potentiostat (potentiostat/galvanostat 263A) at

room temperature with pH ∼ 2 [115]. A schematic of the experimental set up is show in

Fig. 5.2 [143].

After the electrodeposition process, the sample was cleaned in DI water and the over

grown InSb film, which formed as a crust layer, was removed from the surface by mechanical

polishing. In order to characterize the NWs, the polycarbonate template was immersed in

dichloromethane for several minutes, and then rinsed several times in fresh dichloromethane,

chloroform, and finally washed with ethanol. A schematic of the procedure of synthesis of

InSb NWs that involves in several steps as shown in Fig. 5.3.

5.3.2. Growth Mechanism

InSb NW growth by electrochemical deposition is dictated by the movement of In

and Sb ions in the electrolyte. This movement can occur by three different mechanisms:

diffusion, convection, and migration. The migration process that causes In and Sb ions to

migrate to the pores in the template is not very significant and so is typically not considered

in this type of NW growth.
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(1)           (2)             (3)

A	

V

Electrolyte

Counter electrode
Pt (Anode)

Reference electrode
Ag/AgCl (KCl)

Working electrode 
(Cathode)

Figure 5.2. A schematic of experimental set up where the growth was em-

ployed in a three-electrode cell. (1), (2), and (3), represent reference electrode,

secondary electrode, and working electrode respectively [143].

b. Filing the pore of InSb 
NWs 

c. Growing cap on the top of 
the membrane 

a. Deposition of Au film 

d. Removing the cap from the 
top of the membrane 

e. Removing the Au layer f. Dissolution the membrane

Figure 5.3. A schematic of growth InSb NWs process in polycarbonate mem-

brane.

The convection process is caused by In and Sb ions moving in the electrolyte, and

is totally dependent on the cell design. In cells, where the cathode and anode are placed
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adjacent to each other, the contribution from convection can be ignore. However, in cases

where the two electrodes are stacked vertically, convection currents causing movement of

ions towards the template pores play an important role. The most important of the three

mechanisms is the diffusion process, which arises due to concentration gradients that builds

up between the electrolyte in the body of the cell and in the pore of the template. As can be

seen in Fig. 5.2, the schematic of experimental set up shows the counter electrode is placed

over the cathode ( working electrode) during the experiments [25].
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Figure 5.4. Current versus time plot with a schematic of growth stages dur-

ing electrodeposition InSb NWs. The inset is adapted from [25].

The entire growth process can be explained on the basis of the dependence of depo-

sition current on deposition time. Initially, a metal (Au) was evaporated on the back of the

polycarbonate membrane, which then functions as the working electrode. It was mounted

in an electrochemical cell and electrodeposition was carried out at a constant potential of

-1.5V. During the electrochemical deposition, the deposition current was recorded as func-

tion of deposition time. Fig. 5.4 displays the current-time curve with illustrations of the
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corresponding growth stages. In the first stage of growth, In and Sb ions are transported

to the pores as a result of linear diffusion that is passing in one dimension inside the pores.

During this stage, a sharp drop in current is noted, which indicates the diffusion of ions in

to the bottom of the pores. This stage is corresponding to stage (i) in Fig. 5.4. The inset

shows a schematic of the linear diffusion inside the pore. As the growth process continues,

the linear diffusion front that reach the pore mouth opens up into a hemispherical diffusion

front, corresponding to the stage (ii) of the plot Fig. 5.4. The inset displays the linear dif-

fusion and hemispherical diffusion process. During this stage, the electrodeposition current

increases gradually which implies a continuous diffusion of ions to the growing NW. During

stage(iii) of the growth process it is expected that the NWs have completely filled the pores

and as the NW tips with their caps join together, it results in a rough film on the surface of

the template. This causes the current to saturate. The inset of stage (iii) (Fig. 5.4) shows

the linear diffusion inside and planar diffusion outside of the pores [25, 139, 143, 144].

5.4. Characterization of InSb NWs

The structure and morphology of InSb NWs were performed using scanning electron

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

Also, the NWs are characterized by Raman spectroscopy using a Nicolet Almega XRRaman

spectrometer with a 523-nm green laser, and high resolution X-ray diffraction (XRD) (the

Rigaku Ultima III). The electrical properties of InSb NWs were studied using transport

measurement including two and three terminals. By using photolithography process, two

metal contacts (Au/Ge) are established at the end of the NW. The InSb NWs were deposited

on a highly doped p+ Si substrate covered with a 200 nm thick SiO2 layer. Transport

measurements were made using a semiconductor parametric analyzer (Agilent Technologies

B1500A).

5.4.1. Structural Characterization

After removing the NWs from the polycarbonate membrane, they tend to clump

together forming a bundle of NWs. Fig. 5.5 (a) shows an SEM image of bundles of InSb
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NWs that were released from polycarbonate membrane. The NWs are parallel to each other

and the length is ∼ 20 µm. Fig. 5.5 (b) displays a EDX spectrum of InSb NWs showing the

composition with an In:Sb of 60:40.
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Figure 5.5. Structure and composition of InSb NWs. (a) An SEM image

shows bundles of InSb NWs with smooth surface and length of ∼20 µm.(b)

EDX spectrum of InSb NWs showing the composition with an In:Sb of 60:40.

(a)                                                                       (b)

Figure 5.6. An SEM image of InSb NW array with different diameters. (a)

displays an SEM image of InSb NWs having thickness of ∼ 160 nm. (b)

represents an SEM image of InSb NWs having thickness of∼ 120 nm.
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The surface of the NW is smooth, and the diameter of InSb NWs were found to be

larger than the pore diameter of polycarbonate membrane template with average of 150 nm as

shown in Fig. 5.5 (a). Some NWs have diameter of∼ 160 nm as shown in Fig. 5.6 (a), whereas

others have ∼ 120 nm as seen in Fig. 5.6 (b). It is observed that the diameter of the NWs

are larger than the pore diameter listed by the membrane manufacturer. This effect in which

NWs have slightly larger diameter has been observed by other groups [145, 146, 147, 148],

and it is generally attributed to fabrication and etching process [145] of the membrane.

5.4.2. Optical Characterization

The crystal structure of InSb NWs was characterized using X-ray diffraction. Fig. 5.7

shows the X-ray diffraction pattern of as grown InSb NWs in polycarbonate template.
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Figure 5.7. XRD pattern of InSb NW array in polycarbonate membrane

showing the lattice planes that are corresponding to InSb crystal.

The diffraction peaks were observed at 2θ with value of 23.7◦ , 39.34◦ , 46.36◦ , 56.76◦,

and 62.48◦ were indexed to the zinc blended phase of InSb crystal corresponding to lattice

planes (111), (220), (311),(400), and (331). It can be seen (Fig. 5.7) the diffraction peak
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at 2θ :23.7◦ is stronger than other peaks, showing the InSb NWs were grown preferentially

along (111) crystal direction. The averaged lattice constant was found to be ∼ 6.48 Å.

Similar results have been reported for InSb NWs grown by electrochemical deposition [38, 23].

Additional peak was observed at 32.92◦ and it may be seen as an impurity phase in InSb

[91]. This peak could be assigned to (101) peak of In or (321) peak of In2O3 [91].
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Figure 5.8. Raman spectrum were obtained from InSb NWs at room tem-

perature. The characteristic TO and LO peaks are associated with pure InSb

crystal. The additional peak of 119 cm−1 is assigned to defects in the NWs.

To ascertain the crystallinity of InSb NWs, these NWs were studied by the Raman

spectroscopy. Fig. 5.8 shows the Raman spectra of InSb NW was obtained at room temper-

ature. It shows distinct peaks associated with pure InSb. The TO and LO phonon modes

at ∼ 176 cm−1 and at 182 cm−1 respectively. The additional peak at 119 cm−1 is attributed

to 2TA phonon mode. This peak was shifted by 1 cm from that has been reported [45] for

crystalline InSb and assigned to 2TA phonon mode. The most likely this peak is related to

defects in the NWs.
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5.4.3. Electrical Characterization

To determine the resistivity, two-terminal measurements were performed on InSb

NWs. A single InSb NW was contacted by two metal electrodes that was patterned by

photolithography. Fig. 5.9 (a) shows the dependence of (Ids) on (Vds) curves at a gate bias

of 0 V; measurement was done at room temperature. The inset shows an SEM image of the

device where a single 160 nm InSb NW thick was contacted to two electrodes. The InSb NW

resistivity estimated to be 6 Ω.cm. To determine the carrier concentration, three-terminal

measurements were measured at room temperature. The dependence of the gate bias (Vgs)

on (Ids) at a fixed Vds = 1V is shown in Fig. 5.9(b).
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Figure 5.9. Electron transport measurements on a single InSb NW. (a) The

dependence of (Ids) on (Vds) curves at a gate bias of 0 V. Inset shows an SEM

image of single InSb NW was contacted with two metal electrodes. (b) The

dependence of the gate bias (Vgs) on (Ids) at a fixed Vds = 1V. The current

increases with increasing the gate voltage showing n-type in FET device of

InSb NW.

Ids increased as the gate bias increases from -10 V to 0 V, showing the device is an

n-type FET device. The weak gating is attributed to high electron concentration, which

results in increased scattering and low mobility. The increased scattering is a consequence
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of a high density of intrinsic defects in the NWs. These intrinsic defects could be Sb or

In vacancies or antisites. At V= -10 V the NW is not completely depleted. Assuming a

threshold voltage of about -15 V, the electron concentration was estimated to be ∼ 5 X 1017

cm−3 which is about an order of magnitude higher than the intrinsic carrier concentration,

but it is comparable to InSb NWs grown electrochemically [23].

5.5. Metal Nanocomposites

Hybrid nanostructures or nanocomposites, which are comprised of metal nanoparticles

decorating semiconducting NWs, have modified electrical, chemical, and optical properties.

These structures have large applications such as in gas sensors, and photoelectrical devices.

To fabricate a device, the integration of metal nanoparticles on the NW surface should be op-

timized, such that the nanoparticles have less aggregation and are more uniformly distributed

on NW surface. It is also important to maintain good adhesion between nanoparticles and

NW, since they have dissimilar surfaces. The process of fabricating a nanocomposite is chal-

lenging because if the meal adhesion step is not optimized, it becomes difficult to control

the morphology of the structure [149]. There are a number of methods that can be used to

fabricate hybrid nanostructures one of which is drop-casting of metal nanoparticles on NWs

surface directly. In this method, the NW are deposited on a Si substrate and it is covered

by a few droplets of a metal-colloidal solution.This is followed by heating, at which stage

the solvent is evaporated leaving the surface of the NW covered with metal nanoparticles.

The advantage of this technique is its simplicity. The major disadvantages are the random

distribution of nanoparticles and less coverage by metal nanoparticles [61]. This method has

been reported [150, 151] for Ag NWs and Si NWs respectively. In this chapter, the work

done on the fabrication of Au and Ag nanoparticles on InSb NWs surface by a drop-casting

method is presented.

To fabricate the nanocomposite, the as-grown InSb NWs were first dispersed on Si

substrates. The NWs were then etched with dil HCl followed by treatment with colloidal

solutions containing either Au and Ag nanoparticles. After drop casting, Au or Ag colloidal

nanoparticles on NWs surface, the sample was heated at 100 ◦C to ensure good adherence of
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the metal nanoparticle with the NW. The size of nanoparticles and density are controlled by

varying the solution concentration. For Au colloidal nanoparticles that has size of 20 nm from

(Ted Pella), the parent solution was diluted in alcohol with ratio of (1:10). For Ag colloidal

nanoparticles, the InSb NWs were immersed in a solution of 1 mM (silver nitrate, 99.9%

Alfa Aesar) AgNO3 after removing the native oxide layer by using diluted Hydrochloric acid

(HCl), for removal of the oxide layer from the NW surface. Then the InSb NWs were soaked

in the reaction solution for specific time where the density of Ag nanoparticles coating the

InSb NWs was controlled by the solution concentration and reaction time.

5.5.1. Characterization of Metal–decorated InSb NWs

The morphological characterization of InSb NWs was carried out by SEM (Hitachi

SU 1510) and X-ray EDX spectroscopy. The SEM micrographs represented in Fig. 5.10 (a)

show the morphology of Au– decorated array of InSb NWs. Fig. 5.10 (b) Shows an SEM

image of enlarged area of InSb NWs coated with Au nanoparticles. It can be seen the surface

of InSb NW array were coated uniformly with highly coverage density of Au nanoparticles

along the NW length.

(a)                                                    (b)

500 nm

Figure 5.10. (a) An SEM image of Au– decorated array of InSb NWs. (b)

shows an SEM image of enlarged area of InSb NWs coated with Au nanopar-

ticles.

The EDX spectra as displayed in Fig. 5.11 shows the composition of InSb NWs coated
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with Au nanoparticles. It shows the Au, In, Sb contents having composition of (21.3 :50

:28.6. wt%), respectively which confirms the existence of Au nanoparticles on InSb NW

surface.
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Figure 5.11. EDX spectrum of InSb NWs showing the composition with an

Au:In:Sb of (21.3 :50 :28.6. wt%)

It can be seen in Fig. 5.12 the Ag nanoparticles were deposited on InSb NWs surface.

Fig. 5.12 (a) shows the immersed InSb NWs in 1 mM of AgNO3 for 30 s leads to form

high distribution of Ag nanoparticles along the NW length. As the time was increased for 5

min, for the same concentration of Ag soultion, it was found that the Ag nanoparticles were

aggregated on InSb NWs surface forming larger clusters along the NW surface. To optimize

the experimental parameters like nanoparticle solution concentration and deposition time,

the AgNO3 was diluted to 0.2 mM, and the InSb NWs were dipped in 0.2 mM of AgNO3

solution for 45 s. Under these conditions, it was found that the Ag nanoparticles were

distributed uniformly along the InSb NW surface as shown in Fig. 5.13 (a). The inset

shows the enlarged area of the NW length. The EDX spectrum confirms the presence of Ag

nanoparticles on surface of InSb NW.
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(a)                                             (b) 

Figure 5.12. An SEM image of Ag– decorated array of InSb NWs. (a)

shows an SEM image of a bundle of Ag–InSb NWs when the InSb NWs were

immersed in 1 mM of Ag nanoparticle solution for 30 s. (b) shows an SEM

image of a bundle of Ag–InSb NWs when the InSb NWs were immersed in 1

mM of Ag nanoparticle solution for 5 min.
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Figure 5.13. An SEM image of a single InSb NW decorated with Ag

nanoparticles. The inset shows the enlarged area of NW length. (b)The EDX

spectra of InSb NWs coated with Ag nanoparticles shows the Ag, In, and Sb

contents.
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5.6. Conclusion

InSb NWs were synthesized by direct current deposition at voltage of -1.5 V inside

the pores of the polycarbonate membrane template. The InSb NWs were found to have

an average diameter of ∼ 150 nm and length of 20µm. SEM images shows the InSb NWs

have a smooth surface with diameter larger than the pores in the polycarbonate membrane.

EDX spectrum shows that these NWs are rich in In, and is attributed to the high pH of

the electrolyte. In an earlier work [25], it has been shown that a low pH of the electrolyte

results in synthesis of Sb–rich InSb NWs. The growth direction of InSb NWs as revealed by

x-ray diffraction pattern was found to be along (111). Following NW synthesis, this work

also shows the possibility of fabricating metal-semiconductor nanocomposites. The adhesion

of these nanoparticles on the surface of these NWs and the resulting morphology of the

nanocomposite was found to vary depending on the AgNO3 concentration and deposition

time.
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CHAPTER 6

ELECTRON TRANSPORT MECHANISM IN INDIUM ANTIMONIDE NANOWIRES

6.1. Overview

To study the electrical properties of semiconductors, it is essential to study their

current–voltage behavior as well as the temperature dependence of its conductivity(σ). From

Ohm’s Law, the conductivity of NW is given:

σ =
L

RA
(6.1)

where L, R, and A are the NW length, resistance and cross-sectional area of the NW respec-

tively. Electrical conductivity is determined by two factors: free carrier concentration (n, p)

and their mobility (µ).

6.2. Dependence of Conductivity on Temperature

In a semiconductor, mobility and carrier concentration depend on temperature, which

in turn implies that conductivity is a a function of temperature which is expressed by the

equation:

σ = q[µn(T )n(T ) + µp(T )p(T )] (6.2)

the first term in equation (6.2 ) is mobility. Mobility (µ) of electrons and holes is influenced

by scattering mechanisms : lattice scattering and impurity scattering. Vibrations of the

lattice cause the mobility to decrease with increasing temperature with a T−3/2 temperature

dependence. The second factor that influences mobility is the presence of ionized impurities.

This effect is dominant at low temperatures, where the slowly moving carriers have time to

interact with impurities. This causes the mobility to decrease as the temperature decreases

with a T+3/2 temperature dependence. So, impurity scattering and its effect on carrier

mobility is only seen at low temperatures. The total mobility is the sum of the mobilities

due to lattice scattering and impurity scattering. The dependence of mobility on temperature

is shown in the Fig. 6.1.
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Figure 6.1. The dependence of mobility on temperature showing the effect

of lattice and impurity scattering on overall carrier mobility.

The second term in equation (6.2) is carrier concentration, which is also temperature-

dependent. The intrinsic carrier concentration is expressed by the equation:

ni(T ) = noexp
−Eg
2kT

(6.3)

In this equation, the intrinsic carrier concentration increases exponentially with temperature.

The carrier concentration can also be determined by donors or acceptors added as dopants

- extrinsic doping. The dependence of carrier concentration on temperature is shown in the

plot Fig. 6.2.

As seen in equation (6.2), conductivity (σ) depends on mobility (µ) and carrier concentration

(n, p), both of which are temperature-dependent. At very low temperatures (below 200K),

impurity scattering is possibly the dominant scattering mechanism. At such low tempera-

tures, the carrier concentration is determined by extrinsic doping. This implies that in this

low temperature range, conductivity would be seen to increase with temperature as T+3/2.

However, the dependence of conductivity on temperature is far more complex and depends

on the material, doping, and temperature regime.
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Figure 6.2. A plot showing the dependence of carrier concentration on tem-

perature. There is an exponential dependence of intrinsic carrier concentration

on temperature; there are also carriers introduced as dopants in extrinsic semi-

conductors.

For example, at high temperatures (above 400K) the carrier concentration is intrinsic

(given by equation 6.3) and mobility is dominated by lattice scattering.

In the case of disordered materials (amorphous or crystalline with high defect density),

electrons are localized in states close to the Fermi level. However, these electrons can hop

from one localized site to another when they receive either thermal energy (from a phonon)

or electrical energy (from an external electrical field).

6.3. Mechanisms Contributing to Conductivity Dependence on Temperature

The dependence of conductivity on temperature can therefore follow two possible

mechanisms:

6.3.1. Thermal Activation of Excited Charge Carriers

As the temperature is increased, the charge carriers are accelerated under external

electric field. For crystalline semiconductors, the electrical conductivity of charge carriers is
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given [152]:

σ = σoexp(−Ea/kBT ) (6.4)

where Ea, σo, kB are the activation energy, pre-exponential factor, and the Boltzmann con-

stant respectively. The activation energy is equal to Eg/2. The dependence of electrical

conductivity ( σ) on temperature (T) gives the Arrhenius plot, from which the activation

energy can be estimated.

6.3.2. Hopping Transport

In this mechanism, the charge carriers move between localized states with aid of

phonons [111]. Electrical conduction is characterized by hopping transport which can be

divided to different mechanisms: (a) nearest–neighbor– hopping (NNH); and (b) variable–

range–hopping (VRH) [111, 106]

6.3.2.1. Nearest–Neighbor– Hopping (NNH) Based Conduction

In nearest–neighbor– hopping (NNH) conduction, the charge carriers hop to nearest

neighbor by either absorbing or emitting phonons [106]. Fig. 6.3 shows the schematic of

hopping transport mechanism [111].

kBT

Figure 6.3. Schematic of hopping mechanism. It shows the carriers hop to

the nearest site [111].

The electrical conductivity can be expressed by [111]:

σ =
1

6
g(E)νphe

2r2exp[
−2r

ζ
− Eo
kBT

] (6.5)

where g(E), νph ,r, kB, ζ, and Eo are the density of states, phonon frequency, the nearest

neighbor distance, Boltzmann’s constant, localized length, and the energy separation between
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two localized states respectively. From this equation (6.5), in the high temperature region,

the term exp (−Eo/kBT) is only considered because r is constant and the equation for

conductivity can be written as :

σ = σ′exp(−Eo/kBT ) (6.6)

where σ′ = 1
6

g(E)νphe
2 r2. So, in the NNH conduction regime σ has an exponential 1/T

dependence. This mechanism is mostly observed in the high temperature regime.

6.3.2.2. Variable–Range–Hopping (VRH) Based Conduction

This mechanism is prevalent in amorphous semiconductors and occurs mostly in the

low temperature regime. Hopping conduction was initially discovered by Mott, and he called

it the variable-range-hopping (VRH).The main difference between NNH and VRH is that

NNH is valid at high temperature, where kBT >> trap energy. In this case, carriers can use

phonons to hop to NN hopping sites. Such hopping is not permissible at low temperatures

and so carriers may hop to long range hopping sites. Charge carriers that are located in tail

states hop to the most probable site [106]. Fig. 6.4 shows the schematic of variable–range–

hopping (VRH) mechanism at low temperature [111].

kBT

Figure 6.4. Schematic of variable–range–hopping (VRH)[111].

The electrical conductivity in the case of Mott VRH is expressed by the equation[111]:

σ = σoexp[(−Tm/T )
1
4 ] (6.7)
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where equation (6.7) is called the Mott-VRH. The electrical conductivity in this case varies

term as exp[(−Tm/T )
1
4 ].

It was suggested by Efros and Shklovskii [153] that due to the Coulomb interaction

between the charged sites, and the vanishing of the density of states at the Fermi level, the

electrical conductivity can be written as:

σ = σoexp[(−TES/T )
1
2 ] (6.8)

This equation is called Efros and Shklovskii (ES) VRH rule. So,for VRH, there exists a

certain critical temperature Tc above which the Coulomb interaction between the charged

states can be neglected and electrical conductivity obeys Motts law (T−1/4) dependence. On

the other hand, below Tc the Efros-Shklovskiis rule with (T−1/2) dependence holds.

In general, for VRH transport, the conductivity equation can be expressed as [111]:

σ = σoexp[(−To/T )m] (6.9)

where σo, To are pre-exponential factor, and characteristic temperature. The value of ex-

ponent m will determine the type of conduction and mechanism. When m is equal to 1,

nearest–neighbor– hopping (NNH) conduction will be applied. However, when m is 1>m>0,

the variable–range–hopping will be applied.

6.4. Temperature Dependence of Conductivity for InSb NWs

The temperature dependence of electrical conductivity was studied for InSb NWs.

These NWs that were grown in the CVD system, were dispersed on p+ Si substrate covered

with a 200 nm thick oxide layer. This was followed by patterning metal contacts at the

two ends of the NW, followed by metallization. The metal contacts to the NW was In/Au.

Following device fabrication, the sample was mounted in a Janis temperature controlled

cryostat, connected to a Lakeshore 330 temperature controller. The sample temperature

was varied from 77 K to 375 K and current- voltage measurements were recorded at each

temperature.
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6.4.1. Current-Voltage Behavior

The linear nature of the I-V plot shown in Fig. 6.5 implies that the In/Au contacts

are ohmic and the InSb NWs are not completely amorphous, though they do not have high

crystalline quality (as determined by Raman spectroscopy). The resistivity of these NWs as

determined from the slope of the I-V plot gives a value of 4 x 10−2 Ω.cm.
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Figure 6.5. Current-Voltage characteristics of a single InSb NW contacted

by In–Au eletrodes.

6.4.2. Temperature Dependent Conductivity

From the I-V plots obtained and shown in the previous section, the dependence of

conductivity on temperature was determined and as can be seen in the plot of Fig. 6.6,

the NW conductivity increases with temperature, but it is not an exponential increase. So,

one cannot attribute this to an intrinsic conduction mechanism. What is experimentally
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observed through thes measurements is a temperature-dependent conductivity, which needs

to be analyzed in the low and high temperature regimes to draw conclusions about thermally

activated conduction mechanisms.

5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0 4 0 01 x 1 0 3

2 x 1 0 3

2 x 1 0 3

3 x 1 0 3

3 x 1 0 3

4 x 1 0 3

4 x 1 0 3

5 x 1 0 3

s (
oh

m-
m)

-1

T  ( K )
Figure 6.6. Conductivity of a single InSb NWas a function of temperature.

This relatively weak dependence was analyzed to determine the conductivity mecha-

nism that contributes to electron transport in the NW. As explained in the previous section

that discusses the various mechanisms that contribute towards electrical conductivity, the

analysis requires analysis of a plot of the log(conductivity) versus T
−1
4 , T

−1
2 and T−1 to

determine whether variable range hopping [(VRH) mechanisms which includes: Mott-VRH

and Efros and/or Shklovskii (ES) VRH] or a thermally activated mechanism are responsible

for the electron transport in various temperature regimes.
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6.4.2.1. Low-Temperature Regime

In the low-temperature regime, corresponding to temperatures in the range from 77

K – 250 K, ln(σ) vs T
−1
4 , T

−1
2 were fit to Mott and ES conduction mechanisms (Fig. 6.7.

As seen, the dependence of lnσ on T
−1
4 provides a better linear fit. This is evident by

comparing the R- squared value, which is a measure of the ’statistical correctness of the

fit’. As shown in Fig. 6.7(b), for the lnσ vs T
−1
4 fit, R2 has a value of 99.63%, while for

lnσ vs T
−1
2 fit (Fig. 6.7(c)), R2 has a value of 98.56%. This higher value of R2 indicates

better accuracy of the experimental data with the T
−1
4 dependence. So, it is concluded that

in the low temperature regime (77 K – 250 K), conduction takes place through a thermally

activated hopping mechanism as indicated by Mott. In this case, it is expected that in this

low temperature regime, carriers hop between localized defect states in the material.
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Figure 6.7. (a) shows a plot of the dependence of the conductivity on T
−1
4 .

(b) shows the enlarged graph at low temperature and shows Mott–VRH con-

duction. (c) shows the enlarged graph at low temperature for T
−1
2 dependent,

and it displays ES-VRH conduction.
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6.4.2.2. High-Temperature Regime

In the high-temperature regime, above 300 K, it is possible that the InSb NW is

annealed and there is also the possibility that there is some degradation of the In–Au contact.

The high-temperature end of the σ vs T plot was investigated to study the dependence of lnσ

on T−1 (Fig. 6.8. Using the VRH conduction model, at these temperature ranges, nearest

neighbor hopping (NNH) conduction mechanism is most favored. In this mechanism, the

charge carriers hop to nearest neighbor sites with assistance of phonons and in this relatively

higher temperature regime, electrical conductivity of the NW has an exponential dependency

on T−1. The sample was not heated to even higher temperatures because of the nature of the

contacts as well as the fact that at high temperatures, there could be stoichiometric changes

in the NW when InSb begins to lose Sb and become more metallic. This would result in a

wrong interpretation of the measurement.
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Figure 6.8. A plot of conductivity as function of T−1. The plot shows NNH

conduction at high temperature regime with R squared value of 0.98757.

Analyzing the temperature-dependent conductivity mechanism in InSb NWs, we con-

clude that at low temperatures, the conduction mechanism satisfies the Mott-VRH mecha-
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nism , while at higher temperatures the electron transport is most likely enabled by NNH.

6.5. Conclusion

In this chapter, the temperature-dependence of electrical conductivity was analyzed to

determine the appropriate conduction mechanism in the low and high temperature range. It

is a known fact that electrical conductivity can be due to thermal activation of excited charge

carriers or due to hopping transport. Hopping transport includes hopping to nearest neighbor

sites (NNH) or variable range hopping (VRH). NNH conduction is typically observed at

higher temperatures compare to VRH conduction. Analyzing the conductivity measurements

of a single InSb NW, it was ascertained that conductivity had a T
−1
4 dependence at low

temperatures, corresponding to Mott VRH, and a T−1 dependence at higher temperatures

corresponding to NNH. The temperature range was restricted and so it was not possible

to determine whether Arrhenius conduction occurred at temperatures above 350 K. It is

proposed that to enable high temperature conductivity measurements, the NW should be

encapsulated in a heat-resistant polymer and the In–Au electrical contacts should be replaced

by Cr–Au contacts.
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CHAPTER 7

CONCLUSION AND OUTLOOK

7.1. Conclusion

The main focus of this thesis was to explore the NW growth kinematics and to

optimize conditions for the synthesis of InSb NWs with different stoichiometric composition

and crystallinity. The InSb NW growth was achieved by antimonidization of indium In

droplets in a CVD system. There are several challenges that need to be addressed during

NW synthesis in a CVD system. One of the major challenges encountered in the growth

of a low-band gap compound semiconductor like InSb is the difference in vapor pressure of

the individual components (In and Sb). Since Sb has a much higher vapor pressure than In,

the possibility of growing metallic In or corresponding oxides is much higher. This thesis

presents a study of the various factors that affects the NW growth thermodynamics.

There are a few important novel contributions of this PhD dissertation work. (1)

One important contribution of this thesis work is the growth of amorphous InSb NWs. To

the best of our knowledge, this is the first time that a–InSb NW growth has been reported.

Post-synthesis, this work also discusses techniques that can be employed to engineer the

optical and electronic properties of the as-grown amorphous NWs.

(2) A second significant contribution is the development of a strategy to ensure growth

of high-crystalline quality InSb NWs by first synthesizing InSb film and subsequently growing

the NWs on these films. This circumvents the often used expensive technique of growing

InSb NWs on expensive InSb crystals.

Chapter 1 is an introduction to the topic and highlights the various strategies that

are used to synthesize and characterize NWs. It also presents an overview and outline of

this thesis.

In chapter 2, the conditions that govern InSb NW growth when growth is achieved

by antimonidization of indium In droplets in the CVD system are examined. We report on

factors that affect the InSb NW morphology and stoichiometry, when growth is catalyzed by
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a low surface energy metal like In. Using thermodynamics and kinematics of NW growth,

theoretical predictions are compared to experimental data. Results detailing the dependence

of morphology and composition of these NWs on temperature and diameter of the alloyed

droplet are analyzed to show the dependence of these parameters on the chemical potential

between vapor, liquid and solid phases. The Gibbs-Thomson (GT) effect is used to explain

lower effective supersaturation and slower nucleation in small sized droplets, resulting in

NWs with diameters below a critical diameter range to be comprised of pure In.

In chapter 3, we present a new strategy to grow amorphous InSb NWs in the CVD

system. It was shown that the temperature ramp-up rate to the NW growth temperature

affects the crystallinity of InSb NWs. A possible growth mechanism to explain the lack of

crystallinity in these NWs is presented, along with results of optical and electronic character-

ization. Current-Voltage trends in these amorphous NWs are analyzed and in the high-field

region was found to obey a power law. These transport measurements reveal a space charge

limited current regime.

Chapter 4 discusses an effective strategy for synthesizing p-type InSb NWs on a

thin film of InSb grown on glass substrate. The InSb films were grown by a chemical

reaction between Sb2S3 and In and were characterized by structural, compositional and

optical studies. SEM and AFM studies reveal that the surface of the substrate is covered

with a polycrystalline InSb film. The optical constants of the InSb film, characterized using

a variable-angle spectroscopic ellipsometer (VASE) shows a maximum value for refractive

index at 3.7 near 1.8 eV, and the extinction coefficient (k) shows a maximum value 3.3

near 4.1 eV. InSb NWs were subsequently grown on the InSb film with Au nanoparticles

functioning as the metal catalyst initiating NW growth. The InSb NWs grown on these films

exhibit good crystallinity and were found to be rich in Sb. High concentrations of anions

in binary semiconductors are known to introduce acceptor levels within the band gap. This

un-intentional doping of the InSb NW resulted in hole-dominated transport in the NWs.

This effect is demonstrated by the fabrication of a p-channel NW field effect transistor. The

hole concentration and field effect mobility are estimated to be ≈ 1.3× 1017cm−3 and 1000
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cm2V−1 s−1respectively.

Chapter 5 presents results of experiments on growth of InSb NWs by direct current

deposition at voltage of -1.5 V inside a polycarbonate membrane. The InSb NWs had an

average diameter of ∼ 150 nm and length of 20µm. SEM images revealed that the InSb NWs

have a smooth surface, and the EDX spectrum showed that these NWs were rich in In. The

InSb NW growth direction as determined by X-ray diffraction spectroscopy is along (111) .

This chapter also presents a technique to synthesize metal-semiconductor nanocomposites,

in which Au and Ag nanoparticles decorate the surface of an InSb NW.

Chapter 6 discusses the temperature -dependence of the electrical conductivity, and it

can be due to thermal activation of excited charge carriers or hopping transport. For hopping

mechanism, the electrical conduction includes :(1) nearest-neighbor-hopping (NNH), and (2)

variable -range-hopping (VRH). Also, it was found that the conductivity measurements of

InSb NW reveal that the conductivity had a dependence of T−1 at high temperature regime

which is following NNH conduction, and a dependence of T
−1
4 at low temperature regime

which is following Mott-VRH conduction.

7.2. Outlook

InSb is a commercially promising semiconductor material with a very low energy band

gap. It has several important electronic, optoelectronic and even spintronic applications.

As a low-dimensional semiconductor, its synthesis is challenging and it has been reported

earlier and also verified during the course of this work that unless the growth parameters

are well controlled, the resulting NWs are either metallic indium or its corresponding oxide.

Mechanisms that govern NW growth include temperature ramp-up rate, carrier gas flow rate

as well as size of the catalyst particles used as the seed to initiate NW growth.

This work opens up several possibilities for future work. These include: (1) Analyz-

ing growth rate dependence on crystallinity to determine the onset of amorphicity. Different

heating rates could be studied along with appropriate characterization techniques. (2) Fabri-

cate devices that can withstand high temperatures so that the electron transport mechanism

in these NWs can be studied over a wider temperature range. (3) Undertake a detailed study
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of the change in properties of nanocomposites as a result of metal adhesion. This work was

outside the scope of this thesis but preliminary work on the effect of metal nanoparticles ad-

hesion on NW surface on the Raman spectrum was done. However, this needs to be studied

in detail.
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APPENDIX A

ERROR DETERMINATION
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The raw data (I-V plot) shows two sources of error: instrumental and intrinsic noise.

To determine error in resistance measurement, we used the I-V plot and made an error

estimate for the plot. In this case, we assumed a fixed 10 % error in current measurement.

This was based on the I-V plot data.
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Figure A.1: Current-Voltage curve of device that is comprising of a single a–InSb NW,

showing error bar.

The NW resistivity is defined by the equation: ρ= RA
L

.

The % error in resistivity is given by the equation :

dρ

ρ
=

√
(
dR

R
)2 + (

dA

A
)2 + (

(dL

L
)2 (A.1)

More about error, precision and propagation of errors:

1. instrument ”reading” error : The Agilent system has an accuracy of 1fA for current.

The SEM has an accuracy of 1 nm for length (based on resolution of microscope and scale

used).
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2. precision of measurement: This assumes the experiment is inherently reproducible.

Not really true for a NW – the current-vs-voltage of NW may not be reproducible because

of hysteresis, change in surface conditions with time etc.

The total error is a combination of 1 and 2. In most cases 1 is much smaller (e.g, 1fA

for a current meter) than 2 and so 1 can be ignored and 2 quoted as the error.

3. Propagation of errors (how to combine errors):

Total error =
√
sumofsquaresofindividualerrors

A.1 Determination of error in resistivity:

Error in current measurement as estimated from I-V plot: 10%, error in diameter

of the NW measurements estimated from SEM :18%, and error in length of the channel

measurements estimated from SEM: 2%. Applying these values in equation A.1. The total

error:

dρ

ρ
=
√

(0.1)2 + (0.18)2 + (0.02)2 (A.2)

The total error of the resistivity was 21%. Therefore, the value of the resistivity with error

was 19 ×102 ± 4 × 102 Ω.cm.
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Z. Algarni, A. Singh, and U. Philipose. ”Role of chemical potential and limitations of

growth kinematics on stoichiometry of Indium antimonide nanowires.” Materials chemistry

and Physics. Materials Chemistry and Physics 219, (2018):196-203.

Z. Algarni, A. Singh, and U. Philipose.”Synthesis of amorphous InSb nanowires and a study

of the effects of laser radiation and thermal annealing on nanowire crystallinity.” Nanoma-
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