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Synopsis

Abstract

This synopsis describes a study of electron transport as well as thermal transport

in quasi-one-dimensional semiconducting nanowires (NWs). The material chosen for

the NW is InAs, a low band-gap semiconductor with high spin-orbit interaction along

with interesting crystal defects. These NWs were grown via catalyst particle assisted

growth technique using metal organic chemical vapor deposition, and parameters were

optimized to get long, nearly taper-free NWs used in these experiments.

InAs NW field effect transistor (FET) devices were fabricated by electron beam

lithography to investigate the electron transport in presence of applied magnetic field.

At 1.5 K we see the quantum mechanical effects of electron interference in presence of

random disorder in the system. A small correction in the conductivity known as weak

localization is seen for the first time in single InAs NWs. Spin-orbit interaction which

can be tuned by an electrostatic gate can play an important role for spintronic device

applications. To enhance the coupling of the gate electrode with the NW a simple

technique is developed to fabricate a wrap-gate device, which shows improved device

performance. Apart from electronic transport another important aspect in mesoscopic

systems which is investigated in this work, is the thermal transport through NW, as

there are few experiments to understand the interesting physics of thermal transport

at nanometer scale where the thermal conductivity reduces sharply due to phonon

scattering. This aspect becomes more interesting as InAs NWs have twin defects

along the NW growth direction. Suppression of phonon contribution to thermal

conductivity reduces it to a value 3 orders of magnitude smaller compared to bulk.

We find a significant electronic contribution to thermal conductivity which can be
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tuned by an electrostatic gate– a realization of an electrical analog of a thermal field

effect transistor. In this dissertation, we have investigated

• Growth and optimization of InAs nanowires

• Single NW device fabrication and electrical characterization

• Low temperature magnetotransport in InAs nanowire devices [1]

• Enhancement of device performance by fabricating wrap-gate devices [2]

• Thermal transport through individual suspended nanowires [3]

An introduction to electrical and thermal transport in NWs will be given in Chapter

1 along with the organization of the thesis. Chapter 2 will be an overview of the

underlying physics and measurement technique used in the thesis. The growth of InAs

NWs as well as the device fabrication will be discussed in chapter 3. Chapter 4 will

describe the experiments of studying magnetotransport of individual InAs nanowires.

Chapter 5 will discuss the fabrication of wrap gate devices together with electrical

characterization. Chapter 6 will describe the thermal transport experiments. In

Chapter 7, we will describe our experiments to observe the signature of the nuclear

spin polarization in InAs NWs.

Introduction

Electron transport experiments in semiconducting nanostructures are an important

and mature area of condensed matter physics, not only to realize new functional

materials but also to understand the underlying physics. The material of interest in

this work is nanowires (NWs) of a III-V compound semiconductor, InAs, synthesized

by a bottom-up approach. The simple growth technique, low band-gap, low effective

mass and high spin-orbit interaction (SOI) have made this material interesting in

studying electron transport in quasi one dimension. In the era of ever reducing sizes of

field effect transistors (FETs) InAs NW FET with high mobility [4, 5], shows promise

for NW based processors [6] and sensors [7, 8]. Also, NWs have been considered
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to be one of the means to realize spintronic devices like the spin-dependent FET

[9], and one of the desirable features of such a device is the tunability of SOI [10].

In one part of this thesis we studied a phenomenon called weak localization (anti-

localization) which is a manifestation of quantum mechanical interference that arises

due to random disorder scattering of electrons (in presence of SOI) in the diffusive

transport regime [11]. For understanding the effect of external electric field on SOI,

the next challenge is to increase the capacitive coupling between the gate and the

NW. A wrap-gate NWFET, that has a coaxial gate electrode around the NW device,

is an ideal device geometry where the gate electrode can control the charge transport

effectively. We developed a generalized method of fabrication that eliminates wet

etching and multiple lithographic steps to avoid damage to the surface of the NWs

which can result in poor mobility.

Apart from electronic transport another important aspect in mesoscopic systems

is the thermal transport. Measurements of thermal transport in nanostructures are

important as they provide a platform to test the existing descriptions of phonons

in confined structures and across complex interfaces [14], and have the potential to

result in technological applications as thermoelectric systems [14, 15, 16]. Different

materials are benchmarked using the thermoelectric figure of merit ZT = S2T
ρκ

, where

S is the Seebeck coefficient, ρ is the electrical resistivity, κ is the thermal conductivity

and T is the absolute temperature. ZT can be increased by appropriate engineering of

nanostructures. One of the ways to increase ZT is by reducing κ without degrading its

electrical conductivity and Seebeck coefficient [17]. As a result, an ideal thermoelectric

material is a glass for phonons and ordered for electronic transport. InAs NWs, have

an aperiodic array of twin defects along its length, which modifies phonon behavior,

without significantly compromising the electrical properties [18]. Such NWs satisfy

the key criteria for a good thermoelectric material – localization of phonons without

localizing electrons.

Growth of InAs nanowires

NWs are grown via the catalyst-mediated vapor-liquid-solid (VLS) mechanism in a

metal organic chemical vapor deposition (MOCVD) system [19, 20]. In this technique
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100 nm2 µm

a b

Figure 1: SEM images of InAs NWs a) Uniform growth of NWs. at 380 oC. b)
Hexagonal symmetry of the NW looking from [111] direction for a zincblende, or
[0001] direction of hexagonal structure

colloidal gold particles dispersed onto a GaAs (111)B substrate serve as catalyst

to seed the growth of nanowires. Gold forms low-temperature eutectic solutions

with most group III metals, and heating the GaAs substrate at 380-400 oC leads

to the formation of tiny droplets of Au/Ga eutectic. This temperature is below

the desorption temperature of the native surface oxide. Hence, when In and As

atoms are supplied by appropriate precursor flow, there is no planar growth, however

the atoms can dissolve in the droplets. Once this reaches supersaturation, InAs

precipitates out at the interface between the droplet and the substrate. As long

as the supply of atoms is maintained, this leads to progressive growth of the InAs

as a whisker or nanowire. The gold colloid remains at the top of the NW. These

NWs have a favorable growth direction along the [111] directions, and hence grow

vertically on a (111) oriented substrate. The exact nature of the growth process

especially for InAs is more complex and not completely understood. The equilibrium

crystal structure of InAs is zincblende, however, in VLS-grown NWs both zincblende

and wurtzite phases are observed. The difference between the zincblende and the

wurtzite structure is that the stacking sequence of zincblende structure in the [111]

direction is ABCABC... whereas the stacking sequence of wurtzite in [0001] direction

is ABAB.... Depending on growth condition these NWs can have twin defects along

the growth direction. Insertion of a twin defect leads to a local reordering of stacking,

resulting in a switching between the two polytypes. The dimensions of these NWs

are a function of the gold colloid size and the growth parameters used. We have seen

that as we increase the growth temperature the NWs become tapered. The optimized
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temperature of growth is around 380 oC to get nearly taper free NWs which were used

in this work. Figure 1a shows an SEM image of nearly taper free NWs grown using

the optimized conditions, Figure 1b shows the top view of SEM image of one of these

wires having a hexagonal cross-section.

Device fabrication

After the growth, NWs are isolated using ultrasonication from the wafer in isopropyl

alcohol (IPA); these NWs are then transferred to another substrate and used for

making devices using electron beam lithography (EBL). Exposure of electron beam,

focused at a very small spot size as small as ∼ 2 − 5 nm, on a spin-coated polymer

(electron beam resist), creates a desired pattern after development of the resist. The

work presented here is carried out on three kinds of device geometries, 1) NW on sub-

strate, 2) suspended NW on substrate, and 3) wrap-gated NW device. On-substrate

devices were fabricated by depositing the wires on a degenerately-doped silicon wafer

with 300 nm of SiO2. The electrodes were then defined by locating the wires relative

to a prepatterned marker using EBL. After developing, the devices were loaded in a

sputtering chamber with an in situ low-power plasma etcher. Good Ohmic contacts

are obtained in two ways, by passivation using ammonium polysulphide solution be-

fore loading it in the sputtering chamber, or by removing the amorphous oxide/resist

residues by in situ plasma etching, before the deposition of Cr and Au without break-

ing vacuum. In InAs, the surface Fermi level is pinned above the conduction band

minimum due to the presence of surface states. This results in a surface accumu-

lation layer of charge, as a result the contact resistance becomes small. Suspended

NW devices are fabricated in a similar way but the only difference is that the NWs

are sandwiched between two layers of polymer resists. After anchoring the wire and

removing the underneath resist results in a suspended NW. Fabrication of wrap-gate

devices involves another extra step in the EBL. Atomic layer deposition (ALD) is

used to conformally deposit HfO2 as the gate dielectric around the wire while the

NW is suspended and supported by the sandwiched parts of the wire.
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Figure 2: Interference between the two time reversed paths give rise to the weak
localization correction to the classical conductivity.

Low temperature electron-transport in InAs NWs

in the presence of magnetic field

Quantum mechanical interference of electrons can be seen in transport experiments

and it was demonstrated very nicely by Webb et al.[21, 22] where they saw Aharonov-

Bohm oscillation. An electron as it travels in a medium, loses phase coherence by

inelastic scattering. The phase coherence length (lϕ) is defined as the path length over

which an electron maintains its phase information. If the dimension of a system (L) is

comparable to lϕ then the system shows fluctuations in conductance with respect to

different external parameters (this can be achieved by applying magnetic field, bias

voltage, gate voltage etc.). If L<lϕ then the amplitude of these fluctuations take the

value ∼ e2

h
, which is independent of L and the disorder in the system; this is called

universal conductance fluctuation [11]. In systems with size L>>lϕ the fluctuation

disappear but one interference contribution still survives and it arises from the time

reversal symmetry. This can be understood from Figure 2, which shows two different

paths (time reversed to each other) electrons can follow to return to a point, as a

result a constructive interference occurs and this is the only interference contribution

that survives upon averaging. This appears as a reduction of the conductance (G)

and is known as weak localization (WL), the contribution disappears in presence of an

externally applied magnetic field, which lifts the time reversal symmetry. This effect

was studied by Hansen et al. in a network of InAs NWs in presence of a magnetic field

(B)[12]. In our experiment we investigate the WL in individual InAs NWs. Figure

3a shows the color-scale variation in conductance with magnetic field at 1.7 K for
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Figure 3: a) Color-scale conductance plot as a function of gate and magnetic field at
1.7 K. The banded color-scale is used to accentuate the contours of constant conduc-
tance. The weak anti-localization is clearly seen at high gate voltages. b) Fits using
∆σ(B) corrections as a function of B to two slices of the data shown in Figure 2a at
Vg = 4.2 V and 8.2 V .
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Figure 4: Phase coherence length lϕ and lso extracted from fits to the data shown in
Figure 3. The diameter and length of the nanowire is 90 nm and 3 µm respectively.

different electron concentrations tuned by the gate voltage (Vg). Figure 3b shows G

vs B at an applied Vg (the electron concentration is low), we see a dip appears at zero

B due to WL. However, Figure 3c shows a opposite trend of G vs B which is a peak at

zero B when the Vg is increased (electron concentration is more at higher value of Vg),

this is a modification of the phenomenon known as weak anti-localization (WAL), in

presence of high spin-orbit interaction (SOI). Electron changes its spin state via SOI,

and a spin-orbit interaction length (lso) is defined, which is the length over which

an electron holds its spin information. The conductance can be fitted based on the

calculation of conductance of a NW of length l and diameter d with the magnetic

field oriented perpendicular to the direction of current flow. The fits for the data are
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Figure 5: Schematic of NWFET with two different geometries (a) cylinder-on-plane
geometry, and (b) wrap-gate geometry. The wrap-gate has higher capacitive coupling
which can be further enhanced by choosing an insulator with high dielectric constant
such as HfO2.

shown in Figure 3b and 3c at two different regimes, namely the WL and WAL, in the

same device. The fitting is based on the correction to conductivity in the presence

of magnetic field B, ∆σ(B) ∝ [3
2
( 1
l2ϕ
+ w2e2B2

3~2 + 4
3l2so

)−1/2 − 1
2
( 1
l2ϕ
+ w2e2B2

3~2 )−1/2], for a

rectangular wire of cross-section w and e being the charge of an electron. Figure 4

shows the evolution of the phase coherence length (lϕ) and spin-orbit length (lso) –

a measure of the spin-orbit interaction within the wire. We observe that there is a

continuous variation as a function of the gate voltage. In our analysis we find that

both lϕ and lso are both tuned by Vg by a factor of two.

Electrons in a material with large atomic number like In in InAs experience high

SOI. From the above experiment we see that the SOI can be tuned by an external

electric field by an electrostatic gate. In spintronic devices it is desirable to tune

the spin current by an electric gate. This is one of the proposed ideas of realizing

spin FET where the SOI induced spin precession would be exploited to tune the spin

polarized current between ferromagnetic source and drain [9].

Enhancement of device performance by fabricating

wrap-gate devices

The NW field effect transistors (NWFETs) that were fabricated for the aforemen-

tioned experiments are in a cylinder on plane geometry where the capacitance between

the gate and the NW is limited by the geometry and the thickness of the dielectric
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Figure 6: Various steps of lithography used for fabricating wrap-gate devices. a)
Sandwiched NW between polymer e-beam resists of different molecular weights. b)
The gate electrode is patterned by e-beam and developed using a standard developer.
c) 10 nm thick HfO2 is conformally coated by ALD. d) The source and drain electrodes
are written and developed leading to the structure where the NW is suspended in
three segments. e) The deposition of the electrodes using chromium and gold by DC
magnetron sputtering leads to fabrication of drain, source and gate electrodes. f) The
last step consists of liftoff in acetone to remove the polymer resist and metal layers.

(see Figure 5a). This capacitive coupling can be increased to get a better control in

electron transport by the gate electrode, which can also be interesting to study the

effect of large electric field on SOI. This is the motivation behind the fabrication of

wrap-gate devices (see Figure 5b). We have developed a simple fabrication process for

lateral wrap-gate NWFET devices with a single step of resist spinning together with

e-beam lithography to define source, drain and gate electrodes without any etching

steps. Atomic layer deposition (ALD) of HfO2 is used to create a conformal wrap-

gate. The lithography steps are briefly discussed in Figure 6. Figure 7a shows a tilted

angle SEM of a NWFET and the schematic of the device together with the circuit

used for measurement (Figure 7b). We demonstrate n-type FET behavior (Figure 7c

and 7d) with the application of wrap-gate voltage (Vg) with a large current on-off

ratio (5× 103). In the depletion region, we show how the activation energy, which is

a measure of the potential barrier in the gated region with respect to the un-gated

parts of the NW, varies with the application of Vg. We characterize the capacitance

of these wrap-gate NWFETs, as well as its subthreshold slope (SS). The temperature

variation (1.5-250 K) of SS (5-54 mV/decade) shows how the performance of these de-
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Figure 7: (a) A tilted SEM image of a device. The scale bar corresponds to 1 µm. The
NW is suspended 200 nm above the SiO2 substrate. (b) Schematic of the wrap-gate
NW device and the circuit used for electrical transport. (c) At room temperature, ISD
as a function of Vg at different applied VSD. (d) Room temperature I-V characteristic
at different applied Vg, shows good saturation characteristics.

vices improve at low temperatures. The estimated mobility (2800-2500 cm2/V s over

temperature range 1.5 to 250 K) is an order of magnitude higher than the recently

reported mobility of a wrap-gate device[13].

Thermal transport through individual nanowires

Thermal transport measurements on semiconducting nanowires (NWs) have attracted

a lot of attention in the last few years. Measurements of thermal transport in nanos-

tructures are important as they provide a platform to test the existing descriptions

of phonons in confined structures and across complex interfaces, and have the poten-

tial to result in technological applications as thermoelectric systems. Thermoelectric

figure of merit can be increased in nanostructures by reducing κ without degrading

its electrical conductivity and Seebeck coefficient.

It is known that phonons are the dominant carrier for heat in semiconductors

and insulators, classically thermal conductivity (κ) is given by 1
3
Cvl where C is the
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specific heat per unit volume, v is the velocity of sound and l is the mean freepath of

phonons. Thermal resistance comes from the limited mean freepath of phonons due

to inelastic process such as Umklaap, disorder and boundary scattering. Ideally at

low temperature, l can become as large as the dimension (L) of a conductor and l is

limited only by the L, so that the temperature variation of κ follows the T3 law just

like C. This reduction of κ in reduced dimension is well studied. In nanostructures,

like single crystal NWs this reduction can be 2-orders of magnitude from the bulk

value [23, 24, 25]. A NW with polytypes and twin defects is further interesting as the

phonons are not only confined in one dimension but also it interact with the interface

of the polytypes and twin defects. The phonon contribution becomes so small that

it can be comparable to the electronic contribution, which can be tuned by a gate

voltage. There are few techniques for the measurement of κ of single NWs, one of

which has been used in this experiment and is discussed below.

3ω technique

This is one of the methods for measuring κ and specific heat of materials in thin film

and wire geometry. The version of 3ω technique we have used[26] relies on fabricating

suspended four-probe devices with the conducting NW serving both as a heater and

a thermometer (see Figure 8a). The injected current is modulated at a frequency ω

much smaller than the intrinsic rate of heat diffusion through the NW (see Figure

8b). This modifies the temperature profile, due to Joule heating along the length of

the NW (see Figure 8c) and it oscillates at frequency 2ω, leading to a modulation in

resistance at 2ω. This resistance modulation is picked up as a voltage V(3ω) in the

four probe configuration at frequency 3ω. The magnitude of V(3ω) can be related to

κ as

V (3ω) =
4(I(ω))3RR′L

π4κA
, (1)

where ω is the angular frequency of the AC current, I(ω) is its amplitude, R and

R′ are the resistance and the derivative of resistance with respect to temperature

respectively, L is the length of the NW between the two middle probes and A, its

cross section. From this equation κ can be estimated. By this technique we can

only measure the κ of the system, but if the modulated frequency is larger than the

intrinsic rate of heat diffusion through the NW, then the V(3ω) signal also contains
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Figure 8: a) A tilted scanning electron microscope image of a device showing source
(S), drain (D) electrodes and voltage probes A and B. The scale bar corresponds
to 1 µm. b) Schematic of the four probe suspended NW device and the circuit
used for measuring electrical signals for both electrical and thermal transport. c) The
temperature profile along the length L of the NW with the red shaded area indicating
the amplitude of oscillations.

information about the specific heat of the system.

In this work we explore the thermal conductivity (κ) of suspended InAs NWFET;

the NWs have high density of aperiodic twins and polytypes perpendicular to their

axis (see Figure 9a). The random nature of defects suppresses κph (the phonon contri-

bution to κ) resulting in reduction of thermal conductivity (see Figure 9b) by 3 orders

of magnitude from bulk (which is ∼300 W/mK at 50 K). Our method also has an

advantage which is to study κ as a function of carrier concentration without introduc-

ing additional impurities. We observe significant change in the thermal conductivity

with the application of gate voltage (see Figure 9b) suggesting finite electronic con-

tribution, and we propose that this contribution comes from the conduction electrons

at the surface accumulation layer which is inherent to low band gap semiconductors

like InAs and InN [27, 28]. The estimation of electronic contribution to thermal con-

ductivity is done using Wiedemann-Franz law, considering the effective cross-section

area of the NW through which heat is transported by electrons. To confirm the role

of electronic contribution we apply magnetic field and see considerable changes in the

thermal conductivity, this change is expected as electrons deviates from the linear

trajectory into circular orbits.

In order to understand the magnitude of the observed κ, we use a model by Hop-

kins et al. [29] which explicitly takes into account the role of interfaces for calculating

minimum κ in layered materials. We also have calculated the predicted values of the

xii



0.5

0.4

0.3

0.2

0.1

κ 
(W

/m
K
)

5040302010
T (K)

 -10 V

 10 V

<111>

a

b
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model of Cahill et al. [30] The predictions of the models result in values that are

comparable to the range in κ measured in our experiments.

Summary

InAs NW field effect transistor (FET) devices were fabricated by electron beam lithog-

raphy to investigate the electron transport in presence of applied magnetic field. At

1.5 K we see the quantum mechanical effect of electron interference in presence of

random disorder in the system; small corrections in the conductivity known as weak

localization and weak anti-localization seen in single InAs NWs. We find that the

lso can be tuned by over a factor of ∼ 2 by the gate voltage. To enhance the cou-

pling of the gate electrode with the NW a simple technique is developed to make a

wrap-gate device, which shows improved device performance. Apart from electronic

transport another important aspect in mesoscopic systems which has been investi-

gated, is the thermal transport through NWs, to understand the physics of thermal

transport at nanometer scale where the thermal conductivity reduces sharply due to

phonon scattering. This aspect becomes more interesting as InAs NWs have twin

defects along the nanowire growth direction. Suppression of phonon contribution to

thermal conductivity reduces it to a value 3 orders of magnitude smaller compared

to bulk; we find a significant electronic contribution to thermal conductivity that can

be tuned by an electrostatic gate – a realization of electrical analog of thermal field

effect transistor.

xiv
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Chapter 1

Introduction

Research in the area of nanowires (NWs) has become a active field since late 1990’s

to discover new functional materials as well as to explore new physical ideas at the

nanometer scale. Today this field has become diversified in different branches of

research [1], such as NW electronics [2, 3, 4], NW photonics [5, 6], and NWs for energy

conversion [7]. In the era of ever-reducing sizes of field effect transistors (FETs), it is

important to have control over the device parameters such as the threshold voltage, or

the on-off ratio for large scale integration [3]. The size and crystalline quality of NWs

grown by bottom-up approach can be controlled by adjusting the growth parameters

[8, 9]. The unique properties of NWs make them attractive for device applications

and NW based transistors are promising candidates on the semiconductor industry’s

roadmap for future technology requirements.

The material of interest in this thesis is InAs NWs, synthesized by a bottom-up

approach, and we have studied the electrical and thermal transport in InAs NWs.

The simple growth technique, low band-gap and effective mass have made InAs NWs

interesting for studying electron transport in quasi-one dimension. InAs NW FETs

with high mobility [10, 11], show promise for NW-based processors [12] and sensors

[13, 14]. Another important property of this material is that it has high spin-orbit

interaction (SOI), which can be exploited to realize spintronic devices like the spin-

dependent FET [15], and one of the desirable features of such devices is the tunability

of SOI [16]. Realization of spin-orbit qubits in quantum dots made of InAs NWs has

1



Chapter 1. Introduction

been demonstrated recently [17], where the single electron spin can be manipulated

by an electrostatic gate. The spin relaxation time of electrons in the quantum dots are

enhanced by several orders via the hyperfine interaction of the nuclear spin that can

be polarized externally [18]. In one part of this thesis we have studied the phenomena

known as weak localization which is a result of quantum mechanical interference of

electrons in a disordered medium. The effect of high spin-orbit coupling of InAs shows

up as a weak localization known as weak anti-localization, a negative correction to

conductance. It has been shown in a network of InAs NWs [19], and in our experiment

with a single NW, that the SOI can be tuned by an electrostatic gate. To study the

effect of external electric field on SOI, the next challenge is to increase the capacitive

coupling between the gate and the NW. A wrap-gate nanowire field effect transistor

(NWFET), that has a coaxial gate electrode around the NW device, is an ideal device

geometry where the gate electrode can control the charge transport effectively. In a

recent work, Storm et al. [20] have successfully fabricated a lateral wrap-gate device.

The fabrication process, however, involves several steps of chemical-etching, which

can damage the surface of the NWs, resulting in degradation of the mobility. We

have developed a generalized method of fabrication that eliminates wet etching and

multiple lithographic steps to avoid damage to the surface of the NWs. The simple

fabrication technique of the wrap-gate devices that we have developed can be applied

to improve the device performance of future NWFETs [21].

Another aspect of NWs which makes them different from their bulk counterpart

are their thermoelectric properties. The thermoelectric figure of merit is defined as,

ZT = S2T
ρκ

, where S is the Seebeck coefficient, ρ is the electrical resistivity, κ is the

thermal conductivity and T is the absolute temperature. ZT can be increased by

appropriate engineering of nanostructures. One of the ways to increase ZT is by

reducing κ without degrading its electrical conductivity and Seebeck coefficient [22].

It has been demonstrated in Si NWs [23, 24], that the value of thermal conductiv-

ity can be reduced to a very small value comparable to the thermal conductivity of

amorphous Si. This reduction of thermal conductivity is attributed to the surface

roughness and boundary scattering of phonons. Our InAs NWs used for these ex-

periments have an aperiodic array of twin defects along their length. These modify

phonon behavior, without significantly compromising the electrical properties. In this

thesis we have shown that the value of thermal conductivity gets affected due to the
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phonon scattering across the interfaces [25] of the twin boundaries, resulting in low

thermal conductivity compared to the bulk values.

1.1 Thesis outline

In this chapter 1 we introduce the field of NW research in the context of our exper-

iments on InAs NWs and the results presented in the thesis, as well as describe the

thesis organization. In chapter 2 we describe the basic theoretical concepts involved

in our research. We describe the classical Drude model and the basics of nanowire

(NW) field effect transistors (FETs), afterwards, we discuss the modification of the

Drude conductivity formula due to weak localization. Apart from the electrical trans-

port we also study the thermal transport properties of individual NWs. In the second

part of chapter 2, we discuss the basics of thermal transport in nanostructures and

the technique for the thermal conductivity measurement. The growth mechanism of

NWs via the vapour liquid solid technique is described in the first part of chapter

3. Three kinds of devices are used in our experiments: NW devices in cylinder-on-

plane geometry, suspended NW devices and wrap-gate devices. In the second part

of chapter 3 we discuss the lithography technique used to fabricate the devices. The

magnetotransport experiments in individual InAs NWs is described in chapter 4. In

chapter 5 we show that the tunability of the gate can be improved by developing a

simple fabrication technique to make the NW FET in wrap-gate geometry. Results

of the magnetotransport experiments on the wrap-gate devices are also presented at

the end of chapter 5. In chapter 6 we describe our thermal transport experiments,

where we show that the thermal conductivity of InAs NW has a value three orders

of magnitude smaller compared to the bulk, with a finite electronic contribution to

thermal conductivity. At the end of this thesis, in chapter 7 we discuss some of our

experimental results where we attempted to study the spin-polarization effect in InAs

NWs. A summary and outlook is discussed in Chapter 8.
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Chapter 2

Theory of electron and thermal

transport

In the first part of this chapter we discuss the underlying physical concepts essential

to understand our experiments studying electron transport in InAs nanowires. This

thesis focusses on a particular aspect of electron transport, to study the effect of dis-

order scattering and estimate the important scattering parameters by measuring the

conductance while varying external parameters. The effect of electron interference is

observed in the conductance measurement reflecting the quantum nature of transport.

In the diffusive regime of electron transport, the phase coherence effect survives upon

averaging over the disorder configuration of the system. The interference effect gives

rise to a correction term in the Drude conductivity called the weak localization.

2.1 Electrical conductivity of a free electron gas

Some of the electrical properties of metals and semiconductors can be understood

by considering Drude’s free electron gas model. Let us consider the free electron

gas in presence of an electric field (E). The equation of motion of an electron can

be written as, mdv
dt

= eE, where, m, v and e are the electron mass, velocity and

charge respectively. This means that the electron experiences an acceleration (dv
dt
)

and v should increase with time. However, when we apply a voltage and measure

4



2.1. Electrical conductivity of a free electron gas

the current we get a steady state value of current. The electron velocity reaches a

steady value the electron drift velocity (vd) since the electrons undergo scattering

with impurity atoms, lattice imperfections and phonons. During the time between

collisions τ , the velocity gained by the electron vd = eEτ
m

, so the current density

j = nevd = ne2τE
m

which is the Ohm’s law, where n is the electron density. The

electrical conductivity σ is defined as j = σE, so that

σ =
ne2τ

m
. (2.1)

If we consider the electrons in a periodic potential of a crystal lattice, the same

free electron model can be used (near the conduction band minimum) but with the

modification of the mass of the charge carriers. This modification of the mass (called

the effective mass) arises due to the influence of the crystal potential on the motion of

electrons and holes [26]. In semiconductors, the effective mass of electron (m∗) is small

compared to its free electron mass (me), for example in case of InAs, m∗ = 0.023me.

Equation (2.1) can be rewritten for semiconductors as

σ =
ne2τ

m∗ . (2.2)

Unlike metals, the carrier concentration changes in a semiconductor with doping

and one can characterize the electrical conductivity of a semiconductor by a parameter

(independent of carrier concentration) called the electron mobility (µ), which is a

measure of electron drift velocity per unit electric field, vd = µE, so that µ = eτ
m∗ .

From this expression, we notice that mobility is higher for semiconductors with lower

effective mass. For example, one of the III-V semiconductors, InSb has a higher

electron mobility compared to Si and Ge, due to the low effective mass of electrons

(m∗ = 0.014me). Equation (2.2) can now be rewritten as,

σ = µne . (2.3)

Due to collisions with impurity atoms, phonons and lattice imperfections, an elec-

tron travel a finite distance (le) before it relaxes after each collision. le is called the

mean free path of electrons and is given by, le = vF τ where vF is velocity of electron
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Figure 2.1: Schematic of the band diagrams of a semiconductor with different levels
of doping. EC , EV , and EF denotes the conduction band edge, valence band edge and
the Fermi energy respectively. (a) Fermi level position approximately at the center
of the band gap for an intrinsic semiconductor. (b) Fermi level position is shifted
towards the conduction band edge in case of a n-type semiconductor. (c) For a p-
type semiconductor the Fermi level position shifted towards the valence band. (d) For
a n-type FET, the Fermi level position can be moved (from the green line) towards
the conduction band by applying a gate voltage.

at the Fermi surface, since, only the electrons close to the Fermi surface take part in

collision. The Fermi velocity depends on the electron concentration (n) and is given

by, vF = ~
m∗ (3π

2n)1/3, within the free electron picture [26]. Next we discuss how we

characterize some of the electrical properties of our semiconductor nanowires.

2.1.1 Semiconductor nanowire field effect transistor

All our work in this thesis is based on devices made using InAs nanowires (NWs)

in field effect transistor (FET) geometry, so it is important to describe the working

principle of these devices and the methods to estimate the parameters such as mobility,

electron mean free path and Fermi wavelength. Figure 2.1 shows the schematic of

the band diagram of a semiconductor for different doping levels. For an intrinsic

semiconductor (Figure 2.1(a)) the Fermi level (EF ) lies very close to the middle of

the bandgap due to the requirement of charge neutrality condition (electron and hole

concentrations are equal, n = p) [27].
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Figure 2.2: Schematic of a NW FET with the NW contacted with electrodes on
300 nm thick silicon oxide. The degenerately-doped silicon substrate serves as the
back-gate.

If a semiconductor is doped by donor (n-type), or acceptor (p-type) atoms, the

charge neutrality condition requires the Fermi level to be shifted towards the con-

duction, or the valence band respectively (see Figure 2.1(b)). Figure 2.1(c) shows

the Fermi level position for a p-type semiconductor. Similar movement of the Fermi

level occurs when we add, or deplete, charge carriers into the semiconductor channel

electrostatically by applying a voltage on the gate electrode, which is capacitively

coupled to the semiconductor (see Figure 2.1(d)). Figure 2.2 shows the schematic of

a NW FET, where the degenerately doped Si substrate is used as the gate electrode

and the SiO2 film acts as the dielectric layer between the NW and the gate. The effect

of the variation of the gate voltage can be observed by measuring the conductance,

or current, across the source and drain electrode (see Figure 2.3). The amount of

shift in EF with respect to the conduction or valence band, is controlled by the gate

electrode in a FET, the estimate of change in EF depends on the capacitive coupling

of the gate with the NWs. To get an estimate of this change in EF with applied gate

voltage (Vg), let us consider a n-type FET, with electron concentration n0, and Fermi

energy EF (0), at Vg = 0 (at temperature (T = 300 K)). We can write [27],

n0 = NC exp(−EC − EF (0)

kT
) , (2.4)

where, NC is the density of states at the conduction band edge. For a particular Vg,
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Figure 2.3: Zero bias conductance as a function of gate voltage of a NWFET showing
the n-type behavior at room temperature, black line indicates the linear part of the
conductance vs gate voltage curve.

the electron concentration n(V ) can be written as,

n(V ) = NC exp(−EC − EF (V )

kT
) , (2.5)

where, EF (V ) is the Fermi energy at Vg = V . From Equation (2.4) and (2.5) we can

write, n(V )
n0

= exp(EF (V )−EF (0)
kT

), or

EF (V )− EF (0) = kT ln(
n(V )

n0

) . (2.6)

The conductance vs gate voltage curve in Figure 2.3 shows that, in the linear part

(see Figure 2.3), the conductance increases by a factor of 2 (so does the electron

concentration if the mobility can be taken as constant), when Vg changes by 10 V (in

the linear part we are neglecting the screening effect due to conduction electrons in

the NW). From this observation, we can estimate the change in the Fermi energy from

Equation (2.6), EF (V ) − EF (0) ∼ 20 meV. This estimation shows that we cannot

sweep the Fermi level arbitrarily across the bandgap by sweeping the gate voltage,

beyond certain value there will be dielectric breakdown of the insulating material
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2.1. Electrical conductivity of a free electron gas

and this is the limitation for making a ambipolar transistor. However, the capacitive

coupling can be enhanced by fabricating the NWFET in a different geometry, such as

wrap-gate geometry (see Chapter 5), where the aforementioned change in the Fermi

energy can be achieved by only 0.5 V change in the gate voltage.

2.1.2 Measurement of µ, kF and le in NWFETs

The standard technique for mobility estimation in bulk or thin film semiconductors

is the Hall measurement, but to estimate the mobility of a NWFET we cannot use

this method. However, the field effect mobility can be measured for a NWFET from

conductance measurement [28]. Using Equation (2.3) we can write the conductance

of a NW, G = µA
L
ne, where, A and L are the cross section and length of the NW and

n is the density of electrons. This expression can be written in terms of total number

of induced electrons (N) by the gate voltage (Vg) as G = µNe
L2 = µCVg

L2 , where C is

the capacitance of the NW with respect to the gate electrode, so the mobility can be

expressed as,

µ =
L2

C

dG

dVg

, (2.7)

the measured mobility in this way is called the field effect mobility. dG
dVg

is obtained

from the slope of the linear region of the conductance vs gate voltage curve (Fig-

ure 2.3). The capacitance depends on the device geometry. For the NWFET in

cylinder on plane geometry C can be expressed as [28], C = 2πϵϵ0L
cosh[(r+t)/r]

where, ϵ and

ϵ0 are the dielectric constant of the gate insulator and permittivity of free space re-

spectively, r and t are the radius of the nanowire and thickness of the gate insulator

respectively.

The capacitance of the NW with gate electrode is used to estimate the density of

carriers as, n = CVg

eAL
. Treating the quasi 1-D NW as 3-D, the expression for the Fermi

wavevector kF = (3π2n)1/3, is used to determine the Fermi velocity (vF = ~kF ) and
Fermi wavelength (λF = 2π/kF ). Once we have the Fermi velocity we can estimate

the electron mean free path le = τvF , where the relaxation time τ can be obtained

from the expression of mobility µ = eτ
m∗ .

The Drude model gives the classical description of the electron transport in quasi
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Chapter 2. Theory of electron and thermal transport

1-D NWs. However, quantum mechanical interference of conduction electrons pro-

vides a correction to the Drude conductivity formula, and we discuss this effect in

the next section.

2.2 Quantum mechanical interference and phase

coherence length of electrons

An aspect of electron interference effect was demonstrated in a mesoscopic system

by R. Webb et al. in 1983 [29] by measuring the conductance of a gold ring as

a function of magnetic field (see Figure 2.4). The interference effect which is seen

in their experiment, is a periodic oscillation of conductance with magnetic field, is

known as the Aharonov-Bohm (AB) effect. AB effect can be understood from the

analogy of light interference effect in Young’s double slit experiment [30]. In the ring

geometry, electrons can follow two paths (just like the two paths of Young’s double

slit experiment). However, one contrast between the light and electron interference

comes from the magnetic field dependence. Magnetic field produces phase difference

between the electrons following two different paths of the gold ring (Figure 2.4). The

phase difference between the two paths is given by,

∆δ = ∆δ(0) +
e

h

∮
A.dl , (2.8)

where, ∆δ(0), is the phase difference between the electrons following two different

paths in zero magnetic field, and the second term is called the AB phase, which is a

closed integral of the vector potential (A) along the loop formed by two interfering

paths. ∆δ can be modulated by varying the magnetic field. As a result, the electron

interference can be seen as an oscillation in the conductance as a function of magnetic

flux with certain periodicity ϕ0 = h/e. But in the gold ring, electrons undergo

multiple scattering with random disorder present in the material, which suggests that

the phase coherence of electrons can survive even after multiple scatterings. The

dimension of the ring used in this experiment is ∼ 1 µm, however, the AB effect

vanishes for a macroscopic system, which implies that there is a length scale up to

which the phase coherence survives even after multiple scattering, this length is called

10



2.2. Quantum mechanical interference and phase coherence length of electrons

Figure 2.4: The data and image is taken from the experiment of Webb et al. [29],
where (a) showing the magnetoresistance of the ring measured at 10 mK. (b) The
periodicity of the oscillation (h/e) can be seen from the fourier transform of the data.
Inset shows the gold ring (diameter=785 nm) device used for the experiment.
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the phase coherence length (lϕ). One important property of lϕ is that it does not get

affected by multiple collisions with static impurity centers or disorders, and lϕ can be

larger than electron mean free path (le). lϕ decreases with increasing temperature and

at some finite temperature all the coherence effect vanishes; above that temperature

we can treat the system classically. It is the dynamic nature of the scatterer such

as electron-phonon or electron-electron scattering that destroys the phase coherence

[30]. If an impurity atom has some internal degree of freedom, such as magnetic

moment, then it interacts with the spin-state of the electron which is another way of

destroying the phase coherence.

Now we consider another kind of experiment by Sharvin and Sharvin [31], where

a hollow cylindrical metal thread is used instead of a gold ring. This cylinder can

be thought of a summation of rings added along its axis, so that the interference is

expected to be vanished upon averaging, since the phase ∆δ(0) in Equation (2.8) will

vary randomly for each of the rings. However, the conductance vs magnetic flux data

shows oscillations, but with periodicity of ϕ0/2. The survival of the phase coherence

effect in a system with size larger than the lϕ is the origin of the phenomena called

weak localization, which is discussed next.

2.2.1 Conductance fluctuations and weak localization

Earlier in this section, we discussed the experiment with the gold ring by Webb

et al. [29] which shows that conductance oscillation is a periodic function of the

phase difference between two paths along the ring and is controlled by a magnetic

field. However, when electrons propagate through a conductor of any arbitrary shape

(may not have the ring geometry) with disorder (as long as phase coherence length is

comparable to the dimension of the conductor), the resulting interference pattern is no

longer a periodic function with magnetic field. The interference effect hence manifests

itself as a fluctuation in the conductance with magnetic field or any parameters which

can control the phase.

A conductor can be characterized for strong and weak disorder scattering of elec-

trons by the parameter kF le, if kF le ≫ 1, it is called the weak disorder regime where

we can assume the plane wave nature of the electron between two consecutive scatter-
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Figure 2.5: Schematic following the Ref. [30], shows possible amplitudes of propa-
gating electrons from point r to r′. (a) Shows the pair of two identical paths which
contributes to the classical Drude conductivity. (b) Shows the pair of two differ-
ent paths following the same scattering sequence but they are time reversed to each
other along the periphery of the loop, which contributes to a correction to the Drude
conductivity, known as weak localization.

ing. In this weak disorder limit if lϕ is greater than the system dimension L, then the

fluctuation in conductance
√

δG2 becomes independent of the size of the conductor

L, or the density of disorder in the conductor, with
√

δG2 ∼ e2

h
, which is known as

the universal conductance fluctuation [32].

When the size of a conductor L ≫ lϕ then we can think of the conductor as a

summation of small parts of size lϕ, as a result, the conductance fluctuation becomes

the average of all the small parts. Hence, the conductance fluctuation becomes neg-

ligible with the system size. However, the effect of phase coherence remains as the

weak localization correction to the Drude conductivity. The weak localization has

been briefly described below, largely follows the arguments which is given in the Ref.

[30].

Let us consider the probability P (r, r′), of an electron at point r which can be

found at the point r′ at some later time. There are several possible trajectories (see

Figure 2.5) which can be represented by complex amplitudes, ai(r, r
′). The probability

is expressed as,

P (r, r′) =
∑
i,j

aia
∗
j =

∑
i

|ai|2 +
∑
i ̸=j

aia
∗
j . (2.9)

The first term in Equation (2.9) is the contribution from pairs of identical tra-
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Chapter 2. Theory of electron and thermal transport

jectories (see Figure 2.5(a)), which gives the classical contribution to P (r, r′). For

some of the trajectories with i ̸= j the pair can be sufficiently close to each other and

their relative dephasing can be small. Consider one such pair shown in Figure 2.5(b)

where, both the trajectories follow exactly the same scattering sequence, however,

they are time reversed relative to each other along the periphery of the loop. If the

time reversal symmetry holds, the interference between such time reversed trajecto-

ries contributes to a correction term (the 2nd term of Equation (2.9)) in the Drude

conductivity formula (∆σ), known as weak localization (WL).

There are certain mechanisms by which a dephasing develops between the two

complex amplitudes of a pair of identical, or time reversed trajectories. For example,

presence of a magnetic field, or spin-orbit scattering can introduce dephasing between

the amplitudes of a pair of trajectories (other sources of dephasing could be the

presence of magnetic impurity scattering, or electron-phonon interaction etc). ∆σ is

a function of the dephasing. For example, in presence of magnetic field, ∆σ reduces,

and vanishes beyond some higher value (approximately this field corresponds to one

flux quanta through a loop of size lϕ). As a result ∆σ is a function of external magnetic

field (B), and generally adds as a negative correction term to the Drude conductivity

formula. However, if there is other dephasing mechanism such as presence of spin-

orbit interaction (SOI), ∆σ becomes a positive correction term known as weak anti-

localization (WAL).

In case of a quasi-1-D wire the correction term can be deduced (see [30]),

∆σ(B) = −s
e2

hS
[
3

2
(
1

l2ϕ
+

W 2

12L4
B

+
4

3l2so
)−1/2 − 1

2
(
1

l2ϕ
+

W 2

12L4
B

)−1/2] , (2.10)

where, S and W is the cross section and width of the wire respectively, s is the

spin degeneracy, lso is the spin relaxation length due to the spin-orbit coupling, and

LB =
√
~/2eB is the magnetic length.

We have studied the magnetotransport (discussed in Chapter 4) in individual

InAs nanowires [33] (earlier it was done in a network of InAs NWs [19]) which is a

quasi-1-D system with λF (∼20 nm) and diameter (∼ 90 nm). The transport is in

diffusive regime with lϕ ∼ 100 nm and length of the wire l = 2 − 4 µm. We see the

weak localization in the conductance vs magnetic field data. There is a high spin-
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Figure 2.6: Data from the magnetotransport experiment in InAs nanowire (detail in
Chapter 4), shows the weak localization at Vg = 4.2 V and by tuning the SOI by the
gate voltage it changes to weak anti-localization at Vg = 8.2 V. The solid lines are
the fits for the correction using ∆σ(B) as a function of B (Equation (2.10)).
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orbit interaction in InAs and it was shown that the interaction can be tuned by a gate

voltage, as a result we see both the regimes, when the SOI is weak (negative ∆σ(B) =

σ(0)−σ(B)) to strong ( positive ∆σ(B)). The continuous transition from the positive

magnetoconductance (weak localization) to negative magnetoconductance (weak anti-

localization) is observed in our data (see Figure 2.6).

2.2.2 The origin of the spin-orbit interaction

Spin-orbit interaction (SOI) is a relativistic effect [34], where presence of an electric

field in the system, appears as a magnetic field in the rest frame of the electron. This

magnetic field can give rise to spin precision. For example, if an electron is in the

vicinity of an atomic nucleus, then it experiences an electric field,

E = −1

e

1

r

dV

dr
r̂ , (2.11)

where, V is the electric potential of the nucleus. In the rest frame of the electron,

this electric field appear as a magnetic field,

B = − 1

c2
v × E , (2.12)

where v and c are the velocity of electron and light respectively.

Using Equation (2.11) and (2.12) we can write,

B =
1

emc2
1

r

dV

dr
[p× r] , (2.13)

where, p and m are the momentum and mass of the electron respectively.

This magnetic field gives a correction term in the Hamiltonian as, HLS = −µ.B,

where µ = g
2m

S, is the magnetic moment of the electron with electron spin S and

g is the Lande g-factor of the electron. With the angular momentum L = r × p,

HLS ∝ L.S. The perturbative term in the Hamiltonian contains the electron spin as

a result, the time evolution operator U(t, 0) = exp(− iHLSt
~ ) is like a rotation operator

for the spin state of the electron [34]. Thus the net result of a SOI is that it changes

the spin state of an electron with time.
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2.2. Quantum mechanical interference and phase coherence length of electrons

In materials with high atomic number Z, the SOI is large due to the fact that

higher the Z value more is the strength of the electric field. There are experiments

which report that in case of metals, τe
τso

∼ (αZ)4, where α = 1/137 is the fine structure

constant [35, 36]. For example, Bi (the heaviest group V element) thin films have

very high SOI due to its high Z value and it shows the weak anti-localization in

magnetotransport experiment [37].

There are other mechanisms by which SOI can appear in a material, these are due

to the presence of inversion asymmetry in the crystal structure. In case of a compound

semiconductor such as InAs or, GaAs, there is a inversion asymmetry present in the

lattice due to two different species of atoms. There can be an electric field due to

different ionicity of the atoms, this electric field can gives rise to SOI. SOI originating

from such bulk inversion asymmetry of the crystal is called the Dresselhaus effect

[38]. The bulk inversion asymmetry gives rise to a splitting of the valence bands (∆).

For example, in InAs, the splitting at the Γ point (at k = 0) ∆0 = 0.38 eV, and in

< 111 > direction ∆1 = 0.267 eV [39].

There is another important mechanism for the spin-orbit coupling. A structural

inversion asymmetry, which can be created in a crystal by making a heterostructure

of two different kinds semiconductors, can also produce SOI which is known as the

Rashba SOI [40]. For example, the effect of Rashba SOI is seen in two dimensional

electron gas (2DEG) formed by a modulation doping between two semiconductor

with different band gaps. Figure 2.7 shows the band diagram of such heterostructure

which forms a 2DEG at the junction between a highly doped n-type semiconductor

(such as InAlAs) and a narrow gap semiconductor with less doping (such as InGaAs)

[41]. The electrons are confined at the interface by a perpendicular electric field at

the junction, which give rise to SOI. The correction term in the Hamiltonian due to

Rashba coupling is written as [15],

HR = η(σzkx − σxkz) , (2.14)

where η is the spin-orbit coupling strength with the 2DEG is in the x-z plane, and

σx, σz are the Pauli matrices. There is an energy splitting between the spin-up and

spin-down electrons that arises due to HR even in the zero magnetic field [15, 42].

It has been found experimentally that the coupling parameter η can be changed by
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Figure 2.7: Schematic of the band diagram (following Ref. [41]) of a heterostructure
between a n-type semiconductor with larger band gap and a narrow gap semicon-
ductor with less doping. The difference in the electron affinities of the two different
semiconductors causes electrons to flow from the larger band gap semiconductor to
the smaller band gap semiconductor until an equilibrium is reached (when the fermi
level is aligned in both the sides). No more charge flow is allowed by an electric field
(shown by the blue arrow) at the junction which causes the bands to bend which
leads to the formation of 2DEG at the interface. The electric field gives rise to the
Rashba SOI.
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applying an external electric field perpendicular to the 2DEG [42, 43]. The proposal

for the Datta-Das spin field effect transistor [15] is based on the realization of this

tunability of the SOI by an electric field.

It was shown by Hansen et al. [19] in a network of InAs NWs, and by our

experiment in individual InAs NWs (see Chapter 4), that the SOI in the system

can be tuned by a gate voltage. The presence of the surface charge accumulation at

the surface of InAs NWs may be similar to the 2DEG, except that the direction of

confining electric field is radial. Hence the Rashba effect is important in InAs NWs

which can explain the tunability of the spin-orbit coupling strength.

2.3 Summary of the theory of electrical transport

Electron transport in a semiconducting nanowire in a field effect transistor geometry

has been discussed. We have seen that using the Drude model of free electron gas

one can estimate parameters like elastic mean free path and mobility of a nanowire.

At low temperature when the phase coherence effects becomes important the elec-

tron interference effect can be seen in the conductance measurement. In the diffusive

regime, when the system size is much larger than the phase coherence length (lϕ) we

can consider the system as an ensemble average over the smaller parts of size of lϕ,

even though the phase coherence effect survives. Summing over all identical pairs pro-

vides the contribution to the classical Drude conductivity whereas, the contribution

from the time reversed paths gives the correction term for the Drude conductivity

which is called the weak localization. There are different dephasing mechanisms such

as presence of external magnetic field, or spin-orbit interaction, which modifies the

probability function and hence the weak localization correction. The conductivity

correction term as a function of magnetic field and spin-orbit interaction strength

for the quasi-1-D wire is compared with the experimental data obtained from the

magnetotransport experiment in InAs nanowire. We ended this section with a brief

discussion on the origin of spin-orbit interaction in a material.
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2.4 Thermal transport in nanostructures

In the second part of this chapter we will discuss the thermal conductivity and the

origin of the thermal resistance of a medium. Thermal conductivity of a nanowire can

be measured by a technique where the nanowire itself can be used as the thermometer.

Starting from the Fourier’s law of heat diffusion equation, the temperature profile of

a 1-D wire and its resistance variation with an applied DC current is discussed.

Signal to noise ratio in a DC measurement is small and it is preferable to use an AC

technique. We use the technique called 3ω method for measuring thermal conductivity

and discuss the relevant details in the following section.

2.4.1 Introduction

Heat flow occurs in a material, whenever there is a temperature gradient, and this

flow is governed by an empirical law,

J(r) = κ∇T (r) , (2.15)

where, J is the heat flux per unit time, κ is the thermal conductivity and T is the

temperature at point r. This is called the Fourier’s law of heat conduction. However,

there is no derivation of this equation given by Fourier’s law from a microscopic theory

[44]. Recently there are few experiments [23, 45, 46] which have been carried out to

study some of the fundamental questions on thermal transport in nanostructures.

In solids, heat is carried by electrons and lattice vibrations, or phonons. In metal

the electrons can be treated as free electron gas and similarly phonons also can be

treated as free phonon gas inside a crystal. Using the kinetic theory of gas, the

thermal conductivity can be written as,

κ =
1

3
Cvl , (2.16)

where, C is the specific heat per unit volume, v is the velocity of gas particle and l is

the mean free path. l of phonon is limited by two kind of scattering mechanisms, the

geometrical scattering which occurs at the boundary of the conductor and the presence
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2.4. Thermal transport in nanostructures

of lattice imperfections such as grain boundary, or surface roughness. In addition

to these mechanisms, phonon-phonon scattering, which arises from the anharmonic

lattice interactions, results in the reduction of l.

When the lattice imperfection and impurity density is less, l at low temperature

(T ≪ θ, where θ is the Debye temperature) can be as large as the system size, and

the thermal conductivity scales with the system dimension. The effect of system size

on the thermal conductivity has important consequences in nanostructures, when

the phonon mean free path becomes comparable to the system size, the boundary

scattering of phonon reduces the thermal conductivity [23]. By further reducing the

size of the conductor to make it comparable to the wavelength of the phonon one

can see the quantum effect in the thermal transport [45, 47]. Recent experiments to

study the thermal conductivity in semiconducting nanowires [23, 46], reveal that the

value of thermal conductivity reduces to a large extent compared to the bulk value.

In Chapter 7, we will describe our experiments to study the thermal conductivity in

InAs nanowires that have twin defects. We see reduction of thermal conductivity by

three orders of magnitude compared to the bulk value.

Low thermal conductivity in nanostructures is important for technological appli-

cations such as generation of thermoelectric power, or a thermoelectric cooler which

exploits the two phenomena called the Seebeck and Peltier effects respectively [24].

If two pieces of conductors are connected at two points to complete a loop, then

by creating a temperature difference between the two junctions one can generate a

thermoelectric voltage by the Seebeck effect. Analogously, by applying a voltage dif-

ference between the junctions one can generate a temperature gradient by the Peltier

effect. To maintain a temperature gradient between the two junction and at the same

time to minimize the Joule heating, it is desirable to have a material that has poor

thermal conductivity and at the same time a good electrical conductivity. The ther-

moelectric figure of merit is defined as, ZT = σS2T
κ

, where, S is the Seebeck coefficient

and κ is the thermal conductivity. From this expression we see that by reducing the

thermal conductivity, one can increase the figure of merit. This strategy of increasing

the figure of merit can be realized by suitable engineering of the nanostructures where

the phonon contribution to thermal conductivity is reduced.
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2.4.2 Electronic contribution to thermal conductivity

So far we only have considered the contribution of phonon to thermal conductivity

which is the dominant contribution in an insulator and most of the semiconductors

[26]. In a metal the dominant contribution to thermal conductivity comes from the

conduction electrons. The electrical contribution (κel) is estimated from the kinetic

theory, κel =
1
3
Celvl, where the specific heat per unit volume for electron gas [26]

Cel =
1
2
π2n

k2bT

ϵF
, where kb is the Boltzmann constant, n is density of electrons, ϵF and

l is the Fermi energy and mean free path of electron respectively. Generally, a good

electrical conductor is also a good thermal conductor. The ratio of κel with electrical

conductivity σ = ne2τ/m, can be written as,

κel

σ
=

π2k2
bTnτ/3m

ne2τ/m
=

π2

3
(
kb
e
)2T , (2.17)

by defining the Lorenz number L0 =
π2

3
(kb
e
)2, the ratio can be written as,

κel

σT
= L0 , (2.18)

where, the value of L0 = 2.45× 10−8 WΩ/K2. This is the Wiedemann-Franz law, it

implies that the thermal conductivity of a metal at a particular temperature is propor-

tional to the electrical conductivity at the same temperature with a proportionality

constant independent of the material property.

Experimentally the Wiedemann-Franz (WF) law holds well for most of the metals,

however, the assumption in the WF law, that the mean free paths are same for the

electrons as a carrier of heat (lh) and charge (le) may not hold always. For example,

in some temperature range T ≪ θ, (where θ is the Debye temperature) there can

be a regime when lh < le; as a result, the actual κel is smaller than the predicted

value from Equation (2.18). This can be understood physically as follows [48], as

there is no net charge transport (during heat transport), electrons moving down the

temperature gradient (hot electrons) are compensated by electrons which move up the

temperature gradient (cold electrons). Any small angle scattering (scattering with

long wavelength phonon) of these electrons can change one hot electron to a cold

electron or vice versa thus it changes the heat current effectively. This is in contrast

with the charge transport, where only the hot electrons are moving down the electric
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field direction, in this case only a large angle scattering can change the charge current.

At higher temperature if most of the scattering of electrons with phonon are large

angle scattering then it will affect the mean free path for heat and charge transport

equally. As a result we see the deviation from the WF law at low temperatures.

2.4.3 Effect of magnetic field on electronic contribution to

thermal conductivity (κel)

In presence of magnetic field, electrons undergo deviation from the classical trajec-

tories due to the Lorentz force, which results in increase in the electrical resistance.

Similarly the thermal resistance also changes in the presence of magnetic field. The

variation of thermal resistance with magnetic field has been discussed in detail in Ref.

[48]. This phenomena have been studied experimentally in metals [49]. In a material

where the electrons and phonons both contribute to the thermal conductivity, it is

possible to separate the electronic contribution by applying a large magnetic field. We

apply this technique to confirm the role of electron contribution to the thermal con-

ductivity in InAs NWs, where we see the thermal conductivity reduces with magnetic

field (has been discussed in Chapter 6).

2.4.4 Experimental technique for thermal conductivity mea-

surement

There are techniques by which the thermal conductivity can be measured electrically,

where the specimen is used itself as a heater and a thermometer [51, 52]. Let us

consider the case when we apply a current I through a wire of length L anchored

at both ends at bath temperature Tb. We assume that the resistivity of the wire is

homogenous along the length and is a function of temperature T . Let us take the

nanowire along x-axis, and consider a small part of the nanowire δx around the point

x (see Figure 2.8). The resistance of this segment can be expressed as R+R′[T (x)−Tb]
L

δx,

where, R is the resistance of the wire and R′ = dR
dT
. Generated Joule heat per unit

time in the segment due to current I is given by, I2R+R′(T (x)−Tb)
L

δx. Heat entering

the volume per unit time from the right hand side κA ∂
∂x
(T + 1

2
∂T
∂x
δx), where ∂T

∂x
is the
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ITb Tbδx

x

Figure 2.8: Schematic of a wire anchored at two points at bath temperature Tb and
a current I passing through the wire.

temperature gradient, and A is the cross section area of the wire. Similarly the heat

leaving the volume per unit time, κA ∂
∂x
(T− 1

2
∂T
∂x
δx). From energy conservation we can

write, I2R+R′(T (x)−Tb)
L

δx+ κA ∂
∂x
(T + 1

2
∂T
∂x
δx)− κA ∂

∂x
(T − 1

2
∂T
∂x
δx) = ρcA∂T

∂t
δx, where,

ρ and c are the mass density and specific heat of the wire. Here we are assuming

that, the sample is in vacuum and there is no heat loss from the surface of the wire

due to convection, or by radiation.

We get the differential equation for heat conduction in the wire as,

ρc

κ

∂T

∂t
− ∂T 2

∂x2
=

I2

κA

(R +R′(T − Tb))

L
. (2.19)

First, we consider the case when a DC current is applied. At steady state ∂T
∂t

= 0,

the equation for heat diffusion becomes,

dT 2

dx2
= − I2

κA

(R +R′(T − Tb))

L
. (2.20)

The boundary condition of the problem is, T (0) = T (L) = Tb.

Let us consider the case when R′ < 0 and use β2 = − I2R′

LκA
. The solution Equa-

tion (2.20) can be written as,

T (x) = C1e
βx + C2e

−βx + Tb −
R

R′ . (2.21)

After evaluating C1 and C2 using the boundary condition, the solution can be written

as,
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Figure 2.9: The temperature profile (Equation (2.22)) of a wire along its length for
a given DC current of 300 nA, the parameters are taken from real experimental data
on InAs nanowire (see Chapter 6), κ = 0.01 W/mK, R = 13.6 KΩ, R′ = 15 Ω/K,
L = 4.5 µm, radius of the nanowire 100 nm and Tb = 10 K. The temperature is
maximum at the center of the wire.

T (x) =
R

R′(e−βL − eβL)
[(e−βL − 1)eβx + (1− eβL)e−βx] + Tb −

R

R′ . (2.22)

Figure 2.9 shows the calculated temperature profile along the length of the wire for

a given current of 300 nA. The parameters used for estimating the plot are taken

from the experimental data on InAs nanowire with κ = 0.01 W/mK, R = 13.6 KΩ,

R′ = 15 Ω/K, L = 4.5 µm, radius of the nanowire 100 nm and Tb = 10 K. From the

expression of the temperature profile of the wire we can estimate the resistance of the

wire as a function of current,

R(I) =
1

L

∫ L

0

(R +R′(T (x)− Tb))dx , (2.23)

where, R is the resistance at zero current at bath temperature (Tb). Using Equa-

tion (2.22),

R(I) =
R

L(e−βL − eβL)

∫ L

0

[(e−βL − 1)eβx + (1− eβL)e−βx]dx

=
2R

L

(2− eβL − e−βL)

β(e−βL − eβL)
. (2.24)
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I

Tb Tb

I

V

Figure 2.10: Schematic of a wire in a four probe geometry, anchored at two points
at bath temperature Tb and a current I passing through the wire. The voltage is
measured between the inner probes.

From Equation (2.24) we notice that the resistance varies with the applied cur-

rent due to the Joule heating, the resistance variation also depends on the thermal

conductivity of the wire. If we measure the voltage across the wire in a four probe

geometry (see Figure 2.10), then we see a non-linear behavior with the current (see

Figure 2.11), and one can estimate the thermal conductivity by fitting this data

with Equation (2.24). However, note that the non-linear behavior originates from

the thermal property of the material, but if the wire has some intrinsic non-linearity

arising from purely electrical origin (such as formation of the Schottky barrier at the

contacts) then there is no way to distinguish between the two. Validation of this

technique requires that the contacts have to be Ohmic and there should not be any

nonlinear effect. This DC technique of measuring thermal conductivity has been used

in the literature [50], however, the effect is small and to get a measurable signal one

has to increase the current which can generate a large heating and can violate the

boundary condition of the experiment. Hence, in our experiment we have not used

the DC method to measure the thermal conductivity.

2.4.5 3ω technique for measuring thermal conductivity

To increase the signal to noise ratio it is always desirable to use an AC technique as

it provides a better signal to noise ratio. The AC method to measure the thermal

conductivity is known as the 3ω technique [51, 52, 53]. Before we go into the detail,

let us physically understand what happens to the temperature profile (see Figure 2.9)

if we vary the current in the above problem slowly as a function of time. Consider a
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Figure 2.11: The voltage across the wire as a function of DC current obtained from
the resistance expression of Equation (2.24). The parameters are taken from real
experimental data on InAs nanowire (see Chapter 7), κ = 0.01 W/mK, R = 13.6 KΩ,
R′ = 15 Ω/K, L = 4.5 µm, radius of the nanowire 100 nm and Tb = 10 K.

very low frequency AC current, the time scale is such that there is enough time for

the system to be in the steady state equilibrium with the two anchoring point at the

bath temperature. The temperature profile will follow the variation of the current

i.e. in one complete cycle, the temperature profile will have two peaks corresponding

to the positive and the negative half-cycles and a minimum (bath temperature). It

means that the temperature profile will oscillate between the bath temperature and

the maximum temperature at twice the frequency of the AC current. Since the value

of thermal conductivity is finite, there is a characteristic time scale of the system

γ = L2ρCp/π
2κ, (where Cp is the specific heat of the material) which sets the limit on

how fast the system can get into the steady state with the bath. As a result, in case of

high frequency AC current, when the time scale is much faster than γ, the temperature

profile never reaches the bath temperature, but it will oscillate (at twice the frequency

of the AC current) around some higher value (thus the magnitude of the temperature

oscillation reduces) (see Figure 2.12). So the magnitude of the temperature oscillation

has a dependency with the frequency of the AC current and the thermal property

of the system (κ and Cp), and this is the essence of the 3ω technique. Let ω be the

angular frequency of the AC current, the temperature oscillation with frequency 2ω
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Tb Tb Tb

1/ω >> γ 1/ω < γ

(a) (b)

Figure 2.12: Temperature profile along the length of the wire. (a) In the low frequency
limit the system gets enough time to remove the heat generated in each half cycle
of the AC current and be at steady state equilibrium with the bath temperature at
the two anchoring points. The shaded lines shows the amplitude of the temperature
oscillation is maximum in the low frequency regime. (b) At higher frequency, the
system does not reach the steady state equilibrium with the bath and the temperature
oscillation amplitude reduces and oscillates about a temperature profile indicated by
the red line.

give rise to the resistance oscillation with the same frequency. The voltage which is

the product of the current and the resistance will have a 3rd harmonic component

V (3ω) due to the resistance oscillation. Let us revisit the heat diffusion equation for

the wire in one dimension which is given in Equation (2.19). If the current applied is

an AC current I = I0 sin (ωt), then the equation takes the form,

ρc

κ

∂T

∂t
− ∂T 2

∂x2
=

I20 sin
2 (ωt)

κA

(R +R′(T − Tb))

L
, (2.25)

with the boundary condition, by assuming that the current is switched on at t = −∞

T (0, t) = Tb ,

T (L, t) = Tb ,

T (x,−∞) = Tb . (2.26)

The solution for this equation is discussed by Lu et al. [53]. Simplifying using an

assumption that the heating power inhomogeneity caused by the resistance fluctuation

along the specimen is much less than the total heat power,

I20R
′L

π2κA
≪ 1 , (2.27)
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the solution for T (x, t) can be written as,

T (x, t)− Tb = ∆0

∞∑
n=1

[1− (−1)n]

2n3
× sin

nπx

L
[1− sin (2ωt+ ϕn)√

1 + cot2 ϕn

] , (2.28)

where, cotϕn = 2ωγ/n2 and ∆0 = 2I20RL/πκA is the maximum dc temperature

accumulation at the center of the specimen. From the expression of ∆0, we can

understand the physical meaning of the assumption we made in Equation (2.27),

which can now be expressed as ∆0×R′

R
≪ 1. In other words, the assumption physically

means, that the change in resistance due to the temperature accumulation at the

center is much less than the total resistance of the wire.

Once we have the T (x, t), we can calculate the resistance fluctuation, as

δR =
R′

L

∫ L

0

[T (x, t)− Tb] ,

= R′∆0

∞∑
n=1

[1− (−1)n]2

2πn4
[1− sin (2ωt+ ϕn)√

1 + cot2 ϕn

] . (2.29)

If we multiply the δR with applied current I0 sinωt we get the third harmonic com-

ponent of the voltage. In the summation series, only the first term is significant and

by neglecting all other terms introduce a error of ∼ 3−4 at low frequencies. Therefore

we can write [53]

V3ω(t) ≈ − 2I30LRR′

π4κA
√
1 + (2ωγ)2

sin (3ωt− ϕ) , (2.30)

where, the phase is defined as ϕ = π
2
− ϕ1. and

tanϕ = 2ωγ . (2.31)

In a lock-in amplifier we measure the root-mean-square (rms) value of the voltage

((V3ωt(t))rms = V3ω) and current ((I0 sinωt)rms = I). The rms value of the 3rd

harmonic of the voltage signal can be written from Equation (2.30),

V3ω ≈ 4I3LRR′

π4κA
√

1 + (2ωγ)2
. (2.32)
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Figure 2.13: (a) Schematic of the setup for measurement of thermal conductivity of a
nanowire (discussed in Chapter 6), shows four probe suspended NW device and the
circuit used for measuring the electrical signals for thermal conductivity measurement.
(b) A tilted scanning electron microscope image of a device showing source (S), drain
(D) electrodes and voltage probes A and B. The scale bar corresponds to 1 µm.

By measuring V3ω as a function of current and frequency we can obtain the value

of thermal conductivity and heat capacity of the wire by fitting the data with the

Equation (2.32).

In the low frequency regime when ωγ → 0, the V3ω signal can be written as,

V3ω ≈ 4I3RR′L

π4κA
. (2.33)

In the low frequency regime, we only have the information of thermal conductivity of

the system. In the high frequency regime,

V3ω ≈ I3RR′

4ωρCpLA
(ωγ ≫ 1) . (2.34)

We get only the heat capacity from the measurement at high frequency.

Figure 2.13 shows the schematic of the setup we have used for measurement of

thermal conductivity of a nanowire (discussed in Chapter 6). Depending upon the

value of γ which is a function of κ, Cp and L, we may not have access to both the

regimes in the frequency range of our measurement. For example in the case of the

InAs nanowires of length 2-3 µm, the value of γ = 10−5 s (see Chapter 6), and we
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only perform the experiment in the low frequency regime, to get the value of κ. In

our present experimental setup, the capacitance of the electrical lines does not allow

us to use current modulation above 20 kHz.

31



Chapter 3

Growth of InAs nanowires and

device fabrication

In this thesis we have studied the electron transport as well as thermal transport in

individual nanowires. The material used for the nanowires is InAs, a III-V compound

semiconductor. This part of the chapter describes the technique used for the growth

of nanowires and how to control the growth parameters to get long and uniform

NWs. The characterization of our InAs NWs using scanning/transmission electron

microscopy is also described.

3.1 Introduction

InAs is a direct band-gap compound semiconductor with a band-gap of 0.35 eV and

lattice constant 6.06 Å. The favorable crystal structure for bulk InAs is zinc-blende,

the zinc-blende structure can be thought of two fcc sublattices made of In and As

atoms, displaced along the body diagonal by 1/4 the length of the body diagonal

(see Figure 3.1(a)). Like all other III-V compound semiconductors, InAs has another

possible crystal phase which is the wurtzite structure (with lattice constant a = 4.28

Å, c = 6.99 Å). A wurtzite structure can be thought of two hexagonal sublattices of

In and As atoms (see Figure 3.1(b)), are displaced by 5/8 along the c-axis. There are

similarities between the two different crystal phases, both of them are closely packed
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Wurtzite

(a) (b)

In As
Zincblende

Figure 3.1: Schematic of (a) zincblende and (b) wurtzite lattice structure, one unit
cell made of In and As atoms.

structures with different stacking sequences. Wurtzite has the stacking sequence of

ABAB along the < 0001 > direction, whereas, along the < 111 > direction of zinc-

blende structure the sequence is ABCABC [54]. The energy difference between these

two structures is small which results in the possibility of coexistence of the two crystal

phases [54, 55, 56], which gives rise to twin-defects in InAs NWs.

3.2 Growth mechanism of nanowires (NWs)

In 1969, Wagner and Ellis proposed a mechanism to explain the growth of single

crystalline whiskers of semiconductor materials, the mechanism is known as the vapor-

liquid-solid (VLS) growth [57]. VLS growth is a kind of liquid phase epitaxy (LPE)

process. Epitaxial growth refers to the ordered growth of single crystalline material

on top of a substrate, and LPE is a growth process, where the growth occurs from

a liquid phase, usually a molten solution, that contains one of the elements of the

crystal which we want to grow [58]. For example, Ga or In can form the metallic

solvent where, As can get absorbed as a solute and transported towards the liquid-

solid interface. This transportation of absorbed solute is a diffusion process, driven by

a concentration gradient. When the solvent becomes supersaturated, at the interface

the material precipitates out, hence leading to crystal growth. If the surface area of

growth is large then the edge-effects become negligible, and by LPE a uniform layer

of crystalline thin film can be obtained.
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TMIn+AsH
3

Figure 3.2: Schematic showing the different steps of the VLS mechanism. First, the
metal particles forms a liquid phase where the In and As forms a eutectic. As long
as the flow of the precursors are maintained the NWs grows as a function of time.

The VLS process for nanowire growth is a special kind of localized, catalyst-

mediated LPE process [58], where a metal particle (for example Au) forms an eutectic

or a melt with the element of the material of the NW. This eutectic forms the solvent

for the LPE process. Let us consider the growth of InAs nanowires, Figure 3.2 shows

the schematic of the VLS process, where colloidal gold particles are deposited on

GaAs (111)B substrate (Si substrate can also be used). In the most general case

of VLS growth, when the temperature is raised beyond the eutectic temperature

of the Au-Ga (or Au-Si) system, the Au layer/colloidal particles combine with the

Ga (or Si) from the substrate to form tiny liquid droplets. When precursor vapors

containing the constituents of III-V materials are introduced into the environment

they preferentially decompose at these nanoscale droplets. Since the temperature is

usually far below that at which the surface oxides desorb, planar growth is usually

not favored. However, the droplet soon gets supersaturated, and precipitates out

the III-V compound at the interface of the droplet and the substrate. This process

continues as long as the flow of precursors are maintained, as a result the nanowires

grow as a function of time along the length with the metal eutectic remaining at the

top.

The VLS mechanism is only a approximate picture to understand the NW growth,

the exact growth mechanism is far more complex and not well understood. VLS

mechanism proposed by Wagner [57] assumes that the growth temperature is above

the eutectic temperature, however, for many materials, including InAs, the growth

temperature is below the eutectic temperature of the droplet [59, 60]. An in-situ

study of the growth mechanism of GaAs NWs using TEM confirms that the eutectic
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Figure 3.3: SEM image of InAs NWs grown on (a) GaAs (100) substrate, where the
growth happens along the direction < 111 >, directions which are at an angle to the
surface (100), (b) on a GaAs (111)B substrate, the NWs are vertically oriented.

remains in the solid phase during the growth [61], and hence a VSS (vapor-solid-solid)

mechanism may be the growth mode in some cases.

3.2.1 Role of substrate

In epitaxial growth, generally the substrate on which the crystalline material is grown,

plays an important role in defining the orientation of the grown material. Earlier

Hiruma et al. [54] have shown that III-V NWs grown by VLS mechanism have a

preferential < 111 > direction. This direction of the NW growth is parallel to the

dangling bonds of the underneath substrate, as a result, by choosing different crystal-

lographic orientation of the substrate, the growth angle of the NWs with respect to

the substrate is changed. Figure 3.3 shows the SEM images of InAs NWs, growing at

different angles on different substrate orientations. In all our growths we use a (111)B

oriented GaAs substrate where the dangling bonds of As atoms are perpendicular to

the substrate [54] and hence we obtain vertically-oriented NWs. In case of thin films,

if the lattice constant of the substrate material is different from the grown material,

then, depending upon the magnitude of the lattice mismatch, there will be strain

at the interface which could lead to misfit dislocations, and hence degrade the crys-

tallinity of the layer. However, in case of NWs, due to the small surface area at the

interface, the stress generated at the interface is relaxed [62]. This is one advantage of
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NWs over thin 2D layers, that it allows the combination of materials of very different

lattice constants. Hence it is easier to grow axial heterostructure for nanowires of

different materials [63]. For example, InAs/InP, Ge/Si, InSb/InAs heterostructure

NWs have been reported [64].

3.2.2 Growth of InAs NWs by Metal Organic Chemical Va-

por Deposition (MOCVD)

Metal organic chemical vapor deposition (MOCVD) of compound semiconductors is

used for the epitaxial growth of thin films as well as different nanostructures. As the

name suggests, it uses organometallic compounds as the precursors for the metallic

group-III elements. The metal-organic compounds (such as trimethylindium (TMIn):

In(CH3)3) are mixed with precursors of group-V element (typically hydrides such as

AsH3). When the mixture is introduced inside the growth chamber above a heated

substrate such as GaAs, the precursors decompose, resulting in epitaxial growth.

Although the process is far more complex, the net chemical reaction that takes place

can be summarized as :

In(CH3)3(g) + AsH3(g) → InAs(s) ↓ +3 CH4(g) ↑ . (3.1)

All the NW growth were done in low pressure MOCVD in a horizontal tube reactor

(CVD Inc.) on ∼1 cm2 sized substrates.

After this brief introduction of the MOCVD process, let us go back to our NW

growth using MOCVD. Before we introduce the substrate into the growth chamber,

we briefly describe the procedure for gold colloid deposition in order to prepare the

substrate for NW growth.

3.2.3 Preparation of the substrate

As we have seen in the previous section, there is a need of a catalyst to initiate the

growth of nanowires. Usually catalysts are those elements which form low melting

point eutectic mixtures with the constituent(s) of the substrate and also have ap-

36



3.2. Growth mechanism of nanowires (NWs)

preciable solubility for the elements of the semiconductor material to be deposited.

Gold is often the catalyst of choice, as Au-Si and Au-Ga eutectics are formed below

400 oC. There are many ways to deposit gold particles on the substrate, such as GaAs

or Si. One method is by deposition of a very thin layer ∼1 nm of Au by evaporation

or sputtering, later during the growth process, the deposited thin film of Au can be

transformed into small islands by annealing it inside the growth chamber. The di-

ameter of the islands can be controlled by the thickness of the deposited thin film,

however, there is a large dispersion in the sizes of islands formed. Size-controlled Au

particles can also be deposited through aerosol routes or by using colloid Au particles

from solution. We used commercially available (from Ted Pella), chemically-prepared,

mono-dispersed gold colloids. The colloids (diameter of 10-20 nm) are dispersed into

water, and can be directly used for deposition onto a substrate. But adhesion of Au

colloids with the surface of the substrate is often a problem. The method that we

follow to improve the adhesion is by using poly-L-lysine. The Au colloids are made to

be negatively charged particles to prevent aggregation in the solution, by the poly-L-

lysine treatment the surface of the substrate becomes positively charged [65], hence

the adhesion of the Au colloids increases.

Samples are prepared in a clean air bench. First, we take a piece of GaAs (111)B

wafer and put few drops of poly-L-lysine all over the substrate. After one minute

we dip the substrate into DI water and then blow dry it with nitrogen. When the

substrate is dry we put few drops of the gold colloid all over the substrate and wait for

30 s. After that we blow dry the remaining gold colloid from the top of the substrate

with nitrogen, which makes the substrate ready for the VLS growth. The density of

Au colloids that adhere to the substrate can be controlled by dilution of the initial

solution and control of the time for which Au colloidal solution is held on the surface.

3.2.4 Results and discussions

After preparing the substrate we put it in the growth chamber of the MOCVD system,

and purge it with high purity N2 for half an hour to ensure that there is no remaining

oxygen or moisture inside the chamber. Ultra high purity Pd-diffused H2 is used as

the carrier gas for the precursors in the growth process. The arsine flow is turned on

and in the arsine atmosphere, the substrate is annealed at 550 oC for 7 minutes for
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300 nm 200 nm

(a) (b)

Figure 3.4: Tilted SEM images (∼50o) of cleaved samples, showing (a) sample grown
at 420oC, with thicker and tapered NWs, (b) NW sample grown at 380oC, with
thinner and taper free NWs.

desorption of surface contamination residing on the substrate or on the gold colloids.

After that, the temperature is brought down to the growth temperature (∼400 oC),

and the flow of TMIn is turned on to initiate the NW growth. The flow rates for

the precursors are important parameters for the growth, for our MOCVD reactor,

we have optimized the flow rate for AsH3 to be 400 µmole/minute and TMIn to be

8 µmole/minute. The length of NW depends on the growth time, typically 15 µm

long NW are obtained in the growth time of 15 minutes. As the length of the NW

increases, there is also radial growth, hence, a longer NW is also becomes thicker

in diameter. The radial growth is usually non-uniform along the length of the NW

as a result there is tapering, which can be controlled by the precursor flow rate and

growth temperature. After each growth run we characterize the NW samples using

SEM or TEM, some of the results are described below.

To observe the side view of NWs in a SEM, we cleave a part of the as-grown NW

sample and use a sample holder which can be tilted and rotated, then, we view the

sample from the cleaved edge by tilting it to ∼ 50-60 o. Figure 3.4(a) shows a SEM

image of NWs grown at 420 oC, where we see that the NWs are tapered along the

length. The tapering can be controlled by the growth temperature to obtain taper-

38



3.2. Growth mechanism of nanowires (NWs)

2 µm

b

Figure 3.5: SEM images of NW sample showing 10 µm long and uniform NWs with
diameter of 70-100 nm grown using the optimized growth parameters.

free NWs. Figure 3.4(b) shows the SEM image of NWs grown at 380 oC, where we see

that, by reducing the temperature we get reduced radial growth and hence thinner

and taper free NWs. Recently Borgström et al. have demonstrated that the tapering

can be controlled via in situ etching by introducing HCl into the reactor during the

growth of InP NWs [9]. The uniformity of NWs can also depend on the flow rate of the

precursors and the V/III ratio. For our MOCVD system the optimized parameters

for growing thin and uniform NWs are: Growth temperature 380 oC, AsH3 flow 406

µmole/minute, TMIn flow 8 µmole/minute (corresponding to a V/III ratio of ∼50)

and chamber pressure of 100 torr. The growth rate in terms of length of the NW

is typically 1 µm/minute. Figure 3.5 shows a SEM image of a NW sample which is

grown using the optimal parameter values.

While the VLS process results in the deposition of highly oriented single crystal

NWs, there are always intrinsic structural defects. These defects play an important

role in the thermal transport properties in individual NWs (see Chapter 6). As

mentioned before, there are two possible crystal phases that can exist in InAs NWs

- zinc-blende (ZB) and wurtzite (WZ). A detailed study by Caroff et al. [56, 66] has

analyzed the nature of polytypism and twining in InAs nanowires.

For most of the wires used in this study (diameter ∼100 nm) we observe a large
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(a) (b)

Figure 3.6: TEM images of one of our InAs NWs (images taken by B. A. Chalke at
TIFR) (a) shows a low magnification image where we can see the structural defects
due to the stacking faults and twin planes perpendicular along the < 111 > growth
direction, (b) shows an enlarged view where we can see the spacing between any two
planes are randomly varying between ∼2-5 nm.

number of randomly spaced twin defects along the length of the NW, as shown in

Figure 3.6. The NW sample for TEM characterization is prepared by depositing the

NWs in a TEM grid, the TEM images in this thesis are taken by B. A. Chalke at TIFR.

Figure 3.6(a) shows the structural defects due to the formation of stacking faults and

twin planes perpendicular along the growth direction of the NWs. Figure 3.6(b)

shows an enlarged view where we can see that the spacing between the planes ∼2-5

nm, which suggests that the defect density is very high in this NW. However, the

defect density can be controlled by optimizing the growth conditions [56, 67], such

as diameter and growth temperature. Figure 3.8(a) shows a TEM image of a thinner

NW of diameter ∼20 nm which is defect free. As we have mentioned earlier, by

reducing the temperature we get taper-free NWs (see Figure 3.4(b)), these thinner

NWs also have less defect density as shown in Figure 3.8(b).

3.3 Summary of nanowire growth

While the growth of NWs can be understood partially by the VLS mechanisms, the

exact mechanism is complex and not well understood. At the growth conditions used

for our InAs NWs (380 oC) it is unlikely that the catalyst droplet is really a liquid,

and hence a VSS model may represent the growth mode better. However the actual
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5 nm

Figure 3.7: (a) TEM images showing less defect density for one NW sample which is
grown using the optimized growth conditions. (b) TEM image shows the defect free
NWs for thinner wires.

mechanism of particle assisted nanowire growth is not simple to describe. The In/Au

phase diagram depends not just on temperature alone but is also probably affected by

particle size, group V precursor pressure etc. There is a preferential < 111 > growth

direction for NWs which can be seen from the angular dependence of the NW growth

with respect to the substrate crystallographic orientation. There are two crystal

phases, zincblende and wurtzite that can coexist in all the III-V NWs. The growth of

InAs NWs using the MOCVD system has been described along with the optimization

conditions to get uniform NWs. Under optimized conditions (T = 380 oC, AsH3 flow

406 µmole/minute, TMIn flow 8 µ mole/minute) we get long taper-free NWs which

have been used for fabricating the devices discussed in the next section.

3.4 NW device fabrication by electron beam lithog-

raphy

After the growth of InAs NWs our goal is to contact a single NW electrically and to

study the electrical as well as thermal transport. Contacting a NW is a challenging

task due to its small length 2-4 µm and diameter 70-100 nm. We use electron beam

lithography (EBL) for this purpose. The fabrication technique is described in detail

in the next few sections. In this thesis there are three kinds of NW devices in the

field effect transistor geometry that are used to study the electrical as well thermal

transport. These are namely: 1) NW in a cylinder-on-plane geometry, 2) NW wrap-
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Nanowire

70 µm

Figure 3.8: A dark field optical microscope image of a marker after deposition of NWs
and spin coating, the encircled portion showing a nanowire that has to be contacted.
The numbers are used to define the coordinates of the NW.

gate and 3) NW suspended above the substrate in four probe configuration. In this

following sections, we will describe the fabrication techniques for the first and the

third kind of devices, the fabrication method for the wrap-gate is described in detail

in Chapter 5.

3.4.1 Fabrication of on-substrate devices

After growth, the sample has a forest of vertically standing NWs, with density of

∼ 109/cm2. The first step is to isolate a single NW to be transferred to another

substrate for device fabrication. The method that we follow is to scrape the surface

of the GaAs substrate on which the NWs are grown, with a sharp blade and put it in

a vial containing isopropyl alcohol (IPA). Ultrasonic agitation for 30 s disperses the

NWs into the IPA.

We use a 300 nm SiO2 coated degenerately doped Si as the substrate for the device.

Typically a 0.5× 0.5 cm2 substrate with predefined mark of arrays of numbers (marker

pattern, see Figure 3.8) is used as the chip where the device is to be fabricated. The

NWs are dispersed on the chip using a combination of syringe and micro-pipette tip
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3.4. NW device fabrication by electron beam lithography

Figure 3.9: Image of the combination of a syringe and micro-pipet tip used for the
NW dispersion.

(see Figure 3.9) which allows the (IPA+NWs) mixture to be controllably deposited

on the chip drop by drop. After dispersing the drops we wait until the IPA is just

about to evaporate (to give enough time for the NWs to stick to the substrate), but

ensure that it is blown by a nitrogen gun to avoid the clumping of NWs around the

periphery of the dried droplet before the IPA completely evaporates. After dispersing

the NWs twice we examine the chip using an optical microscope to check if there are

enough NWs within the marker pattern (typically 1 NW per 60×60 µm2 area is a good

density). Once the NWs are transferred to the SiO2 substrate we spin coat the chip

with electron beam resist. Electron beam resists are polymers (EL-9, PMMA-495 and

950) that undergo chemical change once exposed by an electron beam. First, we spin

coat a layer of EL-9, or PMMA-495, (thickness of 150-200 nm) and bake it (typically

at 175 oC for 7 minutes) to remove the solvent of the polymer by evaporation. Then

we repeat the same procedure to spin coat another layer of PMMA-950. The idea

behind using two layers of resist is to get an under-cut (see Figure 3.10(b)) which is

essential to get the lift-off. Figure 3.10(a) shows the schematic of the chip after the

NW deposition and spin coating.

After the spin coating, we use an optical microscope and identify the NWs that

we want to contact. The location and orientation of each NW is ascertained with

respect to the grid coordinates of the marker pattern (see Figure 3.8). We can record

the position and orientation of each of the NWs, with a sufficient accuracy relative

to the layout of the marker in the computer aided design (CAD). Using the CAD, we
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Figure 3.10: A schematic of the lithography processes. (a) Two layers of e-beam
resist coating after the NWs are deposited. (b) The chip is developed in MIBK-IPA
solution after the e-beam exposure. (c) Metal (Cr-Au) deposition by sputtering, or
evaporation. (d) Lift-off in acetone is the final step in the lithography process.

design our electrodes that have to be patterned using a SEM.

The Raith e-line is a dedicated EBL system we have used for the lithography. The

chip can be aligned with the write-field of the SEM within a accuracy of ∼ 30 nm.

We write the pattern (exposing with the e-beam) that has been designed using CAD.

There are several key parameters need to be optimized to get a good e-beam exposure.

These parameters are 1) dose, 2) beam current, and 3) accelerating voltage. The e-

beam dose, is defined as the total charge incident per unit area, and depends on the

resist layer and the substrate [68]. Typically an area dose of 140 µC/cm2 has been used

with an accelerating voltage of 15 kV. Beam current is another important parameter

which can be controlled by adjusting the aperture of the column; typically 0.3 nA

of beam current is used. A larger beam current reduces the exposure time (which

is sometimes necessary for writing big features like bonding pads). The accelerating

voltage of the e-beam is another parameter, which determines the sharpness of the

feature.

Figure 3.10(b) shows the schematic of the chip which has been developed in mix-

ture of IPA and MIBK just after the e-beam exposure, where we see the under-cut

in the e-beam resist and the bare segments of the NW. After developing the chip

the next step is the deposition of metal; for InAs NWs we use a thin layer of ∼20
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5 µm

Figure 3.11: SEM image of an on-substrate InAs NW device.

nm Cr (for improved adhesion layer) and Au of ∼70-80 nm to get Ohmic contacts.

The metal deposition can be done using an evaporator, or a sputtering system (see

Figure 3.10(c)). The final step of the lithography process is the metal lift-off (see

Figure 3.10(d)), where we put the chip in acetone for 10-20 minutes and wait for the

acetone to dissolve all the resist. The under-cut plays a crucial role by ensuring that

there is no continuous metal film and the acetone can dissolve the resist. Figure 3.11

shows an on-substrate device fabricated using the process we discussed here.

3.4.2 Steps to form Ohmic contacts to InAs NWs

For InAs, unlike many semiconductors (Si, Ge, GaAs etc.), there is a downward band

bending that happens at the surface due to the presence of donor like surface states

[69]; as a result the conduction band edge lies below the Fermi level at the surface.

Figure 3.12 shows the schematic of the metal-InAs junction, and the formation of

electron accumulation layer at the surface of InAs. While this implies that ideally, any

metal can form Ohmic contact with InAs due to the surface accumulation electrons,

this is not observed in experiments. Practically one has to ensure that the InAs NW

surface is kept clean and properly passivated in order to ensure good Ohmic contacts.

Although Cr-Au can make a good Ohmic contact with InAs NWs, resist residue

of polymers and oxide at the surface of NW can be significant obstacles for Ohmic
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Figure 3.12: A schematic of the band diagram of metal-InAs junction.

contact formation. To ensure Ohmic contacts it is important to clean the surface of

the NW just before the metal deposition. For this purpose we use a mild RF plasma

cleaning step. After developing, the chip is loaded in the sputtering chamber and the

system is pumped down to ∼10−7 mbar. The etching is done in Ar at a pressure of

3×10−2 mbar with a typical RF power of 25 W for ∼2 minutes. Immediately after

the etching, metals are deposited without breaking the vacuum. This ensures that

good Ohmic contacts are formed.

Apart from the RF cleaning we also use ammonium poly-sulfide ((NH4)2Sx) treat-

ment for surface states passivation for getting good Ohmic contacts. This treatment

however, increases the surface charge density of electrons [70].

To prepare the solution of (NH4)2Sx, we use commercially available sulfur powder

(S) and ammonium sulfide ((NH4)2S) solution. Typically 20 ml of (NH4)2S is mixed

with 1 g of sulfur powder, the resulting solution (NH4)2Sx is strongly yellow in color.

The solution is diluted with DI water in ∼1:50 ratio prior to use. After developing,

the chip is dipped into the diluted solution at 60 oC for 5 minutes [71]. The chip is

placed up side down on the meniscus of the solution, as it has been noticed that the

chip floats on the liquid like a hydrophobic substrate. After this we clean the chip in

DI water and blow dry it, immediately (without exposing it in strong light) the chip

is loaded inside the sputtering chamber for metal deposition. Using this process we

get good Ohmic contact with contact resistance of ∼500 Ω.
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Figure 3.13: A schematic of the lithography processes for suspended devices. (a) The
NWs are sandwiched between the e-beam resist. (b) After development in MIBK-IPA
after the e-beam exposure. (c) Metal deposition by sputtering is important as metal
has to be deposited underneath the NW to support it with the substrate. (d) Final
lift-off process.

3.4.3 Fabrication of four probe suspended devices

Fabrication of suspended devices follows similar steps of lithography, the only differ-

ence is the preparation of the substrate prior to wire deposition and spin coating.

Instead of depositing the NWs directly on the chip, now the NWs are deposited on

top of one layer of e-beam resist. The thickness of the initial resist layer determines

the height of the suspension of the NW from the substrate. Figure 3.13 shows the

schematic of the process at each step; first, we spin coat a layer of 200 nm of EL-9,

then we deposit the NWs as discussed earlier. After the wire deposition, we spin

coat another two layers of EL-9 (200 nm), and one layer of PMMA-495 (145 nm),

which sandwiches the NWs between the polymer resist as shown in Figure 3.13. The

subsequent steps are similar to one we follow for the on substrate devices. However,

in this case the metal deposition has to be done by sputtering to ensure that metal

goes underneath the NWs to anchor it with the substrate. Figure 3.14 showing SEM

image of one of the suspended four probe device.
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a

1 µm

Figure 3.14: SEM image of a suspended four probe device of InAs NW.

3.5 Summary

Devices of InAs NWs have been fabricated using electron beam lithography. Two

kinds of device fabrications have been discussed in this chapter, NWs on substrate

and suspended above the substrate (fabrication of wrap-gate device will be discussed

in Chapter 5). Due to low band-gap and the formation of surface accumulation

layer, good Ohmic contacts can be made to InAs NWs. Although sputtering and

evaporation of metal both can be used for on-substrate devices, sputtering is essential

for metal deposition to fabricate the suspended NW devices.
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Chapter 4

Magnetotransport in individual

InAs nanowires

After the growth of NWs and device fabrication, we study the electron transport

properties of individual InAs NWs. In this chapter we will describe the magneto-

transport experiments at low temperature. As it has been discussed in Chapter 2,

we have studied the magnetic field variation (in the low magnetic field regime) of the

correction term in the Drude conductivity, known as the weak localization. Presence

of high spin-orbit interaction in the NW alters the sign of the correction term, the

phenomena is known as the weak anti-localization. In our experiment we find that

the spin-orbit coupling is tunable by an electrostatic gate. The aim of this experiment

is to probe the different scattering mechanisms within the system with magnetic field

(in the regime of both low and high field regimes).

4.1 Introduction

Electron transport in InAs nanowires has been studied extensively [10, 19, 72, 73, 74]

because of many interesting aspects of this material. Due to the low effective mass

of electron it is promising for high mobility devices [10, 11], it has high spin-orbit

interaction (SOI) which makes these material promising for NW based spintronic

devices like the spin dependent field-effect transistor [15], and one of the desirable
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Figure 4.1: (a) Schematic of the device geometry with the nanowires contacted with
electrodes on 300 nm thick silicon oxide. The degenerately-doped silicon gate serves
as the back-gate. (b) SEM image of one InAs NW device, with the scale bar of 5 µm.
The diameter of the wire is 90 nm.

features of such a device is the tunability of SOI [19, 74, 75]. In order to better un-

derstand the SOI and relaxation mechanisms, magnetotransport measurements have

been done on a network of InAs nanowires by Hansen et al. [19] at low magnetic

fields. The network of NWs used in the previous experiment [19] is for ensemble

averaging the conductance fluctuations of the individual NWs. However, studying

electron transport in individual nanowires at both low and high magnetic field can

provide additional insight into the electron transport in nanowires particularly since

there is strong evidence to suggest that in case of InAs there is a subsurface sheet

of electrons that participates in the electron transport together with the bulk elec-

trons [76, 77, 78]. The high field magnetotransport measurements with magnetic field

perpendicular to the axis of the wire shows that the mobility of the electrons is signif-

icantly modified with magnetic field. We also observe a difference in the evolution of

the mobility as a function of magnetic field when the magnetic field is applied parallel

to axis of the wire, or perpendicular to it. We argue that degree of surface scattering,

together with skipping orbits along the edges play a significant role in determining

the variation of mobility at high fields.

4.2 Device fabrication

The InAs nanowires used to make devices in this work were synthesized in a metal

organic vapor phase epitaxy system using the vapor-liquid-solid (VLS) technique [79,
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80] on a < 111 > B oriented GaAs substrate (details are described in Chapter 3). All

the measurements in our work were done on wires 80-90 nm in diameter, 2-5 µm long

and oriented in the < 111 > direction [81]. The devices were fabricated by depositing

the wires on a degenerately-doped silicon wafer with 300 nm of thermally-grown SiO2.

The electrodes were then defined by locating the wires relative to a pre-patterned

markers using electron beam lithography. After developing, the devices were loaded

in a sputtering chamber with an in-situ low power plasma etcher. Plasma etching

was done to remove the amorphous oxide and resist residue on the nanowires to form

ohmic contacts; this was followed by deposition of chromium (20 nm) and gold (80 nm)

without breaking vacuum. This procedure for fabricating ohmic contacts differs from

the one reported in literature using ammonium polysulphide [82] (details are given

in Chapter 3). Figure 4.1(a) shows the schematic of the device and measurement

scheme and Figure 4.1(b) shows the SEM image of one such devices.

4.3 Electrical characterization

To characterize the devices prior to magnetotransport measurements we performed

detailed transport measurements on each device in zero field to study the mobility and

on-off characteristics of the device as a function of temperature; these measurements

also allow us to confirm the Ohmic nature of the contacts. Figure 4.2(a) shows the

color scale plot of conductance as a function of gate voltage and temperature (in the

range of 4 K to 290 K) of one such devices. The conductance variation as a function

of gate voltage at different temperatures can be obtained from the cross sections

at different temperature points in the color scale plot, as shown in Figure 4.2(b).

Figure 4.3 shows the plot of mobility as a function of temperature. The mobility was

calculated by taking into account the device geometry and electrical characteristics

[83, 84, 85] (details of the mobility calculation are given in Chapter 2). The variation

in the mobility of the device as a function of the temperature shows phonon scattering

dominating at higher temperatures and around 30 K the mobility saturates to indicate

the residual contribution of impurity scattering.
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Figure 4.2: (a) Colorscale conductance plot of InAs nanowire FET as a function of
temperature (4 K to 290 K). (b) Conductance as a function of gate voltage at different
temperatures obtained from the cross-section at different temperature points from the
above color scale plot.
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Figure 4.3: Plot of electron mobility as a function of temperature. At low tempera-
tures (below 30 K) it shows that the mobility is limited by the impurity scattering,
while at high temperature the mobility is dominated by phonon scattering.
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4.3.1 Measurement of mean free path and Fermi wavelength

From the classical theory of free electron gas, if vd is the electron drift velocity in

presence of an external electric field E, with the relaxation time τ , then eEτ = m∗vd.

where e is the electron charge and m∗ is the effective mass of electron. From the

definition of electron mobility (µ), vd = µE. The relaxation time due to elastic

scattering can be estimated from the electron mobility, τ = m∗µ
e
. Hence, the elastic

mean free path (le) can be estimated from, le = τ |vd|, where, we assume that the

conduction electrons are close to the Fermi surface and |vd| is equal to the Fermi

velocity, vF = ~
m∗(3π

2n)1/3. Density of free electrons in the NW (n) can be obtained

from the capacitance of nanowire with respect to the gate electrode (see Chapter 2).

In the gating curves shown in Figure 4.2(a) we vary the density of electrons up to

∼ 5 ×1017 cm−3. At 1.7 K, the measured mean free path (le ∼40 nm) and Fermi

wavelength (λF ∼ 30 nm) ( at Vg = Vthreshold + 5 V). Considering the length (l = 2−3

µm) and diameter (d = 90 nm) of the wire, we find that the transport is in a diffusive

regime with le < l and λF < d.

4.4 Low temperature measurement in the pres-

ence of magnetic field

After the electrical characterization we place our sample in the magnetic field perpen-

dicular to the NW axis at 1.5 K. As we have seen in Chapter 2, that, measurement

of the variation of conductance as a function of low magnetic field allow us to mea-

sure the phase coherence length lϕ and spin-orbit relaxation length lso [30, 86, 87].

Specifically, this allows us to measure how tuning the gate voltage affects the SOI

and phase coherence length. The conductance is measured using a lock-in amplifier

while the magnetic field is swept from +1 T to -1 T, at each magnetic field value the

gate voltage is also swept in the full on-off range of the FET. For some devices we

see conductance fluctuations with respect to the magnetic field, but the magnitude of

this fluctuations is much smaller than e2/h. One property of these conductance fluc-

tuations is that it is exactly repeatable (sweeps at different times). It suggests that in

some NW devices the phase coherence length is not very small compared to the device
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Figure 4.4: Plot of conductance as a function of magnetic field for two devices, shows
fluctuations, however, the values are much smaller than e2/h.
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of G as a function of B, obtained at Vg = 4.2 V and 8.2 V (from the cross section of
the color plot shown in (a)). Solid lines are the fits of ∆σ(B).

dimension (for detail discussions see Chapter 2), as a result there are some residual

interference effects, apart from the weak localization contribution. Figure 4.4 shows

data of conductance fluctuations for one such devices. In an earlier work Hansen et

al. [19] eliminate the conductance fluctuations by an ensemble averaging the conduc-

tance using a network of NWs connected in parallel. However, many of our devices

do not show the conductance fluctuations and enable us to see the weak localization

in a single NW. Figure 4.5(a) shows the color scale conductance plot of one such

device as a function of gate voltage and magnetic field. The banded colorscale accen-

tuates the transition from weak localization (WL) to weak anti-localization (WAL)

regimes that exhibit an increase in conductance and decrease in conductance respec-

tively as a function of magnetic field [30, 86, 87]. The conductance can be fitted

based on the calculation of conductance of a nanowire of length l and diameter d

with the magnetic field oriented perpendicular to the direction of current flow. In

our devices le < d so we use this [19, 86, 87] limit to analyze our data. The fits for

55



Chapter 4. Magnetotransport in individual InAs nanowires

Gate Voltage (V)

600

400

200

0

141210864

 lφ 

 

  lso

l φ
, 
l S

O
 (

n
m

)

Figure 4.6: Phase coherence length lϕ and lso extracted from fits to the data shown
in Figure 4.5(a). The diameter and length of the nanowire are 90 nm and 3 µm
respectively.

the data are shown in Figure 4.5(b) at two different regimes, namely the WL and

WAL, in the same device. The fitting is based on the correction to conductivity,

∆σ(B) ∝ [3
2
( 1
l2ϕ
+ w2e2B2

3~2 + 4
3l2so

)−1/2 − 1
2
( 1
l2ϕ
+ w2e2B2

3~2 )−1/2], in the presence of magnetic

field B for a rectangular wire of cross-section w and e being the charge of an electron

(more details are given in Chapter 2).

We have performed similar measurements on several other devices and qualitative

features of the key analysis and features are the same and we discuss them in further

detail. Figure 4.6 shows the evolution of the phase coherence length (lϕ) and spin-

orbit length (lso) – a measure of the SOI within the wire. We observe that there is a

continuous variation as a function of gate voltage, we also see the peak-like features in

the extracted values of lϕ, however, we do not understand the origin of these features.

One other interesting feature of our data is that there is a variation in lϕ and lso

even after the on-state conductance saturates. We speculate that this could be a

signature of electric field induced change in the SOI. Further experiments with self-

aligned gates that subject the FET channel to external electric field are required to

better understand some of these observations.

In our analysis we find that both lϕ and lso are both tuned using Vg by a factor of

two. As the turn-on threshold of various nanowire FET devices varies due to the local

electrostatic environment the ensemble averaging over a network [19] may suppress
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mesoscopic effects. The origin of the variation in magnitude of lϕ and lso could be due

to a variety of reasons, let us consider some of the possible mechanisms which can

give rise to the variation of the SOI with application of gate voltage. Recently, it is

reported in a similar experiment, that the NW diameter plays a role in the variation

of lso [18]. One plausible explanation of the gate controlled SOI can be attributed to

the in-homogenous charge distribution along the radial direction of the NW. Due to

the band-bending at the surface of InAs NWs, there is a charge accumulation layer

confined by a radial electric field at the surface. This electric field can give rise to

the Rashba like SOI [40, 88] (Rashba SOI has been discussed in Chapter 2) and by

influencing the charge distribution by an electrostatic gate one can change the SOI

strength. It has been shown in the earlier work [19] that, considering the Dresselhaus

effect [38] (see Chapter 2) the minimum bound for the calculated lso for InAs is ∼1-6

µm. This value of the lso is large compared to our experimental value (∼100-200 nm),

which implies that the SOI due to Dresselhaus effect in InAs NWs is small compared

to what we see in our experiment. Momentum relaxation of electrons can also give

rise to spin relaxation if there is a spin-splitting of the valence bands [19, 89]. This

SOI effect is known as the Elliot-Yafet mechanism. The splitting of the valence band

in InAs, ∆so ∼ 0.38 eV, which results in lso ∼ 0.5-2 µm [19] and shows that the

Elliot-Yafet mechanism can be important in InAs NWs.

4.4.1 Study of Magnetotransport at high magnetic field

We next consider the high magnetic field transport in these nanowires. In the high

magnetic field regime when the width of the wire is comparable to the magnetic length

(lB =
√

~/eB) which leads to a modification of the sub-band structure [75]. Addi-

tional effects of confinement become important when the diameter of the cyclotron

orbits for the electrons becomes smaller than the diameter of the nanowire. Here we

focus on the latter effect when the cyclotron orbit radius lc = ~kF/eB becomes smaller

than the radius of the nanowire. We have probed high magnetic field transport in

InAs nanowires to study the variation in magnetoconductance [90, 91] and mobility

of electrons. In these measurements the magnetic field is oriented perpendicular to

the axis of the nanowires. Figure 4.7(a) shows the plot of conductance of a device as

a function of magnetic field at 1.7 K. We point out main features of the data shown
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Figure 4.7: (a) Colorscale conductance plot of a device at high magnetic field showing
the turning on and off of the nanowire FET as a function of magnetic field. (b) Plot
of conductance as a function of gate voltage at different magnetic fields obtained from
the color plot of Figure 4.7(a).

in Figure 4.7(a) – firstly, the slope of the transition from off-state to on-state changes

for different devices as a function of magnetic field (see Figure 4.7(b)); secondly, we

see that the on-state conductance reduces as a function of magnetic field and lastly,

the change in the threshold voltage as a function of magnetic field. Now, we discuss

the first observation – the slope of the transition from off to on state. This slope is

also related to the mobility of the transistor and we look at how the mobility evolves

as a function of magnetic field. Figure 4.8 shows plots of mobility as a function of

the magnetic field from two devices. The plot of mobility [11, 83] as a function of

magnetic field for the data shown in Figure 4.7(a) is depicted in red with open circles.

The mobility increases significantly from a value of 1200 cm2V−1s−1 at 0 T to about

2200 cm2V−1s−1 at 7.5 T – the abrupt increase coincides with the decrease in the

on-state conductance and change in the threshold voltage. Figure 4.8 also shows the
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Figure 4.8: Plot of mobility as a function of magnetic field for two devices at 1.7 K.
The data plotted in red corresponds to device for which the colorscale conductance
plot is shown in Figure 4.7(a).

plot of mobility as function of magnetic field for another device for which the mobility

exhibits a significant decrease. In order to understand the microscopic origin of these

observations we have also performed measurements on devices with magnetic field

pointing along and perpendicular to the axis of the nanowire. We find the variation

in mobility is large when the magnetic field is pointed perpendicular to the axis of the

nanowire. Magnetoconductance variation at high magnetic field could be due to the

variation of the contact resistance with magnetic field due to spin-dependent scatter-

ing at the non-Ohmic contact; however, we have not used any magnetic materials for

fabricating the contact and the temperature evolution of conductance (Figure 4.2(a))

indicates that the contacts are Ohmic. Our observation that the variation in mobility

as a function of magnetic field is dependent on the relative orientation of the axis

of the wire and magnetic field indicates that geometrical effects of electron trajec-

tories are important [92, 93, 94, 95]. At zero magnetic field the electron traverses

from one electrode to another via a series of scattering events within the bulk of the

sample and surface. In our measurements we find that l > le and as one increases the

magnetic field another lengthscale, lc, becomes relevant; the cyclotron orbit radius,

lc = ~kF/eB, where kf is the Fermi wave vector, e is the charge of the electron, and

B is applied magnetic field. When lc < w, where w is the width of the nanowire the

contribution of surface scattering reduces leading to an increase in the mobility [96].

For the data shown in Figure 4.7(a) the lc =
1.4×10−7

B(T )
m and the crossover field (for
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w = 80 nm) occurs at a value of 1.8 T. The concomitant change in the threshold

voltage can also be understood due to the change in the screening of gate voltage

once the electrons are confined tightly to the surface and there are localized orbits

within the bulk of the nanowires while lc << w [92]. This qualitative picture changes

if the nature of surface scattering is different and this can be seen the data from a

second device where we see a reduction in mobility as the magnetic field is increased.

The unusual role of surface scattering is also seen in another aspect of our data –

the evolution of the conductance at a fixed electron density as a function of magnetic

field. We observe in all our devices the conductance reduces at high magnetic fields

and for the case of narrow channels with diffuse scattering negative magnetoresis-

tance is expected [92]. Surface roughness effects have been theoretically shown to be

important [97] in determining transport length scales and may need to be considered.

It is also essential to understand the role of the layer of electrons confined close to

the surface of InAs nanowires [76, 77, 78] as this could affect the nature of surface

scattering.

4.5 Summary

In this Chapter a detailed magnetotransport measurements on individual InAs nanowire

has been discussed. In these NW devices the electron mean free path is smaller than

the device dimensions, as a result the transport is in diffusive regime. However, some

devices shows the signature of conductance fluctuation with values much smaller than

e2/h. Most of our devices show weak localization to weak anti-localization transition,

and enables us to find the lϕ and lso. We observe that lso can be tuned by the gate

voltage over a factor of ∼ 2. One possible explanation of this tunability could be the

transition from low to high density of electrons changing the relative contribution of

electrons in the bulk and those confined to the surface of InAs [76, 77]. In the high

magnetic field regime we find that transition in mobility occurs when the cyclotron

orbit size becomes smaller than the width of the wire. These measurements also in-

dicate that surface scattering plays a crucial role and magnetic field can be used to

tune the contribution of two scattering mechanisms in nanostructures.
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Chapter 5

Wrap-gate nanowire FETs with

improved device performance

In a nanowire field effect transistor (NWFET), it is desirable to be able to tune the

electron transport more effectively than what we have seen so far on the FETs of

cylinder on a plane geometry. In this chapter, a simple fabrication technique will be

described for lateral nanowire wrap-gate devices with high capacitive coupling and

field-effect mobility. This fabrication process uses e-beam lithography with a single

resist-spinning step, and does not require chemical etching. We measure, in the

temperature range 1.5-250 K, a subthreshold slope of 5-54 mV/decade and mobility

of 2800-2500 cm2/Vs– significantly larger than previously reported lateral wrap-gate

devices.

5.1 Introduction

Nanowire field effect transistors (NWFETs) have shown promise for device appli-

cations in the field of nanoprocessor and sensors [12, 13, 14]. Several strategies for

improving NWFET device performance have been reported [10, 98, 99]. A major chal-

lenge is to increase the capacitive coupling between the gate and the nanowire (NW)

for a better control of the gate response for high frequency applications [100, 101, 102].

A wrap-gate NWFET, that has a coaxial gate electrode around the NW device, is
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an ideal device geometry where the gate electrode can control the charge transport

effectively. Previous reports on vertical wrap-around gate NWFET devices made on

NW arrays have shown improved performance. However, the fabrication typically

involves several lithography steps [10, 98]. In a recent work, Storm et al. [20] have

successfully fabricated a lateral wrap-gate; such devices demonstrate the potential

of wrap-gate NWFETs. The fabrication process, however, involves several steps of

chemical-etching following deposition of oxides and metal onto the as-grown NWs

(possible only for NWs which are vertically grown and of low density). It is desirable

to develop a generalized method of fabrication that eliminates wet etching and mul-

tiple lithographic steps to avoid damage to the surface of the NWs which can result

in poor mobility.

In this chapter we will describe a simple fabrication process for lateral wrap-gate

NWFET devices with a single step of resist spinning together with e-beam lithog-

raphy to define source, drain and gate electrodes without any etching steps. We

demonstrate n-type FET response with the application of wrap-gate voltage (Vg)

with a large current on-off ratio (5 × 103). In the depletion region, we show how

the activation energy, which is a measure of the potential barrier in the gated region

with respect to the un-gated parts of the NW, varies with the application of Vg. We

characterize the capacitance of these wrap-gate NWFETs, as well as its subthresh-

old slope (S). The temperature variation (1.5-250 K) of S (5-54 mV/decade) shows

how the performance of these devices improve at low temperatures. The measured

mobility (2800-2500 cm2/Vs over the aforementioned temperature range) is an order

of magnitude higher than the recently reported mobility of a wrap-gate device [20].

5.2 Fabrication technique

InAs NWs, ∼10-15 µm long and ∼70-100 nm in diameter, are grown via the vapour-

liquid-solid technique as described in Chapter 3. As grown NWs are sonicated in

isopropanol (IPA) and dispersed on a predefined marker patterned on a 300 nm SiO2

substrate coated with 200 nm PMMA (Microchem EL9). The resist layer stack shown

in Figure 5.1 is used to ensure that the lift-off after sputtering of gold and deposition

of HfO2 is clean. The resist layers are put down by first spinning two layers each of
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Figure 5.1: Various steps of lithography used for fabricating wrap-gate devices. (a)
Sandwiched NW between polymer e-beam resists of different molecular weights. (b)
The gate electrode is patterned by e-beam and developed using a standard developer.
(c) 10 nm thick HfO2 is conformally coated by ALD. (d) The source and drain elec-
trodes are written and developed leading to the structure where the NW is suspended
in three segments. (e) The deposition of the electrodes using chromium and gold by
DC magnetron sputtering leads to fabrication of drain, source and gate electrodes.
(f) The last step consists of liftoff in acetone to remove the polymer resist and metal
layers.
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∼200 nm of EL-9 (MicroChem) with a total thickness of 400 nm, following this 145 nm

of PMMA 495 (MicroChem) is spun and the last layer of resist is 100 nm of PMMA 950

(MicroChem). After spinning each layer of resist the sample is baked to evaporate

the solvent. The total thickness of the resist layers is ∼645 nm. Figure 5.1(a) shows

the schematic of NW sandwiched between layers of e-beam resist.

In the next step, an e-beam exposure is done to define the wrap-gate electrode;

this stage allows the length of the wrap-gate, along the length of the NW, to be

precisely defined. After developing this exposure in a mixture of methyl isobutyl

ketone (MIBK) and IPA, the NW is suspended in the developed region that defines

the length of the wrap-gate – as shown in Figure 5.1(b).

In the 3rd third step, a gate dielectric consisting of ∼10 nm of HfO2 is coated con-

formally around the NW by atomic layer deposition (ALD) (Figure 5.1(c)). HfO2 is

used as the gate dielectric because of its high dielectric constant ∼ 20. The deposition

is done at 120 oC at 20 sccm flow rate of nitrogen with ∼ 2.8×10−1 Torr pressure. The

precursors are hafnium dimethylamide (C8H24N4Hf) and H2O. 100 pulses of both the

precursors are used for depositing 10 nm of HfO2 dielectric. Typical deposition time

is 180 minutes. The deposition rate at 120 oC is slow but it ensures that the polymer

resist is not hard baked. Following this, we pattern the source and drain electrodes

by another e-beam exposure through the thin HfO2 layer coated all over the resist.

The electron beam at 20 kV can expose the underlying polymer resist layers and this

is the key reason that our process reduces several steps of fabrication. Another step

of e-beam development in MIBK:IPA leads to the formation of patterns for the source

and drain electrodes (shown in Figure 5.1(d)). Before depositing the electrodes we

use a NH4Sx treatment for getting better Ohmic contacts [71] (described in Chapter

3) at the source and drain electrodes and find that this does not compromise the gate

dielectric. Deposition of 100 nm Cr and 300 nm Au in a DC sputtering system defines

the source, drain and gate electrodes in a single metallization step (a schematic at

the end of this step is shown in Figure 5.1(e)). Sputter deposition of metal is criti-

cal as the metal clusters have broader momentum distribution and this ensures that

the metal is deposited under the NWs leading to a conformal deposition of metal all

around the NW at the electrodes. The final step consists of a lift-off in acetone to get

the wrap-around gate device (schematic of the device shown in Figure 5.1(f)). The

liftoff step crucially depends on the stack of multilayered resist used in sandwiching
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Figure 5.2: Tilted angle SEM image of devices with different length of the wrap gate
made from nanowires of different length and diameter. Each of the scale bars is 1
µm.

the NW as described earlier. Figure 5.3(a) shows a scanning electron microscope im-

age of a finished wrap-gate NWFET, also shows the suspended segments between the

wrap-gate and other two electrodes. Device images with different wrap-gate lengths

are shown in Figure 5.2. This technique does not require chemical etching and is thus

applicable not only for InAs but can be used for NWs of other materials as well.

5.3 Electrical characterization

After fabrication we characterized devices at room temperature in a probe station,

and also at low temperature using a He3 cryostat. Figure 5.3(a) shows a tilted angle

SEM of a NWFET and the schematic of the device together with the circuit used for

measurement (Figure 5.3(b)).
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Figure 5.3: (a) A tilted SEM image of a device. The scale bar corresponds to 1 µm.
The NW is suspended 200 nm above the SiO2 substrate. (b) Schematic of the wrap-
gate NW device and the circuit used for electrical transport.
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Figure 5.5: (a) Logscale plot of ISD vs Vg obtained from the plots shown in Fig-
ure 5.4(a). (b) Logscale plot of ISD vs Vg for one device, showing the off state current
of 3nA.

5.3.1 Room temperature measurements

The room temperature response of the source-drain current (ISD) with Vg for different

applied source-drain voltage (VSD) is shown in Figure 5.4(a), which demonstrates low

voltage operation of a typical NWFET. The I-V shown in Figure 5.4(b), shows good

saturation characteristics. There is a device-to-device variation of the on-off ratio of

current. Figure 5.5(a) is the logscale plot of the data shown in Figure 5.4(a), which

shows the on-off ratio of ∼ 103. We have noticed that for some devices with larger

diameter of the NW, the NWFET cannot be turned off completely (see Figure 5.5(b)).

Figure 5.6(a) shows the on-off ratio of 2×103 for another device at the temperature of

250 K. Later in this chapter, we have obtained the conductance (G) of only the part

of the NW which is covered by the wrap-gate as a function of wrap-gate voltage using

Equation 5.5, which leads to a value of the on-off ratio of 5×103 (Figure 5.6(b)). Also

some of the devices show large hysteresis with respect to the gate voltage sweep, with

the loop area not being dependent on the sweep rate (see Figure 5.7). This hysteresis

is attributed to the presence of surface charges, with very long relaxation time. The

presence of surface states can also be seen from the capacitance measurement, which

is discussed below.

67



Chapter 5. Wrap-gate nanowire FETs with improved device performance

0.01

0.1

1

10

0.40.20.0-0.2
G

 (
µ

S
)

Vg (V)

0.01

0.1

1

10

0.40.20.0-0.2

G
 (
µ

S
)

Vg (V)

(a) (b)

Figure 5.6: (a) Logscale plot of G vs Vg for one device at the temperature of 250
K, shows the on-off ratio of 2 × 103. (b) Logscale plot of G of only the part of the
NW which is covered by the wrap-gate as a function of wrap-gate voltage, shows the
on-off ratio of 5× 103.
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Figure 5.7: Plot of ISD vs Vg for one device, showing hysteresis loop area which does
not vary with sweep speed. The time taken to complete two cycles are 8 minutes and
60 minutes respectively.
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5.3.2 Capacitance measurement

Capacitance-Voltage (C-V) measurement has been done in a probe station using a

AH2700A capacitance bridge. Figure 5.8 shows C-V plots at two different frequencies.

The measured capacitance per unit length is around ∼ 1.5 fF/µm, much higher than

the ∼ 100 aF/µm range typically seen in cylinder-on-plane device configurations [28].

In the on state of the device the capacitance is only due to the dielectric (6 fF). The

capacitance decreases with depletion of electrons by the gate, and reaches a minimum,

which is the capacitance of the dielectric in series with the semiconducting material of

the nanowire (see Figure 5.8). We compare this value with the estimated capacitance

from the analytic expression for a cylindrical geometry,

C =
2πlϵ0ϵr

ln(1 + (t/r))
, (5.1)

where, l is the length of the wrap-gated region; r, t are the radius of the nanowire

and thickness of the dielectric respectively; ϵ0, ϵr are permeability of free space and

dielectric constant of HfO2 respectively. Assuming the value ϵr = 20 for HfO2, the

estimated capacitance per unit length C/l = 4.4 fF/µm. This overestimation of the

capacitance is also observed previously in another device geometry [28], and may arise

from the simplified model used to calculate the capacitance.

Figure 5.8 shows the frequency variation of the C-V plot due to the presence of

surface states. In the depletion region the capacitance is larger at 1.4 kHz than at

20 kHz because the surface states are not sensitive at higher frequency. From this

frequency variation, my colleague A. Maurya, has estimated the surface state density

using the expression [103],

Dit =
1

q
(

CiCLF

Ci − CLF

− CiCHF

Ci − CHF

)
1

A
cm−2(eV )−1 , (5.2)

where Ci, is the capacitance of the insulating dielectric, CLF , CHF are the capacitance

at the depletion region at low and high frequency respectively (see Figure 5.8). Using

Equation 5.2, the estimated density of surface states ∼ 5× 1011 cm−2 (eV)−1.
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Figure 5.8: Capacitance as a function of gate voltage at two different test signal
frequencies of 1.4 and 20 kHz. CLF , CHF are the capacitances at the depletion region
at low and high frequency respectively.

5.3.3 Low temperature measurements

Subthreshold slope

We have studied the temperature dependence of the conductance as a function of Vg

down to 1.5 K. Figure 5.9 shows conductance as a function of Vg, the region below

the threshold voltage (also known as the subthreshold region), is important for low-

voltage application [27], because the subthreshold slope describes how fast the FET

turns on and off with respect to the gate voltage variation. The quantity, subthreshold

slope S, signifies how much change in gate voltage is required to change the current

by one decade (in the subthreshold region, the current varies exponentially with the

gate voltage). For a typical MOSFET device,

S ≃ [
kT

q
ln10](1 +

CD

Ci

) , (5.3)

where, CD and Ci are capacitances of depletion layer and the dielectric layer re-

spectively and q is the electron charge [27]. S is estimated directly from the data

by taking the inverse of the slope of the semi log-plot of current vs gate voltage
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Figure 5.9: Field effect transistor (FET) behavior of the device at different tempera-
tures.

curve. Figure 5.10 shows the temperature variation of S (at zero VSD), a value of 54

mV/decade at 250 K reduces to 5 mV/decade at 1.5 K. From Equation (5.3), we

see that the minimum value of S is given by S ≃ kT
q
ln10, therefore at 250 K, the

minimum value of S ∼ 50 mV/decade, comparable to the obtained value of S from

our device (54 mV/decade). However, there are some devices which show S value

of 100-200 mV/decade at room temperature (Figure 5.11), the reason behind this is

the presence of trap states at the interface between the dielectric and the nanowire.

The capacitance due to the interface traps (Cit) is parallel with CD [27]. Using Equa-

tion (5.3), the subthreshold slope in presence of surface states (Sit) can be written

as

Sit ≃ [
kT

q
ln10](1 +

CD + Cit

Ci

) = S × 1 + (CD + Cit)/Ci

1 + CD/Ci

. (5.4)

Equation (5.4) shows that in presence of surface states the value of S increases by a

factor of 1+(CD+Cit)/Ci

1+CD/Ci
.

Height of potential barrier

There is a potential barrier that forms under the wrap-gate (Figure 5.12). As a re-

sult, at low temperature the conductance across the potential barrier is thermally
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Figure 5.10: The plot of the subthreshold slope vs temperature.
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Figure 5.12: The schematic of the band diagram of the device together with the
resistor model to understand the activation behavior and mobility.

activated, and it can be seen near the off-state of the FET (Figure 5.13(a)). The

activation energy (EA) is calculated from the slope of the lnG Vs 1/T plot (Fig-

ure 5.13(b)). EA decreases linearly with applied Vg (Figure 5.14); maximum value

of ∼0.17 eV occurs when the device is completely turned off. This shows that the

gate can effectively push the Fermi level near the center of the band gap (0.35 eV).

The wrap-gate covers the middle part of the NW (∼ 4 µm) and this length can be

varied in the lithography step (Figure 5.2). By varying the wrap-gate potential, we

are changing the conductance G2 of the active region while the two neighboring seg-

ments of the NW have conductance G1 and G3 and are independent of Vg. This

activation behavior can be understood from the schematic of the band diagram of the

wrap-gated NW given in Figure 5.12, together with the resistor model, that is used

later to extract field effect mobility.

Field effect mobility

Another parameter to benchmark a FET is its field effect mobility. We have estimated

field effect mobility (µ) from the slope of conductance (G) vs Vg plot (
dG
dVg

), using the

expression µ = L2

C
dG
dVg

, where L and C are the length of the NW and capacitance of the
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Figure 5.15: Plot of field effect mobility as a function of temperature, shows that
mobility peaks around 50 K.

gate dielectric respectively (see Chapter 2). To estimate dG
dVg

, only due to the active

part of the NWFET, we assume that at some Vg near flat band, the wire will conduct

homogeneously in all the three parts and we can estimate the conductances of the

ungated parts (these values are independent of Vg) of the device. Hence the G vs Vg

can be plotted only for the active part of the device, using the following equation,

G2 =
GtG1G3

G1G3 −GtG1 −GtG3

, (5.5)

where Gt is the total conductance of the nanowire. In this calculation, we assume

that the flat band condition occurs when the current nearly saturates (this assumption

gives us only a lower bound to the mobility calculation). Figure 5.15 shows the field

effect mobility value 2500-2800 cm2/V s, this is comparable to the value obtained

previously on standard InAs NWFET of cylinder-on-plane geometry [33, 104]. The

mobility of our devices is an order of magnitude larger than the recently reported

mobility (∼109 cm2/Vs) of a wrap-gated device [20], where the fabrication process

involved many wet etching steps which can potentially introduce more surface states

and thus enhance surface scattering. However, it is less than the highest mobility value

reported so far [28, 105] on InAs NWs. It is known that the reason for reduction of

mobility in InAs NW from its bulk value is that the surface accumulation charge

contributes significantly in electrical conduction, and due to the scattering at the
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Figure 5.16: Color-scale plot of the conductance as a function of the wrap-gate voltage
as we vary the magnetic field at 300 mK.

surface the mobility reduces. As a result mobility increases with the wire diameter

[28]. A possible reason for the lower mobility in our case even with a relatively

larger diameter of the NW (∼70 nm) is presumably due to the fact that the twin

defect density also increases with the diameter, these twin defects result in additional

scattering and a reduction in mobility [104, 106]. A plot of field effect mobility as

a function of temperature, shows that mobility peaks around 50 K; a trend also

observed previously in our measurement on the on-substrate devices (see Chapter 4).

This trend also had been reported by Ford et al. [28], and is attributed to scattering

due to surface roughness as well as twin defects.

5.4 Magnetotransport in wrap-gate devices

The magnetotransport experiment has been discussed earlier in Chapter 4, where we

see the weak localization to anti-localization transition as we vary the gate voltage

(via the back gate). The exact mechanism of the tunability of the spin-orbit inter-

action (SOI) in InAs NWs is not well understood, however, as it has been discussed
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Figure 5.17: (a) Shows G as a function of B for three different gate voltages, there is
a non-monotonic variation of the width of the weak localization dip with gate voltage.
(b) G as a function of Vg for two different gate voltages in the weak anti-localization
regime. (c) Plot of the phase coherence length as a function of Vg obtained from the
fitting, shows large oscillation. The missing data points in the plot corresponds to
the points where the data does not fit with the theoretical expression of the weak
localization correction.

in Chapter 2, the Rashba SOI could be important in this system. The wrap-gate al-

lows us to study the effect of externally applied radial electric field on the spin-orbit

coupling. We have carried on the magnetotransport measurement on the wrap-gate

devices at 300 mK. Figure 5.16 shows the color-scale plot of the conductance as a

function of wrap-gate voltage (Vg) as we vary the magnetic field. We see a similar

trend, as seen before in the devices in cylinder-on-plane geometry (see Chapter 4),

however, we cannot compare the qualitative difference between the two data, since

the wrap-gate covers only a part of the full length of the NW. (Exact comparison

would be possible if the wrap-gate covers the whole length of the NWs.)

Figure 5.17(a) shows the conductance (G) as a function of magnetic field (B) for

three different Vg, where we notice that the width of the weak localization dip is not

monotonic with Vg. Figure 5.17(b) shows G as a function of B for two different gate

voltages in the weak anti-localization regime. As it has been described in Chapter
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4, we obtain the phase coherence length lϕ from the data of G as a function of B

(see Chapter 2). Figure 5.17(c) shows that there is a oscillation in lϕ with Vg (which

can also be seen in the non-monotonic variation of the width of the weak localization

dip). The oscillation of lϕ has also been noticed previously in our experiment, but

with smaller magnitude (see Chapter 4). We do not understand the origin of this

oscillations.

5.5 Summary

In this chapter a simple fabrication technique for lateral wrap-gate NWFET has been

discussed, which can be used for a variety of NW systems. Electrical characterization

is done at room temperature as well as at low temperatures. The good capacitive

coupling of our devices, and the FET performance including sub-threshold slope and

mobility suggest the potential use for high-frequency NWFETs. In addition, such

devices with good characteristics at cryogenic temperatures can be used to fabricate

on-chip amplifiers for sensitive measurement of current [107] and capacitance [108].

The wrap-gate controlled large electric field will be interesting to study the physics

of spin and charge in quasi 1-D systems with spin-orbit interaction [109, 110]. Mag-

netotransport measurement is done on the wrap-gate devices, where we see a similar

trend of weak localization to anti-localization transition as seen before in Chapter 4.

However, the origin of the oscillations that we see in the phase coherence length as a

function of gate voltage, is not understood.
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Chapter 6

Thermal transport in individual

InAs nanowires

So far we have seen from the electron transport in InAs nanowires, that this is a

material with potential from the perspective of device applications in the area of

high speed FETs, and spintronics. In Chapter 3, we have also noticed in the TEM

characterization, another important aspect of these nanowires, which is the presence

of a large number of twin defects. These defects are responsible for reduction in the

electron mobility in the nanowire. But what role do these defects play in the case

of phonons? To answer this question, this chapter discusses the measurement of the

thermal conductivity (κ) of individual InAs nanowires (NWs). We find that is 3 orders

of magnitude smaller than the bulk value in the temperature range of 10 to 50 K. We

argue that the low κ arises from the scattering of phonons in the random superlattice

of twin-defects oriented perpendicular to the axis of the NW. We observe significant

electronic contribution arising from the surface accumulation layer which gives rise

to tunability of κ with the application of electrostatic gate and magnetic field. Our

devices and measurements of κ at different carrier concentrations and magnetic field,

offer a means to study new aspects of nanoscale thermal transport.
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6.1 Introduction

Thermal transport measurements on semiconducting nanowires (NWs) have attracted

a lot of attention in the last few years. Measurements of thermal transport in

nanostructures are important as they provide a platform to test the existing descrip-

tions of phonons in confined structures and across complex interfaces [25], and have

the potential to result in technological applications such as thermoelectric systems

[25, 111, 112]. Different materials are benchmarked using the thermoelectric figure of

merit ZT = S2T
ρκ

, where S is the Seebeck coefficient, ρ is the electrical resistivity, κ

is the thermal conductivity and T is the absolute temperature. ZT can be increased

by appropriate engineering of nanostructures. One of the ways to increase ZT is

by reducing κ without degrading its electrical conductivity and Seebeck coefficient

[22]. As a result, an ideal thermoelectric material is a glass for phonons and ordered

for electronic transport. Recently, several theoretical models as well as experimental

studies have been carried out in different semiconductor NWs like Si, Ge, Bi2Te3 etc.

[23, 24, 46, 113, 114]. It is found that for Si NWs, the value of κ can be reduced by

two orders of magnitude [23, 24, 114] compared to bulk values by tuning the rough-

ness of the surface. III-V semiconductors are also known to be good thermoelectric

materials, and theoretical studies suggest that InSb and InAs NWs are good candi-

dates for better ZT [115]. InAs NWs have been studied extensively to probe their

charge and spin-transport [17, 33, 74]. An aspect of InAs NWs that makes studying

their thermal transport, hitherto little explored [116, 117], of interest is the ability

to tune the density of twin defects and polytypes along its length by varying growth

parameters [54, 56, 118, 132]. Exploiting this control over crystal structure can help

synthesize defect-engineered NWs, whose lattice has aperiodic array of twins along

its length that modify phonon behavior, with the electron transport affected [106] to

a lesser extent. Such NWs satisfy the key criteria for a good thermoelectric material

– localization of phonons with comparatively less localization of electrons.

In this work we explore the κ of suspended InAs NW field effect transistors (FETs);

the NWs have high density of aperiodic twins and polytypes perpendicular to their

axis [54, 56, 106, 132]. Defects suppress κph (the phonon contribution to κ) resulting

in reduction of thermal conductivity by 3 orders of magnitude from bulk. Our method

also has an advantage which is to study κ as a function of carrier concentration with-
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Figure 6.1: Tilted SEM image of one suspended four-probe device, the scale bar
corresponds to 1 µm.

out introducing additional impurities. We observe significant change in the thermal

conductivity with the application of gate voltage suggesting finite electronic contri-

bution, and we propose that this contribution comes from the conduction electrons

at the surface accumulation layer which is inherent to low band gap semiconductors

like InAs and InN [70, 119, 120]. To confirm the role of electronic contribution we

apply magnetic field and see considerable changes in the thermal conductivity.

6.2 Experimental setup and calibration

InAs nanowires (NW) are grown via the Vapour Liquid Solid (VLS) technique in a

metal organic chemical vapor deposition (MOCVD) system (details of the growth

process are discussed in chapter 3). Gold colloids of diameter 10 nm are used as the

catalyst for NW growth. Before growth, the < 111 > B oriented GaAs substrate is

annealed at 550 oC for 7 minutes in an arsine ambient. Subsequently, growth is carried

out at 380 oC using trimethylindium and arsine for 15−20 minutes, resulting in InAs

NWs of 10-12 µm length and 100 − 200 nm diameter. Electrical contacts to the

NWs are defined using standard electron-beam lithography techniques (fabrication

technique has been discussed in detail in Chapter 3). For making suspended NWs,

we sandwich them between layers of electron-beam resist. Before metallization, the

NW surfaces are passivated by dipping into ammonium polysulphide solution for

5− 6 minutes at 60 oC, and then rinsed in deionized water before loading it into the
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Figure 6.2: The temperature profile along the length L of the NW with the red shaded
area indicating the amplitude of oscillations.

sputter chamber. The sample is plasma cleaned in situ prior to depositing 100 nm

Cr and 300 nm Au for Ohmic contacts. A standard lift-off procedure completes the

fabrication process, leaving the NWs suspended between the electrodes. The height

of suspension of the nanowires is 200 nm above the SiO2 surface (see Figure 6.1)

Thermal measurements on individual nanostructures like carbon nanotubes [121]

and NWs [24, 46, 114] have been done using microfabricated thermometers and

heaters [121]. It has been successful for a variety of systems. However, the device

geometry makes electrostatic tuning of carrier density very difficult. An alternate

method of measuring thermal properties of nanostructures uses a modification of the

3ω technique [122] for κ and specific heat measurement (see Chapter 2 for details

of the measurement technique). The modified 3ω technique [123, 124, 125] relies on

fabricating suspended four probe devices with the conducting NW serving both as a

heater and a thermometer. The injected current is modulated at a frequency ω much

smaller than the intrinsic rate of heat diffusion 1
γ
. This modifies the temperature pro-

file, as seen in Figure 6.2(a), due to Joule heating along the length of the NW with the

boundary condition Tb enforced by the electrodes [123, 124]. The temperature profile

along the length of the NW oscillates at frequency 2ω, leading to a modulation in

resistance at 2ω. In a four probe configuration the voltage between the inner probes is

a product of resistance and the applied current I(ω), hence, the resistance modulation

of 2ω is picked up as a voltage V(3ω) in the four probe configuration at frequency 3ω

(for details of the measurement technique see Chapter 2). The magnitude of V(3ω)
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can be related to κ (in the limit ωγ → 0 ) as [123, 124]

V (3ω) =
4(I(ω))3RR′L

π4κA
, (6.1)

where ω is the angular frequency of the AC current, I(ω) is its amplitude, R and

R′ are the resistance and the derivative of resistance with respect to temperature

respectively, L is the length of the NW between the two middle probes and A, its

cross section. [123, 124]. For our devices, L is 2-3 µm and the thermal time constant

γ can be estimated to be ∼ 10−5 s. Details of phase information of 3ω signal in the

limit of ωγ → 0 is described next.

6.2.1 Choice of parameter space

The measurements are done in an Oxford Instruments variable temperature cryostat.

The temperature is ramped very slowly to ensure 10-50 K in about 500-600 minutes to

ensure the thermal equilibration at each step. We use two SRS830 lock-in amplifiers

to measure both the 1ω and 3ω component of the voltage signal simultaneously.

It is ensured that there is no 3ω component of current produced by the current

source in the current range of our interest. Our measurements are in the low frequency

regime, ωγ ∼ 0, where ω is angular frequency of the applied AC current and γ is the

thermal time constant, given by

γ = (L2ρCp/π
2κ) . (6.2)

We have chosen ω/2π = 271 Hz, for our measurements. At this value of ω, the low

frequency approximation still holds. At 50 K, for a wire of length L=2.6 µm, mass

density ρ=5.7 g/cm3, specific heat Cp=230 J/kgK, and thermal conductivity, κ=300

W/mK (for bulk),we get γ ∼ 10−8 s. But for nanowire, κ is very different from that

of bulk, for the self consistency, if we take the κ for NW from the experimental data,

the largest value of γ ∼ 10−5 s occurs at 10 K. A plot of self-consistently calculated

ωγ for the NWs, with κ taken from experiments and Cp from bulk data, is shown

in Figure 6.3. We also recorded the phase ϕ of the 3ω signal, where tan(ϕ)=2ωγ to

ensure that our measurements are in the low frequency regime. The phase is close to
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Figure 6.3: Plot of ωγ vs temperature. γ is calculated using the bulk value of specific
heat [126] and experimental value of κ of the NW.
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Figure 6.5: Plot of V(3ω) vs frequency. V(3ω) remains flat throughout the frequency
range up to 3-4 kHz, ensures that our measurement at 271 Hz is at low frequency
regime.

zero as expected at the low frequency limit (Figure 6.4). Figure 6.5 shows the plot

of V(3ω) with frequency, it is almost flat throughout the frequency range. To see

the variation of V(3ω) signal with frequency, the range of frequency has to be more

than the range of frequency in the plotted data (Figure 6.5). Due to the parasitic

capacitance of the measurement lines, the present experimental set up does not allow

us to observe this higher frequency variation.

One important parameter in this experiment is the applied current. The choice of

a proper range of applied current is very crucial. If the value of current is low then

the signal gets lost in the background noise and if we apply a large current then the

signal increases but V(3ω) does not follow the cubic behavior as expected. The reason

for this is that the generation of excess heat leads to the violation of the boundary

condition of the problem. Therefore, the current range has to be optimum at a given

bath temperature. Due to the fact that κ varies with temperature, the applied current

range also have to be chosen accordingly in different temperature range of the bath.

As AC current I passes through the wire, the temperature oscillates around a mean

value which is maximum at the center of the NW. This temperature is given by [123]

∆0 =
2I20RL

πκA
, (6.3)

where A is the cross section of the wire, R is the resistance of the wire and I0 is the AC

current amplitude. In the low frequency limit, temperature oscillation is maximum,

which shows up in the V (3ω) signal. At each temperature, κ is obtained from the

fitting of V (3ω) vs I. The range of I shifts to higher values as the temperature
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Figure 6.6: Plot of ∆0 calculated using κ of NW. The value of I0 is not fixed as the
range of I over which we fit the data shifts with temperature. The starting value of
the I range is chosen as I0 for calculating ∆0 at different temperature points.

increases. To get an estimate of ∆0 at different temperature points, we used the

starting value of each I range as the value of I0 to calculate ∆0 (see Figure 6.6).

6.2.2 Calibration of the measurement technique

We have calibrated our technique using a gold nanowire. We have done electron beam

lithography to define a line of width 170 nm in a four probe geometry configuration

(Figure 6.7). Then we deposited ∼5 nm of chromium and ∼70 nm of gold by thermal

evaporation. The device is fabricated on a SiO2 substrate, as it has a poor thermal

conductivity negligible compared to our metal nanowire. We have applied the same

measurement technique and observed that the V(3ω) signal obeys the power law

behavior throughout all the temperature range of 24-300 K (Figure 6.8a). We do

not observe the frequency variation of the V(3ω) signal at the of frequency of our

measurement which is expected since the length of the device is 10µm, and we are

at the limit of ωγ → 0 at around 271 Hz. We see a linear variation of resistance

with temperature in the temperature range of 24-300 K (Figure 6.8b) and estimate

the value of thermal conductivity from our analysis in this range. Figure 6.9 shows

the plot of thermal conductivity with temperature which is close to the reported
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Figure 6.7: SEM image of a gold nanowire device used for the calibration of the
measurement technique. The scale bar is 2 µm.

value for thin films [127, 128, 129, 130]. Since we measure electrical resistance and

thermal conductivity simultaneously, we estimate the Lorenz number assuming the

Wiedemann-Franz (WF) law holds. We found agreement of our data with the value

around 2.4 × 10−8 WΩK−2 in the low temperature regime (see Figure 6.10). This

helps to calibrate our measurement technique.

We have tried this method with Si nanowire devices but the contact resistance

is of the order of few MΩ which is more than the intrinsic resistance of the wire

itself [131]. In such cases the heat generated by the injected current at the contacts

destroys the boundary condition required for the validity of the 3ω technique, hence

making Si nanowires unsuitable for calibration purposes.

As the nanowire material itself is used as a thermometer, this technique is partic-

ularly suitable for materials which have a large resistance variation with temperature.

In case of InAs nanowires we can fit the data with a linear function up to 50-60 K

(see Figure 6.13(b) in the next section) after that the resistance variation with tem-

perature becomes very small. As a result the V (3ω) signal becomes small and noisy.

This is the reason we choose the temperature range of 10-50 K in our experiment.

In case of the gold nanowire device we observe a linear variation of resistance with

temperature from 24-300 K, hence this method works throughout the temperature

range.
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Figure 6.9: Plot of thermal conductivity with temperature of the Au nanowire.
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6.2.3 Multiple sources of error that can affect the thermal

conductivity measurements

We have considered various possible sources of errors in our technique which can affect

the measurement of thermal conductivity. One of these sources of errors can occur

if there is a nonlinearity in the I-V of the device originating from the formation of

Schottky barrier at the contact. We have performed a DC I − V measurement with

temperature variation for one device on which thermal conductivity measurement is

done. The current is varied in the same range used for the measurement and measured

the voltage across the device. The I − V at 10 K is shown in Figure 6.11, and shows

a linear behavior.

As it is mentioned before in Chapter 2, unlike many semiconductors, InAs is

specially known for its low band-gap and formation of surface charge accumulation at

its surfaces, which pins the surface Fermi level above the conduction band minimum

[70, 119, 120]. It is well documented that due to this surface charge accumulation

layer, good Ohmic contacts are formed. In addition we have passivated the InAs

nanowire with ammonium polysulfide solution which enhances the surface charge

density of the accumulation layer [70]. For this reason, the formation of Schottky

barrier at the contacts is not significant [71].
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Figure 6.11: DC I-V plot for one InAs nanowire device, showing linear behavior.

6.3 Measurement of thermal conductivity of InAs

nanowires

After the experimental setup and calibration, in this section let us come back to the

thermal conductivity measurement of InAs nanowires.

6.3.1 Electrical characterization

Figure 6.12(a) shows the schematic of the device and the circuit for electrical and

thermal measurements. Figure 6.12(b) shows a scanning electron microscope (SEM)

image of a device. The gold electrodes provide mechanical support and Ohmic con-

tacts with negligible contact resistance to the suspended NW besides thermally an-

choring it at four points to the bath temperature Tb. The electrical properties of

the device are characterized as a function of gate voltage (Vg) and temperature be-

fore detailed thermal transport measurements. Figure 6.13(a) shows the resistance

(R=V (ω)
I(ω)

) of a typical device as a function of Vg at a fixed value of Tb. The n-type

field effect transistor (FET) behavior of the suspended NW devices is clearly seen.

Figure 6.13(b) shows the evolution of R as a function of temperature, T, and also the

corresponding linear fit in the temperature range 10-50 K.
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Figure 6.12: (a) Schematic of the four probe suspended NW device and the circuit
used for measuring electrical signals for both electrical and thermal transport. (b) A
tilted scanning electron microscope image of a device showing source (S), drain (D)
electrodes and voltage probes A and B. The scale bar corresponds to 1 µm.
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Figure 6.13: (a) Resistance as a function of gate voltage Vg at bath temperature of
30 K for a typical InAs NW device. (b) Resistance as a function of temperature for a
device at three different gate voltages. The solid curves show linear fits to the data.
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6.3.2 Structural characterization by transmission electron mi-

croscopy

High resolution transmission electron microscopy (TEM) studies were used to char-

acterize the microstructure of our NWs. Figure 6.14(a) shows a large scale TEM

image of a NW where we observe an aperiodic arrangement of the twin superlattice

perpendicular to its axis. The fact that the lattice has defects but lacks a long-range

periodicity is reflected in the Fourier amplitude (seen in Figure 6.14(b)) that has no

sharp peaks along the length of the NW. Figs. 6.14(c) & (d) show a detailed view

of the twins and polytypes [54, 56, 106, 132]. The typical spacing of these defects is

∼3-5 nm.

Once electrical and structural characterization is done, we perform simultaneous

thermal and electrical measurements.

6.3.3 Results of thermal conductivity measurements

To measure κ at each temperature value, we vary the current (I(ω)) and obtain κ

from the fitting of Equation 6.1 to the measured V(3ω) as a function of injected I(ω).

Figure 6.15 shows the evolution of V(3ω) with I(ω) along with the cubic power-law

relationship that is essential to ensure that the 3ω technique is applicable within

the applied current regime (to eliminate other sources that can possibly show cubic

scaling, see the previous discussion on possible sources of errors). As we vary the

temperature, we also record the resistance. We determineR′ = dR
dT
, from the derivative

to the linear fit to the R − T plot (see Figure 6.13(b)). The variation of R with T

becomes small and non-monotonic above 50-60 K this is the reason we choose the

temperature range of 10-50 K in our experiment. The phase of the 3ω signal is

measured to be zero at all temperatures. This procedure of fitting the power law

given by Equation 6.1 at each instance of parameter space allows us to extract κ as

a function of Vg and temperature.
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Figure 6.14: (a) TEM image of an InAs NW shows twin boundaries perpendicular to
the axis of the NW. The scale bar is 50 nm. (b) Fourier amplitude of the intensity
modulation along the length of the NW that shows no sharp peaks. (c) A close-
up image showing the twin interfaces and the resulting zig-zag surface roughness of
the NWs. The scale bar is 10 nm. (d) TEM image showing the atomic fringes and
the orientation of the twin boundaries and polytypes. The scale bar is 2 nm (TEM
imaging by B. A Chalke, TIFR).
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Figure 6.15: The measured V(3ω) signal as a function of the excitation current I(ω)
for three different temperatures T. The solid line shows the fit to the cubic power law
(Equation 6.1).
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Figure 6.17: Plot of κ as a function of temperature for two different gate voltages.

6.3.4 Low thermal conductivity value compared to bulk

From results, the first thing we notice is that the overall magnitude of κ is about 1000

times smaller than the bulk values (∼300 W/mK at 50K, see Figure 6.16 for bulk

values). Figure 6.17(c) shows the plot of measured κ as a function of temperature

at two values of Vg. This is a significant reduction in κ and in the next section we

have shown that the measured value is comparable in magnitude to the prediction of

the minimum thermal conductivity model of Cahill et al. [134] (CWP model) based

on the assumption that the material is highly disordered. Similar reduction in κ,

beyond the CWP model, was also observed in disordered WSe2 which is a layered

structure [135]. Similar evolution of κ is also observed at different values of Vg in

all the measured devices. Two models have been discussed in the next section to

understand this better.

6.3.5 Comparison with minimum limit of thermal conductiv-

ity

The total κ is small and it is important to understand the origin of reduction in

κph. It is clear from the structural analysis in Figure 6.14 that our NWs have a high

density of twins. The twin defects introduce additional interfaces and also cause the

surface to be rough, with typical roughness ∼2-3 nm. The heat conduction in bulk

is dominated by phonons whose mean free path λmfp is much larger than the spacing

between defect planes throughout the temperature range of our measurements (Fig-
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Figure 6.18: Plot of λmfp as a function of temperature for bulk InAs.

ure 6.18). The average number of defect interfaces is ∼500 per µm – this makes the

problem challenging to model comprehensively. However, previous experiments on

ordered [136, 137], quasiperiodic superlattices [138] and calculations with modulation

of superlattice [139, 140] on similar lengthscale << λmfp suggest that suppression

of κ takes place in such structures. Our devices have aperiodic interfaces (see Fig-

ure 6.14(a)) and they are likely to attenuate a wide band of phonons. Additionally,

modeling indicates that heat transport across grain boundaries can offer significant

thermal impedance [141]. In order to understand the magnitude of the observed κ,

we use a model by Hopkins et al. [142] (denoted by HP model) which explicitly takes

into account the role of interfaces for calculating minimum κ in layered materials. We

have calculated the predicted values of the model of Cahill et al. [134] (denoted by

CWP model) and the HP model for InAs.

6.3.6 Models used for estimating the minimum thermal con-

ductivity

The minimum thermal conductivity of a solid, given by [134] (the CWP model),

is based on calculating the theoretical minimum in a disordered crystal for coupled
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Figure 6.19: The plot of measured κ as a function of temperature of two different NW
samples at 0 Vg, along with, the predicted values from two models to understand the
reduction in κph for InAs NWs. Based on CWP model of Cahill et al. [134], and HP
model, of Hopkins et al. [142].

oscillators within the Debye model [48]. This κmin CWP can be written as [134, 142],

κmin CWP =
1

6π2

3∑
j=1

∫ ωc,j

0

~2ω4

kBT 2

exp[~ω/(kBT )]
(exp[~ω/(kBT )]− 1)2

τj
vj
dω , (6.4)

with the assumption that the minimum scattering time τmin = π/ω, where ω is

the frequency of the mode. In the above equation, kB is the Boltzmann constant,

T is the temperature h = 2π~ is Planck’s constant, j = 1, 2, 3 is the index of the

phonon modes (two transverse and one longitudinal), ωc,j = vj(6π
2n)1/3 is the cutoff

frequency for the j-th mode where n is the number density of atoms in the solid

and vj is the speed of sound of the j-th mode. Within the CWP model, the only

ingredients required to determine the minimum thermal conductivity of material are

n and vj. In our case, we use the velocity parameters 1830, 4410, 2130 m/s for InAs

[143] and n = 3.59 × 1028 m−3. The CWP model [134] is shown to overestimate the

minimum thermal conductivity for the case of disordered layered materials; this was

experimentally observed for the case of WSe2 [135]. Hopkins et al. [142] (HP model)

suggested a means to include the important contribution of interfaces. The prediction

of the HP model matches closely with the experimentally measured ultralow thermal
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conductivity of WSe2 (Figure 2 in Ref. [142] ). The key ingredient of the HP model

is the inclusion of the interfacial phonon scattering rate [142]. The minimum thermal

conductivity using the HP model ( κmin HP ) can be written as,

κmin HP =

(n)
1
3

6π2

3∑
j=1

∫ ωc,j

0

~2ω4

kBT 2

exp[~ω/(kBT )]
(exp[~ω/(kBT )]− 1)2

(
ω
π
+ π2ω

(
vint,jπn

1
3

ω
− 1

)2
)−2

1
dω ,

(6.5)

where the usual symbols denote the same meaning as in the CWP model. The vint,j

is the critical component of the interface scattering – the interface velocity. These

are values that need to be experimentally measured for the case of InAs. In order to

get an estimate of the κmin HP , we approximate vint,j ∼ vj.

There is a range of κ measured for devices made from different NW samples; data

from two such devices at 0 Vg is shown in Figure 6.19. Without introducing any

free parameters, the predictions of the CWP and HP models result in values that are

comparable to the range in κ measured in our experiments.

6.4 Tunability of thermal conductivity

The second important aspect of our results is the effect of Vg on κ. It is clear that

the electrical conductance of the semiconducting NW FET can be modified as a

function of Vg (Figure 6.17). However, the effect of electron density variation is not

expected to affect κ in most semiconducting materials, as phonons are the dominant

carriers of heat [48]. We have calculated the electronic contribution (κel) from the

electrical conductivity (σ) data assuming that the Wiedemann-Franz (WF) law holds,

κel = L0σTb where Lorenz number, L0 = 2.45× 10−8 WΩK−2, and Tb is temperature

of the bath. For the nanowire of length 2.6 µm and diameter of 140 nm, the calculated

κel together with measured κ is plotted in Figure 6.20. This direct calculation from

electrical conductivity using the Wiedemann-Franz (WF) law gives a small value of

the electronic contribution (κel) which does not explain the variation we see with Vg.
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Figure 6.20: Plot of κel calculated directly using WF law, together with κ measured.
It shows that calculated κel is very small which does not explain the gate and magnetic
field effects.

There can be two possibilities which can give rise to such tunability of κ, one

such plausible explanation is given below, another possibility is the electron-phonon

interaction but so far there is no such comprehensive model to make any qualitative

argument.

6.4.1 Model to understand the variation of κ with Vg

To understand the origin of large κel we have to first understand the material property

of the InAs wire. It is well known that in InAs there is an accumulation of charge

at the surface. The resultant downward band bending pins the surface Fermi level

above the conduction band minimum [70, 119, 120]. In a geometry where the surface

to volume ratio is large, such as NWs, this surface accumulation charge (SAC) plays a

major role in the electrical transport. The SAC takes part in the electrical conduction

and scatters due to roughness at surface, which is also the reason for low electron

mobility in InAs NWs compared to bulk [33, 119]. We have passivated our devices

using (NH4)Sx but this passivation leads to further enhancement to the surface charge

density (∼ 1012 cm−2) [70] and consequently excellent Ohmic contacts. Figure 6.13(b)

shows that our device is always in conducting state throughout the gate range with
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Figure 6.21: Measured κ as a function of temperature (dotted lines) together with
electronic contribution κel (solid lines).

low resistance value, strongly suggesting the presence of the accumulation layer. To

estimate the κel in the presence of inhomogeneous distribution of carriers, we have

to consider the thickness of the layer of this SAC since it will reduce the effective

cross sectional area through which heat is transported by electrons. The electrons

in the bulk and in the accumulation layer can be thought of two parallel channels

conducting heat and we can define a effective layer thickness (t) to find out the actual

κel from the WF law,

κel =
lTbL0

πR{r2 − (r − t)2}
(0 < t ≤ r) , (6.6)

where l and r are length and radius of the wire respectively, R is the electrical

resistance at temperature Tb and L0 = 2.45×10−8 WΩK−2 is Lorenz number. We can

get a rough estimate of t from above equation by assuming that at lowest temperature

the phonon contribution (κph) is small and κel ∼ κ. For the NW of length 2.6 µm

and radius 70 nm we get t from our data as ∼20 nm and ∼10 nm for applied gate

voltages of -10 V and +10 V respectively. Now we use Equation 2 to find κel for

all Tb, the result is plotted as solid lines in Figure 6.21. This estimated κel from a

simplified picture captures the variation we see in our data with Vg.
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Figure 6.22: Measured κ for the same device at three different magnetic fields as a
function of the temperature at zero gate voltage.

6.4.2 Variation of thermal conductivity with magnetic field

Another confirmation about this important contribution of κel comes from our mag-

netic field measurement. One way to suppress the electronic contribution is to apply a

magnetic field [48, 49], as it will reduce the electronic mean free path for heat transport

by deflecting the semiclassical trajectory of electrons. We have done measurements in

magnetic field up to 6T and see considerable reduction of thermal conductivity (see

in Figure 6.22). Magnetic field can affect phonons via electron-phonon interaction,

the amount of change in κph however, is much smaller [144] than the effect we see in

our measurement.

6.5 Summary

In summary, an introduction to the importance of thermal transport experiments

in nanostructure is given. The measurement setup and calibration of the technique

used to measure thermal conductivity is discussed. We demonstrate that thermal

conductivity of InAs NWs with twin defects and polytypes is 1000 times smaller than

bulk values hence making our devices suitable candidates for good thermoelectric
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materials. We show the electronic contribution becoming significant due to presence

of the surface charge accumulation. The ability to tune thermal conductivity elec-

trostatically can lead to novel ways of probing heat transport in defect engineered

nanostructures, and possible device applications. Finally, a comparison of our results

with the existing models of minimum thermal conductivity is given.
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Chapter 7

Ongoing efforts to probe the

spin-polarization in InAs NWs

In the magnetotransport experiment we saw the presence of spin-orbit interaction

which is tunable by an electrostatic gate. This is an important aspect of InAs NWs

and makes it a promising material for realization of spintronic devices [15]. Theo-

retically it has been predicted that for InAs NWs that, a net spin-polarized current

that can be generated via the spin-orbit interaction by applying a DC bias across the

NW [110, 145] (without any injection of spin polarized electrons via ferromagnetic

electrodes). The hyperfine interaction of spin polarized electrons and nuclear spin

results in the dynamic nuclear spin polarization (DNSP) (without any external mag-

netic field) [146]. The magnetic field due to the nuclear spin-polarization is known as

the Overhauser field (Bos) [146], which can be large (∼ 1 T) depending upon the per-

centage of polarization (for example, 100 percent nuclear spin polarization in GaAs

can result in Bos ∼ 6 T [146]. In the earlier experiments, the DNSP is achieved by

an optical pulse of circularly polarized light in semiconductor quantum dots (QD)

of InAs [147], or InGaAs [148]. The reported value of Bos measured in InAs QDs is

∼149 mT [147]. The time scale associated with the depolarization of the nuclear spin

depends on the different scattering mechanisms such as interaction with the neigh-

boring nuclear spin, and the interaction with unpolarized electrons [148, 149]. For

example, in a QD the relaxation time of the nuclear spin polarization depends on the

residual electrons which can be varied by an electrostatic gate, in presence of residual
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Figure 7.1: (a) Shows the square wave form of the bias voltage applied across the
NW. (b) Measured conductance of the NW as a function of time.

electrons the relaxation time is in milliseconds, whereas in absence of the residual

electrons the time scale can be as large as seconds [148] (at equilibrium, the nuclear

spin relaxes via the hyperfine interaction with the unpolarized electron spin [146]).

In our experiment we have attempted to find the signature, or measure the nuclear

spin polarization by the conductance (G) measurement of the NW. In the first set of

experiments, we have measured G as a function of time where a bias voltage is applied

as a square wave form. The DNSP builds up via the hyperfine interaction with the

polarized electron spins when the bias voltage is non-zero, and it relaxes back via

the same interaction with unpolarized electrons (as the electron spin relaxation time

is much smaller ∼ ns [147] compared to the nuclear spin) when the bias voltage is

zero. The idea behind this type of measurement is to use the weak localization or

anti-localization phenomena (which is sensitive to low magnetic field) to detect a net

magnetic field that may arise due to nuclear spin-polarization at nonzero bias voltage.

In this experiment, we are assuming that the buildup time and the depolarization time

of the nuclear spin polarization by the hyperfine interaction with the electron spin is

of the order of seconds. Figure 7.1 (a) shows a typical voltage pulse used as the bias

voltage across the device. Figure 7.1 (b) shows conductance G of a NW as a function

of time, to detect any small change in G, we have averaged the conductance over

multiple cycles. Figure 7.2 shows G of another device as a function of time (during

zero bias) averaged over 50 cycles (the error bars represents the standard deviation).

We do not see any noticeable change in G with time. However, if the nuclear spin

relaxation time is in milliseconds [148], the present detection technique is not suitable

to observe the change in G with time.
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Figure 7.2: Averaged conductance (over 50 cycles) as a function of time (when the
bias voltage is zero), the error bar is obtained from the standard deviation.

Another important effect of the Overhauser field Bos, is that it suppress electron

spin relaxation [146]. The suppression of electron spin relaxation in the presence of

polarized nuclear spin in a QD has been observed in different experiments [18, 150].

In our experiment we have studied the effect of the suppression of electron spin

relaxation by a similar kind of magnetotransport experiment as discussed in chapter

4. We apply a DC bias voltage across the NW to generate the DNSP, and observe

the conductance as a function of magnetic field at different gate voltages. Figure 7.3

shows the plot of G as a function of magnetic field at 1.4 K, at zero applied bias

it shows the weak anti-localization (WAL) peak which becomes a weak localization

(WL) dip when a bias voltage of 7 mV is applied. This effect has also been observed

in another device where the applied bias voltage is 1 mV. Figure 7.4(a) shows the

colorscale plot of G as a function of magnetic field and gate voltage at an applied

bias of 1 mV, no WL-WAL transition is observed in this data. One plausible reason

for vanishing of the WAL peak could be attributed to the suppression of the electron

spin relaxation (since the origin of the WAL is the spin-flip scattering of electrons

due to the presence of spin-orbit interaction, which has been now suppressed by the

Overhauser field Bos). Thus, this observation could indirectly show the signature of

the DNSP.

To study the effect of DNSP with bias voltage (Vsd), we have done measurements

where we vary Vsd and measure the conductance of the NW. Figure 7.5 shows the

plot of G as a function of Vsd where we see a dip in the conductance around zero

bias voltage. This phenomena is well understood in the literature and known as the
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Figure 7.3: G as a function of magnetic field at three different values of bias voltage; it
shows that the weak anti-localization peak vanishes in presence of finite bias voltage.
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bias voltage of 1 mV, shows that there is no WL-WAL transition as the gate voltage
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from the colorscale plot shown in (a).
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Figure 7.6: Plot of G as function of bias voltage at 1.5 K, at different gate voltages.

Altshuler-Aronov zero bias anomaly [151]. This usually occurs in disordered metal

and semiconductors [152, 153], where, the dependence of G∼ Vα
sd near the zero bias,

where α ∼ 0.5, is attributed to the electron-electron interaction [151, 152]. However,

Figure 7.5 shows another feature, that is the hysteresis in G as a function of Vsd,

with respect to different sweep directions of Vsd. This type of hysteresis has never

been reported in the literature. However, we are not certain if it could arise from the

variation of the Overhauser field (Bos) as we vary the bias voltage. Figure 7.6 shows

the G as a function of Vsd for different applied gate voltages.

Another important phenomena that has been observed previously [73] in InAs

QDs is the Kondo effect. However, a detailed study of the Kondo effect has not been
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Figure 7.7: (a) Colorscale plot of G as a function of Vsd and magnetic field, at the
center we can see the peak in G. (b) Plot of G as a function of Vsd at different
magnetic fields (obtained from the colorscale plot of Figure 7.7(a)).

carried out in this thesis, we only show some of the data that shows the signature

of the effect. A detailed study of the spin 1/2 Kondo effect in InAs NWs has been

recently discussed in Ref. [154]. In our experiment, some of the devices show a

Kondo peak in the zero bias anomaly. Figure 7.7(a) shows the colorscale plot of G as

a function of Vsd and magnetic fields, at the center (at zero bias and magnetic field)

we can see the Kondo peak. Figure 7.7(b) shows the plot of G as a function of Vsd

at different magnetic field (obtained from the colorscale plot of Figure 7.7(a)), where

we see the splitting in the Kondo peak as the magnetic field is increased.

Summary

In this chapter we have described some of our ongoing experiments where we have

attempted to find out the signature of the dynamic nuclear spin polarization which

has been predicted for NWs of InAs, a material with high spin-orbit interaction. The

nuclear spin polarization which builds up by the application of a DC bias voltage,

should relax over a time scale. The relaxation time scale may be smaller than the

time scale we have used in our experiment, hence we do not see the expected change

of conductance over time. However, we do see an indirect evidence of the Overhauser

field, which suppresses the electron spin relaxation resulting in the suppression of the

weak anti-localization peak. Further experiments are needed to confirm the effect of

the dynamic nuclear spin polarization. We have shown some of our measurements
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on zero bias anomaly, where we see a hysteresis in conductance with respect to the

different direction of sweep of the bias voltage, which is not well understood. We see

signature of the Kondo effect and the splitting of the Kondo peak with the application

of magnetic field.
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Chapter 8

Summary and outlook

In this thesis we have described the study of electron transport as well as thermal

transport in quasi-one-dimensional InAs nanowires (NWs). The growth of InAs NWs

using the MOCVD system has been described. Under optimized conditions we get

long taper-free NWs which have been used for device fabrication. Devices of InAs

NWs have been fabricated using electron beam lithography. Due to low band-gap and

the formation of surface accumulation layer, good Ohmic contacts can be made to

InAs NWs. A detailed magnetotransport measurements on individual InAs nanowires

has been discussed. In these NW devices the electron mean free path is smaller than

the device dimensions, as a result the transport is in diffusive regime. However, some

devices shows the signature of conductance fluctuation with values much smaller than

e2/h. Most of our devices show weak localization to weak anti-localization transition.

Our measurements enable us to find the phase coherence length (lϕ) and the spin-orbit

relaxation length (lso). We observe that lso can be tuned by the gate voltage over a

factor of ∼ 2. The exact mechanism of the tunability of the spin-orbit interaction

(SOI) in InAs NWs is not well understood. The wrap-gate controlled radial electric

field could be interesting to study the effect of the tunability of the SOI. A simple

fabrication technique for lateral wrap-gate NWFET has been developed, which can

be used for a variety of NW systems. The good capacitive coupling of our devices,

and the FET performance including sub-threshold slope and mobility suggest the

potential use for high-frequency NWFETs. Magnetotransport measurements have

also be done on the wrap-gate devices, where we see the oscillations in the phase
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coherence length as a function of gate voltage; this is not well understood.

In the thermal transport experiments we demonstrate that thermal conductivity

of InAs NWs with twin defects and polytypes is 1000 times smaller than bulk values

hence making our devices suitable candidates for good thermoelectric materials. We

show the electronic contribution becoming significant due to presence of the surface

charge accumulation. The ability to tune thermal conductivity electrostatically can

lead to novel ways of probing heat transport in defect engineered nanostructures, and

possible device applications.

We have concluded this thesis with the descriptions of some of our experiments

where we have attempted to find out the signature of the dynamic nuclear spin polar-

ization (DNSP) in InAs NWs. DNSP could arise due to the high spin-orbit interaction,

if a finite DC bias voltage is applied across the source and drain electrodes. The relax-

ation time scale may be smaller than the time scale we have used in our experiment,

hence we do not see the expected change of conductance over time. However, we do

see an indirect evidence of the Overhauser field, which suppresses the electron spin

relaxation resulting in the suppression of the weak anti-localization peak. Further

experiments are needed to confirm the effect of the dynamic nuclear spin polariza-

tion. We have shown some of our measurements on zero bias anomaly, where we see

a hysteresis in conductance with respect to the different direction of sweep of the bias

voltage, which is not well understood.

Future directions

The understanding of the electric field dependence of the spin-orbit interaction (SOI)

is still an open problem in InAs NWs. We have seen in the magnetotransport exper-

iments on NW in the cylinder-on-plane geometry as well as in the wrap-gate devices,

that the SOI is tunable by the wrap-gate. However, to study the dependence of SOI

with the electric field strength and directions, devices are needed to be fabricated in

different geometries. Such as wrap-gate covering the full length between the source

and drain electrodes will allow us to compare the SOI dependence with the cylinder-

on-plan geometry. Another device geometry that can be fabricated is a pair of side

gates covering all the length of the nanowire (from source to drain), which may allow
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Chapter 8. Summary and outlook

us to vary the electric field perpendicular to the wire without affecting the net elec-

tron density in the wire. The dependence of the SOI with the electron density can

thus be eliminated in the above geometry.

The wrap-gate FETs that have been developed in this thesis, have potential in the

perspective of device applications. The characteristic FET parameters such as the

subthreshold slope, electron mobility can be further improved by suitably choosing the

dielectric material (which can passivate the NW surface) and the parameters for the

atomic layer deposition. Another important parameter is the threshold voltage (VTh);

it is desirable for the large scale integration of these NW FETs to have control over

VTh. By varying the electrode metals one can control the VTh (via the workfunction)

[155].

Finally, the low thermal conductivity value of InAs NWs is another interesting

result in this thesis, the measurement of the Seebeck coefficient will be interesting to

check if these NWs are indeed a good thermoelectric materials.
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