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(ABSTRACT)

The synthesis of multifunctional nanomaterials has received great attention in the
last years due to the possibility of integrating multiple functionalities into individual
building blocks to enable the fabrication of novel and powerful devices. At the same
time, power dissipation is an increasingly important challenge in actual industry, spe-
cially with highly miniaturized devices. In this way, thermoelectric materials have been
the subject of great attention due to the possibility of interchanging thermal gradients
and electric fields, specially in the retrieval of waste heat. This work is a study of the ther-
moelectric and transport properties of single Indium Tin Oxide (ITO) nanowires with a
thermal tolerance of 1300 °C, Tin Selenide (SnSe) nanowires with diameters in the range
between 110 nm and 1150 nm, and Antimony Selenide (SbySes) hexagonal nanotubes.
Their electrical and thermal conductivities, and the Seebeck coefficient were measured
in each individual nanowire/nanotube using specialized suspended micro-resistance ther-
mometry devices in the ~ 120 — 370 K temperature range. The measured properties
were correlated to electronic and lattice information obtained with model simulations
and phonon’s dynamics. Conclusions are drawn in each case about the applicability of

these materials in energy production and waste heat recovery, the performance of the
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nanoscale structures as compared with bulk samples, and their advantages and disad-
vantages. The work about ITO nanowires brings new data about their thermal tolerance
and their potential as thermoelectric converters working in harsh environments. The
work on SnSe nanowires offers the first study of the thermoelectrical properties of this
material in nanowire shape and brings appealing unexpected results about the possible
size dependence of their lattice thermal conductivity. The work about ShySes nanotubes
shows promising thermoelectric figures of merit and the first comprehensive study of the

thermoelectric properties of such structures.
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Chapter 1
Introduction

1.1 Motivation

About 66% of the energy used in power conversion processes is ejected into the environ-
ment. Finding proper materials and procedures to reuse this waste energy could play an
important role in the future of energy conversion systems at all scales, specially focusing
attention on technologies that can reduce ozone depletion, greenhouse gas emissions and
fossil fuel usage. In order to decrease this percent of waste energy, thermoelectric mate-
rials have recently increased their worldwide acceptance due to the capacity to directly
interconvert heat and electricity without moving parts. Thermoelectric materials are
now the focus of research as promising building blocks of new devices for future applica-
tions in power generation and heat exchange. For example, many researches are looking

for materials with relative good thermoelectric properties and good thermal tolerance

~ 1000 °C.

The main focus in thermoelectricity is to find a material (or a materials set) that can

increase the conversion efficiency in order to be competitive with actual technology in
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generation power and heat exchange systems [1]. The conversion efficiency in thermo-

S20T
K

electrics is governed by the so-called figure of merit (ZT), defined as ZT = , where
S is the Seebeck coefficient, ¢ is the electrical conductivity, T" is the absolute temper-
ature and « is the total thermal conductivity. The thermal conductivity has electronic
(ke) and lattice (kz) contributions. To increase the conversion efficiency, the approach
in this work is to synthesize materials with high Seebeck coefficients but with sizes in the
nanoscale, such as nanowires, nanobelts, and nanotubes to enhance the surface-to-volume

ratio, thus taking advantage of the scattering of phonons at the surface boundaries to

reduce the thermal conductivity [2-4] without reducing the electrical conductivity.

1.2 Thermoelectric Effects

Thermoelectric devices are mainly-based on the following physical effects: Seebeck effect,

Peltier effect and Thomson effect [5]. The next is a briefly introduction on each one.

1.2.1 Seebeck Effect

When a material is in a temperature gradient, a voltage difference AV proportional to
the temperature difference AT is created . The ratio of the voltage to the temperature
difference is related to an intrinsic property of the material. Historically this property

has been known as the thermopower and here named as the Seebeck coefficient S, and
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defined by:
av
=—|-—= 1.1
> <dT>T (-1

The Seebeck coefficient is the electric potential gradient produced per unit temperature
gradient. The sign of the Seebeck coefficient is determined by the direction of current
flow. As the temperature of the heat source T} is greater than cool side T5 , if the electron
current is flowing to the right then the Seebeck coefficient is negative, and if the positive

charge current is flowing to the right, the Seebeck coefficient is positive, see figure 1.1.

Figure 1.1: Illustration of the temperature gradient effect over the majority charge density

in a material

This measurement allows one to characterize a material as n-type or p-type, meaning
if the electrical current is transported by negative or positive charges, respectively. The
Seebeck coefficient is temperature dependent and is obtained experimentally if the voltage
between terminals (cool and hot side) and the temperatures of each one are known. The
experimental data reported here, was obtained using a four-point configuration in order
to take into account the electrical and thermal contacts resistances. Figure 1.2 (a) shows

when two different materials n- and p-type are joined, this configuration increases the
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voltage output, ideal for thermocouple and thermoelectric device applications.

(b)

Heat absorption

Heat Source

Heat rejection
A%

Figure 1.2: Illustration of the (a) Seebeck Effect and (b) Peltier Effect

1.2.2 Peltier Effect

The Peltier effect is the inverse of the Seebeck effect, if a voltage is applied across the
junction between two different materials, depending on the direction of the current I,
a generation or absorption of heat ) at the two junctions is observed, see figure 1.2(b)
shows an illustration. The Peltier coefficient is defined by the ratio of the current (I) to
the rate of heating (Q):

(1.2)

m =

I
Q
The sign of 7 of the direction of current flow and which junction is heated and which is

cooled.
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1.2.3 Thomson Effect

The Thomson effect describes a electric current generated in a single conductor when a

small temperature gradient is applied. This relationship is described by the equation:

q = ploT (1.3)

where ¢ is the rate of heating, I is the electric current intensity, 67" is the change in
temperature and [ is the Thomson coefficient. This relationship is a good approximation

for small 67. Finally all of these coefficients are related by the Kelvin relations:

Tab = TSab (14)
dSab Ba - ﬁb
= 1.
dT T (1.5)

1.3 Thermoelectric Effect in a Semiconductor

The next is a brief overview of thermoelectricity applied to semiconductors materials [6].
Thermoelectricity is about electric current flow driven by a temperature difference. If we

consider a semiconductor, the expression for the current can be write as:

1= [ aBa(E) (1(E) - 1(B) (1.6)
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where the difference in f; and f, has been driven by the difference in electrochemical
potentials ;11 and ps and these can be driven by a temperature difference, f; and fs can

be written as:
1 B 1

e () <1 o

f1(E) =

figure 1.3 shows two contacts with the same electrochemical potential (u) at different

Hot Cold

-

N

—_—

<
«

£ (E) fi =tz £, (E)

Figure 1.3: Illustration of Two contacts with the same electrochemical potential p at

different temperatures.

temperatures. Near -equilibrium and small temperature difference, one can show that:

0 0
T AT~ a]J; (11 — p2) + (9; (Th — T3) (1.8)

(- )= - () B
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We could write approximately the current flow as:
[ =G(Vi = Vo) +Gs(Th — Tn) (1.9)

where we have defined Vi, V4 as p1/q and po/q respectively and then, the conductance
is given by:

G = /_ :O dEG(E) @{j) - / " AEG(E) (—2@) (1.10)

—00

and the new coeflicient:

Cs = 1/;“ dEG(E) @;9) - /;OO dEG(E) (Jé@) Eq—Tuo (1.11)

Energy states with energy E greater and lesser than ug, contribute with opposite
signs to the thermoelectric coefficient Gg. In order to find a material with high Seebeck
coefficient, S one would try to choose a material with all its density of states on one side
of py since anything on the other side contributes with an opposite sign and brings it

down. If we consider now a short circuit, the current is given by:
Isc = Gs(Th — T3) (1.12)

Experimentally what is often measured is the open circuit voltage:

I G
Voo =~ =~ (1~ T) (1.13)



1.4. THE FIGURE OF MERIT 16

For n—type semiconductor, for example, G is positive, so that Eq.(1.7) tells us that V¢
is negative if T} > T5. This means that the contact with the higher temperature has a
negative electron voltage and hence a positive conventional voltage. By convention this

is defined as a negative Seebeck coefficient.

Voo Gs
= = —— 1.14
S T —1T5 G ( )

1.4 The Figure of Merit

In order to compare different materials and their thermoelectric properties, one needs to
take into account the thermal and electrical conductivities, that is to say, for a high effi-
ciency thermoelectric material, a high electrical conductivity, a low thermal conductivity
and a large Seebeck coefficient are needed. The relationship between this parameters and
the material’s efficiency is know as the figure of merit ZT and the best candidates for a

large Z'T are semiconductors materials.

7T = () T (1.15)

where S is the Seebeck coefficient, o is the electrical conductivity, x is the total thermal
conductivity and 7' is the temperature. The thermal conductivity can be separated in two

terms, one from free charge (k.) and the other from lattice vibrations (x ) contributions
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as: kK = Ke + k. In semiconductors lattice vibrations - phonons - dominate the thermal
conductivity with contribution from charge transport below 10%. Here two approaches
were used to calculate the charge thermal conductivity contribution: (a) VASP and
BoltzTraP packages for SnSe study and (b) the Wiedeman-Franz law for ITO and SheSes
calculations. The phonon thermal conductivity was calculated using a modified Debye-
Callaway model described below. In the last years research has focused on many different
aspects of electronic band structure engineering and thermal conductivity minimization

strategies, including finding new materials with larger S values [7-9].

The increase of ZT" values for bulk materials has been limited by the fact that S, &,
and o, are interdependent. On one hand, an increasing density of free charge carriers
that can increase o, reduces S and increases k. On the other hand, the increase of o
without decreasing S requires reducing the density of crystal defects, which will increase
k as well. An idea to bypass this interdependence consists in growing low-dimensional
structures such as quantum dots and nanowires, where phonons-boundaries scattering
reduces k without changing the properties of the material at the scale of the electrons
scattering events; at the same time the asymmetric density of states near the Fermi level
in nanostructures can increase S [2,4,10,11]. Following this idea, a ZT = 2 at 300K was
reported in 2002 for a quantum-dots superlattice [3]. In 2012 a ZT value of ~ 2.2 at 915K
was reported in a heterostructure where phonon scattering at various scale lengths was
promoted by introducing hierarchical architecture design in nanostructured a PbTe-based

system [12,13]. The reason for the high ZT is the structure of the system boundaries
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at the atomic, nano-, and meso- scales that is capable of producing efficient scattering

events for phonons over abroad range of wavelengths.

1.5 Wiedeman - Franz Law

The total thermal conductivity x can be separated in two terms, one is the contribution
from charges and the other from lattice vibrations, by phonons: k = k. + K,, where
Ke is the electron thermal conductivity and &y, is the lattice thermal conductivity. The
electron’s contribution to the thermal conductivity can be related to the electrical con-
ductivity through the Wiedeman - Franz law approximation [14], assuming no current
flow as:

1
Ke = gCeU%TE (1.16)

where 7 is the energy relaxation time of electrons and is an average of 7, and C. is the
volumetric specific heat of electrons. 7g represents the average time for an electron to
lose its excess energy. In general, the energy relaxation time can be different from the
momentum relaxation time however, the two relaxation times are very close. Neglecting

the difference between the relaxation times, one gets:

L=

ke mCo% 7 (kg ? _8 9
= =—|—| =244 x107°|WQK 1.17
oT ~ 3nTer 3 < e < 1077 | (L17)
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Using (ke = o LT), where o is the experimental electrical conductivity, 7' the absolute
temperature and the constant L is the Lorentz number, the electron’s contribution to
the thermal conductivity for the here studied SbyTesz nanobelts were calculated in the

degenerarte limit. Hyun-Sik et. al. [15] proposed the equation:

L=15+exp (—ﬂ) (1.18)

where L is in 107® WQ K2 and S is in ¢V /K. This relation is a first order correction
independent of the temperature and doping. Here, this relation was used to calculate the

charge electrical conductivity of ITO nanowires and ShoSe; hexagonal nanotubes.

1.6 Modified Debye-Callaway Model

The thermal conductivity due to electrons is small compared with the phonon’s con-
tribution, the largest contribution to the total thermal conductivity comes from lattice
vibrations, by phonons. The next is an expression for a modified Debye-Callaway model

[16], which gives s good approximation of the phonon’s thermal conductivity r,:

kg (ksT\® (To/T  zte®
T) = —_— / —d 1.19
fopn(T) 212, ( h ) 0 T (€ — 1) ! (1.19)
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with:
Tp_hl = i+ttt gt (1.20)
Arpd 4 233 Tp Vs
= Aa"T"2" + RTx + Ba™T z° exp T + n + ... (1.21)
Where z = k’:’;"T is the reduced phonon frequency, h is the Planck constant, kg is the

Boltzmann constant, v, is the speed of sound in the material, T, is the Debye temperature
and T is the absolute temperature. The fitting parameters are A for point defects, R for
dislocations, B for umklapp events and ¢ is related to the boundary conditions, in this
case it is related to the diameter or thickness of the nanowire or nanotube. R and B
were considered as constants and t and A were used as fitting parameters to described the
measured data. This model was used to understand the nature of the thermal phonon’s

conductivity in ITO and SnSe nanowires and ShoSes nanotubes.

1.7 VASP and BoltzTraP Packages - General As-

pects

1.7.1 VASP

In order to understand the observed transport response in SnSe nanowires, density func-

tional theory (DFT) calculations were performed using the Vienna Ab Initio Simulation
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Package (VASP) [17]. The many-body GW approximation was implemented with the
projector augmented wave (PAW) scheme [18] and the generalized gradient approxi-
mation of Perdew, Burke and Ernzerhof (GGA-PBE) [19] for the electronic correlation

functional. The energy cut-off for the plane wave expansion was 450 eV.

The Brillouin zones of the bulk SnSe were sampled in a gamma centered grid with
a k-point mesh of 5 x 15 x 15. To obtain an accurate DOS, the k-point mesh of the
non-self-consistent was increased to 11 x 33 x 33. Atomic positions and unit cell vectors
were relaxed until all the forces and components of the stress tensor were below 0.001
eV A=, For the calculations bulk parameters were used because the diameter of the
studied nanowires were greater than 100 nm and calculations show a bulk behavior in

nanowires with diameters greater than 10 nm.

1.7.2 BoltzTraP

The transport properties for SnSe were calculated based on the Boltzmann transport
equation under the rigid band and constant relaxation time approximations as imple-
mented on the BoltzTraP package [20]. For the calculation of the semi-classic transport
coefficients, the code used a mesh of band energies and was interfaced to the WIEN2K,
ABINIT, SIESTA, VASP and QuatumExpresso. This package has been used to study

several thermoelectric materials with good results, and can calculate S as a function
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of the chemical potential at different temperatures. By interpolating the experimental
data with the electron transport calculations the Fermi energy, charge density, electron

mobility and electron thermal conductivity as function of temperature was obtained.
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Chapter 2
Synthesis, Characterization
Techniques and Experimental Setup

2.1 Synthesis of Nanowires: Chemical Vapor Depo-

sition (CVD) via Vapor Liquid Solid (VLS)

Chemical vapor deposition (CVD) is a chemical process used to produce high quality
and performance solid materials [1]. CVD is often used in the semiconductor industry to
produce a lot different types and shape of materials, thin films, nanowires, nanoflakes,
nanotubes, 2-D materials and many others. In typical CVD, the wafer substrate is
exposed to one or more gas-phase precursors, which react and/or decompose on the sub-
strate surface to produce the desired deposit. Frequently, volatile by-products are also
produced, which are removed by gas flow through the reaction chamber. Nanofabrication
processes widely use CVD to deposit materials in various forms, including: monocrys-
talline, polycrystalline, amorphous and epitaxial. Figure 2.1 show a schematic setup

representation of typical CVD.

26
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Figure 2.1: CVD Schematic Setup Representation

The Vapor Liquid Solid (VLS) is a mechanism for the growth of one dimensional

structures, for example nanowires and nanotubes, from CVD process. VLS introdes a

catalytic liquid alloy phase which absorb a vapor to supersaturation levels, and from

which the crystal growth can occur from nucleated seed at the liquid-solid interface [2].

Figure 2.2 shows a schematic representation of VLS mechanism for the I'TO nanowires

case.

Vapor
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Formation and growth

Figure 2.2: Schematic representation of VLS mechanism for growth I'TO nanowires.

Using VLS process, SnSe and I'TO nanowires were successfully synthesized with dif-

ferent diameters and lengths, using Au as catalyst.
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2.2 Experimental Characterization Techniques

2.2.1 X-ray Diffraction (XRD)

XRD is a practical tool for the routine identification of the crystallographic structure of
materials. In standard XRD systems, X-rays are generated when high-energy electrons
are made to collide with a metal target within a sealed tube under high vacuum. The
source of electrons normally come from a tungsten filament which connects to a high
voltage. The wavelength of the X-ray is characteristic of the metal target, copper is must
used target material with A = 1.64 A. In their pioneering work, Laue and Bragg (1912)
found that when a monochromatic x-ray beam interacts with the sample it disperses in
all directions but, when the interaction is with the crystallographic planes in a specific
angles, the interference is constructive. The relationship between the diffraction angle 6,
the inter planar spacing djy;, the wave length of the X-ray A\ and the order of diffraction
n is given by the Bragg’s law:

The X-ray diffraction pattern is known as the fingerprint of that particular material
because it produces specific crystalline diffraction lines at specific diffraction angles, by
which it may be identified. A collection of diffraction patterns for various classes of
materials allow the identification of an unknown phase pattern when it matches the

pattern of a known phase. An XRD pattern is characterized by a set of diffraction
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intensities, as well as the peak in the pattern of maximum intensity [3].

In the case of nanowires on a substrate, the pattern is from a large area ~ pum?2, over
which nanowires and also micro-crystals grow with different features and sizes, then the
pattern involves all these structures, including nanowires. As a consequence of this, the
results were compared with selective area electron diffraction (SAED-TEM) results from
a single measured nanowire on the micro-device. The results showed that SnSe nanowires
and SbySes had an orthorhombic crystal structure and I'TO nanowires had a cubic crystal

structure figure 2.3 shows a crystal parameters illustration.

(2) (b)

Scattered
plane wave

Incident
plane wave

/ c
d] VYA

Figure 2.3: Illustration of (a) incident and scattered plane wave into a interplanar d (b)

Crystal parameters for Cubic, Orthorhombic and Hexagonal lattice

In the case of an orthorhombic lattice, the relationship between the interplanar dis-

tance and the lattice parameters is:

1 h? k2P
I (A A 2.2
dz,, a? TRt (22)
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and, in the case of a cubic lattice:

L (PR
iy N a? | (23)

In this work the above relationships were used to found the parameters a, b and ¢ and to
obtain the exact match with the data from SAED-TEM. The XRD measurements was
carried out bu using a Siemens D5000 diffractometer. This equipment operate on the
basis of Bragg-Brentano geometry, CuK, radiation and an energy-dispersive solid state

detector.

2.2.2 Scanning Electron Microscopy (SEM)

SEM is a most versatile tool for the characterization of nano-materials. It create images
and analyses of the sample by scanning a focused electron beam. The electrons interact
with atoms in the sample, generating different signals that contain information about
the samples surface, topography and composition (see a related illustration in figure
2.4). SEM can achieve resolutions better than 1 nm, with magnifications up 1 million
times. Specimens can be observed in high vacuum, in low vacuum, in wet conditions
(in environmental SEM) and at a wide range of cryogenic or elevated temperatures [5].
In this work, Jeol JSM-7500F and Hitachi S-5500 SEMS were used. The SEM is an
important tool in the study of synthesis parameters and the preparation of the samples

for thermoelectric measurements.
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Figure 2.4: Illustration of different signals from a typical electron beam interaction with

a bulk sample in a SEM.

2.2.3 Transmission Electron Microscopy (TEM)

TEM is a very powerful tool for material science. In a TEM a high energy beam of
collimated electrons is transmitted through a very thin sample, less than 100 nm thick.
As a product of the interactions between the electrons and the sample, crystal structure
features and diffraction patterns can be obtained;, dislocations and grain boundaries can
be resolved, and chemical analyses can be made. The sample’s image under transmission

is magnified and focused onto an imaging device with resolution within the atomic scale.

Transmission electron microscopes are capable of imaging at a significantly higher res-
olution than light microscopes, owing to the smaller de Broglie wavelength of electrons.

This enables the instrument to capture images as small as a single column of atoms,
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Figure 2.5: Signals generated when a high-energy beam of electrons interacts with a thin

specimen. Most of these signals can be detected in different types of TEM.

which is thousands of times smaller than a resolvable object seen in a light microscope.
Transmission electron microscopy is a major analytical method in the physical, chemical
and biological sciences.

When the charge of the incident high voltage electron beam interacts with the positively
charged core of the atoms it creates an outgoing electron and generates a wide range
of secondary signals from the specimen, some of which are showed in the Figure 2.5.
Conventional TEM uses only elastic signals for diffraction and spatial imaging. TEM
can be equipped with analytical tools, like spectrometers: (a) energy dispersive X-ray
spectrometry (EDS) where the characteristic X-ray from the chemical elements are used

to determine elemental composition and relative concentration (b) electron energy-loss
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spectrometry (EELS) where the information on local chemistry and structure is obtained
from the analysis of the energy losses of the electron. A Scanning Transmission Elec-
tron Microscope (STEM) is used for high resolution TEM (HR-TEM) to form images
of columns of atoms through the so-called phase-contrast imaging. In this technique,
the phase of the diffracted electron wave is preserved and interferes constructively or
destructively with the phase of the transmitted wave [5].

In this study a JEOL JEM-ARM200F TEM was used, incorporating a spherical aberra-
tion corrector for the electron optics system getting scanning transmission image (STEM-

HAADF) resolutions of 0.08 nm.

2.2.4 Focused Ion Beam (FIB)

The JEOL JEM9310 FIB used in this work operates similar to a SEM, using a focused
beam to create an image. In this case the beam is a Ga™ ion beam but, similar to SEM,
the image is generated by the intensity of secondary electrons generated when the Ga
ion beam scans the sample. The magnification is ~ 100, 000 times [5].

Different to an electron beam, the ion beam in the FIB erodes the sample. When a Ga™
ion is focused on the target sample, it creates a cascade of events which results in the
ejection of sputtered particles, in this way a FIB is used to do very small and precise
cuttings, and the most common application is to prepare specimen samples for TEM

analysis.
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Figure 2.6: Focused Ion Beam diagram representation - the organometallic is used to

deposit contacts

Another feature that is used in the FIB is the ion beam-assisted chemical vapor
deposition. The deposition of metals is used extensively in silicon semiconductor device
modification, to protect the top surface of interest. A needle is brought to within 100-200
mm of the target surface, then a Pt organometallic is injected from the needle near where
the Ga™ beam scans over the specimen region. The ion beam decomposes the gas and
promotes by charging the deposition of Pt over the area irradiated by the beam, while
the byproduct is removed through the vacuum system.

In this way, Pt contact depositions were performed into a the JEOL JEM FIB 9310,
operated at 30 kV. This FIB has a resolution of 10 nm, provides a maximum current, of
10 pA and is equipped with two grounded stages with three-axis translation, rotation
and tilt capabilities. 10 different beam diameters can be used, but for deposition a beam

number 9 was used in order to decrease the beam damage in the nanowire and device
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surface.

2.3 Experimental Thermoelectric Device and Setup

2.3.1 Thermoelectric Device

The suspended specialized micro resistance thermometry device were supplied by Dr.
Michael T. Pettes and Dr. Li Shi from the University of Texas at Austin and were used
to measure S, o and & in a single nanowire and single hexagonal nanotubes [6,7]. Figure
2.7 shows a different magnification images of a micro-device connected to chip carrier

using Al wire.

LILLLEL

Figure 2.7: Different magnification of micro-device into a chip carrier for a SnSe measured

sample

The suspended micro-device consists of two adjacent 20pumx20um low-stress silicon
nitride (SiN,) membranes each suspended with six 420 pm-long and 2 pm-wide SiN,
beams, four to connect a one platinum serpentine resistance thermometer (PRT) and

two for 1 pm-wide Pt electrodes patterned on each membrane. PRT and electrodes were
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created using electron beam lithography (EBL) and reactive ion etching (RIE) procedures
to create the electrical leads and contact pads into the platinum film, followed by the
deposition of a dielectric layer film onto the top to prevent any shorting of the measuring
device.

The bottom side of the wafer was then patterned with contact photolithography and
RIE process, to expose silicon that would be removed to create the through hole in each
device, allowing the study of crystal structure and chemical composition of the sample on
the suspended device by using TEM or STEM, selective area electron diffraction (SAED)
and the energy dispersive X-ray spectroscopy (EDS). In this way, the thermoelectric mea-
surements can be done in a four probe configuration (two sample-to-electrodes contacts
in each membrane) that allows to eliminate the thermal and electrical contact resistances

in the measurements.

2.3.2 Experimental Setup

For the nanowires and nanotubes measurements, each micro-device with the integrated
sample was positioned into a Janis ST-100 cryostat connected to a Pfeiffer Balzers
TCP121 turbo pumping system to create a ~ 5 x 1075 torr vacuum. The environment
temperature surrounding the microdevice was controlled using a Lakeshore 330 temper-
ature controller and a liquid nitrogen cold finger for all sub-room temperature measure-

ments. The microdevice was connected to two Stanford Research Systems SR830 DSP
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lock-in amplifiers which measured the first harmonic component of the AC voltage drop
across the heating and sensing membranes using an AC current of 0.5 pA, at frequencies

of 1.0 kHz for the heating membrane and 200.0 Hz for the sensing membrane.
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Figure 2.8: Experimental thermal resistance diagram and schematic setup for thermal

resistance or conductance measurements of individual Nanowire

A National Instruments BNC-2090 DAQ board was used as an interface with the
experiment and sourced a DC voltage which was used to raise the temperature of the
heating membrane with a current between zero and ~ 10 p A. A Stanford Research
Systems SR570 low-noise current amplifier was used to measure the DC component of
the coupled AC' + DC' current being supplied to the heating membrane and two Stanford
Research Systems SR560 were used to measured the thermoelectric voltage generated by
the sample. LabVIEW software was used to control and collect the various voltages and
current readings as a function of the provided DC voltage. A schematic diagram of the

experimental setup is shown in figure 2.8. When a direct current (I) was supplied to
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one PRT to raise the temperature of one membrane, part of the Joule heat generated
in the heating membrane, Q was conducted through the sample to the other (sensing)

membrane.

2.3.3 Thermoelectric and thermal conductance measurements

The 14 current supplied to the platinum resistance thermometer (PRT) on the heating
membrane heats up this side and part of the Joule heat generated is conducted through
the sample to the sensing membrane. Figure 2.9(c,d) shows a 3 completing cycles from

the heating and sensing membranes.

ATh(Idc) = Th([dc) — T() (24)

ATS(‘[dC) = Ts(]dc) - TO (25)

where T is the substrate temperature. A change in temperature induces a change in

electrical resistance of each PRT which is translated into temperature by measuring the

temperature coefficient of resistance a = ( d}f(/TCg) of each PRT at each Tj.

The thermal resistance of the 6 beams supporting each membrane can then be ob-

tained as:

ATy + AT,

s = Qn+ QL (2:6)

where @)y is the Joule heat dissipation in the PRT on the heating membrane and Q)
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Figure 2.9: (a) Measured total heat Q1o = @Qn + Q1 plotted as function of T}, + T for
sample 2 of SbyoTes nanobelt, the slope give us the total thermal conductance Gg. (b)
The obtained AT} as a function of AT, — ATy, the slope yields G,,,/GB. (c) and (d) are
the change in temperature of the heating membrane AT}, and sensing membrane AT} as

a function of ramped I for 3 cycles

is the Joule heat dissipation in the two identical Pt leads supplying the current to the

heating PRT. Then, the total measured thermal resistance of the sample (see figure 2.9)

is obtained as:

ATy, — AT

Riotat = Roq + Rs + Roo = )

(2.7)

where Rg is the thermal resistance of the suspended segment of the sample, Rc; and
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Rc o are the contact thermal resistances between the sample and the two membranes
and () are the heat conducted through the six beams of the sensing membrane to the
substrate.

Using the four Pt contacts deposited on the sample, two thermoelectric voltages generated

by the sample due to the temperature difference are generated:

T (2.8)
523 = % (29)

The total contacts thermal resistance can be obtained from the ratio () between Sy

and 5231

y=ou_hi=Th
523 T2_T3

(2.10)

Figure 2.10 shows the heat transfer between the two membranes through the suspended
sample. The thermal contact resistance can be calculated using the fin model resistance

relashionship:

1
Re; =

, =1 or 2 2.11
" kAmtanh(mLc;)’ ' o (211)

where £ is the thermal conductivity and A is the cross section area of the sample, L¢; is

the length of sample segment in the contact with the membrane and m is defined as:

m=1— (2.12)
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where h is the thermal contact conductance per unit area and w is the diameter of
the sample. With the use of a sensitive AC measurement of the differential electrical

resistances of the two PRTs, the measurement method can achieve a sensitivity on the

order of 1 x 107! WK~! in the measured thermal conductance, G,, = i. To obtain

the sample thermal conductance:

Figure 2.10: Schematic diagram of the nanowire suspended between two suspended mem-

branes indicating various length segments for the fin model analysis.

The thermal resistance of the suspended segment of the sample:

Ls
Rg = — 2.13
s="7 (2.13)
where Lg is the length of the suspended segment. From figure 2.10 we have:
T, -1, T;,-1T, T.-T,
Q= = = (2.14)

Rq 1 RS RC’ ,2



2.3. EXPERIMENTAL THERMOELECTRIC DEVICE AND SETUP 42

According with the fin model temperature profile:

T, —T;  cosh(m(Lcy — L))
T, -1, cosh(mLe¢ 1)

i=1or?2 (2.15)

and

T; =T,  cosh(m(Lcy — L))
T —T,  cosh(mLcy)

,i=3or4 (2.16)

from equations 2.13 and 2.15, 2.16 we obtain:

T — 1Ty ] 1 —cosh (m(Ley — L1)) / cosh(mLe ) N 1 —cosh (m(Leca — Ly)) / cosh(mLe )

e = T, —1T! - Lymtanh(mLc ) Lymtanh(mLc o)
(2.17)
_ =T H_1 — cosh (m(Ley — Le)) / cosh(mLe ) +1 — cosh (m(Lea — Ls)) / cosh(mLc o)

= T —T Lymtanh(mLc ) Lymtanh(mLc2)
(2.18)

and

Th—=Ty u

= == 2.19
[ V23 (2.19)

And the following equation to calculate the ratio « is obtained:

Ol _yy 1 ! + ! (2.20)
a= = .
1) — T Lom \tanh(mLc,) tanh(mLco)

S

Using the a and 93 values calculated from the measured Sy4 and So3 at each temperature,

the Seebeck coefficient, the sample thermal resistance, and the contact thermal resistance
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are obtained as:

S
S =B
Y23

RS = Rtotal/a

Rc = Riotar — Rs

(2.21)

(2.22)

(2.23)
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Chapter 3

Thermoelectric Properties and
Thermal Tolerance of Indium Tin
Oxide Nanowires

3.1 Introduction

Transparent conducting oxides (TCO) combining high transparency and electrical con-
ductivity are widely used in important technological applications. Indium tin oxide (ITO)
is one of the most used TCO and plays an important role in diverse technologies [1] that
include solar cells [2-5], light emitting diodes [6,7], gas sensors [8] and smart windows
[9]. Due to the high crystallinity, large grains size, and high transparency in the visible
spectral region ITO films are also used as transparent electrodes [8,9]. In the last years,
reports show high performance synthesis of ITO nanowires, which makes these nanos-
tructures promising electrode material due to their exceptional properties, such as large
surface area, high crystallinity, low resistivity and reproducible synthesis via different
techniques including carbothermal evaporation process [10], vapor transport method [11-

15], pulsed laser ablation [6,16,17], thermal metal co-evaporation [18,19], electron beam

45
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evaporation [20], co-precipitation-anneal method [21], electrospinning [22], DC sputtering

23], and electrochemically assisted deposition in template membranes [24].

The thermoelectric properties of ITO and its thermal tolerance expand the potential
use of ITO nanowires, especially for applications in harsh and high temperature envi-
ronments. As previously mentioned, thermoelectric nanomaterials are receiving great
attention in recent years because they can interconvert thermal gradients and electric
fields for power generation, waste heat recovery, or solid state refrigeration [25-29] with
high efficiencies and nanostructured materials with moderate density of charge carriers
show ZT higher than bulk values because the different size-dependent scaling trends for
the electrical and thermal conductivities allow for the reduction of the long wavelength
phonon mean free path by enhancing the surface scattering, thus reducing x without

affecting o as strongly [30-34].

Many oxide semiconductors are chemically and thermally stable in air at high tem-
peratures, what makes them good candidates for high temperature thermoelectric appli-
cations [26,35-37]. Thermoelectric studies on ITO thin films show a dependence of ZT
on Sn concentration. The thermopower in ITO is negative indicating n-type behavior
[38-41], Guilmeau et. al. [42] tuned the ITO-bulk transport properties through doping In
sites with Ti*t, Zr**, Sn4*, Ta’", and Nb®*, finding a thermopower at room temperature
of 4AS 41 pV/K in case of ~ 1% Sn; Zhu et. al. [43] found a maximum ZT of 0.15 at

1000 K using 5% Lu and 0.1% Sn concentrations. Other similar studies used Co [44], Zn
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and Nd [45], Ge [46] and Ga [47] as dopants but none of these works have investigated

size effects on the thermoelectric properties.

Here we report successful synthesis of high quality single-crystalline ITO nanowires
with high temperature tolerance up to 1300°C. The correlation between the structural
and thermoelectric properties of single nanowires with and without heat treatment and
the corresponding changes in S, ¢ and k values is explained. The high temperature
tolerance of ITO nanowires is then clarified for their potential use as building blocks in

new thermoelectric devices that can operate in harsh environments.

3.2 Synthesis and Characterization

Figure 3.1: SEM images for ITO nanowires (a), (b) as-synthesized, (c), (d) After 1300°C

annealing and (e), (f) After 1400°C annealing.

ITO nanowires were synthesized using a catalyst-assisted thermal VLS process, using
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quartz and sapphire substrates coated with 1-3 nm Au films. As synthesized samples
exhibited homogeneous and straight morphological features with lengths of up to several
tens of micrometers as shown in Figures 3.1 (a, b). The samples were tested for high tem-
perature tolerance by annealing them in air at different temperatures in 30 min intervals.
According to SEM images, the overall morphology is preserved in the temperature range
up to 1300°C as shown in figures 3.1 (¢, d). Thermal treatment at higher temperatures
resulted in evaporation and segregation of the material on the substrate. Figures 3.1e
and 3.1f show the effect of 1400°C heat treatment. According to these results, three as

prepared and three 1300°C annealed samples were studied.
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Figure 3.2: (a) SEM image, insert: SAED patter for sample before annealing. (b)
SEM-EDS mappings (¢) XRD patter for sample on substrate before and after 1300 °C

annealing.

Indium, Tin and Oxygen concentrations were determined by analyzing quantitative

EDS data from the measured nanowires. Figure 3.2 shows a SEM image 3.2(a), EDS
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mapping 3.2(b), from where the chemical composition is obtained. EDS results are
similar in the thermally treated samples up to 1300°C, see figure 3.3, 3.4 and table 3.1 for
EDS maps and atomic percent estimates of all measured samples. XRD patterns, figure
3.2(c) shows all the main peaks corresponding to the InyO3 cubic structure, indicating
the incorporation of Sn into the In,Oj lattice. Other small peaks are related to SnO,
and catalytic Au. The lattice parameter a calculated from XRD and SAED patterns are
10.1006 A and 10.1003 A, before and after annealing, respectively, confirming the thermal

stability of the nanowires and discarding any obvious dislocation or clusters formation.

Atomic % by element

InL [Shn K| OL

Sample 1 13.27 | 0.86 | 85.85

Sample 2 14.17 1 0.91 | 84.90

Sample 3 13.40 | 1.09 | 84.90

Annealed a | 13.10 | 1.04 | 85.86

Annealed b | 11.33 | 0.95 | 87.72

Annealed ¢ | 11.33 | 0.96 | 87.71

Table 3.1: Summary of atomic percent concentration approximation of measured ITO

nanowires.
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Sample 1

Figure 3.3: SEM images and EDS mapping for No annealing measures samples.

3.3 Thermoelectric Measurements and Discussion

After synthesis and heat treatment, annealed and nonannealed nanowires were detached
from the substrates by sonication in 2—propanol and spread onto quartz substrates. After
evaporation of the solvent, individual nanowires were selected, transferred by microma-
nipulation and finally mounted on specialized micro-devices for thermoelectric charac-

terization. Figure 3.5 shows the SEM images of an ITO nanowire assembled onto a
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Sample with anneal a

Figure 3.4: SEM images and EDS mapping for measured samples with annealing.

microdevice and connected to a four-electrode array. The device fabrication process and
use is reported in earlier works [48-54]. Four Pt contacts were made in the nanowire using
a focused ion beam (JEOL JEM9310) to electrically connect the nanowire to the device.
For the measurements, the devices were finally attached to chip carriers and electrically
connected using wire bonding. Thermoelectric measurements were performed on each

nanowire over a 190-370 K temperature range.

Figure 3.6 summarizes the thermoelectric measurements. The temperature-dependent



3.8. THERMOELECTRIC MEASUREMENTS AND DISCUSSION 52

10pm

Figure 3.5: SEM images for a one single ITO nanowire onto specialized device.

Seebeck coefficient S is shown in Figure 3.6(a), the thermal x and electrical o conduc-
tivities are shown in Figure 3.6(b) and 3.6(c), respectively, and the figure of merit ZT
is shown in Figure 3.6(d), all of which has been corrected to consider the thermal and
electrical contact resistance of each nanowire-device ensemble. Thermal contact resis-
tance in an important parameter in nanostructure materials, because in some cases it
can dominate the thermal transport, especially in cases of weak bonding between the
nanostructure and the substrate. In our samples the corrected thermal contact resis-
tance was found about: 9% - 14% sample 1, 23% - 26% in sample 2, 15% - 25% in sample
3, 8% - 18% in annealed a, 17% - 25% in annealed b and 7% - 16% in annealed 3 of the

total thermal resistance [48]

The negative values of S confirm the expected n—type behavior. The absolute value of
the Seebeck coefficient increases almost linearly with temperature in all studied samples,
with a greater slope and values for thermally treated ones. Wu et. al. [40] and Li et.
al. [38] found a similar behavior in ITO thin films with annealing temperatures between

150 and 450 °C. The lowest total thermal conductivity values for the ITO nanowires
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Figure 3.6: (a) Measured Seebeck coefficient S, (b) Thermal Conductivity (), electrical

conductivity (o) and (d) ZT as a function of Temperature of ITO nanowires.

was between ~ 1 and ~ 1.5 Wm™'K~! corresponding to the annealed samples (Figure
3.6(b)), staying practically constant in the studied temperature range. In the case of non-
annealed samples, the thermal conductivity was between ~ 1.8 and ~ 2.6 Wm~'K~!. The
decrease of the total thermal conductivity in annealed samples can be attributed mainly
to the reduced contribution of electronic thermal conductivity as will be discussed. These
values are lower than the reported thermal conductivity for InyO3-based compounds (2.0-

8.5 Wm 'K~ for different doping) [43-45]

The temperature dependence of the electrical conductivity is dominated by the free

carriers and decreases as the temperature increases, similarly to previous reports in thin
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films [38,39,41,55] and nanowires [11,17,19]. Thermally treated samples show almost an
order of magnitude lower electrical conductivity that is consistent with our observation
of a large increase in S for all annealed samples, and a lowering of the carrier concentra-
tion due to reduction of oxygen vacancy sites as evidenced from the EDS results. The
thermoelectric performance of the ITO nanowires is shown in Figure 3.6d. The ZT value
have a maximum of 4.28x1073 at 370 K in sample 1, and similar values were obtained

in annealed samples with a maximum of 3.64x 1073 in the annealed b sample.

The total thermal conductivity x can be separated into two terms, one is the contri-
bution from the free charges and the other from the lattice vibrations, and expressed as,
K = Ke + k1, where k. is the electronic thermal conductivity and £, is the lattice thermal
conductivity. The electronic contribution (Figure 3.7(a)) was estimated according to the
Wiedemann-Franz Law (k. = 0 LT'), where T refers to the absolute temperature and L
is the Lorentz number. In the Sommerfeld limit of a free electron gas L. can be derived
as Lo = m2k%/(3e?) = 2.44 x 1078 WQK ™2 where kg is the Boltzmann constant and e
is the elementary electron charge [56,57]. The lattice contribution was calculated from
the difference between the measured total thermal conductivity and k. assuming Ly and
is shown in Figure 3.7b. We note that L is the metallic limit of L, and for semicon-
ductors an empirical expression has been developed for the non-degenerate regime as a
function of Seebeck coefficient [58] L = 1.5 x 107® 4 exp (% X 10_6). We note that

in the limit of our measured Seebeck coefficients, L is ~ 2.35 — 2.42 x 107% WQK™2,

for the as-grown samples and ~ 2.17 — 2.36 x 1078 WQK~2 for the annealed samples.
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Thus by assuming Lj, the maximum uncertainty error propagated to k, is expected to
be a 0.6 — 3.43% overestimation for the as-grown samples, and a 3.4-11.2% overestima-
tion for the annealed samples according to Hyun et. al. [58]. Thus, x; and ZT values
here reported may be slightly overestimated and slightly underestimated, respectively.
As expected, phonons were the main contributors to the thermal transport. Detailed
modeling of I7L was used to obtain more information about defect formation during the
thermal treatment, where k; was calculated in terms of the dislocations and impurity
density using a modified Debye-Callaway model [59] which also takes into account the

contributions from umklapp processes and boundary phonon scattering [60-62].

3

1] (@) (b)
o © -
e o ® . /’-———’—*—o_.\ ® Sample 1
s B
~ g m= " ~ 21 ¢ B Sample 2
i [] N |
- * & O - i
' R . . — T Tt | @ Sample 3
B 011 R e - P> Annealed a
., .o 2 )
“ »,:::4’4’44 9 % ;<1: <« Annealed b
> ] \ 3 L
<« < * eee A Annealed ¢
WA A A A4 A A A 4
0.01 : : : : 0 : , ; ,
150 200 250 300 350 400 150 200 250 300 350 400
T(K) T(K)

Figure 3.7: (a) Electron thermal conductivity. (b) Lattice thermal conductivity as func-

tion of temperature. The continue lines are the model fittings.

In the modified Debye-Callaway model, x,,(7") can be expressed as:

Kpn(T)

KB (KBT>3/TD/T .17464
0

" 21, \ (e — 1)
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with

Tp_hl =l =t =t =5t + . = Aa*Ta* + RTx + Ba?T3a%eT0/T 1 % +... (3.2)

Where z = % is the reduced phonon frequency, i is the reduced Planck constant,
Kp is the Boltzmann constant, v, = 6400 m/s is the speed of sound, Tp = 700 K is the
Debye temperature [60] and 7" is the absolute temperature. The fitting parameters are:
A for point defects, R for dislocations, and B for the umklapp processes. Parameter D is
related to the scattering at the boundaries and in our case identified as the diameter of the
nanowires. D was obtained from the electron microscopy inspection of each sample. The
best fitting of the observed x values gave R and B parameters practically unchanged for
all the samples, with assigned values of 1 x 10° s7! K=! and 8 x 10718 sK~! , respectively.
The values for A and D used for each sample are summarized in table 3.2. Figure 5b
includes the results from the model calculations as continue lines. The comparison in
Table 3.2 between the values of impurities (A) before and after 1300°C thermal treatment

shows an overall increase of point defects contribution during annealing, but within the

same order of magnitude.

The comparison between the results from XRD, EDS, electrical and thermal trans-
port between as-grown samples and 1300°C heat treated samples confirms high overall
thermal stability of ITO nanowires with diameters in the 180-330 nm range that suggests

applicability of these nanostructures to work in high temperatures in an expanded area
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Sample | Ax107* (s?) | D(nm)
Sample 1 | 1.25 230
Sample 2 | 0.48 320
Sample 3 | 0.27 180
Sample a | 1.30 330
Sample b | 1.00 330
Sample ¢ | 0.58 220

Table 3.2: Values of impurities (A) and boundary (D) parameters used in the modified

Debye-Callaway model given by equation 3.1.

of applications that includes thermoelectricity. The combination of increased Seebeck

coefficients and reduced electrical conductivities after annealing suggests a reduction in

the charge carrier density that is compatible with the change in defect density. From the

point of view of thermoelectrical power generation, the increased S and reduced x and

o work against each other to finally produce little overall changes in ZT upon thermal

annealing.

3.4 Conclusions

The Seebeck coefficient, the thermal and the electrical conductivities were successfully

measured to obtain the thermoelectric figure of merit of individual single crystalline ITO
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nanowires with and without 30 minutes of thermal treatment in air at temperatures up
to 1300°C. ITO nanowires were synthesized by a VLS process with diameters in the
180-330 nm range. The comparison between the samples response with and without
annealing showed relatively high thermal tolerance of the material at the nanoscale that
encourages its use in applications designed to operate at high temperatures up to 1300°C.
In particular, the thermoelectric response of the studied I'TO nanowires makes them a
promising candidate as n—type thermoelectric building block to develop nanodevices to

operate in harsh environments.
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Chapter 4
Thermoelectric Properties of SnSe
Nanowires with different diameters

4.1 Introduction
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Figure 4.1: Summary art concept of SnSe study

In 2014 Zhao et al.[1] reported a record figure of merit, ZT ~ 2.6 at 923 K along the
b—axis of single crystalline SnSe. This chalcogenide material adds an extra advantage in
its composition, it is lead free and shows ultralow lattice thermal conductivity due to its

layered structure, with atoms arranged similarly to a highly distorted rock salt structure,

67
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where the bonding of SnSe interacts covalently within the layers and forms anharmonic
and anisotropic bonding; [2,3] along the efforts to optimize this efficiency, highly doped
p—type SnSe materials has been studied but their increasing charge density leads to a
decrease in the Seebeck coefficient and in the figure of merit, with a maximum value of
ZT = 0.6 reported at 1023K with Ag-doping [4], 2.0 in hole-doped crystals at 773K [5] and
below 1 for Pb, Cu, Al, In and Ag doping [6] at T > 750K. Many theoretical calculations
have been carried out to describe the relationship between structural, electronic, phononic
and thermoelectric properties in orthorhombic materials, and specially in n— and p—type
SnSe [7-12] and in single monolayers [13]. Calculations suggest the possibility of a high
thermoelectric figure of merit in nanostructured SnSe crystals [14] that motivated this

study on the diameter dependence of the thermoelectric performance of SnSe nanowires.

4.2 Experimental Results, calculations and Discus-

sion

The synthesis of the SnSe nanowires was carried out using a catalyst-assisted thermal
vapor-liquid-solid (VLS) process, similar to the procedure used by Butt et al. [15],
in which high purity powders of Tin (99.998% purity, Sigma-Aldrich) and Selenium

(99.995%, Sigma-Aldrich) were used as source materials. The mixed powders were loaded
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on alumina boats and positioned at the center of the first hot zone of a two-zones horizon-
tal quartz tube furnace (MTI 1200X). Several sapphire substrates coated with a thin Au
film with thickness between 1-3 nm, were located in the middle of an alumina boat posi-
tioned between both heating zones. The furnace was heated to 860 °C and 550 °C in the
precursor and substrate zone respectively, at a rate of 10 °C min~! and the temperature
was then maintained constant for 60 min, before natural cooling to room temperature.
During the synthesis the system was kept at atmospheric pressure, using 100 sccm of Ar

as the carrier gas.

Log Scale a.u.

Figure 4.2: (a) SEM image of the as-grown SnSe nanowires. (b) HRTEM and SAED
for a measured SnSe NW (1.15 pum). (c) XRD pattern, (* corresponds to the sapphire

substrate). (d) SEM EDS mapping for a measured SnSe nanowire (480 nm).

The SnSe nanowires were formed uniformly on the surface of the substrates, with
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different diameters and several tens of microns in length. Figure 4.2a shows the SEM
image of as deposited nanowires. The higher magnification inset shows a typical nanowire
grew from a SnSe seed crystal using Au as the catalyst. HRTEM data (figure 1b) shows
high crystalline order at the scale of the image of the measured nanowires and gives an
interplanar spacing value of 2.95 A corresponding to the array of planes perpendicular

to the nanowire axis consistent with a SnSe crystal growth along the [111] direction.

This information is supported by selected area electron diffraction and X-ray diffrac-
tion (XRD) patterns that confirm the formation of orthorhombic phase (Pnma) with
lattice parameters: @ = 11.46, b = 4.14 and ¢ = 438 A, a = 8 = v = 90°. XRD
(figure 1c) shows only SnSe patterns without any evidence of crystalline SnO, SnOs,
SnSey or Sn and Se byproducts. Quantified data from HRSEM-EDS is consistent with
an approximate 1:1 Sn:Se ratio and compositional uniformity, a slightly reduced Sn signal
could be evidence of native Sn vacancies in our p—type samples. The EDS spectra and

quantification is given in figure 4.3.

After synthesis, the nanowires were detached from the substrates by sonication in
ethanol and dispersed on a Si substrate for inspection and micromanipulation. Nanowires
with different diameters were selected and transported to suspended microdevices to
measure S, o and k, according to the procedure detailed in previous studies [16-19]. Using
a high magnification optical microscope (Nikon Eclipse E600), the selected nanowire was

then attached to the tip by van der Waals forces, moved to the device and aligned properly



4.2. EXPERIMENTAL RESULTS, CALCULATIONS AND DISCUSSION 71

SelLa '

= Atomic % by Element
- SnLa SnL  SeK
2
g7 SnSe-a 4535 54.65
S T SnSe-b 4441 5559 T
= SnSe-c 4599 54.01
(S

/J Se Ka

i A

T T T T T T T T T
0 5 10 15 20 25

KeV

Figure 4.3: SEM - EDS spectra for 3 SnSe nanowire samples. The inset shows the atomic

ratio for Sn and Se.

to let the nanowire contact the four Pt electrodes. Once the nanowire was in place, a
focused ion beam system (Jeol JEM 9310 FIB) was used to remove possible contaminants
from the surface of the nanowire and to deposit Pt at the contact sites. The measuring
device with the integrated nanowire was then wiredbonded (Kulicke & Soffa 4524) to a

chip carrier in order to connect it to the measurement setup.

The prepared samples were placed in a cryostat chamber, pumped with a turbomolec-
ular pump to reduce pressure to ~ 5x107% Torr to minimize convection heat losses. Using
two locking amplifiers, a DC source, two voltages and one current amplifiers, a thermal
gradient were created between the ends of the nanowire and the voltage drop was mea-

sured between the inner and outer contact electrodes, respectively. The temperatures at
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the ends and the two thermoelectric voltages were measured for different ambient tem-
peratures between 150 K and 370 K using liquid Nitrogen and a temperature controller.
From these measurements the contact thermal resistance, corrected thermal conductivity,
the Seebeck coefficient, and the electrical conductivity of each nanowire were obtained.

Figure 4.4 shows SEM images for 7 measured nano- and micro-wires.

d~1.15um

d~260nm| ©.  d~190nm

s TRNUNIS BRSNS TR PR |

d-130mm |

Figure 4.4: SEM images of SnSe nanowires aligned on specialized micro devices for

diameters between 1.15 pym to 130 nm.

Figure 4.5 shows a close-up SEM image of a typical SnSe nanowire integrated to the
measuring microdevices. A Focus Ion Beam system (JEOL JEM9310 FIB) was used to
remove possible contaminants from the surface of the nanowire at the nanowire/elec-

trode regions, and to deposit Pt at these sites in order to establish a good electrical
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contact. The possible defect formation due to Ga™ ion bombardment during FIB deposi-
tion was kept to a minimum by avoiding unnecessary Ga™ beam irradiation of the entire
nanowire but it cannot be excluded completely. After the transport measurements, each
nanowire was observed via SEM and TEM to determine diameters and lengths among the
electrodes such that conductivities could be obtained from the corresponding measured

conductances.

LU

lc 300 um 10 pm 2 um

Figure 4.5: From left to right, optical image of the micro-thermometry device wired to a
chip carrier, followed by low and high magnification SEM images of a 130 nm nanowire

transferred onto the micro-device.

The measured Seebeck coefficient, the thermal conductivity, the electrical conductiv-
ity, and the calculated figure of merit as a function of temperature of nanowires with
different diameters are shown in figure 4.6. In all cases the measured S was positive in-
dicating p—type transport, increased in magnitude with increasing temperature, and did
not show a clear diameter dependence. These results are in overall agreement with the
study by Zhao et. al. in bulk SnSe and SnSe doped crystals [1,5]. Singh et al.[6] and Sassi
et al. [19] in bulk polycrystalline samples, and with the studies in SnSe nanostructured

sheets by Serrano-Sanchez et al.[20] Figure 4.6b confirms ultralow thermal conductivities
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Figure 4.6: (a) Measured Seebeck coefficient S, (b) thermal conductivity s, (c) electrical
conductivity o and (d) ZT of SnSe nanowires with different diameters as a function of

temperature.

for all nanowires and in the same order of the reported values for bulk samples.[1,5,21]
values were corrected to consider the thermal contact resistance of the measuring device.
A significant reduction in k is observed in the samples with smaller diameters. In the
thicker nanowires x slightly decreases when the temperature is increased as found in bulk
samples by Zhao et al.,[1] for smaller diameters (130 nm, 190 nm and 390 nm) the thermal
conductivity remains practically constant or with a small increase with temperature in

the 130 nm wire. This behavior is consistent with the increasing contribution of phonons
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surface scattering in thin nanowires,[17,22,23] in contrast to a recent thermal conduc-
tivity accumulation study by Guo et al. [14] found negligible contribution of phonons
with wavelengths above ~ 100 nm to the lattice thermal conductivity. Thus, both the
temperature dependence of the thermal conductivity and the magnitude indicate static
scattering processes are considerable in the samples of this work. From Guo et al. [14]
work, we should expect that anharmonic processes will dominate in nanowires of the
diameters considered here. The d = 1.15 pm sample shows reduced temperature depen-
dence in the measured temperature range and significantly lower electrical conductivity
when compared with other samples, suggesting a higher density of crystal defects in this

particular nanowire.

The electrical resistance measurements were performed in a four-point configuration
and the electrical conductivity was calculated after the determination by TEM and SEM
of each nanowires length and diameter, see figure 4.4 and figure 4.7 where the cross
section suggests rounded shape. Figure 4.6(c) shows that o is thermally activated in all
samples within the measured temperature range as has been reported for polycrystalline
SnSe [4,6,20,24] and consistent with unintentional p—doping of the nanowires attributed
to native Sn vacancies that act as double acceptors. Figure 4.6(c) shows variations of o
between samples at low temperature (7' ~ 150K) with no clear dependence on diameter
but at higher temperatures these differences become less significant, reaching values in the
order of 1000 S/m at room temperature, consistent with reports in bulk polycrystalline

samples [4,6,21]. Finally, the figure of merit (Z7') was calculated from the measured S, x
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Figure 4.7: SEM images of the growth nanowire on substrate. The cross section suggests

rounded shape.

and o as a function of temperature. Figure 4.6(d) shows increasing Z7" for all nanowires
as the temperature is increased. The maximum measured ZT was 0.156 corresponding
to the thinner nanowire at 370 K, well above than what is reported in unintentionally

doped polycrystalline bulk samples [4,6,21].

In order to gain insight into the effects of the reducing nanowire diameter on the
thermal conductivity and ZT', figure 4.8 shows the thermal conductivity and the figure
of merit close to room temperature (290 K) as a function of the nanowire diameter,
respectively. Figure 4.8(a) (dots) shows an overall decrease of the thermal conductivity
with decreasing diameter attributed to a reduced averaged phonon mean free path with

Kk ~ 0.55WmK~! for d = 130nm nanowire at T = 300K. This value is almost one
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half of the value reported in other bulk polycrystalline samples [4,21], but is roughly
the same order of magnitude as x along the a—axis [14] (continuous lines are results
from calculations in reference [14]). This can be expected as the growth direction of
the nanowires was oblique to this axis such that the weak bonding will reduce thermal
conductivity similar to if the growth direction was along the a—axis. The reduction in
the measured k at small diameters may indicate static defects or an underestimation of
the contribution of long wavelength phonons in the calculation of Guo et. al.[14] Figure
4.8(b), shows the dependence of ZT on the diameter at room temperature (290K) in
which an overall increase in ZT is observed by reducing the nanowires diameter. Figure
4.8(b) confirms a significant enhancement of ZT' as the diameter of the nanowire is

reduced below 190 nm.

In order to better understand the observed transport response in our SnSe nanowires,
density functional theory (DFT) calculations were performed using the Vienna Ab initio
simulation package (VASP) [25]. The many-body GW approximation was implemented
with the projector augmented wave (PAW) scheme [26] and the generalized gradient
approximation of Perdew, Burke and Ernzerhof (GGA-PBE) [27] for the electronic cor-
relation functional. The energy cut-off for the plane wave expansion was 450 eV. The
Brillouin zones of the bulk SnSe were sampled in a gamma-centered grid with a k-point
mesh of 5 x 15 x 15. To obtain an accurate DOS, the k—point mesh of the non-self-
consistent calculation was increased to 11 x 33 x 33. Atomic positions and unit cell

vectors are relaxed until all the forces and components of the stress tensor are below
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Figure 4.8: (a) Lattice thermal conductivity in comparison with calculated accumulated
thermal conductivity data of Guo et. al. [14] in a, b and ¢ directions and (b) figure of

merit ZT at 290 K for different diameters.

0.001 eV A~!. Starting from the experimental orthorhombic structure (space group
Pnma 62) with lattice parameter (¢ = 11.46,b = 4.14 and ¢ = 4.38A) the calculated
indirect bandgap (Eg) was 0.654389 eV, which is smaller than the experimental bandgap
[1]. Underestimation of the bandgap is a well-known result in the DFT calculations [28]
that does not affect the intended analysis. Figure 4.9 shows the crystal structure (a), the
band diagram (b), and density of states (c), for SnSe. These calculations served as input

to determine the electronic transport parameters.

The transport properties were calculated based on the Boltzmann transport equation
under the rigid band and constant relaxation time approximations as implemented on the

BoltzTraP package [29]. This numerical package has been previously used to study SnSe
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Energy (eV)

Figure 4.9: (a) Crystal structure of the Pnma phase of SnSe. The primitive cell is shown
as a black line. Gray larger balls represent Sn atoms and green smaller balls are Se atoms.

(b) The calculated band structure and (c) the total density of states.

materials with good results [5,7,8,10,13,17]. Due to SnSe crystal structure, the transport
is anisotropic and averaged values corresponding to the [111] direction are shown. Figure
4.10(a) shows the calculated S at different temperatures as a function of the chemical
potential referenced to the valence band maximum, pu — Eypgy. By interpolating the
experimental data the temperature dependence of ;1 was determined in the samples.
Figure 4.10(b) shows an increasing p with temperature with values suggesting a high
density of holes that keeps the chemical potential near or in the conduction band at low

temperatures.

To confirm these observations, Boltztrap calculations were used to estimate the den-
sity of holes of the material. In figure 4.6(a) the calculated S(T") curve for a density of

holes p = 1 x 10" ¢cm™3 is included (figure 4.6(a) solid line) that fits the measured S
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Figure 4.10: The calculated thermoelectric properties of SnSe. (a) Seebeck coefficient as
a function of the chemical potential (u - Eypgyy), the energy position of the band edges
(Evpa and Ecpyy) is identified by vertical dotted lines. (b) The calculated temperature
dependences of the chemical potential (11— Eyv ). (¢) The calculated electron (k) and
(d) lattice (kpp) thermal conductivities contributions. Calculated k), from Guo et. al.

[14] is shown in figure (d) with continuous lines in a, b and ¢ crystal directions.

for the 480 nm nanowire, thus assigning a larger density of vacancies produced during
the nanowire formation as compared with other synthesis methods used to grow crys-
talline and polycrystalline bulk samples [1,4,20,21,24]. The electrical conductivity of the
nanowires (o ~ 400S/m at T = 300K) is lower than the reported values in high quality

SnSe bulk crystals with similar density of holes [5] suggesting a larger density of defects.
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As for the thermal transport, the measured thermal conductivity x includes contribu-
tions from phonon and free charges. The calculated values of u were used to determine
the contribution of the charge carriers to total. From there, the thermal conductivity due
to phonons was obtained by subtraction of the calculated electronic contribution to the
measured thermal conductivity, that is to say: kpn = Kiota — Ke (figure 4.10(d)). As shown
in figures 4.10(c) and 4.10(d), the contribution due to free charges was in some cases up
to 2 orders of magnitude lower than the contribution due to phonons therefore, the mea-
sured thermal conductivity (Figure 4.6(b)) is dominated by phonon transport (Figure
4.10d) as previously observed in nanowires of other semiconductor materials [3,17]. For
comparison, figure 4.10(d) also shows continue lines corresponding to Guo et. al. results
[14]. A fitting of the experimental results within the Debye Callaway approximation that
considers surface scattering due to reducing diameter while keeping the density of defects

constant.

We fitted k,,(T") using a modified Debye-Callaway model [32], with contributions due
to impurities, point defects, umklapp and surface boundary phonon scattering events. In

general, k(1) can be expressed as:

]{?B kBT 3 Tp/T I4€x
rpn(T) <h>/0 T 2™ (4.1)

T 2720, o (e —1)




4.2. EXPERIMENTAL RESULTS, CALCULATIONS AND DISCUSSION 82

with:
ol = it gt (4.2)
Arpd 4 233 Tp Vs
= Aa"T"2" + RTx + Ba”T z" exp T +7+... (4.3)
Where z = k’:’_:’T is the reduced phonon frequency, h is the Planck constant, kg is the

Boltzmann constant, v, = 1746 m/s is the speed of sound in SnSe, Tp = 49K is the
Debye temperature for SnSe and T is the absolute temperature. The chosen values for
vs and Tp for the [111] growth direction of our samples correspond to the average of the
three crystal orientations taken from Zhao et. al. calculations[1]. The fitting parameters
are A for impurities, R dislocations, B for umklapp process and L is the mean free
path due to surface boundary scattering. Here we assign L to the measured diameter
of the nanowire. In order to stress the contribution of the phonon surface scattering to
the reduction of the thermal conductivity in SnSe nanowires, we maintained constant
A=1x10""*(s}), R=8x10% (s7'K™1), B = 0.5 x 107'7 (sK™!) in all cases and
calculated the thermal dependence of &y, for two diameters: L; = 130 nm and Ly = 1.15

.

Figure 4.11, shows an overall match between the fitting from the modified Debye-
Callaway model and the experimental data for larger and smaller diameters giving some
role to the phonon’s surface scattering to the thermal conductivity within the range of

diameters used in this study, measuring 0.55 Wm*K~! at 7' = 300K in the d = 130 nm
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Figure 4.11: The measured lattice thermal conductivities (x,;,) for each nanowire. The

calculated k,, for two diameters (L; and Ls) are shown with continuous lines.

nanowire. Multilayered materials with layer thickness ~ 30 nm reported lower thermal
conductivities [21] that anticipates a further reduction of x in nanowires with lower

diameters.

Why Bulk calculations? We used bulk parameters for the calculations because
the diameters of the measured nanowires are greater than 100 nm and our calculations
show bulk-like electron energy states configuration in nanowires with diameters above 10
nm (see figure 4.12). Using the Vienna ab-initio simulation package (VASP), projected
density of states calculation was performed to demonstrate that surface electron states
in a 100 nm SnSe sample contribute less than ~ 1% of the total states. A (1 1 1) slab
was analyzed in the orthorhombic structure of the SnSe crystal, holding a total of 18

layers and 5nm thick slab. As in the main work, a many-body GW approximation was
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implemented with the projector augmented wave (PAW) scheme, and the generalized
gradient approximation of Perdew, Burke and Ernzerhof (GGA-PBE) for the electronic
correlation functional. A gamma centered grid with k-point meshes of 3 x 9 x 1 and a
cutoff energy of 450 eV was chosen for the self-consistent calculation. The k-point mesh
was increased to 5 X 15 x 1 for the non-self-consistent calculation holding the same cut

off energy.

The contribution of states per layer is presented in the projected density of states
calculation (Fig 4.12). Results clearly demonstrate the little share that surface states
present in the inner 4" to 14" layers that already resemble the bulk density of states.
The synthesized nanowires have diameters larger than 100 nm, then these results justify
the use of 3D periodic Density of States configuration to calculate the electron energies

of the measured SnSe nanowires.

4.3 Summary

The VLS synthesis of SnSe nanowires and the successful measurement of the Seebeck
coefficient and the thermal and electrical conductivities of individual nanowires with di-
ameters from ~ 130 nm to ~ 1.15 pum, over a 150-370 K temperature range is reported.
HRTEM and XRD analyses confirm large crystalline grain size and growth along the
[111] direction. The thermoelectrical measurements were carried out with suspended

specialized four-probe micro-thermometry devices. All measurements were consistent
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Figure 4.12: (a) Supercell Crystal structure of the low temperature Pnma phase SnSe

with 18 layers. Gray balls are Sn atoms and green are Se atoms. (b) Calculated Density

of States per layer as a function of the chemical potential for modeled nanowire with 5

nm in diameter (c) is the same as (b) with different scales.

with previous publications for the material in bulk, but a clear reduction of the thermal
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conductivity and a clear increase in ZT is observed with decreasing nanowire diame-
ter. We observed no significant dependence of the thermopower on the diameter of the
nanowires within the studied range. Theoretical band structure and transport model
calculations were used to correlate free charges parameters with measured data. The
chemical potential values confirm high p—type doping in all cases with a hole density
in the order of ~ 1 x 10 em™3. The electrical conductivity is thermally activated as
reported in bulk samples and attributed to changes in the density of holes and increas-
ing hole mobility due to charged defects. The measured thermal conductivity in thicker
nanowires is consistent with bulk data and the decrease of x,;, with decreasing diameters
is consistent with the corresponding increase of the phonon-surface scattering and may
indicate an underestimation by previous theoretical models of the contribution of long
wavelength phonons to the lattice thermal conductivity in SnSe or an increasing density
of defects in thinner nanowires. A maximum Z7T of 0.156 at T' = 370K was determined
for the thinner nanowire that encourages the synthesis of nanowires with lower diame-
ters that can be used as building blocks for high ZT nanodevices operating near room

temperature.
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Chapter 5
Thermoelectric Properties of SbySe;
Hexagonal Nanotubes

5.1 Introduction

Antimony Selenide ShoSes is a semiconductor with an orthorhombic crystal structure.
The main application of SbySes is related to switching effects [1], photovoltaic [2] and
thermoelectrics [3] properties. SbeSes nanostructures have been grown using different
methods: gas induced reduction, CVD, PLD and many others [4-9]. SbeSe; exhibits
high Seebeck coefficient but low electrical conductivity in bulk samples however, though
the low-dimension fabrication the electrical conductivity has been increased up 3-4 or-
ders of magnitude in whiskers [10] and nanotubes [11] and up 10 order of magnitude in
nanowires [11]. At the same time, the growth of the material at the nanoscale size in-
creases the surface-to-volume ratio and may take advantage of the scattering of phonons
at the surface boundaries to reduce the thermal conductivity, thus possibly bringing in-

creasing energy conversion efficiency. The interest in this work is then on the fabrication
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and study of nanostructured SbsSes hexagonal nanotubes (HNT), using specialized sus-
pended microtermometer devices to simultaneously measure S, ¢ and k with a four-points

configuration.

5.2 Experimental Results and Discussion

ShyTes HNT were synthesized by chemical vapor deposition (CVD) technique, via vapor
liquid solid (VLS) process in a 12-in. horizontal furnace equipped with a 2 in diameter
quartz tube. The synthesis was made at atmospheric pressure using a high purity 100
sccm Ar gas as the gas carrier and Sb (Alpha Aesar 99.998%) Se (Alpha Aesar 99.99%)
powders as precursors. The temperature was increased to 550 °C on the precursors zone
and many silicon substrates coating with a 1-3 nm Au thin film were placed 5 - 15 cm
downstream from the hot zone. After 5 hours system the was cooled down naturally,

keeping the Ar flow.

SbyTes HNT grew up in large areas as shown in figures 5.1 and 5.2(a). The as
synthesized HNT were removed directly from the substrate by micromanipulation and
aligned onto the measuring micro-device. Two HNT with 650 and 350 nm in diameter
were selected. The electrical contacts between the HNT and the Pt measuring electrodes
were improved by depositing Pt at the sample-electrode contact zones using a Focus Ion

Beam (FIB).
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(b)

(2)

(c)

Figure 5.1: SEM images of SbhySe; nanotubes on substrate (a) and (b) shows a different
magnification of as grown HNT. (c¢) and (d) show the hexagonal nanotube morphology

of the samples.

Each of the measured samples were analyzed with electron microscopy. Figure 5.2(c)
shows the SEM-EDS mapping of one representative measured sample, showing its ele-
mental composition. EDS approximated quantification signal can be correlated with the
stoichiometric ratio of Sbh:Se 2:3. See figure 5.3 for quantification values and SEM images

of the two measured samples on the micro-devices.

The XRD pattern in figure 5.4(c) confirms that SboSe; HNT has an orthorhombic
crystal structure and shows all the index peaks related to SboSes (JCPDS 890821) with

a =11.401, b = 11.943 and ¢ = 3.972 A. These values were confirmed with SAED data,
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@ I (b)

Intensity a.u.

Figure 5.2: a) SEM image of ShySes hexagonal as grown nanotubes on the substrate.
(b) XRD pattern of as grown material on the substrate. (¢) SEM image and SEM-EDS

mapping of Sb and Se signals. (d) HRTEM image, insert: SAED.

and HR-TEM image (figure 5.2(d)) of the SboSe; HNT sample 1.

The measured Seebeck coefficient (S) as a function of temperature is displayed in
figure 5.4(a) for the two analyzed samples. In both cases S is positive, revealing that
the SboSes HNT have p—type electrical behavior. S values increase with increasing
temperature and consistent with previous reports for this material [10,12,13]. Figure
5.4(a) shows the Seebeck coefficient for SheSes HNT as compared with bulk calculations

reported by Jayaraman et. al. [14] for a hole-concentration in the order of 1 x 10 cm™3.
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Figure 5.3: SEM images of measured SbsSes hexagonal nanotubes aligned on specialized
suspended micro devices, (a) and (b) different magnification images of sample 1. (c)
SEM image of sample 2 and (d) SEM-EDS spectra and atomic percentages of elements

found in the measured samples.

Figure 5.4(c) shows the variations in the electrical conductivity depending on tem-
perature. The electrical conductivity in SboSes HNT is observed to be thermal activated
with and increases with the increase of the temperature. The measured electrical con-
ductivity in SbySes HNT are 4-orders of magnitude larger than the ShySes bulk values
[15] and the reported ones in microtubes [16]. Mehta et al. [11] found high electrical
conductivity in SheSes nanowires (~ 3 x 10* S/m) and nanotubes (3.5 x 10*> S/m) and in
the same order magnitude of the ones here reported. Recently Ko et. al [13] synthesized
high and low electrical conductivity nanowires of SbySes with conductivities of ~ 3 x 10*

S/m and 4.3 x 107* S/m, showing a strong coupling between the electrical properties, the
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Figure 5.4: (a) Measured Seebeck coefficient S for the two samples as compared with
Bulk calculations [14]. (b) total thermal conductivity x of the HNT with the error bars.
(c) Electrical conductivity of the measured samples. (d) calculated figure of merit ZT

for the samples as a function of temperature.

shape, the crystal structure and the growth conditions of the material. The ShySes sam-
ples here reported show electrical conductivities in the same order of magnitude of some
reported whiskers [10] and nanotubes [11], one order or magnitude larger than reported

thin films [17], and 2—orders of magnitude smaller than measured nanowires [11].

Figure 5.4(b) shows the temperature dependence of the thermal conductivity () for
all samples. The thermal conductivity remains practically constant with a slight tendency

to increase with temperature, and with values between 1.3 to 1.8 Wm~'k~!. These values
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Figure 5.5: Calculate lattice thermal conductivity for the measured samples as a function

of temperature.

are half of the ones reported in bulk samples [15] and of the same order of magnitude
than those reported in nanowires and nanotubes [11,13]. The lattice contribution to the
thermal conductivity was calculated using the approximation: k; = kpga — o LT and
L = (1.54exp(—|5]/116)) x 1078 WQK 2, applicable to non-degenerated semiconductors,
obtaining values between 1.64 — 1.52 x 1078 WQK™2. Figure 5.5 shows that the main
contribution to the observed thermal conductivity comes from lattice vibrations in the

HNT samples.

Finally, the figure of merit ZT was calculated and shown in figure 5.4(d) for all the
measured samples. The calculated ZT values show a maximum of ~ 0.0071 at 370K,
4—order of magnitude larger than the reported bulk values. In all the samples the values

for ZT increased with the increase of temperature. These results show that SbySes



5.83. SUMMARY 97

HNTs considerably improve the figure of merit due to the increase of their electrical
conductivity. This result makes such morphology a preferred one in this material for

future thermoelectric room temperature applications.

5.3 Summary

We successfully measured the Seebeck coefficient, the thermal and the electrical con-
ductivities of individual SboSes HNTs over a 120-370 K temperature range. HNTs were
synthesized by CVD and the measurements were carried out using specialized suspended
four-probe microdevices in high vacuum. The thermopower S has a positive value and
increase with temperature in all samples. Electrical conductivity behavior suggests a
thermal activated behavior and was 4 orders of magnitude larger than those reported in
bulk samples. The significant increase in the electrical conductivity is recognized as the

cause of the enhanced ZT values obtained in HNTs samples.
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Chapter 6
Concluding Remarks and Future
Recommendations

6.1 Conclusions

We successfully measured the Seebeck coefficient, and the thermal and electrical conduc-
tivities to obtain the thermoelectric figure of merit of individual single crystalline I'TO
nanowires, with and without 30 minutes of thermal treatment in air at temperatures
up to 1300°C. ITO nanowires were synthesized by a VLS process with diameters in the
180-330 nm range. The comparison between the samples’ response with and without
annealing showed relatively high thermal tolerance of the material at the nanoscale that
encourages its use in applications designed to operate at high temperatures up to 1300°C.
In particular, the thermoelectric response of the studied ITO nanowires makes them a
promising candidate as n—type thermoelectric building block to develop nanodevices to

operate in harsh environments.

We reported the VLS synthesis of SnSe nanowires and successfully measured the See-

beck coefficient and the thermal and electrical conductivities of individual nanowires with
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diameters from ~ 130 nm to ~ 1.15 pum, over a 150-370 K temperature range. HRTEM
and XRD analyses confirm large crystalline grain size and growth along the [111] direc-
tion. The thermoelectrical measurements were carried out with suspended specialized
four-probe micro-thermometry devices. All measurements were consistent with previous
publications for the material in bulk, but a clear reduction of the thermal conductivity
and a clear increase in ZT" is observed with decreasing nanowire diameter. We observed
no significant dependence of the thermopower on the diameter of the nanowires within the
studied range. Theoretical band structure and transport model calculations were used
to correlate free charges parameters with measured data. The chemical potential values
confirm high p—type doping in all cases with a hole density in the order of ~ 1 x 10
cm 3. The electrical conductivity is thermally activated as reported in bulk samples and
attributed to changes in the density of holes and increasing hole mobility due to charged
defects. The measured thermal conductivity in thicker nanowires is consistent with bulk
data and the decrease of x,;, with decreasing diameters is consistent with the correspond-
ing increase of the phonon-surface scattering and may indicate an underestimation by
previous theoretical models of the contribution of long wavelength phonons to the lattice
thermal conductivity in SnSe or an increasing density of defects in thinner nanowires. A
maximum Z7T of 0.156 at T" = 370K was determined for the thinnest nanowire that en-
courages the synthesis of nanowires with smaller diameters that can be used as building

blocks for high ZT nanodevices operating near room temperature.
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We successfully measured the Seebeck coefficient, and the thermal and electrical con-
ductivities of individual ShoSes3 HNT over a 120-370 K temperature range. The HN'T were
synthesized by CVD and the measurements were carried out using specialized suspended
four-probe microdevices in high vacuum. The thermopower S has a positive value and
increases with temperature in all samples. Electrical conductivity measurements suggest
a thermally activated behavior in HNT. The electrical response in measured HNT is 4

orders of magnitude larger than the reports for bulk samples.

6.2 Future Recommendations

e Through the research work carried out for this thesis, we have developed an approach
to synthesize nanowires with promising thermoelectric applications, as well as mi-
cromanipulation techniques for nanowires with diameters above 80nm. However,
to manipulate thinner samples the to access a double column FIB (electron-ion

column) equipped with in situ micro-manipulators.

e More studies with TEM-SAED, EELS and HR-Raman of these nanostructure over the

studied temperature range is suggested.

e The implementation of experimental routines for surface functionalization, the reduc-
tion of the nanowires diameters, controlled doping, nanodecorations, and others in
different nanowires materials is also suggested in order to increase the thermoelec-

tric efficiency. Finally, to explore the Spin-Seebeck effect as a novel approach to
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increase ZT is recommendable.
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