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ABSTRACT

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

School of Chemistry

Thesis for the degree of Doctor of Philosophy

Precursor Synthesis, Chemical Vapour Deposition and
Thermoelectric Measurements of Group (14) and (15)

Chalcogenide Thin Films

Fred Robinson

The overarching aims of the project were to use a single source precursor (SSP) approach to the
chemical vapour deposition (CVD) of thin films of materials of interest for thermoelectrics and to
develop this further to enhance the performance of these deposits. This approach would allow for
exploration of the materials and the potential for optimisation whilst considering sustainability
and enhancements possible through nanostructuring, charge carrier concentration, crystal
structure modulation, morphology and composition. In this work these factors have been
controlled through adjustments to deposition temperature, precursor load, precursor design and
mixture.

With a focus on materials that are of interest for their thermoelectric properties, SnSe was
selected as the initial target due to its exciting reported potential for thermoelectric applications.!
Previous single source precursors developed within the group had been utilised to deposit SnSe,?
however, these depositions produced only a small amount of discontinuous SnSe, the depositions
occurred at very high temperatures and produced other phases. Thus, an alternative single source
precursor capable of producing phase pure, continuous SnSe thin films, preferably at lower
temperatures, was investigated initially.

Once a feasible SSP had been identified for SnSe depositions, this type of precursor was extended
to explore the deposition of other group 14 chalcogenide materials and then adapted for the
deposition of Bi and Sb chalcogenide thin films. This thesis will cover the low pressure chemical
vapour deposition of tin and germanium chalcogenides, silicon telluride, bismuth and antimony
chalcogenides as well as a number of ternary solid solution systems, the selective deposition of
SnTe?® and the wafer scale CVD of SnSe using a commercial rig. The importance of these materials
for thermoelectric applications or other semiconductor functionalities will also be discussed along
with measured electrical and thermoelectric properties and potential avenues for their
optimisation.
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Chapter 1

Chapter1 Introduction

The initial chapter sets out the background information that is essential to an understanding of
the later chapters. It includes the basics of semiconductors, thermoelectric materials and
thermoelectric modules, optimisation of thermoelectric materials, deposition methods, the
reasoning behind the choice of group 14 and 15 chalcogenides, why single source precursors are

used and an overview of the characterisation techniques employed.

Chapter 2 relates to the design, characterisation and vapour pressure approximation of the single
source precursors used in this work. This contains a comparison with other precursors in the
literature and the rationale behind any iterations made. A comparison of the vapour pressure is
also made between the precursors and precursor mixtures. With an aim to explore the physical

properties of the single source precursors used to deposit group 14 chalcogenide materials.

Chapter 3 sets out to explore the data relating to the CVD of tin (Il) chalcogenides and their
thermoelectric measurements. This includes the precursor synthesis and characterisation, thin
film characterisation, discussion of their measured thermoelectric properties and the area
selective deposition of SnTe. With the hope of determining the thermoelectric properties of the
films produced, exploring the potential for control over the properties and potential for selective

deposition.

Chapter 4 contains the data relating to the CVD of germanium (II) chalcogenides and their
thermoelectric measurements. This includes the thin film characterisation and discussion of their
measured thermoelectric properties. The aim of this chapter was to explore the family of single
source precursors further and to determine if there were any factors of the deposition process

that could lead to control over the thermoelectric properties of GeTe.

Chapter 5 is concerned with the extension of the single source precursor family to include the
CVD of silicon chalcogenide materials. The chapter sets out to discuss the characterisation of the
single source precursors used and the films produced along with measurements of many of the
materials properties. This includes a description of the precursor synthesis and complications in
the use of these precursors for the establishment of single source precursors for silicon

chalcogenide materials.

Chapter 6 describes the use of a Picosun R-200 Advanced ALD reactor for an upscaled CVD
process to explore its suitability to allow scale-up of the SnSe deposition onto full wafers. This

chapter aims to discuss the characterisation of the films produced in this method and a discussion
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of optimisation potential afforded by this process. Also discussed is the deployment of mixed

precursor systems using LPCVD to produce solid solutions.

Chapter 7 is composed of the data relating to the development of single source precursors for the
CVD of Sh,E; and Bi,E3, where E is S, Se or Te. With an aim of exploring a uniform series of
precursors that would enable the easy investigation of ternary systems. This includes the
precursor synthesis and characterisation, thin film characterisation and a comparison of the

precursor family design used in these depositions.

Chapter 8 contains final conclusions, summary and the outlook of the field. This includes a review

of the more novel and impactful achievements of this work.

1.1 Semiconducting materials

A typical semiconducting material has a small bandgap, the energy difference between their
valence and conduction bands, of less than 4 eV.* This absolute gap between the upper edge of
the valence and lower edge of the conduction band is caused by forbidden energy levels within
the bandgap. This is unlike the energy states in metals, which have no bandgap between their
valence and conduction bands and an insulator which has a larger bandgap of around 10 eV. The
conductivity of a semiconducting material increases with temperature as more charge carriers are
promoted to energy levels where they can then be transported. Conversely, in a metal the
electrical conductivity is reduced with temperature as the higher temperatures increase the

occurrence of scattering incidences, both phonon-electron and electron-electron.

The filling of the energy states within a material is dictated by the Pauli Exclusion Principle, which
follows that no two identical elementary particles with spin of % can occupy the same quantum
state within a quantum system simultaneously. This means that no two electrons can have
identical values in their quantum numbers; the principle quantum number n, the azimuthal
quantum number /, the magnetic quantum number m;, and the spin quantum number ms.
Therefore, if two electrons occupy the same energy state then they must have opposing, +%

and -%, spins. This principle explains how the energy states within a material are populated by
electrons. For an electron within a semiconducting material to become excited from the valence
band into the conduction band, some specific minimum energy, equal to the bandgap, must be
provided. The size of this bandgap, therefore, dictates the energy that will be absorbed by the
material and thus the functionality of the material. For example, a light emitting diode (LED) emits
photons with an energy equal to the bandgap of the semiconducting material they are comprised

of. This can be visualised in the density of states (DOS) diagrams shown in Figure 1-1.
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Conduction Band
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E¢ - Conduction band minimum
E\ - Valance band maximum
E, - Bandgap

Figure 1-1- The DOS for a metal, semiconductor and an insulator.® Here the grey
shaded areas represent filled energy levels and the white represents unoccupied

energy levels.

Semiconductors are either intrinsic or extrinsic. In an intrinsic semiconductor the number of holes,
positive charge carriers, must always be equal to the number of excited electrons, negative
charge carriers. Electrical conductivity within such materials is caused by defects or excited
electrons and thus is highly temperature dependent. Extrinsic semiconductors are
semiconductors which have a foreign element or chemical incorporated into the host system,
known as a doping agent. This doping agent must be selected carefully so that it changes the
electrical properties of the material. A doping agent that supplies filled energy levels above the
Fermi level of the host material, and thus supplies negative charge carriers, form n-type
semiconductors and doping agents that supply empty energy levels below the Fermi level of the
host material, and thus provide sources for further holes within the system, form p-type
semiconductors. The type signifies that the material, n or p, is either mostly comprised of negative

charge carriers or positive charge carriers, respectively.
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Figure 1-2- Relative energy of the DOS, g(E), and the carrier distributions for (a) n, (b)

p and (c) intrinsic semiconducting materials.

One way that this information can be summarised for a material is by using an electrical band
diagram and a density of states (DOS) diagram. These diagrams are derived from a combination of
theoretical calculations and experimental observations. The purpose of electrical band diagrams is
to show the relative energy levels at a given wave vector, which are points of symmetry in k
space, and the DOS displays the relative population of these energy levels. A number of physical
properties can also be ascertained from an understanding of a material’s detailed band structure.
This includes, of course, the band gap of the material, along with information about carrier
mobility and band degeneracy. These are all important properties for thermoelectric

performance.
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Figure 1-3- Electronic band structures of Si and GaAs showing an indirect and direct

band gap, respectively.®’

Semiconducting materials can be divided into two classes. Those with direct band gaps and those
with indirect band gaps, meaning the highest point on the valence band and the lowest point on
the conduction band are at the same wave vector and thus above one another in the band
structure diagram or, like silicon in Figure 1-3, offset by some amount in terms of wavevector. The
Greek letters shown in the band diagrams indicate points of symmetry in the Brillouin zone. The
Brillouin zone is a 3D representation centred in k space, which relates to the crystal structure of
the material, but unlike the unit cell, which exists in real space, exists in reciprocal space (Figure 1-
4). The surface of the Brillouin zone is known as the Fermi surface, its shape depends on the

crystal structure of the material and the size depends on the lattice parameters.
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Figure 1-4- Brillouin zones for primitive orthorhombic and face centred cubic crystal

structures, respectively.® Reproduced with permission from Elsevier.

1.1.1 Semiconductor Junctions

Where two different semiconducting materials are connected, charge carriers are able to transfer
between the two materials and an interface occurs. This interface is known as a heterojunction.
One type of heterojunction is a p-n junction, as shown in Figure 1-5. These junctions restrict the
flow of current, movement of electrons, to one direction meaning that a current can only flow
from the n-type semiconducting material to the p-type semiconducting material. If the current is
applied in the opposite direction then the electrons from the p-type material need a large amount
of energy to be promoted for electrical conduction, thus the flow current is halted. This type of
heterojunction is common as they are the foundation of important semiconductor electrical

devices such as diodes and transistors.

p-type n-type

Figure 1-5- The energy band diagram for a p-n junction. Where Ecis the Fermi level,
E¢”is the energy gap of the p-type semiconductor and Eg" is the energy gap of the n

type material.®

When fabricating a device containing semiconducting materials, it is inevitable that it will contain

semiconducting materials connected by some electrically conductive contact material, typically a
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metal. For this reason, it is important to understand how this will affect the material properties. In
the interface between the metal and semiconductor a heterojunction is formed, widely referred
to as a Schottky junction, which consists of a region of varying free charge carrier concentration.’
Another consideration at these Schottky junctions is that some diffusion of the contact material
into the semiconducting material and vice versa is possible.®! This will obviously affect the
properties and can hinder efficiency. This effect can be mitigated by the application of a diffusion

barrier, for example Ni, Mo or CrgoSizo.*?

1.2 Introduction to Thermoelectric Materials

The conversion of thermal energy to electrical energy is known as the Seebeck effect, as
discovered by J. T Seebeck in 1822, and the conversion of electrical energy to active cooling is
known as the Peltier effect, discovered by J. C. A Peltier in 1834.%% In an n-type thermoelectric
material, when a heat gradient is applied, negative charge carriers diffuse from the hot region
towards the cold region, as in Figure 1-6. In a p-type material holes diffuse from the hot zone to
the cold zone. Both scenarios result in a chemical potential being induced across the material

from hot to cold and thus, when connected in series, this effect can be used to induce a current.

Seebeck effect Peltier effect

Active cooling

Insulating material Insulating material

Metal contact Metal contact
P n P n
h* e h* e
~+— Metal contact Metal contact - Metal contact Metal contact |-
Insulating material Insulating material

] Cold side )

WA

Power generation Active refrigeration

Figure 1-6- The Seebeck (power generation) and Peltier (active refrigeration) effects

in a thermoelectric module.

The origin of the Seebeck effect is the higher population of excited states at the hot zone. These
excited electrons can diffuse into the colder regions in n type materials or electrons from the cold

zone are able to fill holes in the hot zone for p type materials. These two methods for electron

39



Chapter 1

and hole transport across a material can, therefore, allow for the flow of current when an n and p

type material are connected in series, as in Figure 1-7.
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Figure 1-7- Energy band diagram showing the excitation and relaxation of electrons

» Distance

moving through a thermoelectric module containing both n and p type

thermoelectric materials in a) the Seebeck effect and b) the Peltier effect.*

The coefficient describing the measure of charge carrier entropy in the solid state, the Seebeck
coefficient, was first described by Kelvin in 1850.° The equation that combines the fundamental
parameters of a thermoelectric material together to give an easy comparison value is that of the
unitless figure of merit. This equation was first established in 1911 by Altenkirch, as shown in
equation (1). Although it gives no grasp over the ideal temperature range or versatility of a

material, it is a good indicator of potentially high performing materials.®
S20T
ZT = (1)

K

Where the ZT value is the unitless figure of merit, which combines thermal conductivity, K, which

describes the conduction of phonons through a material, electrical conductivity, @, which
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describes the conduction of charge carriers within a material and the Seebeck coefficient, S,

which describes a materials ability to produce a potential difference in response to a temperature
gradient. These are combined to give a number which relates to the usefulness of a material for
thermoelectric applications. As described in the above equation, a good thermoelectric material
has a combination of good electrical conductivity, low thermal conductivity and a high Seebeck

coefficient.

1.2.1 Applications

Some of the first examples of thermoelectric devices were used in space projects for reliable
power generation without the presence of moving mechanical parts. Notably, NASA utilised
radioisotope thermoelectric generators in the Voyager space probes, which have been operating
for over 43 years and have now left the solar system.'” Other applications of thermoelectric
materials include not only energy generation in satellites for space projects,® but active
refrigeration systems using Peltier coolers and for the generation of electricity in sensors in
predominantly industrial environments using thermoelectric generators.'” Although there is still
much advancement required within the thermoelectric field, there are many promising
applications which suit many of the properties either being developed or currently achievable for
thermoelectric materials. One such prospect is the potential for integrating thermoelectric
materials into windows generating electricity from the temperature difference inside and outside
of a building.'® Also currently in the early stages of development is the incorporation of
thermoelectric devices into computer systems for energy production and more efficient internal
cooling.?’ Perhaps most exciting of all is the incorporation of thermoelectric devices into
appliances for the internet of things (loT) and into clothing for applications in wearable
electronics,?! considered as one of the fundamental advancements of the fourth industrial

revolution.??

Thermoelectric devices are suited to the development of the IoT, which relies on an increase of
appliances that contain sensors for a variety of stimuli. Applications of the loT are very
widespread, from temperature regulation of a building to medical monitoring systems to parking
space sensors and beyond. All of these sensors require power to function. The reliability, lack of
moving parts or noise produced from thermoelectric devices along with the constant heat source
available, in the form of the person in possession of the device or other temperature gradients
found in urban settings, means that these are promising tools for the 10T.% The use of
thermoelectric devices for the loT would undoubtedly require micro-thermoelectric devices as

bulk systems would be expensive and cumbersome.
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Traditionally thermoelectric applications have been confined to low power applications where
reliability outweighed power output in importance. As discussed by L. Bell, an average ZT of 1.5 or
greater would be required for adequate efficiencies for a thermoelectric device to be competitive
as a primary power generator.? However, the benefits of solid state energy conversion are
substantial and so in some niche applications low efficiency thermoelectric devices can be more
cost effective and preferential to other methods of power generation. With increased material
performances, sustainability and reduction of material fabrication costs along with advances in
the intelligent design of thermoelectric devices, their economic viability moves closer to being
realised. The key benefit is likely to come in the reduction of cost, both in resources, due to the
smaller quantities of expensive semiconducting materials, and in labour costs, due to the long
lifetime of the generators afforded by their lack of moving parts. The need for low cost,
renewable, reliable and specialised materials is one of the main challenges for technological
advancement. As the world becomes more and more technologically driven, interconnectivity of
conventionally separate fields will be the largest leap forwards of the 21t century. Thermoelectric

technologies have the potential to play a large role in this development.

1.2.1.1 Temperature regimes and applications

Thermoelectric materials and their applications are separated into three categories based on the
temperature regime they fit into. Firstly, low temperature or near room temperature applications,
which consists of operation below 450 K. The main applications for this temperature profile
consist of sensors for medical applications (pulse monitors for example), wearable electronics,
microelectronics and micro-generators for sensors in homes or workplaces. The classical materials
that operate within this window are Bi,Tes and Sbh,Tes.2>?® However, nhew materials have shown
some promising properties for low temperature applications, for example organic thermoelectric
materials.?”28 Although these organic systems often generate low figures of merit, when
combined with inorganic materials in composites or as layers the thermoelectric performance can
be greatly enhanced.?3° The next temperature regime is mid-temperature, it corresponds to
those applications that operate between 450 K and 850K. These applications consist of energy
harvesting from exhaust systems for gas turbines, combustion engines and steam boilers. The
material which has been used most widely for this temperature range is PbTe.31* However, due
to the comparatively high toxicity of lead, materials containing this element are becoming less
attractive for applications and alternative materials are the focus of research. The final group of
materials and their applications consists of those that operate at temperatures above 850 K,
known as the high temperature regime. This regime is optimal for applications including heat
scavenging from iron smelting, chemical processing and nuclear reactors®* or from magma in

volcanos or fractures in the Earth’s crust.3>
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Current state of the art thermoelectric materials can achieve ZT values of around 3,368

as
achieved for Bi-doped n-type PbSe,Te1/PbTe quantum-dot superlattice (QDSL),* and current
power efficiencies achieved by thermoelectric generators are around 5%.° A comparison of a
number of processes for energy generation are displayed in Figure 1-8, where a power efficiency
of 5% can be seen to correlate with a ZT of around 0.5, thus the ZT values realised within devices
are markedly lower. Therefore, the actual application of thermoelectric materials is likely to
consist of more niche applications, where low currents are sufficient and the reliability and low
manual labour costs are the primary concern. An example of an application that fits this
description is a sensor in a difficult to access or dangerous location, such as in a setting that is
radioactive, at high temperature or perhaps in space. The main sector currently for commercial

use of thermoelectric materials is military and aerospace, however, the large emerging markets in

low power generation for sensors for loT will likely alter this landscape.*
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Figure 1-8- Graph showing the power efficiency of some different processes, the
theoretical power efficiencies offered by some different values for ZT as well as the
Carnot Cycle, which shows the theoretical maximum efficiency for a heat engine

operating between two temperatures.3”:42744

Initial measurements for the ZT of Bi,Tesand PbTe were around 0.5. Since then, huge
improvements have been made and considering the increase in interest and the huge
advancements in the understanding of how to improve thermoelectric performances,®” a ZT larger

than 4 is not outside the realms of possibility in the near future. This means thermoelectric
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materials will likely play a larger role in the future of power generation and efficient cooling

systems.

1.2.2 Challenges

There are many challenges related to thermoelectric materials and thermoelectric energy
harvesting in general. With respect to the materials, the main issues revolve around the

interdependency of many of the parameters involved.

1.2.2.1 Electrical conductivity, o, and thermal conductivity, k

Electrical conductivity is related to the thermal conductivity through the Wiedemann-Franz law,

which states that:

Ke = LoT

Where the electrical contribution to the thermal conductivity, ke, is equal to the product of the
Lorenz number, L, the electrical conduction, o, and the temperature of the measurement, T. This
of course complicates the enhancement of thermoelectric materials as both a high electrical
conductivity and a low thermal conductivity are required. As the total thermal conductivity is
comprised of both an electrical and lattice part, the best way to decouple these two vital
parameters is by reduction of the lattice thermal conductivity, k.. The relationships of some key

thermoelectric parameters are displayed graphically in Figure 1-9.
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Figure 1-9- Change of the Seebeck coefficient (blue), electrical conductivity (green),
power factor (black) and total thermal conductivity (red), both the electronic and

lattice contributions indicated, relative to the free carrier concentration.**

One method for overcoming the problematic relationship between the electrical and thermal
conductivity is by utilising low dimensionality systems. This allows for a reduction in the thermal
conductivity while not affecting the electrical conductivity and thus decoupling these factors. This
and a discussion of other methods for optimization of thermoelectric properties is collated in

section 1.4.

Furthermore, as it can be very challenging to measure the thermal conductivity of polycrystalline
films and so it is convenient to give an assumed value of k,, based on those determined for the
material in the literature, and calculated value for k..* This can be performed using the Lorentz

number, which is related to the electronic contribution to the thermal conductivity through the
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Wiedemann-Franz Law, as discussed. Evaluation of the Lorenz number can be used to evaluate an
approximation for the electronic contribution to the thermal conductivity, and therefore a ZTcarc

value. The Lorentz number can be calculated using the Seebeck coefficient through the equation:

_1sL
L=15+¢ 116

This can then be used to give an approximate value for ZT, when a value for k. is assumed.

1.2.2.2 The Seebeck coefficient, S, the electrical conductivity, o and the charge carrier

concentration, n

Another important consideration when unpicking the entangled physical parameters of
thermoelectric materials is the relationship between Seebeck coefficient, electrical conductivity
and charge carrier concentration. The complication arises due to the opposing relationship of the
Seebeck coefficient and the electrical conductivity with charge carrier concentration. The

electrical conductivity is related to the charge carrier concentration through the equation:

o =neu=

Where g is electrical conductivity, n is the charge carrier concentration, e is the elementary
charge, u is charge carrier mobility, T is the average time taken for charge carriers to be scattered
and myg. is the inertial effective mass, sometimes called the band effective mass. Thus, it follows
that a larger charge carrier concentration will result in a larger electrical conductivity. However,
the relationship between charge carrier concentration and Seebeck coefficient causes further
complications in the optimisation of thermoelectric properties, as highlighted in Mott’s formula as

described below:

wiN

8n2Kz® . m
T 3enz S (§)
Where Kgis the Boltzmann constant, h is Planck’s constant and mg is the effective mass
concerned with the Seebeck coefficient, sometimes referred to as the DOS effective mass.*® Here
the charge carrier concentration must be reduced in order to increase the Seebeck coefficient.
Therefore, a compromise must be found to optimise the charge carrier concentration for both the
electrical conductivity and the Seebeck coefficient. Another parameter that emerges, upon
inspection of Mott’s formula and the Drude model equation for electrical conductivity, is that of
effective mass, m;, denoted as mg and mg. in the above equations. These parameters are,

however, not equivalent but are related through the equation below:

46



Chapter 1

2
m; = (VK3 m

Where Ny is the effective valley degeneracy, K* is the carrier pocket anisotropy and the product
of Ny, K* is referred to as the Fermi surface complexity factor.*” Here, in principle, mg can be
increased by increasing the Fermi surface complexity factor while simultaneously decreasing m;
somewhat. This would allow for the increase of both the Seebeck coefficient and the electrical
conductivity. The effective mass correlated with electrical conductivity, mg, is a tensor value and
is a good measure of the average inertial effective mass of a charge carrier within a system but it
does not inform much about the density of electronic states in a system with multiple bands, in
other words a system with a Ny; value larger than 1.*’ To describe this the Density of States (DOS)
must be investigated and the effective mass that describes its relation to the Seebeck coefficient

is where mg originates.*’*8

1.2.2.3 Deconvoluting thermoelectric parameters

One helpful way to declutter these parameters is to use a holistic approach. That is to consider
the optimisation of the performance using the thermoelectric quality factor, B. The use of this
value, B, condenses the parameters down to just the total valley degeneracy, Ny, the inertial

effective mass, m. and the lattice thermal conductivity, k.*"*
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The electronic band structure provides information on more than just the energy gap between
the valance and conduction bands. Information about the charge carrier mobility can be gained
from inspection of the broadness or sharpness of the peaks of the valance and conduction
maxima and minima as well as the band degeneracy, which is equal to the number of band
extrema at the same energy near the Fermi level.*® An important contributor to the Seebeck
coefficient and the electrical conductivity is the DOS effective mass, mg. This coefficient is a useful
descriptor of the electronic band structure used to describe not only the DOS but also the
electron transport.*” This is why an understanding of the electronic structure is so critical to

thermoelectric optimisation, although this is outside the scope of the present study.

1.23 Chemical properties and their relationship to thermoelectric properties

It is important to consider the relationship between chemical properties of a material and its
thermoelectric properties to intelligently design and optimise thermoelectric materials. As a

chemist some of the intuitive chemical properties that are the most attractive to consider are
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bond strengths, energy gaps, bond ionicity and crystal structure. All of these chemical properties

are correlated to the thermoelectric properties discussed so far as outlined below.

1.23.1 Bond Strength

The strength associated to the bonds between atoms within a thermoelectric material has been
shown to correlate strongly with the mean free path otherwise referred to as the mean speed of
sound, /. This means that the average distance travelled by a phonon or other moving particle will
be larger in a material with stronger bonds. Since / is proportional to the lattice contribution of
the thermal conductivity, the strength of the bonds within the material can be shown to be a

good indicator of the thermal conductivity of the material, as shown in the Figure 1-10.%
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Figure 1-10- The relationship between lattice thermal conductivity and bond strength
by consideration of the lattice thermal conductivity versus a) the mean speed of

sound and b) the average bond length.4950:59-62,51-58

Higher coordination numbers in a crystal system also correlate to a decreased thermal
conductivity, as observed by loffe et al.**®* Usually a higher coordination number is also
accompanied by a larger bond length. Typically, more weakly bonded ionic structures also contain
higher coordination numbers and lower thermal conductivity. Thus, to reduce the thermal
conductivity the best place to start is with weakly bonded materials with high coordination

numbers.

1.2.3.2 Energy gap

Although not shown in the equation for the thermoelectric quality factor or the equation for ZT,
the energy gap, Eg, holds great importance for thermoelectric performance. The energy gap

shown in the band structure defines the temperatures at which the thermoelectric material can
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operate, as it determines the energy required to excite electrons. This is important because a
larger band gap will reduce the promotion of minor charge carriers of an opposing sign which
counteract the majority carriers, reducing the thermopower. The promotion of minor charge
carriers also increases bipolar conduction which increases the thermal conductivity thus reducing
the ZT value of the material further.®* Bipolar conduction is particularly a problem for narrow
band semiconducting materials, as the narrow band allows for thermal excitation of minority
charge carriers allowing for the conduction of both electrons and holes simultaneously. This
reduces the Seebeck coefficient as there are both positive and negative contributions and the
recombination of the holes and electrons produces heat and thus increases the thermal
conductivity.*? The band gap, Eg, has also been shown to have a strong relationship to the peak
Seebeck coefficient.®>%¢ This connection arises as the larger the band gap is, the easier it is for a
material to maintain a potential across it due to less movement of minor charge carriers.
Therefore, to improve the Seebeck coefficient and to enable further working temperature ranges

a large energy gap is beneficial.

1.2.3.3 Bonding ionicity and effective mass

The difference in electronegativity between elements within a material, or its ionicity, have a
direct influence on the inertial effective mass, m, of the system. This effect is caused by
increasing electronegativity leading to more electron charge transfer.*® In a binary material with
high ionicity the valance bands are dominated by the electronic states of the more anionic species
within the system. Thus, substituting the negatively charged element for one that forms a more
covalent bond with the positively charged elements will affect the band effective mass of the
material, m¢. This means that the m; can be altered by means of incorporating other elements
into the material, for example using solid solutions.* Incorporating more covalent anions has
been shown to cause better overlap in the valence band, higher mobility and altered band gaps
for PbSe1Sy, (PbTe)1xy(PbSe)x(PbS), and Cu,ZnGeSes«S«.6"~%° However, even small quantities of
dopants can have profound effects on the m of the material, as observed by Wang et al. for

doped PbSe.”

1.234 Anharmonicity

One feature that can drastically reduce the lattice thermal conductivity of a material is the
anharmonicity of its lattice vibrations. The measure of this anharmonicity is given by the
Grlineisen parameter, y, which is a measure of an atoms ability to vibrate harmonically around its
position. It is precisely this feature of SnSe which leads to its very low lattice thermal

conductivity.3&7!
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Figure 1-11- The influence of the Griineisen parameter, and therefore anharmonicity,
on the lattice thermal conductivity, ;. The correlation shown is drawn between
compounds with zincblende (Tq4) and rock salt (On) structure?®°0,59-62.72.51-58 54 \yel| as
values of single crystal layered orthorhombic (D2n) SnS and SnSe.3873776 The black line

is to guide the eye.

1.2.3.5 Lone pair effect

Inspection of the group 14 metal monochalcogenide materials, where the chalcogens are S, Se
and Te, shows that there is a transition from an s? pair on the metal atom involved either being
quenched, and thus having no impact on the structure of the material, or expressed, and thus
having an important role in the structure of the material. This can be observed when considering
the change in crystal structure from orthorhombic SnSe to cubic SnTe, orthorhombic GeSe to
rhombohedral GeTe and rhombohedral GeTe to cubic SnTe. In the first two of these examples we
see the heavier chalcogen is more likely to quench the s? pair on the metal and thus the overall
symmetry is increased. This feature is reflected in the different structure of SnTe compared to
that of SnSe and SnS. The cubic structure adopted by SnTe is consistent with an inactive lone pair
on the tin centre, which is in contrast to the distorted SnE; polyhedra seen in SnSe and SnS,
caused by the lone pair on the Sn% cation.”” The change in crystal structure in GeTe versus SnTe
emerges from the higher stability of the lone pair on tin meaning that the electrons in SnTe are
less available for bonding than in GeTe. Semiconducting materials that contain these elements
therefore have profound effects on their stereochemistry and electrical band structure. The

expression of the lone pair on the metal means that the orbital containing the electrons is
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stabilised in energy meaning that the energy gap is enlarged.* This is a contributing factor in the

difference in energy gap moving from 0.829 eV for SnSe and 0.19 eV for SnTe.”®® Therefore, the

selection of a material with a larger Griineisen parameter, caused by distortion in structure from

an expressed s? lone pair, would likely lead to a smaller lattice thermal conductivity and a larger

bandgap and, thus, a larger Seebeck coefficient.

1.2.4 Thermoelectric Materials

There are a large number of materials which exhibit promising thermoelectric properties. These
are all semiconductors and have much higher electrical conductivity than their thermal
conductivity. They can be separated into a number of groups, namely, inorganic clathrates,

perovskites, skutterudites, half-Heusler intermetallic compounds, metal oxides,? silicides,??

84,85 38,76,79,86-89

electrically conducting organic materials,®® alloys®®> and metal chalcogenides.
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Figure 1-12- Crystal structures of some different thermoelectric materials from

different material classes. a) Inorganic clathrates e.g. EusGaisGeso®! b) metal
chalcogenide materials Pb/ SnTe*™ c) skutterudites e.g. CoSbs%! d) half-Heusler
intermetallic compounds e.g. TiNiSn®! e) silicides e.g. SrAl,Si,® f) metal oxides e.g.

NaCo,0,4 ® and g) SnSe.»3®
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One common feature of many of these classes of thermoelectric materials is systematic voids
within the crystal structures, Figure 1-12. These voids are either in the form of large Van der
Waals interactions seen in the layered orthorhombic metal chalcogenides or systematic ion
containing voids in the inorganic clathrates, perovskites, skutterudites and half-Heusler
intermetallic compounds. These voids decrease the thermal conductivity of the materials by
allowing for more anharmonic vibrations, increasing the Griineisen parameter and lowering the

lattice thermal conductivity.

Metal chalcogenides are an important group of semiconducting materials. The applications of
which span a vast array of different technological realms, for instance sensor and memory
systems as well as thermoelectric. With respect to the group 14 metal chalcogenides the
materials adopt several compositions, ME, M,E3 and ME,, depending on the formal oxidation state
of the metal. The different compositions have vastly different properties and thus, selection of
the correct composition for the desired function is important. For example, the electrical
conductivity of SnSe and SnSe; differ greatly and while single crystal SnSe has a reported high ZT
of around 2.6, whereas SnSe; has a reported ZT of around 0.2.3%%! This is not to say that there is
no scope for SnSe; as a thermoelectric material, but that SnSe has the larger intrinsic ZT and thus
is the more attractive starting material for thermoelectric applications. The materials selected for
discussion in the following chapters were chosen based upon values reported within the literature
for their thermoelectric performance and the similar chemistry required for their precursor
synthesis. With respect to the tin and germanium materials explored, SnE and GeE (E= S, Se and
Te), this phase has been selected rather that the other phases due to the interest surrounding the
monochalcogenides, SnSe and GeTe, in particular. This interest has been sparked by the large ZT
value reported for SnSe and the large number of high performing materials based around
GeTe.3871927% Although other phases of tin and germanium chalcogenide are of interest for
various applications, the focus of this thesis was to explore the thermoelectric performances of
the materials and so these other phases were not investigated. The lighter, lead free, group 14

95,97-100

chalcogenides contain several state of the art, low toxicity, alternatives to the currently

adopted material for thermoelectric applications.0%192

1.3 Optimisation of thermoelectric properties

Once the material has been selected, as outlined in the section: 1.2.3, there are further
techniques which can be implemented to enhance the thermoelectric performance.8103-107
Optimisation usually focuses on either the alteration of the electrical band structure of the

material, improving the electrical conductivity, or on the maximisation of phonon scattering

effects by providing scattering sites at the atomic, nano, micro or mesoscale in order to reduce
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thermal conductivity. Ideally these techniques can be used in tandem to simultaneously improve

different thermoelectric, thermal and electronic parameters.

1.3.1 Doping

Firstly, the materials can be doped to improve charge carrier concentration and mobility,
therefore improving the materials electrical conductivity while simultaneously creating point
defects in the material which cause phonon scattering, reducing the thermal conductivity.
Secondly, the materials can also be optimised further by careful consideration and engineering of
the band structure. This can be achieved by measuring the energies of the conduction and
valence bands of the material and tuning them to make them more favourable for thermoelectric
applications. This tuning of the band structure, or band structure engineering, can be performed
by alloying one material with another different material to change the electronic structure, by
introducing impurities with energy levels that resonate with the host material, known as resonant
doping, or a combination of these two approaches.” This approach of resonant doping has been
shown to dramatically improve thermoelectric performance in indium doped SnTe, for example,
where this doping occurs with an increase in band valley degeneracy greatly improving the
thermoelectric properties.’®® |t is also important to note that the large Seebeck coefficient
observed for tin selenide is maintained with the activation of multiple valence bands. Thus, the
manipulation of a material’s band structure to increase the mobility and band valency is a

powerful tool in thermoelectric optimisation.

1.3.2 Nanostructuring

Another method for the improvement of a thermoelectric material is nanostructuring. Here by
reducing one or more of the dimensions of the material, typically to a few nanometres or less,
quantum confinement effects lead to an increase in phonon scattering events reducing the lattice
thermal conductivity without affecting the electrical transport properties of the material, thus
improving the ZT value. This has also been shown to improve the Seebeck coefficient of the
material as low energy charge carriers are filtered meaning a larger potential difference can be
maintained and thus a larger Seebeck coefficient is observed.!® Another strategy for
nanostructuring is to incorporate nanostructures into the parent bulk material. This creates grain
boundaries which cause phonon-scattering events, thus, reducing the lattice thermal conductivity.
The best way to improve the thermoelectric properties of a material by adapting its architecture is
to consider an array of different techniques considering the material at an atomic level, with point

defects, at the nano-scale, for example with the inclusion of nano-precipitates, on the sub-micron
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scale using structural modulations and then between the micro and macro-scale with

mesostructures, as described in Figure 1-13,86:103,105110
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Figure 1-13- Phonon scattering rate versus phonon frequency highlighting the degree
to which different scattering mechanisms reduce phonon transport and the
frequency of the phonons that they interact with represented graphically. Diagram of

some phonon scattering structures included for a multiscale optimised material. 11112

1.3.3 Superlattices

Another method of improving the thermoelectric performance through the adaptation of a
material’s architecture is to incorporate other materials in alternating layers referred to as a
superlattice.’311 This can affect both the electronic structure as well as introduce an interface
which acts as a site for phonon scattering, which lower the thermal conductivity of the system.!®

A good example of this technique is in p-type Bi,Tes/Sb,Tes superlattices.!*
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134 Solid solutions

In solid solutions a minor component is evenly distributed throughout the major material crystal
structure. The distinction between a solid solution and a doped material is in the concentration of
the minor element or material involved. These material systems both affect the electronic
structure of the host material, as previously mentioned, and will also cause a reduction in the
thermal conductivity of the system. The reduction in the thermal conductivity occurs due to the
different masses of the atoms substituted scattering short-wavelength phonons.*'’ A good
example of this being utilised to improve a materials thermoelectric properties is in
Geo.9Sbo1Teo.95e0.05S0.05, for which a remarkable ZT of 2.1 at 630 K has been reported.®* This
introduction of a second material throughout the host material can have a large impact on the
electronic structure of the material if the minor material added has resonant energy levels, as in
indium doped GeTe, or can be a non-resonant dopant and primarily reduce the lattice thermal

conductivity through point defect scattering sites, for example in sodium doped PbTe 118119

1.3.5 Crystal structure modification

Another method for the enhancement of thermoelectric properties is by crystal structure
modification. As discussed in Section 1.2.3.4, the Griineisen parameter has a strong connection
with the lattice contribution to the thermal conductivity. More anharmonicity means a larger
Grlineisen parameter and thus lower lattice thermal conductivity. Alternatively, in some cases it
may be beneficial to increase the crystal symmetry to increase the carrier mobility. This has been
reported to be very beneficial for tellurium doped tin selenide. In this case, increasing the crystal
symmetry results in the bond lengths becoming more roughly equal in length which increases the
carrier mobility. There is also no increase in the thermal conductivity due to the extra phonon

scattering caused by the tellurium and the increased displacement of tin within the structure.'?

1.4 Thermoelectric devices

Another consideration is the pairing of the n and p-type materials within a thermoelectric device.
By, for example, considering the temperature range of the application and the material’s
compatibility. Alternatively to considering just the ZT values, a more useful equation concerning
the energy output of a device simply considers the heat energy put in versus the electrical energy

produced to give the overall efficiency, as in equation (2).*?*

__ Net Power out
n=—— ——""7"" ()
Heat Input
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As well as careful consideration of how to optimise the thermoelectric materials themselves, the
design of the device can also be altered to improve its efficiency. One way this is achieved is by
using a large number of thermoelectric legs in series (Figure 1-14). For most applications the most
important thing to consider is the actual power output of the thermoelectric device, and since this
is directly proportional to the number of legs, and maximising the number of thermoelectric legs
present in the device is a great way to achieve this.’” However, there is of course a limitation to
this, in the form of the resistance added by the conducting material connecting the

semiconducting materials together.
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Figure 1-14- A schematic diagram showing n-type and p-type legs in a thermoelectric

module indicating leg length L and contact length I..

As discussed in section 1.2.1, the applications compatible with thermoelectric devices are those
which require small but reliable power outputs. Bulk scale thermoelectric generators typically
involve powder processing and sintering to produce ingots or pellets which can then be further
processed for the fabrication of individual n and p-type legs. The processes used for the
manufacturing of the thermoelectric legs typically require subtractive techniques such as sawing
and grinding which wastes semiconducting material.1?2 To reduce the amount of material
required, and improve the performance of the device by increasing phonon scattering effects,
micro-thermoelectric generators (u-TEGs) are an exciting and relatively new approach.'?12* The
use of u-TEGs reduces the amount of thermoelectric material required for the device, therefore
vastly reducing the production costs. The fabrication of these u-TEGs containing a large number of
n and p-type legs can in some cases be complex, due to the difficulties in resolution. In some
cases it is possible to etch an original layer of a p-type thermoelectric material leaving the pattern
required and produce a separate n-type material into a corresponding pattern so that the two can
be bonded together and be connected electrically in series.!?>!?> In other cases this is impractical

and other approaches are required for the fabrication, such as selective deposition. Using
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selective deposition of a material onto a substrate that has previously been patterned with the
desired design is achievable for some materials using chemical vapour deposition (CVD) and may
present a more efficient processing method for micro thermoelectric generator fabrication. These

patterned substrates are produced using photolithography as indicated in Figure 1-15.

Photoresist —_—

— 5i0,
e ! Coatin
" #f— 5i Subsitrate 9
v
BN 11111 [T
ure
Megative Positive Pﬂ”

I B

& = m'::'::
————

BE = B B B tamfer
—————— —
o mm = mmm === Swip

|
|

Figure 1-15- Illustration of the type of photolithographically patterned SiO,/ TiN

substrates which have been used to demonstrate selective deposition.??>7128

The limit to how small the wells or other features, known as the critical dimension, is related to
the wavelength of the light source used and inversely proportional to the size of the numerical
aperture.’? Selective deposition can only be performed when the precursor for this process has a
preference to deposit onto one substrate material more than another substrate material, for
example deposition into TiN wells etched into a silica coated substrate (Figure 1-16).22713° This has
been demonstrated in dual source CVD®3¥132 and also using single source CVD,*?>127 which is a

strong motivating factor for the exploration of single source precursors in this work.

Figure 1-16: SEM images showing a section of a patterned SiO; substrate with

differently sized TiN wells (circles and squares) and a higher magnification image
showing deposition of Bi;Tes inside a well and not outside of the well.*?” Reproduced

from Ref. 127.
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The fabrication of thermoelectric generators has been demonstrated using several fabrication
techniques. These consist of: ink processed printing,3*13* ALD,'%* selective deposition,'% screen
printing®®” or pulsed laser deposition,'* thermal evaporation!*® and electrochemical deposition*°
using back etching, the use of a shadow mask or lithography.!*! Of these methods, the non-
destructive techniques are favourable as they do not waste semiconducting material, which is
often made of expensive and rare elements. Thus, printed devices, ALD fabricated devices and
selectively deposited CVD based devices hold the most promise for wider application. Of these
the technique with the least demands, in terms of both equipment sophistication and precursor
specifications, is those selectively deposited by CVD. These are of high quality and, due to the

single source precursor design, have no unintended impurities.

1.5 Thin film deposition techniques

Thin films can be produced using a number of different deposition techniques. These techniques
differ greatly in the delivery of material to a substrate. Some techniques, like: physical vapour
deposition (PVD), molecular beam epitaxy and sputtering, evaporate or eject atoms from the pure
elements and transport them to a substrate using either gas flow, pressure differences,
convection or electrostatic interactions in low vacuum. Other methods require precursors, either
individual species containing all the elements required (single source precursors) or multiple
precursors each containing one of the required elements, that can be delivered to the substrate in
either the gas phase (CVD), direct liquid injection, solvated and nebulised to be delivered as a mist

(AACVD), solvated and printed, solvated and coated by electrolysis (electrodeposition).

Each deposition method has its own unique set of requirements, benefits and drawbacks. These
can be specific precursor requirements, high energy demands or the requirement for highly
specialised equipment. The deposition techniques focused on in this work are low pressure CVD

and the commercial scale CVD technique described below in section 1.5.1.

1.5.1 Atomic layer deposition vs chemical vapour deposition

The primary deposition method that this work is concerned with is low pressure CVD (LPCVD).

This technique requires the precursor to evaporate at low pressure and moderate temperature so
that it can be transported to a position above or on the substrate, where deposition can then take
place. This can be visualised in Figure 1-17 which shows the reaction process in CVD and ALD type

systems.
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Figure 1-17: Precursor adsorption and surface reaction in the CVD or ALD of thin film

materials producing volatile by-products that are removed using an exhaust system.

The broad range of temperatures along the CVD tube and viable precursor volatilities, in a LPCVD
experiment, allow for the upper and lower range of deposition temperature to be explored in a
single experiment. This means that it is a very rapid method of screening for useful precursors and
determining the optimum conditions for the material deposition. The parameters that can be
controlled using LPCVD allow for the determination of whether a precursor could be adapted for
another deposition process. The use of SSPs allows for much greater balance of the stoichiometry,
when compared to dual source precursor systems, and reduces the requirement for multiple
vessels for highly volatile, and often hazardous, reactants. The use of SSPs can also be
implemented to selectively deposit predetermined patterns, when combined with patterned

substrates,312°-127:130,136,142 55 mentijoned in section 1.4.

The commercial scale CVD process that is discussed in Chapter 6 allows for far greater control
over a wider range of the deposition parameters. Not only does it allow for fine control over the
temperature across the substrate, the concentration of the precursor delivered into the system,
and therefore the rate of growth, but also allows for the introduction of other precursors in quick
succession. This makes producing multi-layered systems and solid solutions much easier while
allowing for fine control over the amount of each element within the final deposited material.
Another exciting feature in an improved system, like the commercial scale CVD herein, is for
selectively deposited films for device fabrication, which require fine control over temperature,
precursor type and delivery, all desirable possibilities for the exploration of high-performance

thermoelectric materials and devices.

Although it may be possible to perform both processes using the same instrument in some cases,

ALD and CVD differ in a few important ways. A typical ALD process consists of the build-up of
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atomic layer by atomic layer to give fine control over thickness and a full substrate surface
coverage, as shown in Figure 1-18. As each precursor pulse is followed by a full purge of the
reactor, all waste and excess precursor is removed. It is precisely this step and the chemisorption
of the precursor to the substrate which allows for the step by step atomic growth of the films

deposited using this method.
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Figure 1-18- The steps involved in material growth by ALD. (a) Functional groups

exposed on the substate surface. (b) Pulse of precursor 1 and its reaction with the
functional groups on the surface. (c) Reaction by products and excess precursor 1 is
purged from the reactor by the flow of inert gas and vacuum evacuation. (d) Pulse of
precursor 2 and its reaction with the new surface functional groups. (e) Reaction by
products and excess precursor 2 is purged from the reactor by the flow of inert gas
and vacuum evacuation. (f) Steps (a) to (e) are repeated until the desired thickness is

achieved.'®

1.5.2 Wafer scale commercial CVD process

In some cases, different precursors can also be translated to the same deposition rig used for an
ALD process but, unless the growth is via the chemisorption of one atomic layer followed by the
next, the process is not ALD. Otherwise, the deposition occurs by the thermal decomposition of
the precursor used and not by its chemical reaction with a functional group on the surface of the
substate. This is beneficial for the CVD style process as it allows for the higher degree of control
offered by the more readily controlled instrument. Not only does the adaptation of CVD
precursors to a commercial scale CVD process allow for improved parameter control, but also the

ability to incorporate other precursors for more complex (ternary or layered) materials becomes
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much simpler. These material layers can consist of an initial seeding layer of an ALD grown
material such as alumina or alternatively the build-up of several materials to form a superlattice
or solid solution.1321441%> The potential for this is allowed because of the multiple precursor inlets
offered by the deposition rig. Further details regarding the set-up of this deposition rig and a

figure detailing the instrument and the precursor source bubblers can be found in Chapter 6.

1.6 CVD Precursors

For a precursor to be appropriate for a CVD procedure it must be stable enough not to
decompose prematurely, but not so stable that it does not fully decompose to deposit the desired
material. Another parameter that is of high concern is the volatility of the precursor, especially for
LPCVD, as insufficient volatility will lead to the deposition occurring not on the substate. This can
be remedied by solvating the precursor and deploying aerosol assisted CVD or direct liquid
injection CVD. A more thorough discussion of these factors along with other considerations and

comparisons of literature precursors for CVD can be found in Chapter 2.

1.7 Bulk versus thin film properties

All the optimisation techniques discussed can be utilised for both bulk and thin film systems. One
of the key benefits of thin films is the reduction in the amount of often expensive and sparse
semiconducting material that is required. This not only makes thin films more sustainable but also
far more economical. However, polycrystalline thin film systems do tend to perform less
favourably than their bulk counterparts. One contribution to this observed effect is crystallite
orientation, as the optimum thermoelectric performance will be in a certain crystallographic
plane which will not be maintained in randomly orientated polycrystalline samples. Another
feature that can reduce the performance of the thin films is undesired surface chemistry of the

sample, for example oxidation,4¢

which plays a larger role in the overall performance for a thin
film when compared to a bulk material. The charge carrier mobility of polycrystalline samples is
reduced, compared to single crystal samples, due to the accumulation of charge carriers at grain
boundaries which leads to scattering effects.*’"1%° Additionally, as different crystal axes can have
different transport properties, an average of the crystal axes is seen for randomly orientated
polycrystalline samples. Thus the electronic properties in randomly orientated samples are an
average of the electronic properties of all the crystal axes of the material.»*® This results in a
reduction to the electrical conductivity and the Seebeck coefficient and thus comparatively worse

thermoelectric performance. It has been predicted that despite thermoelectric devices being

unlikely to threaten the power efficiencies of solar panel systems, the large reduction in
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semiconducting materials required comparatively, means that thermoelectric power generation

may well become more viable.1>1>2

1.8 Growth mechanisms and control

In order to control the deposition of materials as well as their optimisation, it is important to
understand the growth mechanism and the factors that affect the growth of materials. The
growth of the material is what determines the number of layers, morphology, orientation, phase,
dopants, defects and quality. The factors which affect growth consist of the precursor(s),

temperature, substrate, pressure and the number of nucleation sites.

This is of particular concern for CVD processes as the continuity of the films produced is defined
by the growth mechanism and thus may not yield continuous films in some instances. This can
also help to produce very thin continuous films by CVD if the growth mechanism is epitaxial,
where the crystallite growth occurs with a strong preferred orientation with respect to a
crystalline substrate. The three main growth mechanisms for thin films are Volmer-Weber (island
growth), Frank- Van der Merwe (layer by layer) and Straski-Kranstanov (layer plus island
growth).’> The growth mechanism is determined by the deposition technique utilised, the
chemistry of the precursor, the temperature of the deposition, the rate of precursor delivery to
the substrate, the strain caused by the mismatch in crystal lattices between the deposit and the
substrate and, in industrial settings with suitable equipment, centrifugal forces.’®% An
important feature that determines the growth mechanism is the wetting angle that forms
between the surface the material is depositing onto with the deposited material. If this wetting
angle is low, near 0°, then the growth mechanism will be Frank-Van der Merwe (layer by layer)
growth. This growth mechanism means that the interactions between the substrate and the
deposited material are stronger than those between the deposited material with itself. These
growth mechanisms, however, are based on surface tension comparisons between the film and
the substrate and the assumption that the in-plane interaction is similar to that of the two out-of-
plane interactions during growth. These assumptions do not apply to the growth of layered van
der Waals material systems, where the in-plane interaction is dominant.’>¥>° In the growth of
layered materials, kinetic factors such as on-substrate diffusion, adsorption, desorption and edge
diffusion play a large role. Thus, the mechanism that is more appropriate when considering 2D
materials growth is that of adsorption-diffusion-attachment mechanism proposed by Yue et. al.*>®
Other mechanisms exist for the deposition of nanowires, including vapour-liquid-solid (VLS),
vapour-solid (VS) and vapour-solid-solid (VSS). These have been used to deposit nanostructures of

SnSel® and SnTe,%171% but are of less interest for the scope of this work.
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Precursor chemistry can greatly influence growth. Whether the decomposition of the precursor
occurs at the substrate or above depends on the stability of the precursor and the energy barrier
to adsorption to the substrate. In reality, for most cases the actual situation is a balance between
both of these, but the ratio can be controlled by consideration of the precursor, the substrate

material, temperature, pressure and the method of decomposition (e.g. thermal, plasma, etc.).

1.8.1 Layers/ thickness control

The number of layers, and the deposition thickness, can be controlled to a fine detail by means of
growth manipulation. It has been shown that by careful consideration of temperature, substrate
material and nucleation sites it is possible to deposit MoSe; monolayers with coverages of up to
2.5 mm by depositing onto molten glass.?®” In particular with respect to thermoelectric
applications, monolayers hold the greatest potential, with their larger band gaps, unique
conductive properties and phonon confinement effects. The degree to which the electronic
structure can be tuned or engineered is most apparent in materials of only a few layers and thus

exploration of these is highly attractive.

1.8.2 Phase control

The ability to select the phase is of the utmost importance for almost all applications as different
phases of the same material can have vastly different properties. An example of the phase being
selected by means of the manipulation of growth is in the temperature dependent deposition of
either orthorhombic-SnS (a-SnS) or zinc blende-SnS (ZB-SnS) polymorphs. In this case, detailed by
Ahmet et. al., it was shown to be temperature that could be used to select between the two
polymorphs for the single source precursor used. % Another means of selecting between phases
is through consideration of the substrate material and in particular the use of single crystal
substrates, matching the desired deposit phase with a substrate with similar lattice parameters.
Examples of this is the deposition of metastable cubic-SnSe onto cubic-SnS by Nair et. al.’®® or

onto BiSes substrates as shown by Wang et. al.1”°

1.8.3 Morphological control

The morphology of a polycrystalline material describes the topology of its surface. Different
morphologies suit different applications. For example, a higher surface area might be ideal for one
use whereas a smooth surface will be preferable for another. Control over the morphology can be
achieved by manipulation of the substrate material and the use of so-called catalysts, as shown

for Si,Tes and SnTe,*®17! and temperature, as shown in the deposition of SnSe films.1’2 These
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catalysts are comprised of different compositions of metals within a substrate, as described by

Zou et. al.1®®

1.8.4 Orientational control

The orientation of the crystallite in a thin film describes the crystallographic lattice planes in
relation to one another and that of the substrate. A strong preferred orientation can greatly
reduce the number of grain boundaries and increase the uniformity, which can improve the
electrical performance of materials. This can be achieved through the selection of the substrate
material as well as precursor flow direction and deposition temperature. The selection of
particular substrates has been shown to cause lattice-guided seed formation in M0S,.2”® The

choice of substrate was also shown to significantly affect the orientation of Sb,Tes crystallites.4?

1.8.5 Quality, dopants and defects

Minuscule quantities of impurities can have large impacts on the properties and performances of
semiconducting materials, as discussed in section 1.4.1. These can be in the form of carefully
selected dopants or engineered defects. Control over the quality of the material is important
particularly in the tuning of charge carrier concentration and mobility, and in turn the Seebeck
coefficient and electrical conductivity. The defects can either be encouraged, by means of heat
treatments or exposure to an electron beam, or be repaired by chemical treatments.'’*
Controlling the electronic structure of semiconducting materials by means of doping is a well-
known method. Growth can have a profound effect on the quality of a material. This is due to
stacking faults and mismatching causing defects. One method of controlling defects with a film is
by means of substrate temperature, as shown by Hema et. al.}’? Since the growth method will
determine the crystallite size, orientation and defect concentration, an understanding of how to
influence growth is important in controlling the properties of the deposited material and its final

application potential.>’

1.9 Characterisation techniques

1.9.1 Precursor characterisation

Discussed below are the characterisation techniques used to characterise and ensure the purity of

the single source precursors used in this work.
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1.9.1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

A well established and useful method of characterising molecules is using NMR spectroscopy. This
typically involves the determination of a solvated molecules structure, and composition, although
for insoluble molecules and materials solid state NMR spectroscopy is also possible. NMR
spectroscopy relies on the spin of one or more isotopes present within a molecule with a spin

guantum number (l) of n/2 where n is an odd integer.

Isotope Spin Natural Abundance | Gyromagnetic NMR Relative
(%) Ratio Frequency Receptivity
(107radT1s?) (MHz)

H % 99.98 26.7510 100 1
3¢ % 1.11 6.7263 25.144 1.76x10*
29j % 4.70 -5.3141 19.865 3.69x10*
Ise % 7.60 5.1008 19.068 5.29x10*
1196n % 8.60 -9.9707 37.272 4.44x10°3
125Te Z 7.00 -8.4525 31.597 2.21x10°3

Table 1-1- Magnetic properties and natural abundances of specific nuclei relevant to

NMR spectroscopy used in this work.”®

The receptivity of an NMR active nucleus relates to it natural abundance, and its sensitivity, which
is related to the gyromagnetic ratio. The gyromagnetic ratio relates to the magnetic and angular
momentum of a nucleus. In a molecule, asymmetry in the local charge distribution caused by the
electrons and other nuclei results in an electric field gradient. The nucleus will orientate itself so
that it is at the lowest energy, with the nuclear spin aligned with the electric field gradient. While
this is possible for nuclei with a spin equal to %, nuclei with a spin greater than %, quadrupolar
nuclei, are constantly reorientating themselves to the lowest energy level. A quadrupolar nucleus
is one with a spin quantum number of greater than % and this causes a lower symmetry of the
nuclei compared to spin % nuclei. A quadrupolar moment is a measure of this asymmetry. Nuclei
with a quadrupolar moment have a short T, relaxation time which leads to very broad and difficult
to interpret NMR spectra or no signal measured.’® Of the elements used in this work, S, Ge, Sb
and Bi have isotopes with quadrupolar moments due to having spins of: 3/2, 9/2, 7/2 and 5/2,
respectively.t’>77 For this reason, particularly in low symmetry environments, these nuclei will
display very short relaxation times, and hence these nuclei are typically unsuitable for NMR

characterisation.
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NMR spectroscopy was utilised to determine the success of precursor synthesis and to confirm
the purity of the single source precursors. In some of the precursors used, the presence of two
adjacent heteroatoms, for example Sn-Te, leads to satellites being observed in the respective

NMR spectra with equivalent coupling constants.

19.1.1.1 Silicon NMR spectroscopy

The NMR active isotope is 2°Si, which has a typical chemical shift range of between +50
and -200 ppm, relative to tetramethylsilane (TMS).1”® As shown in Table 1, the natural abundance
of 2°Si is low. This leads to some difficulty in detecting satellites of silicon. The use of glass and

quartz for the NMR tubes causes a broad feature within all °Si NMR spectra, around -110 ppm.

1.9.1.1.2 Selenium NMMR spectroscopy

The only NMR active isotope of selenium is ’Se, which has a nuclear spin of %, as displayed in
Table 1-1. The chemical shift range of 7/Se NMR, relative to dimethylselenide (Me,Se), is typically
between 2000 and -1000 ppm.*”® In the NMR spectra of nuclei bonded to a selenium atom the

7Se satellites are easy to resolve and show a simple coupling pattern.

1.9.1.13 Tin NMR spectroscopy

There are 3 NMR active isotopes of tin, 1°Sn, 17Sn and 19Sn, both with nuclear spins of %. As 1°Sn
has the higher abundance and receptivity it is the isotope of choice for NMR studies. The chemical
shift range, relative to tetramethyltin (MesSn), is typically between 700 and -1900 ppm.*”® In the
NMR spectra of nuclei bond to tin atoms satellites can be observed for both 1*°Sn and ’Sn
leading to 4 lines in total, when the satellites are fully resolved. The outer pair of satellites
correspond to 1°Sn as it is the heavier isotope and so has a larger energy separation between its

states.

19.1.14 Tellurium NMR spectroscopy

There are 2 NMR active isotopes of tellurium, 1?Te and '?°Te, both with spin of %. Due to its much
higher sensitivity and abundance, 2°Te is the isotope of choice for NMR studies. The chemical
shift for tellurium ranges from 3400 to -1400, relative to dimethyltelluride (Me;Te). Satellites
observed in the NMR of other nuclei bonded to tellurium atoms for simple coupling patterns that

are easy to resolve.

1.9.1.2 Microanalysis

Microanalysis experiments measuring H, C and N composition were undertaken by MEDAC Ltd.

The experiment consists of the sample material being combusted in a pure oxygen atmosphere
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and the corresponding CO,, H,O and N; are separated using gas chromatography, allowing for
accurate quantification.’®® Microanalysis allows for the confirmation of the purity of the bulk
compounds and that other structural assignments were correct and there is only a small degree of
error (~+/- 0.5 %) associated with the measurement, hence this is a useful means of establishing
sample purity, particularly for the precursors developed in this work. In this work microanalysis

were outsourced to MEDAC Ltd.

1.9.1.3 Thermogravimetric analysis (TGA)

The boiling point and purity of a sample can be evaluated by means of TGA. This involves the
precise heating of a sample in an alumina crucible under the constant flow of inert gas whilst
accurately determining the mass. As the temperature rises, at a steady predetermined rate, the
sample will begin to volatilise or decompose reducing the mass. If impurities are present or the
sample compound decomposes prior to volatilisation, articles will be observed within the
thermogravimetric analysis graph showing the rapid loss of mass before stabilisation and or later
mass loss revealing either no residual mass or some residual mass corresponding to material or
materials with very low volatility within the temperature window of the experiment. This
technique is useful to determine if a compound is suitable for low pressure chemical vapour

deposition and help to determine likely temperature regimes for deposition.

Another useful way that thermogravimetric analysis can be used is to determine the vapour
pressure of a sample at different temperatures. This is performed using an isothermal step
experiment. This means heating the sample to a desired temperature and holding it at this
temperature, under a flow of inert gas, and observing any changes in the mass of the sample.
There are instrumental and sample dependent factors which can be used to measure the vapour
pressure.'® Therefore in order to accurately evaluate the vapour pressure of a unknown
compound a reference sample must be used to determine the instrument dependent factor. This
reference sample must have known literature vapour pressures within the desired temperature

range for the experiment.

1.9.2 Thin film characterisation

Discussed below are the characterisation techniques used to determine the composition, phase,

quality, thickness and morphology of the thin films produced in this work.

1.9.2.1 Grazing Incidence X-Ray Diffraction (GIXRD)

A highly powerful and non-destructive technique for phase determination of a crystalline material

is XRD. The best XRD technique for thin films is GIXRD. This involves firing a beam of X-rays ata 1°
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incident angle (w) to the sample (typically), where the X-rays are diffracted by any crystalline
material present and thus can be detected at different angles, relating to the position of atoms
within the lattice of the crystalline material(s) present and their size. A diffraction pattern can
then be produced which contains the peaks diffracted at specific angles (208) and their intensities.
GIXRD is an out of plane asymmetric scan which enhances the quantity of the thin film material
that the X-ray beam encounters.'® Each phase of each material has a unique diffraction pattern

corresponding to its unique composition and structure. Thus, the identity of a material can be
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confirmed by comparison to published patterns from the database.

Diffracted
X-rays

Incident X-ray

Sample 0

' ~
Diffracting Planes

Figure 1-19- X-ray diffraction geometry for an asymmetric scan like that of grazing

incidence XRD.8

Other information that can be obtained for a thin film through evaluation of its diffraction pattern
include: the refined lattice parameters, crystallite size and strain as well as any preferred
crystallite orientation. These parameters were obtained using the integrated XRD software PDXL
for all the samples in this work.'® The crystallite size and strain of powders and polycrystalline
materials are related to the peak widths. The widths of the peaks in the powder XRD pattern are
related to instrumental factors, defects in the lattice, differences in strain between grains and the
size of the crystallites. These contributions can be separated and the instrumental factor can be
accounted for by means of collecting an instrument standard sample, such as LaBs. The methods
used to determine the crystallite size and strain in PDXL are the Williamson-Hall and the Halder-
Wagner methods. The derivation of the Williamson-Hall method consists of a combination of the
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Scherrer equation,**® which relates to crystallite size, and the microstrain effect on broadening

can be found by consideration of the differential of Bragg’s law.®’

The Scherrer equation,

B KA
" Dcos#
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Where the integral breadth is 5 in radians, D is the average crystallite size, K is the
dimensionless shape factor, A is the wavelength of the X-ray radiation used and @ is the Bragg

angle in radians.
A =2d sinf

Ad
AG = FtanQ = —ctand

Where d is the lattice plane spacing and the profile broadening due to microstrain is €. Meaning
peak broadening due to microstrain is proportional to tan 0.'®” Stokes and Wilson showed that
the integral breadth, S,, from isotropic microstrain is related to the integral breadth of the strain

distribution, &, through:%

Be = 2&tan b

As [Sp and f5; relate to 8 in vastly different ways, Williamson and Hall combined the integral

breadths i, and B, into the approximation:

B =Be+bBp

Combining the equations and multiplying both sides by cos 8 gives:

KA
B cosfO = Cesinb +F

Where C is the proportional constant that converts § to €. The above equation can be considered
as a straight line of the form y = mx + ¢ with y = f cos 8 and x = sin 8. This means that, as all
other terms are known constants, the values of € and D can be found. This straight line graph is

known as a Williamson-Hall plot.#®

Halder and Wagner provide an alternative method for determining € and D by considering the

reciprocal integral breadth, 8* and reciprocal lattice plane spacing, d*.18%1%

, Bcosb
)
g _ZsinH
2

For the reciprocal cell:

(f;li:)z - g' (5:) + @8y

Which when assuming that the Lorentzian and Gaussian components of §* are entirely due to the

size and strain effects, respectively, can be rewritten as:
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+ 162

(ﬁ cos 9)2 __ KA Bcosb
sind / D sin%0
The straight line of the y = mx + ¢ can be drawn with y = (8/tan 8)? and x = 8/(tan 8 sin 6)

is known as a Halder-Wagner plot. The slope, m, and y intercept, c, of the resulting straight line
. 7] .
gives % and 16¢2. The Halder-Wagner method is advantageous when compared to the

Williamson-Hall method as it puts more emphasis on the peaks at low and intermediate angles,

which are often more reliable than those at high angles.®’

A property of some powder samples and thin films is their ability to display preferred
orientations. This effect is identifiable by observation of unusual peak intensities when compared
to the diffraction pattern of the bulk and will appear at different intensities, comparatively with
other peaks in the pattern, when other incident angles are used. A preferred orientation is
characterised by an alignment of the crystal lattice of the polycrystalline material. This is an
important feature to explore as single crystal orientation and degree of preferred orientation can
have a profound effect on its properties. A good method for investigating the average texture of a
powdered sample or thin film material is pole figure measurements. The measurement gives the
average texture within the irradiated area, typically between 10 um to 50 mm, by maintaining a
fixed diffraction (20) angle whilst varying two geometric parameters q, the tilt of the stage and B,

the rotation of the stage.’!

1.9.2.2 Raman spectroscopy

When a sample is irradiated with a light source that has energy less than that required to promote
an electron to an excited state, a virtual excited state is created. This virtual excited state has a
very short lifetime and most of the light reemitted is at the same energy as the incoming light
beam, this is called Rayleigh scattering. However, some small portions of the light reemitted
differs from the incident light by energy gaps that correspond to some of the vibrational modes.
The peaks with reduced energy compared to the Rayleigh scattering photons are known as Stokes
lines and the peaks with an increased energy are the anti-Stokes lines, see Figure 1-20. Signals
that are strongest in Raman spectra correspond to a vibrational mode that results in a large
change of polarizability, and not a change in electric dipole which is the basis of IR

spectroscopy.t?
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Stokes Rayleigh Anti-Stokes
Raman Scattering  scattering  Raman scattering

v=0 ' '

Vo- hv Vo Vgt hv

Figure 1-20- A simplified Jablonski diagram showing the energy level transitions
observed in Raman spectroscopy from the vibration states, v=0and v =1, to the

virtual excited state and back to the vibrational states.??

Raman is a non-destructive surface technique. This makes it ideal for the investigation of surface
contamination, such as oxidation. Each Raman active material has its own unique fingerprint
pattern that it can be identified by. For a vibration to be Raman active it must cause a change in
polarizability, counter to IR which requires a change in permanent dipole moment for a vibration
to be active. Raman spectroscopy is of particular use in the characterisation of thin films. This is
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due to the high sensitivity, often down to a few layers,”> and the low penetration depth making

Raman spectroscopy perfect for probing the surface chemistry of thin films.

1.9.2.3 Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Spectroscopy
(EDX)
SEM is a surface technique which involves a focused beam of electrons in a raster scan pattern to
analyse the surface topology of a sample. When the beam of electrons interacts with the surface
of a sample, electrons and characteristic energy waves are emitted, as in Figure 1-21. The emitted
electrons that are important for SEM are known as secondary electrons. These secondary
electrons are best for investigation of the surface topology as these are of low energy and have a
short mean free path through solids meaning only those close to the surface can be detected.
With respect to thin film samples, SEM allows for the determination of whether the material

deposition was continuous, the size of the grains imaged and the general topology of the surface.
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Electron Beam
Auger Electrons
(Surface atomic composition)
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(Topological information
e.g. SEM)
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Backscattered Elect
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(Atomic number and Phase comparisons)

Sample Surface ‘
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(Composition, growth
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Figure 1-21- Diagram outlining the effect an electron beam has when it interacts with
a material. Including all of the different electrons and photons emitted and their

relative penetration depths into the material.*%

Another type of electron emitted when a focused beam of electrons interacts with a sample is
termed a backscattered electron. These backscattered electrons are slightly higher in energy and
come closely in contact with the nucleus of atoms in the material. This means that backscattered
electrons are less sensitive for surface topologic investigations but are related to the atomic
number of the atoms in the material and thus are useful for determining the phase of a material
and identifying other materials present. For this reason the backscatter detector is often the best
choice for film thickness determination using cross sectional SEM, as the substrate material and
the film will have different brightness’s due to the contrasts caused by the atomic sizes in the two

materials (heavier atoms appear brighter) not being identical.

EDX detectors can be paired with SEM instruments. When a focused beam of electrons comes
into contact with a sample an electron from the core of an atom can be knocked out of orbit
leaving a hole which can then be filled by an electron in a higher energy shell. When the hole
becomes filled a characteristic X-ray is emitted and can be used to identify the atom. EDX can
therefore be used to analyse the composition of a material, the elements present and their
concentrations in different regions of the sample.?® Electron penetration via EDX is on the
micrometre scale meaning that EDX is a bulk technique. This allows for an average sample

composition to be collected and means that any surface contamination is minimised. This is in

72



Chapter 1

contrast to X-ray photoelectron spectroscopy (XPS), which only penetrates a few nanometres into
the sample and is therefore ideal for surface composition investigation.’®® The larger depth
penetration in EDX (sampling volume ~1 um?) does lead to observation of substrate material
when analysing thinner films, leading to a larger experimental error, typically £5% or more, hence
care is required when interpreting the data obtained from films with thicknesses of ca. 1 um or

below.*’

1.9.24 Ellipsometry

One method of approximating film thickness in a non-destructive manner is by means of
ellipsometry, Figure 1-22. This technique utilises a beam of linearly polarised light which makes
contact with a sample and is reflected, absorbed, scattered or transmitted onto a detector. The
beam of light makes contact with the sample and the refractive index as well as the extinction
coefficient of the sample material leads to changes in the polarisation of the light, leading to it
becoming elliptically polarised. Ellipsometry determines the change in polarisation and compares
this to a model to determine optical properties as well as the film thickness. The accuracy of the
technique is very high as layers down to a few angstroms thick can be detected, if a suitable

model is available.*®®

] Detector
Light source

Polariser Analyzer

Sample

Figure 1-22: Diagram of the setup of an ellipsometer.

Ellipsometry can also be used in situ to monitor deposition processes as they occur. This typically
involves a window into and out of the reaction chamber with the light source secured to one and
the detector to another. This allows elliptically polarised light to contact the sample within the

reaction chamber before reaching the detector where measurements can be carried out tracking

the thickness throughout the deposition process.
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1.9.3 Thermoelectric and Electrical Property Measurements

Discussed below are the methods used to determine the thermoelectric and electrical properties
of the thin films deposited, namely, the resistivity, Hall coefficient, charge carrier concentration

and mobility, the Seebeck coefficient, electrical conductivity and the power factor.

1.9.3.1 Hall effect and Van der Pauw Measurements

The Van der Pauw measurements involves a four point probe, Figure 1-23, with each probe being
numbered 1 to 4 in a counter clockwise order, starting with 1 in the top left corner. The resistivity
can then be measured by injecting a current through probe 1 and measuring it using probe 2,

giving l12 in amperes, and measuring the voltage between probes 3 and 4, giving V4 in volts.

Figure 1-23- The probe set up for the Hall effect and Van der Pauw system.

These can then be used to find the vertical edge resistivity, Ri2,34, using the below equation:

V34

R12,34 = _I
12

Once I3 and Vis have been measured, so that the horizontal resistivity R23,41 can be calculated, the

sheet resistivity can be calculated using the below equation:

V14-

R23,41 = _I
23

Horizontal and vertical resistivity are then taken as averages using the below equations:

R _ Rip34+ R3g12+ Rp143 + Ryzon
vertical — 4

_ Riz41+ Ryg23 + R3pn4+ Rigso
Rhorizontal - 4
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The sheet resistivity, R, can then be found using the equation proposed by van der Pauw:*%°

—TRyertical —TRporizontal

e & +e Rs =1

This equation cannot be simplified to give the sheet resistivity in terms of any known constants.
However, a Newton-Raphson method can be used to approximate a value. The Newton-Raphson

method is described by the below equation:

fx)=0
f(xn)

le+1 = le _fl(x )
n
Thus

—TtRy —TIRp
1—e R —g Rs

—TTRy —TIRp
m|R,.e Bs +Rp.e Bs

RS = Rs — RS

The value for the sheet resistivity is given in ohms per square (Q/0). Once a value for the film
thickness has been measured, using cross sectional SEM, the resistivity of the film can be

measured by dividing the sheet resistivity by the thickness.

When a magnetic field is applied perpendicular to the flow of charged particles in a film, a force is
applied known as the Lorentz force, F; . This effect is known as the Hall effect. The strength of F;
is proportional to the velocity of the charged particles, v, the particle charge, q, and the strength

of the magnetic field, B.

F, = qvB

This force causes charged particles to predominately preside on one side of the sample. This
accumulation of charged particles causes a measurable potential difference, known as the Hall
voltage, V. This can then be used to calculate the sheet charge carrier concentration, using the

following calculation:

_IB
qlVyl

Ng

The majority charge carrier mobility is then calculated using the equation:

1
u=
qngR;

Thus, the resistivity, charge carrier mobility, charge carrier concentration and Hall voltage can be
found using this method.?® All of these measurements and calculations can be performed at a

range of temperatures to show how this affects the electrical properties of the film.
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1.9.3.2 Variable temperature Seebeck coefficient measurements

A very important value, when considering thermoelectric materials, is the Seebeck coefficient, as
discussed in previous sections. It quantifies the difference in electrochemical potential across a
material per degree kelvin difference. Its measurement involves heating the sample to a
temperature and then inducing a small temperature difference across the sample and measuring
the voltage induced. When the temperature difference is small the Seebeck coefficient can be

defined as:

AV
S=Tar
At each temperature selected as a data point, once the temperature has stabilised, a sweep of
temperature difference from +5 K to -5 K is measured against voltage induced. This then allows
for an average voltage per degree kelvin, thus, the Seebeck coefficient for one temperature is

measured. This method for determining the Seebeck coefficient is known as the differential

method.

Figure 1-24- The probe set up for the variable temperature Seebeck coefficient and
resistivity measurement equipment. The outer probes control the temperature
gradient across the film and the two central smaller probes measure voltage for the

resistivity measurement.

The resistivity measurement is found in a different fashion to the method used for the Hall effect
and Van der Pauw Measurements, discussed earlier. The Seebeck tool uses a four point probe
method for resistivity determination, Figure 1-24. This method uses the outer probes to flow a
current across the film while the two inner probes measure the voltage and these two values can
then be used to gather the sheet resistivity (/o). Similar to the other resistivity measurement

described, the value for the deposited material can then be calculated once the film thickness has
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been determined. The instrument used has a measuring range of 0.1 uQm to 1000 kpQm. This can

lead to issues when measuring materials with high resistivities.
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Chapter 2
Chapter 2  Group 14 Metal Chalcogenide Single Source

Precursor Synthesis and Characterisation

2.1 Introduction

The deposition of semiconducting material thin films is of enormous technological importance for
a vast array of applications. These include: optoelectronics, photovoltaic cells, battery materials,
microelectronic circuits, photonics, phase change memory materials, topological crystalline
insulators, photodetectors and thermoelectronics.’™ The fabrication of these devices rely on the
variety of deposition techniques possible. The selection of which deposition technique is right for
the intended application depends upon the specific requirements of the material deposited and
the requirements of the device in question. Firstly, the chemistry of the elements comprising the
material is important when determining possible methods for deposition. Secondly, the thickness
of the material that is required for the device may need to be very specific and thus control over
this will be important in the deposition technique selection. Thirdly, the growth mechanism of the
material or materials may be relevant for some applications, for example when very thin (mono-
or few-layer) films or other specific morphologies like nanowires are required. These
considerations, along with cost effectiveness, scalability and energy requirements are all
important for selecting the most suitable deposition technique. However, the precursor
requirements of that deposition process are of utmost importance. The precursors may require a
combination of specific reactivity, stability, volatility, toxicity, purity, ease of handling, etc., so that

the precursor is optimised for the deposition technique.

The utilisation of single source precursors for chemical vapour deposition (CVD) can be beneficial
for several reasons. Firstly, having all the required elements present in one molecular species can
allow for a more precise balance of the stoichiometry, when compared to a dual source system,
for example. Secondly, the properties of the precursor can be altered and tuned to aid in the
optimisation process. This can be achieved by altering the volatility of the precursor by reducing
or increasing the molecular weight to modify the vapour pressure and boiling point of the
precursor. Another modification to the precursors is to adapt the chemical structure, oxidation
state, bonding type and stability, for example by moving from an octahedral dative covalently
bonded complex to a covalently bonded tetrahedral compound. Altering these properties of the
precursor can affect its stability and the actual material or phase that is deposited. Finally, the
substituents on the precursor can be altered to change properties such as volatility, the

decomposition pathways possible and thus the stability of the precursor. Preferably, the

88



Chapter 2

properties of the precursor can be modified such that the volatility is great enough to easily be
vaporised and transported to the deposition zone, but not so volatile that it is difficult to handle,
while the stability is sufficient for the precursor to remain intact until the time it is deposited, but
not so stable that a particularly high temperature is required. In fact, this might be impractical for
certain deposition techniques or device targets and material deposited must be continuous if

electrical measurements are to be carried out.

2.1.1 Precursor systems

Effective precursor design is key to the deposition of high-quality semiconducting materials. As

discussed, different deposition techniques have very different demands on the properties of the

precursor or precursors involved. Some different precursor systems used for Group 14

chalcogenides, the deposition method and conditions employed have been tabulated below.

Table 2-1: Precursors used for the deposition of tin chalcogenide thin films a)-j) or tin

chalcogenide powders k) and |) and the deposition technique used. Precursors used

for the deposition of germanium chalcogenide thin films m) or germanium

chalcogenide powders or crystals n) and o) and the deposition technique used. p)

Large scale CVD process described for the production of Si;Tes thin films and q) CVD

of Si,Tes nanoplates and nanoribbons.

Precursor(s) Deposition Deposition
conditions technique
a) SnCls+ H,S 300-500 °C for Atmospheric
SnS,, 525 °C for pressure chemical
Sn,Ssand 545 °C | vapour deposition
yielded SnS. (APCVD).X0
b) Cy Cy 300-400 °C for all | AACVD of SnS, SnSe
| E /
"N N materials with a and SnTe films.!?
r; "mh __,.-""' 5
e . f( SnTN Me gas flow pressure
-o-"'{"H-. 'x_\_\_\_ i’ 1\'1 z"'l o —
TN ~nN N N of 10 bar.
\
o -
Me I:_.I.' I:_.I.' Myl
E=5 SeorTe
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/ H
u

/
E .
maisw’f\ N /f “‘“
S 3

Torr under a flow

c) S 5 400-550 °C. AACVD of SnS,
o .\ / —
|/ ;"-fif'lj Sn,Ssand SnS,
7N\ films. 12
~s s
d) Site;  MeaSi 300-600°Cand 1 | MOCVD of SnSe

and SnTe films.:

(3) R ="Bu, R' = "Bu, R* = "Bu
(4) R ="Bu, R" = Me, R? = "Hex

~Sile, of 1:1 He/H,.
. S0 )
e, Si ~— pd N . fﬁ,,-Sirﬂeg
1 f r
\ /
L {
SiMeg Me,Si
E=SeorTe
e) "By 286 for SnS,, 480- LPCVD of SnS,,
Cl | 500 °C for SnSe;,, SnSe; and at
Cly, | WF
e, d T S 588 °C for SnSe elevated
Sn P (CH2)5
C:I, | \E’ and 558 °C for SnS | temperatures, SnS
Cl | under a pressure and SnSe.'* The
"Bu
E= S or Se of 0.02 mmHg for-| same precursor
3 hours. was also used in
the liquid injection
CVD growth of
SnSe nanowires
and
nanoribbons.?>1®
f) R R2 400-530 °C, argon | AACVD of SnS."’
R flow rate of 140
N s | 5 N
L e T T - o sccm, using a
R? ~ s’ > W &
Hx"\.:‘ -, P H
5 | 5 toluene solution of
R the precursors
(1) R ="Bu R" = Ft R? = Ft
(2) R="Bu R'=Me, R = "Bu

90




Chapter 2

PhE Ph 400 and 450 °C AACVD of SnSe.'®

\i-},.f . ! with an Ar flow

~Ge e~ rate of 180 sccm
for 45 min using a
THF solution of the

precursor.

Deposition at AACVD.®
ﬂ 300 °Cyielded
N -HH'NMez cubic SnS and
| depositions at
P above 350 °C
yielded
orthorhombic SnS.
Depositions onto
Mo substrates,
toluene used to
dissolve precursor

and the carrier gas

used was Ar or N,.

375-475°C. AACVD of SnS.%°

Bz = Benzyl group

Ph_ _Ph 0.2 g of precursor | AACVD of SnSe.”

- -

) 1\ S‘»_, J;D—/f'/ dissolved in THF,
‘: /

O S0 111SE carrier gas Ar with

"By’ "Bu

W4

furnace
temperature of

200 °C.
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under a flow rate
of Ar/Hzat 15 sccm

for 35 mins

k) E. 300 °C. Pyrolysis to
Ph-;Sn"’f “~SnPh,
N = produce SnSe and
E=SeorTe
SnTe powders.??
1) Bz Bz 200-400 °C. Thermolysis,
\q / producing SnTe
P n -
e “Te powder.?
Bz—35n jﬁn—EZ
/ ~Te N\
Bz Bz
Be = Benzyl group
m Te"Bu 450 °C, 0.02 mmHg | LPCVD of GeTe.?
il n
BuTe . ' .N&Te Bu for 15-20 mins.
Ge
Te"Bu
n) | | 270-350 °C for 1 Thermal
|~ / L
N e hour. decomposition in
i Voo nl .
i / \ solution to produce
—/ Ge '
- . P GeSe and GeTe
X . ""-;_1’// \\ -
s T E jIN powders.?
/ \
E=SeorTe
o) FE\ f‘R 300 °C for 1 hour. Thermal
\E,cf decomposition in
e ~Te solution to produce
GeTe crystals.?®
I ET=3 H{][: |4
/ Te \
R
R=Etor "Bu
p) Si0; + Te 630 °Cat 9.12 Torr | CVD of Si;Tes.”
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a) Si+Te 425-680 °C at CVD of Si;Tes
between 0.1-15 nanoplates and
Torr with Ar flow nanoribbons 3

of 15 sccm for 1 h.

The majority of the precursors known within the literature for the deposition of tin and
germanium chalcogenide materials have high molecular weights, leading to too poor volatility and
thermal stability, to be applicable with an LPCVD procedure. This issue has been overcome in
these cases by using Aerosol Assisted CVD (AACVD) or direct liquid injection CVD, which first
solvate the precursor molecules, then the precursor solution is either nebulised and transported
to the reaction chamber via a flow gas or injected in a solution to the reaction chamber, thus
negating the need for high volatility. However, precursors that have properties which lend
themselves to LPCVD have the potential to be optimised for selective depositions onto patterned
substrates and adapted to other deposition techniques. The use of binary precursor systems is
also undesirable as the control over stoichiometry is reduced and the requirement for often highly
toxic gaseous compounds, like hydrogen sulfide, is increased. One of the common features of the
single source precursors shown in Table 2-1 is the rational design of their decomposition
pathways, whether that be a reductive elimination step, the elimination of ethenylbenzene or
butene via B- hydride elimination, or the elimination of a guanidinato group. To ensure that the
final material produced does not include any impurities, any elements not desired in the final
material should be avoided and the decomposition pathway should preferably be well

established.

When designing a precursor for chalcogenide-based materials, the different chemistry of
chalcogen based ligands is an important consideration. Some key ligand types are
chalcogenoether ligands, as seen in Table 2-1e, and chalcogenolate ligands, Table 2-1c and j.
Chalcogenoether ligands, ER,, donate a lone pair of electrons to a metal centre to form a dative
covalent bond. The strength of this dative covalent bond is related to the donor ability of the
ligand and the lewis acidity of the group 14 fragment. Thus, the order is opposite to that of the
electronegativity (e.g. M-TeR,> M-SeR, > M-SR;). It is important to separate the kinetic and

thermodynamic factors here (i.e. bond stability vs bond lability).?

Chalcogenolate ligands, RE,
form a covalent bond with stabilities in the order of M-SR > M-SeR > M-TeR. The strength of the
chalcogenolate bonds reflects the relative Lewis basicity of the chalcogens, in line with their

electronegativity.
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One key feature of any SSP is its high purity, as this will likely affect the material deposition and
certainly the yield and purity of the deposited material. This can be achieved by consideration of
purification techniques and the preparation steps required. The preparation of a SSP, especially if
it is to be used in a scaled up process such as a commercial one, needs to be possible on large
enough scales of at least several grams. Also imperative to a commercial SSP is a preparation with
as few steps as possible, this will greatly improve both the yield and the purity of the final SSP,

thus, reducing costs.?®

2.1.2 Film growth

Film growth occurs by several different mechanisms depending on the conditions, deposition
process utilised and the chemistry of the precursors involved. This can be problematic for CVD
processes as the continuity of the films produced is defined by the growth mechanism and thus
may never yield continuous films in some instances. This can also help to produce very thin
continuous films by CVD if the mechanism is epitaxial growth, where the crystallite growth occurs
with a strong preferred orientation with respect to the crystalline substrate. A more in-depth
overview of growth mechanisms, how to control them and some of the things that can be

selected through controlling the material growth can be found in section 1.8.

2.13 Material deposition

The deposition techniques relevant to the work presented in this chapter are LPCVD and a larger
scale procedure using a commercial CVD/ ALD system, a Picosun R200 Advanced deposition rig. A
description of these deposition techniques can be found in Section 1.5. For the purposes of this
chapter more details of the different precursor requirements for these techniques are required.
LPCVD allows for a high output of samples across a range of conditions for analysis, this includes
information on the temperature range that deposition is possible within and, therefore, informs
the optimisation process rapidly. The deposition rig used for the LPCVD in this work consists of a
fused quartz CVD tube, connected to a vacuum line, positioned inside a Lenton tube furnace
(model: LTF 12/50/300). As mentioned, this set up has many advantages afforded by its simplicity.
There are, however, several limitations to the process used in this work. Namely, the inability to
achieve fine control of the internal pressure, rate of precursor delivery and the inability to
introduce different individual precursors, not as mixtures, without significant adaptation to the
setup. To produce several different thin film layers for example, the current LPCVD set up needs
to be disassembled, the substrates removed and placed into a new LPCVD tube, which contains
the next precursor desired. This means that the processing of multiple layered depositions is far

more time consuming than in some other deposition methods where several precursor inlets are
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possible. This may be achievable using an adapted CVD tube with segmented precursor bulbs
which can be opened and closed during the deposition process but is likely difficult to achieve and

would limit the number of layers substantially.

Quartz tube Substrates

Volatiles +«—c—z=-

Tube Furnace

1J\ Precursor

N \ 7
~—

Figure 2-1: Schematic of the LPCVD set up with a portion of an SEM image of a sample of a tin

selenide thin film deposited using this equipment.

Firstly, the commercial scale set up, using full 6 inch wafers in a Picosun R200 Advanced rig,
requires a slightly increased vapour pressure of the single source precursor compared to that
which is appropriate for LPCVD. This is due to the precursor needing to travel through lines
connecting the precursor vessels to the reaction chamber under the flow of nitrogen gas in the
commercial scale CVD system. Also, of greater importance for the larger scale depositions, using
the alternative commercial rig, is the stability of the precursor molecules. This is due to the
undesirable possibility of depositing material inside the precursor lines. However, the higher
precursor specificity required for this procedure is more than made up for by the additional
control over the precursor delivery and substrate temperature, two factors which are of great

importance in material growth.

The depositions that were performed from these precursors will be discussed in later chapters.
The purpose of this chapter is to focus on the chemistry of the precursors, their characterisation

and the evaluation of their properties for different deposition processes.
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2.2 Experimental

221 Precursor preparation and characterisation

All reactions were performed under an inert atmosphere using Schlenk, vacuum line and glove
box techniques under a dry nitrogen atmosphere. The solvents used (ethanol, THF and hexane)
were dried by distillation from sodium wire prior to use and NMR solvents were stored in a
glovebox over molecular sieves. "BusSnCl, "Bu,SnCl, (Alfa Aesar) and butane thiol (Aldrich) were
stored in a glovebox and used as received. All *H, 3C{*H}, 7’Se{H} (referenced against neat
SeMe;), 1*9Sn{*H} (referenced against neat SnMes), 1°Te{*H} (referenced against neat TeMe;) and
2D HMQC NMR spectra were collected on a Bruker AV400 spectrometer in CDClsat room
temperature. No relaxation agent was required for use in the NMR spectra of any of the SSPs
explored, this is likely a result of the high symmetry around the covalently bonded NMR active
nuclei. Microanalyses were obtained via the London Metropolitan University elemental analysis

service.

All boiling points were measured using thermogravimetric analysis (TGA) using a temperature
ramp rate of 5 °C min™! measured from 29 °C to 600 °C under the flow of argon gas at 20 mL min™.
The vapour pressures stated were measured using an isothermal step experiment on the TGA
which consisted of a fast temperature ramp rate of 5 °C min™ followed by 1 hour at the given
temperature between 50 and 125 °C in 25 °C steps whilst under argon gas at a flow rate of 60 mL
mint. These experiments were used to measure the rate of mass loss at a given temperature. In
all cases the sample (between 10-30 mg) was held in an alumina crucible. The reference
compound, tetrabutyltin, was purchased from Sigma Aldrich and used as received. It was selected
as it is similar in chemistry to the single source precursors and has known Antoine constants,

meaning that the vapour pressure can be estimated accurately at a given temperature.

The vapour pressure approximations were obtained using an isothermal step experiment using
TGA to obtain the rate of mass lost at 50, 75, 100 and 125 °C under the flow of argon gas at a flow
rate of 60 mL min. All temperatures were stabilised for 1 h and ramp rates to each temperature
were 5 °C minL, This was initially performed for the reference compound, tert-n-butyltin. As
values for the vapour pressure of tert-n-butyltin are available within the literature, the values
given were then used to calculate the instrument constants related to the equipment, at which
point the vapour pressures of the single source precursors could be obtained using the

calculations below, as demonstrated by Wang et al.3!
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1 dm M
1 - ——=pa |—
a’ dt 27RT
2 k:\/Zn'R
24
1 dm |T
3. T am
4 p=kv

Where k, the instrument factor, which includes a, the vapour coefficient and R, the ideal gas

constant. The sample dependent factor, v, which concerns the area of the sample containing
d . .
vessel, a, the rate of mass loss, d—T, the temperature T and the relative molecular mass, M. Using

these the final equation gives the vapour pressure, p. At each of the temperatures measured the
value of k was first calculated using the experimentally determined value for v and the known
value for p.3° Using the value for k gained in this method, the vapour pressures of all of the single

source precursors could be gained.

2.2.2 Precursor synthesis

[Sn"Bus(S"Bu)]: Butane thiol (0.949 g, 1.05 x 102 mol, 1.1 eq.) was added to a solution of sodium
metal (0.242 g, 1.05 x 102 mol, 1.1 eq.) dissolved in anhydrous ethanol (20 mL) and stirred
vigorously for 2 h. Removal of volatiles from this colourless solution gave a white powder. THF (20
mL) was then added, followed by a solution of tributyltin chloride (3.877 g, 9.49 x 103 mol, 1 eq.)
in THF (20 mL), which was added dropwise over the course of 5 min., resulting in a cloudy white
suspension, which was stirred for 12 h. The reaction mixture was then filtered, producing a clear,
colourless solution. After the THF had been removed under vacuum, the clear colourless liquid
remaining was washed in anhydrous hexane (30 mL), filtered to remove particulates and dried in
vacuo. Yield: 2.618 g, 73%. Elemental analysis: calc. for C16H365Sn (379.20 gmol™): C 50.66,

H 9.57%. Found: C 50.89, H 10.13%. 'H NMR (CDCls): §/ppm = 0.84 (two overlapping t, J = 8.00 Hz,
[12H], CHs), 1.06 (t with 11°Sn satellites, [6H], CH,Sn), 1.26 (overlapping m, [8H], CH,), 1.50
(overlapping m, [8H], CH>) 2.48 (t, [2H], CH,S). *C {*H} NMR (CDCls): §/ppm = 13.33 (Y119sn13c =
333 Hz, Y117sn13c = 317 Hz, CH,), 13.60 (CHs), 13.62 (CHs), 21.84 (CH,), 26.40 (CH>), 27.06 (J119sn13c =
60 Hz, CH2), 28.65 (}J11ssn13c = 21 Hz, CH,), 37.03 (J110sn13c = 12 Hz CH2). 19Sn {*H} NMR (CDCl5):
&8/ppm =75.2 (s).

[SnBu(SBu),]): Butane thiol (0.878 g, 9.73 x 103 mol, 2 eq.) was added to a solution of sodium
metal (0.224 g, 9.73 x 102 mol, 2 eq.) dissolved in anhydrous ethanol (20 mL) and stirred
vigorously for 1 h. This colourless solution was then taken to dryness in vacuo, leaving a white
powder. This white powder was then suspended in THF (15 mL) and a solution of dibutyltin

dichloride (1.478 g, 4.86 x 103 mol, 1 eq.), in THF (15 mL), was added dropwise over the course of
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5 min., resulting in a cloudy white suspension, which was stirred for 12 h. The reaction mixture
was then filtered, producing a clear colourless solution. After the THF had been removed under
vacuum, a colourless oil remained, which was washed with anhydrous hexane (20 mL) and dried
in vacuo. Yield: 1.407 g, 70%. Elemental analysis: calc. for C1H365,5n (411.26 gmol™?): C 46.73, H
8.82 %. Found: C 45.96. H 9.44 %. 'H NMR (CDCls): §/ppm = 0.91 (two overlapping t, J = 8.00 Hz,
[12H], CH3), 1.39 (overlapping tquart, tt and t with 1*°Sn satellites, [12H], CH,and SnCH,), 1.58
(overlapping tquart and tt, [8H], CH,), 2.69 (t, [8H], SCH2). 23C {*H} NMR (CDCls): §/ppm = 13.52
(CHs), 13.59 (CH,), 17.79 (Y11ssn1sc = 377 Hz, Y117sn13c = 360 Hz, CH3), 21.77 (CH3), 26.70 (*J119sn13c =
73 Hz, %J1175n13¢ = 70 Hz CH3), 26.98 (3J119sn13c = 16 Hz CHy), 28.24 (Y119sn13c = 25 Hz, CH,), 36.51
(3J119sn13c = 14 Hz, CHy). 1*°Sn{*H} NMR ( CDCl; at room temperature): §/ppm = 127.6 (s).

[SnBus(SeBu)]: Selenium shot (2.041 g, 2.59 x 102mol, 1.1 eq.) was ground into a fine powder
under an inert atmosphere in a glovebox and suspended in THF (30 mL). The suspension was then
frozen in liquid nitrogen before the dropwise addition of "BuLi solution in hexanes (15 mL,

2.43 x 102 mol). After the mixture had thawed and been allowed to stir, a colour change from a
black suspension to a yellow solution and then to a deep red solution was observed. Further "BulLi
solution (1 mL, 1.60 x 10" mol) was then added dropwise until a pale yellow colour persisted. A
solution of "BusSnCl (7.650 g, 2.35 x 102 mol, 1 eq.) in THF (30 mL) was then added dropwise to
the cooled (0 °C) solution of "BuSeLi. The reaction mixture was then stirred vigorously overnight.
The reaction mixture was then concentrated under vacuum, hexane (30 mL) was added, at which
point the solution turned cloudy with the precipitation of LiCl. The mixture was filtered by cannula
filter, before concentrating under vacuum, washing with further hexane (30 mL), filtering once
more and finally drying in vacuo, leaving a yellow/orange oil. Yield: 7.936 g, 79%. Elemental
analysis: calc. for CigH36SeSn (426.11 gmol™): C45.10, H 8.52 %. Found: C 45.29. H 8.95 %. *H NMR
(CDCls): 8/ppm = 0.88 (two overlapping t, J = 8.00 Hz, [12H], CHs), 1.13 (t with 11°Sn satellites, [6H],
SnCH>), 1.29 - 1.40 (overlapping dt, [8H], CH,), 1.54 - 1.62 (overlapping dt, [8H], CH,), 2.53
(overlapping t with 7’Se satellites, [2H], SeCH,). C{*H} NMR (CDCls): §/ppm = 13.07 (Y119sn13c =
318 Hz, Y117sn13c = 305 Hz, CHa), 13.45 (CHa), 13.54 (CHs), 16.79 (377se13c = 14 Hz, CH2), 22.90 (CH,),
26.98 (YJ119sn13c = 62 Hz, 2J117sn13c = 60 Hz, CH,), 28.94 (3J119sn13c = 21 Hz, CH,), 36.70 (3J119sn13¢c =

11 Hz, CH,). 77Se{*H} NMR (CDCl3): 8§/ppm = —213.8 (s, U77se1195n = 1050 Hz). 12°Sn{*H} NMR (CDCls):
8/ppm =51.9 (s, Y77se1195n = 1056 Hz).

[SnEt3(SeBu)]: Selenium shot (1.268 g, 1.61 x 102mol, 1.1 eq.) was ground into a fine powder
under an inert atmospheric in a glovebox before being suspended in THF (30 mL). The suspension
was then frozen in liquid nitrogen before the dropwise addition of "BuLi solution in hexanes (9 mL,
1.45 x 102 mol). After the mixture had thawed and been allowed to stir for 1 h and the colour

change from a black suspension to yellow and then to red had been observed. Further "BuLi
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solution (1 mL, 1.6 x 102 mol) was then added dropwise until a pale-yellow colour persisted. A
solution of Et3SnCl (3.529 g, 1.46 x 102mol, 1 eq.) in THF (30 mL) was then added dropwise to the
cooled (0 °C) solution of "BuSelLi. The reaction mixture was then stirred vigorously overnight,
before being concentrated under vacuum. Hexane (30 mL) was then added to the solution turning
it cloudy with the precipitation of LiCl. The mixture was filtered by cannula filter before
concentrating under vacuum, washing with further hexane (30 mL), filtering once more and finally
drying in vacuo leaving a yellow/orange oil. Yield: 3.967 g, 79%. Elemental analysis: calc. for
C10H245€Sn (341.95 gmol™): € 35.13, H 7.07 %. Found: C 35.73. H 7.48 %. 'H NMR (CDCls): §/ppm =
0.89 (t, J = 8.00 Hz, [3H], CHs), 1.13 (g with 19Sn satellites, [6H], SnCHa), 1.24 (t, [9H], CHs), 1.39
(tquart, [2H], CH,), 1.62 (tt, [2H], CH>), 2.55 (overlapping t with 7’Se satellites, [2H], SeCH,). 3C{*H}
NMR (CDCls): 8/ppm = 4.44 (Y119sn13c = 324 Hz, Y117sn13c = 310 Hz, CH3), 10.91 (H1195n13c = 24 Hz,
CHs), 13.48 (CHs), 16.60 (Y77se13c = 55 Hz, U110sn13c = 14 Hz, CHa), 22.93 (CH.), 36.83 (Y77se13c = 10 Hz,
CHy).”’Se{*H} NMR (CDCls): §/ppm =-226.5 (s, Y77se1195n = 1040 Hz). 1*9Sn{*H} NMR (CDCls): 6/ppm
= 63.5 (s, YJ77se110sn = 1065 Hz).

[SnBus(TeBu)]: Tellurium granules (2.846 g, 2.23 x 102 mol, 1.05 eq.) were ground into a fine
powder under an inert atmosphere in the glovebox before being suspended in THF (30 mL). The
suspension was then frozen in liquid nitrogen before the dropwise addition of "BulLi solution in
hexanes (13 mL, 2.18 x 102 mol). After the mixture had slowly thawed, the solution initially
turned yellow and then red. Further "BulLi solution (0.3 mL, 5.03 x 10 mol) was then added
dropwise until a pale yellow colour persisted. A solution of "BusSnCl (6.856 g, 2.11 x 103 mol, 1
eq.) in THF (30 mL) was then added dropwise to the cooled (0 °C) solution. The reaction mixture
was stirred vigorously for 24 h, leaving an orange solution. The volatiles were then removed in
vacuo and the orange oily residue was then washed twice with hexane (30 mL), leading to the
precipitation of LiCl. This was removed by cannula filtration before the filtrate was taken to
dryness in vacuo, leaving an orange oil. The compound is somewhat moisture sensitive and was
therefore handled and stored under an inert atmosphere to avoid degradation, although it can be
handled briefly in air. Yield 8.608 g, 86%. Elemental analysis: calc. for CigH36SnTe (474.85):

C 40.48, H 7.64 %. Found: C41.60, H 7.76 %. *H NMR (CDCls): §/ppm = 0.90 (two overlapping t, J =
8.00 Hz, [12H], CHs), 1.19 (t with 1Sn satellites, [6H], SnCH,), 1.34 (overlapping m, [8H], CH>),
1.55 and 1.65 (overlapping m, [8H], CH2), 2.52 (t with overlapping '**Te satellites, [2H], TeCH>).
13C{*H} NMR (CDCls): 8/ppm = —7.05 (Y1z51e13c = 133 Hz, 2J1195n13c = 13 Hz, CH3), 12.54 (Y119sn13c =
299 Hz, Yi17sn13c = 286 Hz, CH>), 13.27 (CHs), 13.61 (CHs), 25.01 (CH>), 26.96 (119sn13c = 63 Hz, CH,),
29.69 (*J119sn13c = 21 Hz, CH3), 37.34 (}J1zs1e13c = 8 Hz CH,). 1*Sn{*H} NMR (CDCl3): §/ppm = —15.6
(M110sn1257e = 2765 Hz). 25Te{*H} NMR (CDCls): 8/ppm = —536.5 (U119sn1257e = 2704 Hz).
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[Ge"Bus(S"Bu)]: Butane thiol (0.227 g, 2.52 x 10> mol, 1 eq.) was added to a solution of sodium
metal (0.076 g, 2.52 x 103 mol, 1 eq.) dissolved in anhydrous ethanol (15 mL) and stirred
vigorously over the course of 2 h. This colourless solution was then placed under vacuum and the
volatiles removed, leaving a white powder. This white powder was then stirred in THF (15 mL) and
a solution of tributylgermanium chloride (0.704 g, 2.52 x 103 mol, 1 eq.), in THF (15 mL), was
added dropwise over the course of 5 min., resulting in a clear reaction mixture, which was stirred
for 1 h before being refluxed at 70 °C. The then cloudy white reaction mixture was then reduced
in volume under vacuum and washed in hexane (15 mL) before being filtered, producing a clear
colourless solution. After the solvent had been removed under vacuum, the clear colourless liquid
was washed in anhydrous hexane (20 mL) and dried under vacuum. Yield: 0.607 g, 72%. Elemental
analysis: calc for Ci6H3sGeS (333.12 gmol™?). C57.69, H 10.89 %. Found: C 57.54, H 10.93 %. H
NMR (CDCls): 8/ppm = 0.90 (t, J = 8.00 Hz, [12H], CHs) 1.01 (t, [6H], CH2) 1.35-1.42 (two tquart and
a tt, [14H], CH,), 2.47 (t, [2H], CH,) 3.65 (t, [2H], CH2). 3C {*H} NMR (CDCl5) /ppm = 13.62 (CHs),
13.67 (CHs), 15.72 (CH,), 21.89 (CH>), 26.19 (CH3), 26.26 (CH,), 27.06 (CH>), 35.61 (CH,).

[Ge"Buz(S"Bu);]: Butane thiol (1.623 g, 1.8 x 102 mol, 2.2 eq.) was added to a solution of sodium
metal (0.415 g, 1.8 x 102mol, 2.2 eq.) dissolved in anhydrous ethanol (15 mL) and stirred
vigorously until the sodium metal had fully reacted and dissolved. The volatiles were then
removed under vacuum leaving a white powder. This white powder was then stirred in THF

(15 mL) and a solution of dibutylgermanium dichloride (2.117 g, 8.21 x 103mol, 1 eq.), in THF

(15 mL), was added dropwise over the course of five minutes resulting in a cloudy white
suspension which was stirred for 2 h before being refluxed at 70 °C for 5 h. The cloudy white
reaction mixture was then condensed and washed in hexane (15 mL) before being filtered
producing a clear, colourless solution. After the solvent had been removed under vacuum, a clear
colourless liquid remaining was washed in anhydrous hexane (20 mL). After removing the volatiles
under vacuum, the product was distilled to produce a clear, colourless liquid. Yield: 1.807 g, 60%.
Elemental analysis: calc. for C16H3sGeS; (366.21 gmol™): C 52.63, H 9.94 %. Found: C 52.98. H
10.05 %. *H NMR (CDCls): §/ppm = 0.89 (two overlapping t, J = 8.00 Hz, [12H], CHs), 1.25 (tquart,
[4H], GeCH,), 1.36-1.44 (overlapping tquart and two tt, [12H], CH,), 1.59 (t, [4H], CH,), 2.60 (t,
[4H], SCH,). *C {*H} NMR (CDCls): §/ppm = 13.58 (2CHs), 19.32 (CH;), 21.82 (CH,), 25.73 (CH,),
26.82 (CH,), 27.10 (CH,), 34.97 (CH,).

[Ge"Bus(Se"Bu)]: Selenium granules (0.229 g, 2.89 x 103 mol, 1.1 eq.) were ground into a fine
powder inside of a glovebox before being suspended in THF (20 mL). The solution was then frozen
in liquid nitrogen before the dropwise addition of "BulLi solution in hexanes (1.1 mL,

1.76 x 10 mol). After the mixture had thawed and been allowed to stir, the solution turned

initially pale yellow and then to red. Further "Buli solution (0.6 ml, 9.64 x 10 mol) was then
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added dropwise until the pale-yellow colour persisted. A solution of "BusGeCl (0.735 g,

2.63 x103mol, 1 eq.) in THF (10 mL) was then added dropwise to the pale-yellow solution
followed by a further portion of THF (10 mL) used to rinse the Schlenk containing the "BusGeCl.
The reaction mixture was then refluxed at 85 °C and stirred vigorously over the course of 12 h.
Upon allowing the yellow solution to cool, removing the solvent in vacuo and adding hexane (30
mL), the solution turned cloudy with the precipitation of LiCl. The mixture was filtered by cannula
filter before pumping down, washing with further hexane (30 mL) and then dried under vacuum,
leaving a yellow oil. Yield 0.767 g, 77 %. Elemental analysis: calc. for C1sH3sGeSe (380.03 gmol™?):
C50.57, H9.55 %. Found: C51.11, H 9.67 %. *H NMR (CDCls): 5/ppm = 0.89 (two overlapping t, J =
8.00 Hz, [12H], CHs) 1.04 (t, [6H], GeCH,) 1.29 - 1.46 (overlapping tt, tquart and tt, [14H] CH,) 1.62
(tquart, [2H], CH.) 2.47 (t with overlapping 7’Se satellites, [2H], SeCH,). *3C {*H} NMR (CDCls):
6/ppm = 13.50 (CHs), 13.65 (CH,), 16.18 (CHs), 17.36 (CH2), 22.95 (CHa), 26.11 (CH,), 27.43 (CH,),
35.53 (CH,). ”’Se {*H} NMR (CDCls): §/ppm = -144.8 (s).

[Ge"Bus(Te"Bu)]: Tellurium granules (0.297 g, 2.33 x 1073 mol) were ground into a fine powder
under an inert atmosphere in the glovebox before being suspended in THF (20 mL). The solution
was then frozen in liquid nitrogen before the dropwise addition of "BuLi solution in hexanes (1 mL,
1.60 x 102 mol). After the mixture had thawed and been allowed to stir, the solution initially
turned yellow and then to red. "BulLi solution (0.5 mL, 8.0 x 10*mol) was added dropwise until the
pale yellow colour persisted. A solution of "BusGeCl (0.651 g, 2.33 x 10 mol) in THF (10 mL),
followed by a further rinse of THF (10 mL) to ensure that no residual "BusGeCl remained, was then
added dropwise to the pale yellow solution. The reaction mixture was then refluxed to 90 °C and
stirred vigorously for 24 h, leaving an amber solution. Upon allowing the solution to cool,
removing the volatiles in vacuo and adding hexane (30 mL), the solution turned cloudy with the
precipitation of LiCl. The mixture was filtered by cannula filter before having the volatiles
removed under vacuum, being washed with further hexane (30 mL) and then brough to dryness
under vacuum leaving a reddish orange oil. Yield 0.836 g, 84 %. Elemental analysis: calc. for
CisH36GeTe (428.77 gmol™?): C 44.83, H 8.46 %. Found: C 44.05, H 8.07 %. *H NMR (CDCl5): §/ppm =
0.90 (two overlapping t, J = 8.00 Hz, [12H], CHs) 1.11 (t, [6H], GeCH,) 1.36 and 1.40 (overlapping
tq, tg and t, [14H], CH>) 1.65 (tq, [2H], CH.) 2.47 (t, [2H], TeCH>). **C {*H} NMR (CDCls): §/ppm = -
5.51 (CH,), 13.31 (CH,), 13.70 (CHs), 16.68 (CH,), 25.01 (CH,), 26.02 (CH>), 28.32 (CH,), 36.37 (CH,).
125Te {1H} NMR (CDCl3): §/ppm = -400.1 (s).

[GeBuy(TeBu),]: Tellurium granules (2.1784 g, 1.71 x 102 mol, 2.2 eq.) were ground into a fine
powder under an inert atmosphere in the glovebox before being suspended in THF (20 mL). The
suspension was then frozen in liquid nitrogen before the dropwise addition of "BulLi solution in

hexanes (10 mL, 1.60 x 102 mol). After the mixture had thawed, the solution initially turned
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yellow and then red. Further "BuLi solution (1 mL, 1.6 x 10”2 mol) was added dropwise until a pale
yellow colour persisted. A solution of "Bu,GeCl, (2.000 g, 7.76 x 10 mol, 1 eq.) in THF (20 mL) was
then added dropwise, while it was cooled using an ice bath. The reaction mixture was stirred
vigorously for 24 h, leaving an orange solution. The volatiles were then removed in vacuo and the
orange oily residue was then washed twice with hexane (30 mL), leading to the precipitation of
LiCl. This was removed by cannula filtration before the filtrate was taken to dryness in vacuo,
leaving an orange oil. Yield 4.001 g, 93%. Elemental analysis: calc. for C1sHssGeTe; (556.47 gmol™?):
C 34.55, H 6.52 %. Found: C 34.52, H 6.51 %. 'H NMR (CDCl5): §/ppm = 0.89 (two overlapping t, J =
8.00 Hz, [12H], CHs), 1.37-1.49 ( two overlapping tt and two t quart [16H], GeCH,and CH,), 1.69
(overlapping t quart, [4H], CH,), 2.58 (t with overlapping *°Te satellites, [4H], TeCH,). 3 C{*H}
NMR (CDCls): 8/ppm = 1.97 (U12s7e1sc = 138 Hz, CH,), 13.34 (CHs), 13.58 (CHs), 21.52 (CH,), 25.01
(CH3), 25.29 (CH2), 29.36 (CH2), 35.55 (3J12ste13c = 16 Hz, CH,). 25Te{*H} NMR (CDCls): /ppm
=-294.9 (s).

Attempted synthesis of [Si"Bus(S"Bu)]: Butane thiol (0.687 g, 7.62 x 103 mol, 1.1 eq.) was added
to a solution of sodium metal (0.175 g, 7.62 x 103 mol, 1.1 eq.) dissolved in anhydrous ethanol (15
mL) and stirred vigorously until the sodium metal had fully reacted and dissolved. This colourless
solution was then pumped down to dryness leaving a white powder. This white powder was then
stirred in THF (15 mL) and a solution of tri-n-butylsilyl chloride (1.628 g, 6.93 x 10°mol, 1 eq.), in
THF (15 mL), was added dropwise over the course of five minutes resulting in a cloudy white
suspension which was then refluxed at 70 °C for 5 h. The cloudy white reaction mixture was then
condensed and washed in hexane (15 mL) before being filtered producing a clear, colourless
solution. After the solvent had been removed under vacuum, a clear colourless liquid remaining
was washed in anhydrous hexane (20 mL). After removing the volatiles under vacuum, the
product was distilled to produce a clear, colourless liquid. Yield: 1.807 g, 60%. *H NMR (CDCls):
6/ppm = 0.88 (t, J = 8.00 Hz, [6H], SiCH>), 0.90 (overlapping t’s, [12H], CH3), 1.25-1.48 (overlapping
t quart and two tt, [14H], CH,), 1.63 (dt, [2H], CH,), 2.46 (t, [2H], SCH,). *C {*H} NMR (CDCls):
&6/ppm = 13.58 (2CH3), 19.32 (CH,), 21.82 (CH>), 25.73 (CH,), 26.82 (CH>), 27.10 (CH), 34.97
(CHy).).%Si {*H} NMR (CDCls3): §/ppm = 33.0 (s) corresponds to remaining starting material,

19.0 (s) major peak, -21.15 (s).

[Si"Bus(Se"Bu)]: Selenium granules (0.777 g, 9.83 x 103 mol, 1.1 eq.) were ground to a fine
powder inside of a glovebox and suspended in THF (20 mL). The solution was then frozen in liquid
nitrogen before the dropwise addition of "BuLi solution in hexanes (6 mL, 9.67 x 10 mol). After
the mixture had thawed and been allowed to stir, the solution turned initially pale yellow and
then to red. Further "BulLi solution (0.6 mL, 9.64 x 10*mol) was then added dropwise until the

pale-yellow colour persisted. A solution of "BusSiCl (2.100 g, 8.94 x 103 mol, 1 eq.) in THF (20 mL)
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was then added dropwise followed, by a further rinse of THF (10 mL) to ensure no residue of
"BusSiCl remained, was then added dropwise to the pale-yellow solution. The reaction mixture
was then stirred vigorously over the course of 12 h. The solvent was then removed in vacuo and
hexane (30 mL) was added, the solution then turned cloudy with the precipitation of LiCl. The
mixture was filtered by cannula filter before reducing the volume under vacuum, washing with
further hexane (30 mL) and finally removal of the volatiles under vacuum, leaving a light orange
oil. Yield 2.667 g, 89 %. *H NMR (CDCls): 6/ppm = 0.88 (t, J = 8.00 Hz, [6H], SiCH.), 0.90
(overlapping t’s, [12H], CHs), 1.25-1.48 (overlapping t quart and two tt, [14H], CH>), 1.63 (dt, [2H],
CH,), 2.46 (t, [2H], SeCH>). 23C {*H} NMR (CDCls): /ppm = 13.49 (CHs), 13.70 (CHs), 14.56 (J13c77se =
50 Hz, SiCH,), 17.56 (M13c77se = 52 Hz, SeCH,), 22.94 (CH,), 26.20 (CH,), 26.40 (CHa), 35.14 (JJ13cr7se =
9 Hz, CHa,). 2Si {*H} NMR (CDCls): /ppm = 20.9 (s). 7’Se {*H} NMR (CDCls): /ppm = -156.8 (s).

[SiBus(TeBu)]: Tellurium granules (0.7299 g, 5.72 x 103 mol, 1.1 eq.) were ground into a fine
powder under an inert atmosphere in the glovebox before being suspended in THF (20 mL). The
suspension was then frozen in liquid nitrogen before the dropwise addition of "BulLi solution in
hexanes (2.6 mL, 4.16 x 10 mol). After the mixture had thawed, the solution initially turned
yellow and then red. Further "BuLi solution (1 mL, 1.6 x 102 mol) was added dropwise until a pale
yellow colour persisted. A solution of "BusSiCl (1.2219 g, 5.20 x 10°mol, 1 eq.) in THF (20 mL) was
then added dropwise, while it was cooled using an ice bath. The reaction mixture was stirred
vigorously for 24 h, leaving an amber solution. The volatiles were then removed in vacuo and the
amber oily residue was washed twice with hexane (30 mL), leading to the precipitation of LiCl.
This was removed by cannula filtration before the filtrate was taken to dryness in vacuo, leaving a
clear amber oil. Yield 1.7420 g, 87%. Elemental analysis: calc. for Ci¢H36SiTe (384.22 gmol™):

C 50.03, H 9.45 %. Found: C 50.01, H 10.09 %. *H NMR (CDCls): 6/ppm = 0.90 (3 overlapping t, J =
8.00 Hz, [18H], CHsand SiCH3), 1.37 (2 overlapping tt and t quart, [14H], CH,), 1.65 (t quart, [2H],
CH,), 2.42 (t with overlapping *Te satellites, [2H], TeCH,). *C{*H} NMR (CDCls): §/ppm = —4.82
(Y12s7e13c = 130 Hz, CH3), 13.29 (CHs), 13.71 (CHs), 15.37 (J12ste1sc = 49 Hz, CH,), 25.00 (CH,), 26.28
(CH,), 26.67 (CH,), 36.03 (*J12s7e13c = 18 Hz CH,. 2°Si {*H} NMR (CDCl3): 6/ppm = 10.98 (s). ***Te {*H}
NMR (CDCls): 6/ppm = -427.6 (s).

23 Results and Discussion

23.1 Group 14 chalcogenide single source precursor preparation

The synthetic routes to the precursors used in this work, shown in the below Schemes 2-1, 2-2
and 2-3, consist of the initial formation of an alkyl lithium or alkyl sodium chalcogenolate,

followed by the salt metathesis reaction with a group 14 chloride, as reported previously for
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[Sn"Bu3(S"Bu)] and [Sn"Bu,(S"Bu),].*? The salt metathesis reaction worked best when performed
initially at 0 °C and the reaction mixture was allowed to warm to room temperature. The reactions
worked well producing good yields of between 60-93 % and unlike the alternative synthesis

method which used dry liquid ammonia, contain fewer harmful reactants.

R
THE (77 K) RsMCI Ra Z_E0

=~
E =+ ByLi > "BuELi > M
THF |
. R

E=Se or Te M =Si, Ge or Sn
R = Et or "Bu

Scheme 2-1: Synthetic routes to [Si"Bu 3(Se"Bu)], [Si"Bu 3(Te"Bu)], [Ge"Bu 3(Se"Bu)],
[Ge"Bus(Te"Bu)], [Sn"Bus(Se"Bu)], [Sn"Bus(Te"Bu)] and [SnEt;(Se"Bu)].
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Scheme 2-2: Synthetic routes to [Si"Bus(S"Bu)], [Ge"Bu 3(S"Bu)] and [Sn "Bu 3(S"Bu)].

R
Ethanol R,MCl, R ? S"BY
2"BuSH + 2Na > 2 "BuSNa - Ny
THF |
M =Si, Ge or Sn S"Bu
R = Et or "Bu

Scheme 2-3: Synthetic route to [Ge"Bu »(S"Bu).] and [Sn"Bu »(S"Bu):].

The n-butyl substituent was selected, as discussed in literature published from within the group,
because of its clean decomposition pathway by B-hydride elimination and reductive
elimination.'*3* This decomposition likely proceeds via the elimination of butene and either
butane or hydrogen gas. As all the waste decomposition products produced are highly volatile,
they are easily removed in vacuo during the LPCVD procedure. The relatively low mass of the
butyl substituent also gives the single source precursors a vapour pressure that is reasonable for
the LPCVD procedure. The general form of the single source precursors is [M"Bus(E"Bu)], where M
is Si, Geor Snand E is S, Se or Te. However, in the case of [Sn"Bux(S"Bu);], the increased sulfur
content provided from the second S"Bu” group was introduced as a result of the sulfur deficiency

observed within the SnS films deposited from [Sn"Bus(S"Bu)].

For the scale up of a deposition process, a single source precursor will ideally have a simple
preparation consisting of only a few steps. This is a feature of the family of SSPs presented here.

The synthesis was also able to be scaled up to a much larger scale. In the case of [Sn"Busz(Se"Bu)]
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this was performed on a 20 g scale in a good yield and in the case of [Sn"Bus(Te"Bu)] and

[SnEt;(Se"Bu)] on 10 g scales similarly in good yields.

Of high importance for material deposition processes is the purity of the SSPs used, as this will
affect the deposited material. Throughout all of the work performed herein one of the major
means of determining the purity of the SSPs was using NMR spectroscopy. This can be used to
determine that there are no other contributions from other H or 3C environments, as shown in

Figure 2-2 and Figure 2-3, respectively.

.
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Figure 2-2: IH NMR spectrum for [Sn"Bus(S"Bu)], showing the clean SSP with no

impurities.
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Figure 2-3: 3C{*H} NMR spectrum for [Ge"Bus(Se"Bu)], showing the clean SSP with 8

well defined 3C environments with no impurities.

In SSPs where two NMR active heteroatoms are bonded together, such as in [Sn"Bus(Se"Bu)],
[SnEt;(Se"Bu)], [Sn"Bus(Te"Bu)] and [Si"Bus(Te"Bu)], it may be possible to observe satellites in the
NMR of the respective NMR active heteroatoms. In occurrences where this is possible, the
coupling constants of the satellites observed in each NMR spectrum will be equivalent if the
elements are in fact bonded together. This can be seen highlighted in Figure 2-4, for 7’Se{*H} and

Figure 2-5 for 19Sn{*H} NMR spectra for [Sn"Busz(Se"Bu)].
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Figure 2-4: 77Se{*H} NMR spectrum for [Sn"Bus(Se"Bu)], showing the clean SSP. The

inset image is of a zoomed in section of the spectrum showing well-defined satellites

from the adjacent 1¥%Sn and *’Sn.
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Figure 2-5: 115Sn{*H} NMR spectrum for [Sn"Bus(Se"Bu)], showing the clean SSP. The

inset image is of a zoomed in section of the spectrum showing well-defined satellites

from the adjacent ”’Se.
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2.3.2 Single source precursor evaluation

The development of the ethyl substituted precursor, [SnEts(Se"Bu)] was undertaken to increase
the vapour pressure compared to the [M"Bus(E"Bu)]. This was necessary for the precursors to be
adapted for us in a Picosun Advanced- 200 ALD rig, used in the scaled up CVD process described in
section 1.3.2 and Chapter 5. The increased vapour pressure improved the coverage of the
substrate by the deposit and allowed for more straightforward quantification of the amount of
precursor entering the reaction chamber. This increased vapour pressure was the reason for the
alteration of the precursors used for the scaled up CVD process. The same decomposition
pathways are possible for the ethyl-substituted precursors and thus this is still likely the
mechanism for the deposition of the thin films produced in this way. Possible decomposition
pathways can be seen suggested in Scheme 2-4. The results from these depositions can be found

discussed in full in section 5.4.1.

b
E=8,SeorTe H, Ho e
M = Si, Ge or Sn J— Hy
Hp

1
}é)

Scheme 2-4: Proposed routes for the thermal decomposition of the single source

precursors.

The proposed decomposition pathways shown in Scheme 2-4 for the thermal decomposition of
[MEt3(E"Bu)] shows the elimination of either 2 equivalences of ethene, one equivalent of butane

and one equivalent of ethane or 3 equivalents of ethene, one equivalent of hydrogen and one
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equivalent of butane. In this study no experimental work has been performed to confirm either of
these routes, however, this could be undertaken by tracking the elimination of these by-products.
This could be investigated using a trap in liquid nitrogen, the contents of which could then be
probed by either NMR or IR spectroscopy. This would show the presence of some of these by-

products and validate these proposed mechanisms.

An important step in assuring the clean decomposition of the precursors used is the quantification
of any carbon impurity contained within the deposited material. This can be achieved using EDX,

WDS, XPS and microanalysis on the deposited material.

The TGA results, shown in Figure 2-6, concerning the standard temperature ramp experiments
showed that for all of the precursors studied in this work, full evaporation occurred between 140
and 245 °C. This suggests that LPCVD is a suitable deposition technique. The experiments also

allowed for a good determination of likely optimal temperatures for the deposition experiments.
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Figure 2-6: TGA results compiled for all group 14 chalcogenide SSPs showing the

boiling point range and clean volatilisation for the a) tin, b) germanium and c) silicon

containing precursors.

The heteronuclear NMR studies performed, shown in Table 2-2, in this work primarily serve the

purpose of supplying further evidence for the successful synthesis of the single source precursors

discussed, as well as the purity of the product and in cases where two NMR active heteroatoms

are adjacent with a precursor molecule the matching coupling constants are evidence of these

being bonded together. They also allow for some insights to be gained on the bonding nature of

some of the elements involved, whether that be the electronegativity or electropositivity, the

degree of polarity across the metal chalcogen bond or the degree of covalent or ionic nature of

the bonds involved.

In the case of group 14, the degree of electronegativity does not change linearly down the group

but, instead, moving from silicon to germanium, the electronegativity increases before reducing

from germanium to tin, as shown in Figure 2-7. Interestingly, only in [Sn"Bus(Te"Bu)] is the Sn
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environment more shielded than the 1°Sn NMR reference compound, SnMes, despite Te being

more electronegative than Sn, this is due to the heavy atom effect.

Figure 2-7: Electronegativity values for group 14 and the chalcogens period 2 to 5.

The values stated use the Pauling scale.®®
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Table 2-2: Heteronuclear NMR data and, when applicable, coupling constants for starting reagents

and single source precursors prepared in this work.

Compound 8"7Se{*H} / ppm 319Sn {1H} / ppm 3'°Te {1H} / ppm
(Ysnse / Hz) (Msnse / Hz or Ysnre / (Ysnte / Hz)
Hz)
[Sn"BusCl] - 154.8 -
[Sn"Bus(S"Bu)] ; 75.3 -
[Sn"Bus(Se"Bu)] -212.6 (1050) 51.9 (1056) -
[Sn"Bus(Te"Bu)] - -15.3 (2765) -536.1 (2704)
[Sn"BuxCl;] - 126.0 -
[Sn"Bux(S"Bu):] - 127.4 -
[SnEtsCl] - 162.0 -
[SnEts(Se"Bu)] -226.5 (1040) 63.5 (1065) -
[Ge"Bus(Se"Bu)] -144.7 - -
[Ge"Bus(Te"Bu)] - - -401.4
[Ge"Bux(Te"Bu),] - - -294.9
[Si"Busz(Te"Bu)] - - -427.6

The differences in the approximate vapour pressure, displayed in Table 2-3 and Figure 2-8, show a
strong relationship to the relative molecular mass of the molecule in question and the polarity of
the compound implied by the electronegativity difference of the metal and chalcogen involved.
However, the huge increase in vapour pressure observed when moving from butyl to ethyl
substituents cannot be explained by the reduction in relative molecular weight alone. Instead the
effect observed here most likely also has contributions from the poorer packing of the
unsymmetrical [SnEt3(Se"Bu)] when compared to [Sn"Bus(Se"Bu)]. The reduction in steric
hindrance surrounding the tin centre in [SnEts(Se"Bu)] allows for stronger repulsive interactions
between positive tin centres of the polar compounds with one another and thus a higher vapour

pressure is observed.
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Table 2-3: Displays the vapour pressures obtained from calculations and experimental data,

where tetrabutyltin was used as a reference. *Vapour pressure values stated for

Sn"Bug acquired from literature.?® No vapour pressure experiments conducted on

[Si"Bus(S"Bu)] as this was not isolated pure.

Compound Molecular Vapour Vapour Vapour Vapour
weight Pressure at Pressure at Pressure at Pressure at
(gmol?) 50 °C (Pa) 75 °C (Pa) 100 °C (Pa) 125 °C (Pa)
BusSn* 347.15 6.74 40.05 160 861
[Sn"Bu3(S"Bul)] 379.20 4.84 28.80 96.14 244.43
[Sn"Bus(Se"Bul)] 426.11 5.20 24.80 64.30 196.29
[Sn"Bus(Te"Bu)] 474.85 1.23 15.0 53.28 285.05
[Sn"Bux(S"Bu),] 411.26 3.75 11.82 33.49 172.57
[SnEts(Se"Bu)] 341.95 11.42 59.51 238.31 1647.64
[Ge"Bus(S"Bu)] 333.12 4.70 18.51 36.06 184.75
[Ge"Buz(S"Bu):] 366.21 0.62 13.32 40.22 123.71
[Ge"Bus(Se"Bu)] 380.03 6.79 24.59 50.34 236.69
[Ge"Bus(Te"Bu)] 428.77 0.91 9.84 33.09 60.59
[Ge"Bu;(Te"Bu);] 556.47 7.20 41.78 141.84 258.05
[Si"Bu3(S"Bu)] 288.57 - - - -
[Si"Bus(Se"Bu)] 335.48 6.18 30.61 57.55 168.71
[Si"Buz(Te"Bu)] 384.22 0.48 32.07 107.55 258.80

The temperature of vaporisation, T.ap, Of the precursors was determined using TGA. Whereby, a
small sample of the precursor was heated at a constant rate of 1 °C/ min between 25 and 600 °C.
Using the values obtained for the vapour pressures at different temperatures the enthalpy of
vaporisation can be obtained by means of the Clausius—Clapeyron equation:

l(Pl)_AHvap<1 1)
"\p,)" "R \1, T
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The entropy of vaporisation can then be found simply using the equation:

AHyqp

ASyap = Toan

Table 2-4: Boiling point, Tvap, from Sigma Aldrich safety data sheet (SDS) and estimated from TGA
data, a enthalpy of vaporisation calculated using the Clausius—Clapeyron equation
and reference values given for "Bu.Sn, as well as the entropy of vaporisation

calculated using AHyap/Tvap along with reference values for "BusSn.

Compound Tuap AH,5p ASyap
(K) (kJ mol?) (JK*mol?)
BusSn* 518.15 69+ 8 (61.3)* 137+ 15
[Sn"Bu3(S"Bul)] 498.15 62+14 124 + 29
[Sn"Bus(Se"Bul)] 463.15 55+ 12 119 +27
[Sn"Bus(Te"Bul)] 473.15 67 15 140 £ 32
[Sn"Buz(S"Bu),] 503.15 108 + 24 215+ 49
[SnEts(Se"Bu)] 473.15 96 +21 202 +46
[Ge"Bus(S"Bu)] 453.15 81+18 178 +41
[Ge"Buz(S"Bu):] 498.15 74+ 16 149 +34
[Ge"Bus(Se"Bu)] 453.15 76 +17 169 + 39
[Ge"Bus(Te"Bu)] 493.15 38+8 77 £19
[Ge"Buz(Te"Bu);] 493.15 37+8 75+ 19
[Si"Buz(S"Bu)] 463.15 - -
[Si"Bus(Se"Bul)] 513.15 53+12 103 + 24
[Si"Buz(Te"Bu)] 503.15 58 +13 120+ 28
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Figure 2-8: A graphical representation of the values obtained for vapour pressure at
125 °C against molecular weight for all the group 14 chalcogenide single source

precursors developed in this work.

As discussed in Section 1.2.3, many of the chemical properties of materials are indicative of their
thermoelectric properties. These properties are the bond strength, anharmonicity of the crystal
vibrations, the energy gap, coordination number and the effective mass of the majority charge
carriers. One way these properties can be altered and optimised for a material is by the formation
of solid solutions, as shown for the SnS-SnSe solid solution,3 or by the addition of small amounts
of a dopant.?” From the work done on the characterisation of the precursors it is possible to
assess what combination of materials is likely to be the most advantageous and one feature that
needs to be considered for the success of mixed systems is how the precursors behave when they

are combined.

To optimise the process of mixed precursor systems, for the deposition of solid solutions, doped
materials or superlattices, the vapour pressure of the precursors when mixed should be
considered. The principle of how the mixing of ideal liquids effects the vapour pressure of the
whole system is defined by Raoult’s law. As shown in Figure 2-9, the behaviour predicted by
Raoult’s law is that the total vapour pressure of the system will be equivalent to the vapour

pressure of liquid A multiplied by the mole fraction of liquid A added to the vapour pressure of
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liquid B multiplied by the mole fraction of liquid B. However, from experimental observations
during the LPCVD of mixed precursor systems, the precursors used in this work show a positive
deviation from Raoult’s law. This means that the vapour pressure of the mixed system is higher
than that expected by Raoult’s law. The evidence for this is the observation that the LPCVD
experiments consisting of mixed precursors had amounts of undecomposed precursor distilled
through the hot zone at temperatures that would have fully decomposed either of the individual
precursors used in the mixture. This distillation through the hot zone must be caused by a larger
mass transportation effect caused by the higher vapour pressure of the mixed precursors. This
higher vapour pressure means intrinsically that the precursors form weaker intermolecular
interactions between different precursor molecules when compared to two similar precursor
molecules. This is likely to occur as a result of the strongest intermolecular bonds between the
precursor molecules being bipolar interactions caused by the electronegativity difference
between the group 14 metal and the chalcogen involved. When the precursors are mixed, these
bipolar interactions are interrupted by a molecule containing a different degree of polarisation.
When a more polarised molecule interacts with a less polarised molecule, there is a larger
repulsive force than if two molecules with the same degree of polarisation. This increase in
repulsive forces leads to an overall increase in the vapour pressure and a positive deviation from

Raoult’s law.

Ratio of Y in the mixture X+Y
1.0 0.8 0.6 0.4 0.2 0.0

1200 -

Positive azeotrope

1000 -

800

600

Vapour pressure a.u.

400

] PY
200 - PX

00 02 04 06 08 10
Ratio of liquid X in the mixture X+Y

Figure 2-9: Raoult’s law and a representation of positive and negative deviations

from ideal behaviour.3®
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2.4 Conclusions

A series of potential single source precursors for the deposition of ME, where M is Ge or Sn and E
is S, Se or Te, as well as for Si,Tes, have been designed and successfully synthesised. All the
precursors mentioned have been thoroughly characterised using, where appropriate, H, 3C{*H},
Gi{H}, 77Se{*H}, *°Sn{*H} and **°Te{*H} NMR spectroscopy, together with elemental analysis.
Potential decomposition pathways have been suggested, consisting of B-hydride elimination and

reductive elimination steps.

The evaluation of the vapour pressure measurement was successfully established for the
precursors in this work, using tetrabutyltin as the reference compound.3® The process for these
measurements was performed in an analogous way to Wang et al.3! These results were used to

determine the suitability of the single source precursors for use in different CVD systems.
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Chapter 3  CVD and Thermoelectric Properties of Tin

Chalcogenide Thin Films

3.1 Single source precursors used

[Sn"Bus(S"Bu)]: Tri-n-butyltin n-butyl thiolate [Sn"Buz(S"Bu);]: Di-n-butyltin bis-n-butyl
"Bu thiolate

nBu\ "‘\\\\\s"Bu "Bu

Sn nBU\ "‘\\\\\SnBU
| Sn

"Bu |
S"Bu
[Sn"Bus(Se"Bu)]: Tri-n-butyltin n-butyl [Sn"Bus(Te"Bu)]: Tri-n-butyltin n-butyl
selenolate tellurolate

"Bu "Bu

nBu\' \\\\\\Se“Bu nBu\' ‘\\\\\Te“Bu
Sln' Sln‘
"Bu "Bu

3.2 Introduction

The tin monochalcogenides, SnE (E=S, Se or Te), form a subset of the group 14
monochalcogenides, ME (M= Pb, Sn, Ge; E= S, Se, Te), which are well established semiconducting
materials with applications in many technological fields. The materials comprised in this series, at
room temperature, either adopt a cubic rock salt structure, in the case of the heavier elements, or
a layered orthorhombic structure with the only exception being the rhombohedral structure
adopted by GeTe. The layered orthorhombic structure materials here show many similarities to
graphite or black phosphorus with respect to their structure and the van der Waals interactions
which are the dominating factor in the inter-layer bonding. The distinguishing factor, which gives
the Group 14 monochalcogenides some advantages for electronic applications, is the tunability of
their band gap through manipulation of the M and E involved. These materials have proven
themselves useful specifically for thermoelectric applications since the early 1960s with the use of

PbTe in the SNAP-10A thermoelectric generator used by NASA.%2

The importance of the tin monochalcogenides arises from their reduced toxicity, when compared

to that of the lead containing material alternatives, the high abundance of the elements involved,
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with the exception of tellurium, and some very promising thermoelectric properties. SnTe is
perhaps the obvious alternative to the existing lead chalcogenide-based systems because of their
similarities in both crystal and electronic structure.>™ However, due to the intrinsic tin vacancies
in tin telluride leading to a very high charge carrier concentration, the thermal conductivity is
increased and its Seebeck coefficient is decreased, reducing its applicability to the field of
thermoelectrics.® Some approaches to combat these factors can be found in Section 1.3, however,
the undoped pristine material is unsuitable for these reasons. The more abundant tin selenide,
with its lower symmetry layered orthorhombic crystal structure, exhibits ultralow thermal
conductivity, due to the anharmonicity of its lattice vibrations, and a large Seebeck coefficient.””®
The final member of the tin monochalcogenides, tin sulfide has also sparked much investigation
as a cheap and abundant thermoelectric material, mostly stemming from its similarities in crystal
and electronic structure with tin selenide. Tin sulfide, however, in its unoptimized binary form
exhibits low carrier concentration and a high electrical resistivity hindering its thermoelectric
performance.’® Tin sulfide is, however, of great interest as a semiconducting material for solar

power due to its compatible band gap for this application.'!2

3.2.1 Structure

The differences in structure from tin selenide to tin telluride stem from the quenched s? electron
pair on the tin atoms in tin telluride. This quenching of the electron pair means that it is not
expressed in the crystal structure of the material.’® The cause of the quenching is the larger
tellurium atoms surrounding the tin centre, which induce too much repulsion on one another to
allow for them to be destabilised in order for the lone pair orbital to be stabilised in energy. In the
distorted structure adopted by tin sulfide and tin selenide, the stereochemically active lone pair
occupies an energetically stabilised position while the sulfur or selenium atoms are destabilised to
accommodate this. This effect contributes to the larger energy gaps of tin sulfide and selenide
when compared to tin telluride. A comparison of the energy levels in these two structure types

can be seen in Figure 3-1.
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Csy, expressed
stereo-active s2
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Figure 3-1- Molecular orbital diagram for an octahedral (On) ML fragment and a

distorted (Csy). The orbitals of the ligands adjust to allow for the expression of the s?

lone pair and the energy of the s? lone pair is reduced meaning the L orbitals become

the HOMO. The degree to which the s? orbital is stabilised is proportional to the

degree of distortion of the fragment.?

Some related structural properties of the tin monochalcogenides are presented in Table 3-1. The

larger Griineisen parameter relates to a smaller thermal con

ductivity, as is evident in the lower

thermal conductivity of tin selenide. Another relationship between parameters is that of the band

gap and the Seebeck maxima. Thus, the largest band gap and the largest Seebeck coefficient

maxima both belong to tin sulfide, while the smallest band gap and Seebeck coefficient maxima

both belong to tin telluride. The relationship between these

further in sections 1.2.3.2 and 1.2.3.4.

parameters can be seen discussed
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Table 3-1: Data pertaining to tin chalcogenide materials for the crystal structure in the form of the
unit cell lattice parameters, the unitless Griineisen parameter, which provides

information about the volume expansion with temperature, the electronic band gap

and the Seebeck coefficient maxima.

Material Lattice Parameters (A) Griineisen Thermal |Band gap Seebeck
(a, b, c) Anharmonicity | conductivity |  (ev) maxima
parameter minima (uv K?Y)

(a, b, c) (W m™K?)

snS 11.180(6), 3.982(2), 3.9,2.1,2.3% | 0.647 1.318 750%7
4.329(3)
SnSe | 11.49417(12), 4.15096(5), | 4.1,2.1,2.3%° | 0.46"2 | 0.8292 53772
4.44175(7)%
SnTe 6.318(3)*% 22425 2.7% 0.15% ca. 15077

Displayed in Figure 3-2 are the structures of the tin monochalcogenides with the layered structure
highlighted for SnS and SnSe. It is simple to imagine the process of obtaining monolayers of these
van der Waals bounded layers by disassembling the bulk, via: exfoliation, mechanical separation,

etching or sonication, or by a carefully controlled deposition process, like PVD or CVD.

Siatataly

@ 0 D

@ SorSe
0 & o9 @ Sn

@ Te
@ 0 P

Figure 3-2: Crystal structures of a) SnS* or SnSe” and b) SnTe.?

3.2.2 Applications of SnE based materials

Additional to their thermoelectric properties, the tin monochalcogenides are known for a number
of properties and are important for a multitude of different technological applications. These
include, in the case of SnTe; topological crystalline insulators,?3° IR detection and radiation

receivers3:32 and in near IR photovoltaics?” and in the case of SnSe and SnS; battery
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20,33,34 20,35 36-38 20,39-42 28,40,43,44

materials, photonics, photoelectronics, photovoltaics, optoelectronics

and as supercapacitors, 20354546

In the fabrication process for a device, polycrystalline films are more attractive for energy
harvesting when compared to single crystals due to the fragility and inflexibility of the single
crystals as well as the more stringent conditions required in their synthesis. The optimum
operation temperature, for the pristine tin monochalcogenides, can be seen from the profile of

the unitless figure of merit, ZT, against temperature in Figure 3-3.

3.0 T T T T T T T T
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Figure 3-3- Compilation of the ZT values for polycrystalline pristine SnS, the b axis of

single crystal SnSe and pristine SnTe, recreated using literature sources.”?”#

For all of the pristine tin chalcogenide materials the optimum operation temperature is between
700-900 K. One feature that is undesireable about these ZT profiles is how sharp the peak is,
meaning that the optimium performance is only obtainable within a small temperaure window.
Since the temperature range for combustion engine automotive systems is between 500 K and
900 K, processes that require combustion engines are likely a good fit for light weight, low
toxicity, high abundance and low cost thin film devices to scavenge some of the otherwise wasted
heat energy. The challenges to this application, along with maintaining the optimum heat
difference across the device, are the optimisation of the thermoelectric device to ensure the

power output is sufficient for them to be viable.
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3.23 Deposition of SnE

Tin monochalcogenide thin films have previously been produced using many different techniques.
These include: dip deposition, chemical bath deposition, flash evaporation, thermal evaporation,
molecular beam epitaxy (MBE), atmospheric pressure chemical vapour deposition (APCVD),
aerosol assisted chemical vapour deposition (AACVD), metal organic chemical vapour deposition
(MOCVD), plasma enhanced chemical vapour deposition (PECVD), low pressure chemical vapour
deposition (LPCVD) and atomic layer deposition (ALD).384155-604448-54 |t is difficult to determine
which technique is superior as each holds their own merits, as discussed in more detail in section
1.3, whether it be orientation control offered by MBE and LPCVD, fine control over the film
thickness in the case of ALD particularly, polymorph selectivity in the cases cited for MBE and
AACVD, or the ease of producing samples quickly for many of the CVD processes. The technique
chosen should always be determined by the requirements of the deposited material for the
desired process and the compatibility of the precursor chemistry with that technique. The process
with the strictest precursor requirements is ALD, as highlighted in the introductory chapter. It
requires a minimum of two highly reactive gaseous precursors that do not self-react and can
undergo chemisorption to the substrate surface in sequence to build layers up one atomic layer at
a time. There are some examples of pseudo-ALD processes concerning the deposition of tin
selenide reported within the literature.®®%! These processes do show a linear trend in the
thickness of the deposited material with time or number of precursor cycles, but as the deposition
occurs via thermal decomposition and not chemisorption, the deposition is not limited in each

cycle and cannot be considered to be atomic layer growth and thus are pseudo-ALD processes.

3.23.1 Comparison of previously reported single source SnE precursors

The design of the precursors used for CVD procedures in the literature consists of simple, highly

volatile and highly toxic components for binary precursor systems, stannic chloride and hydrogen
sulfide for example or larger more complicated compounds with low volatility. The binary system
mentioned has been adopted for APCVD and PECVD. Although the chemicals used in these binary
precursor processes are commercially available, they are undesirable for any upscaling procedure

due to their reactivity and toxicity.

The larger, more complicated compounds, which do not volatilise completely without
decomposition, are unsuited to many deposition techniques. However, these can still be used in
AACVD as the nebulisation of a solution containing the precursor negates the requirement for
stability and vapour pressure of the precursor or using MOCVD with a high carrier gas flow rate.
However, this does also reduce the control over the thickness and coverage of the films produced

and can in some cases cause grain sizes and morphologies that are more dependent on the
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evaporation or droplet formation of the solvent, rather than the decomposition of the precursors.
MBE allows for the production of very elementally pure deposits due to the ultrahigh vacuum and
lack of flow gas involved. The very slow rate of growth of the films is what allows for their
epitaxial growth and thus strict control over the thickness is possible. The distorted octahedral tin
(IV) chloride thio and selenoether precursors displayed in Figure 3-4 were developed for LPCVD of
tin disulfide and tin diselenide but can produce the tin (Il) chalcogenides at elevated
temperatures.®’ In the case of these precursors the elevated temperatures required leads to
higher energy demands and may be linked to the discontinuity of the tin monoselenide films
produced. The ability of these precursors to access both the tin mono and dichalcogenides may
also lead to the formation of mixed phase systems and thus lower control over the material
composition. One of the simpler procedures considering the equipment required is that of LPCVD.

It has been selected for the work within this chapter as:

i It enables a large number of samples to be produced in short period of time when
compared to many of the other deposition techniques.
ii. It allows for orientational control in some cases.
iii. It can also enable the selective deposition onto patterned substrates.
iv. Gives some control over grain size and film thickness.

v.  The design of single source precursors appropriate for LPCVD is quite simple.

127



Chapter 3

SiMe; Mej3Si
o P )\
E E
Me;Si i
N N 3 . >Sn SiMes3

N N S
| \ \ / ”\ SiMe; Me;Si

Me

Cy Cy S S E=SeorTe
E=S,SeorTe
"Bu Bz Bz
E Cl |
<N of E \s/
R,N Ph3Sn SnPhg 0 IR ~ n
E=Se or Te /’Sn\ /(CHZ)3 Te Te
cl | E | |
s Cl | Bz——Sn Sh—Bz
S n \ e
/// / \\\\\\S B u / Te
/Sn‘ P NR; E=Sor Se Bz Bz
"Bu S _
"BU R = Me, Et or "Bu s Bz =Benzyl group
Se Se )k S
Ph Ph n
\P/ \Sn \P< Me,N N/ NMe,
ph \ SN\ Ph |
Se Se
Ph
H Ph Ph
Se O——
\N/ k s / 7/
S | cl S
\Sn/ O»/Sn\IIIISe
Bz | g, cl "By "Bu
HoN
Bz
Figure 3-4: Examples of some of the single source precursors available in the
Iiterature 54,56,69,57,62—-68
3.24 Optimisation

Complementary to the incorporation of nanostructuring techniques, like the approach of thin film
fabrication used in this work, are a great number of optimisation techniques that have been
shown to improve tin monochalcogenide thermoelectric performance, as discussed in section 1.5.
One of the methods shown to have profound effects on thermoelectric performance for a vast
number of materials, and in particular SnTe, is band engineering. A good example of this being
applied is by aliovalent doping, for example, with the incorporation of indium into tin sites in
InSn14Te, which when paired with nanostructuring has been shown to greatly improve
performance. An enhancement in ZT of 333%, when compared to pristine SnTe, was observed by
Zhang et al. which was attributed to resonant valance bands provided by the indium enhancing
the Seebeck coefficient and the reduced thermal conductivity from both the nanostructuring and

point defect phonon scattering.”® Another example of band engineering improving the
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performance of SnTe was observed by Tan et al. in cadmium doped SnTe.? In this case, rather than
an enhancement caused by resonant valance bands increasing the degeneracy of the band
structure, the enhanced performance was caused by reducing the energy separation between the
light and heavy-hole valence bands. This leads to an increase in the Seebeck coefficient through
the increased band gap which also reduces the occasions of phonon to electron scattering events
improving the electrical conductivity. Similar band engineering techniques are described by He et
al. with the investigation of SnS;,Sex.”* Here the inclusion of selenium into SnS causes the
coalescence of valence bands, improving band degeneracy and increasing the band gap thus
improving the thermoelectric performance. The band degeneracy is one part of the Fermi
complexity and, as discussed in section 1.2.2.2, is important for increasing the Seebeck

coefficient.

Other forms of electrical optimisation concern themselves with the charge carrier mobility,
concentration and electrical conductivity effective mass. As discussed in the Chapter 1,
optimisation of charge carrier concentration is a delicate balance between maximising the
electrical conductivity and not reducing the Seebeck by too large an extent. The charge carrier
mobility is dependent on maximisation of the time of relaxation or scattering and the
minimisation of the effective mass concerning electrical conductivity. Thus, charge carrier
concentration is of high importance but cannot be used as a handle on the selection of high-
performance thermoelectric materials. However, the electrical conductivity effective mass, and
therefore the charge carrier mobility, can be manipulated to produce better materials for
thermoelectric applications. Notably, this reduction in the conductivity effective mass causing a
vast improvement in charge carrier mobility is stated as the source of performance enhancement

in a model concerning monolayered SnSe.*

Another approach to the optimisation of the electronic properties through both band engineering
and charge carrier concentration optimisation is through the reduction of the thermal
conductivity through the increase of phonon scattering within the system. A more detailed
description of how each of these techniques can help improve thermoelectric performance can be
found in section 1.4. Manipulation of this can be seen as described by Moshwan et al in the
structural engineering of SnTe utilising lattice distortion, crystal imperfections and

nanoprecipitates to increase the phonon scattering events and reduce the thermal conductivity.”?

3.24.1 Nanostructuring

Since the early 1990s, the concept of reducing the thermal conductivity through the reduction of
one or more dimensions of the material has been a very exciting prospect.”>7> As previously

discussed, this method, known as nanostructuring, describes the formation of thin films,
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nanowires or quantum dots. In terms of advances in thermoelectric performance for tin
monochalcogenide materials, these have been used alongside alloying and solid solutions to
produce enhanced thermoelectric performances. Nanostructured materials based on tin sulfide,
tin selenide and tin telluride have been discussed within the literature.”®’%78 Despite the fact that
nanostructuring of a material should lower its lattice thermal conductivity, and thus improve the
ZT value, no SnSe polycrystalline sample has been able to outperform that reported for the single
crystal described by Zhao et al.” One possible explanation for this issue has been discussed by Wei
et al. and describes the discrepancy in density of the ‘single crystals’ used in the work published
by Zhao et al. with that expected from powder and neutron diffraction data.” The
communications presented by Wei et al. outlines that the density of the single crystals used by
Zhao et al. was around 10% lower than expected and that vacancies and interstitials alone could
not explain, at room temperature, the discrepancy in density. The other potential source for the
difference in thermoelectric performance of the work of Zhao et al. on single crystals when
compared with polycrystalline films is oxidation, as SnO and SnO; have a much higher thermal
conductivity. This as well as the removal of these oxide layers is discussed by Li et al.8° In this work
Li et al. also present a very high ZT value for their treated SnSe of 2.5, much higher than other
polycrystalline samples reported. This evidence does certainly seem convincing as a major
contributor towards the lower ZT values reported for polycrystalline SnSe. However, as the ZT
value for the chemically reduced sample reported by Wei et al. still has a lower ZT value, other
factors must also play a role in the high performance reported by Zhao et al. Another potential
contributing factor is that of the single crystalline samples being off-stoichiometric, as is proposed
by Wu et al.8! All of these factors really highlight the importance of investigating the
stoichiometry of the samples reported and investigating the presence of any possible impurities

as part of the standard characterisation.

3.2.4.2 Solid solutions

The use of solid solutions has been shown, both experimentally and theoretically, to increase
phonon scattering. This occurs as fluctuations in the mass of the elements comprising the material
cause the scattering of phonons at point defects within the material. The technique of reducing
the thermal conductivity using solid solutions has been demonstrated for a number of tin

chalcogenide based systems, as shown for PbSe-SnSe, SnSe-SnS and MgTe-SnTe, 268283

3.243 Superlattice

Another source for phonon scattering events is the interface between two materials. An easy way
to have lots of material interfaces is in a repeating layered material known as a superlattice or by

the layering of different materials atop one another, such as in heterostructures. Although some
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superlattices containing tin monochalcogenide layers have been reported within the literature,
little is reported on this technique being used to enhance thermoelectric performance.®*
However, multi-layered materials containing tin monochalcogenide materials have shown

meaningful enhancements to thermoelectric performance.®®

3.24.4 Mesostructure

Phonon scattering also occurs at grain boundaries and thus the mesostructuring of materials is
another powerful technique for the reduction of thermal conductivity on a sub-micron scale. This
can be performed by simply increasing the proportion of the material that is on a grain boundary
within the system or with the inclusion of pores to maximise the scattering events that occur by
this mechanism. Consideration of the mesoscale scattering, when coupled with other scale
scattering techniques, has been shown for Gd doped SnTe to improve performance and SnTe
alloyed with MnTe.8%® An example of mesoscale scattering greatly improving the thermoelectric
performance of a material is in Hg doped SnTe. Here a large portion of the reduced thermal

conductivity was attributed to the grain boundaries, which can be seen in Figure 3-5.28

@ .

Figure 3-5: Low magnification TEM image of Hg doped SnTe showing the individual
grains and thus the mesostructure of the material.® The colours added to the image

are to aid in the visualisation of individual grains. Reproduced with permission from

3.245 Panoscopic approach

For a system to be truly optimised all of these different techniques should be used
simultaneously, sometimes referred to as the panoscopic approach.?® This involves a series of
different solid solutions combined to optimise the phonon scattering from: point defects,
nanoprecipitates, material interfaces, structural modulations and grain boundaries, shown in
Figure 3-6, whilst also optimising the electrical properties: charge carrier concentration, mobility
and band degeneracy. This is made a little simpler as, an important technique for electrical
optimisation, doping, also plays a role in the reduction of the thermal conductivity by creating
point defects.® Nano and microscale scattering enhancements could be achieved by the

formation of alloys made out of electrically optimised solid solutions. However, this will likely also
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affect the electrical properties of the individual materials and thus lots of further research is

fundamental to the realisation of panoscopically optimised thermoelectric materials.
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Figure 3-6: Multiscale phonon scattering displayed in a) showing the different scale
features that can be used for phonon scattering. Examples of these features in b)
nanoprecipitates of MnTe in SnTe, c) dislocations in the form of stacking faults and
strain clusters in a MnTe-SnTe alloy and d) heterostructure of SnS; nanoplates
deposited onto SnS flakes providing further grain boundaries.®”9¥%% Images b), c) and
d) reproduced with permissions from the Royal Society of Chemistry, John Wiley and

Sons and Elsevier.
3.2.4.6 Anharmonicity

As discussed in Chapter 1, one approach to reducing the thermal conductivity is to increase the
phonon scattering caused by anharmonic bonds. This is one of the features of SnSe which results
in its low thermal conductivity.® Increasing the anharmonicity of the crystal lattice has been
reported for lead doped SnSe and, along with strain engineering, showed an increased

thermoelectric performance when compared to pristine samples produced in the same work.%
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3.2.5 Aims

The aims of the work presented in this chapter were to explore the deposition of stoichiometric
thin films of tin monochalcogenide (SnS, SnSe and SnTe) using the precursors developed in
Chapter 2. Once the deposition of these thin films was proved to be successful by characterisation
of the films, by grazing incidence XRD, scanning electron microscopy (SEM) with energy dispersive
X-ray spectroscopy (EDX) and Raman spectroscopy, the thermoelectric properties would be
measured. These thermoelectric properties would then be compared with physical properties of
the films to see if there was any control to be gained over performance. Finally, the possibility of
selective deposition onto patterned substrates would be explored to determine if a

thermoelectric device could be fabricated in this manner.

3.3 Experimental

331 Thin film growth by low pressure CVD onto fused silica substrates

The silica substrates (8 mm x 20 mm) were first washed with deionized water then ethanol,
before being dried thoroughly in an oven before use. In a typical LPCVD experiment, the precursor
(5-50 mg) and silica substrates were loaded into a silica CVD tube inside the glovebox. The
precursor was loaded into the precursor bulb at the closed end of the tube and the substrates
were positioned end-to-end lengthways (0-4 cm away from the precursor bulb) along the silica
tube. The tube was positioned horizontally in the furnace and held in place such that the
precursor bulb was protruding from the end of the furnace. The tube was evacuated to ca. 0.01-
0.05 mmHg. The furnace was heated to the required temperature and allowed to stabilise. The
tube was then repositioned so that the precursor was close enough to the furnace for evaporation
to be observed. This position was then maintained until all of the precursor had evaporated,
typically between 10- 30 mins. Depositions from [Sn"Bu,(S"Bu);], however, were maintained in
the hot zone for as short a period of time as was required for all of the precursor to vaporise,
typically less than 3 mins. Once the deposition was complete, the tube was removed from the
furnace and allowed to cool to room temperature before being transferred to the glovebox,

where the substrates were removed and stored for characterisation.

The LPCVD experiments produced grey films of SnS, dark grey films of SnSe and silvery films of
SnTe. All of the precursors produced good continuous films with coverages of at least 3 cm?, for

SnTe, and 6 cm? for SnS and SnSe.
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Figure 3-7: Examples of deposits on silica substrates of SnS from [Sn"Bus(S"Bu)], SnS from

[Sn"Bu,(S"Bu).], SnSe and SnTe (top left to bottom right).

3.3.2 Thin film growth by low pressure CVD onto patterned SiO/TiN substrates

TiN/SiO, patterned substrates (8 mm x 20 mm) were prepared as described previously.* These
were loaded lengthways into a closed end silica tube containing < 3 mg of the [Sn"Bus(Te"Bu)]
precursor. The deposition process parallels that onto the unpatterned substrates, with the only
changes being the lower precursor loading and the position of the tube causing the slower
volatilisation of the precursor (and hence better discrimination of the TiN vs. SiO; surfaces), thus

the duration of the depositions were longer (30-45 mins).

34 Results and Discussion

3.4.1 Synthesis and Characterisation of SSPs for LPCVD

The incorporation of n-butyl substituents into molecular compounds for use as CVD precursors for
semiconductor materials has proved to be a very effective strategy to achieve clean deposition of
many target semiconductors materials, for example InSb, CdSe, SnE; (E =S, Se), M,E; (M = Sb, Bi; E
=Se, Te), etc., as these substituents facilitate a clean, low energy deposition pathway via -
hydride elimination pathway.>”*>°¢ Previous work has corroborated that thin film deposition from
CVD precursors containing n-butyl and other alkyl substituents containing 3-hydrogen atoms can
often involve B-hydride elimination3* of alkene and reductive elimination of hydrogen gas or
alkane. Previously it has been demonstrated within the group that [SnCl,{"BUE(CH,),E"Bu}] (E =S,
Se; n =2, 3) can be used as SSPs for SnS and SnSe, respectively, at elevated temperatures,
although they are better suited for deposition of the dichalcogenide phases, SnS;and SnSe,.>” The
target SSPs for clean SnE thin film growth via CVD in this work were based upon the

organometallic complexes, [Sn"Bus(E"Bu)] (E =S, Se, Te), and [Sn"Bu(S"Bu)2]. Moreover, "Bu
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groups can also enhance the prospects of highly area selective deposition of metal chalcogenides

onto patterned substrates.??’

The synthesis of the precursors proceeded via the reaction of the appropriate sodium or lithium
butyl chalcogenolate (prepared in situ from n-butyl mercaptan with Na or by insertion of
elemental Se or Te into "Buli in thf at low temperature, to increase control and prevent formation
of "Bu,Te,”’) with the appropriate alkyltin chloride. Schemes describing these reactions, along

with a more in depth discussion of the synthesis can be found in section 2.3.1.

The complexes were obtained in good yield and were characterised by multinuclear NMR
spectroscopy (1H, 3C{*H}, 77Se{*H} and *°Te{*H}) and elemental analysis, as well as by
thermogravimetric analysis (TGA) in order to establish the volatility of the precursors and to guide
the temperature range for the low pressure CVD experiments. The TGA data show that complete
evaporation, or vast majority evaporation, occurs in all cases, with the temperature associated
with the onset of evaporation being lowest for [Sn"Bus(Te"Bu)] (ca. 100 °C) and increasing
progressively for [Sn"Bus(Se"Bu)] and then [Sn"Bus(S"Bu)] and [Sn"Bux(Te"Bu);], with the
evaporation onset occurring at ca. 200-220 °C for the thiolate precursors. This can be seen
displayed in Figure 3-8. A small residual mass, ca. 4%, can be observed for the TGA experiment
conducted using [Sn"Buz(S"Bu).]. This may be evidence for some decomposition of the precursor
prior to total vaporisation in [Sn"Buz(S"Bu).]. However, the small size of this residual mass proves
that the precursor is almost completely vaporised; 4% mass does not correspond to any
decomposition products (e.g. SnS;, Sn,Ss, SnS, Sn or S). The TGA experiments conducted were at
atmospheric pressure and determined only that the precursors were volatile with a certain
temperature window, the experiments do not inform the decomposition window of the
precursors. For this reason, higher temperatures are required for material depositions and at
temperatures below the decomposition temperatures but above the required temperature for

the precursor to boil, precursor could be observed distilled through the hot zone of the furnace.
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Figure 3-8: TGA results, for all the precursors used in this chapter, showing suitable
volatility in the range of 30- 600 °C with no, or less than 5%, residual mass left in the
crucible after the experiment.
3.4.2 Low Pressure Chemical Vapour Deposition Experiments

The suitability of the new precursors for the deposition of high quality SnS, SnSe and SnTe thin
films was established via preliminary TGA experiments and low pressure CVD experiments onto
fused silica substrates (8 mm by 20 mm by 1 mm) and resulted in continuous films and good
substrate coverage. The temperatures selected for the LPCVD experiments were informed by the
TGA experiments performed beforehand. The TGA experiments highlight the boiling temperature
range and the stability of the SSP in question and thus the temperature of the experiment as well
as the position of the CVD tube within the tube furnace were based on these experimental

results.

Depositions from [Sn"Bus(S"Bu)] produced sulfur deficient thin films of tin sulfide, typically
between 30 and 45% sulfur by EDX analysis, Table 3-2. The grazing incidence XRD patterns
collected were consistent with the material being SnS and the Raman spectra also were consistent
with that of SnS described in published literature. The films showed good continuous coverages of
2-3cm by 1 cm in area. The temperature range for the depositions seen occurred between 439-
530 °C and the pressure for these depositions was between 0.2 and 0.5 mmHg. Duration of
deposition, meaning the time for the precursor to fully vaporise at which point the tube was

removed from the furnace, was between 12 and 21 minutes.
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Since [Sn"Bus(S"Bu)] produced sulfur-deficient films, the iteration to this precursor was to
increase the sulfur content by moving from a mono-thiolate substituted precursor to the bis-
thiolate substituted precursor, [Sn"Bus(S"Bu)]. Initial depositions from [Sn"Bus(S"Bu)] produced
sulfur deficient films. However, by reducing the time the substrates were in the hot zone
stoichiometric tin sulfide was successfully produced. This was achieved by increasing the rate of
volatilisation of [Sn"Bus(S"Bu)] by moving the precursor bulb into a position further into the hot
zone and thus a hotter region. The stoichiometric tin sulfide produced was deposited in the
temperature range 376- 491 °C, at a pressure of 0.01 mmHg and took 3 minutes for the
deposition to take place once at temperature and the precursor bulb had been positioned 2 cm
inside the hot zone of the furnace. This deposition used only 16 mg of precursor to ensure a quick
deposition time and thus quite thin films were produced. The films were continuous and had

coverages of about 1 cm?.

Table 3-2: Energy dispersive X-ray analysis results for some SnS depositions.

Tile Precursor 0% Si% $% Sn%
Dep.1tilel  |[Sn"Bus(S"Bu)] |7.8 1.2 36.4 54.6
Dep. 2 tile 1 [Sn"Bus(S"Bu)] |- - 40.2 59.8
Dep. 2 tile 2 [Sn"Bus(S"Bu)] | - - 39.9 60.1
Dep. 3tile 1 [Sn"Bus3(S"Bu)] | 6.6 1.3 40.8 51.3
Dep. 4 tile 1 [Sn"Bus(S"Bu)] | - 0.7 44.2 55.0
Dep.5tile 1 [Sn"Bu3(S"Bu)] |13.4 24.1 31.2 31.2
Dep. 5 tile 2 [Sn"Bu3(S"Bu)] [12.3 12.5 37.2 38.1

The deposition of tin selenide from [Sn"Bus(Se"Bu)] produced stoichiometric films of tin selenide,
Table 3-3, with good continuous coverages around 3 cm by 1 cm. These films were deposited
within the temperature range of 352- 431 °C, at a pressure of 0.01 mmHg, using between 20- 41

mg of precursor and the depositions took between 5- 9 minutes to complete.
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Table 3-3: Energy dispersive X-ray analysis results for SnSe depositions

Tile %C %0 % Si %Se %Sn
Dep. 1tilel - 11.3 294 29.1 30.2
Dep. 2 tile 1 17.4 10.1 - 354 37.1
Dep. 3tile1 - 7.54 4.2 44.4 43.9
Dep. 4 tile1 11.7 7.1 - 38.9 42.3
Dep.5tile1 12.2 8.0 7.1 37.5 35.2

The deposition of tin telluride from [Sn"Bus(Te"Bu)] produced stoichiometric films, Table 3-4, with
good continuous coverages around 2 cm by 1 cm on average. These films were deposited within
the temperature range of 355- 434 °C, at a pressure of 0.01 mm Hg, using between 31- 60 mg of

precursor and the depositions took between 15- 18 minutes to complete.

Table 3-4: Energy dispersive X-ray analysis results for SnTe depositions. The large values observed
for the 0% is likely in part due to the overlap of characteristic X-rays of oxygen with

minor lines from Sn and Te.

Tile 0% Si% Sn% Te%
Dep. 1 Tile1 16.4 2.1 41.4 40.1
Dep. 2 Tile1 16.9 2.2 41.1 39.8
Dep. 2 Tile 2 15.8 0.7 41.9 41.6
Dep.3Tile 1 23.5 2.3 37.5 36.7

All of the deposited materials were characterised by grazing incidence X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) and Raman
spectroscopy. The variable temperature electrical and Seebeck properties have also been

explored to evaluate the potential for these thin film materials to be used in TE devices.

343 Tin sulfide (SnS) thin films

Initial depositions produced films of highly sulfur deficient SnS, or alternatively tin rich. These
films had unusual morphologies which contained long wires with diameters of ca 1 um, as can be

seen in Figure 3-9. The XRD patterns collected matched that of SnS and the lattice parameters: a =
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11.1846(15), b = 3.9717(6) and c = 4.3001(7) A are in good agreement with the literature values
of:a=11.180(6), b = 3.982(2) and c = 4.329(3) A.15
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Figure 3-9: Top down SEM images a) and b) of two thin films of sulfur deficient SnS deposited
using [Sn"Busz(S"Bu)] and c) a GIXRD pattern (black) for the film seen in b) matched to

a bulk literature pattern (red).®

The film depicted in Figure 3-9 was found to contain 40% sulfur by EDX analysis. Despite multiple
attempts, reducing the furnace temperature and attempting to speed up the deposition process
all of the films produced from this precursor were sulfur deficient. However, since the GIXRD data
does not show a reduced unit cell compared with the literature data, these deposits are likely tin

rich. This might also explain the unusual morphology, seen in the SEM image seen in Figure 3-9a
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and b, which may be nanowires produced in the VLS growth mechanism. It was for this reason

that depositions using the alternative, more sulfur rich precursor, [Sn"Bux(S"Bu).], were explored.

The grazing incidence XRD pattern, shown in Figure 3-10, shows a deposition made using
[Sn"Bu,(S"Bu)]. The GIXRD pattern shows a single phase of Pnma- tin sulfide, as can be seen by
the bulk literature pattern displayed for comparison. The refined lattice parameters for the XRD
pattern below are: a=11.271(1) A, b = 4.0134(7) A and ¢ = 4.3331(8) A in good agreement with
the literature values.?® Also of note, the intensity distribution of the pattern is similar to that of
the literature bulk pattern. This suggests that the polycrystalline film has randomly orientated

crystallites.
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Figure 3-10: Top down SEM image (a), cross sectional SEM image (b) and grazing
incidence XRD pattern for SnS thin film obtained by low pressure CVD using

[Sn"Bux(S"Bu);] (red = XRD pattern for bulk SnS*®) with a thickness of around 6 um.

The use of this precursor did overall increase the sulfur content of the films produced but the
conditions under which stoichiometric tin sulfide could be produced were quite constrained. Only
when performing the deposition at as fast a rate as possible using a small quantity of
[Sn"Bu(S"Bu),] was it possible to produce three tiles of stoichiometric tin sulfide, shown by EDX
analysis to contain between 49-50% of sulfur (spectrum of one deposition shown in Figure 3-11).

It is likely that the requirement for such a fast deposition time and small amount of precursor is
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that this reduces the time that the films are at temperature under low pressure. This may reduce

the amount of volatile sulfur that can be removed from the films once they have deposited.
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Figure 3-11: EDX spectrum obtained for a stoichiometric deposition of SnS, signal from the Si is

from the underlaying substrate material and is indicative of a thin film.

The grazing incidence XRD pattern (Figure 3-12c), as with depositions using [SnBu;(SBu)z], shows
a single phase of Pnma- tin sulfide.” The refined lattice parameters for the XRD pattern above
are:a=11.271(1) A, b =4.0134(7) A and c = 4.3331(8) A, in good agreement with the literature
values of: a = 11.180(6) A, b = 3.982(2) A and ¢ = 4.329(3) A.*® The pattern in Figure 3-12c clearly
shows a highly orientated, or textured, film of SnS. This orientational effect is the cause of the
enhanced intensity of the 201 reflection, as compared to other peaks within the pattern. This
orientation is further corroborated by inspection of the SEM images which clearly show
crystallites lying flat forming interconnected plates atop the substrate. Ideally to explore this
effect further pole figure measurements would be collected, however, thus far this has not been

possible.
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Figure 3-12: Top down SEM image (a), cross sectional SEM image (b) and grazing incidence XRD

pattern for SnS thin film obtained by low pressure CVD using [Sn"Buz(S"Bu):] (red =
XRD pattern for bulk SnS*®) with a thickness of ca. 700 nm.

The Raman spectrum (Figure 3-13) is also consistent with SnS; the peak at 98, 190 and 222 cm™

corresponds to the A; mode whereas the 190 cm™ peak is associated with the By, mode.%%°
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Figure 3-13: Raman spectrum with the data highlighting the A; and B,z modes.

3.4.4 Tin mono-selenide (SnSe) thin films

The film displayed in Figure 3-15 corresponds to Dep. 3 tile 1 in Table 3-3, which is a sample
within the error for stoichiometric tin selenide. Control over the stoichiometry proved much
simpler than in the case of the tin sulfide depositions, likely as a result of the lower volatility of
the selenium compared to the sulfur. The depositions were produced stoichiometrically and with

no impurities as can be observed in the EDX spectrum shown in Figure 3-14.
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Figure 3-14: EDX Spectrum collected for a stoichiometric sample of SnSe.

The grazing incidence XRD pattern shown in Figure 3-15c is in good agreement with the literature

pattern for orthorhombic SnSe in space group Pnma. The refined lattice parameters are:

a=11.4844 (18) A, b =4.1555 (7) A and ¢ = 4.4289 (10) A (literature: a = 11.49417 (12) A,

b =4.15096 (5) A and ¢ = 4.44175 (7) A).*® The diffraction pattern can be seen in Figure 3-15c.
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Figure 3-15: Grazing incidence XRD pattern for SnSe thin film (black) and the pattern
for bulk Pnma SnSe (red).*®

The Raman spectrum (Figure 3-16) of the SnSe film shows the expected peaks at 152, 130 and
110 cm™, corresponding to the Az, Ay and B3, modes, respectively.?” The very weak feature at
186 cm™ may indicate the presence of a small amount of SnSe,, although this is not visible in the

XRD data.
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Figure 3-16: Raman spectra of an SnSe thin film with the peaks at 152, 130, 72 and

110 cm™, corresponding to the A, A,, Ag and Bs; modes highlighted. Also highlighted

is the small feature at 186 cm™* which is likely SnSe,.%”

3.4.5 Tin mono-telluride (SnTe) thin films

The grazing incidence XRD pattern (Figure 3-17a) agrees with the literature pattern for bulk SnTe
(red).2 The broad feature centred at around 21° is caused by the underlying silica substrate. The
refined lattice parameter, a = 6.3033(5) A for this cubic system, which is in good agreement with

the bulk literature (a = 6.318(3) A).3

The scanning electron microscopy (SEM) analysis (Figure 3-17b and c) showed uniformly
distributed arrays of continuous polycrystalline films comprised of block-like particles. The cross-
sectional SEM analysis determined the film thicknesses to be around ca. 1-2 um and the grain

sizes to be around 1 pm3.

147



Chapter 3

~ ~ ~ <+ + <+
a o ~ ~ o ~ ~
o o ~ o o ~
| | | | | |
1.5
(22]
1
<
)
Ll
X
2 1.0
(7]
C
L
C
-

R

’{,li Afr = .,!?'if.‘ ”('}_"’
‘ «

|2 pm

Figure 3-17: (a) grazing incidence XRD pattern for SnTe thin film (thickness ca. 1 pum)

with XRD pattern for bulk cubic SnTe (Fm-3m) (red),? (b)Top down and (c) cross
sectional SEM images.

Crystallite sizes of between 100(10) to 210(110) nm were measured using the Halder-Wagner
method, using a LaBesstandard to account for instrumental peak broadening effects. The sizes
measured using this method are smaller than those seen in the SEM images, which indicates that

those observed in the SEM images are most likely particles of crystalline aggregates rather than
individual crystallites.

148



Chapter 3

As with the tin selenide depositions, the control over the stoichiometry of the tin telluride films
was much simpler than for the tin sulfide deposition. Even in the case of longer depositions for

thicker films, the tellurium content of the deposited films was between 48- 50 % by EDX analysis.

The EDX spectra displayed in Figure 3-18a shows that the SnTe film deposited contains only
elements from the SnTe film or from the SiO;, substrate and no other observable impurities. The
presence of the Si Ka peak indicates that the film was thin enough for the electron beam to
penetrate to the substrate underlaying the deposit. The Raman spectrum observable in Figure
3-18b of the SnTe film shows the expected peaks at 124 and 143 cm™, corresponding to the A;
and E stretches, respectively.?1% The lack of other peaks in the SnTe Raman spectra bellow

indicates the absence of any surface impurities.
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Figure 3-18: (a) EDX spectrum highlighting the elements present within the SnTe film,
the silicon present is attributed to the substrate. (b) Raman spectrum with the data
highlighting the A; and E modes at 124 and 143 cm?, respectively.?%1%
3.4.6 Thermoelectric performance

In order to evaluate the thermoelectric performance of the deposited films, Seebeck coefficient
and Hall effect measurements were employed. These methods have been discussed in greater
detail in sections 1.8.3.1 and 1.8.3.2. Here the electrical resistivity, charge carrier mobility, charge
carrier concentration, Hall effect coefficient, Seebeck coefficient and power factor for the as

deposited films of SnS (both stoichiometric and sulfur-poor), SnSe and SnTe are reported.

3.4.6.1 Tin Sulfide

Manual thermoelectric measurements were gathered by Daniel Newbrook. As described in
section 3.4.3, non-stoichiometric depositions of SnS were produced using depositions from

[SnBus(SBu)] and [SnBux(SBu).] and stoichiometric SnS was successfully produced using
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[SnBu,(SBu),] with rapid deposition times. This allowed for a comparison of the properties of both
the stoichiometric and sulfur poor depositions, however, to date only SnS samples from
[SnBu(SBu);] have had their thermoelectric properties explored. The electrical conductivity of
the sulfur deficient deposition, SnSos, are greatly improved due to the increase in charge carrier
concentration and mobility, compared to stoichiometric SnS. This enhancement of the charge
carrier concentration, and subsequently the electrical conductivity, for the sulfur-deficient
deposition is a little counterintuitive, as this would typically lead to n-type doping and thus lower
p-type conductivity. The increased electrical conductivity seen for SnSo o results in an increased
power factor, to ca. 6 pWK?2cm™, higher than reported for even some doped polycrystalline SnS
samples.’0101102 A graphical representation of these findings can be seen in Figure 3-19. The un-
doped stoichiometric SnS films have a limited thermoelectric performance caused by the low
carrier concentration and large bandgaps.'*'% Such shortcomings can be addressed by including

doping or alloying which have been successfully demonstrated in several pioneering

works,?7101105-108 ragylting in high ZT values.
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Figure 3-19: Comparison of stoichiometric SnS, filled circles, and SnSo.s, empty circles,
for a) conductivity, b) carrier concentration, red, and mobility, blue, c) Seebeck

coefficient and d) power factor.
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3.4.6.2 Tin Selenide

The electrical measurements confirm that the SnSe deposit displays semiconductor like
conductivity, as can be seen in Figure 3-20a. The electrical conductivity is low, with a room
temperature value of 0.1 Scm™. This low observed electrical conductivity in SnSe is attributable to
its low charge carrier concentration of 2 x10%” cm™. A high Seebeck coefficient, as compared to
the literature,”8%109110 js displayed in Figure 3-20c. It is this value which leads to the competitive
value obtained for the power factor of the measured SnSe. The peak power factor value of ~0.55
HWK2ecm™ at 400 K matches literature examples of polycrystalline thin films of SnSe.2®!11 Dye to
the low resistivity of SnSe the temperature regime is restricted to 300- 450 K, as this is the

overlapping region of the Seebeck tool and the Hall effect tool described in section 1.9.3.
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Figure 3-20: a) Electrical conductivity, b) the carrier concentration in red and the
mobility in blue, c) the Seebeck coefficient and d) the power factor for the SnSe

deposited using [SnBus(SeBu)].

3.4.6.3 Tin Telluride

The electrical conductivity measurements, displayed in Figure 3-21, from both tools showed good
agreement and showed that the deposited films of SnTe exhibited metallic transportation

behaviour. The room temperature electrical conductivity displayed is 2400 S cm™. This high
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electrical conductivity is likely the result of intrinsic Sn vacancies causing a high p-type carrier
concentration.® This is further evidenced by the high charge carrier concentration value measured
using the Hall effect method, in the range of (4 — 5) x 10%* cm™. The charge carrier concentration
remains fairly constant within the temperature of 100- 450 K but the charge carrier mobility
decreases with temperature. This decrease in mobility is likely a result of stronger scattering

effects at elevated temperatures, resulting in the metallic type conductivity observed.
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Figure 3-21: Temperature dependence of (a) the electrical conductivity, (b) carrier
concentration and mobility for SnTe. The lines connecting the electrical conductivity
and the dotted trendlines of the carrier concentration and mobility are to guide the

eyes.

The Seebeck coefficient measured for the as-deposited films of SnTe further confirm the p-type
identification as the Seebeck coefficients measured were all positive. The Seebeck coefficient
measured is ca. 12 pV/K at room temperature and is increased to ca. 78 uV/K at higher
temperature (615 K), as shown in Figure 3-22a and the power factor displays a peak value of

8.3 UW/K?-cm at 615 K, Figure 3-22b. These values are comparable to undoped polycrystalline
literature samples previously reported.®!3711° This provides additional evidence for the high
quality of the precursors and their clean decomposition during the deposition process. The
performance reported here are for undoped and unoptimized polycrystalline thin films of SnTe.
Therefore, as mentioned in previous sections, large improvements are possible by implementing
doping and alloying to induce band engineering or more specifically band convergence of the light
and heavy hole valance bands.”>'%17 |n the undoped films these bands have a relatively large
energy separation of around 0.3- 0.4 eV,”? but using carefully selected dopants these can be made
to converge. This increases the band degeneracy which greatly improves performance, as

discussed in 1.2.2.3.
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Figure 3-22: Temperature dependence of the Seebeck coefficient and power factor
with connective lines to guide the eyes.
3.4.7 Selective deposition of tin telluride

The selective deposition process and the method of fabrication for the patterned substrates is
covered in more detail in Section 1.4. Previous investigations into selective depositing materials
has shown that materials with higher electrical conductivity display better selectivity onto
lithographically patterned substrates.3 For this reason SnTe was selected as a likely candidate for
the selective deposition into TiN wells in a SiO, matrix. The other tin chalcogenide deposition, SnS
and SnSe, likely have too high electrical resistivity to be selectively deposited in this manner.8
The selective deposition of SnTe is demonstrated in Figure 3-23. Here the deposition can be seen
inside one TiN well where crystalline material can clearly be seen. EDX elemental mapping also
corroborates this, as only Sn and Te can be seen inside the well whereas O can be seen outside
the well in the SiO, matrix. The higher electrical conductivity and hydrophobicity of TiN compared
to SiO, has been discussed previously as a likely cause of this selective behaviour.!'#1° This
selective deposition behaviour provides great positional control over the growth of SnTe and

therefore provides evidence that this process can be transferred to the fabrication of p-TEGs.*?
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Figure 3-23: (a) Top-view SEM image of a TiN/SiO patterned substrate with SnTe
selectively deposited on the TiN surface (right). (b) EDX spectra taken from the
rectangular areas indicated in (a). EDX element mapping of (c) Sn, (d) Te, (e) Ti and (f)

0.
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3.5 Conclusions

The series of single source precursors, of the form [SnBus(EBu)], were determined by TGA to be
suitable for LPCVD. The precursors used in the LPCVD procedure established for sulfur poor SnS,
SnSe and SnTe and the precursor [SnBuz(SBu),] was successfully developed for the deposition of

stoichiometric SnS.

The deposited films were fully characterised using GIXRD, SEM with EDX and Raman spectroscopy.
The thermoelectric and electrical properties were also measured using variable temperature
Seebeck, resistivity and variable temperature Hall effect measurements were gathered using the
van der Pauw method. The measurements were compared to those from the literature and
shown to be competitive with those of polycrystalline samples. The performance of the sulfur
deficient deposition described was far superior to that of the stoichiometric samples, but further

studies are required to develop a rationale for this improved performance.

The selective deposition of tin telluride onto patterned SiO,/ TiN substrates was also investigated
due to its much larger electrical conductivity. The success of these attempts was determined using
SEM with EDX mapping. The success of these selective deposition experiments is an important
step towards the fabrication of a device, as this means that there is potential to selectively

deposit into a device template. Thus, this procedure may be used for the deposition of a u-TEG.
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Chapter 4

CVD of Germanium (ll) Chalcogenide Thin

Films and Thermoelectric Properties of GeTe

4.1 Precursors used

[Ge"Bus(S"Bu)]: Tri-n-butylgermanium n-butyl
thiolate
"Bu

nBU\ ' “\\\\SHBU
Ge

"Bu

[Ge"Bu,(S"Bu),]: Di-n-butylgermanium bis-n-
butyl thiolate
"Bu
nBU\ ' ‘\\\\\SnBu
Ge

S"Bu

[Ge"Bus(Se"Bu)]: Tri-n-butylgermanium n-
butyl selenolate
"Bu
”Bu\ ' “\\\\Se”Bu
Ge

"Bu

[Ge"Bus(Te"Bu)]: Tri-n-butylgermanium n-
butyl tellurolate
"Bu
nBu\' \\\\\\Te”Bu
Ge

"Bu

[Ge"Bu,(Te"Bu),]: Di-n-butylgermanium bis-n-butyl thiolate

"Bu

”Bu\ ' ‘\\\\\Te“Bu

Te"Bu

4.2 Introduction

The series of germanium monochalcogenides, GeE (E=S, Se or Te), are a promising group of

semiconducting materials with exciting thermoelectric properties. Showing many similarities to

their wider semiconductor family, the group 14 metal chalcogenides, the germanium

monochalcogenides have many structural properties that have sparked interest for

thermoelectric applications. They mainly adopt layered orthorhombic structures, while the only

rhombohedral member is germanium telluride (GeTe).! Although the low natural abundance of

germanium (ca. 1 ppm in the earth’s crust)? may seem to make the series less favourable for

commercial applications, the potential for reduced material demands when coupled with

nanostructuring and alloying help to make germanium monochalcogenide based materials of

great interest for electrical applications.>*
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The exploration of the germanium monochalcogenides for thermoelectric applications is a
relatively recent development. Interest in them stems from the structural similarities of
germanium telluride at high temperature with lead telluride, a well-known thermoelectric

1.>"7 At high temperature germanium, tin and lead telluride all adopt a cubic structure and

materia
have a similar band structure. In particular, GeTe has been discussed as a promising material for a
number of applications because of its high electrical conductivity, reversible amorphous—
crystalline phase transition behaviour and its applications for phase change random access
memory (PRAM).8° The high electrical conductivity of GeTe is attributed to its high charge carrier
concentration, caused by inherent germanium vacancies.! This also contributes to the relatively
low Seebeck coefficient of ~ +135 uV K'at 720 K.'2 The performance capabilities of pristine
GeTe are, therefore, limited by its poor Seebeck coefficient and its high thermal conductivity.

Both of these factors have strong correlations with the charge carrier concentration, as discussed
in Chapter 1. Thus, the thermoelectric properties of GeTe can be greatly enhanced by the rational
selection of dopants. The lighter members of the series, germanium sulfide (GeS) and selenide
(GeSe), both adopt a layered orthorhombic structure at atmospheric temperature and pressure,
similar to that of tin sulfide and selenide.'® Conversely to GeTe, GeS and GeSe have very low
charge carrier concentrations which result in high Seebeck coefficients, but very poor electrical

conduction.?*> Thus, all of the series require optimisation to operate well for thermoelectric

applications.

Along with the interest in the thermoelectric potential for the GeE series are a number of other
technological applications, including photovoltaic devices, lithium ion batteries and phase change

non-volatile memory (PCRAM).Y-3

4.2.1 Crystal structures

The structures shown in Figure 4-1 highlight the similarities between the layered orthorhombic
structures of germanium sulfide, germanium selenide and phosphorene, a monolayer of black
phosphorus. Phosphorene is a well-known semiconducting material which, due to its structural
similarities and dissimilar conduction properties to those of graphene, has gained much interest.?*
The benefit of using the isostructural tin and germanium monochalcogenides is the ease with
which their properties, such as energy gap and electrical conductivity, can be tuned by selection
of the elements involved. This tunability gives an advantage of the group 14 metal chalcogenide
layered orthorhombic materials over similarly structured graphene and phosphorene. Another
disadvantage of xenes (graphene, silicene, phosphorene, etc.) is their comparably lower stabilities

in air to that of ME van der Waals layered materials.?
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Figure 4-1: The view looking down the axis of GeS,?® GeSe?” and black phosphorus®®
to highlight the similarities in their structure and the structure of rhombohedral

GeTe.”

As discussed in Chapter 3, the transition in structure when moving from GeS and GeSe to GeTe is
caused by the relative stability of the lone s? pair on the germanium when compared to the
energy of the bonding orbitals. In the case of GeS and GeSe, the s? electron pair is sufficiently
stabilised in energy for the lower symmetry orthorhombic structure to be adopted. However, in
GeTe the larger size of the tellurium atoms surrounding the germanium centre quench the s?
orbital so that it is less energetically stabilised, but not sufficiently to result in a cubic structure to
be adopted.?® Thus, the intermediate rhombohedral structure is adopted exclusively by GeTe in

the group 14 metal chalcogenides.'”

4.2.2 Germanium chalcogenide deposition techniques and single source precursors

There are far fewer examples of the deposition of GeE films in the literature compared to SnE
films. Deposition of GeE has been performed using: electrodeposition, thermal decomposition,
sputtering, evaporation deposition, thermal decomposition, molecular beam epitaxy, vapour
transport deposition, CVD, PECVD and LPCVD.731:40-4232-39 The deposition methods mentioned
tend to be performed using either dual precursors or via the evaporation of bulk germanium
telluride or elemental germanium and tellurium sources. In these cases, there is a low degree of

control over the balancing of the stoichiometry.
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The examples shown in Figure 4.2 show some of the single source precursors reported for the
deposition of germanium monochalcogenides, by thermal decomposition, LPCVD or MOCVD. The
benefits of using a single source precursor include fine control over the stoichiometry, as this is
designed into the precursor, as discussed further in Chapter 2. The precursors displayed in Figure
4.2 are unsuitable for a large number of deposition techniques due to their high molecular
weights and low volatilities, as well as poorly defined thermal decomposition pathways, or, in the

case of [Ge(Te"Bu)4] the unbalanced stoichiometry, which led to some contamination by excess

tellurium.3!
, R /R
8 _G Te"Bu
\ / Te Te "BuTe We"Bu
Ge \ .\\‘\
/% | | s
S ” N R—Ge Ge —R |
E/ \ / \'re/ \ Te"Bu
R R
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Figure 4-2: Examples of single source precursors reported for the deposition of
germanium selenide and germanium telluride thin films,17:22:31:32
4.2.3 Temperature regime and applications

As can be seen in Figure 4.3, the germanium monochalcogenide-based materials have often large,
maximum ZT values in the mid-temperature regime window, between 450 and 850 K. This means
that the optimum operation temperature is within this range. Many of the applications for
thermoelectrics suited to the mid-temperature range have been discussed in section 1.2.1.1.
When considering the germanium monochalcogenide materials for bulk thermoelectric

applications there are some concerns. The vast majority of high-performance materials based on
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germanium monochalcogenides contain both germanium and tellurium as their main
constituents. These elements are of low natural abundance in the earth’s crust and expensive and
hence the inclusion of other dopant materials and elements can improve both the performance
and sustainability simultaneously. Another way in which the application of germanium
chalcogenides can be made more sustainable is using nanostructured materials such as nanodots,

nanowires and thin films, all of which use much less material then their bulk counterparts.

GeTe-PbSe

GeTe-Sb &
(CoGe,)(GeTe)(Sb,Te,)

GeTe-Mn & Sb

S G08Se8-AgSbTe,
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Figure 4-3: Collation of germanium monochalcogenide based thermoelectric
materials with promising ZT values, plotted against both temperature at which ZT is
maximised and the year or their publication.! This highlights the mid temperature
regime and the recent surge of interest in germanium chalcogenide-based

thermoelectric materials. Reproduced with permission from ACS publications.

4.2.4 Property comparison

Presented in Table 4.1 are some interrelated properties of the germanium monochalcogenide
series. Comparing the lattice parameters and the thermal conductivities at 300 K reveals a similar
trend to that observed for the tin chalcogenides in Chapter 3. In the case of the tin analogues, the
comparison of lattice parameters with the Griineisen parameters and the thermal conductivities
showed that the selenide displays the lowest thermal conductivity, followed by the sulfide and

then the material with the highest thermal conductivities, the telluride. This trend can also be

165



Chapter 4

observed in the germanium series here, where similar structural trends are also observed. The
difference in the sulfide and selenide structures is primarily due to the structure and bonding
differences, and therefore Griineisen parameters, as well as a contribution from the difference in
the electrical conductivities between the two materials. In the case of germanium telluride, the
higher thermal conductivity can be rationalised by its contributions from the lattice part, due to
the higher symmetry, and thus smaller Griineisen parameter, and to the large increase in
electrical conductivity, and thus electrical contribution to the thermal conductivity. The electrical
conductivity increase is connected to the high intrinsic charge carrier concentration caused by
germanium vacancies. The impact of a higher charge carrier concentration on the thermal
conductivity is to increase it, as the total thermal conductivity is made up by electrical and lattice
contributions, as discussed in Chapter 1.%% It is the combination of these factors that lead to the
relatively large thermal conductivity of GeTe when compared to GeS and GeS. A discussion of the

relationship between the band gap and the Seebeck coefficient can be found in section 1.2.3.2.

The same trend of larger energy gap relating to a larger Seebeck coefficient can be seen here too.
The largest power factor, despite having the lowest Seebeck coefficient, belongs to germanium
telluride. This is due to the far higher electrical conductivity when compared to that of the
selenide and sulfide. Therefore, the best way to improve the power factor of the already highly
performing germanium telluride is through enhancement of the Seebeck coefficient. Conversely,
the best way to improve the performance of GeS and GeSe is through electrical conductivity

improvements, something that has been touched upon in the literature.'>**
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Table 4-1: Lattice parameters, band gaps, thermal and electronic conductivities and maximum

Seebeck coefficients for the germanium monochalcogenides at ambient temperature

and pressure.

Material Lattice parameters | Band gap Thermal Electrical Maximum
(ambient T and P) (eV) conductivity at | conductivity at Seebeck
(A) 300 K (Wm™K | 300K (Scm™?) coefficient
Y) (LVK™)
GeS 10.470(2), 1.65 4546 0.52%¢ (~1x107)¥ 7691°
3.641(1), 4.297(1)*
GeSe 10.9208(4), 1.08% 0.39%>16 (~4.7 x10°6)%° 706%°
3.8708(3),
4.4075(4)%*
GeTe 4.2810(5)°%>1 0.55%2 8.24%3 ~8000! 167>
4.2.5 Electrical band structure and engineering

As discussed in section 1.2.2 and 1.2.3, one method of affecting the Seebeck coefficient is through

the careful engineering of the electronic band structure. In order to do this effectively, an

understanding of the electronic band structure must be gathered through computation,

supported by experimental data. A quick glance at the band structure for germanium telluride,

displayed in Figure 4-4d, shows that there are multiple band maxima and minima that are close in

terms of their energy. The coalescence of these increases the band degeneracy which greatly

increases the Seebeck coefficient, as discussed in section 1.2.2.3.
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Figure 4-4: a) Electronic band structure of GeS, b) electronic band structure GeSe, c)
the first Brillouin zone of orthorhombic structure adopted by GeS and GeSe and d)
the electronic band structure of GeTe and e) the first Brillouin zone of rhombohedral
GeTe.>>>7 Reproduced with permissions from the Royal Society of Chemistry and

John Wiley and Sons.

The electronic band structures shown in Figure 4-4 give an insight into some of the properties of
the materials they represent, as well as an insight into the best mechanism for optimisation. The
size of the band effective mass can be inferred from the broadness or narrowness of a peak. This
means that the material’s charge carrier mobility can be compared based on the width or
sharpness of the peaks in the valance and conduction bands.?° The degeneracy is also obtained by
observing the number or peaks at the same energy when comparing the band maxima and
minima in the valance and conduction bands, respectively. Using these methods for comparing
the properties of the electronic band structure by inspection, a comparison of and approach to
the best method of optimisation, can be gained. In Figure 4-4 it follows that as germanium sulfide
has broader bands, it has a smaller band effective mass than that of germanium selenide, and

thus has a higher mobility.

As previously mentioned, one obvious way of improving the thermoelectric performance of
germanium telluride is through band coalescence. This method has been cited by Wu et al. as the
mechanism for enhancement in the 3% Bi,Tes; doped Gegs7Pbo.13Te, which sees a huge increase in
Seebeck coefficient to 273 uVK™? resulting in a ZT of 1.9 at 773 K.>* In this specific case the addition

of 3% Bi,Tes increases the solubility of lead into germanium telluride, which in turn causes the
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structural transition from rhombohedral to cubic. It is this structural transition that enables the
valance band convergence, enhancing the thermoelectric properties.3>>* As described in Figure
4-5, another method for the coalescence of the valance bands is based around the alloying of

germanium telluride with manganese telluride or Sb.!

A cB

E (eV)

GeTe Sb/ Mn doped
Gele

Figure 4-5: The increase in band gap and band coalescence observed when alloying

GeTe with MnTe or doping with antimony.?

The methods described in Figure 4-5 have been used in: GeosSho.1Te, GesMnTey;, GeasMn;Tess,
Ge13BiSb,Tess, Geo.saMno.10Sbo.osTe and Geo s1Mno.15Bio.oaTe.>>*4 5 In each case the thermoelectric
properties are shown to be enhanced through the stabilisation of the L band or light pocket and
destabilisation of the heavy Z band, causing an increase in the Seebeck coefficient due to the
higher band degeneracy. This, along with the manipulation of the charge carrier concentration
through doping, yield ZT values as high as 1.85.%° Another factor that the stabilisation of a high
temperature phase aids in, for materials with a phase transition inside their optimal working
temperature window, is a reduction in the potential for mechanical stress facilitated faults. That is
to say a material that undergoes phase transitions within a device is more likely to cause a
malfunction or disconnection than one that remains a single phase for the duration of its

operation, hence the suppression of this is desirable for thermoelectric applications.>®

One of the factors that detracts from the thermoelectric performance of GeTe is its inherently
high charge carrier concentration due to germanium vacancies. As a result of this, the mobility
and Seebeck coefficient are low and thus optimisation of these parameters through charge carrier
concentration manipulation is key to improving GeTe. The inclusion of a dopant can be used to

affect the charge carrier concentration and the Seebeck coefficient, whilst also reducing the
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lattice thermal conductivity through point defects. This has been performed for the optimisation
of GeTe, notably in: GepsSbo1Te, GeoossBio.ossTe, Geooslnoo Te and Geg 73Pbo,7Te.>*%27%% The
inclusion of the additional elements in these examples to produce germanium telluride based
solid solutions enhances the ZT value from 0.9 for pristine GeTe to 1.9, 1.8, 1.3 and 2.3,

respectively.>®

Huge advances in the performance of GeS and GeSe based materials have also been achieved
using similar techniques. One example of this was from the study of the mixed germanium
chalcogenide solid solution system, (GeTe)1-2«(GeSe)«(GeS)x, which greatly exceeds the
performance of any of the individual pristine materials, whilst increasing the sustainability of the
overall material by replacing some of the low abundance tellurium with higher abundance
selenium and sulfur.®®> One example of a more earth abundant element subsidising the quantity of
tellurium within a material based on germanium telluride is in GegsSbo.1TeossS€0.12. In this case,
the addition of selenium leads to a large reduction in thermal conductivity, increasing the ZT value

to 2.0, whilst also reducing the cost and increasing the sustainability of the material.>®

Another method that has been shown to increase the band gap and Seebeck coefficient is the
reduction of one or more dimensions. This method, known as nanostructuring, is a promising
optimisation mechanism for germanium chalcogenide based thermoelectric materials.®® This has
been explored computationally for GeSe where large improvements in the Seebeck coefficient,
and therefore power factor and ZT, are predicted.®’ The typical aim of nanostructuring is to
improve performance through the reduction of lattice thermal conductivity without reducing the
electrical conductivity. Nanostructuring is a particularly enticing approach for the optimisation of
germanium telluride as it has good electrical conductivity and power factor, but the ZT value is
limited by the thermal conductivity. As discussed in Chapter 1, the electrical conductivity is
proportional to the electrical contribution to the thermal conductivity, as described by the
Wiedemann-Franz law (ke = LoT), and so decoupling the electrical and lattice parts of the thermal
conductivity allows a lot of scope for optimisation. One method of nanostructuring is through the
incorporation of nanoprecipitates within the material. This requires a dopant or alloyed material
to exceed some upper limit for solubility into the host system, at which point this material forms
areas of their higher concentration, known as nanoprecipitates. This approach has been utilised in
a number of systems based on germanium telluride containing different dopants, above their
solubility limit. Good examples of this are: (Co-Ge3)o.22(GeTe)1sShaTes, GeossPbo13Te and
(GeTe)so(AgSbSes)20 .58 Since the majority of the lattice thermal conductivity in lead, tin and
germanium telluride is dominated by phonons with a mean free path range of 1-100 nm,
nanostructuring along with point defects, is a useful technique for optimisation.’®’! The concept

of reducing a material’s dimensions in order to improve the performance is particularly attractive
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for the layered orthorhombic members of the germanium monochalcogenide series. The weaker
Van der Waals bonding, which holds the bulk material together, allow for the separation, for
example, through processes such as mechanical exfoliation.”> How this would impact the electrical
properties of germanium sulfide and selenide has been studied computationally and suggests

large enhancements in thermoelectric performances.”®’*

All scale phonon scattering techniques should be incorporated in order to minimise the thermal
conductivity, whilst also considering methods for maximising Seebeck and electrical conductivity.
Some examples of different scattering events can be seen in Sections 1.3.2 and 3.2.4.5. Although
only atomic and nano-scale examples have been discussed here, examples of submicron and
mesoscale phonon scattering being exploited to enhance performance can be found in the

substructure of Geo.9Sbo10Te and in mesostructure engineered GepgoBio.10Te.>*”®

This chapter presents the establishment of single source precursors for the LPCVD of GeS, GeSe

and GeTe. The resultant thin films demonstrate high purity by GIXRD, SEM with EDX and Raman.
In view of its importance as a thermoelectric importance, the properties of germanium telluride
films were measured using van der Pauw and Seebeck coefficient measurements as discussed in

section 1.8.3.

4.3 Experimental

4.3.1 Precursor Preparation and Characterisation

The precursors used in this work consist of [Ge"Bus(S"Bu)], [Ge"Bu,(S"Bu).], [Ge"Bus(Se"Bu)],
[Ge"Bus(Te"Bu)] and [Ge"Bux(Te"Bu);]. All were prepared and characterised as discussed in

Chapter 2.

4.3.2 LPCVD onto fused quartz substrates

The fused quartz substrates were first washed with deionized water then ethanol before being
dried thoroughly in an oven before use. In a typical LPCVD experiment, the precursor (5-50mg)
and fused quartz substrates were loaded into a closed ended silica tube inside the glovebox. The
precursor was loaded into the precursor bulb at the end of the sealed silica tube and the
substrates were positioned end to end (0-4 cm away from the precursor bulb) down the silica
tube. The tube was positioned horizontally in the furnace and held in place such that the
precursor containing bulb was protruding from the end of the furnace. The tube was evacuated to
0.01- 0.4 mmHg. The furnace was heated to the necessary temperature for the experiment, as

determined by TGA experiments and experimental observations, and allowed to stabilise. The
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tube was positioned so that the precursor was close enough to the furnace for volatilisation to be
observed. The position was then maintained until all of the precursor had volatilised. This typically
took 5-10 minutes. Once the deposition was complete, the tube was removed from the furnace
area and allowed to cool naturally to room temperature before being transferred to the glovebox,

where the substrates were removed and stored until they could be characterised.

The LPCVD experiments produced silver white films of GeTe, grey films of GeSe and on one
occasion the edge of a tile contained grey/black GeS. The GeTe and GeSe depositions were

continuous and had coverages of around 1 cm?.

433 Thermoelectric and electrical property measurements

The GeS and GeSe films were determined to be of too high resistivity to be easily measured using
the equipment available. This does not mean that they are not of interest for thermoelectric
applications especially with regards to the exploration of them as components in solid solutions.
As a result of the poorer electrical conductivity of GeS and GeSe thin films, the highly electrically
conductive GeTe films were the focus of the thermoelectric and electrical property investigations

described here.

4.4 Results and Discussion

44.1 Evaluation of SSPs for LPCVD procedure

The complexes were obtained in good yield and were characterised as discussed in Chapter 2. As
well as using thermogravimetric analysis (TGA) to establish the clean volatilisation of the
precursors, it is also used to guide the temperature range for the low pressure CVD experiments
(Figure 4-6). The TGA data indicate that the temperature associated with the onset of evaporation
being lowest for [Ge"Bus(Se"Bu)] and [Ge"Bus(S"Bu)], ca. 200 °C, then [Ge"Bus(Te"Bu)], ca. 250 °C,
before [Ge"Bux(Te"Bu);] and [Ge"Bu,(S"Bu):] at ca. 260 °C. From these experiments furnace
temperatures were selected that would allow for the precursor bulb to reach the temperature
needed for volatilisation. The TGA experiments are, however, performed at atmospheric
pressures, whereas the LPCVD experiments are at reduced pressure and so adjustments based on
experimental observations are necessary. However, the TGA data do provide a good basis on

which a SSP can be considered suited towards LPCVD.
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Figure 4-6: The percentage of mass lost during heating from 30- 600 °C at a fixed
heating rate for [Ge"Bus(S"Bu)], [Ge"Bus(Se"Bu)], [Ge"Bus(Te"Bu)], [Ge"Bu,(Te"Bu).]

and [Ge"Bu(S"Bu);], all showing complete volatilisation.

4.4.2 Low Pressure Chemical Vapour Deposition Experiments

The temperatures selected for the depositions where determined through inspection of the
vaporisation temperatures given by the TGA results, chemical intuition based on the comparative
bond strengths and experimental observations. Thus, it follows that the furnace temperatures
selected were: 700 °C, 600 °C, and 550-650 °C for GeS, GeSe and GeTe, respectively. The precursor
that deposits at the highest temperature is [Ge"Bus(S"Bu)] due to its comparatively stronger
germanium to chalcogen bond, when compared to [Ge"Bus(Se"Bu)] and [Ge"Bus(Te"Bu)].”® The
deposition of germanium sulfide was successful on only one occasion and was confined to an area
of only a 3 mm at the end on a substrate tile, so further repeats are still necessary. Unfortunately,
no successful depositions using [Ge"Buz(S"Bu).] can be reported thus far, despite numerous
attempts at furnace temperatures between 550-750 °C. Germanium selenide was produced
reproducibly and had a larger continuous area of deposition of about 1 cm by 0.8 cm. The sample
of GeS produced was deposited at 261 °C and the samples of GeSe were deposited between 168-
356 °C.
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As germanium telluride is the most interesting material for thermoelectric applications, and GeS
and GeSe are too resistive to easily be measured, this was the material for which thermoelectric
property measurements were focussed. For this reason, multiple samples of germanium telluride
were prepared using different precursor batches of both [Ge"Bus(Te"Bu)] and [Ge"Bu,(Te"Bu).].
The deposition of germanium telluride produced continuous films with coverages up to 2 cm by

0.8 cm with deposition temperatures between 336 and 554 °C.

4.4.3 Germanium sulfide sample

The success of SnS depositions prompted the use of an analogous GeS precursor, [Ge"Bu,(S"Bu).].
Thus far, this approach has only produced a small area of GeS film. The material produced was
shown to be slightly sulfur-deficient by EDX analysis, at 45%S: 55%Ge. This sulfur-deficiency is
analogous to the SnS depositions discussed in the previous chapter. The situation was improved
by using [Sn"Bux(S"Bu);] in that case, as described in section 3.4.2. A similar tactic was explored
here using [Ge"Bu,(S"Bu).]. Unfortunately, this could not be explored fully due to the time

constraints caused by building closures throughout lockdown due to COVID 19.

Figure 4-7: Image of the small amount of deposited GeS (grey material at left hand

side of tile).

The grazing incidence XRD pattern displayed in Figure 4-8 (black) matches well with the literature
bulk pattern (red) for GeS.2 The refined lattice parameters for this pattern are: a = 10.4661(5) A,
b =4.2792(2) A and 3.63594(18) A for this orthorhombic crystal system. This is in good agreement
with the literature data: a = 10.470(2) A, b 4.297(1) A, c =3.641(1) A%
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Figure 4-8: Grazing incidence XRD pattern measured for the deposited germanium

sulfide (black) and the matched literature pattern (red).?

The SEM image displayed in Figure 4-9 shows a polycrystalline film of GeS. Other attempts to
produce films with better coverages produced discontinuous films of germanium, as determined
by EDX and grazing incident XRD. It is likely that using the more sulfur rich SSP, [Ge"Bux(S"Bu):],

and short deposition times would produce better films of GeS.
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Figure 4-9: SEM image of germanium sulfide deposited from [Ge"Bus(S"Bu)].

The EDX analysis shows that the deposition produced was GeS and that there were no impurities
present besides a small quantity of C. The deposition was performed at a 600 °C furnace
temperature and over a period of 25 minutes. This is likely the cause of the slight sulfur deficiency

(45.2% S to 54.8% Ge).
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Figure 4-10: EDX spectrum collected for the GeS deposition produced using
[Ge"Bus(S"Bu)] with region between 9-10 keV inset to highlight the Ge K,1 peak.

176



Chapter 4

The Raman spectrum, displayed in Figure 4-10, is also consistent with GeS; the peak at 211 cm™

corresponds to the Bsg mode, the 112, 239 and 267 cm™ peaks are associated with the A,

modes.”?
T T T T T
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Figure 4-11: Raman spectrum of germanium sulfide, with Ag3, Bsg, Ag* and Ag?
stretches at 112, 211, 239 and 267 cm™, respectively.”?
444 Germanium selenide thin films

The deposited material shown on the tile in Figure 4-12 is GeSe. The area investigated for

characterisation is indicated.

Figure 4-12: Image of a tile containing highly orientated GeSe. The red cross indicates

the region investigated for characterisation.

The grazing incidence XRD pattern shown in Figure 4-13 is in good agreement with the literature
bulk pattern (red).?’” The refined lattice parameters for the pattern are: a = 10.8089(7) A,

b = 3.8222(2) A and c = 4.3679(3) A for this orthorhombic crystal system. These are in agreement
with the literature values of: a = 10.9208(4) A, b = 3.8708(3) A and c = 4.4075(4) A%
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Figure 4-13: Grazing incidence XRD pattern measured for germanium selenide
deposited from [Ge"Bus(Se"Bu)] (black) and the matched literature bulk pattern
(red).?” The broad feature observed around 21° is attributed to the SiO, substrate and

it indicates that the film is relatively thin.

The EDX analysis showed the ratio of selenium to germanium to be 47%Se: 53%Ge. However, for
a more accurate determination of the composition WDS or XPS could be employed. These
experiments were not possible due to time restrictions and equipment constraints caused by
lockdown procedures as a result of the COVID 19 pandemic. The EDX spectrum shown in Figure 4-

14, indicates little to no impurities present.
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Figure 4-14: EDX spectrum collected for the GeSe deposition produced using

[Ge"Bus(Se"Bu)].

The deposited material possesses a peculiar morphology, as shown in Figure 4-15, which may
reflect a preferred orientation. Evidence for this can also be seen in the enhancement of the 002
and 004 reflections in the grazing incidence XRD spectrum in Figure 4-13. To further investigate

this preferred orientation pole figure measurements could be collected.

Figure 4-15: SEM images of germanium selenide, deposited from [Ge"Bus(Se"Bu)].
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The Raman spectrum, displayed in Figure 4-16, is also consistent with GeSe; the peak at 151 cm™

corresponds to the Bsg mode, the 175 and 189 cm™ peaks are associated with the A; modes.”’

Intensity (a. u)
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Figure 4-16: Raman spectrum of germanium selenide with Bsg, Ag1) and Agz) stretches

at 151, 175 and 188 cm, respectively.”

The value quoted for the resistivity of GeSe is around 5 x 10* Qcm™; however,* as the value

measured in this work is a sheet value, an assumed thickness of 1 um has been selected for

comparisons. The assumed resistivity value is ca. an order of magnitude greater than that

reported for GeSe. The charge carrier concentration is also ca. an order of magnitude greater than

that reported in the literature, 3 x 1

014 78

Table 4-2: Room temperature Van der Pauw electrical measurements for a film of GeSe and the

deposition temperature. Note that the measurements inside the brackets have been

calculated using an assumed thickness of 1 um.

GeSe deposit

5230

Qcm™)

Tile Hall effect Sheet Resistivity Mobility Charge carrier
coefficient (m2C?) (Qsq?) (em2vis?) concentration (cm™)
2.235 x107 (2235 2.34 1.193 x10%

(1.193 x10%*cm?)
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4.4.5 Germanium telluride thin films
The GeTe films produced are continuous and with coverages of between 1 cm by 0.8 cm and 2 cm

by 0.8 cm. The material deposited was shown to be stoichiometric germanium telluride by EDX

analysis, Raman spectroscopic analysis and grazing incidence XRD analysis. An example of one

such deposit is displayed in Figure 4-17.

Figure 4-17: Image of a tile containing GeTe. (Note: the scratch marks occurred

during the electrical and thermoelectrical measurements).

The grazing incidence XRD pattern shown in Figure 4-18 (black) is in good agreement with the
literature pattern from bulk a-GeTe (red). The refined lattice parameters for the above pattern
are: a=4.1778(5) A and c = 10.6866(14) A, which are in good agreement with the literature: a=b
=4.156(3) A and c = 10.663(5).7° There is a significant enhancement of the 003 reflection
compared to the literature bulk system. This suggests that this sample is textured and should be
further investigated by means of pole figure measurements in order to better understand the
orientation of the crystallites with respect to the surface normal. Due to building closures and
slow engineer works on vital instruments, resulting from COVID 19 restrictions, these experiments

were not possible.
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Figure 4-18: Grazing incidence XRD pattern measured for a deposit of GeTe (black)

and the matched literature pattern (red).? The broad artifact around 22 °

corresponds to the underlaying fused quartz substrate.

The SEM images shown in Figure 4-19 show a good continuous film of germanium telluride which
was shown to contain an equal amount of germanium and tellurium by EDX. The top down SEM

images in Figure 4-19a and b show clearly defined grains with diameters of approximately 6 um.
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Figure 4-19: Top down SEM images of germanium telluride, deposited from

[Ge"Bus(Te"Bu)], at 2,000 (top left) and 5,000 x magnification (top right) and a cross

sectional SEM image showing the film thickness to be ca. 3 um.

The EDX spectra collected showed films of GeTe with little to no impurities. A representative
sample can be seen in Figure 4-20. The peaks seen at 0.822 and 0.572 keV correspond to M series

characteristic X-rays for Te which coincide with the K, lines of O and C, respectively.
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Figure 4-20: EDX spectrum collected for the GeTe deposition produced using
[Ge"Bus(Te"Bu)].

Displayed in Table 4-3 are a number of different films of GeTe deposited from both
[Ge"Bus(Te"Bu)] and [Ge"Bu(Te"Bu);]. The EDX quantification results show good reproducibility
in the deposition of high quality stoichiometric GeTe from both precursors. As mentioned, the
overlap in the M lines of Te with the K, lines of O and C lead to an exaggeration in their observed

atom percentage.

Table 4-3: Table of EDX analysis results for GeTe films deposited using [Ge"Bus(Te"Bu)], (1), and
[GE"BUz(TenBU)z], (2)

Deposit Precursor %C %0 %Si %Ge %Te
Deposit 1 (1) 41 - 45 45.4 46.0
Deposit 2 (2) 17.0 11.9 0.6 343 36.3
Deposit 3 (2) 5.3 - 6.4 44.5 43.8
Deposit 4 tile 1 (2) 14.0 12.7 1.0 35.8 36.5
Deposit 4 tile 2 (2) 5.6 13.9 3.5 39.1 37.9
Deposit 5 (1) 3.7 - 1.3 46.9 48.2
Deposit 6 (1) - 10.9 0.9 45.6 42.6
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The Raman spectrum, seen in Figure 4-21, is also consistent with GeTe; the peak at 86 cm™

corresponds to the E mode and the peak at 123 cm™ are associated with the A;; mode.®°

Intensity (a. u)

T T T T T T T T
40 60 80 100 120 140 160

Wavenumber (cm'l)

Figure 4-21: Raman spectrum for germanium telluride, deposited using

[Ge"Bus(Te"Bu)], with E and A stretches at 86 and 123 cm™, respectively.®

A shift in the Ay stretching mode with differing deposition temperature of the GeTe films can be

seen in Figure 4-22.
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Figure 4-22: Comparison of the A;; Raman stretching modes for 4 separate GeTe

films deposited at different deposition temperature using [Ge"Bus(Te"Bu)].

Thermoelectric measurements of GeTe

The thermoelectric measurements acquired for GeTe, performed by Vikesh Sethi (ECS), showed

high performances and a strong correlation between the deposition temperature of a film and its

electrical conductivity. Some of these results can be seen displayed in Figure 4-23. The electrical

conductivity is similar to that observed in the literature.! The Seebeck coefficients recorded are in

good agreement with each other, as well as literature sources,*>** and show no clear response to

differing deposition temperatures. The power factors recorded show good competitive values

compared with literature sources.
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Figure 4-23: a) Electrical conductivity, b) Seebeck coefficient and c) power factor for
four samples of GeTe deposited at deferent temperature, measured between ~300-

625 K samples deposited using [Ge"Bus(Te"Bu)].

Hall effect measurements were also conducted in order to explore the charge carrier
concentration and mobility. A clear correlation between the deposition temperature and the
charge carrier concentration can be observed in Figure 4-24a. This correlation cannot clearly be
seen in the charge carrier mobility graph, Figure 4-24b. This is likely due to differences in the grain
size between the different deposits, as this will lead to different degrees of charge carrier
scattering and thus will have an impact on the mobility. The correlation between the measured

GeTe crystallite size and mobility can be seen in Figure 4-24c.
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Figure 4-24: a) Charge carrier concentration and b) the charge carrier mobility versus
temperature and c) the mobility at 300 °C versus grain size for GeTe measured

between ~125- 450 K samples deposited using [Ge"Bus(Te"Bu)].

The relationship between the Lorentz number and the electronic contribution to the thermal

conductivity, as well as its calculation, is described in Section 1.9.3.2.

Unsurprisingly, the trend observed for the k. of the deposits is in line with that seen for their
electrical conductivities. With the order of the films in terms of their electrical conductivities
being identical to their order with respect to the k.. These calculated results are shown in Figure

4-25.
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Figure 4-25: a) The Lorentz number and b) the calculated electronic contribution to
the thermal conductivity factor for four samples of GeTe deposited at deferent

temperature, between ~300- 625 K samples deposited using [Ge"Bus(Te"Bu)].

Using the values acquired for ke, a ZT value can be calculated. By also assuming the value of the
lattice contribution to the thermal conductivity to be 0.5 Wm™K™. This approximation leads to a
calculated approximate peak value for ZT at ca. 0.45 at 625 K for the film deposited at 452 °C. The
values obtained for ZT, shown in Figure 4-26, are in keeping with those recorded in the literature
for bulk GeTe.8! The different profiles observed for the films deposited at 336 and 425 °C is
possibly a result of their higher resistivity leading to current crowding effects which can affect the

Seebeck coefficient.
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Figure 4-26: ZT values acquired using the calculated electronic contribution to the
thermal conductivities shown in Figure 4-25b and the measured power factors

displayed in Figure 4-23c.
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4.5 Conclusions

SSPs for the deposition of GeE (E=S, Se and Te) have been assessed for their potential in LPCVD
procedures. All of the precursors assessed have been shown to produced deposits of GeE,
although in the case of [Ge"Bus(S"Bu)] a sulfur deficient deposit with a small coverage area was
produced. The successful characterisation of all the deposits produced has also been presented,
including grazing incidence XRD, Raman spectroscopic data and SEM with EDX analysis. The thin
films produced are of good quality with little to no contamination, as shown by the EDX and

Raman analysis.

Some parameters of interest were measured for a GeSe deposit using the Hall effect
measurement set up described. The data collected for a deposit of GeSe imply an enhanced
electronic performance and a strong preferred orientation. Further measurements are required to

investigate these findings more thoroughly.

No differences were found between deposits of GeTe produced using [Ge"Bus(Te"Bu)] and
[Ge"Bu,(Te"Bu),]. Measurements conducted on the GeTe thin films, deposited using
[Ge"Bus(Te"Bu)], indicated that the films were competitive with the bulk literature data. Also
identified is a correlation between the deposition temperature and the performance of the
deposits. This could be further investigated by the deposition of further samples at different
temperatures. It is possible that this observed effect could be exploited, to tune the
thermoelectric properties, by using the deposition temperature and mass of precursor to

influence the grain size and electrical properties.
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Chapter 5
Chapter 5 Application of [Si"Bus(E"Bu)] as Single Source
Precursors for the Deposition of Silicon Chalcogenide

Thin Films

5.1 Single source precursors used

[Si"Bus(Se"Bu)]: Tri-n-butylsilyl n-butyl [Si"Bus(Te"Bu)]: Tri-n-butylsilyl n-butyl
selenolate telurolate
"Bu "Bu
nBu\' “\\\\\Se“Bu nBu\' “\\\\\Te "Bu
Si Si
| |
"Bu "Bu

5.2 Introduction

The silicon chalcogenides are a lesser investigated group of semiconductor materials, when
compared to the tin or germanium chalcogenides. This, however, does not reflect the large
number of useful applications associated to the silicon chalcogenide family and in particular
silicon telluride. Silicon telluride has an indirect band gap of 1 eV and a direct band gap of 2 eV,
which are comparable to the most commonly used semiconducting material silicon.'™ A nhumber
of exciting physical properties have been identified for silicon telluride such as: high electrical
conductivity, low thermal conductivity, broad photoluminescence in the near infrared region and
undergoes a phase change at elevated pressure.>>” Due to its photoluminescence in the near
infrared range, silicon telluride is of interest as an infrared detector material which, due to the
higher toxicity of mercury and cadmium containing materials that are widely used currently,

would be desirable.20

Despite investigations into SiTe no material synthesis has been possible thus far. This contrasts
with the typical form of the materials discussed in previous chapters of this work, i.e. the Group
14 monochalcogenides, ME (M = Ge or Sn). In this chapter on silicon telluride thin film growth and
the exploration of silicon chalcogenolate SSPs, the chemical composition discussed is Si;Tes, the
structure most stable at room temperature and pressure. The reason for this 2:3 phase
dominating the chemistry of silicon telluride is the relative instability of SiTe, due to the small size
of the silicon atoms and the large size of the tellurium atoms. Although computational studies

have suggested that SiTe may be stable at higher pressures, this is not viable for applications.?
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Si;Tesadopts a hexagonal close-packed Te sub-lattice with disordered Si-Si dumb-bells evenly
distributed between 2/3 of the octahedral vacancies in every second layer of Te atoms.!! The
bonding between the tellurium layers is very weak and leads to the ease in mechanical separation
of the layers.” The 1:2, SiTe; has also be reported and adopts a similar structure to Si;Tes with
silicon atoms occupying the octahedral holes of the close-packed Te layers.!? These features have

been emphasised in Figure 5-1.
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Figure 5-1: Crystal structure of Si>Tes looking down the a axes to visualise the layers
and down the c axis to emphasise the hexagonal structure of the Te slabs and the Si

dumb-bells in the octahedral sites.?

The very different structure of Si;Te; compared to that of the other Group 14 tellurides leads to
some unique behaviour. Investigations into the electronic structure have shown that the
orientation of the Si-Si dumb-bells impacts the magnitude of the bandgap.'*** The alignment of
these dumbbells is affected by the temperature and also any strain on the material. Si;Tesis also
able to withstand very high uniaxial tensile strain, higher than any other 2D material reported,
including graphene.’ This allows for a degree of control over the electronic properties and makes

Si;Tes a good candidate for mechanical, optical and memristive devices.*

The thermoelectric properties of Si;Tes are relatively unexplored, with the exception of
theoretical work, which predicts the high performance of n-doped Si,Tes.'® The tuneable band gap

and anisotropic layered structure of Si;Tesindicate good potential as a thermoelectric material.

There are few examples of Si;Tes depositions, and especially for thin films. The examples are
comprised of nanoribbons,® nanoplates,® nanotapers,!’” nanowires,® thin film?® and single
crystals.'® However, all of these material synthesis methods occur via the direct combination of

pure Si and pure Te, either in the gas phase, as described for nanoplates? and thin films of
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Si;Tes,*® or combined and heated under vacuum in ampoules.’® Examples of some of the
morphologies of Si;Tes can be seen in Figure 5-2. The evaporation of Si and Te requires a
considerable amount of energy and thus high temperatures, 800 °C,° are required. The single
source precursor described in the present study, as well as the deposition method, are therefore
unique within the published literature. The use of a single source precursor opens up lots of

potential areas to explore, as discussed in Section 2.1.

a) N
b) -
8 um

Figure 5-2: SEM images of; a) nanoribbons,® b) nanoplates, ® ¢) nanotapers'’ and d)

nanowires,*® of Si;Tes. Figures reproduced with permission from the American

Chemical Society, AIP Publishing, Springer Nature and AIP publishing, respectievely.

The other Si chalcogenide materials differ from Si;Teszin structure and composition at ambient
temperature and pressure. The sulfide and selenide both adopt an orthorhombic, Ibam, structure

with the composition SiE,, under ambient conditions, as displayed in Figure 5-3.
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Figure 5-3: Crystal structure of SiS, and SiSe;.?!
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Few experimental investigations of the silicon sulfides and selenides exist in the literature, besides
some mention of their pertinence to photovoltaics?? and optoelectronic properties.” There are,
however, numerous mentions of different silicon chalcogenides within theoretical works. These
computational experiments indicate exciting potential within thermoelectrics,?* photovoltaics®

and battery materials.?%?’

The good predicted thermoelectric performances of the silicon monochalcogenides mean that the
potential for incorporating silicon chalcogenide into other group 14 chalcogenides could lead to
some exciting novel thermoelectric materials. For this reason, the development of a new group of
SSPs, analogous to ones which produce other group 14 chalcogenide thin films, for some of the

silicon chalcogenides is of considerable interest.

The aim of this chapter is to explore the possibility of extending the pre-established SSP family
from Chapters 2, 3 and 4 to the silicon chalcogenides. If this was possible, once the SSPs had been
fully characterised, these would establish the first examples of SSPs for silicon chalcogenide
material deposition. These would allow for the deposition of thin films at lower temperatures
than those required for direct reaction of the elements in the case of Si;Tes, or establish the first
methods for thin film deposition for silicon sulfide and selenide. Once deposited these films would
be characterised. The potential of the deposition process for orientational control of films of

silicon chalcogenide as well their preliminary electrical properties would then be assessed.

5.3 Experimental

5.3.1 LPCVD onto fused quartz substrates

The fused quartz substrates were first washed with deionized water then ethanol before being
dried thoroughly in an oven at 75 °C before use. In a typical LPCVD experiment, the precursor (5-
50 mg) and 6 fused quartz substrates were loaded end to end into a closed end silica tube inside
the glovebox. The precursor was loaded into the precursor bulb at the end of the sealed silica
tube and the substrates were positioned end to end (0-4 cm away from the precursor bulb) down
the silica tube. The tube was positioned horizontally in the furnace and held in place such that the
precursor containing bulb was protruding from the end of the furnace. The tube was evacuated to
0.01- 0.40 mmHg. The furnace was heated to the necessary temperature as determined by TGA
experiments and experimental observations, 700 °C, for the CVD experiment and allowed to
stabilise. The tube was positioned so that the precursor was close enough to the furnace for
sublimation to be observed. The position was then maintained until all of the precursor had

sublimed. This typically took 3-15 min. Once the deposition was complete, the tube was removed
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from the furnace area and allowed to cool naturally to room temperature, before being
transferred to the glovebox, where the substrates were removed and stored until they could be
characterised. The temperature at the substrates, where material had been successfully
deposited, was obtained using a temperature probe to profile the internal temperature within the

tube furnace.

The LPCVD experiments produced black films of Si;Tes with around 2 by 1 cm coverage. Deposition

temperatures between 374 and 539 °C were recorded for these depositions.

Figure 5-4: Example of Si;Tes; deposited onto a silica substrate.

Deposition attempts using [Si"Bus(Se"Bu)] and [Si"Bus(S"Bu)] proved unsuccessful. In all cases it
was typical to observe some liquid distilled through the CVD tube, most likely unreacted

precursor.

5.4 Results and discussion

5.4.1 Synthesis and Characterisation of SSPs for LPCVD

The precursor synthesis proceeded well and produced a reddish orange oil, in the case of
[Si"Bus(Te"Bu)], a light orange oil, [Si"Bus(Se"Bu)] and a clear colourless oil [Si"Bus(S"Bu)], all in
good yields. However, [Si"Bus(S"Bu)] synthesis retained unreacted [Si"BusCl]. The precursors were
shown to be of high purity by multinuclear NMR spectroscopy, microanalysis and there TGA are
displayed in Figure 5-5. More detail about the synthesis process can be found in Sections 2.2.2
and 2.3.1 and details of the vapour pressure, enthalpy of vaporisation and entropy of vaporisation

of [Si"Bus(Te"Bu)] can be found in Section 2.3.2.
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Figure 5-5: TGA of [Si"Bus(S"Bu)], [Si"Bus(Se"Bu)] and [Si"Bus(Te"Bu)] showing clean

evaporation with no residue remaining.

The preparation of silicon thiolates proved particularly difficult. These required the reaction to be
heated in order to cause reaction of the NaS"Bu with [Si"BusCl]. This behaviour is likely to be the
result of the poorer nucleophilicity of the RS” group compared to that of RSe™ or RTe". This,
combined with the steric crowding around the small Si, led to the higher temperature
requirements and some unreacted silicon chloride was evident in all preparations of silicon

thiolate compounds.

The bond enthalpies displayed in Table 5-1 provide some rationale for the difficulties in the
deposition of silicon sulfide, silicon selenide (and germanium sulfide). In every CVD process there
is a deposition temperature window. Below this temperature threshold there is not enough
energy to promote the decomposition process or pre-reactions of the precursor(s). At
temperatures above the temperature window the substate surface is too hot to allow for
adsorption of the deposition material. The relatively high bond enthalpies observed for Si-C, Si-S,
Si-Se, Ge-C and Ge-S are expected to lead to higher activation energy requirements for
decomposition to occur. Thus, the deposition temperature window is likely to be narrower for

these materials.
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Chalcogen/ group |Bond Bond enthalpies |Bond enthalpies |Bond enthalpies

14 element enthalpies (k) mol?) Si-E (k) mol?) Ge-E (k) mol?) Sn-E
(kJ mol?) C-E

C 346 318 238 192

S 272 623 551 + 25 464 +3.3

Se 2342 548 4894 401.2+5.9

Te 200° 452 +8 456 + 13 359.8

Table 5-1: Bond enthalpies for diatomic ME units, where M is C, Si, Ge or Sn and E is
C, S, Se or Te. All values are stated for room temperature.?® Data labelled® was

obtained from separate literature sources.?>3°

5.4.2 Low Pressure Chemical Vapour Deposition Experiments using [Si"Bus(Te"Bu)]

LPCVD experiments produced deposits of different materials based on the temperature at the
substrate, as highlighted in Figure 5-6. The material deposited at the lowest deposition
temperature was elemental tellurium, as confirmed in Figures 5-7 and 5-8. Phase pure Si,Tes was
deposited adjacent to the tellurium deposition at a slightly increased deposition temperature and
had typical coverages of ca 2 cm by 0.8 cm. One interesting feature of the deposition is the
observation of the colour change of the Si,Te; at temperature, immediately after deposition on
removal from the furnace, versus after it has cooled. This colour change is from brown/ black to a
much redder colour. This may be reflection of the silicon dumbbell orientation causing changes to
the bandgap of the material, as discussed in the literature.’** At higher deposition temperatures
the occurrence of Si becomes more common first as a minor impurity and then as the sole

material deposited.
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Immediately
after
deposition
Silicon  SiyTe;
Si,Te;
Si,Te;

539 - 374 -
658 °C 539 °C

Once cooled

Figure 5-6: Typical appearance of the CVD tube after a LPCVD experiment using
[Si"Bus(Te"Bu)] at a furnace temperature of 700 °C. Left to right (area of tube in the
hottest region of the tube furnace to the bulb, which is external to the furnace during
depositions) the deposited material highlighted by the coloured squares are
elemental Te, Si;Tes, mixed Si and Si;Tesand Si. Note the colour change observed

from black/ brown to red on cooling.

The identification of these materials is highlighted in the Raman spectra and GIXRD patterns
displayed in Figures 5-7 and 5-8. A more in depth investigation of the Si,Te; deposition can be

seen in Figures 5-9 to 5-12.
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Figure 5-7: Raman spectra for different tiles in a single LPCVD experiment from

[Si"Bus(Te"Bu)]. Peak from silicon®! indicated with * and the stretching modes from
Si;Tes are highlighted also.'® Spectrum a) is that of the tile at the lowest deposition
temperature and shows elemental Te.3? b), c), d) and e) all show some Si;Tes. d), e)

and f) have a stretching mode from Si.

The composition of the materials observed in Figure 5-5 were further confirmed using GIXRD,
displayed in Figure 5-7. The lack of any peaks on the orange pattern indicates that there is no
crystalline material on this substrate, Si can be observed in the Raman pattern for the same

sample meaning that the Si on this tile must be amorphous.
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Figure 5-8: GIXRD patterns collected for individual substrates positioned at different
deposition temperatures in the CVD tube shown in Figure 5-4. Literature bulk pattern
of Si;Tes,™® bottom, and Te,* top, are displayed in red. Peaks highlighted with *
indicate peaks from Si.>* The collected GIXRD patterns, a), b), ¢), d), e) and f), are in
deposition temperature order with the coolest temperature at the top, a), and the

hottest at the bottom, f).

Depositions produced good quality films of Si;Tes as confirmed by GIXRD, SEM with EDX and
Raman spectroscopy. A GIXRD pattern can be seen in Figure 5-9, in black, matched to a literature
bulk pattern, in red.® The refined lattice parameters found are: 7.3526(11) A, 7.3526(11) A and
13.482(3) A, in the space group 227: Fd-3m, which are in good agreement with the literature
values: 7.430(5) A, 7.430(5) A and 13.482(7) A.**
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Figure 5-9: GIXRD pattern of Si;Tes deposited from [Si"Bus(Te"Bu)] (black) and a

literature bulk pattern (red).??

The SEM images showed uniform polycrystalline films. The SEM image, shown in Figure 5-10, does
appear to indicate a textured film. This preferred orientation is also corroborated by the large

enhancement of the 110 and 300 reflections in the GIXRD pattern.
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—

Figure 5-10: Top down SEM image of a Si;Te; film deposited (374 °C/ 0.01 mmHg)

using [Si"Bus(Te"Bu)] onto a fused quartz substrate.

The EDX analysis, displayed in Figure 5-11, confirms that the only elements detected from the film
deposited onto SiO; substrates, were Si, O and Te. Thus, no impurities could be detected in the
Si;Tes films. However, due to the SiO; substrate and the thin nature of the films the EDX analysis

could not be used to quantify the material composition.

7 Si Ka

O Ka Te Lal

Intensity (a.u)

Te MC1

T T T T T T T T
0 1 2 3 4 5 6
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Figure 5-11: EDX spectrum for a deposition of Si,Te; onto SiO using [Si"Bus(Te"Bu)].
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The EDX analysis results confirm both Si and Te are present in the deposit, but do not allow for a
reliable composition to be determined. Consideration of the atom% of O and attributing all of this
to the substrate material, SiO,, and therefore discounting the corresponding Si does not give the
2:3 ratio of remaining Si to Te for any of the depositions described. Since the characteristic X-rays
attributed to O are very low energy, 0.53 keV, and Te exhibits X-ray emissions for M lines between

0.82 and 0.57 keV, the EDX analysis are unreliable.

As discussed in section 1.9.2.3, the ideal method for analysing the composition of the Si;Tes films
would be XPS. This is due to the much smaller penetration depth of the technique. However, this
was not possible at this time (due to clean-room access restrictions during COVID). Another
option which would allow quantification of the film composition would be to use a substrate
material which contained neither Si or Te, for example Al,0s, although this may also affect the

deposition process.

The Raman spectra collected for the Si;Tes films were in good agreement with that of the
literature.>!%3> An example of one such Raman spectrum can be seen in Figure 5-12. The ratio of
the A;; modes, at 128 and 145 cm™?, has been linked to the film thickness by Song et. al. In their
work, however, a different wavelength laser was used and thinner films were reported, around

8 nm.* Despite this, the potential to investigate film thickness accurately using a non-destructive

and rapid method like Raman spectroscopy is highly appealing.
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Figure 5-12: Raman spectrum of a film of Si,Tes with the E;modes, at 103 and 279 cm™, and A,
modes, at 128 and 145 cm™.>%3> Note that care was taken to collect the Raman

spectrum immediately after the depositions.

Due to the high resistivity of Si>Tes, and limited access to equipment (due to COVID), evaluation of
the electrical properties were only conducted at room temperature, the results can be seen in
Table 5-2. The resistivity value obtained, using an assumed thickness of 2 um, is in good
agreement of that reported by Ziegler et al,*® in their work emphasis was put on the importance
of storing the samples in an inert atmosphere due to the hygroscopic nature of Si;Tes.
Additionally, the measured samples also identify the deposition as having n-type conductivity,
which is unexpected for both Si;Tesand elemental tellurium. However, due to the low charge
carrier concentration these values may have a larger than expected error correlated to them as

they are at the limit of the measurement capabilities of the Hall effect equipment.
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Table 5-2: Electrical measurements obtained at room temperature using a 750 nA current for van
der Pauw and 0.5 Tesla magnet for Hall effect measurements, describing sheet values
as a thickness is yet to be obtained by cross sectional SEM. The resistivity values

stated in parenthesis are obtained using an assumed thickness of 2 um.

Sheet Resistivity
Hall effect Charge carrier
(Qo) o Charge carrier
Si;Tes Sample coefficient mobility
(Resistivity concentration (cm)
(m2c?) (cm?vis-t)
(Q cm))

Deposition 1 tile 1 8.189 x 10° -269 -2.318 x 10*? 3.29
(4.095 x 10°) (-1.159 x 10% cm3)

Deposition 2 tile 1 3.733x 10° -58.6 -1.065 x 103 1.57
(1.867 x 10°) (-5.325 x 10 cm??)

5.5 Conclusions

The first single source precursor reported in the published literature, [Si"Buz(Te"Bu)], for the
deposition of Si,;Tes thin films has been successfully developed and characterised. These thin film
deposits have also been successfully characterised using GIXRD, Raman and SEM (with EDX). An
accurate analysis of the composition of the material is impossible at this time, but could be
achieved by either using a different substrate material, such as alumina, or using XPS. A series of
potential SSPs for the deposition of silicon sulfide and selenide have also been explored, although

no successful depositions from these have been reported at this stage.

The electrical measurements performed describe Si;Tes, which had been exposed to air for 3
weeks, showed similar resistivity, at an assumed thickness of 2 um, to that reported for Si;Tes
within the literature. The electrical results describe n-type Si;Tes which is not typical and may be

reflective of the high resistivity value being at the limit of the Hall effect equipment used.
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Chapter 6

Deposition of SnSe Thin Films Using a

Commercial Picosun Instrument and LPCVD of Ternary

Solid Solutions of the Form ME (M = Ge or Sn and E =S,

Se or Te)

6.1 Precursors used

[Sn"Bu(S"Bu);]: Di-n-butyltin bis-n-butyl
thiolate

"Bu

I’]BU\ ' ‘\\\\\S”BU
Sn

S"Bu

[SnEt;(Se"Bu)]: Triethyltin n-butyl selenolate

Et
Et Se"Bu
\ '\\\\\\\
Sn

Et

[Sn"Bus(Se"Bu)]: Tri-n-butyltin n-butyl
selenolate

"Bu

”Bu\ ' \\\\\Se”Bu
Sn

"Bu

[Sn"Bus(Te"Bu)]: Tri-n-butyltin n-butyl
tellurolate

"Bu
"Bu\ ' \\\\\Te”Bu
Sn

"Bu

[Ge"Bus(Se"Bu)]: Tri-n-butylgermanium n-butyl
selenolate

"Bu
"Bu\ ' “\\\\Se”Bu
Ge

"Bu

[Ge"Bus(Te"Bu)]: Tri-n-butylgermanium n-butyl
tellurolate
"Bu

"Bu ' WTe"Bu
Nt
Ge

"Bu
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6.2 Introduction

As discussed in section 1.4, there are several strategies that can be utilised to improve the
performance of thermoelectric materials. Of these, the two that translate best to the process
defined in this work are the formation of solid solutions and, if greater control of film thickness
could be gained, the formation of nanolaminates and superlattices. This is because these methods
could be applied by simply combining two of the precursors either into a mixed precursor solution

or by sequential deposition of a layer of one material followed by the other.

With the intention of adapting the LPCVD process towards a full wafer scale process, the Picosun
R-200 advanced rig, displayed in Figure 6-1a, at the site of Deregallera, was selected as an
opportunity to assess if the process could be translated successfully. Preliminary experiments
proved very promising but further experiments were halted in early 2020 due to COVID travel
restrictions. A prerequisite for the use of chemicals as precursors on the ALD rig is a suitable
vapour pressure. Typically, the vapour pressure needs to be higher than 100 Pa to be
appropriate.! A discussion of how the precursor vapour pressures were assessed and a
comparison of these values can be found in section 2.3.2. The adaptation of precursors to the
commercial equipment could not only allow for depositions onto whole wafers, but also for the
rapid deposition of up to 6 different precursors sequentially. Greater control over both the
substrate temperature and the rate of precursor delivery offer the potential for much thinner and
more uniform films. Once the deposition coverage can be performed uniformly across the
substrate, alteration of the number of cycles and the amount of precursor delivered per cycle can
be used to control the thickness of depositions, as has been shown for other systems previously.?
If it is possible to control the thickness down to only a few nanometres then it would be possible
to deposit ordered multi-layered structures, known as superlattices or nanolaminates depending
on the layer thicknesses, and metamaterials. Superlattices have been shown to greatly increase
the performance of thermoelectric materials through the quantum confinement of phonons, as
discussed in more detail in section 1.4.3. A more detailed comparison of the LPCVD procedure to

the enhanced CVD procedure can be found in section 2.1.3.

6.2.1 Thermoelectric performance enhancement using solid solutions

In order to explore ternary materials, and more specifically solid solutions, mixtures of two
precursors, with one of the heteroatoms in common sharing a site in the crystal lattice, can be
used in depositions. This means that some control over the composition of the deposited material
can be achieved by altering the ratio of the precursors within the mixture. An overview of how the

adoption of solid solutions enhances the thermoelectric performance of a material can be found
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in section 1.4.4. A discussion of how the vapour pressures of mixtures differ between the

individual precursors prepared in this work can also be found in section 2.3.2.

6.2.1.1 Techniques for identifying of solid solutions

For compositional studies, techniques including EDX, WDX and XPS, for example, can be used to
detect specific elements within a sample and to quantify their ratios. However, these techniques
do not identify whether a film is formed of a single phase. This is best established through the
consideration of peak positions in the XRD and by careful analysis of Raman spectra. As described
by Vegard’s law, the lattice parameter of a solid solution comprised of two components is
approximately a weighted mean of the two binary materials. This means that a linear relationship
should be observed for a graph of lattice parameter vs. material composition if a well-distributed
solid solution is present. One simple way of evaluating this is to compare the unit cell volumes/
formula unit (Z). This gives the average volume of the formula units allowing for a simple
comparison between materials, even those in different crystal systems.* Similarly in the Raman
spectra of solid solutions, a shift in the peak position(s) relative the either of the individual

components is expected when a solid solution has been successfully deposited.>®

6.2.2 Enhanced parameter control and growth

As outlined in section 1.6, material growth can be controlled by consideration of several different
factors. As discussed there, these include: choice of precursor(s), temperature, substrate,
pressure and the number of nucleation sites. Moving from a simple LPCVD procedure, using a
tube furnace containing a quartz tube attached to a vacuum line, to the ALD reactor at
Deregallera affords a greater level of control over temperature across the whole wafer substrate,
pressure of the deposition and precursor delivery rate, as well as offering a means of scaling up

the deposition to full wafer size.

6.3 Experimental

6.3.1 Wafer scale CVD and PECVD of SnSe using a commercial Picosun R-200 Advanced

ALD reactor

Precursor bottles containing between 10 and 20 g of chosen precursor were attached to the line

which was flushed prior to use. The transportation of the precursor was confirmed by monitoring
the pressure within the lines when the bottles were opened, when the precursors have sufficient
vapour pressure a spike can be seen. Silicon wafers (15.2 or 20.3 cm diameter), acquired from IDB

Technologies who are now part of Inesto, were loaded into the reaction chamber through the
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loading port at low pressure. A reaction sequence, containing sequential pulses of the selected
precursor followed by a delay of up to 10 s and then either evacuation of the chamber or a pulse
of hydrogen plasma to assist decomposition, followed by evacuation of the chamber. The
evacuation is essential to remove the volatile by products produced during the deposition
process. The substrate temperatures selected were informed from the deposition temperatures
observed in LPCVD experiments, starting at a substrate temperature slightly below these
temperature at 300 °C and subsequently increasing based off of experimental observations These
steps were then repeated for a predetermined number of cycles, 100, 200 or, on one occasion,
2000. The precursor bottles were held at an elevated temperature throughout the experiments,
typically 200 °C. A flow rate of 50 sccm was used to deliver the precursor through the lines to the
reaction chamber. The experiments took roughly 2 to 3 hours for shorter experiments of 100 to
200 cycles and around 14 hours for the 2000 cycle experiment, at which point the wafer could be
removed via the loading port before the deposition was confirmed by ellipsometry at Deregallera.
After transportation back to Southampton the deposits could be characterised further via GIXRD

and Raman spectroscopy.

The deposits produced in these experiments were grey films of SnSe at the edge of the wafer
nearest the respective precursor inlet to the chamber. These depositions proved to be continuous
with coverages of about 10 cm by 5 cm and 6 cm by 1 cm, for the deposition from [Sn"Bus(Se"Bu)]

at 300 °C and [SnEt3(Se"Bu)] at 500 °C, respectively.

6.3.2 LPCVD growth of ternary solid solutions using combined precursors

An analogous LPCVD procedure to that used in section 3.3.1 was employed. However, the mixed
precursors tend to lead to increased vapour pressure, as described in section 2.3.2. This
necessitates either a slightly lower furnace temperature than that used in the binary materials, or
for the precursor bulb to be positioned further away from the hot zone during the deposition
process, to reduce mass transport effects. The molar ratio of 1:9 was selected as a starting point
for each of the mixtures. This was selected as a good starting ratio as previous materials reported
have shown ratios of between 1:100 and 2:10 have displayed some enhanced thermoelectric

materials, so exploring a SSP combination in this range allows for later optimisation.”%°

6.4 Results and discussion

In order for a precursor to be suitable for use in the ALD rig its vapour pressure must be
sufficiently high. As SnSe is of particular interest for thermoelectrics and the temperature window

for thin film deposition is typically widest for the selenolates in the work discussed in this thesis,
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the precursors [Sn"Busz(Se"Bu)] and [SnEt3(Se"Bu)] were assessed. For a more detailed description

of the characterisation and assessment of these precursors see Chapter 2.

6.4.1 Wafer scale chemical vapour deposition using a Picosun R-200 Advanced ALD system

The system adopted for use in the wafer scale depositions is displayed in Figure 6-1a. The system
has detachable precursor bubblers, displayed in Figure 6-1b and c, which can be heated to
between 40-200 °C and 40- 260 °C, respectively. The system consists of precursor source bottles
connected to inlet lines which a have carrier gas flow. These lines are connected to the reaction
chamber either through a detachable precursor shower head, designed to give an even
distribution of the precursor over the substrate, or, if the showerhead has been removed, directly
from the line into the chamber. The reaction chamber is maintained at a low pressure, 0.5 HPa.
The reaction chamber temperature is maintained evenly across the substrate allowing for good

control and uniformity of the deposition.

Fill port
VCR %”

Secondary
pulsing valves
VCR %”

Figure 6-1: a) Image of a Picosun R-200 Advanced ALD system. Included is a separate
vacuum wafer loading chamber adjacent to the control screen.! b) lllustration
showing a Picohot 200 bubbler with a 40 mL capacity and c) a Picohot 300 bubbler
with a 400 mL capacity.

Deposition using the enhanced CVD process involved larger scale synthesis of precursors, of

between 10-20 g, to fill the precursor bottles, Picohot 200 and Picohot 300 precursor source
bubblers, that attach to the inlet lines. The initial deposition attempts were performed using
[Sn"Bus(Se"Bu)] at a reaction chamber temperature of 300 °C, this temperature was selected
initially to see if lower temperatures could be used to deposit SnSe (typical deposition

temperature using [Sn"Busz(Se"Bu)] is 352 — 431 °C in the previous LPCVD experiments). These
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earlier experiments were 200 cycles long. This proved unsuccessful initially, due to the rather low
vapour pressure of the precursor not allowing for sufficient precursor delivery to occur. This led to
decomposition of the precursor inside the precursor showerhead only. This issue was partially
resolved by removing the inlet shower head, which is used to distribute the precursor more
evenly and cause a more even substrate coverage, as well as pulsing hydrogen plasma after every
pulse of [Sn"Bus(Se"Bu)] to assist in the precursor decomposition. The precursor showerhead
cannot be used in experiments using plasma as this leads to the plasma collapsing on contact with
the metal showerhead. The use of the hydrogen plasma in these depositions makes the process a
plasma enhanced CVD (PECVD) one. After only 200 cycles, ellipsometry measurements indicated
that some deposition had occurred. Following this observation, an experiment was conducted

using 2000 cycles of the plasma and precursor, the results of this can be seen in Figure 6-2.
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Figure 6-2: Ellipsometry of the silicon wafer after 100 cycles (left) and 2000 cycles
(right) and a photograph of the wafer after the 2000 cycle experiment with
deposition of material visible on the top left of the wafer. Both depositions used
[Sn"Bus(Se"Bu)] with a reaction chamber temperature of 300 °C, precursor bubbler
temperature of 200 °C and hydrogen plasma to assist in the decomposition of

[Sn"Bus(Se"Bu)].

The material that was deposited using [Sn"Busz(Se"Bu)] was confirmed to be SnSe by Raman
spectroscopy and GIXRD, as shown in Figure 6-3c. The refined lattice parameters for the XRD
pattern are: a = 11.614(4), b = 4.1857(12) and ¢ = 4.4678(19) A, which compare well with the
literature values of 11.49417(12), 4.15096 (5) and 4.44175 (7) A.*2 The sharp features observed in
the GIXRD pattern in Figure 6-3c are not attributable to the Si substrate. One possible cause for
these features could be the deposition of some very large highly orientated crystallites, this could
occur due to an initially high barrier to nucleation which would mean fewer nucleation sites and
thus much larger crystallites. The sharp features correlate with the 201, 210, 111, 311, 102, 220

and 221 peaks of SnSe. Some evidence for the potentially high barrier to nucleation is the lattice
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mismatch between SnSe and Si, which crystalizes in the diamond structure with lattice

parameters of : 5.4315(2) A.©®
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Figure 6-3: Top down and cross-sectional SEM images of a SnSe deposit grown from
[Sn"Bus(Se"Bu)] using the wafer scale CVD procedure and showing the film to be ca.

200 nm thick. GIXRD pattern for the same deposition, in black, and an XRD pattern

from bulk SnSe.*?

As only small amounts of material could be deposited and quite slowly using this method, a
precursor with a higher vapour pressure was selected to improve the process. Thus, subsequent
depositions were performed using [SnEt3(Se"Bu)]. As discussed in section 2.3.2, [SnEt3(Se"Bu)]
has a vapour pressure (1647.64 Pa), more than 8 times higher than that of [Sn"Bus(Se"Bu)]
(196.29 Pa), at 125 °C.
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Experiments using [SnEts(Se"Bu)] did not require the use of a hydrogen plasma, as had been the
case for the successful deposition using [Sn"Bus(Se"Bu)]. However, even without the H; plasma to
aid the decomposition of the precursor, the deposition of a dull grey film could be observed
visibly on the wafer after just 100 cycles. Attempts to deposit material without the need for the
plasma are an important step for the reactor set up used here as this would allow for the use of
the showerhead inlet or some other adapted precursor inlet. This could allow for a much more
even distribution of the precursor and thus lead to uniform depositions being possible. However,
due to the travel restriction in place no experiments were possible to explore this. This
observation in the deposition using [EtsSn(Se"Bu)] is likely due to its higher vapour pressure
allowing for a greater mass transport effect enabling the more precursor to enter the reaction
chamber per pulse.

Thickness # 1 in nm vs. Position
9 200.72

199.60
198.48
| 197.35
196.23

am 195.11

H 193.99
9

Figure 6-4: Ellipsometry thickness map showing a thicker region on the right hand

9 6 -3 0 3 6
X (cm)

side of the wafer and a photograph showing the wafer with some thicker deposit
along the same edge. Note the ellipsometry measurement does not analyse within
1 cm of the edge and so the thickest part of the deposition is missed. The red arrow

indicates the region characterised.

The deposited material was determined to be SnSe using Raman spectroscopy, GIXRD and SEM
with EDX. The GIXRD pattern, displayed in Figure 6-5c, is in good agreement with the literature
pattern and the refined lattice parameters: 11.518(3), 4.1705(13) and 4.4020(18) A.

219



Chapter 6

o - HO=™O =HANNDO N =NO mn N - m
o © OO -“ooN O O N N~ M -
c) N - NNO™T MO0 ™M T - - <
| [ N B | [ O O IO B B Il i

Intensity (a.u)

g

ln l l . l. ] lAl..l A Ak da
1.0 270 3'0 40 50 60 76 60
26 (')
Figure 6-5: a) Top down and b) cross-sectional SEM images of a thin film deposited
from [SnEts(Se"Bu)]using the enhanced CVD procedure showing the film to be

around 5 um thick, an area not observed by the ellipsometry measurement. c) GIXRD

pattern for the same deposition, in black, and a literature bulk pattern of SnSe.*?

The EDX values displayed in Table 6-1 further show the difference in thickness of the two deposits
as the major signal in the deposition from [Sn"Bus(Se"Bu)] with hydrogen plasma is from the
silicon substrate. The two deposited materials show stoichiometric SnSe. However, the quality of
the materials is not equivalent. The EDX analysis also indicates that there is a large quantity of Cin
both deposits, but particularly that deposited from [Sn"Bus(Se"Bu)]. This is very likely exaggerated
by the overlap of minor characteristic X-rays from both Sn with C. However, this presence of
carbon could be a result of the lower evacuation of the volatile by-products produced in the
decomposition compared to the LPCVD procedure, which is under vacuum throughout the

experiment, rather than held at pressure and pulsed between precursor and vacuum exposure.
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This slower evacuation may allow for the further decomposition of the volatile carbon containing
species into carbon particulates. For this reason, further analysis of the carbon content is required
to determine if the reported values are genuine. This could be performed using WDS, XPS or
microanalysis. However, due to building restrictions caused by COVID regulations this was not
possible at this time. If the C contamination proves genuine then attempts to minimise this could
be factored into the deposition process, for example by allowing longer evacuation pulses or also
introducing a hydrogen plasma when using [SnEts(Se"Bu)].The EDX spectra in question can be

seen in Figure 6-6a and b with quantitative analysis data displayed in Table 6-1.

a) b) Selal
z z ]
E E J Sn Lal
S > 3 4 5 6 o 1 2 3 4 5 s
Vice (keV) V,.. (keV)
Figure 6-6: EDX spectra for SnSe depositions onto silicon wafer using the enhanced
CVD approach, using a) [Sn"Bus(Se"Bu)] with a hydrogen plasma and b)
[SnEt;(Se"Bu)], respectively.
Precursor used Approximate film %C %0 %Si %Se %Sn
thickness (nm)
[SnBus(SeBu)] with ~200 14.2 6.5 77.7 0.5 1.1

hydrogen plasma

[SnEts(SeBu)] ~5000 23.2 - - 37.1 39.7

Table 6-1: Atom percent measured using EDX for the deposited SnSe onto silicon

wafer.

The Raman spectrum of the deposit obtained from [Sn"Busz(Se"Bu)] using an incident laser power
of 2.5 mW, shown in Figure 6-7a, shows the presence of SnSe, Sn0,, at 304 cm™* and features due
to the silicon substrate, at 521 cm™.2* The Raman spectrum confirms that the primary deposited
material is SnSe, however, in this case some impurities are also evident. The Raman spectra
collected for the deposit from both precursors confirm the presence of SnSe.’® However, using

[SnEts(Se"Bu)] produces a film formed of SnSe only. In the case of the deposition made using
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[Sn"Bus(Se"Bu)], there is substantial evidence of underlaying silicon from the substrate, due to
the thin nature of this deposit, and a tin oxide layer. The SnO; observed for this deposition is likely

a result of exposure to air in the transportation and storage of the wafer.
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Figure 6-7: Raman spectra for an enhanced CVD film deposited from a)

[Sn"Bus(Se"Bu)] and b) [SnEt;(Se"Bu)].

The successful depositions described here demonstrate the viability for use of further precursors
within the SSP family described in Chapter 2, most likely incorporating ethyl substituents to
achieve a suitable vapour pressure. The deposition process requires further optimisation, but
shows very good potential for the versatility of the SSPs. The utilisation of the ethyl substituted
precursor, [SnEt3(Se"Bu)], to enhance the volatility significantly, demonstrates the simple manner
with which the precursors can be adapted to use in different systems. In order to achieve greater
and more even coverages several parameters could be exploited. For example, varying the
precursor pulse and purge times, the substrate temperature, the carrier gas rates, the substrate
material and, as [SnEt;(Se"Bu)] was successfully deposited without the need for the hydrogen
plasma, different inlet configurations (e.g. shower head inlet). Unfortunately, it was not possible
to carry out these experiments during this research project due to the travel restrictions.
However, the work described here provides a very promising basis for the large scale deposition
of uniform coatings and, if the thickness can be controlled carefully, also the deposition of exciting

multi-layered metamaterials.

6.4.2 Towards the deposition of ternary group 14 chalcogenide thin films using mixed

precursor systems

In order to explore the thermoelectric performance of solid solutions comprised of different

group 14 chalcogenide materials, depositions using specific mixtures of precursors to form ternary
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materials were carried out. Typically, the precursors should have some overlap in their deposition

temperature regions.

Investigation into mixed ternary systems is of great interest for thermoelectric materials and
semiconductor materials for electronic applications in general, as they enable a degree of control
over the thermal and electronic properties of the deposits. Further details on why solid solutions
are of interest for thermoelectric applications can be found in section 1.3.4. The combinations
selected here have been chosen for their increase in the sustainability of the materials (by
reducing dependency on low abundant elements, especially Te and Ge) and/or to increase the
electronic transport properties or the Seebeck coefficient of the films compared to their binary

counterparts.

All depositions towards ternary materials were performed using the LPCVD procedure described
previously. None have been explored using the Picosun R-200 Advanced ALD system at this time.
Other ternary systems, besides those described below, were explored, but the XRD patterns

obtained indicated multiple phases and so these were not investigated further.

Many examples of mixed phase systems where enhanced performances have been obtained have
been reported in the literature, for example when nanoprecipitates are formed.**° However, as
these improvements mostly focus on reducing the thermal conductivity,?® which is not

investigated in this work, these were of less immediate interest.

The ratio of 1:9 for the combination of different precursors was selected as a suitable starting
point to investigate the potential for depositing solid solutions. This ratio was selected as it is
closely tied to the composition found in many literature examples of solid solutions with
enhanced performances compared to their binary components.” %222 This ratio does not reflect
a certainty to the composition of the final deposited material but is selected a starting point to

gauge future ratios likely to deposit solid solutions with compositions of interest.

6.4.2.1 Attempted growth of a germanium selenide telluride ternary thin film using LPCVD

To explore ternary GeSei«Tex systems a 1 to 9 ratio mixture of [Ge"Bus(Te"Bu)] and
[Ge"Bus(Se"Bu)] was used for all deposition attempts, typically using around 15-40 mg of the
precursor mixture. The Se incorporated into the Te sites is expected to decrease the crystal
symmetry, which has been shown to decrease the thermal conductivity - as discussed in Section
1.2.3.4. GIXRD analysis was used to establish the nature of the crystalline deposits, and
particularly to determine whether the deposited films were comprised of a mixture of the two
individual phases (GeTe and GeSe) or a true solid solution containing the desired elements evenly

distributed through a single phase. EDX analysis was used to confirm the presence of the three
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elements expected and to determine the resulting ratio. As can be seen in Figure 6-8 below, the

EDX analysis showed only Ge, Se and Te to be present, with Te being the minor constituent, as

expected.
1 Ge Lal
a) b)
E ] Se Lal |
s | _
1 L Te Lal N
Spm _///J Ge Kal
0 é 10
vlcc (kev)
c)
Figure 6-8: a) Top down SEM image of ternary GeSei«Texdeposition, b) the
corresponding EDX spectrum and c) an image of the tile.
Sample %C %0 %Ge %Se %Te
GeSeyTex
12.4 1.3 44.9 38.8 2.6
deposit

Table 6-2: EDX analysis of a sample determined to be a solid solution of GeSeiTexby

GIXRD.

The GIXRD pattern from this film displayed in Figure 6-9, shows that the pattern strongly
resembles that of GeSe, with no peaks that could be attributed to GeTe visible. This strongly
implies that the deposited material is a solid solution containing Ge, Se and Te atom evenly
distributed in the lattice. This is also a contribution to the broader peaks observed for the XRD

pattern from the ternary film below, as compared to the two binary films in Figure 6-9.
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Figure 6-9: GIXRD pattern for GeSeTe ternary film in black as well as patterns for

GeSe in green and GeTe in red.

Vegard’s law states that the crystal structure of a ternary solid solution will resemble a weighted
mean of the two binary constituent materials. The way that this manifests in the XRD data is a
difference in the lattice parameters and therefore peak positions, in such a way thatisin a
midpoint between the two binary components proportionally to the contribution from each.
Therefore, the slight increase in the lattice parameters moving from GeSe to GeSei4Tey, as shown
in Table 6-3, is in agreement with a small degree of Te being incorporated in the structure.
Previous investigations of GeSe1«Texwith low Te content indicate that the Pnma structure is
maintained for Se rich solid solutions (x < 0.05).#% Thus, a slight increase in the lattice parameters

is expected.
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Material | Crystal system a(A) b (A) c(A) Cell volume
(V)/ Formula
unit (2) (A3

GeSe Orthorhombic | 10.8089(7) 3.8222(2) 4.3679(3) 45.11

GeSeTe Orthorhombic 10.833(2) 3.8463(8) 4.3797(11) 45.62
deposition

GeTe Hexagonal 4.1778(5) 4.1778(5) 10.6866(14) 62.17

Table 6-3: Comparison of the lattice parameters and cell volumes for both the binary
materials, GeSe and GeTe, and the ternary deposition comprised of GeSe14Tex

formed using a 9:1 ratio of [Ge"Bus(Se"Bu)] and [Ge"Bus(Te"Bu)].

The Raman spectra collected for the binary materials and the ternary solid solution are displayed
in Figure 6-10. Conversely to the findings shown in the GIXRD, the Raman spectrum collected for
the GeSe1«Tex deposit describe a material similar to that of GeTe. This is apparent from the two
stretching modes at 80 and 108 cm™ for GeSe1..Tex compared with the E stretching mode at

87 cm™ and the A;g mode at 122 cm™ for GeTe. This finding could be reflective of the differing
composition at different areas at different positions across the substrate, despite efforts made to
ensure that approximately equivalent positions were analysed. Another explanation for the
observation of the different composition implied by the GIXRD and Raman analysis could be that
Raman is a surface technique and XRD is a bulk technique. Due to the different boiling points of
[Ge"Bus(Se"Bu)], 454.15 K, and [Ge"Bus(Te"Bu)], 493 K, it is likely that the initial vapours to form
deposited materials are that of the lower boiling point component. This could lead to a difference
in the composition from the bottom of the deposition up and thus a surface composition closer to

GeTe in nature and a bulk much closer to GeSe.
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Figure 6-10: Raman spectra for GeSeiTex in black, GeSe in green and GeTe in red.

6.4.2.2 Attempted deposition of a germanium tin telluride ternary thin film using LPCVD

The exploration of Ge1.«SnTe ternary films was performed using a 1:9 molar ratio of
[Ge"Bus(Te"Bu)] to [Sn"Bus(Te"Bu)] selected as an interesting ratio as other solid solutions of
different ternary materials with enhanced thermoelectric performances have contained from 1%
to 20% of the minor component, as discussed in section 6.4.3. The interest in this ternary system
stems from the incorporation of Ge into the Sn sites which will likely affect the occurrence of
vacancies, helping to tune the thermoelectric properties, as well as reducing the crystal
symmetry, which could lead to a reduction in thermal conductivity. One sample was produced
that resembled a solid solution, deposited at 366 °C and 0.01 mmHg. This film was characterised
using GIXRD, displayed in Figure 6-11, to show that the film was not simply a combination of GeTe
and SnTe. The spikey appearance of the Ge,.;SnsTe GIXRD pattern may be a result of a large

crystallite size leading to poor averaging of the scattering.
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Figure 6-11: GIXRD pattern for Ge1..SnTe ternary film displayed in black as well as the

patterns for GeTe in green and SnTe in red.

This can be further corroborated by inspection of the lattice parameters, displayed in Table 6-4
along with those of the binary materials for comparison. The deposition adopts the same cubic
structure as SnTe. However, the deposit has a reduced unit cell/ formula unit ratio compared to
the binary SnTe. This is good evidence for the deposition of a solid solution, as discussed in
section 5.2.1.1, as this is in keeping with Vegard’s Law. However, in order to further corroborate
these findings further deposits with differing compositions would need to be produced and
compared to show a linear correlation with respect to the lattice parameter change and

composition.
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Table 6-4: Comparison of the lattice parameters and cell volumes for both the binary materials,

GeTe and SnTe, and the ternary deposition comprised of GeSnTe.

Material Crystal system a (A) b (A) c(A) Cell volume
(V)/ Formula
unit (2) (A3)

GeTe? Hexagonal 4.1778(5) 4.1778(5) 10.6866(14) 62.17

GeSnTe Cubic 6.3017(4) 6.3017(4) 6.3017(4) 62.56

deposition

SnTe Cubic 6.3033(5) 6.3033(5) 6.3033(5) 62.61

EDX analysis was also deployed to probe the composition of the deposited film, as well as verify
the absence of impurities. The EDX spectrum can be seen in Figure 6-12 and the quantification of
the atom % is displayed in Table 6-5. The EDX analysis indicates a large quantity of O, however, as

this peak overlaps with intensities from both Te and Sn, this is certainly exaggerated.
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Figure 6-12: a) Top down SEM image of ternary GeSnTe thin film, b) the

corresponding EDX spectrum and c) an image of the deposition tile in investigated.
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Table 6-5: EDX analysis results for a solid solution thin film containing Ge, Sn and Te (on SIO3).

Sample %C %0 %Si %Ge %Sn %Te
GeSnTe 1.6 23.2 1.0 1.6 36.7 36.0
Ternary

The film was further characterised by Raman spectroscopy, shown in Figure 6-13 showing a
pattern similar to SnTe, with a very slight shift towards lower wavenumbers (peak at 140 cm™*
compared to 142 cm™ and 121 cm™ compared to 123 cm™®). There is also the emergence of a
feature at 94 cm?, this is not present in the binary SnTe and resembles a stretching frequency
observed in GeTe. This is further evidence for a well distributed solid solution being successfully

deposited.

Intensity (a.u)

100 200

Wavenumber (cm™)

Figure 6-13: The Raman spectrum for the deposited solid solution containing Ge, Sn

and Te.

6.4.2.3 Attempted growth of a tin selenide telluride ternary thin film using LPCVD

The SnSeTe ternary has previously been described as having improved thermoelectric
performance as a result of improved mobility due to the improved crystal symmetry, as the
orthorhombic SnSe structure moves closer to the cubic structure of SnTe with increasing Te
concentration, as well as lower thermal conductivity and higher carrier concentration.?® In the

aforementioned work, by Qin et al., ternary systems were investigated, SnSe;«Texsuch that x =
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0 - 3%. The system explored in the present work was obtained from a precursor mixture of 9 parts

[Sn"Bus(Se"Bu)] to 1 part [Sn"Bus(Te"Bu)].
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Figure 6-14: a) Top down SEM image of a deposition obtained using a precursor
mixture of [Sn"Bus(Se"Bu)] and [Sn"Bus(Te"Bu)], b) the corresponding EDX spectrum

collected for that same deposition and c) an image of the deposition tile investigated.

Table 6-6: EDX analysis results showing the atom percentages for all the elements present.

Deposition %C %0 %Si %Se %Sn %Te

SnSeTe 5.1 9.2 1.0 32.4 43.1 9.3

The GIXRD pattern for this film is compared to patterns of SnSe and SnTe deposits, produced and
reported in previous chapters, is displayed in Figure 6-15. The refined lattice parameters can be
seen compared to the two binary materials in Table 6-7. As expected for a SnSe system with
partial substitution of Se for Te, the unit cell/ formula unit ratio is increased compared to pure

SnSe. This is good evidence for the deposition of a solid solution.
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Table 6-7: Comparison of the lattice parameters and cell volumes for both the binary materials,

SnSe and SnTe, and the ternary deposition comprised of SnSeTe.

Sample a(A) b (A) c(A) Cell volume (V)/
Formula unit (2)
(A3)
SnSe 11.4844(18) 4.1555(7) 4.4289(10) 52.84
SnSeTe (FR222T3) 11.680(4) 4.2174(9) 4.4603(11) 54.93
SnTe 6.3033(5) 6.3033(5) 6.3033(5) 62.61

The GIXRD shown in Figure 6-15 shows very good evidence for a solid solution of SnSe;«Tey. This is
highlighted in the expanded section between the 26 angles of 25-33° where a shift of the peak
position from the binary SnSe to lower angle towards the major peak of SnTe is seen. This

indicates the shit towards higher d-spacing (lower 26) with increasing Te content.
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Figure 6-15: GIXRD pattern for the mixed precursor deposition from 9 parts

[Sn"Bus(Se"Bu)] to 1 part [Sn"Bus(Te"Bu)], in green, and literature profiles for bulk

SnSe'? and SnTe,?* in black and red respectively.

The Raman spectrum, displayed in Figure 6-15, of the ternary SnSei«Tex resembles neither binary

SnSe or SnTe closely. The peak at the lowest wavenumber, 100 cm™, is shifted away from the SnSe
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A; mode, at 72 cm™, towards the A; mode observed in SnTe at 123 cm™. Similarly, the higher
wavenumber stretching mode, at 148 cm™, is shifted away from the SnSe A;mode at 152 cm™
towards the SnTe E mode, at 140 cm™. This shifting of the stretching mode peaks is in keeping

with that observed in solid solutions of other materials.>®%

Intensity (a.u)

. T . T . .
50 100 150 200 250

Wavenumber (cm™)

Figure 6-16: Raman spectra for ternary SnSei«Tex in black, SnTe in green and SnSe in red.

6.5 Conclusions

The LPCVD of SnSe thin films was successfully translated to the enhanced CVD process using a
Picosun R-200 Advanced ALD reactor. The depositions were achieved from both [Sn"Bus(Se"Bu)]
with a hydrogen plasma and [SnEts(Se"Bu)], and the films were characterised by GIXRD, SEM with
EDX and Raman spectroscopy. The initial evidence for successful deposition came from
ellipsometry measurements, and were then confirmed by both Raman spectroscopy and GIXRD
analysis. In order to further establish this wafer scale procedure. Further experiments will be
required with the higher vapour pressure SSP, [SnEt3(Se"Bu)], to explore the potential for uniform
wafer scale depositions via careful control over the precursor concentration, flow rate, internal
temperature and the precursor inlet design. This same procedure could then be translated to
other similar SSPs for the deposition of various other materials and then, in principle, to create
multi-layered stacks comprising combinations of different group 14 chalcogenide films. Evidence
of C contamination was found in both of the deposits produced using the commercial set up

described. However, as this could be a feature of the overlapping characteristic X-rays of Sn and
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Se with C further work is required to validate these findings before attempts to mitigate this can

be performed, this could be performed using WDS analysis.

Thin films of several different ternary solid solutions have been produced, including GeSe14Tey,
Ge1xSnkTe and SnSei4Tex. The resulting films were fully characterised using GIXRD, SEM with EDX
and Raman spectroscopy. Other ternary systems were attempted, including SnS;«Texand
GeSi«Tex but were unsuccessful using the conditions selected. The ternaries successfully obtained
provide insight into useful SSP mixture ratios. The GeSei1xTex and GeixSngTe solid solutions
contained low quantities of the minor element, between 1-4%, whereas SnSei.xTex contained over
9% Te. Thus, the precursor mixtures chosen for future ternary depositions should reflect this to
obtain samples with various stoichiometries. The exploration of further ternary samples within
these families using different element ratios of their components would give a stronger basis for
evidence of solid solutions being present, by testing the characterisation data for a series of solid
solution samples with differing compositions. This would allow for a more robust investigation of
Vegard’s law. The successful deposition of these initial ternary phases shows a good precedent for
the deposition of other ternary solid solutions using this SSP family. Further work on these
materials would involve comparing their thermoelectric and electronic properties to those of the

binary phases.
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Chapter 7
Chapter 7  Evaluation of Single Source Precursors for the

Deposition of Bi,Ez and Sb,E; (E = S, Se or Te) Thin Films

7.1 Single source precursors used in this work

[Sb(S"Bu)s]: Antimony tris-n-butylthiolate [Sb(Se"Bu)s] : Antimony tris-n-butylselenolate
r‘BuS\ /S”Bu "BuSe\ /Se”Bu
Sb Sb
S"Bu Se"Bu
[Bi(S"Bu)s]: Bismuth tris-n-butylthiolate [Bi(Se"Bu)s]: Bismuth tris-n-butylselenolate
"BuS S"Bu "BuSe Se"Bu
N ~._.
Bi Bi
S"Bu Se"Bu

[MCIs(E"Buy)s]: Antimony/ bismuth trichloride tris-n-butylchalcogenoether (fac/mer)*=3

Cl E"Bu
Cl E"B Cl Cl = i
\,\L/ u \|\|/|/ M = Sb or Bi
CI/ | \E”Bu CI/ | \EnBu E =S, Se or Te
E"Bu E"Bu
fac mer

7.2 Introduction

Antimony and bismuth chalcogenide materials have long been reported as important within the
field of thermoelectrics for near room temperature applications.*® Lots of different methods of
material synthesis and thin film deposition have been reported, including precursors and methods
developed within the Reid group. In terms of thin films, these depositions used quite different
precursors for the growth of Bi;Tes, Sb,Ses and Sb,Tes, [MCl3(E"Buz)s] (where M is Bi or Sb and E is
Se or Te),%? [Sb(Se"Bu)s] and [SbMe(Te"Bu),]*° respectively. The different styles of precursor have
not been shown to extend to the entire series of Bi and Sb chalcogenides, particularly the sulfides,
thus may not translate well to the use of mixed precursor systems for solid solutions of some
other ternary combinations. The development of a single unified precursor type that translates to
all the materials would make the prediction of how these mixed systems might operate much

simpler. As the type described previously for the deposition of Sb,Ses, [Sh(Se"Bu)s], resembles
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closely the other precursors described within the work this thesis is concerned with, this was
selected as the most suitable precursor form to adopt. The adoption of this SSP style also allows
for a very simple synthesis route compared to that for [SbMe(Te"Bu)z], as MClsis commercially

available but MeMCl, requires a multistep synthesis.*0

7.2.1 The crystal structure of Sb,E; and Bi;E3 (E = S, Se or Te)

All of the Sb and Bi chalcogenide materials form 2D layered structures. The sulfides and Sb,Se;
adopt orthorhombic layered structures, whereas the Bi,Se; and the tellurides form rhombohedral
structures due to the destabilisation of the lone pair s? on the Sb or Bi in a similar fashion to that
described for the Ge monochalcogenide structures. These crystal structures can be seen displayed

in Figure 7-1.

Figure 7-1: Crystal structures of a) Sb,Ss,** Sb,Ses,*? Bi»Ss'2 and b) Sb,Tes,** Bi,Ses?”

and Bi,Tes.1®

7.2.2 Thermoelectric properties of Sh;E; and BiE3

The thermoelectric properties of the Sb and Bi chalcogenides are well established and have been
investigated since the 1950s.%8 They form a highly researched group of near room temperature
thermoelectric materials. Bi;Tesis typically an n-type thermoelectric material and Sb;Tesis an p-
type thermoelectric material, thus, they can be paired together to form a thermoelectric

2,17-20

device, as described in Section 1.4. Many examples of such devices are available

commercially.?! The layered orthorhombic structured Sb,Ss, Sh,Ses and Bi,Ss display relatively poor
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electrical conductivities and are therefore of less interest for thermoelectric applications when

undoped, as can be seen in Table 7-1.

Table 7-1: Collection of some room temperature thermoelectric and electrical parameters for
Bi>Es and Sb;E; including the electrical conductivity, Seebeck coefficient, thermal
conductivity and the electronic bandgap. *Predicted value, no experimental value

available due to the low electrical conductivity leading to instrumental difficulties.

Electrical Seebeck Thermal
Bandgap
Material conductivity coefficient conductivity
(eV)
(Secm?) (uv K?) (W mK?)
Sh,S; (1.6 x 10°)* 2888%*23 ca.2.4% 2.30%
Bi,S3 (3.6 x10°)% -325%%7 c.a.0.75% c.a.1.6%
Sb,Ses (10%-107)*%% 661%° 0.38-1.9%° 1.1%
Bi,Ses 100-550% -115% 3.10% 0.24%
Sb,Te; 104-1695%343> 1903 2.02 —2.523%¢ 0.28%°
Bi;Tes 340-1780%23137:38 c.a. -100% c.a. 1.6% 0.16%
7.23 Optimised properties

The thermoelectric performance of Bi,E3; and Sh,E3 based materials have been shown to be greatly
enhanced by a number of different approaches. These include: the combination of materials to
ternary solid solutions,*! the formation of superlattices,** nanostructuring*** and doping.*** The
techniques have yielded state of the art ZT values of ca. 1 for materials for near room
temperature regimes.*®* A detailed description of the optimisation techniques can be found in

Section 1.3.

7.2.4 Applications near room temperature

As discussed, the BiE; and Sb;Es materials operate best near room temperature. This means they
are good candidates for power generation devices that operate within this common temperature
range. These include wearable electronic devices, workplace or household sensing devices and

outdoor ambient low energy devices. A more in depth description of the temperature ranges and

the applications that occupy them can be found in Section 1.2.1.1.
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7.25 Previous single source precursors and deposition

As discussed in section 2.1, the use of SSPs is highly advantageous for use in CVD. Larger
molecules, with low volatility and or stability, can be used in AACVD. The SSPs shown in Figures
7-1 and 7-2 display some different SSPs reported for the deposition of Sb,Es and Bi,Es, where E is
S, Se or Te. The lack or a precursor type or family that spans all of the materials, M1Es, where M is
Sb or Biand E is S, Se or Te, makes the mixing of precursors to produce ternary solid solutions
much more difficult. Employing a SSP family that can access all the materials would lead to

comparable volatilities, stabilities and equivalent stoichiometry of the M:E within the mixtures.

o
Ph o b CgH17 \P/S
) CsH17O/|
S S 0 S\ PN
\B,/ /P M
! CgH470 | |
o OCeHir S\ /s

Ph P\
\H/ M = Sb or Bi | OCgHq7
OCgH47

NEt,

) S S O'Pr
d)
EtzN i
\ / S S O'Pr
T | g
NEt, l S

M = Sb or Bi

S O'Pr
Figure 7-2: Some examples of single source precursors reported in the literature for
the deposition of Sb,S; and Bi,Ss, namely: a) [Bi(SCOPh)s],>° b) (M[S,P(OCgH17),]3,?

C) [M(SzCNEt2)3]Szal’ld d) [Sb(SzCOiPr)3].53

The difference in the chemistry of the precursors largely arises due to the different energy overlap
or mismatch of the group 15 metal and chalcogen in question. The reaction of SbCls; or BiCl; with a
chalcogenolate can lead to further reactions due to the free coordination site. For this reason, the
SSPs displayed in Figure 7-2 all contain bidentate ligands which occupy all coordination sites. This
yields more stable SSPs. However, by careful control over the reaction stoichiometry, SSPs

containing only covalently bonded ligands are a viable option, as can be seen in Figure 7-3.
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E"Bu c)
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Figure 7-3: Single source precursors described in the literature for the deposition or
synthesis of Sb,Tes and Bi;Tes, namely: a) [MCls(E"Buy)s],>? b) [SbMe(Te"Bu),],*°
c) [BiEty(TeEt)],>* d) Sb[(TeP'Pr,),N]s,>° e) (EtaM),Te>*>¢ and f) [SbPh,(TeEt)].>’

The class of SSPs of the form [MCIs(E"Bu,)3] were explored previously within the group for the
depositions of Biy(Se1xTex)s and (Bii.,Sby)Tes solid solutions? and in the selective deposition of
Bi,Tes.! However, this work did not extend the group to the thioether complexes. Therefore, one
aim was to explore [MCl3(S"Buz)s] precursors to test the versatility of this group and explore the
possibility of mixed S and Se as well as S and Te based solid solutions, for more sustainable
thermoelectric materials. Also of great interest is the exploration of compounds similar to those
discussed in previous chapters, i.e. the group 14 chalcogenolate SSPs, of the form [M(E"Bu)s].
Some precedent for SSP of this type has already been established with the successful depositions
from [SbMe(Te"Bu),]*° and [Sb(Se"Bu)s].° Once the SSPs have been successfully prepared and
fully characterised, their potential for LPCVD would be explored via TGA. If appropriate, LPCVD
experiments would then be carried out and any films produced would be characterised using
GIXRD, Raman spectroscopy and SEM with EDX. If successful, this would enable the mixture of

these precursors to investigate the potential for the deposition of solid solutions.

7.3 Experimental

7.3.1 Precursor preparation and characterisation

All reactions were performed under an inert atmosphere using Schlenk, vacuum line and glove
box techniques under a dry nitrogen atmosphere. The solvents used (acetonitrile) were dried by
distillation from sodium wire prior to use and NMR solvents were stored in a glovebox over

molecular sieves. Ligands used (E"Bu, where E is S, Se or Te) were obtained using methods
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described in the literature.®®>° BiClz and SbCls; were obtained from Merck Life Science UK Ltd,
stored in glovebox and used as received and the chalcogenoether ligands, "Bu,E, where E is Se or

Te, were prepared using literature methods>®®°

and "Bu,S was obtained from Sigma Aldrich and
used as received. All *H, 3C{*H}, "Se{*H} (referenced against neat SeMe3), **Sn{*H} (referenced
against neat SnMey), 12°Te{*H} (referenced against neat TeMe;) and 2D HMQC NMR spectra were
collected on a Bruker AV400 spectrometer in CDCl; at room temperature. Due to the rapid
degradation of the precursors, despite storing at -18 °C, no microanalysis was possible. This
degradation could clearly be seen in the decolouration of the brightly coloured yellow or orange

precursors to brown or black as well as in their NMR spectra.

7.3.2 Precursor synthesis

[SbCI3(S"Bu,)s]: SbCl; (181.0 mg, 0.79 mmol) was dissolved in MeCN (10 mL) and the solution
cooled to 0 2C. A solution of S"Bu; (347.9 mg, 2.4 mmol) in MeCN (10 mL) was slowly added with
no change in colour observed. The solution was allowed to warm to room temperature prior to
stirring for 1 h. The volatile components were removed leaving a colourless oil that was dried in
vacuo. Yield: 263 mg, 50 %. *H NMR (CDCl5): & = 2.58-2.55 (m, [12H], CH,S), 1.63-1.55 (m, [12H],
CH,), 1.46-1.37 (m, [12H], CH,), 0.93 (t, [18H], CH3). *C{*H} NMR (CDCls): § = 32.4 (CH,S), 31.5
(CH>), 22.1 (CH,), 13.6 (CHs). IR (Nujol, cm™): v = 315 br (Sb-Cl).

[BiCl3(S"Busz)s]: BiCl; (224.3 mg, 0.71 mmol) was dissolved in MeCN (10 mL) and the solution
cooled to 0 2C. A solution of S"Bu; (308.9 mg, 2.1 mmol) in MeCN (10 mL) was slowly added with
no change in colour observed. The solution was allowed to warm to room temperature prior to
stirring for 1 h. The volatile components were removed leaving a viscous yellow oil that was dried
in vacuo. Yield: 120 mg, 22 %. 'H NMR (CDCls): 6 = 3.02 (t, [2H], CH,S), 1.71-1.64 (m, [2H], CH>),
1.51-1.42 (m, [2H], CHy), 0.95 (t, [3H], CH3). *C{*H} NMR (CDCI3): & = 33.7 (CH,S), 31.8 (CH,), 22.0
(CH>), 13.7 (CH,). IR (Nujol, cm™): v = 283 (Bi-Cl).

[Sb(S"Bu)s]: Butane thiol (2.083 g, 2.31 x 102 mol) was added to a solution of sodium metal
(0.531 g, 2.31 x 102 mol) dissolved in anhydrous ethanol (20 mL) and stirred vigorously over the
course of 2 h. Removal of volatiles from this colourless solution gave a white powder. THF (20 mL)
was then added, followed by a solution of SbCls (1.759 g, 7.71 x 103 mol) in THF (20 mL), which
was added dropwise over the course of 5 min., the solution turned to yellow immediately on
addition and then to a cloudy white after some time. The reaction was stirred for 1 h before the
THF was removed in vacuo and hexane was added. The cloudy solution was then filtered,
producing a clear pale yellow solution. After the hexane had been removed under vacuum, the

yellow liquid remaining was washed in anhydrous hexane (30 mL), filtered once more to remove
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particulates and dried in vacuo. Yield: 2.427 g, 81 %. *H NMR (CDCls): 6/ppm = 0.92 (t, J = 8.00 Hz,
[9H], CHs), 1.44 (tquart, [6H], CH,), 1.66 (tt, [6H], CH>), 2.91 (t, [6H], SCH,). **C{*H} NMR (CDCls):
6/ppm = 13.57 (CHs), 21.73 (CH,), 30.16 (SCH,), 35.69 (CH,).

[Sb(Se"Bu)s]: Selenium shot (1.341 g, 1.70 x 102 mol) was ground into a fine powder under an
inert atmospheric in a glovebox before being suspended in THF (30 mL). The suspension was then
frozen in liquid nitrogen (77 K) before the dropwise addition of "BuLi solution in hexanes (9.6 mL,
1.44 x 102 mol). After the mixture had thawed and been allowed to stir, a colour change from a
black suspension to a yellow solution and then to a deep red solution was observed. Further "BulLi
solution (1 mL, 1.60 x 10 mol) was then added dropwise until a pale yellow colour persisted. A
solution of SbCl3 (1.291 g, 5.66 x 103 mol) in THF (30 mL) was then added dropwise to the cooled
(273 K) solution of "BuSeLi. Upon addition, the colour change to a bright yellow and then to a
bright orange was observed. The reaction mixture was then stirred vigorously for half an hour.
The reaction mixture was then concentrated under vacuum, hexane (30 mL) was added, at which
point the solution turned cloudy with the precipitation of LiCl. The mixture was filtered by cannula
filter, before concentrating under vacuum, washing with further hexane (30 mL), filtering once
more and finally drying in vacuo, leaving a yellow/orange oil. Yield: 2.178 g, 73 %. H NMR
(CDCls): 8/ppm = 0.92 (t, J = 8.00 Hz, [9H], CHs), 1.44 (tquart, [6H], CH2), 1.74 (tt, [6H], CH,), 2.95
(t, [6H], SeCH,). **C{*H} NMR (CDCls): §/ppm = 13.54 (CHs), 22.85 (CH,), 25.24 (YJ77se13c = 60 Hz,
SeCH>), 35.44 (CH,). ”’Se{*H} NMR (CDCl): §/ppm = 45.8 (s).°

[Bi(S"Bu)s]: Butane thiol (1.703 g, 1.89 x 102 mol) was added to a solution of sodium metal

(0.435 g, 1.89 x 102 mol) dissolved in anhydrous ethanol (20 mL) and stirred vigorously over the
course of 2 h. Removal of volatiles from this colourless solution gave a white powder. THF (20 mL)
was then added, followed by a solution of BiCls (1.985 g, 6.30 x 103 mol) in THF (20 mL), which
was added dropwise over the course of 5 min., during which the colour changed to yellow, then
to light orange. The reaction mixture was then stirred for 1 h, at which point it was opaque and
black, before then being filtered leaving a yellow solution. After the THF had been removed under
vacuum, the yellow waxy solid remaining was washed in anhydrous hexane (30 mL), filtered to
remove particulates and dried in vacuo. Yield: 2.018 g, 67%. *H NMR (CDCl3): §/ppm =0.94 (t, J =
8.00 Hz, [9H], CH3), 1.45 (tquart, [6H], CH.), 1.66 (tt, [6H], CH>), 3.76 (t, [6H], SCH>). **C {*H} NMR
(CDCl3): 8/ppm =13.73 (CHs), 21.77 (CH,), 30.04 (SCH>), 37.69 (CH).

733 Thin film growth by low pressure CVD onto fused silica substrates

The fused quartz substrates were first washed with deionized water then ethanol before being

dried thoroughly in an oven before use. In a typical LPCVD experiment, the precursor (15-80mg)
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and fused quartz substrates were loaded into a closed ended silica tube inside the glovebox. The
precursor was loaded into the precursor bulb at the end of the sealed silica tube and the
substrates were positioned end to end (0-4 cm away from the precursor bulb) down the silica
tube. The tube was positioned horizontally in the furnace and held in place such that the
precursor containing bulb was protruding from the end of the furnace. The tube was evacuated to
0.01- 0.4 mmHg. The furnace was heated to the necessary temperature for the experiment, as
determined by TGA experiments and experimental observations, and allowed to stabilise. The
tube was positioned so that the precursor was close enough to the furnace for volatilisation to be
observed. The position was then maintained until all of the precursor had volatilised. This typically
took 15-25 minutes. Once the deposition was complete, the tube was removed from the furnace
area and allowed to cool naturally to room temperature before being transferred to the glovebox,
where the substrates were removed and stored until they could be characterised. In all cases after
the deposition had concluded, a small amount of solid material could be observed within the
precursor bulb. This is likely some of the deposition material, as would be expected due to the

large amounts of residual mass observed for the TGA experiments.

The depositions produced dark grey/ silver films with good coverages of between 1-2cm by 0.8

cm.

Figure 7-4: Examples of deposited material on tiles for Bi,S; (left) and Sb,Ss (right).

The deposition of Sb,Ses using [Sb(Se"Bu)s] is described in the work of Benjamin et al.’ However,
similar spectroscopic analysis results were collected from depositions produced using [Sb(Se"Bu)s]

in this work.

Figure 7-5: Sb,Ses deposited onto a silica tile.
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7.4 Results and discussion

7.4.1 Single source precursor preparation and evaluation

SSPs of the form [MCIs(E"Bu)s] can be prepared by the simple combination of MCl; and a
chalcogenoether, as displayed in Scheme 7-1. This synthesis was employed previously and these
precursors have been deployed for the deposition of Bi,Tes! using [BiCls(Te"Buy)s] as well as the
use of [BiCl3(Se"Buy)s], [SbCl3(Se"Bu,)s] and [SbCl3(Te"Bu,)s)? as well as [BiCl3(Te"Bu,);] in the
exploration of the deposition of solid solutions of the form M;E3, where M is Sb or Te and E is Se
or Te. The extension of this class of SSP to also include the complexes [BiCls(S"Buz)s] and
[SbCI3(S"Bu,)s], explored by project students (Hannah and Sana) under my supervision, would
enable more cost effective and sustainable materials for thermoelectric applications. The
products formed by the coordination of n-butylchalcogenoether ligands were then isolated by the
removal of the acetonitrile under vacuum leaving yellow, orange or red oils. Particular care was
taken to ensure that the precursor was not exposed to vacuum for long periods of time once the
solvent had been removed, as this can lead to the loss of the chalcogenoether ligands, in
particular this is an issue for the formation of [MCl3(S"Bu)3] due to the comparatively weak S-M

interactions (cf. Se-M or Te-M interactions).

Cl E"Bu
Anhydrous C'\ | /EnB“ C'\ | /Cl
MCl; + 3 E"Bu, M M
Acetonitrile CI/ | \E”Bu CI/ | \E“Bu
0°C E"Bu E"Bu
fac mer
M = Sb or B1
E=S, Se or Te

Scheme 7-1: Reaction schemes for the preparation of [MCIs(E"Buz)s].

The tris-thiolate precursors were obtained in good yields using the reaction outlined in Scheme
7-2. Care was taken to ensure that the stoichiometry was exactly balanced to ensure that no
further coordination of thiolate groups to the metal centre, which was observed in reactions
where an excess of "BuSNa was used. In such reactions a waxy solid was obtained, likely an

anionic tetra-kis species, such as [Na][Sb(S"Bu)a].
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"BuS S"Bu
Ethanol MCl;4 \M/
3"™BuSH+ 3Na ——— - 3 "BuSNa —— + NaCl
THF
M = Sb or Bi S'Bu

Scheme 7-2: Reaction scheme outlining the preparation of [Sh(S"Bu)s;] and

[Bi(S"Bu)s].

The reaction of "BuSeLi with SbCls, as described in Scheme 7-3, successfully produced

[Sb(Se"Bu)s], as described previously.® However, the analogous reaction performed with BiCls; did
not produce [Bi(Se"Bu)s] but rather lead to the formation of primarily "Bu,Se,. This was observed
during the reaction with the immediate colour change to a deep red and could clearly be seen in

the 7’Se {*H} NMR spectra with a peak observed at 346 ppm.5!

"BuSe Se"Bu
THF SbCl, oy
3Se + 3" BuLi ——— > 3"BuSeLi ——— + LiCl
THF
» Se"Bu
%
8.
%
@
s
nBuSe\Bi/Se Bu
+ LiCl
Se"Bu

Scheme 7-3: Reaction scheme highlighting the successful preparation of [Sb(Se"Bu)s]

and the unsuccessful preparation of [Bi(Se"Bu)s].

All attempts to synthesise [M(Te"Bu)s], where M is Sb or Bi, resulted in the formation of "Bu,Te:.
This was observed during the reaction with the immediate colour change to a deep red and could
clearly be seen in the 7’Se {*H} NMR spectra with a peak observed at 112.9 ppm.®? Even when
extreme care was taken to ensure the reaction was performed at -78 °C, the reaction produced
only "Bu,Tes. This is likely to be a result of the weak interaction between the tellurium and the
metal centres, due to the poor orbital overlap, allowing for easy cleavage and recombination with
an adjacent tellurolate, with matching energy levels. This could occur via a disproportionation
reaction, where by two molecules containing a M-Te bond react to form one species with a M-M
bond and one with a Te-Te bond, "Bu,Te,. Another possibility is the elimination of "Bu,Te; from a

compound containing two or more tellurolate groups via a reductive elimination step.
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"BuTe Te"Bu
THF MCl, ~u
3 Te + 3"BuLi ————— 3 3 "BuTeLi %@» | + LiCl
THF Te"Bu
M = Sb or Bi

Scheme 7-4: Reaction scheme of the attempted preparation of [Sh(Te"Bu)s] and

[Bi(Te"Bu)s).

The compatibility of these precursors successfully prepared for use in LPCVD was explored by
means of TGA. Temperature ramp experiments from 30-600 °C were used to explore the purity,

stability, volatility and possible temperature regime for the SSPs. These experiments can be seen

in Figure 7-6.
T T T T T T T
100 - [Sb(S"Bu);]
[Sb(Se"Bu),]
80 - B [Bi(s"Bu),]
60 7
Py
8
S 40+ i
20
0 -
T T T T T T T T T T T T T
0 100 200 300 400 500 600

Temperature (°C)

Figure 7-6: TGA experiments showing the change in mass with increasing

temperature for [Sb(S"Bu)s], [Bi(S"Bu)s] and [Sb(Se"Bu)s].

As can be seen in Figure 7-6, the TGA temperature ramp experiments of [Sb(S"Bu)s], [Bi(S"Bu)s]
and [Sb(Se"Bu)s] all resulted in some residual mass remaining, c.a. 9 % down to 4 % at 600 °C,

c.a. 44 % and 37 %, respectively. In the case of [Sb(S"Bu)s], this residual mass does not account for
any reasonable decomposition product and shows that the precursor mostly evaporates and only
a small portion of the SSP is decomposed. However, [Bi(S"Bu)s] and [Sb(Se"Bu)s] both leave
considerable residual masses. With respect to [Bi(S"Bu)s], inspection of some reasonable
decomposition products implies that a simultaneous loss of "Bu,S;, corresponding to a ca. 37 %

mass loss, and the loss of "Bu corresponding to an ca. 12 % mass loss, leaving ca. 38 % residual
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mass. With respect to [Sb(Se"Bu)s], a loss of "Bu,Se,, corresponding to a ca. 52 % mass loss, and
the loss of an "Bu corresponding to an ca. 11 % mass loss, would leave an ca. 37 % residual mass.
Both of which are in good agreement with the TGA results. The formation of a dialkyl
dichalcogenide volatile product has been reported previously in other chalcogenolate complex
decompositions.®*% It is important to note that this suggested decomposition has not been
verified at this time and that the conditions in the TGA measurement differ greatly from those in
the LPCVD experiments. During the LPCVD the lower pressure will lead to a much higher
proportion of precursor to be evaporated. This proposed decomposition pathway is displayed in

Scheme 7-5.

\E/ \E/ 2 "Bu,E,
A
) » n-Octane

2ME

M = Sb or Bi
E =S or Se

Scheme 7-5: Suggested thermal decomposition pathway for [Bi(S"Bu)s] and
[Sb(Se"Bu)s].

The residual material after TGA was analysed using powder XRD by Tom Crickmore. These
experiments did show crystalline material in all cases. However, due to restrictions concerning
room access during COVID, all of the samples were exposed to air for between 1 and 2 weeks. The
powder XRD experiments performed on the TGA residue produced from [Bi(S"Bu)s] showed

crystalline BiS and Bi,S; the powder XRD, as shown in Figure 7-7.
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Figure 7-7: Powder XRD pattern of the residue from the TGA of [Bi(S"Bu)s], matched

to a literature pattern for BiS,® blue, and Bi,Ss, red.

The powder XRD pattern for the residue produced in the TGA of [Sb(S"Bu)s] shows the presence
of the oxide product Sb,0s. This is likely a result of the highly fine nature of the powder and its

exposure to air.
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Figure 7-8: Powder XRD pattern of the decomposition product formed in the TGA of
[Sb(S"Bu)s], matched to literature patterns for Sb,0s.5® The small peaks labelled with

* correspond to elemental Sb.%°

The powder pattern for the residue produced in the TGA of [Sb(Se"Bu)s] shows Sb,Ses, as

displayed in Figure 7-9.
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Figure 7-9: : Powder XRD pattern of the decomposition product formed in the TGA of
[Sb(Se"Bu)s], with some of the more intense peaks highlighted with the Miller index

labels that coincide with literature bulk Sb,Ses.%”

7.4.2 Low pressure chemical vapour deposition experiments

Precursor (15-60 mg) was loaded into the precursor bulb, taking care not to contaminate the walls
of the CVD tube. This was achieved using a glass tube insert, to protect the walls of the CVD tube,
and a long pipette. Fused silica substrates were positioned inside the tube end to end just outside
the precursor well. The tube was positioned horizontally in a tube furnace and held in place such
that the precursor containing bulb was protruding from the end of the furnace. The tube was
evacuated to 0.01- 0.4 mmHg. The furnace was heated to the necessary temperature, 600 °C for
[Bi(S"Bu)s] and [Sb(S"Bu)s] and 500 °C for [Sb(Se"Bu)s],° for the reaction and allowed to stabilise.
The tube was positioned so that the precursor was close enough to the furnace for sublimation to
be observed. The position was then maintained until all of the precursor had sublimed. This
typically took 10-40 minutes. Once the deposition was completed, the tube was removed from
the furnace area and allowed to cool naturally to room temperature before being transferred to

the glovebox, where the substrates were removed and stored until they could be characterised.

Depositions from the SSPs of the form [MCI3(E"Bus,)s] proved suitable for the extension of the

family of Bi,E; films from this family of SSPs to include Bi,Ss. However, possibly due to the poorer
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Lewis acidity of SbCls (cf. Lewis acidity of BiCls), depositions from [SbCl3(S"Bu,)s] did not produce
Sb,Ss. This is likely due to the stronger S-C bond enthalpy (cf. Se-C and C-Te) due to the better
orbital energy match and weaker dative covalent bond between S-Sb. The combination of these
effects leads to a higher temperature needed for decomposition of the SSP and also a lower
temperature required for the SSP prior to volatilisation, as this could otherwise cause cleavage of
the dative covalent bond between the S-Sb. Breaking the dative covalent bond would be expected
to lead to the distillation of S"Bu, through the CVD and the formation of SbCls in the precursor
bulb. This could be remedied either by the slower evaporation of [SbCl3(S"Bu.)s], by positioning
the precursor bulb further from the hot zone, or by the flash evaporation of the SSP, by using a
hotter temperature and positioning the CVD tube closer to the hot zone. The precursor could also

still be used in an AACVD or direct liquid injection CVD process.

743 Sh,S; depositions

As mentioned above, depositions from [SbCl3(S"Bu;)s] were unsuccessful, for depositions
attempted between furnace temperatures of 600 and 650 °C, pressures of between 0.1 and

0.7 mmHg and precursor loads of between 15 and 42 mg. In these deposition attempts no films
were produced for analysis and the precursor was observed decomposing to leave a light grey
residue in the precursor bulb. For this reason the covalently bonded SSP [Sb(S"Bu)s] was
developed to improve the thermal stability of the precursor to facilitate complete volatilisation

prior to decomposition and film growth.

Depositions produced using [Sb(S"Bu)s] were characterised using GIXRD, SEM with EDX and
Raman spectroscopy. The GIXRD pattern, shown in Figure 7-10, matches well to the literature
pattern for bulk Sb,Ss. The refined lattice parameters of this deposition are: a = 11.3549(10),

b = 3.8256(3) and ¢ = 11.2465(10) A. Which are in good agreement with the literature data: a =
11.311(1), b = 3.8389(3), and c = 11.223(1) A.%
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Figure 7-10: GIXRD pattern of an Sh.Ss, deposited using [Sb(S"Bu)s], in black matched

to a literature pattern of Sb,Ss.%®
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Figure 7-11: a) Top down SEM image of a deposit of Sb,S; and b) the corresponding

EDX spectrum for the same deposit.

The Raman spectrum displayed in Figure 7-12 shows peaks at 158, 191, and 282 cm™* which can be
attributed to A, modes and peaks at 130, 239, and 312 cm™ to Bz modes. This is in good

agreement with literature examples of Sb,S3.%°
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Figure 7-12: Raman spectrum collected from a sample of Sb,S; deposited from
[Sb(S"Bu)s]. The peaks indicated at 158, 191, and 282 cm™ correspond to the Ag

modes and the peaks indicated at 130, 239, and 312 cm™ correspond to B;; modes.®

7.4.4 Bi,Ss; depositions

Depositions produced using [BiCl3(S"Bu,)s] were explored by initially explored by two UG project
students under my guidance, Hannah Watson and Hamidah Sana, who found that this was a

suitable SSP for the deposition of Bi,Ss.

Depositions produced using [Bi(S"Bu)s] were characterised using GIXRD, SEM with EDX and
Raman spectroscopy. The GIXRD pattern, shown in Figure 7-13, matches well to the literature
pattern for bulk Bi,Ss. The refined lattice parameters of this deposition are: a = 11.263(6),

b =3.987(2) and 11.120(5) A, which are in good agreement with the literature values of
a=11.316(3), b =3.9709(2), and c = 11.178(2) A.23
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Figure 7-13: GIXRD pattern, in black, collected for a Bi,S; thin film deposited using
[Bi(S"Bu)s] matched to a literature pattern of Bi,S3.** The broad feature observed

between c.a 15 and 30 ° is caused by the underlaying fused quartz substrate.

The Raman spectrum displayed in Figure 7-14 shows peaks at 100, 188, and 237 cm™® which can be

attributed to A; modes and peaks at 166 and 263 cm™ to Bi; modes. This is in good agreement

with literature examples of Bi,Ss.”°
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Figure 7-14: Raman spectrum of Bi,Tes deposited using [Bi(S"Bu)s]. The peaks

indicated correspond to A, Big, Ag, Agand Biz modes, respectively.”®

7.5 Conclusions

Two separate classes of SSP for the deposition of Bi,Es and Sb;Es thin films, one containing anionic
chalcogenolate ligands covalently bonded to the metal centre and the other neutral
chalcogenoether ligands dative covalently bonded to the metal trichloride, have been prepared
and characterised spectroscopically and via TGA. The chalcogenoether ligand containing SSPs, of
the form [MCI3(E"Bu,)s], were found to deposit Bi;Tes, SbaTes, BizSes, Sh,Ses, as shown
previously,’ and in this work Bi,Ss. However, possibly due to the poor Lewis acidity of SbCl; and
the modest Lewis basicity of "Bus,S, [SbCls;(S "Buz)s] was not shown to deposit Sb,Ss. The
chalcogenolate style SSPs, of the form [M(E "Bu)s], were shown to deposit Sh,Ses, as previously
described,® as well as Bi,Ss, Sb,Ss in the present work. However, likely due to the poor orbital
overlap of Se with Bi as well as Te with Bi and Sb, [M(E"Bu)s], where M is Sb and E is Te or where

M is Bi and E is Se or Te, could not be synthesised.
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Chapter 8

Chapter8 Summary and outlook

The work described in this thesis outlines the establishment and optimisation of the deposition of
a number of materials of interest for a wide range of applications. This includes the description a
single source precursor family, including the first example of a single source precursor for Si;Tes,
and their use in LPCVD. The work detailed also expands the reported thermoelectric
performances of some of the materials and details some different techniques to control the

enhanced thermoelectric performance some of these materials.

The successful synthesis of a number of different single source precursors for group 14
chalcogenide materials, including: Si;Tes, GeS, GeSe, GeTe, SnS, SnSe and SnTe, and their
characterisation using H, 3 C{*H}, 2°Si{*H}, 7’Se{*H} and *?*Te{*H} NMR spectroscopy. The vapour
pressure of all of these SSPs was also obtained using isothermal step TGA experiments and

thermodynamic data was obtained from these results.

Successful depositions of the SnE, where E =S, Se or Te materials, including the first example of
selectively deposited SnTe, greatly expands the applications and diversity of SnE polycrystalline
thin films. The SSPs developed for the production of SnS also lead to control over the quantity of
sulfur within the deposit, which was determined to be a method of greatly enhancing the
materials electrical conductivity. Thus, the performance of the SnS films described in this work
can be controlled by SSP selection. The thermoelectric performance of SnSe and SnTe reported in

this work are competitive with other polycrystalline depositions reported.

The deposition of GeE, where E is S, Se or Te, was highly successful and the first example of a
single source precursor that spans the entire sulfide, selenide and telluride series. The depositions
of GeTe was shown to have good thermoelectric performance, which was also affected by the
deposition temperature. It was determined that higher deposition temperatures led to higher
charge carrier concentrations, which lead to an enhanced power factor. This means that the

deposition conditions yield some control over the performance of the GeTe deposited.

The deposition of SnSe was successfully shown to be transferable to a commercial set up by
altering the vapour pressure of the SSP. This advancement opens up huge opportunities for all of
the group 14 chalcogenide materials described in this work, both in terms of the larger scale of
their deposition, higher control allowing for greater selective deposition potential, the possibility

of depositing thinner films and the exciting prospect of producing multi-layered stacks.
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Appendix A - General Experimental Techniques

A.1 Precursor Preparation and Characterisation

All reactions were performed under an inert atmosphere by utilisation of Schlenk, vacuum line
and glove box techniques under a dry nitrogen atmosphere. The solvents used (THF and hexane)
were all dried over sodium wire using a stile prior to use and NMR solvents were stored in a
glovebox over molecular sieves. The Et3SnCl, "Bu,GeCl, and "Bu,SnCl, was acquired from Alfa
Aesar, "BusSiCl, "BusSnCl was acquired from Sigma Aldrich and "BusGeCl was obtained from Alfa
Chemistry. All of these were then stored in a glovebox and used as received. All *H, 3C{*H},
25Si{*H} (referenced against neat SiMe,), 7’Se{*H} (referenced against neat SeMe,), and **Te{*H}
(referenced against neat TeMe;) NMR spectra were collected on a Bruker AV400 spectrometer in
CDCls. Elemental analysis results were measured at the London Metropolitan University elemental

analysis service.

A.2 Thin film characterisation

Grazing incidence X-ray diffraction (XRD) patterns were collected using a Rigaku SmartLab system,
using Cu- ka X-rays, a 26 scan range of 10 — 80° and an w-offset of 1°. The crystalline phase of the
film was determined by comparison with a literature XRD pattern, accessed via the Inorganic
Crystal Structure Database (ICSD),* and lattice parameters were obtained by further optimisation

of the fit using PDXL.?

The SEM microscope used was a FEI XL30 ESEM (Environmental Scanning Electron Microscope)

tungsten filament electron source with ThermoFisher UltaDry EDX, 10 mm? detector.

The Raman spectra were obtained using a Renishaw inVia confocal Raman microscope — 785 nm

500 mW laser.

A.3 Thermoelectric and electrical property measurements

Resistivity, carrier concentration, and carrier mobility were measured by Hall measurements
(Nanometrics HL5500PC) from 125K to 450K in steps of 25K under a magnetic field of 0.5T. Care
was taken to ensure linear contact between the probes and sample before each measurement
and current was optimised to ensure normal ohmic conduction with maximum voltage signal.

Seebeck and electrical resistivity were measured using the Joule Yacht MRS-3L from 300K to 600K
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in steps of 25K. The Seebeck coefficient was measured using the differential method with a
maximum temperature difference of 10K. The resistivity measured here was measured using a 4
point probe method and corrected for geometric error using the results from the Hall
measurement system. These two measurement techniques are discussed in far greater detail in

section 1.9.3.

A.4 Evaluation of LPCVD setup

As described, the LPCVD experiments were conducted using a quartz CVD tube positioned inside a
tube furnace, the tube furnace is the insulated at both openings. This leads to a difference in the
temperature in the middle of the furnace as compared to the outer edges. The actual internal
temperature were measured using a thermocouple and the results of these measurements are

shown in Figure A.1.
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Figure A.1: Temperature profiles for a range of different furnace temperatures using a) fused silica

wool (restek) and b) Superwool 607 Fiber, 4 um (RS pro).
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