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Abstract

The work in this thesis is concerned lwgrowth of low dimensional materials in a variety

of morphologiesvhich havepotential renewable energy generation applications. The work
described uthin demonstrates synthesis methods for the production of materials with
thermoelectric applications and materials for photovoltaic purposes. Products are
characterised using a range of techniques including: scanning and transmission electron

microscopygenergy dispersive Xay spectroscopy and powdefrXy diffraction.

Presented here is an investigation into the growth of bismuth telluride on silicon surfaces
via chemical vapour deposition (CVD). Resultant particle morphology is reported in
relation to &perimental conditions such as surface condit{giigon, gold/palladium on
silicon and disordered silicon surfacegmperature and reagent concentration. Successful
synthesis of BiTe; plates is presented starting from elementalynsarsvia a closel

vessel CVDprocess. Plates with subicron thicknesgbut up to 40 um diameteare

produced template free on a silicon surface and without the need for transport gases or
expensive precursors. Usimgodification of siliconsurfaces thgrowthof 2-4 um

tetragonal pyramids of Bie; aredemonstrated. CVD is also used to produce bismuth rich
nanowires up to 40 um but <100 nm in deteT, these were producedibgreasing the

bismuth concentration in comparison to other methods.

This thesis alsdetailsan investigation into the suitability of a range of substrates for
CVD. Alumina is demonstrated to be a suitable surface #reBCVD with

nanostructured Bie; spheres of 20 um diameter presented. Additionally vertically
aligned arrays of copper tefide are presented using a single step CVD process. Arrays
consist of hexagonal plates <500 nm in thickness but up to 25 pum in diameter. Due to
preferential reaction with tellurium GaAs is demonstrated to be a poor facilitator1@; Bi
growth as is codlt.

The production of nanostructured spherdi@, is also presented. Spheres with tuneable
diameter are produced in <60 s in muattdbde microwave reactors using a hydrothermal
process. The spheres are comprised of radially aligned nanorods proguneressof 43

um. Spheres are demonstrated to be a single rutilephi@se. Spheres are characterised

with phase, band gap and morphology presented and influence of experimental parameters

such as time and reagent concentration is discussed.



Finally thiswork investigates the doping and conversion of;[8@uctures to TiN and
TiO2.xNy structures. Using ammonolysis Ti€3 converted to a TiN structure while
retaining its original its original spherical morphology. Using the same ammonolysis
process TiQis doped and the demonstrational shift in band gap to the visible region is

presented.



Abbreviations and definitions

Abbreviation Definition

BET BrunaurEmmettTeller

CvD Chemical vapour deposition

CVvT Chemical vapour transport

DI Deionised

EDX Energy dispersive Xay

EELS Electron energy loss spectroscopy
emf Electromotive force

IPA Iso-propanol

MOCVD Metalorganic chemical vapour deposition
RTG Radioisotope thermoelectric generator
SNAP Systems for nuclear auxiliary power
SEM Scanningelectron microscope

TEM Transmission electron microscope
UV/Vis Ultraviolet/Visual

VLS Vapour liquid solid

XRD X-ray diffraction

ZT Thermoelectricifjure of merit
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1 Introduction

1.1 Scope of work

Theresearcldescribedn this thesignvestigates the synthesafslow dimensional
morphologies of materials with potential renewable eneegperation applications. The
aim of this work wasto find suitable synthetic routes to grow low dimensional structures
of thermoelectric and mhocatalytic materials. The synthetic routes employed to create
these structures werearical vapour deposition (CVDXp create telluride structuresth
potential thermoelectric applicatigrend rapid microwave synthesis of {higotocatalytic
compundTiO,. The objective wat creatdhe low dimensional structur@sa
reproducible and controllable manner whaleplying routes comprising the minimal
number of steps

Reported in the fouresultschaptes of thisthesisincludetelluride strictures gown on
silicon surfacetelluride structures on nesilicon surfacesandTiO, growthvia
microwavehydrothermal syntbsis. Thesel@apters detail thenethodologyused tacreate
interesting particle morphology including sheets, plates and winesrodsf bismuth
telluride, and nanorods oFiO; alignedspherically The final results chapter also details
and investigation into the pseudomorphic conversion and doping of thefgh@res into
nitride and oxynitrideSynthesis conditions are reported andgtezlucts characterised

1.2 Energy materials

Energy materials are capable of storing or transforming energy. This area has grown
spectacularly in recent decades and spans the fields of chemistry, engineering and physics
Increasing importance isvgn to thase materials due woncerns abouhe impact current
energy production methods have on the environntemgrgy materials include
photovoltaicsthermoelectricsbattery technology and piezoelectrithisthesisdeals with

materials used in photovoltaio@thermoelectric applications.

1.3 Thermoelectrics

Thermeelectricdevices are modutecapable of producing atectrical current from a
temperature difference (the Seebeck eff et
climate as a promisghavenuedr renewable energhése devices can be used to scavenge
waste heat from inefficient systems and conitento electricity. This could improvihe

efficiency of current energy processes as well as providing an easily retrofittable device to
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numerous syems. Workinglevices or modules asdsonow being adapted to allow

devices to run simply body héat

1.3.1 History

The discovery of thermoettics occurredn the early 1808when a compasseedlewas
deflected when ptzed next to a circuit of two dissimilar metals which were held at
different temperaturedt was regardebly the scientific communitgs somewhat of a
novelty, a curios yet uselss quirk of science. The investigation of therteoticslay
largelydormant forover 100 years, until the 195@When the topic was more heavily
invested in and put into practical use by the Soviet Union and the American rhilitary
this time the technology had veigw areas irwhichit could be employed. It was not yet
suitable for a commercial market duehh cos and low efficiency Therefore it could
only be used when the cost was not prohibitiviéa wespect to the reliability leading to the
use ofthermoelectric generatts inniche military and medical applications.

1.3.2 The Thermoelectric effect

The thermoelectric effect is governed predominantly by thhemomenaThese effects
deal with the production of voltagrom a temperature differendbe creation of a
temperature difference when provided with a voliagel the third representing the heat
produced when current flgs along a conductor with a namiform temperature. These

three effects ardescribedelow.
1.3.2.1 The Seebeck effect

The Seebdceffect isthe process by which a voltage is produced due to a temperature
difference across a material. The Seebeck effect was discovered, though erroneously
explained, by Thomas Johann Seebeck in #823eebeck discovered that a compass
needle could be deflected when placed in the centre of a loop made of two dissimilar
metals in which the junctions were held at different temperatures.

11



Figure1-1: Di agram of Seebeckds original

It was initially believed that this was a thermomatic effect. Seebeck hypothesised that

the temperature difference was inducing a magnetic field. While in a manner he was

correct, he made no initial connection to the magnetic field itself being induced not directly

by a temperature difference but byuarent flowing through the material following
Amperds circuital law. The effect can be demonstratethieysimple schematishown in

Figure 12.

Figure 1-2: Seebeck modelGreen (a) and purple (b)represent dissimilar conductors. A and B
represent the junctions of the conductors. C and D are the points where anteral circuit would be

joined

Here two dissimilar conductorgjreen § andpurple(b) are connected in series with each
other. If theyare held thermallyn parallel- so thatunctions A and Bheld at different
temperaturesr, and T,. Taking A to be thevarmerjunction and with the tempature at B

12



cooler then we hav€&; > T,. An open circuit electromotive force (emf), ig developed

between C and D. This relationship is expressed in the folloggngtion
V=U T &)

Here U represents the Seebeck coefficient
Seebeck coefficientsor mal |y referred to in units o

voltage induced by tahw gpTemper ature diff el

1.3.2.2 Peltier effect

The Peltier effect can be thought of as thpagite to the Seebeck effectaselectrical
source is applied in ordév create a temperature differehcBhe effect was discovered by
Jean Charles Athanase Peltier in 183our years lateHeinrich Friedrich Emil Lenz
added to this discovery noting the direction of the current dictated whether the material
would heat or cogland used the sanexperimentatet up to freeze and mée subject to

a reversal of current.

The Peltier effect is the observed temperature differenceirggsuim an external emf
applied to two dissimilaconductors. The effect can be enhanced, as is the case in
commercial applications, by use of semiconductors. Defining a circuit as shéigure
1-2 and applying a current flowing in an A to B direction then tivesald bea resulting
temperature diffeance created at the junctiofmints A and Bpf materials. Defining the
rate of heating ag (and corresponding cooling of the second conductoggthen the
Pel ti er cloeeomésithe iielationship litking the currenith g and is
represerdd byequation 2.

- (2

Connecting two dissimilar conductors of Peltier coefficiépanddy,, and applying a

currentl, there is a resultant Peltier heatinglbélescribed as:

G=(Ya- bl €)

13



It should be noted that the above description ignores heat producedbirtaheating.

The Peltier effect leads to the common use of thermoelectric materials as heat pumps.

1.3.2.3 The Thomson Effect

The third effect which undeés the thermoelectric effect was discovered in 1851 by

William Thomson (later Lord Kelvin) and is known as the Thomson Effékthis effect

takes into account a temperature difference across the conductor and the heat absorbed or
produced from a flowing current along the temperature gradient. Where a small
temperature difference is recorded] the Thompson coefficierib) is given by:

n (4)
Ow"Y

In the above equatioh is the Thompson coefficieny the heatand"Qhe current.

1.3.2.4 The Kelvin Relationships

The Seebeck, Peltier and Thomson coefficients can be related using thermodynamics and

are represented by the Kelvin relationships.

~y ©)

and
Q| f i (6)
QY ~

1.3.3 Figure ofMerit

The comparison of thermoelectric materials is made throughniendionless figure of
merit, ZT, whichdetermines the fraction of Carnot efficiency that can be theoretically
attained as a thermoelectric. Each material type has a particular ravigereZ T is

maximisedas shown irFigure 132,

14



CeFe,Shy,
(Sb,Bi),Te;
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Figure 1-3: (a) Figure of merit (ZT) vs temperature; (b) thermal conductivity vs temperature ®

Fortemperaturecircal00°C, bismuth telluride has the highe&t value. The most

common form in which th&T is expressed is the following:

W0Y — ()

Her e, 0 i bconductavity,eTlisehe tempierat@@js the lattice thermal
conductivity a n dis tHe Seebeck coefficient. It is this value that is used as a measure of
the thermoelectric efficiency. Cumeresearch aims to maximigd. Refinemenbf
materials has thus fégad to a plateau &T ~ 1 for commercial applicationd/arious
modificationsto existing materials wetteialled leading to some succelsstthe scaling up
of highly efficient materials to bulk quantities is provimgpblematic Other routes were
developed which proved promising in developing materials further. T$temMave of
thermoelectric devices available to the market place [Zadod around 0.8L.0. This
translates to an effectiveness e8% when functiomg as a Carnot engine. Second
generatiordevices available commerciallpaveZTsin the rang&.3-1.7 andan efficiency
of 11-15%. The long term current goal i€& value of three. Theoretically this is an
attainable goal, but the route to synthesising a material with thisavigloe in a
reproducible and commercially viable way is unclear. Superlatticestha highesZ T to
date but these are not suitable for large scale production or longugage ™. Increasing
ZT made slow progress in the early days of this technologhe first 50 years spent
attempting to improve bulk materiatanly incremental gaingere madetaising the figure
from around 0.6 to ¥2. Research has failed to make notable inces@sthis valuen bulk

materids. Other routes were suggested as a means to increasedhd the leading
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method currently is the decrease of dimens{pnsducing materials which have a fine
nanostructure opposed to bulk materitlhas been shown from proof of principle studies

13 that low dimensional structures show an increased ability to #lloFhe greatest

hardship that must be overcome is the direct relationship between thermal conductivity and
electrical conductivity. When the scale of the material is small enough to allow quantum
confinementeffectdJ, G and ¢ c a nindependendynNancalédl e d qu a
materials also have a secondary advantage over their bulk countagpédagy contain

additional crystal boundaries. The fine grain boundaries found in nanoscale material play a
significant part indisruptingphonons; this uses classical effects mgluse of scattering

from boundaries and interfaces. This leadspoarer thermal conductivity tbugh the
materialwhile not hamperingelectricalconducivity. The positive effect of these

boundaries has been clearly demonstrated by the improvedmanioce of nanocomposite

materials. Simple ball milling of a standard ingot of s can have a significant effect on

I. 14 | 15

the thermal conductivity. Regt al. =" and Zhacet al ~ showed that grinding followed by
hot pressing gave a material that had reduced thermal conductivity but with no significant
reduction in electroniconduction Increases of 25% compared to bulk have been

observed.

A good thermoelectric material inherenthusthave a poor thermal conductivitg retard
an equilibrium being set up between the hot and cold sidé&® deviceThis presents a
significant problem when it is also necessary for the material to be a good electrical
conductor. The thermal conductivityase of the key parameters for the development of
higherZT materials. Théatticethermal conductivity arises from two sources in

semiconducting materiale | ectg oansd ( g)honon (¢

Catice= & p ¢ 8)

The thermal coductivity of electrons carot be reduced without having adverse effect
on theconductivity,therefore attention must be focused reducing the contribution made
by the phonons. This can be achieved by trapping the phonons as in skuttet?ddites
(vide infra) or by stopping thermatansport with quantum confinemesr grain boundary

placement.

16



The ultimate goal in thdevelopmenbf thermoelectronic materials is tdesignof

APhonon GI ass .HHisglrasgcammon(y foynd in the like@tuyeefers to

a materal with poor thermatonductivityakin tothat of an amorphous glass material but

that still retains the ability for good electrical conductivity.

1.3.4 Improving thermoelectrics

One of the current leading methddsmprove the efficiency of thermoelectric devices

both theoretically and experimentally decreased dimensions. Hiaisal *® showed

theoretically that by reducing thermoelectronic materials to the nanpeakdficiency of

these devices can be multiplied many times. irtdseasedT is represented iRigure 14.

The rise in efficiencys due to the combination of many effects such as phonon scattering

at thecrystal grainboundaries leading to poor thermal conductivity and quantum

confinement effects.

Figure of Merit ZT) of 1D, 2D and 3D Systems
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Figure 1-4: Reduceddimensionsimproving ZT *®

Increased efficiency gredominantlydue to the decresa in thermal conductivity opposed
to the increased powerfactor. The drive is towarda
electroncrystab with the thermal conduction of an amorphous material but the electron

conduction of a good conductor.

There are nonerous routes to improvirgrl such as the creation of nanocomposites. Here

the thermoelectric is made of predominantly one material with the addition of a similar but

mat er i

al

wh i

ch

different material in the form of a nanodot. These nanodot particles are dispersed
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throuchout the material in low enough quantythat there is no significant disruption to
the electrical conductivity. lveverthe quantity inough to significantly disrupt phonon
transport. Thenid to long rangghononsaredisrupted by Rayleigh scatterindfollowing
interaction with themanodotsand this lead# a reduced thermal conductivity and
correspondinglyo anincrease irthe overall thermoelectric efficiencyhere have also
been improvements in thermoelectric performance by inclusiéimeto organic

molecules such as fulleren®s

Improvements have been seen by simply tmling thebulk samplé* and hot pressing

the resuing productback together. It is assumed in this case that there is creation of grain
boundaries which hamper thermal transport but continaétaw for electrical transpagra

key property in a high functioning thermoelectmaterial There has also been research

into the modification of structures by selective etching of samples, allowing for gpbwth

desired and controllable patterns

One of the leading methods in disrupting thermal transport has been tcadvakte

material from nanocomposites. This inva@vke production of nanoparticles that are
subsequently hagiressed to create a useable bulitenal. The nanoparticlesed in this
method have been created in numerous ways such as wet chemical and balf'milling
Taking these nanopatrticles and pressing back to bulk introduces countless nanoparticle
interfaces. Nanocomposites lead to decreased theomductivity due to the introduction

of these grain hundaries. The crystal boundarssatter phonons but allow for relatively
unhinderectlectron transporfThere can be an additional, though smaller, increase in the
thermoelectrigppowerfactor caused duto electron filtering at grain boundaries. There has
been widespread succassng the nanocomposite methaadéed theT of materials can

be improvedy simplygrinding and repressing the original bulk matefTdle
nanocompositenethod does face chatiges, where wet chemical and ball milling methods
risk the introduction of contaminants which can negagiaffect the efficiency. The
repressing of the nanoparticles to a comparable density of bulk material is a significant
challenge. If samples are raifficiently pressed and result in a low density material the
conducting properties of the material will be drastically reduced resulting in a severely

affectedthermoelectrigpowerfactor.
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New methods of productioare also cited as leadinghmherZT. Producing bulk m#er
via the Bridgeman methdd, for example, where reagents are reacted as a movable
furnace tavels along a reaction chamber has shtmmea route of producing high quality

bulk material.

The leading experimental production metloodrently used is metalrganic chemical
vapour depositiofMOCVD). This method is similar to that carried out in ttinesisbut

the reagents hawv@ganic componentCommonly used materials are the gases
trimethylbismuth, dimethyltellurium or diethyltellurium. The gases flow over the desired
surface which is placed in a furnace. Thiganometallicompound crack as they enter

the hotzone leaving the bismuth and tellurium free to react with each Gfér

The production of nanomaterialsasepart of the significant problems faced in creating
the next generation of thermoelectric materials. Testing properties such as thermal
conductivity is nontrivial at such low dimensio@urrently the Three @ega is the

L. 2 which

leading method. One interesting atidipn of this was shown by Zharag a
showeda way of simultaneously measuring both thermal conductivity and Seebeck

coefficient of thin films.

1.3.5 Thermoeletric materials

There are many materials which are considered to be good thermoelectric satéoial
have good potential as thermoelectridenials. Some of the leading structure types are

described below.

1.3.5.1 Clathrates

Clathrats are a relatively new area of study compared to conventional thermoel&ttrics
29 Their interestingttermoelectric properties arise from a unique structure leading to a
potentiallytuneablehermal conductivity. The structure consists of a frameworBrotip

13 or 14 atoms into the voids of which additional atoms can be tra@stratescome in
two types with the first having the general formulé&’¥Ess and with cubic crystal
structured dot 2®the rarer typdl having a formula of XY 16E136 In this formula X and Y
represent the atoms held within theusture of E which denosethe Goup 13 or 14 atoms

(most commonly silicon or germaniurif)
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In typel, each E atom is coordinate wiibur other E atoms creatirg Zintl phase
semiconductqmwith the guest atoms donating their outer electrons to the host cage. The
creating of a high size ratio between the host structurésodntained atoms can cause a
firatt | i, whictbtheerétitallycan lead to a redoctiin thermal conductivity™. This
type of systenis investigated as a roufer the creation of @phononglass eletron-crystal
model which is the idealised version of a thermoelectric material. The vibration of the
caged atoms helps to minimise thermal transport while the covafdntsirlized orbitals

in the framework led terystad-like electrical conductivity?.

1.3.5.2 Filled Skutterudites

Skutterudites take their name from the mineral of the same name destbyét/ilhelm

Karl von Haidinger in the mining town of Skutterud in NorwayThe research into filled
skutterudites as thermoelectric materials was once agaimdsivéhe quest to find a
Aphonon g lcydad Sltterditeésmhavean open crystal framework with good
electrical conductivityThe open stctureallowsadditional iongo be added for the

purpose of disrupting thermal transport.

Skutteruditedravethe formula M> where M isCo, Rh or Ir and Xis a Group 15 element.

The structure takes the form of body centred cubic with a gpac@Iim3. The result is a

very open structure where the M atoms are too far apart to form bonds with each other and
are instead connected through X octab®dAs the structure standsis apoor

thermoelectric materialespite having high electrical conductivitigere is a

correspondingly high #rmal conductivity. This problem cée overcomédy A f i | | i n

some of the open structure with catidhs” *,

The kutterudite structurdas beefiilled with rare earth elements. These atoms are loosely
held inplaceandhavefreedom ofmovemnentand ar e descri bed as i
induceoscillations in the filler atoms thereby hampering transport and lowering thermal
conductivity. Pronmsing results have be@ftainedby Shiet al, who reported T of 1.7

at 850 °C*,
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1.3.6 Bismuth telluride

The crystal structure of bismuth telluride is rhombohedral with the space &@niy.

Part of the reason why bismuth telluride is an effective thermoelectric is due to the
structure it forms. Certain aspects of the crystal structure appear to conform to that of a
primitive cubic structure. Bismuth atoms are-spordinate, as are one third of the
tellurium atoms Teyy Figure 5. The remaining telluriuniTe)is three coadinate®.

From this structure there is a larger slab structure formed. The dsyatedngedn a

layered structure along theaxis®, this follows the pattern of TBi-Te-Bi-Ted Te. After
every five atomic layers theezetwo layers dtellurium held together withan der Waals
forces™. This structure isdvantageous thematerial as it promotes good-fane

electrical conductivity while transmittance of phonons betwiayers is inhibited.

TC" 2}
Bi
Tey,

@
Quintuple

van der Waals gap

Tey,

Quintuple

c-axis

Figure 1-5: Bi,Tes structure®®

The structuref Bi,Te; is similar to that seefor TiS, *. This is encouraging as it has been
shown that nanomaterials, including wires of ] t&n be easily produced and it is hoped
that under the correct conditions thag Bi; could followa similar growth proces$Vithin

the structure each atom has three neighbours in an upper plane and three neighbours in th.
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lower plane. The structure is represented by a hexagoné&taeiprising three quintets)

which can be considered as being comprised of stacking of defourhed.

@ Bismuth
o Tellurium

Figure 1-6: Cubic stacking schematicof Bi,Tes*

The above schematiiagramshows the bismuth telluride structusecomprised of

stacking of cubes along the (11diyection.A concentration of charge carriers can be
obtained by eithedoping with other elements or commonly by the creation of vacancies
caused by deviation from stochiomethy*?. The ZT of bismuth telluride has been
successfully improved by the methods describeslectionl.4.4 There have been
significant improvements idT achieved by methods such as nanostructuring through ball

milling and the imbedding of nanoparticles in a bulk matrix
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Another interesting feature bfsmuth telluride is that it is a topological insulator with
conduction states acrosgge surface; @asuch ultrahin layer sutures haviateresting

conduction propertie¥.

1.3.7 Applications

The gplication of thermoeledts on a wide scalen thecommercial sector is goal of

most research. These devices can be integrated easily into existing techrnioéoggly

current drawback to the technology is the low efficienicthese devices. Sinchda 1968

small fridges have used thermoelectric modulgsaversé producing a temperature
difference using electricity. As electrical generators, they have some unrivalled properties.
The devices are totally solid state, with no moving pamtithis lends itself to long life

stability. Modules can be connected and left to run and do not require regular maintenance
additionally they can operate over latgenperature differencesa tar engins, devices

haveto cope with a gry rapid change itemperature. For examplasakingcauses a very

sharp spike in temperature. Some machinery and materials may have difficulty in coping
with such situationsbutmany thermoelectts do not. The main drawbacoifs

thermoelectrics are the supporting equipmeaficiencies in solder or water crystallising
within the module can cause malfunction. It can be difficult to obtain a constant voltage
from a generator as the voltage produced is ofssantirely temperature depente this

can be resolved with thadlusion of a transformer along with the module.

Some applicationmcludewearable devices for energy generaftofi to power devices
such as medical sensors. These havigladependence on the stability and low

maintenance advantages of thermoelectrics.

1.3.7.1 Radioisotope thermoelectric generators

One of the greatestdicationsof the strength of thermoelectric generators is the space
exploration projects using radioisotopertmoelectric generators (RTGs). For deep space
exploration, powesources must be reliable, lotasting and selfufficient. Combustion
enginesvould not be suitable ndrattery packs as both would soon find their reserves
spent. Solar panels become iretive & the distance from the sun increases.
Thermoelectric generators provide the perfect energy solution. The basis of these

generators is a radioactive source which is typically an alpha emitter stiRwashich
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will cause a significant amount of radioactive heat which can then be absorbed by

thermoelectric modules.

The first use of such a device was in 1961 and was used to produce less than 3 W of
powet This missionds use of a(SSAPsledehmwalyor N
for future missions and now thermoelectronic devices have been used on the surface of the
moon and of Mars, as well as being an essential component of the farplesatory
missionsfrom earth- the Voyager space probes. Sevénatmoelectric devices have also

been placed on the moon by successive missions and they continue to fufk&on.

Voyager space probes were launched in the 1970s with the mission to explore the furthest
reaches of our solar system and beyond. The sole pouese is the heat converted from

3Py The main disadvantage to the RTGs is that the sources continually decay. The
plutonium source of Voyager has a Hi#fit of 87.7 years. This results inoyager having

an ever decreasing supply of power. As of Nolwen2013Voyager 1 was continuing to
produce 254.9 W° which is 54% its original launch value of 470%VVoyager 1 still

has sufficient power to continue to repai@spite having now left the solar system and
travelled over 25.7 billion kY. The Mars Curiosity Rover project is also powered by a

RTG.

Thermoelectric
Generator

Figure 1-7: Voyager 1 with thermoelectric generator leg highlighted®

1.3.8 Device design

Thermoelectridevices have a simple and repetitive design. Devices can be made of any

size and are typically createdths) square arrays on the centimetre scales&tarrays
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consist of semiconductor millimetre dimensioned cubes, each part of-aopaiis an f
type semiconductor the other dype. These cubes are connected to their neighbour

(electrically in series ahthermally in parallgl

sE%Eé%Eﬁ%t&Et
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Figure 1-8: Thermoelectric module
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Figure 1-9: Thermoelectric junction pairing schematic

Figurel-8 shows an actual thermoelectric module with one of the ceramic plates partially

removed exposing the small cubes of semicondueiarthis case bismuth telluride based.

Figurel-9 shows aschematic of an individual pairingn this case the negatiead of the

power source (electron flow) would be connected to the left hand side and the positive to

the right (hole flow). This creates a temperature difference. From the above diagram it is

clear how the blocks are held electrically in series but thérnmaparallel.

The semiconducting material is connected with conducting solder and is held between two

nonconducting ceramic plates. One advantage of the thermoelectric design is the

scalability of the device; smaller or larger devices can be createdanto have the most
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appropriate size. Devices can also be stacked together or full devices held in series to cove

larger areas.

One of the leading producers of thermoelectric modules is MicroPelt®. The fabrication of
these devices generally involve®ating an array of-type semiconductors on a single
substrate then creating a corresponding arraytgp@ on a second substrate. The single
substrates are then sandwiched togetherdatethe important #p pairings and a working

device.

1.3.9 Thermoeletrics in solar cells

Until recent years solar cells were produced for one energy conversion proces$sthione

conversion from light to electricity.

It is possible to ingéfunctionalthermoelectridayersunderneath the photovoltaic pasel
“9 designed to haest heat and thusgeratepower from both the solar panel and the
thermoelectric layerand therefore produ@ehigher output that either device would/éa
been capable of individualR}. Most of theheat energy arises frosunlight heatinghe
panel throughnfrared radiationHowever there is also@ntribution fromby the
photovoltaic process as a degree of thermal energyeissed upon charge recombination.

Another method employed by Chenal **

was to include BiTe; directly into the
photoanode by incorporating nanoparticles with JT'ithis benefitted the device in two
ways:the nanoparticles of bismuth tellurital to enhanced electron mobility due to the
thermoelectric effecandthe efficiency of the Ti@anodewas increaselly acting as a

charge transfer catalyst which increatfe=overall efficiency.

1.4 Titanium dioxide

Titanium(1V) dioxide, the most common oxadof titanium is an extremely diverse and
useful compounavith numerousapplications The compound plays a significant role in
manyscientificfields as well as being a huge commercial resauf@ganium dioxides to

be found on a daily basis in manyfdient formats, its brilliant white and high opaqueness

lend it to being an ideal pigment.
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1.4.1 Current uses

Titanium dioxidehas many exciting properties that allavio be exploited in numerous

areas. Perhaps the most common use of i5i@s a pigmentSince its first commercial
production in 198 *2, TiO; has risen to dominate the white pigment industry, accounting

for over 70% of the market. The compouras a brilliant whiteness and an unrivalled
refractive indexThe refractive index of the rutile structure is 3.8#h anatase having the
slightly lower value of 2.8.0°%. These vales aréigh, exceedinghat ofdiamond. These

high values give the compound a high opacity; very thin layers appear brilliantly white and
allow very Ilittle |Iight to be transmitte:
relative chemical and biological irteess have led not only to Ti@lmost entirely

replacing the dangeus lead based pigment$ich werecommorty useduntil the 19686,

but to the compound also being commonly found in food products and cosmetics.
Registered with the European Union as saféhtiman consumptigmand classed as

colouring agent E1T, this additive can be found in many consumables. Most Wi

pass through the bodiytact although certain areas in the body do appear to retain small
quantities. Tianium dioxidecan also be fand in almost every sunscreen available. The
ability to absorb the harmful Uxadiationmakes the compound ideally suited to this task.
There are also potentiblomedical applications:neouraging results have been obtained in

the destruction of canceroaslis®® and in using Ti@as a dental or bone implatit

The scientific community has a high interesTi®,. Some of the reass are briefly
mentioned abovethe refractive index, ability to absorb UV light acliemicalinertness.

In recent years theesearch into this chemicalits various forms has risen almost
exponentially. In 199alonearound 700 papers were published concerning.Tiis has
riseneach year subsequeptand had almost tripled by 2003 to 2,000 papershe

number of papers publisddemonstratethe ever growing scientific fascination of the
compound and the quest for innovation as new commercial avenues exploit its unique
propertiesTitaniumdioxideis a semiconducting material with @ativelylargeband gap.

The band gap of the material corresponds to wavelengths found in natural sunlight, albeit

in the UV region.

In 1972 a sceptical scientific community was introduced tovdtersplitting ability of
semconducting TiQ. Fujishimaand Hondahattered the common perception that water

splitting could not be achieved by light witteir reportin Nature®®. Since this technology
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was discoveredt has been further investigateghd now the phosplitting of water is well

established and has attracted much attentiorpateatial source of hydrogduel >"°*.

Much attention has been focusedtba photocatalytic properties of TiQor perhaps me
correctly thasésemedopdaotopeacti on propeil
is misused in many circumstancés One of the most active areas of interest is the
photodegradation of organic molecules and pollutants within water supplies or in gaseous
form. Titanium doxide has proven capable of photodegrading over 200 different
molecule$?>. When exposed to an organic pollutant in an atmosphere cimgtaixygen

and exposed to a waeglgth of light greater than thand gapTiO, can destroy the

harmful material. Ttanium dioxides capable of breaking down tharmfulpollutant into
nontoxic compoundsThis is achievewvhenelectrons which have been pronute the
conduction band leaveoles in the valence band which form radicals with surrounding
water or oxygen. These OH and &e capable of destroyimgpntaminant§®. This is the

basis of the self cleaning properties of cerf@id, coated products. For ampound to be
capable of this kind of reactiarertain requirements must be tme

Photoactive

Capable of utilizing visible or near UV wavelengths of light

Biologically and chemically inert

Photostable (i.e. not liable to photoanodic corrosion)

A =4 =42 4 -

Inexpensive

Titanium dioxide meets these requirements and is indeed one of the best cdsnpoun

capable of doing so.

Another area based on the phaitemicalabilities of TiG is that of solar cell Again this
technique has a high importance due tajglicationin the renewable energy field.
Titanium dioxide has proved a promising materigbédncluded in solar celfé.

Lou et al ® in a comprehensive review of hollow nanostructures highlight the UE©gf
as an anode material in high powered lithium batteri¢anilim dioxidehas exceponally
fast lithium insertiorextraction kineticsThese propertieaswith the ones mentioned
above depend heavily on the shape of the particles. In this haew spheres appear to

be best tailored to these reacti@ssthey can cause multiple internal reflections of light.

28



1.4.2 Structure

The above pperties depend heavily on sevearahtrollable aspectsf TiO, as a material
Parameterthat control propertiemclude: phase of crystal, morphology of particle,

nanostructure and purity of the sample (or, doping level).

1.4.3 Crystalline structure

Titaniumdioxide is a versatile maial capable of existing in differentystalline phase

Multiple crystal structures have been identifféavith 3 phases beinigentified asbeing

stableat standed atmospheric and temperature conditions. These are the only phases to be
found in naturé®: rutile, anatase and brookite. The most thermadically stablés

rutile, with the two other phases being mstable and corertto rutile upon heating at
temperatures >70TC ®’. Rutile and anatase are the most commercially upbases of

TiO,. The structurgof these phasemeshown inFigure :10.
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Figure 1-10: Crystal structure of rutile and anatase®®

Rutile has the space group numdé: P./mnm®. The structure is describénlterms of

each titanium atom being surrounded by a slightly distorted octahedron of oxygen atoms
with titanium atoms forming the points of an almost equilateie@tgle around each

oxygen atom. The structure has a coordination of 6@Gommonly the structure is

described as a dmtted hexagonal array of anionic oxygen with halfr&foctahedral

holes occupiedy titanium "°. The distortion of these structures can be understood as the
octahedral holes lie in a line parallel to thaxis of the lattice. When occupied by highl
charged ions such asanium(lV), there isarepusive force between the ions destabilising

the structure. The structure of rutile is not uncommon for metal dioaitkdifluorides.
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Manganese dioxid&nG, and PbQ are but a few of the compounds which display the
rutile structure™. Occasionally the antirutile structure is atdservedn some materials,
where the metal and nanetal haveexchanged positions relative to the normal rutile

structure’®’4,

The structure and valency of the elemearatsseliO, to bean intrinsic semicaductor
with a band gap dadround3.2eV for rutile andaround3.0 eV for anatasé’. This
corresponds ta wavelength of 87 nm, in the near UV egionfor rutile and 413 nm for
anataseWhen lightof correct emprgyis incident on the surface of the material electron
can be promoted into the empty conduction bahath allows for conduction within the

valanceband™>.

1.4.4 Structural characterisation

Over recent yearthere has been a development in the numbpaxicle morphologies
which can be formed fromiO,, with particular focus on nanostructuresr example,

wires, belts, sheets and rdusve all been created on the nanostdlé Each structure
shows different characteristic properties. High surface area is extremely desirableyin m
reactions and catgic processes and producing natracture is an effective way to
accomplish thiS®. When the scalis small enough that the particles can effectively be
described as ordimensionalbelow 50 nm)quantum confinement effects further
influence the properties. It has been shown that italysan be reduced to the nacale,
guantum effects can alterghvavelength necessary for electronbégromotedising the
opticalbandgap ™ 883, Potential uses for some of these structimelsidegas sensor€,

electrahemical detection and as phodtalysts.

Thisthesisconcentrates on the synthesis of spherical particles. One advantage to spherical
particles is the gentialfor multiple internalreflectionsof photons Especially noted with
hollow spheredight can be reflected internally leading to an increase in the absorption of

appropriate wavelengths.

1.4.5 Doping of $ructure

Thepropertiesnentioned above adependet on the material absorbing light which is
greater than or equal to the band gap of the material. Although with the puré¢hisrcan
be achieved by direct sunliglihe majority of the energy &f a formtoo low to be of use
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Only around 4% of the light from the sun is capable of indusergiconductor activity in
TiO,. The radiative energy of the sun can be represented to a good approximation as the
energy gven off by a black body. At themperaturef the sunthe maximum output
wavelengths correspond to the visible spectrum. Plothisgals a cumulative function it

can be seen thatred shift in the energy band gap would produce an exponential increase
in the percentage of sunlight capable of inducing activity. Therefaydificationof the

band gap is required to increase efficien&s with other commonplace semiconductors

dopingis a viable meant® increase activity.

Many potential dopants have been investigated. Initially research focused on doping with
other transition metals such as ifnResearch continues in geeareas but to a lesser

extent agurrent methods concentrate on incorporating non metalace ofoxygen.

Doping the structure with carb8hand sulfir ®have had some succeissreducing the

band gap. Thithesiswill concentrate solelgn nitragen doping. Nitrogersiperhaps the

most useful element to incorporate into the structure.

By doping with nitrogenit is anticipatedhat the material would retain many of its
properties which allow Ti@to be as versatile as it iBhe presence of nitigen allows the
compound to remain inert and safe for use in everyday environments. Small quantities of
nitrogen can allow the 2p orbitabf both the oxygen and the nitrogen to combine which
lowersthe band gap. It has been shown that,JMQ exhibits aphotoactivity not

associated with pure Tind that this activity can only be as a result of nitrogen being

present within the structufa

1.5 Titanium nitride

Recent years have seen the desire for newomate compounds. Titanium nitride has
demandedomethe greatest interest from the nitridegrahsitionmetals. This compound
has many interesting propertiestaniumnitride can be described as displaying
advantageous qualities of both its inherent covalency, combined with properties more
commonly seen in metals.t@ihium nitridehas a high conduction, comparable to that of
metals®’, but with increased stability and a lower reactiVityThe compound also has a
high melting point, 2950C "% extreme harda s s ,  Kg m@{0adda residivity
reported as 26 qcm *°.
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1.5.1 Current uses

Titanium nitride has beeamseful conmercially for many years.r@perties such as extreme
hardness and gold colouring make it extremelyredbt to create attractive weaasistant
coatings on various implements such as drill bits and knifes. Great investment has gone in
to develojng ways to deposit thin coatings of TiN on various surfaces to extend their

durability.

Potential applications in the electronntlustry have recently been investigatede to

T i Nabilty to withstand extreme conditions such as heat and pregsuasthe potential

to be used in electronicsweh must withstangégxtremeenvironments. There have been
positive reports of photovoltaic effscbbserved in TiN/Si junctionshere the material

pr ovubtraefasd wi t h a fihi gétalsevalsated thewontpoud. Wu
potential for use within lithium batteries. It was discovered that the inclusion of this
material could enhance battery efficiency. In the current climate of miniaturisatioet

al. also reported that TiN could be used to reduce the potentially cidstruolume

changes which are associated with silicon on the nanostalgerties specific to the
nanoscale have also been recorded such as improved sintering and catalytic effects.

1.5.2 Structure

The structure of TiN is superficially simpler than the rufil®,. The crystal structure is
described by the sge group number 226m3m, the face centred cubic structure of
common saltThe structure forces the nitrogen to adopt an octahedral environment which
is unusuato find in first row elementsThe structure also suggests aflombc

interaction between atoms as this is a structure more commonly seen in ionic materials.
Although the material is conductinthis property cannot be attributed to metedtd

bonds as the conductivity iffected by thestoichiometric ratiaf Ti and N%.

1.6 Aims

The research presented in this thesis investigates the growth of nanostructured materials
with potential renewable energy applications. The aim of the work was to produce new low
dimensional and reproducible morphologies of crytadugh new or improved synthesis
processes using minimal steps and precursors. It has been established that the

morphologies of materials can lead to different functionality and that new simple synthesis
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routes directed to low dimensional growth are reggliln particular the work explores the
growth of low dimensionaBi,Te; andTiO..

Bismuth telluride is one of the best performing thermoelectric materials but there is room
for improvement. This work concentrates on CVD using elemental precursansange

of surfaces. The work targets the growth of material using closed spaced CVD with
structuredeing characterised by SEM imaging, EDX analysis and powder XRD. The
work looks at producing nanostructured materials without the need for MOCVD which
requres expensive and volatile precursors yet is the method currently favoured in the

literature.

TheTiO, work attempts to give rise toraproducible production and characterisation of
nanostructured single pha8i, using a microwave hydrothermal proseédditionally
the workattempts to give rise ttve pseudomorphic doping and conversioii@f, to

nitride and oxynitride structures.
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2 Experimental

This chaptersets out the experimengaloceduresised during this project and the

techniques employed to characteriserthaction products

The primary technique uséar the telluride synthesis in this work was chemical vapour
deposition (CVD)usingelemental reagentsh€ reagents were sealed undacuum and
reacted at elevated temperatures and the resulting growth analysed. This hatodreaen
powerful technique in chalcogenide growth and has created many interesting low
dimensional morphologies. Thisethod is advantageous as it candsedily scaled for
commercial processesideed many semiconductor manufacturers@b as their

primary growth technique.

Also reported in this work are oxide structures synthesised through microwave
hydrothermal reactions. These reactions can lead to rag@ationtimes ofthe order of
seconds compared tonventonal hydrothermal processes which tdiairs to complete
Thisleadsto a reduction in the energy cost in synthesising products. As will be discussed
later, the rapid microwave synthesis is al$deato unlock morpblogies and phases not
normallyaccessible through conventional heating.

The finalchapteiin this work looks at the ammonolysis of oxide structures for conversion
and doping oTiO,. This was carried out at elevated temperatures waittan of

ammonia in an oxygen free environment.

The products resulting from the procedumentioned above were subject to a number of
characterisatiotechniquesParticle morphology waanalysedy electron microscopy

with furtherinformation obtaind from complementariechniques such as energy
dispersive Xray (EDX) spectroscopy and electron energy loss spectrog&dplyS). All
sampes were examined kgowder Xray diffraction(XRD) to determinethe crystaline
phase presentWhereappropriate, sapiles were additionally analysed with UV/ Visible
and Ramaspectroscopies

This chapter details the experimental and characterisation techniques which were applied

over the course of the research.
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2.1 Synthesis techniques

2.1.1 Chemical @pour deposition
2.1.1.1 Ampoule preparation

Chemical vapor depositigi€ VD) reactions were carried out in sealed quartz ampoule
Substrates were used as suraces for groMiaischematidelow shows guartz vessel
sealed under vacuum with powdered reagents at one end argtrateufeld in place by a
narrowing of the vessel walte create a neglseveral centimetres away. The usealgth

of asealed ampoule was -3D cm.

Reagents Vacuum Substrate
4 — ]
D

Figure 2-1: Schematic of a sealed ampoule

The quartz waaauired in2 mlengths with a outer diameter of 12 mm and a wall
thickness of 1 mm. Tubes were split sealing at one end to create the required le§th (10

cm).

If a substrate was to be usednecld \vemeaedo separatéhe substrafrom the
powderedreagents. This was achived by heating the tube withxggen/natural gas flame

and pulling geny along the length of the tube to collapse the quartz partially inwards.

The required reagents were added to the amouple before seafimgphs of a long necked

filter funnel. This was used to avoid any reagent coming into contact with the walls of the
vessel. If powdered reagent coats the walls of the quartz this can cause problems on sealir
as the reagents will be heated and canatbeahe wall of the vessgbotentially causing

fractures in the glass.

Ensuring thathe ampouleontaining elemental powder stays inaatical msition with
one end sealed substrate wathen introducedThe relevant substrate wdsopped into

the reation vessel and is securBe€0 cm away from thpowdered reagentsy thetecla
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Theampoulewasthen comected to a rotary vacuum purgiedwardsPump BC: 2212il

pump); an electronic pressure monitorindicate the vacuum reachedglass trap to

collect any debris and to prevent pump oil entering the reaction ampoule, and a length of
rubber tubingFigure 22). The end of the rubber tubing was connected to a short length of
the same diameter quartz tudi® mm) Theampouleto besealed was theconnected to

the glass tube attach&althe pump through the use of a Selag fitting, thus allowingthe
reaction vessel to be evacuated.

L (m—

RELEASE THE

Rotary Pump

Figure 2-2: Ampoule sealing apparatus

Once attached tihe pump system the ampoule atmosphereevasuatedThe tube was
be left forover 10 minutes or until theressureegistered belowzp 1 | A A\When tlis
level was reachedhe tube was headl using an oxygenatural gaslameto form a heated
band 510 cm below the Swagelditting. When the quartz glowedhite three equally
spaced dimplewere createdround the diametetaking adwantage of the internal vacuum
and collapeg the tubeThe uniform heating was resumed and the ampaetachedThis

created aealedracuumfor CVD (Fgure23).
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Figure 2-3: Sealed ampoule

One byproduct of preparing reaction tubes in timanner was a band of metal deposited

in a ring 2 cm below the sealing po{figure 24). The ring was present in all reactions

using powdered reagents. This did not seem to play any significant role in any subsequent
reaction and was simply due to smabtal particles within the tube depositing on the

vessel after exposure to théowtorch.

Figure 2-4: Silver coloured deposition caused by flame heating the tube

2.1.1.2 Substrate

Elementalsilicon, gallium arsewie andaluminawerepurchased a8 inchdiametemwafers
thatwere cleaved befongse Substrates were not handled directly to avoid contamination

of thesurface;l cm x2 cmsubstrates were used

2.1.1.2.1 Oxidised silicon substrates

Oxidised substrates asdicon wafers which retain their native oxide layer. These
subgrates were prepared with a retching process. Wafers were cleaved into segn@nts
1 cmwide due to thd0 mm diameter of the quartz tube beirlgrating factor. The kength

of ampoule was ependent on reaction methodology
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Cleaved wafer pieces wesabmerged in 20 mbf deionised ater and sonicated for 80
Following the first sonication the deionised water was mostlynbuéntirely, drained and
20 mLof acetoneadded. The reason ftresmall quantity of water being allowed to
remain is to allow the substrate to remain wet througithe cleaning process and to avoid
drying marks which can appear due to solvent evaporation. This partial emptying of the
beaker containing the acetoaead waterwasthen repeatedyith liquid being decanted off

and replenished with acetoteensure water removal

Following the addition of the acetgrtbe substrate is sonicated for a further 90 s and the
acetone drained off and replenished visitipropanol- a solvent less likely to leave drying
marks on the surface of the wafer. This draining prosssarried out twice to ensure no

acetone remains.

When the shistratewasimmersed in the 20 méf iso-propano] the thirdand final

sonicationwas begurfagain running for 90 second®hen completghe substrateas

removed from the beaker with carbaipped or plastic tweezers (metal has the potential to
scratch the surface). tream ohitrogen @swasused to dry the substrate. This rapi
thorough drying is used to make sure all solvent has been removed from the surface before

experimental usage or further cleaning is carried out.

2.1.1.2.2 Oxide free silicon substrate

The native oxide on silicon wafecan be removed to allow surface struetuto form a
better contactvith the underlying material. This aléorms a more reactive surface for
growth.

In order to remove the oxide layer from the silicoydrofluoric acid wasised. Great care
wastakensince HF issuch a reactive compound. In preparation for acid etching of the
surface layerthe aforementionedleaningprocedure wafollowed to remove surface

debris and mpare the surface to be etched.

The clean substratgasthen taken to an HF suitable workiagea and all full personal

protection equipment worn, including double gloving amdastic apron.
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The HF solution waa standard premixed buffered solution with toftlioric acid (49%)
and ammoniunfluoride (40%) in a 1:10 ratidAt this concentrationetching occurs at 3

nm per second at room temperature.

The HF solution wa added to an Hivare plastic beaker, using the minimal volume (less
than 15 ml). The clean substrate wadded to this solution with fluorowaxeeezers. The
solution wa contnually swirled gently to facilitate the homogenns etching othe

surface. Following 38 of exposurgthe substrate vgéaremoved from thacid etch and
immersed in 500 mbf deionised water.

Carewastaken to dispose of all acid solution in a correct safe manner. To guarantee
Nno exposure or cross contaminatitre beaker of deionised water washed with

deionised water several times.

The substrate veathen removed from the deionisedter and dried underflow of
nitrogen gasTo prevent regnoth of the oxide layer on the surface of the silicon wafer
piecesweretransported in a portable nitrogen box to the site of next reaction.

2.1.2 Heating profiles
2.1.2.1 Complex temperature profile

The research group atettuniversity of Glasgovmave an establishédstory in the
investigation othe growth oflow dimensional materiald'his section of the thesis sets out
the standard procedurasedfor low dimensional growth through CV/[Reactions used
elemental reagents in sealed ampoules and were then placed in a boxwiitimagere
programmed variableemperature profile

These reactions were carried out in a Vecstar box furnace or a Vecstar four tube furnace.

These were fitted ith temperature controllers that allowed for the programming of
ramping, dwelling and cycling options. Initial reactions used 5 dwell steps.
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Figure 2-5: Vecstar box furnace

Ampoules were placed in the furnace at room temperature and then the temperature set to
ramp up to 450 °C at a rate of 250 °C per hdinen the desiretbmperatue was reached

the furnace was held there fti2 hbefore beindeft to cool(slowly and effeted by turning
heating elements off) to a temperature of 250&i@ heravas heldor a period of 2 hours.

This process of heating to 450 °C then cooling naturally was repbatedtimesThe
temperaturgrofile is shown below

450

250

Romemperatur e

Figure 2-6: Complex temperature profile
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The premise of these reactions was to allow waves of deposition to form. Having chemical
vapour settle on the surface of the waferimg the coolephases alloweturther seeded

growth to form later in the reactions.

2.1.2.2 Constant temperature

Constant temperature reactions weneaagain carried out in quartz ampoldealed
under vacuum. These were then placed in a box furnace either horizontalticallye
One of twofurnaces wasised for these reactions: the programmable Ve(iSgure 25),
or a Carbolite furnacérigure 27).

Figure 2-7: Carbolite box furnace

The furnace was programmed to hae250 °C per hour and to reach a temperature of 450,
750 or 1200 °C as appropriate. Cooling to roomgerature was carried out bwitching
off the heating elements aatlowing the furnaeto cool over 68 hwith the door of the

furnace closed.

The reactions were held in the centre of the furnace on a notched heat brick. A standard

temperature profile is shown below.
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Figure 2-8: Constant temperature profile

2.1.2.3 Temperaturalifference reactions

Temperature difference reactions were caroietin a Carbolite horizontal threene tube
furnace. The furnace wasjuipped with thee heater regions and as such eagsable of
producing distinct regions of different temperature dkiermetrdength of furnace.

Figure 2-9: Three zone Carbolite tube furnace

The central zon@n which the reactant end of a sealed evacuated quartz ampoule was
always placepwas controlled by the mathermostat and the regiona either side could

be set above, below or to match this central temperature.
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2.1.3 Microwave hydrothermal synthesis

The application ofemperature and pressure to aqueous solutions to perform synthesis,
otherwise knownad hy dr ot h e r ma beersayeti-estaldishedscbnjqueHoa s

wide range of reactions since timéd-1800s’%. Conventionally the reaction feerformedn

a steel autoclave, which is heated in an oven for the required length of time. This reaction
methodology is still widely used today butrirore recent timea subset of these reactions,
microwave hydrothermal synthesigs been developed. Using autoelawnade of plastic

and heated under microwave radiation this process has thetaglwaf being extremely

fast. Microwave heating based orlectromagnetic radiation interacting with the dipoles

of the molecules opposed to simple conduction of thermal efferflge sample can be
heated from the centte reach high temperatures rapidly. Reaction time cancheed

from several hours ta matter of minutes.

Microwave hydrothermaynthesisould be an extremely advantageous technique for the
production of nanoscale materialbese reactions can be performed at relatively low
temperatures and have a very short time scale which is often important in the foohation
nanomaterials. Excessive heat or long reaction times can lead to severe agglomeration of
particles™. Microwave hydrothermal reactions have produced many forms of 1D materials

such as rods, wires and tubes.

2.1.4 Ammonolysis

The oxide particleproduced in this work (Chapter 5) mesubsequently investigated to
examine a possible route to pseudomorphic conversiomitnides and oxynitrides

following ammonolysis

Forcomplete conversion to nitrigthe stating material for these reactions was the O
produced by the microwave hydrothermal process descrild@dapters. Thepathwayfor
the reaction is as follows:
2NH3 Y N, + 3H»
2TiO,+ H, Y 70z + H,O
Ti,0z+2NHz Y 2 T4 3N,O
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Whena doped structuseweredesiredthe samexperimentaprocessvas usedut atthe

lower temperature af50 °C.

In both cases the flow of ammonia was maintained until the furnace had cooled to room

temperature.
2.2 Characterisation techniques

2.2.1 Crystallography

Crystallographys an important areia many scientific displines Many characterisation
techniques applied to crystalline materials are based on the long range order of their
structuresEachpositionin the lattice can be described by its own lattice point given by the

position vector:

rip=ma +nxb +nsc (2-1)

In Equation 21 nrepresergan integerand a, b and c represent the translational symmetry
axes. When we come tonsider the three dimensional symmetries of the drystalefine
repeating unitgs unit cells. The bulk material is comprised of unit cells translated
symmetrically along the, b andc axes. There are only 14 ways of arranging equivalent
lattice points in 3D space and these@aked the Bravais lattices. These lattiaessub

divided into seven crystal systems: cubic, tetragonal, trigonal, orthorhombic, hexagonal,

monoclinic and tricliniasshown in kgure 210.
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Figure 2-10: Schematc of the seven crystal systems

The seven cryat systems arshown above in Figure-20. The crystal systems can be

further described in terms of the 14 Bravais lattice system which takes into account the
lattice points within a crystal systeravais latticesan be translatethy applying many
symmetry operations such as reflection, rotation and screw axes. There are 32 possible
symmetry operations and these are called the point groups. When these point groups are
taken in conjunction with the 14 Bravais latticée result i230 possible space groups.

The space groups therefore contain information not only on the lattice type but the

symmetry operations which can be performed on it.

2.2.1.1 Crystal planes

Instead of considering the Bravais lattices as a series of connected lpeyntan be

viewed as a series of intersecting two dimensional planes. These planes are particularly
important when considering the anisotropic nature of cryatatsany properties such as
conductivity can be directi@lly dependat. Planes in a crystal cdbe defined usg Miller
index notation. Mille indices define planes in the notatidkl where the Miller index is a
plane orthogonal th, k andl.

To identify the Mller index of a plane imthree dimensional cryat(which hasCartesian

axes X, yz) the planes coordinates of intercept with the axes are recdfdieese areset
to a hypothetical (%2, %2, ¥2) then thellst index is defined as:
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e = = — 2-2)

Theplane (2 2 2) can be represented by the diagram below:

v

Figure2-1: Cubi c cel | wi t h |2eR)dvilldr indexaplanesiue tovnterceptsoacurring
at %2 a on each axis

Theinterplanar spacing is given bygd

2.2.1.2 Bragg dffraction

One of the most powerful characterisation techniques in crystallography is in the use of
diffraction from crystal planes. The bagi$ diffraction techniques iBraggd Bw. Starting
with the crystaplanes shown below Figure 212 and with monochromatic radiah

incident on these plan&aggd Rw canis defined

Enutter Detector

Figure 2-12: Bragg diffraction
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If monochromatic radiatiom Figure 212 follows path A it is diffracted at point B then

follows the @th C. A second beam folloypsith D to E, interacts at F before emerging to
follow the path from F to Gandfinally H. It can be seethat the second beam follows the
additional distance EF a5 in comparison tthe first

Defining the marked angles as d we can t|

%& &' A OFI1 (2-3)

Therefore the total path differenbetween bearfollowing ABC andthe second beam
following the pathrDEFGHcan be given as:

DAGE £AEAOAE & A cA ORI (2-4)

For the monochromatic light travelling in phase then this additional distance must be an

integer numbe(n) of X-raywavelengthg &) . Thi s | Bagppdégwr esent ed

11 cA OKI (2-5)

2.2.2 XRD

For this study powder Xay diffraction was used. In this techniqueays are diffracted
off numerous crystals held arandom orientation. By measuring the beams diffracted

following Braggd Bw, crystal structural information can be deduced.

For X-ray diffraction the most common Xay sourcaised is copper. In the
diffractometersised for his thesihigh energy elgcons bombard coppenetalcausing
Bremsstrahlung »ays as well as, in the case of coppleree characteristic wavelength
peaks The treedistinctive X-ray peaks produceby copperarethe Ky, Ky and Ky
wavelengthsThese waelengths are produced when an electron is ejected from the K shell
and a higher energy electron from the M or L shell fills the vacancy.

In the case of i and Ky Ahe electron filling the vacanayriginates fronthe L shell.

WhichKypeak is producers dependent on the spin orbit interaction energy. ThaK
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the one most frequently used for powderay analysisThe K, emission arisefroman

electron in the M shell fallingp replace the vacancy in theskell.

The radiation usenh diffractometrymust be monochromatic and therefare
monochromator isised. IBr coppera nickel filter is usedFor this investigation a
PanAlytical Xpert instrumenias useavith a copper I ; (&= 1.54056 A X-ray source

Samples to be ahmedwere heldon aglass plate or aaluminium holdemwhichwas
placedatthe centre of the diffractometdrhe X-ray sourceand the detector were then
rotatedaround the sampke investigate various angles. Intenspgakswvereproduced
when the Bragg conditiowas fulfilled. The angles investigated in this experiment ran
from 58 5 (ded). XRD patterns obtainedhere thermatched tstandard pattesn

2.2.3 Electron interactions with matter

As dectron microscopy formed a large partlof investigation, an understanding of the
basic interactions that electrons have with matter is essential for undergtdre results
from this techniqueFigure 213 shows the basic interactions.
Coherent incident beam
Incoherent elastic
backscattered electrons Secondary electrons

from within specimen

Thin Sample

Incoherent elastic

forward scattered electrons
Coherent elastic

scattered electrons v Incohereninelastic scattered electrons

Direct beam

Figure 2-13: Electron interactions with matter

Primary interactions can either be an effect of electrons scattering from the surface or from

transmittance through the sample.
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Elasticinteractions are those where #ergy transfer from incident electron to the
sampe can be considered be zercand thereforg¢he incident electroemerges with t@
same energy as before the interactibime simplest of the elastic interactions is that of the
direct beam. The direct beam which passes through the sample is compelsettais

which are undeflected frotheirinitial trajectory and have no discernible energy loss.

Incoherent elastic electrons dhe result ofCoulombicinteractiors. The negatively
charged electrons can penetrate into the electron cloud of the éaspleat o ms . Onc
the atom the electron is attracted to the positivdeus The Coulomb force is described

by the following relation:

(2-6)

Equation 24 showsCo ul o mb 6 s Fis thewesultant fore€); andQ, the charges

of the particlesly the dielectric constanandr the distance between the charges. The
opposite charges result in a deflection from the original trajethatyscatters the electron.
As Coulomi® kEw is strongly dependé on the distance between charges the closer the
proximity to the nucleus that the electron reaches the further it will be scattered. If the
electron is sdéered at an angle less tharf @d the electron is transneitt through the
sanple in the direction of the beathe electron is said to be incoherent elastic forward
scattered. It is possible when the electmiclose proximity the nuadls it can ke
scattered atn angle greater th&®° and, suctelectrons ar&nown asncoherent elastic

backscattered electrons.

When a sample has a crystalline structure it is possible for Bragg diffraction to occur from
crystal planes. The atoms of the crystal planes form regular scattering centres. These are
called coherent electric scattered electrons and can be used for sirystaire

determination.

The second type of interaction for the incident electesaselastic interactions. In this
casethe electrons tasged at the sample emerge with lessrgy than originally incident.
This can be due to many factors such as energy transfer to the sample or in the emission o

braking radiation. Some examples of inelastic interactions are mentioned below. These
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electrons play a very important part in étea microscopy as their interactions are the

basis of complementary techniques suck@X and EELS.

As mentioned abovan electron entering the electron cloud of an atocotnes strongly
influencedaccordingtcCoulomt® s | aw. |t i sngleotmrsentérd tlee atonh a t
the Coulombc force will cause the electron to sloand as the electron loskisetic

energy that energg released in the form of-Kays. The emitted radiation is known as

Abrakidngtiono

A second route for loss of emgris the ionisation of inner shell electrons. In this scenario
the incident electron is able to eject an inner shell electron. Assuming enough energy is
transferredthere is potential for ionisation of theoat if the electron is ejected the
continuum Again this process is described in the production of the distinctivetays

used in XRD This process is the basis 6D X analysis described below.

A third example of an inelastic interaction is the ejection of slow secondary electrons. In
this pracess the electrons in the conduction or valence band (which require less energy to
ionise) are ejected. This process is particularly important for scanning electron microscopy

(SEM)wheresecondary electrons are detected and uskmnothe images

2.2.4 Scaming electron ntroscopy

Scanning electron microscof$EM)is primarily an imaging tool. It is analogous to an
optical microscope with eletinsinstead of photons and electromagnetic lenses opposed
to aphysically refracting lens. SEM @apable of imagig over huge ranges, up to six

orders of magnitudd.he techniqueises a highly focused beam of electrons to scan across
the surface of a sample. These electrons penetrate the surface of the sample and interact
with the atoms of the material. Secondarcetns and backscattered electrons are then

detected and these are used to form an image. The first SEM was developed®n 1935

The primary SEM used in this work was lditachi S4700 at araccelerating voltage of 10
keV. TheHitachi S4700is a cold field emission SEMyhereinthe electron beam is not
produced by the thermal stimulation of a metal source but uses a negative potential appliec

to a narrow tip to cause electrons to tunnel ftbesource The filamenijproducing
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electrons in thélitachi S4700is a thin monocrystaline tungsten wire tapered to a point of
less than 100 nm. When a negative potential is applied to thésrigrrow cone of

electrons is produced which is focused fmat wsing a magnetic condenser leng

which theHitachi S4700has two. A schematic of the SEM used in this work is shown
below inFigure 214.

Electrongun _ |

1%t condenser lens— L[\ [f

Gunvalve — | . -
Objective aperture

2nd condenser lens —— Deflection coil

Specimen

gontometer-_

stage of] T~ Objective lens
LU | ™ Specimen

‘ I Specimen chamber

Figure 2-14: Schematic of the Hitathi S-4700 SEM used irthis work

As the field emission gun uses a cold field technique the filament wire must be regularly
cleaned to ensure good current. ;thBerefor
involves heatig the wire to 2500 K to remowany gas molecules whichight affect the

emission of electrons. Repeated flashing leads to eventual blunting of the tip but the
Hitachi S4700 has a filament lifetin'e1000hours significantly higher than techniques
emitting electrons though heating of the wire.

Samples to banalysed by SEM were fixed to an aluminium holder with an adhesive
carbon tab. In the case of large substrattéch may charge under the beam of electrons
additional copper tape was placed on corners the sample to ground the surface to the
aluminium hotler. The rolder and sample were then loadedo thespecimerchamber
(Figure2-14).
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2.2.4.1 Particle size distribution

SEM can be used to record the dimensions of particles. Markers are added to particles and
the displacement between these markers recorded. On all samples multiple readings are
takenfrom several areasVhere large sets of similarly dimensioned particlesracorded

the average patrticle size is quoted along with the calculated sample standard deviation.

Equation 27 is used to calculate the sample standard deviation.

o of 27

In Equation 27 abovesis the sample standard deviation, n the samplesiaa,

individual reading andfthe sample mean.

2.2.4.2 Energy dispersive -Xay spectroscopy

Energy dispersive Xay (EDX) spectroscopy is a tool fauantifying elemental
composition inconjunction withSEM. Thetechnique is based on the energy released by

the relaxation of an electron from one shell to an inner more shell.

EDX analysis is based strongly on the shell structure of the @igore 215).

— O
M shell ,'

Figure 2-15: Electron orbital schematic showing theK, L and M shells and subshells

EDX is primarily concerned witthe innermost shells K, L and M- and theelectrornc

transitions between themigtre 2-15 aboveshows theK shell (quantum numbers1) is
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capable of hosting 2 electroaurther from the centre the L shell (= 2) which is
comprised of three sufhells each in a different quantum state. The L shell can
accommodate 8 electrons. Thaermost shell shown in the diagram is the M sheH &)

which has 5 sushells and can accommodate 18 electrons.

During EDX spectroscopyhe material is bombarded witthagh energy beam of electrons
thatcan, having enough energy, eject an innetlgtectron. When the inner electron is
ejected the atom is left in a higher energy configuration until an outer shell electron relaxes

down to fill the vacancy.

Ejected

electron

M

/‘ﬂ X-ray
\-/Ka X-ray

Electron

beam '».. L

Figure 2-16: Electron ejection and relaxation schematic

Figure 216 showsa high energy electron beam incident on a sample. The electron beam
ejects an electron from the K shell. This vacancy is filled by an etedtoppingrom a
higher shell When an electron falls from a higtsdrellto a lower there is an associated
emissionin the form of an Xray. As each energy level is discreet there is a unique
wavelength associated with it. Detection of theseys caridentify the element being
examined. Quantification of theser&ys along with compais to a calibration standard

giveselemental quantification.
If an electron undergoes antt-K transition the Xray is labelledKyemissionan M-to-K

transition lalelledKp. As there are sulevels these Xrays are given the additional label of
1, 2, 3etc.
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In samples where the atomic number is greater than 35 the K shell may require too high an
energy to cause electron ejectiand in this case theylsignals (an Mo-L transition) are

recorded.

In addition to the characteristic K andX:ray signals there is alsa@&nsstrahlung

radiation which is filtered as a background.

The detection of the producedrdys is carried out by a semiconductor deteenost
commonly a silicodithium materialthatcauses ionisation and therefore a chavgen
exposed to the radiatioffhe idealised charge creation is proportional to the energy of
incidentphoton The detectord kept at cryogenic temperatuceminimise electrical
interference. The detector is protected from the sample and electrorbpedmeryllium

window.

One of the limitations of EDX is thieability to resolve peaks accurately. Some elements
have overlapping emissions and because of thisisbma diffialt, or impossiblequantify

or differentiateclements with similar spectrum.

Figure 217 showsan example of an EDX spectrushbismuth telluride on silicon

showing distinct peaks associated with the unique energy transitions within elements.

Spectrum 1

T
0 1 2 3 4 5 B 7 g 9 10
Full Scale 2070 cts Cursor: 0.000 ke kel

Figure 2-17: Example of an EDX spectrum showingismuth telluride on silicon
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2.2.5 Transmission electron microscopy

TEM is an extremely important method for characterising materials. The apparatus is
capable of many forms of analysiith high precision. For this investigation a FEI Tecnai
T20 was used. This uses electrons accelerated to 20@&e¥spondingo ade Broglie
wavelength of 2.51 pm (including relativistic corrections). This wavelength is capable of
extreme magnification and single crystal diffraction. Images were acquired USI8g a

Megaview Ill CCD camera.

v El ectron

® Condenser

I I Condendanrn

] Sampl e
Q Objective

I Objective

Q Projector

C Screen

Figure 2-18 TEM schematic

Figure 218 shows a schematic diagram of a TEM. Once again the beam of electrons is

focused bymagnetic lenses.
Sampes must be <100 nm thi¢& allow sufficient transmission of electrons. Samples

weremounted on @orouscarbon film suspended over a copper framework. Thisvaisc

theninserted using double tilt rod above the objective I§Rgyure 218).
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2.2.5.1 Preparation of samples

As the spherical particles are of micron dimensions they were unsuitable for immediate
TEM analysis. To reduce the thickness of the particles to be analysed to be less than 100

nm and therefore electron transpayérger particlehad to be destroyed.

A small amount (around 5 mgj the product was suspended in a minimal amoursoef
propanoland then lightly ground with an agate mortar and pestle f&02€econds. Three

drops of the resulting solutiomere appked to thecarbon grid.

2.2.5.2 Imaging

Imaging is perhaps the most basic function of a TREkolutionsinattainable with SEM
can beachieved The most important aperture for imaging is the objective apdfigere
2-18).

2.2.5.2.1 Bright field imaging

In bright fieldi magi ng only the direct beam i s UuUSeE
apertured is inserted into the TEMhavhi ch
passes the small central hole of the aperture. All scattered electrons are biottked

objectve aperture anthe image is formed as a function of areas which has led to
weakening of the direct beam. The change in the local intensity of the direct beam can be
caused by a number of factors. Differences in saaggbthwill be apparent in bright flds
imagining with thicker areas showing darker than thinner areas where less electrons have
been successfully transmitted without scattering. Similarly differences in crystallinity can
often be observed, though rpiantitatively. Areas with high crystality are likely to lead

to a high degree of scattering due to diffraction and therefore crystalline areas often appeat
darker on bright field imaging. Thirdlas different atomic masses will scatter electrons to
different degreeshanges in elemental mposition can often be visualised with bright

field imaging.

2.2.5.2.2 Dark field imaging

In contrast to brightield imaging dark field imaging uses only scattered electrons to form
an image. All unsattered electrons are excludegiding to a dark image ungescattering

is present, scattered electrons will show as bright areas on the dark background. Dark field
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imaging has significant lower intensity ththat of bright field imaging but is also capable
of obtaining higher contrast. Dark field imaging can be used to highlight similarlyexdtient
crystal planes within a matati If the sample is rotateétie Bragg condition ifulfilled and
subsequently Ualfilled as different angles are examined and correspondingly the sample
will show bright then dark dependeonangle.

2.2.5.3 Electron dffraction

The principle of electron diffraction is the same of that faia} diffraction. A specific
advantage tdiffraction on a TEM is the ability to acquire patterns from selected areas. By
inserting a selected area aperture into the column an area of nanometre dimension can
produce a diffraction pattern. Electron diffraction patternsrikom single crystals

produce distinctive spstwith regular repeating pattenmherentto the crystal structure

being investigated.

Spot patterns produced from single crystals can be clearly labelled to identify specific
lattice vectors. Theamplegresented iithis report a in most cases polycrystalline,

giving rise to circular diffraction rings. These too can be labelled, the structure identified
and the lattice parameters calculated. These spots repkéfienindices and correspond

to the planes causing the diffractidrhe spacing of these spots is inversely proportional to
thedny spacingoetween the planes. For potystalline samples wemany orientations

are presenthe spot pattern is replaced by a ring pattern with each ring relateddig, the

spacing.

Single crystal and polgrystalline patters can be indexed to deduce $treicture. A
schematiof the diffraction is shown ini§ure 219 with keyfeaturedabelled.
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Figure 2-19: Schematic of electrordiffraction in TEM with labels

From Hgure 219it follows that,
0 Gx&e— 5 (2-8)

where d i s t hedrectheah and difieattedden,is thdndistance from
the direct beam to the diffraction spot and L is the camera length. For small displagements

the approximation seen equation 2 can be made.

4 1

O (ge— | Q& ¢— (2-9)
Combi ni ng t hi s(eguations), Brefalgvind can be expressed,

w G
U (2-10)

C— Q
whereads the wavelength of the electrons. Finally theg spacing can be expressed by

Q - (2-11)

L as known as the camera constant.
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Using the above relationthe dn spacing can be calculated using the camera constant
along with thediffraction spacinglin this work dnx Spacing were compared to standards
for the investigated materials ahkl values assigned. Knowing bate dy, spacing and
hkl values the cell mrameters can be calculated. For cubic structures, stithrnasm

nitride the relation follows;

W
e (2-12)

nQ Q a

wherea is the cubic cell length. The above relation becomeseasinglycomplex as the

degreeof structure symmetry decreases.

2.2.5.4 Electron energy loss spectroscopy

Electron energy loss spectroscdELS) is an elemental analystechnique, capable of
identifying and quantifying the elementabmpositionof amaterial It is atechnique

discovered in the 1940s but rose to prominence in the 1990s with advances in microscope
technology The technique is capable of extreme accuracy and had been reported capable

of identifying single atoms in a matrix

EELS is concerned with electrons which have undergone inelastic scattering. The
monoenergetielectron column of the TEMastargeted at the sampdad the energhpss

of electronswvhich have undergone inelastic scattemvagrecorded. There are numerous
routes to the loss of energy in the scattering process but this work is primarily concerned

with inner shell ionisation.

As discussed with ED)a high energy electron is capable of ejecting an inner shell
electron from an atom. When an incident electron collides and ejects an elitron

original incident is scattered and travels with a neargnwhich is equal to that of the

initial energy minus the ionisation energy for the ejected electron. Whenasgectr

analysed (recorded by an electron spectrometer) there are distinct peaks that are specific
ionization edges. These peaks show numeetegtions having a common energy lpss

ascribedo the ionisation energy of an element. As the ionisation potential of an electron is
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an element specific quantity the successfemental compositiodetermination can be

made.

The electron spectrometehigh is located below the TEM is capable of detecting a wide
rangeof energies.

Multi-energetic

electron beam
<€
Electron
Spectrometer
Electron separated
by energy
Electric or magnetic field
<€ >

Figure 2-20: Diagram of electron spectrometer

Theelectrons following interactiowith the subject material agmitted intothe

spectrometer. These are exposed to an electric or a magnetic field which will deflect the
path of electrons. Higher energy electrons are deflected less. By far the most intense is the
zero loss peagertaining toelectrons which have not undergondaséc scattering. The

various energies are collected into a spectrum where specific elemental ionisation energy
edges can be identified. An example of an EEL spectrum is showgure 221 showing

the number of electroregainstenergy loss. Peaks caa kesolved due to specific energy

values associated with innghmell electron ejection.
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Figure 2-21: Example of EEL spectrumof TiN showing distinct elemental peaks caused by inner

electron ejection

2.2.6 RamanSpectroscopy

Raman spectroscopy is a powerful technique offering information about stracidr
composition of a materialn some cases Raman spectroscopy can also be used to obtain
information on particle sizaVhen light is incident oa surface therare many possible
outcomes: reflection, absorption, transmittance and scattering. Raman spectroscopy is
concerned with the scattering of monochromatic light from substances. Light scattering
from molecules is adminated by Rayleigh scatteringhere theight that is scattered has

the same wavelength as the original photon. Scattered light which has a higher or lower

wavelength is the basis of Raman Spectroscopy.

Light incident on a molecule can interact with the electron cloud and the bonds of that
molecule. The photon can be absorbed and raise the eoftiyy molecule to a virtual
excited stateRelaxation to a lowestategenerates photon. If the resultant photon is the
samewavelength as the originét 99% of the photonkthis is Rayleigh scattierg and is
excluded from Raman analysis. If the wavelength of the resultant phasorcreased

then this loss of energy referred to as a Stokshift in energy A decreasén wavelength

is referred to aan antiStokes shift. There is disparity he frequency of 8kes and ani
Stokes emissiongecausehe initial photon must be incident on a system which is already

in an excited state in order for an aBtokes shift to occur. The probability of a system to
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be in an excited state opposed ta@ugdstate at room temperature is generally lower and
therefore there is a higher intensity of Stokes shifted emissions. The scattering can be

visualised through a simple energy diagréiagure 222).

Rayleigh Scattering Stokes Shitt Anti-Stokes Shuft
Electronjc level]

Virtual level > — A=

T——— ———T—=—= ——3 - -—---
Photon 5

Vibrational levels > R 4 R 7

Electronic level \) \ 4 \ 4

Figure 2-22: Energy diagram showing scatter effects

The diagramabove detailshe energy level transition responsible for Rayleigh, Stokes and
anti-Stokes scattering. The change in energy found in the Stokes ai8tak@s shifts is
indicative of the engy spacing in the ground level and it is through this change in

wavelength that structural informati@obtained

The Rayleigh scattering is filtered out as is the-8twke shifted wavelengths. Arfiitokes
contains the same structural informatiorttes Stokes lines but has a much lower intensity.
Raman spectra can be complicated with numerous peaks it is therefore cprasimeto
compare spectra witknown literature standarddRamarspectroscopyas used in this
study for phase and structure @@ination as well as highlighting differences between

bulk and nanomaterials.
Samples were analysed in bulk form loaded on a glass substrate. Experiments were carriec

out at room temperature on a Horiba LabRam with HR confocal microscope using a 325
nmUV laser, 100 um aperture, 600 groove/mm grating and Synapse CCD.
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2.2.7 Brunauei Emmeii Teller surface areanalysis

Brunauer Emmeti Teller (BET) surface area analysigascarried out to obtain surface
areameasurementsf samples as well as average pore volume. BERisothermal
adsorption technique where gas molecalephysically adsorbednthe surface of the
material. The isothermal adsorptitechniquesirebe based ohangmuir or BET theory.
In Langmuir theorya single monolayer of gas molecules is adsorbed onto the surface

whereaBET theory considermultiple layers.

For this work nitrogen was used as the gas to adsorthe surface as it has a strong
interaction with may solids. Initially the samples wefed e g aisasezatded mass of

the sample wakeld under flow of nitrogen overnight at room temperature. This degassing
procedure removksurface adsorbed contaminatEsllowing degassing the sampgleere

held undervacuum andooledto 77 K Known quantities of high purity nitrogen gasre

then introduced into the vessel and ¥aeation inpressure wasecorded. This procedure

is repeated until saturation occurs

No further hyers of gasvereadsorbed whethe molecules on the surface reached an
equilibrium with the introduced ga&nalysis of the BET isotherryieldsthevolume of
gas required to produce a monolayer on the surface of the sample and from this the surfac

area was determined.

Isothermswvererecorded on a Micromeritics Flow Prep 060 and Gemini BET machine by

MrAndrew Monaghan of the University of GI

2.2.8 Diffuse reflectance UV/Vis spectroscopy

Diffuse reflectanc&JV/Vis spectroscopwas used to record the photons trad from the
surface ofTiO, powdersand relateanaterials. These samples were all opaquéhe case

of TiO,, the samples werelailliant white suggesting 100 visual light reflectance.

In diffuse reflectance spectroscoplye sample is exposed to a rangavafelengthsand
the resultant reflectance recorded. The sample is held in a metallic piaddelinga
surface area of 1 dmThe photon beam w&ocussed onto this sampledahe apparatus
covered with 2 hemisphericalirrors. Wherthesample is irradiatedome of the phots

will be absorbed and others will be reflectédtereinscattered to the surrounds@ he two
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mirrors focus this reflected light to a detector point. Using this procedure a reading of
incident raliation and subsequently reflected radiaigabtained. Thiss plotted as

reflectance as a function of wavelength.

Themajority ofthedifference between thacident and reflected beamscisused by
absorbancen the case of the materials being exsd most visible light will be reflected
however there is a set point where the photons will Baffecientenegy to promote an
electron from the valence batalan empty conduction banil.photonwith sufficient

energy can babsorbegroducinga shap decrease in the reflectance. The energy
associated with these photons corresponds to the energy required to promote the electron

and is therefore a measure of the band gap.

UV/Vis spectra were recorddzetween 20800 nm on a Cary 500 spectrophotometer
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3 Silicon based material growth

This dhapterdetailsan investigation into th€VD of bismuth telluride starting from
elemental reagentl.explores a range of silicamased surfaces awtiaracterise the
growth morphology. Thaim was ¢ obtaina variety ofreproducible morphologies of
bismuth telluride structures using an elemental rea@¥i process to devep growth on
a range of silicorbased surfaces. Thibapterdescribeshe production of suimicron
thickness plates and regular octahedraigmuth telluride bismuth rich nanowiregnd
sets out anethod for detailed low dimensional characterisatibelectrical and thermal
properties There is a drive tdiscovermethodologieshatproducenovelmorphologies of
bismuth telluride material®r thermoelectric applications. There are numerous siathe
routes to producparticles of bismuth telluridesach with their own advantages and
drawbacks. An increasingBuccessfuéxperimental metho@ metalorganic chemical
vapour deposition (MOCV3%%8. MOCVD andCVD areadvantageougue totheir
scdability and ability to producéow dimensional materials. VD is already widely used
in semconductormanufacturingMOCVD however has significant drawbacks. The
methods reported in the literature require expensivecially prepared reagent g&s such
as trimethylbismuth®’ and diethydtellurium ° which are unsuitable facommercial
production. The work reported here requires only elemental reagents in a singi¥Btep

process.

There areeportsof bismuth tellurideoeingdepositedria a chemical vapour process but
noneemployinga single stepmocessrom elemental reagents. Kujomana and Matfiai
grew millimetre length hollow wires of bismuth telluride using bulKT® as a starting
materialvia chemical vapoutransport. Gothart?® demonstratedeposition using
commerciakthermoelectric material which wasnsported along a quartz ampouleler
argon flow.Althoughaninteresting spherical particle morphology was obtajitgatoved
difficult to controlthe composition othe productandspherical particles of up to 95%
tellurium were obtainedSimilarly John reported the transportpe-prepared BiSe; **

Most recently, in February 2014, Benjareinal. %2

, reported thafino single source
precursors for the CVD of Bi'e; are currently knowdy and while there are two reagents

utilised in the workit demonstrateprecursor innovatiaon

Samples described in thibapter are tabulated Table 31. All samples used silicon

substrates reacted with elemental bismuth and tellurium.
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Table 3-1: Samples described irChapter 3

. Etching
N Cleaning processg o .
Identifier process T/ °C Modification Section
700
DI water/ 10s Au/Pd
Gl None ) 3.1
Acetone/ IPA Sputtering
700
DI water/ 10s Au/Pd
Gl(repeat) None ) 3.1
Acetone/ IPA sputtering
700
DI water/ 60s Au/Pd
G3 None ) 3.1
Acetone/ IPA sputtering
Surface scratche
D1 None None 700 ) 3.2
with glass paper
Vertical
DI water/ 3.3
Vi Acetone/ IPA None 700 orientation
Temperature
L1 AD' Watf” None 700 nperatr 3.4
cetone/ IPA gradient applied
Temperature
L1(repeat) DI water/ None 700 . g . 3.4
Acetone/ IPA gradient applied
Transport gas
DI water/ p. J
T1 Buffered HF 500 reactions 3.5
Acetone/IPA . _
including b
DI water/ _
Bl Buffered HF 700 Te free reaction 3.6
Acetone/IPA
DI water/ _
Bl(repeat) Buffered HF 700 Te free reaction 3.6
Acetone/IPA
1:1 ratio of
DI water/
EB1 Buffered HF 700 reagents 3.7
Acetone/IPA
EB1(repeat) DI water/ 1:1 ratio of
Buffered HF 700 3.7
Acetone/IPA reagents
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3.1 Gold-palladium reactions

It is well established that the presence of metal nanopatrticles can seed the growth of low
dimensional structuresda the vapouiquid-solid methodVLS) *°**%. Following this
growth methodologygold and palladium nanoparticles were depdsie a silicon surface

to seed low dimensional growth.

3.1.1 Reaction set up

Silicon wafess were cleaved into 1 x 1 drx 2cn? pieces and then cleaned using
sonication in deionised watdollowed by acetone theso-propanoltreatmentClean
substrates were then sputtered with gold and palladium usiAgaa automatic sjter

coatercalibrated to 9 nm deposition over 60m&ldittedwith a goldpalladiumdisc

Sputtercoated vafer pieces were sealed in a quartz ampoule under vacuum following the
standard process previously described. The reagenthese reactions wetg@smuth @
mmol, 99% pure 100 mesh, Sigma Aldrichkgndtellurium @ mmol 99.8% pure200

mesh Sigma Aldrich) Sealed tubes were heated in a box furnace at 766r 43 h

3.1.2 Results

SamplesG1, Gl(repeatpnd G3from Table 31 are described in this sectiaa example

systems

3.1.2.1 Sample Morphology

SEM was used texaminethe morphology of the particles on the surface. Distinct
morphologies were produceépendat onsputter quantityised. Whershortsputter

times were used(30s), a hexagonal or triangular morphology was observed.
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Figure 3-1: SEM micrographs showingBi,Te; platesand dots of tellurium grown on silicon (a-b) G1,
(c-d) G1(repeat)

Shown above arenages othe plates grown on the silicon surface. These substrates had
beensputtered for 1@ witha minimal amount oAu/Pd The plates were-50 pm in
diameterhowever thee were a small numbarith a much greater surfacesar40 pum

being the largest diameter observed. The platbibi a large aspect ratio in regdadther
thickness and diametewith the plate®elow 1 pmin height

While the plates were found consistently across the surfazs samples had an excess of
tellurium which was seen to form irregular spherical particlatepgctedn Figure3-1c
andd.

3.1.2.1.1 Sheet

SampleG1(repeatexhibited aunique sheet approximatel® % 40 um?in width and
heightbut less than 50 nm in thickng$sgure3-2).
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Figure 3-2: SEM micrographs showingultra -thin sheet on the surface o&1(repeat)

The sheetvas partially transparent #ectrons with the excess telluriunsible beneath
thesheet. It is possible that maslyeet type morphologies exist but due to the thin and
almost electron transparent nature of the growth they may be diffiaoiaggeby SEM.

There is precedent for the discovery of these sheets. Similar findings were reported by

106
L,

Zhaoet a who produced thin sheets of bismuthugde grown on the surface of

silicon and were evidenced to be 6 nm thick and show a matchTe;By XRD and TEM

electron diffraction.

3.1.2.2 Elemental analysis

EDX was used to confirm the elemental cosigion of the platesRigure3-3). The plates
showed a match to stoichiometric;Bes.

69



Spectrum 2
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Figure 3-3: EDX spectrum of plate from G1(repeat)

Silicon, oxygen and carbon were also detectedhmsge are also detected when a blank
silicon surface is examined in this meth@d can be seen lppendixA (Figure9-1).

3.1.2.3 Crystalline phase identification

Powder Xray diffraction was used to identitige crystal phase of surface growth. The
only peaks identified (exctling the silicon substrat@)atched to BiTe;. The® reactions
sputtered with Au/Péor only 10 s are expected to have l#&n2 nm ofAu/Pdon the
surface and this low concentrationsazot detected by XRxigure3-4 below shows an
example XRD pattern obtained from sample nunthgfrepeat)The XRD pattern
obtained can be found AppendixA (Figure9-2) and he mattern obtained from G1
matching to BiTe; can be seen iRigure9-3.
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Figure 3-4: XRD pattern obtained from sampleG1(repeat) showing only the presence of Bie; and

silicon
3.1.3 Excess golgballadium

The above reactionsed aminimal coating of gold as the goal was to initiate growth as
opposed to growth incorporating gold or palladium through the structures. To observe the
effect of excesdu/Pd,several reactions were carried out looking at substrates which had 9
nm (or greagr) of Au/Pddeposited.

3.1.3.1 Morphology

Samples wittanextended sputter tim@0-60 s)had a vastly different appearance from the
plate like morphology shown above.
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Figure 3-5: SEM micrographs showing ranodots of Au/Pt, sampleG3

The surface was covered in nanodots of gold and palladihenmetals had aggregated
form droplets akin to \ater on a hydrophobic surfadéhe ranodts weregenerally 100
300 nmin diameter. 8meparticleswith micron scale dimensiongere obsered, these
were found in the centre of areas otherwise fir@® deposition. This suggests that the
larger particles aragglomerateformed by fusing of smaller particletis is noticealy
evident inFigure3-5 b andf.

3.1.3.2 Elemental Analysis

EDX (Figure3-6) confirmed that no deposition of bismuth or tellurium wessent on the
surface Elemental analysis revealed only the presence of silicon, gold and palladium.
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Spectrum 21
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Figure 3-6: EDX spectrum of surface of G3

A large surfacevide EDX spectnm showed 96% silicon, 2% gold and 2% palladium.

3.1.3.3 Crystalline phase identification

The XRDpatternof extended sputter reactions showed very few pedlksf which had
very low of intensities (excluding the silicon) and no matchingebsavere able to be
identified The patterrof sample GZan be seen iAppendixA (Figure9-4).

3.1.4 Conclusions

Using a minimal quantity of gold on the surface of silidasmuth telluride plates were
grown across the surface using chemuegdour transport at 700 °C froehemental

reagents. The short sputter time proved an effective growth route for reproducible micron
diameter phtes of bismuth telluride withanoscale¢hickness. These platésvesub

micron thickness and on averag&®pm across.

The plate morphology can lbederstoody considering plate growtheingalong thea
andb axes ashis is where the dangling bds of the crystal lattice are. These dangling
bonds areapable of forming the ionicovalent TeBi bondsrequired for growthThec
axisgrowthis normal to the silicon surfacasevidenced by the (01) peaks irFigure3-4.
The upper surface is capable afvder Waals bondirtj, leading to a higlaspect ratio.
The majority of plate particles are hexagonal but there were asgles and distorted
hexagonsHoaet al'”’ rationalised the mixed appearance by describing the hexagonal
plates and triangular structures being relatetidependet onpreferential growth. Under
ideal conditions the plate is free to grow along directions 6®h¢canotherThere can be

deviation from the normal uniform growth leading to some directions showing preferential
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growth. In extreme cases when only 3 direwsiare preferredriangular particlegare

formed.

Where growth preference is less extren@uniform hexagons can be produced. Growth

of this form is indicative of a preference in the (110) plane. It has been proven that growth
in this direction is nked to thehighestperforming BjTe; thermoelectric materiaf$?

Growth patterns seen in MOCVD systeimave been shown to produgeminant growth
alongthe less desirable (001) directith

Also observedia this synthesis method was a nacalesheetwith a high aspect ratio.
Although only one of these shegtasobservedy SEM, it is deemed of interestue toits
stark similarities to the sheets reported by Zaad coworkers'®®. These sheets have
great potential due to the topographic insulator properties of bismuth telluride.

Long sputter times with greatthan 9 nm of deposition were ineffectiwéh the proposed
catalyst material aggregating into regular splamanoparticles on the surface devoid of

bismuth and tellurium.

3.2 Disrupted surface reactions

Other reactions described in this wdelature gowth on surfaces with nanoscale
smoothnesdt has been shown that plates grewn on tle surface of the silicon with the
axis normal to the substrap@de supa). The smoothness of the surfagas destroyetb
observe the effect on particle morphology. Atlier motivation is the lack afucleation
sites foundon clean silicon surfaselt was hoped thatsing rough silicon surfacegould
produce additionagrowthsites Reactions then proceeded as previpdsiscribedor

comparisorto the smooth surface reactidi@ection3.1.1)

It should also be acknowledged that althoughdiggositionrmorphology is of interest, the
initial disruption of the surface would make the surface itself unsuitable for argoaiec
applications. The scratchimf the surface introducesdisordered surface whichay be
undesirable in device production. For productive use of the growth demonstrated here the
particles may need to be removed from the disordered surface anddah&ubstrates

with more regular and predictable surfaces.
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3.2.1 Reaction set up

As the silicon wasleliberately scratchethere was no wathemical cleaning process.
Waferis were cleaved into 1 X or 1 x 2cn? pieces and then rubbed with glass paper
severatimes visibly scratching the surfaCEhesewere sealed in a quartz ampoule under
vacuum- following the standard process previously describeskiction 2.1.1.1 The
reagents for these reactions weignuth (2 mmol, 99% pure, 100 mesh, Sigma Aldrich)
and tellurium (3 mmol, 99.8% pur2P0 meshSigma Aldrich) Sealed tubes were heated
in a box furnace at 700 °Crfd8 h

3.2.2 Results

SampleD1 from Table 31 is describethere as an example systefhe samples was
analysed by XRD, SEM and EDX.

3.2.2.1 Pog- reaction appearance

Most of the reagent powder himrmed a single ingot at the base of the tuliee quartz
tubebecame cloudy in the area around the reagents for a lengi® aindn each reaction;
this is a common occurrence in transport reactioBistype. Samplewereiridescent.
The direction of substrate scratching is apparent on sampfegDfe3-7.

It should be notethatin the image®elow,sample D1 has copper tape at either end. This
played no partni thereaction,andwasaddedfor the sole function of reducing any surface
charge or(such a large substrat@henanalysed by SEM

-

P S

Figure 3-7: Postreaction surface appearancesample D1
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3.2.2.2 Morphology

SEMrevealedhe morphology of the particles on thabstratesurface.

10.0kV 12.1mm x15.0k SE(M) 3/14/11 1229

Figure 3-8: SEM micrographs showing regular isolated octahedra on scratched Si surfageample D1

The surface of the substrates deoratedwith octahedraf Bi,Te; with side length of 23
pum and 34 pum along the longest axis. Beneath the octahedral particles were smaller
nanoparticles of variable size and shapesecan be seen clearly relative to the larger
octahedron irFigure3-8 c. Particles were dispersed across the entire surface of the

substrate.
3.2.2.3 Elemental Analysis

EDX was used to measure the elemental composition of the particles. The octahedra were
identified asdbeing composed of a 2:3 bismuth/tellurium stoichiometric ré&ttoexample
spectrunis shown below.
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Figure 3-9: EDX spectrum showingthe elemental composition of BiTe; from sample D1

EDX spectroscopy point size was not small enough to examirserthker surface
particlesin isolation As the silicon was scratchgtlis possible that much of this is

damaged silicon substrate

3.2.2.4 Crystalline phase identification

Powder XRD confirmed the presence of bismuth telluriiigure3-10 showsthe pattern
obtained for Dwith a clear match to bismuth telluridélnique to the scratched surface
reactions, additional peaks for silicon weegealed The usual dominant peaks at 37 and

692 ddeg.)wer e present along with characteri
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Figure 3-10: XRD pattern showing bismuth telluride on silicon surface (D1)
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3.2.3 Conclusions

The reaction here shows a method to createheclra of bismuth telluride GGVD on a
nonrsmooth silicon surface. These structures have notrhepentedelsewhere in the
literature. There is precedent for the formation of the octahedral morph&l@ncombe
found that sputtering of Bl'e; in an argon atmosphere lead to the formation of hexagonal

growth interspersed by regular octahelifa

Previous reactions with a smooth siliconfaoe showed a tendency towards two
dimensionalplates)structures with growth along tlzeandb axes buhere with a

disrupted surface the particles from regular odaheThe disrupted surface reactions
wereconducted following the same procedasethe smooth surface reactions but as the
growth is dramatically different is clear that surface disrupti@lters particle

morphology, leading to three dimensional growkhere is a significant amount of surface
debriscaused by the scratching process wiscbf the form ofirregularly shaped patrticles.
However thaegular and crystalline octahedesult fom the growth process andn be

characterisedsing XRD and ED>§pectroscopws BpTes.

It can be seen thasinga disrupted surfacadifferent particle morphologio that of a
smooth surfacevas obtainedRegular hexagons have previously biglemtified in this
chapter(Section3.1) andthe octahedrona trigonal antiprismis related to the hexagonal
dihedral symmetry familyit is logical thatunder he correct conditionshe three
dimensional structures may be preferiedrther evilence of theelation betweewrystal
growth variation betweeplates andoctaheda can be seen ithe growth othexagonal
plates and regular octahedf cobalt oxide'”®. Purkayasthat al rationalised the
formation of bismuth telluride octahedra as ap projection of the rhombohedratystal
structure'®. The octahedral morphology is desiglasit has been shown that in sem
examples tetrahedral and o cdialdndind)toariproyedh r t |
thermoelectric performant¥.

Particleswerenot tightly adhered to theubstrateandshowed movementnder the

electron beam durin§EM analysisand inconfact with tweezersThis makes the particles
suitable for transferral onto alternate substrategs method therefore is a potential route
to produceadditives which can be integrated ifiolk materialto increase grain

boundarie and disrupt thermal transport.
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Further work should concentrate on increasing the quantity of particles on the andace
controlof particle sizeThis should be investigated by looking at a range of temperature
and reaction times. Particles should also be individually testeédgonoelectrigroperties
and bulk measurements made if sufficient quantereproduced.

3.3 Vertically oriented reactions

The aim ofthese reactionwas to expose the silicon surface to bismuth and tellurium
vapourin an alternativerientation to the horizontal set uped abovéo observe the

possible effect on particle growth mbgogy.

The vast majority of reactions carried authis areatargetgrowth of particles on the
surfaceof a wafer or metal foil. As a comparative experimegattical reactions were
carried out using similar conditions to the horizontal reactionstivétsubstrate being held

directly above the reagents.

3.3.1 Reaction set up

Reactionsvere preparedccording tahe method set out iBection2.1.1.] usingbismuth

(2 mmol 99% pure 100 mesh, Sigma Aldrich) and telluriu@irimol, 99.8% pure200

mesh Sigma Aldrich). A smallsquarepiece of silicorless tharl0 mm on the diagonal

was held above the reagentéie substrate wasserted into the tubley attaching it to a

thin tube of soda glass using Kapton tépigure3-11). The substrates in these cases were
not chemicallyetched and only treateda a more gentlecetone/wateigo-propanol

sonication procegSection2.1.1.2.1)
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/ Soda glass tube

Kapton tape

Sl Silicon substrate

Reagents

Q
Figure 3-11: Schematic of vertical reactions shwing ampoule in upright position with powder at the

base andsubstrate held directly above

Sample tubes were held in the upright position by placing them inside ceramic cylinders
inside the Vecstar furnacEigure2-5). The reactionsvere run at 700 °Cof 48 h The
temperature of theample was raped (250 °C per hour) to the reaction temperance

subsequently allowed to cool slowly in the furnace.
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3.3.2 Results

SampleV1 from Table 31 is describedhere as an example system

3.3.2.1 Postreaction appearance

The Kapton tape (used as an adhesive only)dmadred, blackened and crumbladd he

soda glass holding the substrate in place had defomaddcases.

Figure 3-12: Postreaction appearance of V1

Sulstrates had taken on a slight purple sheen. The dam&{estoownin Figure3-12 was

caused during analysis and was not a result of the reaction process.
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3.3.2.2 Morphology

Shown below is aepresentativeelection of SEM micragphs gathered from sample V1

2 . o
g

10.0kV 12.4mm x11.0k SE(U) 10.0kV 12.4mm x8.00k SE(V)

Figure 3-13: SEM micrographs showing substrate surface from ertical reaction (V1)

Samples sbwed circular islands of growtigpically 510 umin diameter There was also

an abundance of irregular shagmdticles distributed across the surface. These reactions
proved to be less predictable than the standard horizontal reactions desc8betiars

3.2 and 3.3.

3.3.2.3 Crystalline phase identification

The metallic ingot$ormed in the bottom of the quartz wiwere identified asonsistingof

Bi,Tes. An example of this is shown Figure3-14.
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Figure 3-14: XRD pattern of ingots formed at the base oAmpoule showing bismuth telluride (V1)

Figure3-14 shows the presence of all major bismuth telluride peaks in the diffractogram.
Two peaks (31 and 56smaladesofbismuth.oe attri buf

The XRD patternérom the substratein this investigatioshowed little comparability to
each other. Thisonfirmedvery little crystalline materighad beermeposited on the surface

and that there was little consistgrbetwea depositions

3.3.3 Conclusions

Thevariability of results with vertical reactions can be attrdzlito the reaction set up. The
Kapton tape will have introduced an impurity not found in the horizontal reactions.
Additionally the soda glass proved to be uretli for holding the substrate in position at
anelevated temperature. After numerous vertical reactioreldition to those reported

here with poor anchconclusiveresults, vertical reactions weabandoned

3.4 Temperature difference reactions

Describedhere is the CVD of bismuth and tellurium to induce surface growth of bismuth
telluride on silicon substrates. This was achieved by application of a temperature gradient
across a vacuwsealed ampoulesing the furnace seenkiigure2-9. As mentioned in th
introduction there is very little information in the literature about @D of bismuth

telluride from nororganic sources and no exangé using elemental reagents under
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vacuum to deposit BT e; via a temperature gradient. This sectiargetedhe production
of ahigher quantityof depositionrmaterialin comparison to the reactions conducieth
the ampoule at a uniform temperature along its length. Thisim@ertakerwith a view to

theoptimisation of theleposition conditions.

3.4.1 Reaction SeUp

Reactions were carried out in a large tube furrgacghown irChapter2 (Figure2-9).

Initial readions took place in standard C\MBaction vessels consisting of sealed ampoules
~ 30 cmin length These reactions produced similar results tse¢heorted previosly in

this chapter in the constant temperature react{@estion3.1). Rurther investigation
revealedhat notemperature difference was being created over tHES1€In gap between
substrate and reagents. For the reactions reportegdliieetength of reaction vessel was
extended tdnalf the total length of the furna¢ebe (120 cm)Hence 60 cmquartz
ampoulesvere used. One end of which was placed at the hottest centralgmuirihe

other at the edge of the furnace tabeoom temperature

The temperature difference generated within the tube furnace was investigated by
temperature mapping the length of the tube while the furnace was running at 700 °C.
Temperatures were mappedato accuracy of0.5 °C. A long thermocouple was inserted

into the tube furnace and the temperature at each centimetre along the length recorded. Th
resultsare plottedn Figure3-15.
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Figure 3-15: Temperature map of tube furnace The small but sharp peaks at 20 and 42 cm are due to

the edge of the heating element and the edge of furnace zone respectively.

In preparation for the experiments described in this section the likely areas of deposition
were investigatedlheampoule was charged wjthismuth 8 mmol, 99%pure 100 mesh,
Sigma Aldrich) and telluriuml@ mmol, 99.8% pure200 meshSigma Aldrich)andsealed
under vacuumand placed in the tube furnaag700 °C (i.e. with the centre of the furnace
held at this temperature). The end of the ampoule with the reagents was placed in the
centre of the tube furnace with the opposite end placed atdhef ¢he work tube of the
furnace. The furnaceas held at G0 °C for 48 hthen allowed to cooAreas of deposition
were identifiedandsilicon wafers wereeployedn these regionsSilicon wafers (washed

in acetone, deionised water asd-propano) were sealed in a quarampoule under

vacuum.

3.4.2 Results

Sampled.1 andL1(repeat)from Table 31 are describelere as example systems

The majority of powdered reagents had formed a single ingot at the hot end of the
ampoule Additionally thee was a small ingot (with silvenetallic appearanceleposited
at thecod end of the tubeNoticeably thereweretwo distinct rings of deposition, asiny
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metallic silerareas on the quartZhe areas of deposition along with the temperature map

areshown inFigure3-16.
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Figure 3-16: Temperature profile overlaid with scaled ampoule schematic showing gregnd black

bands indicating deposition regionsRe gi on fiad represented the
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The areas of deposition along itorrelating temperaturese shown irmmable 35 below.

Deposition bands a and b correspond to the areas of deposition in the hotter and cooler

regions respectively.

Table 3-2: Deposition areas and temperatures

Name Deposition Deposition areas from Temperature
band centre, cm region,°C
L1 a 23.5255 549464
L1 b 27.030.0 397279
L1(repeat) a 22.024.4 607-506
L1(repeat) b 26.030.0 444279
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549464 °C 397-279 °C

To Reagents
4—

Figure 3-17: Reaction L1 showing distinct areas of deposition

Figure 3-18 Area free from deposition (L1)

L1

L1 (repeat)

709 °C 314 °C 27 °C
«—

510 °C

Figure 3-19: Schematicof deposition areas with temperature guideshowing hottest areagcoolest area
and average depositiorarea temperature

Thedepositon the walls of the tube wasmovedby scraping the whd of the vessel with a

spatulaThe area of deposition found at the hotter point was slightly darker in colour to
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that of the cooleareas of the tub&he darkedepodion was a fine powdewith a grey
appearancérigure2-20) and the cooler deposition had a shailyer appearancérigure
3-21). The cooler depositiorendedo flake away from the surface of the quartz producing
both a fine glittery powder arldrger fakes(Figure3-21).

Figure 3-20: Darker material deposited at~510 °C(sample L)

Figure 3-21: Lighter material deposited at~314 °C(sample LJ)

3.4.2.1 Crystalline phase identification

PowderXRD revealed the crystal phase of the deposition areas to be very different. The
material in the hotter region d64549°C was matched tsingle phaséismuth telluride.
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The XRD pattern fromample L1 is shown belg, L1(repeat)can be found ilppendixA
(Figure9-5).
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Figure 3-22: XRD pattern obtained from material found in hotter region of deposition showing single

phase BjTe; (sample L1)

The material recovered from the cooler regid?g%397°C) was matched to tellurium
with a small quantity of bismuth telluride. Usitiged i f f r a crefioement tegith@ s
deposit was identified a90% tellurium. This was consistent across the range of samples

produced with bismuth telluride present only in small®o) quantities.
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Figure 3-23. XRD pattern of material discovered in the cooler regions showing the transport and
deposition of tellurium (sample L1). Inset shows percentage compositidmased on peak and profile

fitting calculated by the Highscore programme from Ranalytica

3.4.2.2 Morphology

SEM was used tobservehe morphology of the particles from both areas. The bismuth
telluride sample was composediwégularmicron-scale blocks of materiaDn closer
inspectionthese large blocks showed a layered appearance consistent with the crystal
structure of bismuth telluride with itharacteristi¢erminating layers. The layers were
between 100rad 200 nm irthickness and 2@50 pumwide. In some areas the sheets had
self-separatedeaving the surfacesisible. A layer of 100 nm in thickness would represent
33unit cells along the-axis. These particles may make promising candidates for a

mechanical exfoliation process to separate the individual layers.
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Figure 3-24: SEM micrographs of deposited bismuth telluride (a-d) sampleL1(repeat), (eh) sample
L1

The second area of growth, identified as tellurium by XRIBo showea different

particle morphology to the bismuth telluride particles. Selected samples and areas are

shown inFigure3-25.
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Figure 3-25: SEM micrographs of tellurium particles depositedin cooler region (a-d) sample

L1(repeat), (e-h) sampleL1

The tellurium deposited in the cooler region showesimaticor needlelike morphology.
The needles wer200-600um in lengthand 46100 umin width with tapered ends.

3.4.2.3 Elemental Analysis

EDX was used to obtain information about elemental composition. The growth in the
hotter region of the ampoules was identified to b &i An examplespectrum is shown
in Figure3-26. This spectrunmwas taken from the particle shownFigure3-24f (sample
L1). An EDX spectrum from the hotter region of sample L1 (repeat) matchingTesBi
can befound inAppendixA (Figure9-6).
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Figure 3-26: EDX spectrum taken from hotter region growth of L 1 matching Bi,Te;

The EDX spectra obtained from the cooler region shatvegresence daéllurium
exclusively.Figure3-27is an examplspectruntaken from the cooler réan of L1. The

small quantity of carbomentifiedis attributed to the carbon tab on which the sample was
held and the sample is therefore elemental telluriamEXD spectrum of LYrepeat)

matchedto tellurium can b seen iAppendixA (Figure9-7).

Spectrum 1

Full Scale 504 cts Cursor: 0.000 keV ke

Figure 3-27: EDX spectrum of sample L1 showing elemental tellurium (carbon peak caused due to the

carbon tab holding the sample)

3.4.3 Conclusions

Presented here is the growth of bismuth telluride and telluriuticlearby use o€VD.
Two distinct growth regiongere produced by applyingtemperature gradien the
hotter region 0649 464 °Cbismuth telluridevas growrandat 397 279 °Ctelluriumwas

depositedDeposited materials were analysed by use of poXRD for phase
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identification,SEM to determine particle morpholggand EDX for elemental
compositionlt was shown thatibmuth telluride was deposited with irregular morphology
with a nanoscale layered structvesible on high magnification The tdlurium was

found to have a micredimensioned prismatiltke morphology.

The hotter deposition region 54864 °C is comparable to that reported by Kengl, ***
wherethey used an argon flow to deposit layers offBi from a preformed starting
material. With the methodescribedere it is possible to grow material using elemental
reggents without the need fartransport gas.

The unique layered structure of therbigh telluride deposition is extremely interesting as
some gaps between layers are viséoidit may be possible to separate the layers into
thinner sheets. There are reports of bismuth telluride being either chemically or
mechanically exfoliated to creatltrathin sheet$***'* The particles synthesised in this
work may be suitable fauch applications. It would also be interestingi@asure the
electrical and thermal properties of these particles to quantify the effect nanostructuring
hason the thermoelectrical properties. As this bulk material is composed entirely of
nanostructuredheetsstacked to b&0-50 umthick with a high aspect ratitheyrepresent

promising nanostructured bulk materials.

3.5 Transport agent reactions

Often inCVD an additional agent is introduced to facilitate the transport of desired
reagentslodine has mven useful as a transport agent in growing chalcogen materials such
asmolybdenum disuléle™, and in the growth of other semiconducting materials such as
GeAs™ Feutelaiet al successfully used iodine as a transport gas to synfiats of

bismuth tellurideon the millimetre scafé’. Here iodine was used alongsiElemental

reagents iran effort to improvesurface coverage across the substrate

3.5.1 Reaction set up

Reactions were set up peviouslydescribedSection2.1). Square centimetr8i pieces
were sonicated in deionised water followed by acetoneisiogoropanol After this

cleaning processhe oxide layer was removed with a 5:1 JfHHF bufferedsolution.

94



Clean wafer pieces were sealed in a quartz ampoule under vacuum. ThesrEagbese
reactions werebismuth (2 mmql99% pure 100 mesh, Sigmaldrich), tellurium (3
mmol, 99.8% pure200 meshSigma Aldrich)and ioding0.4 mmo| granular Sigma
Aldrich).

Sealed tubes were heated in a tube fursatats00 T for 48 h The 500 °Gemperature

was selected for safety reas@s introducing iodiné the reactioeads tancreased
pressure inside the ampouketemperature difference was applied across the tube with the
substrate at the cooler eb7-459 °C) The reagestwere positionedeveral centimetres
awayand exposetb a temperature @&f99-503 °C while the substrate whsld at457-459

°C

3.5.2 Results
SampleT1 from Table 31 is describedhere as an example system

3.5.2.1 Postreaction appearance

Following heating and cooling, the iodine had moved from the reagent endqufatiz
tubeacrass the substrate the opposite end of the tubkhe iodine had formed a single
crystalat the furthest end of trmpoulehavingmoved patthe substrate

In reactions without a transport agent, itisialfor reagents to formraingot at the hot
region of the tubehoweverwith reactions involving iodine, thelementareagents had
remained as a powder. The only change in appearance over the course of reaction was a

darkening of theeagentgrom greyto black

Figure 3-28: Black powder obtained from reaction T1
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Figure 3-29: Substrate (T1) post reaction

There was no evidence of deposition on the surface of the substrate.

When sealed in a sample vial it became evident that the substrate had become infused or
coated in iodine as there was distinctive discolouration ofthragev i al 6 s pl ast i
(Figure3-30).

Figure 3-30: Discolouration of sample viallid due to iodineT1 substrate on the right

3.5.2.2 Crystalline phase identification

Powder XRD did not identify any deposition on the substrate and the standard pattern for
silicon was obtained.

X-ray analysis of the powdeemaining at the reagent end of the tube revealed that the
bismuth and tellurium had not reacted with each otRigu¢e3-31).
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Figure 3-31: XRD pattern of sample T1

3.5.3 Conclusions

It is clear from the above reactions that iodiveshindering rather than assistinthe
transport and reaction of materials. Tbdine hadvaporised anttad beernransported to

the opposite end of the vessahd in the process of doing so had actively stopped bismuth
and tellurium from reacting aeacting or migratingReactions of the type above were the
only reactions carried out at elevated temperatures in which the elemental reagents

remained powdered and unreacted.

3.6 Bismuth reactions

Reported here are attempts to grow low dimensional structures of bismuth on the surface o
siliconvia chemical vapour transport from the elemental powder. It has been shown that
tellurium can be incorporated into bismuth structures to produce (2:3 stathimor

otherwise) bismuth telluride. As such the aim was to grow structures on the surface which
could later be reacted with tellurium to produce new particle morphologies of bismuth

telluride.
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3.6.1 Reaction set up

Reactions were set up as described preslyoGquare centimetr8i wafer pieces were
sonicated in deionised water followed by acetone ib@propanol After this cleaning
process, the oxide layer was removed with a 5:3MHF buffered solution. Clean wafer
pieces were sealed in a quartz ampauider vacuum following the standard process
previously described. The reagent for thessctions wabismuth (2 mmql99% pure 100

mesh, Sigma Aldrich)Sealed tubes were heated in a box furnace at 700 °C for 48 h.

3.6.2 Results

SampleB1 andBl(repeatfrom Table 31 are describellere as example systems

3.6.2.1 Postreaction appearance

Quartz tubes showed clear transport of the bismuth. Most of the reagent had formed a
single shiny metallitike ingot whilesome material had transported aotdensed at the

far end of the tuborming numerous dropletgpproximately 22 mm in diameter.

The substrates appeared cléathe nake@dye. Shown below are samples B1 and

Bl(repeatfollowing reaction, which retain the mirrdike appearance of the silicon wafer.

B

: : -

LML Cy

-

Figure 3-32 Si pieces posteaction (B1and B1(repeat)

3.6.2.2 Morphology

SEM showed no discernible structures on the surface of the wafers.
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Figure 3-33: SEM micrographs of B1 (aand ¢) and B1(repeat) (b and d)

There was some speckled discoltion on the surface of B1. Tleentrastifference
observedn SEMimagingsuggests there may have been an interaction asutfece with
the bismuth buinsufficient for particle growth. It is not expected for bismuth to penetrate

the silicon surface in a similar manner to that of dotd
3.6.2.3 Crystalline phase identification

Powder XRD did not detect any deposition peaks (showing only silicon).

3.6.3 Conclusions

The attemptedrowth of bismuth stuctures on clean silicon usi@v/T was not
successful. While the bismuth was transported, as evidenced by the formation of ingots at
the opposite end of the reaction vessel, there was no growth of structures at the silicon

substrate surface observed oy aamples.

3.7 Equimolar bismuth/tellurium r eactions

Previous work indicated that an excess of tellurium was deposited on the surface of the
silicon duringCVD of bismuth and tellurium and whiktoichiometricbismuth telluride
could be successfully growrndre were cases where additional structuresliofrium
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were identified. Tareate a phase pure systegactions were carried ousinganorn

stoichiometric ratioof bismuth and tellurium.

3.7.1 Reaction set up

Reactions were set up as described previo&gjyare centimetr8i wafer pieces were
sonicated in deionised water followed by acetone th@propanol After this cleaning
process the oxide layer was removed with a 5:3MHF buffered solution. Clean wafer
pieces were sealed in a quartz ampoméer vacuum. The reagsiibr these reactions
werebismuth 6 mmol, 99%pure 100 mesh, Sigma Aldrich) and telluriushrimol,
99.8% pure200 meshSigma Aldrich) Sealed tubes were heated iG@arbolitebox
furnace at 700 °@r 48 h

3.7.2 Results
Sample€B1 and B1(repeatfrom Table 31 are describetere as example systems

3.7.2.1 Postreaction appearance

In all cases the reagents had formed into one or two ingots at the reagent end of the tube.
Metallic-like dropletsformedon the lower internal surface dfe quartz tube (the lower
siderests on a furnace brick within the furnacEhese droplets were each <2 mm in

diameter.

The surface of each of the substrates was specklecdwitiite deposi{Figure3-34). The

deposited material was scattered irregularly across the surface of the silicon.

Figure 3-34: Si piecespost-reaction (EB1 and EB1(repeat))
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3.7.2.2 Morphology

SEMimages showedxtremely interestingarticle growthandthe presence of nanowires

growing from larger particle@-igures 335 d-f).

03 e e W M )
S4700 10.0kV 12.3mm x2.00k SE(M) 11/17/10

Figure 3-35: SEM micrographs of EB1 (aand b), EB1(repeat)(c and d) showing nanowire growth

These wires were not found in a@y/D reaction involving a 2:3 ratio of bismuth and
tellurium, respectivelybut were found in every reaction involving a 1:1 ratio. In all cases
the wires were seeded from larger parti¢ligure3-35 ¢ andd). No wires were found
detached from a larger structure or growing directly from the surface. Wire sxoeirel

100 nm thick and up to®4um in length. While many of the base particles had an irregular
shapeall were approximatel80 um in diameter. Almost all larger particles had wire
growth on the surface but in varying amoufigure 335 (a) shows a particle with a low

concentration of wiresvhereag-igure3-38 shows a particleentirely encased in wires.

The growthseen orthe left hand side dfigure3-35 (a) aboveshould be notedrhis
structure was seen on each of the sabstrand is responsible for thedhite colour This

is believed to be an oxide phaas EDX showed higher than background oxygen levels.
This distirctive pattern of growtlvas £en on each of the substrates, it barseen in the
top corner oFigure3-35 (b) above. The particle distribution and wire gth seemed to

bearno relation to the presence of the oxide phasach reactionSimilar areas @re also
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seen on substratesherea 2:3 stoichiometrywasused(Section3.4). These areas are

attributed to an oxide contaminant.

Figure3-36 below shows an SEM micrograph of a single viicen sample B1(repeat)
This wire was 60 nm thick and 20 pum long.

1 | 1 1 1 1 I
$4700 10.0kV 12.3mm x180k SE(M) 11/17/10

Figure 3-36: SEM micrograph of a wire from sample BB1(repeat)

This wire is typical of thostound in all reactionsWires were<100 nm in diameter and
106 ofmicrons in lengthThey also showed a unifordiameterthroughouthe length with
a slight tapering off at the end.

3.7.2.3 Elemental Analysis

EDX showed a higher concentration of bismuth in the wire covered areas. Areas of particle
growthabsent of wires showea2:3 stoichiomety for the bismuthéllurium ratio.
Howeverwire areas showeghaverageBi content of 5655%

As all wires grow from larger particlgis is impossible to take readings of the wires
exclusively due to the underlying particle from which the growth was seeded Whiieh
grew away from the particle were too narrow and in too low a concentration to obtain a

conclusive reading of the elemahcomposition of the wires.

3.7.2.4 Crystalline phase identification

Powder XRD confirmed the presence of bismuth telluratelalso showed the presence of
Bi4Siz012. Shown belows the XRD pattern of EB1Kigure3-37). SampleEB1 shows
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characteristic silicopeaks as well atoseof Bi,Tezand bismuth silicon oxide. The XRD
patternin Figure3-37 is presented using an expanded stalghow the low intensity peaks

of the oxide phas&.he pattern obtained forEE (repeatan be found iM\ppendixA

(Figure9-8).
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Figure 3-37: XRD pattern of sample EB1showing presencef bismuth telluride

3.7.3 Conclusions

Bismuthrich nanowiresvere discovered to grow having besseded from the surface of
bismuth telluride particles. Wires were discovered to grow in all cases when bismuth and
tellurium were used in a molar ratio of 1:1. Wires were up to 40 um(tbegghmost

were of 2030 um length and had an average diameted®0nm. Thewiresdid not

depositon the silicorsubstrate

Larger particles were distributed across the entire surface of the substrate and almost all
particles displayed wirealthough in dffering concentrations. Particles with 2D wires
wereobservedasin Figure3-35 (a), as well agparticles with more numerous wires to the

point of covering the entire underlying particteg.Figure3-38.
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Figure 3-38: SEM micrograph showing particle which is fully encased in nanowires B1 (repeat)

EDX confirmed these wiregs50-55% bismuth but due ttheunderlying materialexact
determination of the stoichiortrg is difficult. For XRD, the wires are in such low
concentrationan comparison to bismuth telluride and silictimat no peaks were
discovered or assigned to them.

Future work would involveemovingthe wires from their base particles. The wizesthin
and well suitedor TEM and EELS analysis to determine composition and growth
mechanism. As with the octahedral paes described earlier in thibapter there was

some degree of movement of the wires and particles by the electron beam during SEM

analysis suggesting that particles could éasily and gentlyemovedfrom the silicon

3.8 Test dructure

This dhapterhas detailedoutes tamaterials ofvaryingmorphologies with potential
thermoeéctricproperties. The next step is to obtain measurements efdbgical and

thermal properties of these materials. This project concentrated on the synthesis of
morphologies rather than the measurement of material propéadigsver reported in this
section is a test structure designed duting workas a mean®tobtain further

information about low dimensioned particles. There was not scope during the project for
this device to be fabricated but dimensions and functionality are deshebetfiat the

structure may be produced subseglyent

The testing of n& materias for thermoelectric applications has proved problematic. Often,
as in the case with this worxperimentaimaterials are ngirepared irthe multi-gram

quantitiesrequired forstandard measurements of thermal and electrical properties. The
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seond problenis that of density, oncsufficient quantities of lowidhensional material is
obtained Low dimensional materials can pellet pressed and thessed for electrical and
thermal testinghowever if these pellets are moessed to sufficient dsity then the
thermoelectric properties recorded may not be a true reflection of the material properties.
Thermoelectric materials require good electrical conductivity with a comparatvely
thermal conductivity.flmaterials are not sufficiently dentes will greatly affect the

electrical conductivity of the sample. A matefdiich isinsufficiently dense will have
significantly poorer electrical conductivity due to the electrons being unable to transfer
through any small gaps in material contacte filermal method to avoid density issues is
pressing of materials at elevated temperature and pressure. The proposed method remove
density problems by detailing testingindividual particlesasopposed to pressed bulk

material.

To obtain good propertymeasurements certain conditions must be fulfilled. Good electrical
contacts must be made; this should be done with 4 electrical cost#tés theccontact
resistancébetween sample and metahdae calibratedThe particle must be exposed to a
well calbrated thermal gradientvhereone side of the particle is a different temperature to
the other.

The device shown below is a metallic circuit depositeditirer a silicon nitride wafesr a
silicon nitride topped silicon wafé¢Figure3-39). A gap ischemically etched domw
creating a hole in the centi@n eitherside electrical circuits are printed consisting of
three parts. Ththree part®f the circuits area copper conductor designed to make
electrical contact to the particle, platinum strip \wich will serveas a thermometeand a

nickekchromium heater.

Testing of individual particles also has difficulties. One significant problem which must be

overcome is the challenge of creating a temperature difference over small areas.

The device described below uses a vacuum to isolate thermal elements to minimise therme
radiation and ensure that the main source of thermal transport is through the particle. The
structure isshown inFigure3-39. The device is designed so that the phetiill cross the

gap in the middle creating a bridge between the two identical sides.
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Each colour in the diagram represents a different material gplecficpurpose. The key
and role of material is shown Table3-3.

Table 3-3: Key showing representations and properties of materialfor use in the test structure

Colour | Material Role Rational for chosen
material
Cyan | Silicon ntride Provides the support | Low thermal conductivity
structure
Orange Copper Electrical contacts, Good electrical

resistance measuremen| conductivity, stable, chea

_ High resistance thereforg
Nickel- _ _ _
Green ) high capacity for joule
chromium Heater _
heating
alloy

_ Strong correlation betwee

Grey Platinum
Thermometer temperature and

conduction

Ni/Cr resistive heaters Copper electrical contacts

Platinum thermometers

Figure 3-39: Isometric view of the test structure The base is silicon nitride with deposited copper,
nickel-chromium and platinum. The large squares of deposit are bond pads suitable for connecting the

deviceto external electrical contacts
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Copper electrical contacts

Platinum thermometer

Ni/Cr heater m—

Silicon nitride subtrate —)

Figure 3-40: Truncated side elevationof test structure showing the silicon nitride base with dposited

material on the surface

The base structure, shown in cyan abisvamposed of silicon nitride. This is grown to a
minimum height of 2um on a silicon wafer (not shown). Silicon has a thermal
conductivity almost 5 times that of silicon nitrideereforethe latteris more suitable for
thermal isolation of particle¥Vhen this insulating nitride layer is depositédan then be
etched to create the holes over which particles can be suspended, further émsuriab
isolation. Photeesist(a light sensitive material which can be used for surface patterning)
can be deposited on selected areas of the surface of the silicon nitride using
photolithography andhen fully developed;an be used as a protective barrldre
photaesist protects covered areas wlhileseven holesequiredcan be etched oin areas

not covered by the photoresist

The second phase in production is the deposition of the metals. The copper will be used to
obtain electrical conductivity of the particles. Copper is one of the most commor metal
used for low dimensional circuits, haviggod electrical conductivity. A nicke&hromium

alloy will act as a resistor and heater. When a current is passed alongGhally wire

the resistivity willcreate dule heatingor temperature gradients. Finglplatinum will be

used as a thermortee Platinum has a resistance highly dependent on temperature and by

monitoring the resistance of this wire the temperature can be recorded. The large squares
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are to be used as bonding pads to form electrical contacts with fine electrical probes placec

directly onto the padsor wire-bonded on.

Photoesist is usetb selectively maskreasvhile differentmetals are deposite@he

resistance of the metal is important when considering the heating of the éRmsstance
is related to the dimensionstbie wire by the following relationship whelRas resistance,
} the resistivity of the materidlthe length of the wire anéithe cross section area of the

wire:

Y - (3' 1)

It is also essential that only copper metal be in contact with a particle suspended over both
sides of the circuit so all electrical conduction will flow along the copper as the path of
least resistance and an accurate measurement of the electrical imttychiztained. To

ensure copper is the only mesalrface exposeitiis deposited significantly tbker than

the other metals.ifally the entire structure except the copper is covered in an insulating

layer of silicon nitride Proposed metal thicknessse shown belown Table3-4.

Table 3-4: Material deposition thickness

Colour Material Thickness
(nm)
Cyan Silicon ritride 2000
Orange Copper 450
Green Nickel chromium alloy 318
Grey Platinum 318

The key dimensions of the structures sttewn inFigure3-42.
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Figure3-41: Closer view of sizes detailed on

16 central bridge stru
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025 0.4

Ni/Cr Ni/Cr

Silicon nitride

Figure 3-42: Schematicof test structure showing dimensions(sizes inum) for clarity the metals are
only shown a the lower half of the circuit
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Using the above desigthe resistance of tidi/Crh e at er was <cal cul at e
(3=1x10°q nihis is sufficient to create a measurable temperature change and is two

orders of magnitude higher than theistnce of the copper.

When the structure is fully deposited and the necessary areas isolated with an insulating
layer, the device must be calibrated. The first step in calibration is achieved by passing a
current through the Ni/Cr wire which will hegp.uThe conductivity of the platinum wire

can then be recorded and used to calculate the temperasusangle sideThe same

process can be performed the second side ensurecalibration

The next stage is to measure the temperature of both sithesinheating again to

calibrate both sides. One side only is heated by passing a current through the Ni/Cr wire
and recorihg the temperature by measuring the conductivity of the platinum. Across the
bridge the temperature of the second platinum wiredsrded. Any increase in

temperature in the second wire is due to the radiative heat givey thie first side.

Recording the temperature at both the side being heated and on the thermometer on the
opposite side will allow for a calibration curve togreduced This curve will show the

temperature increase to be expected when the Ni/Cr heater is used.

The third stage of the measurement is the introduction of a particle acressita hole
(Figure3-40) to create a bridgdhis can be achieved Ispnicating substrates with particle
growth iniso-propanolto dislodge them from the surfa@and to theradd thendropwise

to an array of test circuits. When dngicromanipulators can be used to position particles
correctly across theentral holgouching the coppgradson either side. Again one side of
the structure is heated and the temperature of that side recorded using the platinum
thermometer. The temperature can then be recorded @pplesingside and by

comparison to previously estaditied calibration curves the increase in temperature caused

by the thermal conduction across the particle can thus be obtained.
The copper circuits on either side of ttentral holeare used to measure the electrical

resistancé€Figure3-39). These havéd bond pads each to remove any contact resistance

reading due to contact between the probe and the copper, giving a more accurate reading ¢
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electrical resistance. The centre gap of the structure can be tailored to the size of the

particles to be investiged.

The methodlescribedabove would be suitable for property testing a range of low
dimensional materials. It sets out a methoddolating a particle thermally applying
and recording a temperature difference as a means to calculate thermaticitynanc so

obtaining an accurate electrical conductivity measurement.

3.9 Conclusions

This chapter detail€VD of bismuth telluride on silicon surfaces. Materials are grown
from elemental reagents sealechimpoules under vacuum. There are very few exasnpl
of CVD compared withtMOCVD routes to bismuth telluride in the literatdfe®. CvD

has many advanges over MOCVDsuch aghe use of elemental reagents oWt of
complex metabrganic, a change thatducesost both financiallyandin terms of energy
required. TheCVD processes described in tHeapter do not require specially synthesised
reagents.This dhapter presents the aditions of growth for a range glarticular
morphologiedy altering experimental parameters such as reagent concentration and

surface condition of the silicon substrate.

Section3.1details the production d@i,Te;hexagonal plates using less than 2 nm of gold

to seed growth on smooth silicon surfaces. These plates have a highraspéeting up

to 40 umacrossanda submicron thicknessThe platelike morphology isypical of

Bi,Te; when growth is directed along theandb axes The plates were confirmed as

Bi,Te; by powder XRD and EDXand morphology was obtained by SEM. It is reported

that increasing the covering of gold/palladiomthe surface deters growthrd@th of

Bi,Tez will notoccurif more than aninimal quantity isgold/palladium issputtered. This
highlights the sensitivity of the reaction and the influence surface condition has on patrticle
growth.

Control over the morphology of the particles was destrated by surface modifications in

Section3.2. Here reactions analogous to thos8ewtion3.1 were carried out with a Si

surface which had been scratched creating grooves and a rough surface forlgrtheth.
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absence of a smooth surfaceT®s grew intooctahedraThese were up to 3 um in length
and were confirmed by XRD and EDX.

Section 3.4escribedhe use of a temperature gradient to produce higher quantities of
material Use of aemperature gradient produced two distinct areas of grdwwtlas

shown that the optimum temperature fosTE% deposition was around 510 °C while
elemental tellurium was discovered at the cooler region around 3Thé@LTe;

material grown was in the form of large partialgsto 100um in each dimension but
showed a distinatanostructure of large particles built fraranosheets less than 100 nm
thick.

The use of iodine as a transport agent was investigateciion3.5. It proved detrimental
to the reaction and to the transport of material. When ioglggeintroduced to the reaction
vessel no growth took place. Thehempered not only the transport of the material but
alsoits reaction. Bi and Te remained a mix of elemental powders following the closed
space CVD with4.

In Sectiors 3.6 and 3.7, grolWwtdependence on reagent quantities was examined. Bismuth
alone showed no ability to transport and grow on the surface of silicon requiring the
presence of tellurium for growth to occur on the desired sites. An equimolar ratio of
bismuth and tellurium proaed nanowires which were less th&0 nm in diametebut

up to 40 um in length. These nanowires were seeded from larger particles and were preser
on evey sample with a 1:1 ratio of Bi and Tleut werenot found on any reactions where a

2:3 ratio was u=d.

The final section in thislapter sts out a proposed means for testing the propatite
particles produced herBarticles would be dropped ontevaferwith holes etched in.it

The patrticle (with correct placement) would then form a bratgecturewith the majority

of the particle being suspended above the hole. Applying a temperature gradient to one
side and monitoring the temperature transport at the,otindst the particle is suspended
could provide a method of quantifying the thatmroperties of a single particléesting

this proposed device was beyond the scope optoigct.
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4 Non silicon based growth of telluride structures

The previous chapter concentrated on the growth of telluride structures on the surface of
silicon. It was demonstrated that the surface composition and texture played an important
role in the surface growth. This chapter expands on this amitknvestigatethe growth

of telluride structures without the use of a silicon surface. Reported here are fiastne
growth on copper and cobalt foil; aluminium oxidebstrates gallium arseide

(substratesandalso the results fax substratdree solvothermal method.

There has been very little investigation into the chemical vapour deposition of bismuth
telluride (excluding ratalorgaric deposition techniques)h€é few studieshat existend

to concentrate on silicon surfaces, however it has been reported that silicon, in comparison
to other surfacesan hinder particle migration across the surface tedefore lead to a

lower surface growth potentidt ', It is therefore of interest to investigate growthion

other surfaces.

There have been studiggmtshow the successful growth or depositadrBi,Te; on
surfaces such as gallium arsenidé®, aluminium oxide’® and theresearctgroupat the
University of Glasgovhas successfully deposited material on copper foils. These
materials aside from providing different growth engitmentsalso have differing intrinsic

properties making them of interest for further applications.

This chapter aims to further examine the growth dfiiele structures which have
potential uses in renewable energy generajmlications. Productsecharacterised
usingpowder Xray diffraction (XRD), scanning electron microscopy (SEM) and where
appropriate through energy dispersiveay (EDX) spectroscopy and Raman
spectroscopy.
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Samples described in this chapter are listed below:

4-1: List of samples described withinChapter 4

Sample _ _
) N Substrate Cleaning process | Reagents| T /°C | Section
identifier
Acetone/ DI water/ _
Al Al;,03 Bi+Te | 700 4.1
IPA
Acetone/ DI water/
AT1 Al,03 Te 700 4.2
IPA
Acetone/ DI water/ _
AB1 Al,03 Bi 700 4.2
IPA
Acetone/ DI water/ _
G1 GaAs Bi+Te | 450 4.3
IPA/HCI
Acetone/ DI water/
C1 Co Bi+Te | 450 4.4
IPA
Acetone/ DI water/ _
Cul Cu Bi+ Te 700 4.5
IPA
Acetone/ DI water/ )
Cu2 Cu Bi+Te | 450 4.5
IPA
Acetone/ Diwater/ _
Cu3 Cu Bi+ Te 450 4.5
IPA
Acetone/ DI water/ )
Cu4 Cu Bi 450 4.5
IPA
Cu4B Cu +Bi None Te 450 4.5
See
S1 none N.A. section | 160 4.6
4.6.1
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4.1 Bismuth telluride growth on aluminium oxide wafers

Aluminium oxide substrates are attractive for a number of applications. These substrates
are electrically insulating unlike sefoonducting silicortheyare able to withstand harsh
environments with regarde high temperature and exposure to reagentkeugdillium
arsenide. Aluminiunoxide substrates haween successfully used for templated low
dimensional growth of bismuth telluriggeviously®® *** %2 howevemo study could be

found involving chemical vapour deposition of elemental reagents in an evacuated
ampoule Here,demonstrated for the first times describe@ method of praacing micron
dimensioned particles of bismuth telluride with a fine nanoplate structure.

4.1.1 Reaction set up

Large wafersf U-Al,Os were cleaved into 1 x 2 cm piec@here was no oxide or
corrosive etch used to clean thafers Acetone, deionised waterdiso-propanolwere

used in series and were sonicated for 60 seconds for each.

Clean wafer pieces composed of@5 % U-Al,Oz were sealed in a quartz ampoule under
vacuum following the standard process previously described. The reagents for these
readions werebismuth (2 mmaql99% pure 100 mesh, Sigma Aldrich) and tellurium (3
mmol, 99.8% purenesh Sigma Aldrich)Sealed tubes were reacted in a box furnace at
700°C for 48 h

4.1.2 Results

Sample Alfrom Table 41 is described in this section aseample system.
4.1.2.1 Postreactionappearance

Following the reactiomhe wafersshowedno visible sign of deposition to the eye or any

indication of damage to the surface of the substfateexemplar sample shown below.
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Figure 4-1: Postreaction appearance of samplé\1

As can be seeinom Figure4-1 the waferemaired in itsoriginal transparent state with its

natural orange colour.

4.1.2.2 SEM

SEM revealed surface deposition on all samples. Surface coverage was lower than that of
any silicon or metal substrate reaction. Surface coverage was estimate&gsHkbimaging
to be lesshan2.5%. Surface coverage is estimated using multiple areas everad

samplesThe growth detected was however very interesting and showed low dimensional

growth patterns.
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10.0kV 13.3mm x400 SE(V) 3/1/12 13:53 XOum

Figure 4-2: SEM micrographs of Al showing surface deposition

The lowermagnification inFigure4-2 e gives an indication of the low growth coverage.

Most of the substrates appeared blank but there were distinct and, in most cases, spherical
areas of growth. It appears that cleapQlsubstrates provide poor surface adhesion for
surface growt possibly due to the lack of nucleation sites on the smodtcsuiWhere

growth had occurred it seffieeded allowing the formation of laygeicrondimensioned

structures

Themagnified images showing tlieands of growtlshownin Figures 4-2 a and overe on
the micron scaléying between 5 and 20 pum diameter andomposed of agglomerated
nan@latelets The plates were mainly hexagaonabweverdue to agglomeration and
fusion of plates the exact morphology and dimensions are difficultéondi@me on many
of the particles. The plates wheresalbmicronin diametetbeing a maximunof 850 nm
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across (thickness lay between 200 nm) There was a variation in the thickness of the
plates beindpetween 20 and 200 nm

The spherical nature tie growth lends further evidence to the argument that the bismuth

telluride does noadherewell to the surfacend createslands of growth minimisinghe

surface contact with the substrates.

4.1.2.3 Crystalline phase identification

Shown below is a standambwder Xray diffraction pattern of a msuth and tellurium
reaction orthe surface of ADs.
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Figure 4-3: XRD pattern of sample Al showing bismuth telluride deposition

From XRD the surface deposition can be identified as stoichiometieNo other
phases or unidentified peaks were obsemexhy of the 13 Iscans. The high intensity
peaks at 25.7, 38.0 and 44. 2,0f5ubstratear e t
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4.1.3 Conclusions

Aluminasubstrates are known for their ~roanducting nature and their durability under
extreme reaction conditions. Shown hisréhe growth of low dimensional bismuth

telluride particles on the surface. The deposition surface coverage thi®aombined

with the spherical agglomerates seen on the surface indicate that bismuth telluride does no
have a natural affinity for sua€e growth on this particular substrate. It Wwaweveruseful

to note the growth of nanoscale plates from these reactions.

The plateseltassembledhto agglomerates becoming particB220 pmin diameter
composed of a fine nanostructure. The nanotra®f these platesascharacterised as
being 55850nm in diameter and predominantly hexagonal. The thickness of the plates
was not seen to exceed 200 nm plades 20 nmin thickness were observedRD
confirmed the surface coverage to be composedooystalline phase matching to,Bés.

4.2 Single element transport onto aluminium oxide substrate reactions

Aluminais a robust substrate with great potential for low dimensional grovlaghmain
drawbackof the method described above whslow level ofsurface coveragen the
substrate. With the aim of improving surface coveragetions were carried out to

investigatehe deposition using single reagents

4.2.1 Tellurium

Reactions were carried out in thereaprocedure as Al describ&bove but using Te as
the sole reagentThe sole reaant for these reactions waglurium © mmol, 99.8% pure,
200 meshSigma Aldrich) Reaction time, temperature and preparation procedure

remained the same.
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4.2.1.1 Results

SampleAT1 from Table 41 is described here as an exangystem.

4.2.1.1.1 PostreactionAppearance

Substrate showed no significantfdiiences following the reaction

Figure 4-4: Sample AT1following reaction at700°C

4.2.1.1.2 SEM

Surface area was slightly higher tharcambined bismuth and tellurium remns but was
still less tharb% surface coverage. Additionally the particle deposition was on the micron
scale and showed little uniformity across the surface appearing as irregular particles or

agglomerates.

Figure 4-5: SEM micrographs showing ellurium particles on surface (AT1)

The surface was scatteretegularly with particles of -0 um. There was no uniformity
or trends in growth on any sample analysed.
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4.2.1.2 Conclusion

Tellurium as a single reagedtid not appear to be advantageous to the growth of surface
material on AJO3 substratesThe use ofellurium alone had not resulted in a higher
surface coverage and as such samples were not suitable for a seceactaoy with
bismuth Assuming complete reaction with bismuth to forraT® the surface coverage

would beunacceptably lovdue to the sparse deposition of tellurium in the first.step

4.2.2 Single bismutheactions

In a similar vein to the reactions dirgctibove bismuth transport and growth on8k
wafers were investigated. Reactions were configured and prepared in the same process as
described aboyéehe only difference being that the sole reageatldsr these reactions

wasbismuth(4 mmol, 99% purg 100 mesh, Sigma Aldrich)

4.2.2.1 Results

SampleAB1 from Table 41 is described here as an example system.

4.2.2.1.1 PostreactionAppearance

There were no visible changes to the surface of the substrate.

5

Figure 4-6: Substratefollowing reaction with bismuth (AB1)
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4.2.2.1.2 SEM

10.0kV 13.7mm x25.0k SE(U) 2.00u 3.7mm x13.0k SE(U)

Figure 4-7: SEM micrographs of bismuth reactionon Al,O3 (AB1)

The SEM micrographs shown abawerigure4-7 are analogous to the bismuth telluride
reactions described earlier Section 4.1. Growthesulted irspherical micron dimensioned

particles with a fine nanoplate structure.

Al O3 reactions involving a miare of bismuth and tellurium produced spheripatticles
comprised of nanoplates with XRD confirming the sole presence,6&Rin the surface.
Reactions usingnly bismuthonly produced structures similar to those observed for the

growth of BLTe; but comprised bismuth alone
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10.0kV 13.7mm x15.0k SE(V)

Figure 4-8: SEM micrograph showing ismuth plates grown on ALO3; (AB1)

The plates seen on the surface of the bismuth reactions are consistenfigriess0inm in
width and are 12810 nm in thickness. Once agdire surfacecoverage was extremely low
less tharl%.

4.2.2.2 Conclusions

The growth of bismuth on the surface is directly comparable to the growth of bismuth
telluride howeversimilarities were found with the irregular growth pattern displayed by
tellurium. It can therefa be assumed that it is the presence of bismuth that is driving the
morphology in the bismuth telluride reactions on the surface @3:Alt is possible that

the bismuth particles are forming atidtduring this process the distinctly smaller atoms
of telurium are being incorporated into the structleading to the similarity of structures

in the two conditions

The persistent problem with all the 8k substrate reactions the issue of low surface
coverage. In its natural state,® does not faditate the surface growth of the materials
mentioned above. It is possible thatth the corect surface modificationghe coverage

on this non conductingubstrate could be improved
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4.3 Bismuth telluride growth on gallium arsenide

Literature shows thdtismuth telluride can be successfudiypwn on(001)gdlium

arsenide surfadey van der Waals epitaxXy® and through the use ofetatorganic
chemicalvapour depositioA’. The epitaxy method allows materials widttice parameters
to be held together allowing for surface growth of 2D or 3D structafes

As gallium arsenide has naturally high resistance it makes an exceldattronically
insulatingsubstrate and is often used for electronic applicati®agability foruse as a
substrate for the growth of bismuth tellurida chemical vapour transpovtas

investigated.

4.3.1 Reaction set up

Experiments were set up following the standard reaction process described previously.
Substrates were cleaned using a process suttatite GaAs material described below.
Onecn? substrate pieces were sealed in quartz ampoule alondpigitiuth (2 mmql99%
pure 100 mesh, Sigma Aldrich) and tellurium (3 mmol, 99.8% p208, meshSigma
Aldrich). Tubes were placed in a box furnace hettl at 700 °C for 48.10n cooling

substrates were removed and examined by SEM.

4.3.1.1 Substrate preparation

An appropriate cleaning regime was followed to remove surface debris and the protective
oxide surface layer. Deitsed water followed by acetoner@ter 2)was used initially

then immediatelyfollowed byG a A s -CfixDbe.-OxBansisted of an aqueossiution of
hydrochloric acid, nepart 37% concentrated HCI to 4 parts water. The wafer piece was
sonicatedn this solution for 30.sAny longer than 30 san causeédamage to the surface

of the wafer producing distctive etch marksBelowin Figure4-9is an SEM image of a

GaAs wafer piece etched for 60 s

124



WO X PAINPAL A S

- N |
S4700 10.0kV 12.6mm x350 SE(M) 7/12/10 100um

Figure 4-9: SEM micrograph showing damage(square holes etched into the surface)f GaAs caused
by HCI

4.3.2 Results

Two reactions were carried out following the procedure above. These were designed as
suitability testsSampleG1 from Table 41 is described hergs an example systeifhe
appearancef both substratefllowing reactionwas poor. The substrates had partially
fragmented and showed distinct layers. The substrates appeared coated in ash which woul

flake off if disturbed. The upward face of the substrpteticularly showedlegradation.

(]
$4700 10.0kV 12.3mm x70 SE(U) 7N510 500um

Figure 4-10. SEM micrograph showing ample G1 following reaction in tellurium atmosphere

The substrate had reacted with the tellurium. Thepeesedentor the interaction of
telluriumwith GaAs substtes aslescribed byycuset al *?* Closer examination shows
the surface to have reacted in different ways depending on depth of layer. Laigkr part
growth took place on the uppermost layefrthe flaked substrats see belowin Figure
4-11
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Figure 4-11: SEM micrograph showing large growth on surface of sample G

Surface layer particleasomprised of large irregular blogkf approximately single micron
length. Below this layer was smaller particle growth as seen in the second layer growth
image below.

SRR
S4700 10.0k mm x6.00k SE(L 5.00um

Figure 4-12 SEM micrograph showingsample G1 with surface layer removed

There werédnowever some positive signs of potentialTé:; growth on the surface layers.
The hexagonal plates found on the surface of silicon based reactions were also found in
low numbers across the surface of theampst layer on the GaAs wafesfjown in

Figures 413 to 415.
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Figure 4-13: SEM micrograph showing hexagonal plates on surface of G1
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S4700 10.0kV 12.3mm x15.0k SE(U) 7115110 3.00um

Figure 4-15: SEM micrograph showing shgle hexagonal plate on surface of G1

The hexagonal plates were gathered in groups of several dozen with dessecattered
across the surface layers of the particles. These plates match well with the ones grown on
the silicon surfaces described ear{gection 3.1) The plates are hypothesised to be

bismuth telluride owng to the similar growth pattern and alsothe stark diffeence in
conduction. There is an imagentrast difference between the plates and the surface layer
beneath. Areas where the electrons are moreyaamiducted appear darker whasareas

with lower conductancappear brighter in colowas more electrons are backscattered and
detected.
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Due tomixedphases and low product growdXRD was not conclusive in identification of

the plates.

4.3.3 Conclusions

From the test reactions carried out it can be assumed that gallium arsemsléteblefor

the CVD. The elevated temperature and reads to react with telluriumdeo an
unacceptable degree of damage to the substrate. It was decided notedipessu

reactions further as avoiding the surface damage would require a lower temperatare whi
would have a negative effect on the growth offi. Although particle growth isparse

the presence of the platédses suggest that GaAs may be a suitable substrate if less harsh

conditions are used.

4.4 Cobalt surface reactions

Alongside nickel cobalproves to be one of the most effective ohmic contacts available for
bismuth telluridé®. Due to this excellent property and a melting point three times higher
thaneither of the reagents (1495 &@mpared to 450 °C for tellurium and 271 & f
bismuth)the potential for growth of structures of,Be; on the surface of cobalta

chenical vapour deposition was investigated.

4.4.1 Reactionset up

Reactions took place in a quartz ampoule sealed undermawiih bismuth (2 mmal
99%pureg 100 mesh, Sigma Aldrich) and tellurium (3 mmol, 99.8% 206, mesh,

Sigma Aldrich) The Bi and Te reamts wereseparated by a reduced diameter neck from a
2 x 1x 0.1cm?® cobalt metal sheelo acid etch was used in these samples and the metal
foil was only washed in a standard acetone, deionised watésapobpanolroutine.

Sealed tubes were reacted for 48 hours at 450 °C

4.4.2 Results

Sample C1 from Table-2 is described her@s an example system
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4.4.2.1 Postreaction appearance

The reagents had remained a dull grey powder whiléothead retained its shape and had
become even brighter and slginin appearance. Following the reactionghbstrate
surfacewasmottled, having a rougher texture and no longer retained the flat smooth
appearancef the original unreacted foil’he siostratehadalsobecome brittle and/ias

easily broken if pressure was applied

Figure 4-16: Cobalt foil after reaction at 450 °C (CJ)

4.4.2.2 Morphology

On SEMinspection the foil pieces were discovered to have an unusual texture.rfdoe su

was disruptedby highly texturedstructures breaking through vertically.

Figure 4-17: SEM micrographs showing gowth on cobalt surface(C1)
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The surface can be seen punctuated byitidy textured thirstructuresFigure4-17 (b)
shows the standard appearance breaking through the surface and appearing to continue
below the surface. It is believed that these structures continue into the depth of foil as they

can be observed fhigure4-17 b and genetratingleepeiinto the surfae.

The singlecrystal shown irFigure4-17 ¢ and dwas a unique featute sample C1Of all
cobalt foil samples produced only this singbeystal was recorded. It is possible there were
others but the small size and scarcity made them difficult totdétecincluded in this

work due to its unique and interesting structiitee crystal appears to ladexagonal

bifrustum being composed @fhexagonsind 12 trapezoids.

4.4.2.3 Elemental analysis

Here three distinct regions of the foil surface are repolieiit surface, protruding

textured surfacandthe singularhexagonal bifrustum particle

4.4.2.3.1 Surface
The below EDX spectrurfFigure4-19) was recorded from the highlighted area shden

SEM micrographn Figure4-18. It shows the presence of cobalt, tellurium and bismuth the

quantification of which is shown ihable4-2.

+Speotrum S

I 3um I Electron Image 1

Figure 4-18 SEM micrograph of EDX area of foil surface (C2)
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Spectrum 3
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Figure 4-19: EDX spectrum of foil surface

Table 4-2: EDX of foil quantification

Element Weight% Atomic%
Co 25.88 43.88

Te 67.78 53.08

Bi 6.34 3.4
Total 10000 10000

The quantificatiorof the EDX spectrm shows that the surface is almost entirely

composed of cobalt and tellurium with bismuth present in very small quantities.

4.4.2.3.2 Cobalt oxide

T
s Spectrum
’ 5 4

Lie

Figure 4-20: SEM micrograph of selected EDX area orhighly textured surface structure (C1)

131



Spectrum 5
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Figure 4-21: EDX spectrum from highly textured surface structure (C1)

Table 4-3: EDX of quantification highly textured surface structure (C1)

Element Weight% Atomic%
@) 21.16 51.85
Co 66.80 44.45

Te 12.04 3.70
Total 10000 10000

Thehighly textured surfacstructures show very high levels of oxygen. It is possible that

this is just due to the native oxide on the surface of the samples which was not acid etched
off rather than any failure of the vacuum. It should be noted that it is normal for a certain
levd of oxygen to appear on sampkessurfaceswill naturally form aroxidelayer when
thesealof the reaction ampoule is brokédxygen levels here however are far beyond
anything which can be explained by background surface oxygen. It is clear thafabe

structures areomposed of a cobalt oxide with a small quantity of tellurium.

4.4.2.3.3 Hexagonal bifrustum particle

Figures 4-22, 23 andrable4-4 belowshowthe area, spectruand quantification taken

from the singlédhexagonal bifrustum particle
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I 4pm 1 Electron Image 1

Figure 4-22: SEM micrograph showing EDX spectroscopyarea from singlehexagonal bifrustum
particle (C1)

Spectrum 4
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Figure 4-23. EDX spedrum from hexagonal bifrustum particle (C1)

Table 4-4: EDX quantification from hexagonal bifrustum particle (C1)

Element Weight% Atomic%
Co 29.94 48.78

Te 64.94 48.87

Bi 5.11 2.35
Total 100 100

The singlehexagonal bifrustum particle of a material closely comparable to the bulk

surface being composed mainly of cobalt and tellurium with a small percentage of bismuth.
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4.4.2.4 Crystalline phase identification

Firstly the composition of thimgot produced atnd d the ampoule where the reagents

were initially situatedvas investigated. In each case the bismuth and tellurium had reacted
to form stoichiometric BiTe; with peaks cledy matching to a standard bismuth telluride
pattern. This is shown iRigure4-24.
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Figure 4-24: XRD pattern of reagents postreaction (CT1)
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4.4.2.4.1 Foil
The XRD ofthe foil, as to be expected from the SEM and EBRxOweda mixture of

phasesThe dominanphaseappears to ba cobalt telluride matching to gesTe.
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Figure 4-25. XRD pattern of foil (C1)

Although the dominant phase in this samgitewn inFigure4-25 (and all others analysed)
wasCaq s3T€, therewere other substancesth peaks of lower intensity whiclere

identified Peaks were found forezhental tellurium, bismuth and CeTThis is to be

expected athere are distinct surface structures of vastly different elemental makeup to that

of the surface.

XRD and EDXbothconfirmed acobalt deficient cobatelluride as the bulk material.

4.4.3 Conclusions

While cobalt proves an excellent ohmic contact material for bismuth tellitsdetural
affinity to react preferentially with tellurium is detrimental in the chemical vapour
transport reactions reported el he tellurium readily reacts penetrating the wafer to form

a bulk cobalt telluride while the native oxide is reacted to form ctddhltide oxides.
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Bismuth concentration was recorded to be very loancentrations across the surface
consistently belw 5 atomic percent aral’eraged a %. While the material located in the
original reagent sithad formed into a stoichiometric bismuth telluride it must be assumed
that excess bismuth was depagitan the walls of the vessel explainitng higher

concertration of tellurium on the substrate

All reactions caried out proved absenf bismuth telluridegrowthon the cobalt surface
making cobalt foil an unsuitable substrate for low dimensional bismuth telluride structures
via chemical vapour transport but it did however prove an effective route for a simple
production of bulk cobalt telluride’he structures of the oxidgstemmay be of interest

for other applications due to their interesting surface design combined with thei
dimensionsFurthermore, latticest least in one case, praveapable of supporting the

growth of other particles on their surface.

4.5 Copper foil reactions

One of the most ubiquitously used contact metals for electrical applications is copper. With
almost unrivalled electrical prosperities it finds a place in almost every electrical device
used Electrical properties combined wighmelting point over 1000 °Cdeo an

investigation of copper foiling being suitable for chemical vapour transport of thismu

telluride.

Copper foil had bensuccessfully used as a substrate material for growth of antimony
telluride structures using an argon gas transport reeatid the work in this secti@med
to investigate the suitability of copper fmmpoulebasedchemical vapour deposition using

elemental reagents.

Copper tellurides are of high interest themselves. Copper telluride compounds have been
shown to be excellent ionanductors?® *2”. Copper telluride compounds of various
stachiometry are used as back contacts in solar t8lfé°, they have been shown to make
thebest electrical contacts tadmium telluridé®, which is one of the most important
compounds used il¢ harvesting of solar enerdgyopper telluride has been synthesised

via solvothermal method%® via pulsed laser depositidi’, sputtering technique$® and

via extended vibrational heatirttf.
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This sectiorexplores the potential growth of bismuth telluride on a copper surface, the

growth of copper telluride plates.

4.5.1 Reaction st up

Reactions took place in a quartz ampoule sealed undermawiit bismuth ¢ mmol,
99%pure 100 meshSigma Aldrich) and telluriumg mmol, 99.8% pure200 mesh,
Sigma Aldrich).The Bi and Te werseparated by a reducdmeter neck from a 2x0x2
cm® copper metal sheelo acid etch was used in these samples and the metal foil was
used a®btained, newlypurchased and packed under argon. Sdalses were reacted for

48 hat 700°C and separate reaat®were also investigated at 480

45.2 Results700 °C

SampleCulfrom Table 41 is described hems an example system

4.5.2.1 Postreaction appearance

Reagntshad formed a single ingot where they had been initially added to the ampoule
The foil (shown inFigure4-26) showed a dramatic change in appearance. The original
orangey pink sheen of the foil was lost and half the foil had become a mesh of black
particles. This mesh while holding loosely to the original shape of thén&ailbecome
brittle and easily crumbled to leave large blaekticlesupon handlingFigure4-27). The

half which was further from the reagents stayed intact but was brittlesahthken on a

charred appearance. A dark orange sheen could be observed under the darkened surface

area. The foil had lost almost all malleability and could be broken in two when bent.

Figure 4-26. Postreaction appearance of high temperature copper wafer6Cul)

137



Figure 4-27. Degraded copper wafer following reaction with tellurium (Cul)

4.5.2.2 Crystalline phase identification

Thehighest intensityeflectionsin all samplesvere attributed t&€uw,Te. The pattern

shown belown Figure4-28 shows asuccessful matcto dicopper telluride.
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Figure 4-28 XRD pattern matching to Cu,Te in sample Cul
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4.5.2.3 Morphology

The substriées and the black powder to whittte substratbaddegraded were examined
by SEM. All samples showed a distinctive growth pattern showing a triangular

morphology composed of layers.

Figure 4-29: SEM micrographs of high temperature copper foil reactions(Cul)

In areas where the subdtrdnad disintegrateithe particles displayed @iangular layered
appearance but had fragmented into large bldgkeere the substrate remained intact

consistent surface layer composed of the triangular lay@sobserved

The edge of the substrate positioned furthest away from the powdered reagents did not
display the consisnt triangular stepped surfadhis can be seen Figure4-29d where
areas of the distinctive grow#tppeato be emerging from the copper sudaas evidenced
by EDX (shownbelow).
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4.5.2.4 Elemental analysis

EDX showed arelemental ratio fothe triangular particlenatching to &Cu,Te
stochiometry

I 400um I Electron Image 1

Figure 4-30: SEM micrograph showing ®lected aea ofEDX analysis on sample Cul

Spectrum 5
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Figure 4-31: EDX spectrum showing copper telluride fromsample Cul

The image abovfrigure4-30) shows the selectedesr sampled for the above spectrum
(Figure4-31). The dark triangular structure emerging from the surface shows the presence
of copper and tellurium only. These were quantibedopper and telluriurm an

elemental ratio of 1.95: 1 respectively.

By contrast the few areas observed where the sunft@®ot undergone conversion to the

distinctive surface pattern remained as a match to copper alone. This is clearly apparent in
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Figures 432 and4-33 where a seconspectrumwas recorded adjacenttioat in Rgure 4
31 however in this second arg® telurium is detected.

I 400pm I Electron Image 1

Figure 4-322 SEM micrograph showing ®lected aea of EDX analysis on sample Cul
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Figure 4-33: EDX spectrum showing copper only fromsample Cul

The EDXspectrum of Cul (Figure-43) shows that there are still some areas to be found
that have remainefiee oftellurium buttheseareasare rareThe majority of the surface
showsconversion to copper telluride. Although bismuth was prieisethe reaction vessel
bismuth was notound across the surfacBhe bismuth did not transport and deposit on the

surface butemained in ingot and droplet forms inside the ampoule.
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4.5.3 Conclusionshigh temperature

The high tempeature reactions did n@roducebismuth telluride. €lluriumwas seen to

react withcopper leading to transformation of the substrate. Subsaatesyed brittle and

at least 5% of all substrate had degraded into powder. The dark surface and black crystals
that were obtainedfter reaction at 700 °C were identified as being composed of dicopper
telluride. This is evidencedyhts dark colourationXRD pattern and elemental

quantification through EDX spectroscopy.

This technique, while an effective route to producing quastdfeCyTewith a regular
morphology failed to produce low dimensional structures desired in this Wangteting

the growth ofow dimensionagrowtha lower temperature investigation was conducted.

45.4 Results 450 °C

Sample<Cu2 and Cu3rom Table 41 aredescribed heras examplsystems

4.5.4.1 Postreaction appearance

In contrast to th&00 °Ccopper foil reactiondescribed abovehere was ndragmentation
of the substrate. The foil stayed intact and mallebbteshowed a change in coloiihe
bright orangepink of copper had changed to a sihgrey. Some of the original colouration
could still be seen at the far end of the substrate or on the underside seen as a slight
colouration gradient across the surface with the darkest grey being at thettead of
substrate closest to the reagents. Selected samples arelsHowrinFigure4-34.

Figure 4-34: Postreaction appearance ofCu2 (left) and Cu3 (right)

The black area seen below the substrate iskooaab(used using SEM imagin@gnd was

not present during the reaction

142



4.5.4.2 Morphology

SEM revealed the substrates to have 3 distinct areas of surface reaction. The areas arounc
the edge of the substrate had formed into platelets vertically aligned fronrfiigesof the

wafer. The second and most widespread area of reaction showed agglomerated platelets
once again aligned perpendicular to the surface of the wafer. The third area observed
showedittle or no reaction; these were the smallest areas and wigréoand at the

extremitiesof the foil.

45.4.2.1 Plates

The edge of the foil had formed into hexagonal plates which projected perpendicular from
the surface. These ranged from 5 to 25 pm in diameter with the vast majority being 10 pm

in diameter. The plates were all under 500thiok; Figure4-35 shows theselates.

Figure 4-35: SEM micrographs showing plate structure (ad) sample C2, (e-h) sample C\B
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The loose plates described above werend onall edges of the substrafehis suggests
that this particulagrowth needs significant amount of space in order toldgvé&he
centre of the substrateasalso covered in plate like structutast thesevere not

freestandingthese are described below

4.5.4.2.2 Elemental Analysis
The plates showed the presence of aalyrium and coppeby EDX spectroscopyA

standard EDX spectrum shownbelow inFigure4-36.
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Figure 4-36: EDX spectrum of plates on copper substrate, sample QU

I 400pm I Electron Image 1

Figure 4-37: SEM micrograph of selected EDX area, sample C&

The elemental compositions of multiple areas on multiple samples were recorded and it

was discovered that the plates had an average composition ofLCuTe
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4.5.4.2.3 Bound plates

Following reaction at 450 °C the majority of the copper substrates displayed a very
distinctive growth pattern of perpendicularly grown plates with strong uniformity of

direction. SEMmicrographof selected samples are show belowigure4-38.

Figure 4-38 SEM micrographs showing bound plates on copper surface. {&) sample Cu3, (df)

sample Cu2

The tightly packed plateshown inFigure4-38 weretypically 5 um wide and 206600 nm

in thickness. There as strong directionality shown on a local scale however this long
range order could be disrupted and a new direction established. Aregmetigilates
typically covereds0-400 pnf across the surface before a disruption would occur and a
new direction of grownvasestablished. The exact morphology of the plates is difficult to
determine due to the close packed nature of the growth. It is assumed however that the
individual plate morpblogy is likely to be closely comparable to that of the individual

freestanding plates found at the edges of the substrate.

4.5.4.2.4 Elemental analysis

145



EDX spectroscopyas used to establish the elemental composition of the plates. A typical
spectumis shown badw with the area from which it was obtain@dgures 439 and4-

40).
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Figure 4-39: EDX spectrum from close plate structure on CL2.

I 400pm I Electron Image 1

Figure 4-40. SEM micrograph of samplearea (Cu2 analysed in Figure 439

EDX detected only tellurium and copper as being present. Elemental quantification was
performed on multiple areas of each sample and the results averaged. The data showed th
elemental composition diie closely bound plates to contain less tellurium than the free
standing plates and was quantified as GuT@n average theasely bound plates

contained 2% less tellurium than the free standing plates.

4.5.4.2.5 Unreacted surface

The third surface type reabed on the lower temperature copper surface reactions showed

small areas where no significant morphological changes had occurred from the originally
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smooth surface. Unreacted areas, making uphesel0% of a substrate, were found at
areas positioned ftirest from the powdered reagerigure4-41 shows one such
unreacted area. There wassurface growth observed in these ar&aV showed no

plate structure but simply a roughened copper surface.

Figure 4-41: SEM micrograph showing unreacted area on C8

4.5.4.2.6 Elemental analysis

EDX of the few unreacted areas showed the surface to comprise almost entirely of copper.
One significant contrast to the composition of the unreacted surfaces is the presence of
bismuth albeit in very low quantitigghis is shown inFigures 442 and4-43.

Quantification showed a copper composition of 86.66%, tellurium as 11.18% and bismuth
as 2.16%.

Spectrum 8
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Figure 4-42. EDX spectrum showing over 85 % copper with small quantities of Te and Bi (sample
Cu3d)
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I 400um I Electron Image 1

Figure 4-43: SEM micrograph showing seleted area analysed in EDX spectrunabove (sample CQ@)

4.5.4.3 Crystalline phase identification

As threedistinctareasof growth were discovereegach with a differentlemental
composition XRD did not prove to be particularly useful in these experiments as by its
nature it examines the entire surface of the sampdes thereforexposed to a number of

different phases. Shown belowFigure4-44is a standard patteobtained from Cu2
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Figure 4-44: XRD pattern of sample Cu2corresponding to CupTe and Cu

The XRD data shown iRigure4-44 correspondo a CuTe phaseEDX spectroscopy
revealed areas unlikely to match to g Graphasdiowever t should be noted that EDX

a localised technique while XRiS sample wide

In addiion to the copper telluride phaskentified elementatopper is als@videnced. The
Cu presence iexpected assuming the penetration depth of thayX is sufficiehto
penetrate the surface grow#ts unlike higher temperature reactighe substrate had not
entirely degraded and was instead onisfacereacted.

4.5.5 Conclusions450 °C reactions

The initial reactions sought to grow structures of bismuth telluridd@surface of
copper. It was discovered thatder these conditiortopper would ban unsuitable
substratdo increase the surface growth of copper tellurides copperreacted
preferentiallywith the tellurium (as to be expected) but did not providaitable site for

bismuth telluride growth
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Shown above is a simple route to a regular and interestimghology of copper telluride
The tellurium reacts pferablywith the copper meaning any exposed edges will seed
growth of freestanding plates withanoscale thkness and micron scale diamefEnese

plates align perpendicular to the copper edge and h@ud @ ¢ stoichiometry

If the edge of the copper is unavailglitee tellurium wil still react with the copper but

produce a slightlglifferent morphology. When tellurium reacts with the central surface of
the copper a tight packed plate structure is formed. Central plates &meestandingnd

causea textured pattern on the surface of the copper substrate. These closely packed plate
have comparable nanoscale thickness to the freestanding edge plates but have a reduced
diameter The closely packed plates are evidenced by EDX to have a lower tellurium

composition showing a ratio of 0:62 of copper and telluriumespectively.

Smallareas of the substrate were discovered on the far end of the sample which had
produced no significant growth. Themeas were shown to contain low levels of bismuth ,

<3%, these were the only areas where bismuth was identified

In conclusion this synttic route provesuccessfufor the creation of a three dimensional
array of nanostructured €Ie particles but further work on the characterisation and

properties of the particles is required.

4.5.6 Bismuth transport on copper

The above reactions had prowatsatisfactory in the growth of bismuth telluride structures
due to coppés preferential ability to bond with thellurium over the bismuth. To
overcome this it was decided to react copper with bismuth alobse§uentlyhese

substrates werthenreaced withtellurium.

Reactions were carried out by reacting copper substrate®mmttuth (2 mmql99% pure
100 mesh, Sigma Aldrictgt 450 °C for 48 hSubsequentlyhese substrates were reacted
with tellurium (3 mmol, 99.8% pur@00 meshsSigma Aldrid) at 450 °C for 48 h.

Reactions took place in sealed ampoules in the same process as the pervious section.
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45.6.1 Results

SampleCu4from Table 41 is described her@s an example system

4.5.6.1.1 Postreaction appearance

Following reaction with bismuthhe copper foil had retained it bright copper appearance,
it could also be seen, by eye, that there were small silver droplets coating the surface of the

copper.

Figure 4-45: Copper foil following reaction with bismuth Cu4

4.5.6.1.2 Morphology

SEM confirmed the bismuth surface deposition. The bisrathtransported and

depositedn distinctive circular droplets.

Figure 4-46: SEM micrographs of bismuth depositionon copper(Cu4)

As shown inFigure4-46 the bismuth deposited on the surface as embedded circular
droplets 1620 um in diameterAlso seen irFigure4-46 b was the veining of bismuth
through the surface of copper.
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