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In this thesis, flexible .Bi,Te,/ thin films ‘were prepared by RF magnetron
sputtering using a BisTe; target on polyimide substrate. The purpose of this thesis is to
understand the key parameters of maximizing thermoelectric power factor in Bi-Te thin
films by anin-depth investigating on the chemical ‘composition,. structural and
thermoelectric properties of thin films. Study of the effects of sputtering parameters,
including the Ar gas flow rate (sputtering pressures) and pre-heating temperature and
the annealing temperature on chemical compesition of [Bil:[Tel. The [Bil:[Te] ratio of
thin film was determined by energy dispersive spectrometry (EDS). The characterization
of the crystal structure and surface morphology of thin film was analyzed by x-ray
diffraction (XRD) and a field-emission scanning electron microscope (FE-SEM),
respectively. Electrical transport properties, including carrier concentration and
mobility, were measured by Hall effect measurements. Seebeck coefficients and
electrical conductivities were simultaneously measured by a direct current (DC) four-
terminal method (ZEM-3). It was found that the effects of various sputtering pressures
were significant for controlling compositions and improving thermoelectric properties
of Bi-Te thin films. Annealing process, it was indicated that the crystalline guality of
the films was enhanced after annealing but the crystalline size of the thin film is of
little value, which affects to decrease thermoelectric properties. And it was found that

the pre-heat treatment significantly affected the composition of thin films. In addition,
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it was shown that crystallinity was enhanced in the DC sputtered coatings at a high

pre-heating temperature. The highest power factor of 3.5x 10 W/m.K? at 285°C.

Keywords: Flexible thin films, Magnetron sputtering, Thermoelectric properties



Acknowledgements

First and foremost, | would like to express my sincere appreciation to my
advisor Asst. Prof. Dr. Aparporn Sakulkalavek for her guidance and encouragement
throughout my research. | would like to thank Asst. Prof. Dr. Rachsak Sakdanupha for
his research instruments and suggestion for the improvement of this studly.

Special thanks to Asst.Prof. Dr. Chittra Kedkaew, Assoc.Prof. Dr. Wisanu
Pecharapa, Assoc.Prof. Dr. Chesta Ruttanapun, and Asst.Prof. Dr. Prathan Buranasiri, for
kindly serving as my thesis committee and providing valuable suggestions that
improved the quality of this study.

Special thanks to Professor Dr. Pichet Limsuwan whe helps comments and
proofreading several chapters of this manuscript.

| would like to thank-the lab ¢roup members and all those helped me to stay
focused on completing the thesis and who have provided me with the encouragement
to continue when the going got tough.

| am grateful to my parents for their support throughout my: education and
their love and care. Finally, special thanks are due to Rajabhat Rajanagarindra University

for their financial support and. sponsorship.

Pilaipon Nuthongkum



Vi

Table of Contents

Page

ol Lo Tl T | I
ABDSEITACE TN ENGUSNctriieiciereeierrree ettt s I11
Ll Rl g N R R V
Table of CONTErTE o s R s ey VI
LT B TERMEE .cecermmeesoness rmemmmmmmemesmmmsssumenssmssesenmmnsnpesnssanmoensms AR AR IX
LIST OF FIGUIBS oot O g 4+ 34434+ ea s e s nsarasssererasasessasas X
Chapter 1. Introductig .. .o cnaipapmpemmm UG it iimsmssis 1
1.1 Reseapal otivatiQm o NN A Ao et s resse I o senvnasirineisanes 1

1.2 Ohjfegfliveset tha-stldXM =... 0 ... T Prm Q- o[ rerse RN 00 ssevnrsnenin 3

IBCH (¢ SelRemilSeal-) 3 B “H7ERANS o K ESE 2 Wi A W WR—— 3

1§ Fxpeeeg Renmnads , M7 LA \ S 0 oo Y™ R R oo 4

¥ ARINRY el CEY &SR0t ik, & LA/ L2020, QB .. R X a4
Chapter 2 TReopPdRdistaiatiire| Reviews), .. \|. 4B Sowvewed 0N 0.3- B B oovnee 5
Bl FeaalOc eSIIDETQCHE L ASNOARINS N £ MDD oI e f Ee. 5

A A Tarmogedliic Lranseihkreperese 2. ... L L dager. oo S HLE 9

2.2 Eleetucdl IranspON...Cup. WA A- B30 DE. ... Qoo vnrennr 9

A2 2 Sherme-Conetiktitl. @..... [ J 2 & e O ffoffl e iveniacann 1l

2.3 LowAdignsions-Susiaiysmmm, oYt/ . ...... ol i 15

2.4 Thermoelectric coefficients in low-dimensional materials.............cc.co.... 19

2.5 Bismuth TOWNGE ... X. 8} -1 4: 3R N0 i, 21

2.6 Thin TiLm e o 315430 ST o v 23

2.6.1 Classification of deposition pProCesses.........wrrcremeriseriseesenn: 23

iR AT L A v S —— 25

263 Spattering Yield.commmmmmpmusasessssssmsmsm s i 26

20 A T DTHEIEE ...osceeseeemerosesmsonsssmmsims RS A A SRR g

2.6.5 SPULLErNg TargelS .t e 29

2.6.6 Sputter deposiion s s s 30

26,7 Thirs FILm Grovth ProtEss s munnenim i smnsms 30

2.6.8 Structural consequences of the growth process........ccoevverennne, 33



Page
2.7 Bxpenmental OBSION . comuammmmmms e e 35
2.8 Characterization teChNIGUES ....ccccviiiciieie e 36

2.8.1 Field emission scanning electron microscope (FE-SEM) and Energy

Dispersive X-Ray Spectrometer (EDS)........coomerieenriesienemnerieniens 36

2.8.2 X-Ray DIffractonmetal (XRD...covvcerussssmmassssesssuseasssssssisssssisnsiarssmasasssssssssss 38
2.8.3 Mobility and Carrier concentration measurement ... 40
2.8.4 Electrical resistivity and Seebeck coefficient measurement........ 42

2 2L TR PRI v o o i AP A3 43
Chapter 3 Research methodology ... i a7
3.1 Deposition of Bi-Te thin films. ../l e e a7
3.1 Y Sbstrate-RieTaraftOR..... A et eces e g N o0 ses s a7
Y2 Thin FilnRPreRBIRNGEL,, . b oAV I bl iicoevesrsssos g Ngostoosesansssnses 48

3.2 Effect of sputtering parameters on Bi-Te thin films................ 51
3B harageZ3hbi OBM FESHI IS 42 DL ikl SN .. A Y 52

3.3.1 Field emission-scanning electron microscope (FE-SEM) and Energy

Dispersive X-Ray Spectrometer (EDS)............. BV ST W N - 53

33.2 X-Ray DiffraCtomEter OXRD it b caeto e b ine s Mo prans oo 54

3.3:3 Mobility ‘and Carrier concentration measurement ... e, 56

3.3.4 Electrical resistivity and Seebeck coefficient measurement......... 56

Chapter 4 Main Results and DISCUSSION ... ..ol ciinis st s 58
4.1 The'effect of sputtering-pressures of Bi-Fe thin filens i 58

4.1.1 COMmEsTtioNalanalysis.......guwecoc R EN TR oo, 58

4.1.2 Surface morphelogy and crystallinity e 60

1.1.3 Electrical and thermOetBeuIC Properties. . cumamammssssvsnes 64

4.2 The effects of the Ar gas flow rate (sputtering pressures)

and annealing temperature of Bi-Te thin films ..., 69
d.21 Model fitting andl statStcal SAELYSTE .oy 69
.2 2 Compasitional sralyss e s s s s 73
4.2.3 Surface morphology and crystallinity .......cccoveveennenerescienirninn, 75
4249 Bledtnical and therhoalSeiic ProPRTtES . cowwemsmmmmmmrsmmeins 78

4.3 The influence of pre-heating temperature of Bi-Te thin films

by BE Erii], D T tiony SR v, & umorisdsiisssn s sahieap s o sa s 81



VIl

Page
4.3.1 Compositional analysis casmmesmrsmmampmimm e 81
4.3.2 Surface morphology and crystallinity ....cccoveveeinececivnnniiences 82
.53 Elechital ana thelffoalaliine BropaftiBl. . oo 84
Chapterd ConClUsSION s s s s s e o eTs Ty 89
5.1 The effect of sputtering pressures of Bi-Te thin films ..., 89
5.2 The effects of the Ar gas flow rate (sputtering pressures)
and annealing temperature of Bi-Te thin films ..., 89
5.3 The influence of pre-heating temperature of Bi-Te thin films
by RF and DC_pa@8netron SpUTLErITTE ™ e Maags e vrereerersrrerernerserensserssrssenssenss 90
ST Tl o <SS S0 & Y 7 77 4 .. . O 92

fale]elciyle P QUENND f AU, S ¥ W\ VIS TR N, S — 95



List of Tables

Table Page
2.1 Correspondence between thermal and electrical quantities........ccooevvierenne. 9
2.2 Callaway model pararmeters for 5bsTes and BisTes. . mmmmminssmssmmssmes 15
2.3 Cassification of guantum confines StrUetUreS; «uwasmmmmmaisms s 15
3.1 Conditions used for the deposition of Bi-Te films by RF magnetron

sputtering with different sputtering Prétsures. wasumumnsewasmmarsvsson i
3.2 Conditions used for the deposition of Bi-Te films by RF magnetron

sputtering with different Ar gas flow rates and

annealing e ratUr i oo NN A et s IR N 1503 sssmnarinins 51
3.3 Conditions usedforthe deposition of Bi-Te films by RF and DC magnetron

sputtering with different pre-heating temperatures b ... i finnnnnnne, 52
4.1  Analysisof results of the Bi-Te thin films from XRD patterns ....cc.ccvvveennne. 64
4.2 Summary of the electrical and thermoelectric properties of

thd Bi-De thin piterevatrodin [enipenattiral £ prvrvred LY. a0 ... 65
4.3 The design point combinations and the corresponding

ExperirentalaesRinges) N AIIIITL TIITIIIEY ((6.Co o AN ) s e e reesreneess 70
4.4  Te'tantent fit SOMNANL..... 5! . Sovm. . (LN B2 S R Y S— Tl
4.5 ANOVA results in Ar flow rate and annealing temperature.........c.icnnn. T2
4.6 XRD analiis gPthe BT QU NS e oot Al 83
4.7 Summary of the electrical properties of the Bi-Tethin films

at room temperaiylMang....-M.ALL T} O V2 i 84



Figure Page
2.1 Schematic diagrams of (a) Seebeck effect and (b) Peltier effect..................... 6
2.2 Evolution of the maximum ZT over tiMe.......cccvienioniocienieniee oo T
2.3 Schematic dependence of electrical conductivity, Seebeck coefficient,

power factor, and thermal conductivity on concentration of free carriers.... 8
2.4 Temperature dependence of mobilities due to lattice and impurity

scattering in n-type Si for_different electron.concentration..........ccccvvevcnnnnc. 10
2.5 Electronic density of states for (A) a bulk semiconductor, (B) a 2D quantum

well, (C) a 1D.nanowire or-nanotube and (D)a 0D quantum dot................... 18
2.6 Hexagonal unit cell-of (a) Bi;Tes and (b) BiTe with-the base vectors

[gloller (7 (sle)-a g vl | 2y “HAENMNNS oK C SN T, W, N 22
2.7 SchisakieTlystrgbian JRrarkey R B W . oM e LR 24
2.8 Schematic illustration of sPULtETING PrOCESS i ittt iereecicens 26
2.9 Schematic diagrarn-of-magnetron sputtering systemimmma (it b die e 29
2.10 SgHerratidlilusTIoN of thif APneronth htedes SN ...« Ch...cm f B 31
2.11 Grain growth in-a two-dimensional polycrystalline material. ... 32
2.12 Grain boundary'in a two-dimensional polycrystalline materiali.......cccocovvnnee 33
2,13 Scheygti€ ghornton sirustivie \n@diagant e oo Ol 34
2.14 (a) Three-dimensional response surface and (b) contour plot of

Te content.on Bi-Te thin films predicted from the guadratic model. ............ 35
2.15 Central compoSitgtdesisnitan) Rdesienmefables atlglels ... 36
2.16 Schematic diagram of field.emission scanning electron microscope

COMPONENES L.ttt bbb bbb 37
2.17 (a) EDS Process (b) EDS spectrum of BizTes fillm. ..o 38
2.18 Schematic showing X-ray diffraction from crystal planes with

inter-planar distanCe (@) . e 39
2.19 Schematic diagram showing for the van der Pauw

ol L g B —— 40
2.20 Diagram of high temperature Seebeck coefficient

List of Figures

TNIEASUTEIMIENT Lottt ee e e ceraeeeenteesieteeabe e seeabseest e eereeseinsaeenseesssssnbeebseans az



221

222

2.23
2.24
Bl
3.2
35

3.4

5.3

3.6

oo

3.8

4.1
4.2

4.3

4.4

4.5

4.6

Xl

Diagram of high temperature electrical resistivity
MEASUTEMIENT ..ttt ettt 43

Normalized XRD patterns of three FeSb, films grown at 350 °C with different

Ar pressures of (a) 0.6 Pa, (b) 1.6 Pa and (c) 1.8 Pa, respectively. .......cccc...... 44
Influence of annealing temperature on power factor of films.........ccccocveneee. a4
The influence of the pre-heat temperature ... 45
Preparation of polyimide flexible substiate.. . mmmmsmasissismssss a7
Schematic diagram of vacuum system in the sputtering system .................... 48

(a) schematic diagram of sputtering system-and (b} monitor of
operating sYSO. ..M NDINA S Sl ot s o ING I+ v ssss esaisvisasisons 50
(a) FE-SEM model JSM-7001F (b} EDS model INCA-PentaFETx3

(c) FE#BM surfacefirmaecoRBI e iRl I, fheaascco oo Ny R eoeereneecns 54
A Bruker-AXS.D8 Vario-Advance-UNLV. . L et b e e 55
(a) Ecopia HMS-3000 (b) Sample mounting parts of HMS-3000 system.......... 56
Degragd othe EN RN\ I @ii. - \ oo fed 252020 N Ao L R 57
LB AEMR T B A Y PVNAND . Ry D PR 5
Te content (at.%) of the Bi-Te thin films. oot e, 58

Schematic representation of deposition effects on. Te.content:

(A) the sputtering yields of Te being lower than Bi, (B} Te content

increases with increasing the density of the sputter gas (An)...c.ccovcvcvce. 59
Top view FE-SEM images of the Bi-Te thin films at various

Te contents and Ar gas pressures: (A) 49at.%Te(P=0.8-Pa),

(B) 54 at.%Te (P=1.6 Pa) and (C) 57 at.%Te (P=1.4Pa) ......cocrverrrrreereerererriacns 61
XRD patterns of the Bi-Te thin films according at various

Te contents and Ar gas pressure: (A) 49at.%Te(P=0.8 Pa),

(B) 54 at.%Te (P=1.6 Pa) and (C) 57 at.9%Te (P=1.4 Pa) .....ccororrnrrrcnscecnicenseans 62
Effect of applied temperature on (A} Seebeck coefficient,

(B) electrical conductivity of Bi-Te thin film according to

gifferant Te cortent ant Al 0a5 DNESEUIE woummmssismres s s i m s 67
Effect of applied temperature on power factor of Bi-Te thin films deposited

with different Te content and Ar gas PressuUre.. o msmsmmmssmsssmmsmsmins 69



4.7
4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15

4.16
4.17

Xl

Page
The actual response data versus the predicted response data........cccocoecrvennee. T3
(A) Response surface plots of Te content and (B) contour plots
on Bi-Te thin films predicted from the guadratic model.........c.cccceicinicceine, 74
Top view FE-SEM images of the Bi-Te thin films at different Te content:
(A) 49 at. %Te, (B) 54 at. %Te, (C} 57 at. %Te and (D) 60 at. %Te ....cccccevcverceen 76
XRD patterns of the Bi-Te thin films at different Te content:
(A) 49 at. %Te, (B) 54 at. %Te, (C) 57 at. %Te and (D) 60 at. %Te ...ccoovverernnnes T
The effect of Te content on (A) Seebeck coefficient and electrical
conductivity (B) power factor of the Bi-Te thin film
at room tempIHre ... ...\ NN A A A e sereenrr IR+t sesrssensnscnsaniuessass 19
The effect of applied temperature on (A) Seebeck-coefficient and
electrical conductivity (B) power factor of the stoichiometric
Bi,Teagthin filpieePd.. ol 22 B 2R I Pl S N 80
Te content in the Bi-Te thin film deposited using DC and
RF magnetron sputtering at different preheating temperatures ..o 81
XRD patterns of the Bi-Te thin film with a different type of
plasma“excitation and pre-heating temperaturef.. .l i eies b 82
Electrical conductivity of Bi-Te films as a function of temperature ................... 86
Seebeck coefficient of the Bi-Te films as afunction‘of temperature................. 87
Power factor of the Bi-Te films as-a function of temperature ..cc.icverveenee. 88



Chapter 1

Introduction

1.1 Research Motivation

Thermoelectric generator (TEG) is proposed as a solid-state energy harvester
from waste heat sources. TEG produces the electrical power from a temperature
difference applied across the device. Over the last decade, the human body has been
considered as a heat source for the wearable TEGs. It may become an attraction for
an alternative power generation technique: The energy conversion of wearable TEGs
has been demonstratedin order of microwatt range or less. The amount of generator
electrical power being produced. from TEG depends on material properties (ZT) and a
temperature difference between two sides of the-module. The thermoelectric figure
of merit (ZT), used to characterize the performance of a thermoelectric material, is
defined as ZT:S‘?HT/K , Where S /is the Seebeck coefficient, o 'is electrical
conductivity, x is thermal conductivity and 7'is temperature. A large value of zT

means higher thermoelectric conversion efficiency, which requires a high power factor

(P = Sza) along with low thermal conductivity [2]. The usefulness of thermoelectric
material is determined by the two factors device efficiency and power factor.

Bismuth telluride (Bi;Tes) is one of the most interesting thermoelectric materials
that have been used widely due to hish z71 value, and high-performance at room
temperature. The Z7T value can be made toincrease whenimprovements are made
to low-dimensional.materials due to the influences ‘of quantum confinement effect
and phonon scattering onnanestructured materials {3,4]. The thin film is one of low
dimensional materials. In addition, thin film thermoelectric devices provide the
possibility of using flexible substrates and can be applied to diverse fields [5].

Bi, Te; thin films have been prepared using different deposition methods, such
as magnetron sputtering [ 3,4,13,14,15], co- evaporation [9,10] and pulsed laser
deposition [11,12]. Magnetron sputtering method was selected due to the possibility
of large-scale fabrication of high- quality films. The good thermoelectric properties of
Bi, Tes thin films must have a stoichiometric composition. However, it was difficult to
control the stoichiometry of Bi-Te films by magnetron sputtering technique because

tellurium (Te) exhibits lower sputtering yield than bismuth (B0, therefore it is difficult



to obtain stoichiometric Bi,Te; thin films. Most of the research works have been used
co- sputtering and adjusted sputtering powers of Bi and Te targets to control
compositions [4-7]. Only fill a small number of works on the control ratio of [Bi] and
[Te] using a Bi;Te; target have been reported. In this work, Bi-Te thin films were
deposited using a Bi,Te; target by RF and DC magnetron sputtering methods.

Sputtering process can be operated by RF or DC power supplies depends on the
electrical conductivity of the target materials. The uses of DC power supplies in plasma
systems sputtering requires electrically conductive target materials while RF power
supplies can be used for both conductive and non-conductive target materials [13].
Bi,Te; target is conductive materials (semiconductor materials), which can be sputtered
with DC and RF power supplies:

The stoichiometry-of Bi, Tes thin films can-be prepared by. controlling various
sputtering parameters, such-as post-annealing process [3,4,14,15], working pressure
[11,13], temperature of substrate {11,13], sputtering power {14,15] and pre-heating of
substrate [17]. It was indicated that controlling various sputtering parameters is
essential in fabricating Bi-Te thin film deposited using magnetron sputtering.

An alternative for a study. of the effects of the chemical composition of [Bi]:[Te]
in various sputtering parameters of Bi-Te thin films is response surface methodology
(RSM). RSM is a statistical design method using mathematical and statistical methods
for designing experiments, building models, evaluating the effects. of several factors
and finding the optimum conditions for target responses [2,17-18]. This approach can
result in having to do fewer experiments, which therefore reduces the cost, and it has
advantages, making possible improved statistical interpretation of the results, and it
requires less time for analysis-[2].

In this work, Bi-Te thin films were deposited on flexible substrates using a Bi;Te;
target. Magnetron sputtering technique was used. Study of the effects of sputtering
parameters, including the Ar gas flow rate (sputtering pressures) and pre-heating
temperature and the annealing temperature on chemical compeosition of [Bil:[Te]. RSM
was used for a statistical study of the effects of deposition parameters, including the
Ar gas flow rate and the annealing temperature on the response (Te content). Finally,
the purpose of this thesis is to understand the key parameters of maximizing
thermoelectric power factor in Bi-Te thin films by an in-depth investigating on the

chemical composition, structural and thermoelectric properties of thin films.



1.2 Objectives of the study

1) To study the synthesis of Bi-Te thin films deposited by RF magnetron sputtering
process and investigation on the effect of sputtering pressures on chemical
composition, structural and thermoelectric properties of Bi-Te thin films on
flexible substrates.

2) To study the synthesis of Bi-Te thin films deposited by RF magnetron sputtering
process and investigation on the effect of sputtering pressures and annealing
temperature on chemical composition, structural and thermoelectric properties
of Bi-Te thin films on flexible substrates.

3) To study the influence of pre-heating temperature on chemical composition,
structural and thermoelectric properties of Bi-Te thin films on flexible substrates
prepared by RF and DC.magnetron sputtering.

4) To assess and understand the key parameters and conditions that the best of

thermoelectric properties on Bi-Te thin films.deposited-by magnatron sputtering.

1.3 Scope of the study
The scope of this thesis is as follows:

1) Synthesis of Bi-Te thin films via magnetron sputtering process and investigation
on the effects of sputtering parameters such as sputtering pressures (0.6-1.6 Pa),
annealing temperature (250<320°C) and pre-heating temperature (150-400°C) on
the chemical.compesition, structural and thermoelectric properties of Bi-Te thin
films.

2) Characterization chemicalicomposition, surface morphology and structure of the
deposited Bi-Te thin fitms by-following techniques:

2.1) Energy dispersive spectrometry (EDS)
2.2) Field emission scanning electron microscope (FE-SEM)
3.3) X-ray diffractometer (XRD)

3) Measure transport properties, including carrier concentration and mobility of Bi-
Te thin films by Hall effect measurements.

4) Measure Seebeck coefficients and electrical conductivities by a direct current

(DC) four-terminal method (ZEM-3).



1.4 Expected Results

1) Flexible Bi-Te thin films were obtained by magnetron sputtering technique using
a BiyTe; target.

2) The effects of various sputtering parameters such as sputtering pressures,
annealing temperature and pre-heating temperature significant for controlling
compositions and improving thermoelectric properties of Bi-Te thin films were
studied and classified.

3) The relevant key parameters on chemical composition, structural and
thermoelectric properties of Bi-Te thin films has been clearly understood.

4) The best of deposition conditions can be achieved for stoichiometric Bi,Tes thin

films.

1.5 Arrangement of document

This thesis is organized into five chapters. In Chapter 1, we-explain the important
background that motivates the present work and the purpose of the study. In Chapter
2, we explained about the' fundamental of thermoelectric, the effects of low-
dimensional - materials and basics of the thin film deposition process. The last, the
literature reviews and analyzed techniques will be presented in chapter 2. The tools
and framework for the-research methods in this study are-discussed in Chapter 3. In
Chapter 4 we show measured results and discussions for parameters affect the power

factor of Bi-Te thinfilms.-Finally, in.Chapter 5, the conclusion of this thesis is given.



Chapter 2

Theory and Literature Reviews

This chapter is intended to give the reader an understanding of thermoelectric
effects, thermoelectric transport properties, low-dimensional systems, thermoelectric
coefficients in low-dimensional materials, bismuth telluride, thin film deposition
process, statistical design method for designing experiments, characterization

technigues and Literature Reviews.

2.1 Thermoelectric effects

The fundamental thermoelectric effect (TE) -involving the interaction and
conversion between -heat and electricity in solids. There are two main thermoelectric
effects named as Seebeck effect and Peltier effect.

One of the mast fundamental TE phenomena is.the Seebeck effect, discovered
by Thomas Johann Seebeck in 1821. The Seebeck effect is defined by a voltage
difference (AI-"), develops in response to the applied temperature gradient (AT).

Mathematics can be expressed as

AV {213

S =
AT

The Seebeck effect is related to an intrinsic property of the‘materials, called the
Seebeck coefficient (S) The units of the Seebeck coefficient is /K in Sl units.
Generally, the Seebeck coefficient of semiconductoris higher than the metal material.
In semiconductors, the Seebeck coefficient is negative for n-type and positive for p-
type [2].

From Figure 2.1 (a), the small electric current will flow in a closed circuit composed
of two dissimilar materials when their junctions are maintained at different
temperatures. Which causes charge carriers in the material to diffuse from the hot side
to the cold side based on the Fermi-Dirac distribution function lead to an increase in
the thermoelectric voltage. However, if both electron and hole move in the same
direction, we do not get the current. Thermoelectric devices are thus made by two

types (n-type and p-type) of the semiconductor.



The second thermoelectric effect, the reversal of Seebeck effect is known as the
Peltier effect, discovered by Jean Charles Athanase Peltier in 1834. The electric current
flows across a junction of two dissimilar materials effect to heat gradient in the circuit,
as shown in Fig.2.1 (b). Heat is released or absorbed depending on the direction of the
current. This effect is due largely to the difference in Fermi energies of the two

materials. The Peltier coefficient can be expressed as [1,2]:

_Q (2.2)
[1= I

where Q is the total heat.absorption (or dissipation) at.each junction, I is the current
passing through the junction and-[] is called the Peltier coefficient. The unit of the
Peltier coefficient is W /A or V' in Sl units,

(a)

——iip
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HEAT input
—_—p - : 3 § g
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power ~y power
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Figure 2.1 Schematic diagrams of thermoelectric devices (a) power generation

(Seebeck effect) and (b) refrigeration (Peltier effect) [4].

The Seebeck and the Peltier coefficient are related by the Kelvin relationship. The

relevant equation is shows as

I[I=ST (2.3)

The usefulness of material in thermoelectric systems is determined by the two
factors device efficiency and power factor. The potential of thermoelectric devices is
determined in large part by a measure of the dimensionless Figure of Merit, can be

expressed as



e S’o (2.4)

where § is the Seebeck coefficient, o is electrical conductivity, x is thermal
conductivity and 7 is absolute temperature.

WhenzT >1, then the thermoelectric material can be considered as the best
thermoelectric material. Previous research has reported the evolution of the
thermoelectric efficiency, which is characterized by figure-of-merit (z7) value, as
shown in Fig.2.2. It is important to note that z7 value can be made to increase when

improvements are made to low-dimensional thermoelectric materials.
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Figure 2.2 Evolution of the maximum ZT over time [19].

The power factor is a property of material that describes its ability to generate

more energy from a given temperature difference. It can be expressed as

PF =S%c (2.5)



A large value of zT means higher thermoelectric conversion efficiency, which
requires a high power factor (PF) along with low thermal conductivity (x). The
power factor is optimized in narrow-gap semiconducting materials as a function of
carrier concentration (about 10*° carriers/cm?®) , as shown in Fig.2.3. As the carrier
concentration increases, both electrical conductivity and electronic thermal
conductivity increase since there are more carriers to transport electron charges and

heat energy, through the Wiedemann-Franz relationship.

Electrical
c o}
g \S power factor Eldatias]
Seebeck \ S conductivity
coefficient
N
2Ser0l? ofid In carrier coneentration(n)
1 Electronic thermal
Thermal A, conductivity
conductivity
Loffice thermal
A conductivity
In carrier concentration(n)
Insulators Semiconductors Metals
- —

Figure 2.3 Schematic dependence of electrical conductivity, Seebeck coefficient,

power factor, and thermal conductivity on concentration of free carriers [22].

The electrical conductivity is a reflection of the charge carrier concentration and

all_three parameters which occur in the figure-of-merit are functions of carrier



concentration. It has always been challenging for researchers to enhance the high ZT
value of the material. Preparation of low-dimensional materials may be dedicated to
reducing thermal conductivity due to can be increased boundary scattering in the
nanostructures. Evidently, the figure-of-merit optimizes at carrier concentrations which
correspond to semiconductor materials. Consequently, semiconductors are the
materials most researched for thermoelectric applications [22]. The success in reducing
thermal conductivity thus leads to the next challenge in increasing the thermoelectric

power factor.

2.2 Thermoelectric transport properties

The physics of transport - properties /inmaterials “is “a key component in
understanding the thermoelectric phenomena. Starting from the most fundamental
concept of ‘electrical_and-thermal transport in materials. It is important in the
development of the thermoelectric device (5,6,7]. The analogy between electrical and

thermal guantities is ' well known, as illustrated.in Table 2.1

Table 2.1 Correspondence between thermal and electrical quantities [5].

Thermal Electrical

Quantity Heat Charge

Potential Temperature Potential

Current Type | Thermal current density: | Electrical current density

Driving Force« | Temperature difference | Potential difference

2.2.1 Electrical transport
Electrical conductivity is the ability of a material to carry the transport of
charge carrier. The types of charge carriers in a conductor, which are electrons (7) or
holes (p). Electrons are providing n-type conduction and the holes are providing p-
type conduction [3,8-14]. The charge carriers transport mechanism is due to the
thermal energy and involved the scattering mechanism of the carriers.
In a semiconductor, the electrical conductivity and drift mobilities can be

related to relaxation time as equations (2.7), (2.8) and (2.9).

o = neu, + pe, (2.7
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et
H, =— (2.8)
m,
er
= — (2.9)
mh

where o is electrical conductivity (§/m), n and p are the density of carriers (C).
¢, and g, are the mobilities of carriers (m*/V -s), m, and m, is the effective
mass of carriers, 7, and ¢, are a charge-carriers relaxation time which depends on the
charge carrier scattering [8-11,14].

The electrical conductivity-of -a material is determined by convolutions of
carrier concentration and carrier mobility. The scattering mechanisms influence the
carrier mobility, is.mainly due-to impurities and lattice scattering. In a semiconductor,
the carrier concentration andcarrier mobility are temperature dependent [8]. The

mobility due to these scattering mechanisms is illustrated in Fig.2.4.
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Figure 2.4 Temperature dependence of mobilities due to lattice and impurity

scattering in n-type Si for different electron concentration [20].
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2.2.1.1 The temperature dependence of the carrier mobility, at lower Debye
temperatures (T = 6,). A passing charge carrier will be deflected by the Coulomb
force between the carrier and the ionized impurity. This is known as impurity scattering,
is caused by crystal defects such as ionized donor, acceptor impurities dislocations,
grain boundaries, vacancies, surfaces, or any other deviation from a perfectly periodic
lattice [10-9,dree]. The amount of scattering depends on the interaction time and the
number of impurities. As a result, Impurity scatting is significant with lower
temperatures(T = 6,,), the charge carriers are moving slower and interact with the
impurity for a longer time, and the carrier mobility increases due to scattering from

ionized impurities [8-14], is defined-as:

}I_T“ (2.10)
I N]

where N, ‘is the density of ionized impurities.

2.2.1.2" The temperature -dependence = of ' 'the " carrier 'mobility, at
temperatures abhove Debye temperatures(7 >'8,). Lattice scattering is mainly due to
thermal vibrations of the lattice and generates acoustic waves in the crystal, which are
termed phonens. The ‘motion; of phonon can interaction with an electron (or hole) in
the crystal. This.is known as Lattice scattering. Since the density of phonons increases
with temperature-increasing, and thus increased electron scattering [8-13], which tends

to reduce carrier mobility, is defined as:
o LY (2.10)

2.2.2 Thermal conductivity
Thermal conductivity is the ability of a material to transfer heat under the
effect of a temperature gradient across different points. The total thermal conductivity
consists of electronic transporting heat and phonons traveling through the lattice, can

be written as [1-3]:

K=K, +kK (2.7)
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where K is thermal conductivity (W-m_1 -K~])

The electronic thermal conductivity (x,) results from charge carriers
{electron or hole) transporting heat, and is the ratio of the electronic transporting heat
to the electrical conductivity of a metal is proportional to the temperature through

the Wiedemann-Franz law [1,dre].

where L is approximately constant called “Lorenz number”. At low temperatures, the

Lorenz number of the free electron is defined as:

L 7 (2.8)

L="=£=245x10"W Q-K~
3e

From eguation 2.8, it was found that high electrical conductivity materials
have high electronic thermal conductivity as well. However, the electronic thermal
conductivity has less influence on thermal conductivity and can be neglected at low
temperature.

In" semiconductors, - thermal = transport is- dominated by the lattice
contribution. The thermal vibrations of the lattice are quantized and created the
energy of quanta of which are phonens [4]. The lattice thermal conductivity (x;)
results from phonons traveling through the lattice. From simple considerations based

on kinetic theory of gases is [1,4]:

(2.10)

v st ph

where C, is the specific heat at constant volume, v is the speed of sound and Ap,,
is the phonon mean free path.

The phonon means free path depends on phonon scattering mechanismes.
In 1959 Joseph Callaway developed a model to calculate the lattice thermal

conductivity with phonon transport model, which is based on the relaxation time. The
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lattice thermal conductivity, using the Callaway formalism [2,4,6-7,20,21], can be

written as

[

37T
Ir,——A————de (2.11)
0

/
where @, is Debye temperature, h is the reduced Planck constant with h =2—1, x is
s

ho

27k,

the dimensionless parameter with x = , @ is phonon frequency and 7. is the

combined phonon relaxation-time.
The relation between the phonon scattering mechanisms and the combined
phonon relaxation time can be obtained according to Matthiessen’s rule [2,4,6-7,10],

can be written as

@Y/ NEAEN
— =t — o — (2.12)
Te Ty Ty Ty Tpp

where 77! is the total probability of scattering, 7'is the probability for
Umklapp scattering,. 75 “is the probability for point defect scattering, 7, is the
probability for boundary scattering and ¢;, is the probability for electron-phonon
scattering.

The major of phonon scattering-mechanisms are.Umklapp scattering, point
defect scattering, boundary ‘scattering. and electron- phonon scattering, which are
briefly discussed in the following subsections.

2.2.2.1 Umklapp Scattering

The Umklapp scattering is three-phonon scattering due to the

absorption or emission of one phonon by other phonons [T3,dree,6]. The Umklapp

scattering is dominated at high temperatures(T'? 0,), is given by

= szTexp[—:%%) {2.13)
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2.2.2.2 Point defect phonon scattering
A point defect includes a variety of vacancies, dislocations,
uncharged impurity sites and different isotopes of the host constituents. A defect with
dimensions much smaller than the phonon wavelength can be considered as a point
defect. Point defect phonon scattering. The Point defect phonon scattering is caused
by the difference in mass and bonding between the atoms. The Point defect phonon

scattering is given by

;) = Ao’ (2.14)

2.2.2.3 Boundary scattering
The boundary-scattering is important at low temperatures where the
phonon density is low. Boundary scattering becomes. more significant as the crystallite
size decreases. The Boundary scattering can-be written‘in terms of grain size of thin

films and film thickness as

Ty =t i (2.15)

2.2.2.4 Carrier phonon scattering
The carrier phonon scattering is effective at scattering low energy
which the wavelength phonon is high. Carrier phonon scattering can be increased when
the material is heavily doped and charge carriers are created. The carrier phonon

scattering is given by
T =Co (2.16)
The relaxation time fitting parameters A, B, and C depends on the

type of materials. The parameters A, B, and C of Sb,Te; and Bi,Tes is shown in table
2.2,



Table 2.2 Callaway model parameters for Sb,Te; and Bi,Te; [7].
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Property Units Symbol | Bi,Te; Sh,Te,
Primitive per unit cells (m?) N | 5.95x107 | 6.40x107
Phonon sound velocity {m/s) v, 3,058 2,388
Lattice thermal conductivity (at 300 K) | (W/m/K) K, L5 15
Debye cutoff frequency (rad/s) @, 2.16x10" | 2.09x10*
Defect scattering (s®) 4 1.3x10% | 1.23a10%
Umklapp scattering (s/K) 120 120
Carrier phonon scattering (K) c LIxI0% | g.6aat

2.3 Low-dimensional systems

The low-dimensional systems (LDSs) have characterized by compressing of

electrons and_ holes inside the highly limited-space of nanometric size resulting from

quantum confinement. LDSs with nanometric structures can be classified into three

types such as (1) two-dimensional systems (2D) have one dimension ¢f nanometer size

(quantum well e.g,, thin film, superlattice), (2) one-dimensicnal systems (1D) have two

dimensions of nanemeter size {guantum wire e.g., nano-wire or nano-tube) and (3)

zero-dimensional systems (0D) have all three dimensions of nanometer size (quantum

dot e.q., naneoparticle, cluster, colloid).

The phenomenological dimensionality of nanometer materials is called the

quantum size effect. The basic type of quantum confined structure is shown in Table

2.3.

Table 2.3 Classification of quantum confined structures.

Structure Quantum Number of free
confinement dimension
Bulk (3D) 0 B
Quantum well (2D) 1 2
Quantum wire (1D) 2 1
Quantum dot (OD) 3 0
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Quantum effects arise in systems which confine carriers when the physical
size of the confinement potential is comparable to the de Broglie wavelength of the
electrons or holes. The Fermi energy is commonly referred to as the topmost filled
energy level at absolute zero and the corresponding Fermi wavelength is the de Broglie
wavelength of the electrons present near the Fermi energy level.

In bulk materials (3D), the charge carriers are free to move in three directions

which the carriers exhibit continuous energy spectrum. The energy of an electron is

Rkl Rk Rk
‘ >

E o (k)=—2+—— - (2.17)
sp(K) Zmy 2m.

2m

X

where m:,,m;,mj and k,,k k. are the carrier effective mass and\wave vectors in x, y
and z directions. The wave vector (k) is inversely proportional \to the electron
wavelength in % - space.

In two-dimensional systems (2D), guantum. wells_are formed. The charge
carriers are free to move in two directions and confined in. the other one direction.
When the length along one of these directions becomes comparable to Fermi
wavelength, the correspondine momentum iis quantized. For example, if the length
along the z-axisi becomes comparable to'the Fermi wavelength. The energy of an

electron is

B A
E, ey = o=
20 0) [Zm‘, 2m

J+Eﬂ_ (2.18)

(o)

The guantized energy E, -results from.the calculation of the wave function in
quantum well with an infinite quantum-well potential of barriers and a finite width of
the well (L.). The energy levels in the x and y directions form a continuous, and for

the z-direction discrete energy. The quantization energy is expressed by

k=== (2.19)

E,.



L

where k_is wavenumber in the z-direction and # is quantum number. Then the total

energy can be written as

n =123,.. 1Z20)

W Ey Q)

Rk Rk hialn?
+—= |+
2m L

E2D (k.\'y 9n: ) = {

2m: Zm:

In one-dimensional systems (1D), quantum wires are formed. The charge
carriers are free to move in one direction and confined in the other two directions.
Assuming that the confinement occurs in the yz-plane, the total energy of an electron

is

i S N/ R S Ly
- J+ : e Talls N N N2 (221}

E k = - + I
- [ R CE. T A

*
2m,

with L, fand L, .describing. the /wire \dimensions in- the transverse plane
(L., L, Ff L)
In-zero-dimensional systems (0D), quantum dots are formed. The charge

carriers are confined in their motion in all three directions.

Wn'zd 1
n

1
EOD (k) = H_Zz’_z— S ey J , M ad,288.. (2.22)

(NS M,

The Fermi energy is.a concept of the density of electronic states, or simply
the density of states (DOS). Generally, Most properties of semiconductors, including
optical, thermodynamic and transport properties, depending on the density of states.
The DOS is essential for determining the carrier concentrations and energy distributions
of carriers within a semiconductor. The DOS of semiconductor structure plotted against
energy is depicted in Figure 2.5. The DOS is defined essentially the number of different
states at a particular energy level that electrons are allowed to occupy, with in k-

space. Mathematically, it is derived as

av
dE

D(E)= (2.23)
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where D(E) is the DOS as a function of energy, N is the number of different states

and £ is the energy of different states.

(A) 3D (B) 2D (Q) 1D {O) oD
Bulk Semiconductor Quantum Well Quantum Wire Quantum Dot
k
3 k. ’ -?', '-*'1\ ; 7
) R\ "r. HJ, 5 7
E4 E , E4 E4
/ J—J "\“_‘_
Ecy FZt'B = L_(‘n Y Ecg =
Evg Evialo Eipl— Evgl—
F\ | | /’ o —
—— i m——ip> ———— B
DOS DOS DOS DOS

Figure 2.5. Electronic density of states for (A) a bulk semiconductor, (B) a 2D

quantum well, (C) a 1D nanowire or nanotube and (D) a 0D quantum dot.

In the case of 3D semiconducter, the calculation of the DOS yields is given by

§N32
1 dN 1 A2m
D (E)=——= A E (2.24)
() V dE 27:3[#}

where m" = (m;m}m)"*, which is called the effective mass for the DOS. The DOS
then for the 3-D, or bulk-material, shown in“Fig.2.5 (A), has the parabolic relationship
followE .

In the case of 2D quantum well structure, as sketched in Fig.2.5 (B). The
carriers are still free to move in the directions parallel to the quantum well plane
(surface of the film). The quantization of the carriers occurs in the perpendicular
direction to the quantum well plane, which the thickness of the well is inverse
proportional to the confinement energy (L. << Lx;L}.). Moreover, for decreasing the

width of the wall caused the quantized energy increases of carriers.



18

The effect of quantization also in influences the density of states, as the
density of states changes from a continuous dependence to a step-like dependence.

The calculation of the DOS yields for each allowable k,, series is

dk ¥
D,D(E):l.dﬂ:i dN 7|2 - {2.25)
’ AdE  A\dk, \ dE | =1

In the case of 1D quantum wire structure, as sketched in Fig.2.5 (C). The

calculation of the DOS yields is given by

~

) _ « N2
DlD(E)Z-—L_dﬂzl d_N (ﬂ :l m;_ EYV: (2.26)
L dE LN dk- NdE ) 7\®

The DOS for such an ideal’ quantum wire, has a characteristic singularity
follow E7'.
In"the case of 0D quantum dot structure, the calculation.of the DOS yields

is a series of & -function peaks, is given by
DY EY D I E,) (2.27)

The quantum dot is restricted in-three spatial dimensions, there is no k-
space that could be filled with electrons. Therefore, each guantum state at the energy
is occupied by onlytwe electrons. For this reason, the DOSfunction is described by a
series of & -functions. The-DOS for such an ideal-guantum dot, as sketched in Fig.2.5

(D).

2.4 Thermoelectric coefficients in low-dimensional materials
High-Performance thermoelectric material is usually evaluated by two main
parameters power factor (PF) and thermoelectric figure-of-merit (ZT). A most of
research reported the possibility of improved ZT when moving from higher to lower
dimensional materials using the change in the shape of DOS. The DOS is modulated

as a result of this quantization. A sharp increase of the DOS near the Fermi energy
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could lead to substantial enhancement in the Seebeck coefficient. The Seebeck

coefficient can be approximated as

3.9

7 kgT [ d[in(o(E))]

s(r)= . [ = L:E (2.28)
F

where £k, is the Boltzmann constant, e is the electron charge. The Seebeck coefficient
is proportional to the energy derivative of the differential conductivity, o(£). The total
electrical conductivity (o) can be calculated using the integral of o(£) over the entire

energy range, moderated by the Fermi distribution-function, as expressed
o= jE a(E)dE (2.29)

Thus, The Seebeck coefficient depends.on-the energy derivative of energy-
dependent electrical conductivity o =n(E)-e- u(E)taken at Fermi energy (£,). Here,
n(E)=D(E)-f(E) isthe carrier density at the energy level (E) considered, D(E)is the
density of states, f(E) is the Fermi-Dirac distribution and w(£) is the carrier mobility.
According to the Mott expression, The Seebeck coefficient can rewrite expansion in

the form D(EY and f(E) as

N2,
kT 1 dn(E 1 ((E
NN Ea2 LR YL T 4 )}
E=E

3e n dE uodE

F

3e i dE u dE

y N
kpl ; 5 ;
_F AN D(E)fff(E,)+f(E)dD(F) +la’p(F)

dE el

F

Which shows that the Seebeck coefficient could be enhanced by two
mechanisms as.
1) Increased energy dependence of carrier concentration, which is a
function of the DOS (for instance, by a local increase in DOS).
2) Increased energy dependence of mobility, for instance, by a scattering

mechanism that strongly depends on the energy of the charge carriers.
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For low-dimensional materials, enhancement in the Seebeck coefficient
mainly comes from the first mechanism. Thus, if we control the Fermi level so as to
locate it near a sharp peak of the DOS, we can enhance the Seebeck coefficient
dramatically without reducing electrical conductivity too much. For 2D quantum well,
as the well thickness decreases, the spacing among subbands enlarges and
correspondingly the magnitude of DOS at each subband increases. The more
quantization of energy subbands and the better carrier confinement will be. The
quantum confinement effect on carriers led to the enhancement in power factor for

quantum well as mentioned above.

2.5 Bismuth Telluride

Bismuth telluride is-one of the most interesting thermoelactric materials with a
high ZT and it is known'to-have an excellent thermoelectric performance at room
temperature [2]. Z. Zeng et-al reported bismuth. telturide bulk alloys have a high ZT
about 1.14 at room temperature [14]. The ZT value can be made to increase when
improvements are made to low-dimensional thermoelectric-materials [3]. Bismuth
telluride is a narrow gap layered semicenductor with band gap of 0.15 eV.

Bismuth telluride has a severalty of different crystals structures depend on a
stoichiometric: composition of materials. Bismuth telluride has' general formula
(Bij_, ), Tes. The crystal structure of the most common is BiTe phase and Bi,Te; phase
[15] as shown in-Figure 2.6. Bismuth telluride (Bi,Te;) thin films normally require a
stoichiometric ratio of {Bi] and [Te] for achieving the best thermoelectric performance

(4],
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Figure 2.6 Hexagonal unit cell of (a) Bi;Te; and (b) BiTe with the base

vectors indicated by the black arrows [15].

Bismuth telluride-has been crystallized in a tetradymite=type structure.For Bi,Tes,
the stacking sequence of lattice planes results in the formation of three ¢roups
consisting of 5 atom layers (quintuple layer, QL) with the sequence Te'-Bi-Te’-Bi-Te'
stacking along the c-axis. [15,16,17]. The bonding inside the quintuple layer is described
as mixed ionic- covalent bonds (Te'-Bi and Bi-Te?), while Te-Te bonds between
quintuple layers are of only weak van der Waals bonding as shown in Figure 2.6 (a)

[15,16]. The unit cell of BizTe; is rhombohedral in space group R3mv, which the lattice

parameters of Bi;Te;.in terms of the hexagonal axes are ay = 4.383:& L = 30.!2187/;\
[15].

For BiTe, the stacking sequence of lattice planes results’in the formation of two
groups consisting of 6 atom. layers-(-hextuple layer, HL) with the sequence
Te!-Bi'-Te?-Bi*-Te>-Bi>-Bi*~Te*-Bi?>~-Te?-Bi'-Te! stacking along the c-axis. [15,16,17].
The bonding inside the hextuple layer is described as mixed ionic-covalent bonds,
while Te-Te bonds between hextuple layers are of only weak van der Waals bonding
as shown in Figure 2.6 (b) [15,16]. The unit cell of BiTe is rhombohedral in space group

R3m, which the lattice parameters of BiTe in terms of the hexagonal axes are

a, = G.002A c =20.202A [15).

H
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2.6 Thin film deposition process
The thermoelectric conversion efficiency of thermoelectric materials is called ZT
value, which ZT value can be made to increase when improvements are made to low-
dimensional thermoelectric materials. Thermoelectric thin film is one of the most
important low-dimensional thermoelectric materials. The general properties of the thin
films, such as composition, crystal phase, and orientation, thickness, and
microstructure, are controlled by the deposition conditions. Thermoelectric thin film
has been created using different deposition methods, such as co-evaporation, pulsed
laser deposition, and RF magnetron sputtering.
2.6.1 Classification of deposition processes
The vapor deposition. method is one of the most common technique and
widely used in deposit thin films. Vapor deposition technique can be classified into
two categories:
2.6.1.1 Chemical Vapor Deposition (CVD)

Chemical “vapor deposition (CVD) is a chemical process used to
deposit films.on or near the vicinity of a heated substrate surface in'the chamber from
the reaction of vapor-phase precursors. In general, the CVD -process involves the
following key: steps (1) The volatile precursors in the caseous are introduced into a
reaction chamber; (2) Gas phase reactions of precursors occur +in the reaction zone;
(3) Mass transport, of gaseous: precursors to the substrate surface; (4) Absorption of
gaseous precursors onto the substrate surface; (5) Surface diffusion to growth sites,
nucleation and surface chemical reactions leading to growth of the film; (6) Desorption
and mass transport. of remaining fragments of the decomposition away from the

deposition chamber [23-25], as.shown in Figure 2.7,
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Figure 2.7 Schematic illustration of the key CVD steps [24,25].

Although the CVD coating technique can be coated on a variety of
materials with high'purity, it is atso an-extremely complex chemical process. Typically,
the chemical reactions occur at temperatures ranging from 200-1600°C, which is higher
than the PVD process.and may be affected to some substrate material.

2.6.1.2 Physical Vapor Deposition (PVD)

Physical vapor deposition (PVD) is a vaperization coating process that
requires a transfer of solid material from the source to the surface of a substrate. The
main difference between CVD and PVD process is that in CVD, the target material is in
gas or liquid form,but in PVD, the target material is in'solid form.

In this work, PVD process was selected due to.it can be used all
types of inorganic materials and some types of organic materials.. Further, this process
is environmentally friendly compared to many-other and the possibility of large-scale
fabrication of high-quality films, which the process canbe used in the surface coatings
industries.

PVD technique can be classified into two main categories: (1)
Evaporation technigue and (2) sputtering technique. Evaporation involving thermal
evaporation techniques and sputtering techniques involving ionic sputtering methods.
The difference between sputtering technique and evaporation technique, is that
evaporation technique is shown certain disadvantages. In particular, the target of
material is alloys and refractory metals cause problems because of differences in alloy
constituent vapor pressures and their high melting points which effects on growth a
film. Sputtering technique was selected due to the possibility of large-scale fabrication

of high-purity films and extremely high adhesion of film:s.
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2.6.2 Sputtering Process
The basic of the sputtering process is as follows. The sputtering target is
bombarded by energetic ions from glow discharge plasma consists of ions, electrons
and neutral species in a quasi-neutral electrical state. The energetic ions are
accelerated by a negative voltage applied to the cathode, as shown in Eq. 2.31.
Typically, the most commonly used incident gas ions are inert gas ions such as Ar,

Kre, Xe*.
Ar +e~ = Art + 2e” (2.31)

The results from interactions between the energetic inert gas ions and
surface atoms on the target will gject atoms of the sputtering target by momentum
transfer in the near-surface region of the target. The ejection depth ef the target atoms
is approximate 10 A. During the interchange ‘of momentum can be described two main
mechanisms, an elastic. or a nuclear collisions ‘and an'inelastic or an electronic
collisions [26-29]. The result of elastic nuclear collisions, the sputtered atoms from the
target can be ejected. If the transferred energy to the target atoms is enough to
overcome the surface binding energy of target atoms. Inelastic electronic collisions are
a collision of the-ions with the electron and results in. excitation and ionization of
constituent electrons inthe atom.

Thus, thesinteractions of the.incident ions-with the target surface are not
only the sputtered atoms but also causes the generation of secondary electrons and
reflected ion and neutrals [26-30]. Bombarding ions may be implanted into the target
material with or without the ejection of the target atoms. The secondary electrons are
repelled away from the target due tothe application of a negative potential on the
target. The secondary electrons are repelled away from the target and are needed to
maintain the glow discharge plasma process. The sputtering process is illustrated in
Figure 2.6. The sputtered atoms from the target directly coated onto the surface of

the substrate, thus forming a thin film.
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Figure 2.8 Schematic illustration of sputtering process.

2.6.3 Sputtering Yield
As a-result of collisions between the incident fons with the target surface,
kinetic energy is transferred to the target atom result in the ejection of surface and
near-surface atoms also referred. to as knock-on.sputtering. ' The average number of
ejected atoms from the surface of a target surface per number of incident ions is called
sputtering yield. It is a significant. measure of the efficiency of the sputtering process

[26,29,31]. For energetic ions from 100 to 1000 eV, the sputtering yield can be
calculated in eq. 2.32.

3 4MM, E

=— -— 2.32
4 (M, +M,)* U 28

where @ is a dimensionless parameter depending on the mass ratio M, /M,, M, and

M, is the atomic masses of the incident ion and the target atom (in amu), £ the
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energy of the incident ion and U is the binding energy of the surface atom of the
target.

The sputtering yield is strongly dependent on the energy of the incident
ions, target materials and angle of incidence, can also be understood from equation
(2.1). Sputter yields increase as the mass of incident ion increases due to a process of
momentum transfer [31] and also tend to increase as the kinetic energy of incident
ions above the threshold energy. This tendency decrease when it reaches around 10
keV because the incident ions lose beneath the surface of the target material and
much of their energy is dissipated [29,31]. Sputter yields vary with the atomic number
of the target material and angles of incident ions. The maximum sputtering yield occurs
between angles of incident ions about' 75- 85° depending'en the target material [29].

2.6.4 Glow discharge

Glow discharges are essential in order to master the sputter deposition
system since virtually all of the energetic incident particles originate in the plasma.
Plasma is defined as-a gas which partially consists of ions, atoms, and electrons. The
characteristic glow is given by the relaxation of the atoms excited by the electrons
accelerated toward the anode. There are two means of operation to create plasma.

2.6.4.1 Direct current (DC) diode discharge

In' DC dicde ‘discharge utilizes-a. DC voltage power supply. A

negative voltage is applied to the target of material as the cathode. Similarly, the
substrate holder-and the entire vacuurn chamber are grounded as an anode to drive
the sputtering process [22,23]. For DC power supply, the target of material is located
in this main discharge and is the plasma generation region. lons are extracted from the
plasma and accelerated toward the negative target [22]. Generally, the cathode in DC
discharge must be an electrical conductordue to an insulating surface will develop a
surface charge that will prevent ion bombardment of the surface. This condition
implies that dc sputtering is must be used with electrically conductive target materials.
An advantage of DC sputtering is that the plasma can be established

uniformly over a large area and easy to control to deposit. On the other hand, a
disadvantage of DC sputtering configuration is that it cannot be utilized for insulators.
When the ions bombard an insulating cathode a charge is built upon the cathode
surface and reduces the field between the electrodes. As a result, the plasma ceases

to exist.



28

2.6.4.2 Radio frequency (RF) diode discharge

The commonly applied radio frequency is 13.56 MHz for RF
sputtering. In RF diode discharge utilizes an alternating current (AC) voltage power
supply. The target of material as the cathode is linked to the RF generator via a series
a blocking capacitor. The blocking capacitor is placed in the circuit to develop the all-
important DC self-bias. This method prevents the charge build-up on the target surface
by frequently neutralizing the surface with electrons or ions. Therefore, RF sputtering
can be used with electrically conductive or insulating target materials, to avoid charge
accumulation on the target.

An advantage of the alternating field has a second benefit as well.
When the field is changed, the electrons which have not yet reached the anode will
be accelerated toward the “new” anode and hence, increase the probability of a
collision with'an atom. This implies a higher déensity of ions and higher sputtering rate.

RF-sputtering offers advantages over DC; in particular sputtering of
an electrically insulating target becomes possible. The DC powered magnetron plasma
can be operated in the range of 10-100 mTorr which RF powered magnetron plasma
can be operated at a lower pressure of less than 1 mTorr. The result is fewer gas
collisions affects to-equaling more efficient line of sicht deposition-of the coating
material.

2.6.4.3 Discharge in a Magnetic Field

Magnetrons can be powered by a variety of methods. Generally used
with among power supply from direct current (DC) and radio frequencies (RF). During
the sputtering process, a magnetic field can be used by putting a magnet to the top
of the cathode to trap secondary electrons close to-thetarget. The electrons follow
helical paths around the magnetic field lines enhancing more collisions with working
gas near the surface of the targets. This improves the sputtering rate by enhancing the
ionization of the plasma on the surface of the target material, indicating the plasma is
able to be sustained at a lower pressure than a normal sputtering system. The
bombarding ions cause atoms to be sputtered from the target material by momentum
transfer between the colliding ions and the target atoms. The atoms of the target are
gjected and deposited onto the substrate. A simplified scheme of the magnetron is
given in Figure 2.9. Magnetron sputtering has many advantages such as (1) high

deposition rates, (2) ease of sputtering any metal, alloy or compound, (3) excellent
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coverage of steps and small features, (4) ability to coat heat-sensitive substrates, (5)

ease of automation, and (6) excellent uniformity on large-area substrates [22].

e

Figure 2.9 Schematic diagram of magnetron sputtering system.

2.6.5 Sputtering targets

For the operation of the sputtering systems, several kinds of equipment are
prepared. And one~of the most important is the sputtering target. Typically, the
sputtering targets are solid slab a variety of size and shape. The target materials can
be made of a wide variety of material, including pure metals, alloys, and compounds
such as BiyTes. The composition of the thin films are controlled by the sputtering yield
and the area ratio of each element includes the atomic weights of each element. For
lab scale, the thin films have-obtained, have distributed non-uniformly over the
substrate at different substrate positions. A rotating substrate holder is often used to
obtain uniform composition over the entire substrate [27].

However, most of the industrial processes have used compound targets due
to preferring simplicity and repeatability. However, only a few works have been
reported using a Bi,Te; target. Which, there are several unresolved issues such as the
phase purity and the control composition of the film which may deviate from that of
the compound target. Thus, there is a need for improved understanding of the

deposition conditions for Bi;Tes phases from compound targets.
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2.6.6 Sputter deposition

The deposition rate is dependent on sputtering yield and the probability of
the emitted atom to reach the substrate. The deposition rate is a very important
parameter controlling the structure, impurity and physical property of thin films.
Sputtering involves many parameters that affect the deposition process and deposition
rate such as base pressure, sputtering pressure, sputtering power, target and substrate
temperature, etc. They affect the kinetic energy of the impinging particles, are of
importance for the properties of the film. The microstructure of the film or its quality
which includes surface roughness, adhesion, impurity, the density of the film produced
by the sputtering process is a result of the.interplay of the above parameters.
Contribution of such-a large number of parameters makes the process complex but
also provides a‘large degree of control ‘over the film growth. process, if optimized
properly. Generally, the deposition rate in a magnetron-deposition system is
significantly increased. Hence, the prediction of how the deposition rate is affected
due to the improvement of sputtering parameters is important. In the case of
magnetron sputtering, the method to predict the deposition rate is to calculate the
“rate per watt”.

2.6.7 Thin Film Growth Process

Thin, fites growth'is a complex progess controlled both by-thermodynamic
driving forces and kinetic mechanisms. In a sputtering process, the sputtered atoms are
transported to the surface of the substrate, which atoms diffuse on the substrate
surface are called "adatoms”. Diffusion of adatoms on the surface depending on the
energy of adatoms and interactions at the substrate: Kinetic mechanisms, adatoms
form chemical bonds with atoms of the 'substrate orwith other adatoms or release
from the surface. Thin film formation-is-related to the mobility of adatoms during
growth. Thermodynamic factors, the adatoms tend to assemble on surfaces into the
most stable positions.

When adatoms come into contact with each other, they form small clusters
which clusters may also be mobile. If the deposition parameters are such that a cluster
collides with other adsorbed species before getting desorbed on the surface of the
substrate, it starts growing in size. After reaching a certain critical size, the cluster or
nuclei becomes thermodynamically stable. Nucleation occurs when stable clusters of

adatoms form, which is called the nucleation stage. The nucleation stage is formed
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until @ maximum number density is reached. As the growth, the process continues
these islands start to coalesce and this stage is called coalescence, and a continuous
thin film is formed. Thin film growth process can be classified into three modes and
are (1) Volmer-Weber model, (2) Frank-Van der Merwe model and (3) Stranski-

Krastanov model [28], shown in Figure 2.10.

(1) Volmer-Weber model

i, o,

(2) Frank-Van der-Merwe model

Substrate
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(3) Stranski-Krastanov model

Substrate

Figure 2.10 Schematic illustration of thin film growth modes.

(1) Volmer-Webermodel or mechanism of island growth.,

Mechanism of istand growth happenswhen the interaction between the
atoms is stronger than the interaction with the substrate surface. In this case, Island or
3-D growth mode is created and formed of discrete on the substrate surface. Finally,
the nuclei grow in size until they intersperse with each other to form a continuous
film.

(2) Frank-Van der Merwe model or layer by layer growth mechanism.

The layer-by-layer growth mechanism happens when the interaction
between adatoms and the substrate surface is stronger than the interaction with
different adatoms. The growth of the next layer does not begin until the complete

formation of the previous one is finished, so there is a 2-D growth.
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(3) Stranski-Krastanov model
This growth mode is a combination of 2-D and 3-D growth modes. When
the growth starts as 2-D (layered) and then change to a 3-D (island). After completion
of the 2-D layer growth, the 3-D island growth occurs.

During deposition of a polycrystalline film, several fundamental kinetic
processes. And finally, when a polycrystalline film has fully coalesced and a
continuous film is formed, the film thickness increases by continued deposition. Atoms
arriving at the surface of the film can be created new grains on top of existing grains
or they can contribute to layer epitaxial growth, which serves as a template with low-
energy sites for further grain growth. Istand formation and erowth leads to impingement
of islands to form grain boundaries.. The development of crain structure during
subsequent filmgrowth.is determined largely by surface mobility.of adatoms relative
to the deposition rate, and by the substrate temperature. Each of these processing
conditions affects the diffusivity and mobility in the thin film, which causes defects
during film deposition [32]. The vesulting, erain shapes are then predominantly
equiaxed. The occlusion of slow-growing grains by faster-erowing grains may result in

the evolution of thickness, grain size, and the surface of the film, shown in Figure 2.10.

i
=

e
anneal w

Figure 2.11 Grain growth in a two-dimensional polycrystalline material [32].
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Grain coarsening occurring through the motion of grain boundaries is
normally referred to as grain growth, as shown in Figure 2.11. The result of such grain
boundary migration is shrinkage and elimination of small grains which, in turn, leads to

an increase in the average grain size.

Figure 2.12 Grain boundary in a two-dimensional polycrystalline material [32].

In addition, the structure may  be developed during . post-deposition
processing, for example, due to post-annealing;, where grain growth, recrystallization,
defect disruption etc. are possible structure-developing processes,

2.6.8 Structural consequences of the growth process [28,32]

Since magnetron sputtering was used to synthesize the thin films in the
present studies. The microstructure evolution of thin films-is related to the mobility of
the adatoms during growth. The energy supply to the atoms:is provided by the
following mechanism (a) thermaleffect, {b) ionic bombarding, and (c) chemical
reactions at the substrate, which relevant for sputtering parameters. The main
sputtering parameters are substrate temperature, substrate bias voltage, sputtering
pressure, the deposition rate, and base pressure. The effects of sputtering parameters
have produced the mechanisms in the growth of thin films can be explained by the
structure zone model, as defined as three zones, as shown in Figure 2.13. The structure
zone model is related to the normalized temperature, when T is the temperature of
the substrate and T,, is the melting the temperature of the target.

The first zone corresponds to low deposition temperatures, Ts/Tm <0.3.

This zone is formed by small and elongated grains that form a columnar
structure with porous morphology and weakly binding grains. The columnar the

structure is produced by a low diffusion, low mobility of the atoms adsorbed by the
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substrate surface. And the atomic shadow effects, which are produced by varying
velocity in the growth of the columns. The various incidence angles at which the atoms
arrive at the surface of the substrate.

In the second zone consists of larger columnar grains separated by dense
grain boundaries, 0.3< Ts/Tm<0.45.

The substrate temperature increasing homogeneous which leads to a higher
diffusion of the adatoms, which produce a dense structure with a higher degree of
binding among the columns and the borders between columns, with borders of the
grain beginning to form. Dislocations are primarily located in the boundary regions.
Surface or grain-boundary diffusion seems to-be deminating parameters, since the
columnar grain size increases with T=Tm, in’ accordance with activation energies for
these mass-transpert mechanisms.

In"the third zone is characterized by bulk diffusion processes such as grain
growth and recrystallization, Ts/Tm>0.45.

The volumetric diffusion; size has a ereat influence on the morphology of
the film, due to the increase in'the diffusion into the grains, which produces growth of
the grains, formation of the equiaxed grain and re-crystallization. These effects produce
a greater crystalline structure.

In"the Thortan model, the T zone as a transitional zone between the first
and second zone discussed above was added. The T zone is formed by grains defined
by the limits of the low porosity. The surfaces of the T zone are denser and less rough

than the two surfaces around them.
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Figure 2.13 Schematic Thornton structure zone diagram [28,32].
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2.7 Experimental design

Response surface methodology { RSM) is a statistical design method using
mathematical and statistical methods for designing experiments, building models,
evaluating the effects of several factors and finding the optimum conditions for target
responses. RSM consists of a group of mathematical and statistical techniques used in
the study of a functional relationship between a response of interest (y) and the
number of associated control (x;, X;, Xs,...,x) variables denoted.

Generally, a low-degree polynomial model can be used approximate the function

of relationship.

y:j"'(_x)_}_(_c; (233)

Where x is the number-of associated control (Xj,%g Xa,... X)), f/(x) is a response
surface and ¢is the noise or error observed in the response (y). The response can be
explained graphically, either in the: three- dimensional space or as_contour plots as

shown in Figure 2,14
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Figure 2.14 (a) Three-dimensional response surface and (b) contour plot of Te

content on Bi-Te thin films predicted from the quadratic model

Most of the optimal design of experiments are associated with the mathematical
model of the process which experiments are designed only for every unique problem.
A second-order model can be built efficiently with central composite designs

(CCD). This design consists of the following three portions [24]:
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Figure 2.15 Central composite design for 3 design variables at 2 levels [24].

CCD presents-a choice to 3N. designs in the building of second- erder models
because the number of experiments is decreased as compared to a full factorial design
[Chap3]. This study used response surface methodology (24) based on a central
composite design (CCD) to optimize deposition parameters [2].

When the estimated equation is obtained, an experimenter can be examined the
normal plot, the main effects, the contour plot, and ANOVA statistics (F-test, t-test, R,
the adjusted R? and lack of fit) to define the adequacy of the fitted model [24].

2.8 Characterization techniques
2.8.1 Field emission scanning electron microscope ( FE- SEM) and Energy

Dispersive X-Ray Spectrometer (EDS)

The field emission scanning electron microscopy (FE-SEM) is a type of
electron microscope that images the sample surface by scanning over it with high-
energy beam of electrons. Primary electron beam is generated from Field Emission
Source (FES) and it is accelerated in a high electrical field gradient (0.5 to 30 kV). The
electron beam is focused by electromagnetic lens to a sharp point. The
electromagnetic lenses consists of condenser lens, scan coils, stigmator coils and
objective lens. The condenser lens is used to control the diameter of the electron
beam. The condenser lens consists mostly out of two parts affects the contrast of

Image. The scan coils deflect the electron beam over the sample according to a zig-
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zag pattern which the image of the sample on the monitor occurs from this scanning
movement. The objective lens is the lowest lens in the column. The objective lens
focuses the electron beam on the sample. After that, the electron beam bombards a
sample. A large number of signals are emitted such as backscattered electrons,
secondary electrons, X-ray and Auger electrons. A detector counts these secondary
electrons and sends the signals to an amplifier. The signals are transduced to an image
signal that appears on the screen. The difference of the signal reflects surface
microstructure morphology of the sample depending on the signals that achieved from

the interaction between a primary electron and the sample.

Field Emission Source

Primary Electron Beam
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Figure 2.16 Schematic diagram of field emission scanning electron microscope

components.

Energy Dispersive X-Ray Spectrometer (EDS) analysis is a technique used for
measuring the elemental composition of the Bi-Te films by detecting characteristic X-
ray. The bombarding electrons knock against lower shell electrons of the specimen
atoms, which knocks electrons out of the atoms of the sample. An electron from

higher shell electrons fills a vacancy in lower shell of an atom, results in the emission
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of characteristic x-rays that allows for the identification of elements of the sample as

shown in Figure 2.17.

(a)

characteristic {fluorescent) X-ray

Incident :*‘rv:.!ro." Kf line

Ka ine

Figure 2.17 (a) EDS Process (b) EDS spectrum of Bi,Te; film

2.8.2 X-Ray Diffractometer (XRD)

X-Ray diffraction {XRD) is @ nondestructive-analytical technique used for
characterization of the structure of a crystalline material and can provide information
on crystal structure such as average crystallite size, micro strain and dislocation density
and the study of preferred orientation in crystals by diffraction x-rays through the
sample. Thediffraction pattern can describe the structure of a crystal in terms of lattice
plane (hkl) with different reflection planes and inter-planar distance (d) at different

angles, as described by Bragg’s law,

2dsin=ni (2.34)

Where d is the spacing between the crystal planes, @-is the Bragg angle for which
reflections of these planes occurred; n.is the-order of diffraction and 1 is the X-ray's

wavelength.

Figure 2.18 Schematic showing X-ray diffraction from crystal planes with inter-

planar distance
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The crystallite size (D), microstrain (g), and dislocation density () of the Bi-Te
films have been calculated using the preferred orientation of the XRD peak. The
crystallite size (D) of thin films grown on flexible substrates was calculated by

Scherrer’s formula as shown in equation,

- [ cos 8 220
_B 025 4 (2.36)
p= é (2.37)

where k is the constant usually taken as 0,94, 1is the X-ray radiation wavelength
(0.154056 nm), p-is thefull width at half maximum (FWHM), and. 8 is the diffraction
angle.

Microstrain developed in the film, which is determined from disarrangement of
lattice during their -depcsition and ' depends on 'the deposition parameters. The
dislocation density is the density of imperfections.in the crystal during the growth of
film. The microstrain (¢) and the distocation density () were evaluated using the
equations 2,36 and 2.37, respectively, The crystallite size of the Bi-Te thin film
decreased, while the microstrain and dislocation density increased.

2.8.3 Mobility and Carrier concentration measurement

The Hall effect is commonly-used techniques to investigate the electrical
transport properties of materials, such as carrier concentration (n), conductivity type
(n-type or p-type) and carrier mobility () [32,33,34]. When an electric current flow
through a sample placed-in a-magnetic field, a voltage difference (the Hall voltage)
will be generated perpendicular to both the current and the magnetic field as result
of the Lorentz force. This effect is known as the Hall effect [33,34].

The carrier mobility () can be conveniently determined by use of
electrical resistivity measurement technique of film. The electrical resistivity can be
measured using either a four-point probe or van der Pauw measurement technique
[22]. The van der Pauw method is a commonly used technique in the Hall
measurement systems for measuring electrical resistivity [33-36].

The van der Pauw method is a commonly used technique in the Hall

measurement systems for measuring electrical resistivity. The main purpose of the
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resistivity measurement is to measure the sheet resistance (Rs). To make a
measurement, a voltage is applied between the contacts placed and the current
flowing across the opposite place is measured as shown in Figure 2. 19 (a).
Subsequently, a magnetic field is applied in the direction perpendicular to the sample

and the Hall voltage (Vy) is measured as shown in Figure 2.19 (b).

Substrate

Figure 2.19 Schematic diagram showing for the van der Pauw

and Hall measurement [24]

The resistance for each measurement can be found using Ohm'’s law (V=IR)
such as Ryz34=Vaq / 112[32,35]. The van der Pauw method consists of two measurements
of resistivity such as‘one measured along a vertical place (R,aic.) and one measured

along a horizontal place (Rigrizsntal-
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%004 T 489 iomg)

The sheet resistance (Rs) can be calculated using the van der Pauw equation

[32,33,35]:

exp (—WRA/RS) + eXp (—ERB/RS) =1 (2.40)
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From the van der Pauw technique can be defined the sheet carrier

concentration (ﬂs) by measuring the Hall voltage (v,). The Hall voltage can be

calculated in terms of the sheet concentration [32,33,35]:

Hg =— (2.41)

A formula for the majority carrier mobility (/JS) can be defined in terms of

sheet resistance and sheet concentration [32,33,35]:
]

Hg = (2.42)

gny R

In this thesis, Hall voltage was investigated by a Hall Effect measurement
System, Ecopia - model HMS-3000. The measurements require four ohmic contacts to
be placed onthe sample, the ‘sample should be uniform and'its thickness should be
accurate [35];

2.8.4 Electrical resistivity and Seebeck coefficient measurement

Ulvac ZEM (- 3 is a. commercially usable instrument for simultaneous
measurement of both Seebeck coefficient and electrical resistivity of Bi- Te films.
Seebeck coefficient measurement is to measure the voltage difference (AV)across a
sample under a fixed temperature gradient (AT) at some fixed temperature (T) based
on a static DC method.» The Seebeck coefficient is the slope of a voltage versus
temperature- difference curve, as defined.in.Equation 2. 27 is‘actually the ratio of the

gradients of V and T. The diagram is shown- in Fig. 2.20.

g=_AV (2.43)
AT

The temperature difference (AT) between two ends of the film was varied

as 107C, 20 "C and 30°C.



az

Low Temp. Black

Measurement of voltage
between A and B

Sample
Thermocouple Temperature T4

OV?

1|

Sample
Temperature Tg

High Temp. Black

Figure 2.20 Diagram of high temperature Seebeck coefficient measurement.

The electrical resistivity of Bi- Te films is'measured via the DC four-terminal
method by applying a constant current (1) through the sample and measuring the

voltage difference (AV) between thermocouples A and B as shown in Figure 2.21.
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Figure 2.21 Diagram of high temperature electrical resistivity measurement.

Ohm’s law is used to calculate the resistance (R) and the resistivity () of
Bi-Te films is calculated by considering the length (L} between the probes and the
cross-section area (A) of the specimen, can be defined as

V=R Iy=I (2.49)

sample
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I/sampt'e
R:ampt'e = V_ X Rref (245)
ref
Rsam e X Lsam e
pmmpn’:’ = - 2 (246)
Asamp!e

2.9 Literature Reviews

Previously, many researchers have reported the preparation of Bi,Tes films by
sputtering with deposition conditions controlled to achieve the stoichiometry of Bi;Tes
thin films. Most of research has used co-sputtering and adjusted sputtering powers of
Bi and Te targets to control the compositions:However, a control of sputtering
parameters using a BiyTes target has not been studied yet. It has been reported that
there has been a study of the.compound targets case.Sun et al. [9] studied the effects
of adjusting the Ar working gas pressure and the substrate temperature on the growth
and compositions of FeSb, films by magnetron sputtering. XRD images showed the
structures and orientations of thin fitms.as illustrated in Figure 2.22. From EDX results
reveal that the Fe:Sb ratios of the three FeSbh, films are about 33:67, 38:62 and 39:61,
respectively. They found that the deposition sputtered working pressure and substrate

temperature affected the structures, compositions and erientations of thin films.
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Figure 2.22 Normalized XRD patterns of three FeSb, films grown at 350 °C with
different Ar pressures of (a) 0.6 Pa, (b) 1.6 Pa and (c) 1.8 Pa, respectively.
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H. J. Lee et al. [1] studied the electrical resistivity of Bi-Te thin films fabricated by

RF magnetron co-sputtering. The electrical resistivity was very dependent on the Te

content.
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Figure 2.23 Influence of annealing temperature on power factor of films

The films exhibits positive Seebeck coefficients when the Te content was more
than 80%. -The films with 65% Te content obtained the maximum power factor of
3.7x10% W/K?’m. Zi=k. Cai et al. [5] proposed that the BisTe, films were fabricated by
co-sputtering-method, followed by annealing method between 250°C to 450°C. They
reported that at the annealing temperature of 275°C, the maximum power factor of
3.288x10"" W/ K’m was obtained. These results' demonstrate that high- performance
Bi;Tes thin films can be prepared by. DC-and RF magnetron co- sputtering with post-
annealing. H. Huang et al. [3] proposed the influence of the target composition and
annealing temperature (100 — 300°C) - on “thermoelectric properties of bismuth
telluride films grown via radio frequency magnetron sputtering. Stoichiometric Bi,Te,
thin films were deposited using sputtering target with a Te-content of 45 at.%. The
power factor of the films measured at room temperature reached the highest value
as 4x10™* W/K?m, which was annealed at 300°C as shown in Figure 2.15.

T. Khumtong et al. [18] studied the influence of the Ar flow rate (50 - 120 sccm)
and the pre-heat temperature of the substrate (150 - 450°C) on the Te content (%Te)
of flexible Sb,Te; thin film. They reported that the pre-heat temperature of the
substrate affected the structures and compositions of thin films as shown in Figure

2.24.
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Figure 2.24 The influence of the pre-heat temperature

Mast researchers have studied bismuth telluride fitms that were prepared by DC
or RF magnetron co- sputtering and they would study only one deposition parameter
while keeping the other deposition parameters constant because increases in the
deposition parameters have an effect on the number and the cost of experiments
needed to conduct'more research [26] .In this thesis, Bi- Te.thin films were deposited
using a Bi,Tes target by RF magnetron sputtering but-this method is different from a
co-sputtering technique. It was difficult to control the stoichiometry of Bi-Te films due
to the difference in [Bi] and [Te] sputtering yields [8]. Study of the effects of sputtering
parameters, including the Ar gas flow rate (sputtering pressures) and pre-heating
temperature and the annealing temperature on chemical composition of [Bi]:[Te].
However, we used a statistical technique to optimize the deposition parameters to
achieve the stoichiometric Bi;Tes thin films. An alternative for a study of the effects of
deposition parameters, including the Ar gas flow rate and the annealing temperature

on the response (Te content) of thin films is response surface methodology (RSM).
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Finally, the purpose of this thesis is to understand the key parameters of
maximizing thermoelectric power factor in Bi-Te thin films by an in-depth investigating

on the chemical composition, structural and thermoelectric properties of thin films.
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Chapter 3

Research methodology

This chapter explains the deposition of bismuth-telluride (Bi-Te) films on a

polyimide (Kapton®) flexible substrate using magnetron sputtering technique.

3.1 Deposition of Bi-Te thin films
3.1.1 Substrate Preparation

Thin film thermoelectric devices-provide the possibility of using flexible
substrates and can be applied to diverse fields. Polyimide (Kapton®) has been widely
reported with high =performance flexible substrates due to low thermal conductivity
(0.12 W 'K 1), /@ wide range of temperatures, thermal stability and low coefficient of
thermal expansion (12x10°*K ™). The procedure in preparation of substrate is shown in
Figure 3.1. The flexible substrates were attached to a glass slide with a size of 2.5 cm
x 7.5 cm as exhibited in Figure 3.1(a). The flexible substrates were cleaned with
methanol in.an ultrasenic bath for 15 min in order to remave the residual paste from
the substrate cases and then the substrates were cleaned with deionized water for 5
min as exhibited in Figure 3. 1(b). The flexible substrate was blown and dried with N,

gas after a final ultrasonic bath as-exhibited in Figure 3.1(c).

Figure 3.1 Preparation of polyimide flexible substrate.
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3.1.2 Thin Film Preparation

Magnetron sputtering system with RF and DC deposition capabilities was
used to fabricate the Bi-Te films. The schematic diagram of sputtering system together
with its all main components is shown in Figure 3.2. An alloy bismuth telluride target
(Bi,Tes purity of 99.9%, Stanford Advanced Materials) with a diameter of 3 inches was
used in the sputtering system and the target-substrate distance was maintained at 50
mm.

The base pressure of the vacuum chamber was below 2.7 x 10 Pa using
the vacuum pump system. The vacuum pump system has the ability to exhaust a
vacuum chamber from atmosphere down to the. high. vacuum, consists of a rotary
pump and diffusion pump as shown in Figure 3.3. The rotary pump was used to achieve
a rough processing chamber from-atmosphere to-a medium vacuum, down to about

10" mbar. Thediffusion pump was used to achieve a-higher vacuurn in 10°-10° mbar.
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Figure 3.2 Schematic diagram of vacuum system in the sputtering system.
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3.1.2.1 Starting the vacuum system

The substrate was put into the sample holder and the magnetron sputtering

process sequence is as follows:

1)
2)
3)

4)

6)

Switch on the main power (No. 1).

Switch on the rotary pump (No. 2).

Open the chamber-roughing valve (No. 3) and observe the pressure. When
the gauge shows a pressure of 6x10™ mbar or less, close the roughing valve.
Open the backing valve (No. 4), returning the vacuum system to stand- by.
When the pressure in the chamber drops to below 2x107* mbar, open the
diffusion pump (No«5).

Switch on the water cooling system/(No. 6). The water provides cooling for
the diffusion pump.

After 45 min, the diffusion pump should be warmed up. The vacuum system
will then be on stand-by for pumpine the chamber.

Open thehigh vacaum (No. 7). When the pressurein.the chamber drops to
below 2.7x107> mbar the system is ready. to begin the magnetron sputtering
process (base pressure).

For.Bi-Te thin films were prepared using RF sputtering. Set the RF power at 45
W (No. 8).

Set the sputtering pressure (Ar gas flow rate) in the chamber to that desired.

10) Pre-sputtered for 10- minutes-hefore deposition with the shutter for the

11)
12)
13)
14)

15)
16)

17)

sputter gun closed.

Open the shutter and start the depaesition process.on.the specified time.
Close the shutterto stop the deposition process.

Turn off the power supply, shut off the Ar gas flow.

Switch off the diffusion pump (No. 9) leave the diffusion pump cocls down
about 10 minutes, then switch off the high vacuum (No. 10) leave about 30
minutes.

Turn off the water cooling system.

Open air in the chamber (No. 11) and remove the sample from the sample
holder.

Bi-Te thin films were prepared using DC sputtering. Set the DC power at 45
W (No.12) and then follow steps 9 to 16, respectively.
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Figure 3.3 (a) schematic diagram of sputtering system (b) monitor of operating

system

3.1.2.2 Pre-heating substrate process
In the experiment, for studying the influence of pre- heating substrate on the
chemical composition; the structural and the thermoelectric properties of Bi-Te thin
films on ' flexible substrates prepared by RF and DC- magnetron sputtering.
Temperatures were in the range of 150°C to 400°C.and a common heating time of 1 h
was used, a sequence is as follows:
1) Substrates were prepared and loaded into the sample holder.
2) Set the base pressure in the chamber to that obtained to below 2. 7x107°
mbarin step 1to 7.

3) The substrate was heated by a halogen lamp (No. 13) and then beginning

deposition process.

3.1.2.3 Annealing temperature process
In the experiment, for studying the effect-of annealing temperature on the
chemical composition, the structural and the thermoelectric properties of Bi-Te thin
films on flexible substrates. Temperatures in the range of 250°C to 320°C were
investigated and a common annealing time of 1 h was used, a sequence is as follows:
1) After the deposition process, the samples were annealed in a N, atmosphere.
2) Set the base pressure in the chamber to follow step 1 to 7.
3) And then, set the N, atmosphere in the chamber to about 6x10~> mbar.

4) Set the annealing temperatures by a halogen lamp.
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3.2 Effect of sputtering parameters on Bi-Te thin films
In this work, the Bi-Te thin films were deposited on flexible substrates using a Bi,Tes
target. RF and DC magnetron sputtering techniques were used. This thesis focuses on
the study of the effects of sputtering parameters, including the Ar gas flow rate
( sputtering pressure), the annealing temperature and pre- heating substrate on
chemical composition of [Bil:[Te], following objectives:
1) To study the synthesis of Bi-Te thin films deposited by RF magnetron sputtering
process and the investigation of the effect of sputtering pressures on chemical
composition, structural and thermcelectric properties of Bi-Te thin films on

flexible substrates.

Table 3.1 Conditions used for the deposition of Bi-Te films by RF magnetron

sputtering with different sputtering pressures.

Object Specification
Target Bi,;Tes purity (99.9%)
Substrate Polyimide

Base pressure 2.7x10° mbar
Sputtering pressure 0.6 - 1.6 Pa

RF Power a5 W

Deposition time 30 min.

2) To study thessynthesis of Bi-Te thin films deposited by RF magnetron sputtering
process and RSM was used for a statistical study of the effects of Ar gas flow rate
(sputtering pressure) and annealing temperature -on' chemical composition,

structural and thermoelectric properties of Bi-Tethin films on flexible substrates.

Table 3.2 Conditions used for the deposition of Bi-Te films by RF magnetron

sputtering with different Ar gas flow rates and annealing temperature.

Object Specification
Target Bi,Te; purity (99.9%)
Substrate Polyimide

Base pressure 2.7x10° mbar

Ar gas flow rate 100.5-106.5 sccm

Annealing temperature 250-320 °C
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Object Specification
RF Power 45w
Deposition time 30 min.

3) To study the influences of pre-heating substrate on chemical composition,
structural and thermoelectric properties of Bi-Te thin films on flexible substrates
prepared by RF and DC magnetron sputtering. Comparison of the thermoelectric
properties of flexible Bi-Te deposited by RF and DC magnetron sputtering have

been studied.

Table 3.3 Conditions used for the deposition of Bi- Te films by RF and DC

magnetron sputtering with different pre-heating temperature.

Object Specification

Target Bi,Te; purity (99.9%)

Substrate Polyimide

Base pressure 2/7x107 mbar

Sputtering pressure 1.4x107 mbar (1.4 Pa)
Pre-heating substrate 150-350 °C

Supply RF ), § DC
Power 45 W a5'W
Deposition time 30 min 5 min
Thickness 1.3 pm 1.3'um

3.3 Characterization of Bi-Te thin films

The surface microstructure morphology and-composition of the Bi- Te films were
investigated by field emission scanning electron microscopy (FE-SEM, JSM-7001F) and
energy dispersive spectroscopy (EDS), respectively. The crystalline structure was
measured by grazing incidence X-rays diffraction (Bruker AXS D8 Discover), Mobility
and carrier concentration were obtained by the Van der Pauw method with a Hall
effects measurement system (Ecopia, HMS3000). Finally, the Seebeck coefficient and
electrical conductivity were concurrently measured at room temperature and up to

300 °C by ZEM-3 (ULVAC-RIKO).
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3.3.1 Field emission scanning electron microscopy (FE-SEM) and Energy
Dispersive X-rays Spectrometer (EDS)

Electrons are emitted from a field emission source and accelerated in a high
electrical field gradient. The electron beam is focused and deflected to a narrow scan
beam that bombards the sample, resulting in both improved spatial resolution and
minimized sample charging and damage. The resolution of a scanning electron
microscope is about 1.2 nm at 30 kV. The accelerating voltage is changeable in a range
from 0.5 to 30 kV.

The sample is scanned by an electron beam. The electrons interact with
atoms in the sample, resulting to secondary electrons, X-rays and backscattered
electrons are ejected from the sample.  Afterthat, the detector catch the secondary
electrons produces an electronic signal and transform to the image, as shown in Figure
3.4.

The X-rays detector is attached to the FE-SEM equipment, which the sample
is bombarded with a 100- 200 keV' electron beam. In this works, the surface
morphology-of the Bi-Te films was investigated by a scanning electron microscope (FE-
SEM) model JSM-7001F cperating at 15 kV. The element compaositions of all thin film
samples were investigated by a JOEL electron probe microanalyzer (EPMA) model INCA
PentaFETx3 equipped with a field emission scanning electron microscope as shown in
Figure 3.4 (b). The sample was cleaved with a size of 8 mm x 8 mm and attached to
the sample holder. The average element compositions were measured with an

accuracy of £2%.in.3 different locations on-each sample using EDX analysis.
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Figure 3.4 (a) FE-SEM model JSM-T001F (b) EDS model INCA PentaFETx3 (c) FE-
SEM surface images of Bi-Te thin film

3.3.2 X-rays Diffraction (XRD)

X-rays interact, with the atoms in'@ crystal of film, which produces a
diffraction pattern of X-rays at specific angles from each set of lattice planes in a film
as shown in Figure 3.5. The unit cell structure of film.can be determined by analyzing
the diffracted X-rays beams in correspondence with the Bragg's law.

In this works, the crystalline structure was measured by ¢razing incidence X-
rays diffraction technic (D8 DISCOVER-Bruker AXS). A power of 40 kV and 40 mA was
used for X-rays source, which produced K-alpha radiation from.copper (Cu — K,). The
data collection was performed in a“range’ of angle (28) from 20" to 70" with a step
width of 0.02/s. The sample was cleaved with a size of 1 cm x 1 cm and attached to
the sample holder. The XRD pattern was compared to Powder Diffraction File (PDF) by
the Joint Committee on Powder Diffraction Standard, (JCPDS). The JCPDS card used
are 44-0667, 72-2036 and 08-0027 for Bismuth Telluride.



Figure 3.5 A Bruker-AXS D8 Vario Advance-UNLV

55



56

3.3.3 Ecopia HMS-3000
The mobility and carrier concentration of the films were measured at room
temperature using Hall measurement system model Ecopia HMS-3000, operating in

the Van der Pauw sample geometry as shown in Figure 3.6 (a).

Figure 3.6 (a) Ecopia HMS-3000 (b) Sample mounting parts of HMS-3000

system.

In this works, the mobility and carrier concentration were measured using Hall
measurement system with a magnetic field of 0.55 Tesla.. The sample was cleaved
with a size of 8 mm x 8 mm and attached to the sample holder as shown in Figure 3.5
(b). The software of HMS-3000 was run-on the computer and automatically calculating
the carrier concentration, mobility, and resistivity of the sample.

3.3.4 Ulvac ZEM-3

The commercial equipment (ZEM-3, Ulvac, Inc.) was used to measure the electric
resistivity and Seebeck coefficient of the samples. All measurements were controlled
by a computer and automatic measurement at a specified temperature for different
temperatures. The estimated accuracy of the measured Seebeck coefficient and
electrical resistivity were +5%. The sample was attached to the sample holder with a

size of 3 mm x 12 mm as exhibited in Figure 3.7.
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Figure 3.7 Diagram of the thin film attachment

In this works, the electric resistivity and Seebeck coefficient of the Bi-Te films were

measured at room temperature (25°C) and applied termperature range of 50°C to 300°C.

Figure 3.8 Ulvac ZEM-3
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Chapter 4

Main Results and Discussion

This chapter explains the characterization of Bismuth-telluride (Bi-Te} films
deposited under the various conditions of sputtering parameters, including sputtering
pressures (0.6-1.6 Pa), annealing temperature (250-320°C) and pre- heating
temperature (150-400 °C).

4.1 The effect of sputtering pressures on Bi- Te thin films deposited by

RF magnetron sputtering process.
4.1.1 Compositional analysis
The effects of deposition pressure ‘on the Te content of thin films were
investigated. Fig. 4.1 shows the %Te content of thin films under the different sputtering
pressures of 0.6, 0.8,1.0, 1.2, 1.4-and 1.6 Pa. These average element compositions

were measured by EDS in three different areas.
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Figure 4.1 Te content (at.%) of the Bi-Te thin films,
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It was found that all the deposited thin films were deficient in their Te
element. This result indicated that sputtering pressure alone could not control the
stoichiometric composition of Bi, Te; thin films. In general, good thermoelectric
properties of Bi- Te thin films depend on stoichiometric Bi, Te; thin films ([Bi]l:[Te] =
40:60) [2,7]. It can be seen in Fig. 4.1 that the deposited thin films at 0.6 Pa were non-
stoichiometric Bi,Tes thin films, with the chemical composition of Te content lower
than 60 at.%. The Te content was poor due to the sputtering yields of Te being lower

than Bi [2,8], as shown in Fig. 4.2(A).

(A) the sputtering yields of Te being lower than. Bi
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Figure 4.2 Schematic representation of deposition effects on Te content: (A) the
sputtering yields of Te being lower than Bi, (B) Te content increases with

increasing the density of the sputter gas (Ar).
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When the sputtering pressures increased from 0.8 to 1.4 Pa, the Te content
of thin films increased from 49 to 57 at.%. The increase of Te content is due to the
density of the sputter- gas ( Ar) also increases the collision probability between
sputtered particles [10]. In this work, the sputtering target composition consisted of
bismuth (Bi) and tellurium (Te) elements as Bi; Tes. Typically, the atomic mass of the
Bi element is larger than Te. When the sputter-gas pressure increases, the sputter-gas
ions (Ar) are reflected as neutral atoms [10]. Thus, the Bi elements were obstructed
by the Ar gas increase, thereby affecting the composition and film structure as shown
in Fig. 4.2 (B). However, the Te content of the thin film decreased at 54 at.%Te as the
sputtering pressure increased from.1.6-Pa. The-decrease of Te content may be both Bi

and Te elements were obstructed when Ar gas pressure is.relatively high.

4.1.2 Surface morphology and crystallinity

Three selected samples with various Te contents and Ar gas pressures: (A)
49 at.%Te (P=0:8"Pa),{B) 54 at-%Te (P=1.6-Pa) and (C) 57 at.%Te (P=1.4 Pa) were
measured for surface morphology, crystal and chemical structures using FE- SEM and
XRD. Fig. 4.3 shows the surface morphology of Bi-Te thin fitms from various sputtering
pressures and:Te contents. As.shown in Fig. 4.3 (A), the Bi-Te thin film with the
sputtering pressure of 0.8 Pa hasa smooth surface. As the sputtering pressure increases,
it was found that erain boundary clearly affects the surface diffusion of the adatoms,
as shown in Fig:'4.3(B) and (C). Normally, the collision probability-between sputtered
particles and gas particles is intensified while the increase of sputtering pressure causes
the mean free path of sputtered particle to'be reduced. Particles with lower kinetic

energy have insufficient surface mobility to agsregate and grow [10,11].



61

(A) 49 at.%Te (P=0.8 Pa)

(B} 54 at.%Te (P=1.6 Pa)

(C). 57 at.%Te (P=1.4 Pa)

Figure 4.3 Top view FE-SEM images of the Bi-Te thin films at various Te contents
and Ar gas pressures: (A) 49 at.%Te (P=0.8 Pa), (B) 54 at.%Te (P=1.6 Pa)
and (C) 57 at.%Te (P=1.4 Pa)
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Figure 4.4 shows the XRD patterns of the Bi-Te films with various sputtering
pressures and Te contents. As seen from Fig. 4.4(A}, the thin film has a peak
corresponding to the (014), (108) and (0012) planes in the BiTe phase (JCPDS card 44-
0667), located at 27.568°, 38.040° and 45.285°.
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Figure 4.4 XRD patterns of the Bi-Te thin films according at various Te contents
and Ar gas pressures: (A) 49 at.%Te (P=0.8 Pa), (B) 54 at.%Te (P=1.6 Pa)
and (C) 57 at.%Te (P=1.4 Pa)
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The peak positions clearly change from the BiTe phase to the peak of (015),
(1010) and (110) planes in Bi;Te, phase (JCPDS card 72-2036), located at 27.663°,37.822°
and 40.827°, as shown in Fig. 4.4(C), when the Te content of the film increases from
49 to 57 at.%. It was found that the intensities of other small peaks improve, such as
(0015) and (205), located at 45.563° and 50.039°, when the Te content of the film
increased to a nearly stoichiometric ratio.

The crystallite size (D) of thin films grown on flexible substrates was

calculated by the Scherrer’s formula as shown in equation (4.1),

where k is the constant usually taken as 0.94, 2is the X-ray radiation wavelength
{(0.154056 nm), f.isthe full width at half maximum (FWHM),-and @ is the diffraction
angle.

For real polycrystalline materials, the intensity profile tends to be broader
because of two main imperfections: Scattering from small coherent domains (Scherrer,
1918), and internal micro-strain associated with variations in the d-spacing of the
scattering crystals (Stokes and Wilson, 1944} [36]. Micrestrain developed in the film,
which is determined from the disarrangement of lattice during their deposition causes
variation in shapes and positions for the diffracted lines [12,36]. The dislocation density
is the density of imperfections.in‘the crystal during the growth of film. The formation
of nano-crystallites. is caused by annihilation and recombination” of the dislocation
[12,13,37]. The microstrain () and. the dislocation density (p)were evaluated using

the equations (4.2) and (4.3), respectively.

sl C;’S i (4.2)
|

The crystallite size (D), microstrain (¢), and dislocation density (p) of the Bi-
Te films have been calculated using the preferred orientation of the XRD peak, and

the values are given in Table 4.1. The crystallite size increased from 16.13 nm to
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20.08 nm as the sputtering pressure was increased from 0.8 to 1.4 Pa. The width of
the diffraction peak decreases as a result of the decrease in lattice micro-strain and
the increase in crystallite size according to the results of the film (A} and (D). The strain
of the Bi-Te films decreases from 2.24x107 to 1.80x107 lines?m™, and the dislocation

density decreases from 3.84x10% to 2.47x10" lines/m?. The microstrain increases to

4.11X107 lines?m™ at the film (B), is caused by the non-uniform displacements of the
atoms with respect to their reference-positions in the lattice, according to the FESEM

[36].

Table 4.1 Analysis of the Bi-Te thin films from XRD patterns.

Film | Te content 20 Crystallite size, | Micro-strain,. | Dislocation density,
(at.%) O D (hm) & (lines?m™) p (lines/m?)

(A) 49 21.57 1613 2.24x10° 3.84X10%

(B) 54 27.66 8.81 4.11%10° 12.87X10%

© 57 27.66 20.08 1,.80X 102 2.47X10"

The result shows clearly that microstrain and dislocation density is inversely
proportional to crystallite size. The decrease of microstrain.and dislocation density
with increasing the sputtering pressure led to a decrease in the concentration of lattice
imperfections. As sputtering pressure was increased from 1.4 to 1.6 Pa, the crystallite
size of the Bi-Te thin film decreased, while the microstrain and dislocation density
increased. The result of small crystallite size in the growth direction of the microstrains,
stacking faults, dislocations and point defects is caused by the peak broadening. We
suggest that sputtering pressure-was increased excessively; it affected the formation of
the crystal structure of the Bi-Te thin film. With a relatively high sputtering pressure, a
higher flux of reflected neutrals will obstruct the growing film. From the XRD, EDS and
the FE-SEM results, appropriate sputtering pressure influences the Te content and

crystal quality of the Bi-Te thin films.

4.1.3 Electrical and thermoelectric properties
The carrier concentration and mobility, electrical resistivity, Seebeck

coefficient, and power factor (PF) of different Te contents thin films with were
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measured at room temperature and are summarized in Table 4.2. PF is a property of
material that describes its ability to generate more energy from a given temperature
difference. It can be calculated by using the Seebeck coefficient and electrical
conductivity (S*c)at a given temperature.

All of the Bi-Te thin films have a negative Seebeck coefficient, indicating that
the thin films were affirmed to be n-type semiconductors. The carrier concentration
decreases from 10.40x10%° to 6.26x10%° cm™ with increasing Te content. Therefore,
stoichiometry Bi;Te; plays a vital role in reducing the carrier concentration of the films.
The absolute value of the Seebeck coefficient increases from 35 to 119 pV/K and,
according to theory, the Seebeck-coefficient is-inversely related to the carrier

concentration, given by equation (2.30)

72
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Table 4.2 Summary of the electrical and thermoelectric properties of the Bi-Te

thin films at room temperature.

Film Te Carrier Carrier Electrical Seebeck Power
content [concentration | - mobility | conductivity | coefficient factor
(at. 9%) (cm™®) (cm?/\s) (S/m) (LVAK) (W/K?m)
(A) 49 10.4X10% 9.50 15.8%X10° -34.6 1.89X10*
(B) 54 8.93X10% 3937 s61x10° o2 1.90X10*
© 57 -6.26%10% 6.73 6.78%10° -1186 | 9.49x10°

In this work, the carrier concentration of the BiTe structure (49 at.%Te) was
greater than in the Bi;Tes structure (57 %at.Te), and this result corresponds to research
of Caha et.al [17] revealed that the free carrier concentration in BiTe is about one
order of magnitude larger than Bi;Tes;. The carrier mobility of 9.50 cm?/Vs occurs at
film (A), decreases to 3.93 cm?/Vs at film (B) and changes to 6.73 cm?/Vs at film ().
According to the XRD analyses, we observed a decrease of the carrier mobility of the
Bi-Te thin films at 54 at.%Te as result of poor crystalline quality of the Bi-Te films, as

shown in the XRD results.
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Generally, carrier mobility in the thin film is limited, owing to the scattering
mechanisms at the grain boundaries and in-grain scattering processes [11,18,19]. The
FE- SEM results showed that the large grain boundaries of the Bi-Te thin films at 54
at. % Te affected the motion of charge carriers due to grain boundary behavior being
similar to barriers to charge carrier [1]. It can be induced that the reduced carrier
mobility of Bi-Te thin films depends on grain size and grain boundary. In general,
electrical conductivity (o) depends on both carrier concentration (#) and mobility

(1), as shown in equation (2.7)

o= ney, 2.7)

The highest electrical conductivity of film(A) 49 at.%Te (P=0.8 Pa) was
obtained because the film has both the highest carrier concentration and the highest
mobility. In addition, the electrical conductivity decreases when the Te content of the
thin films increases, corresponding to Lee et al. work [6]. Compared to other previous
works, the carrier concentration was the same order of magnitude as found in the
works of Yuan et al. (-9:5x10%° cm?) [1].and Lee et al. (-3:91x102° cm>) [6]. However,
the mobility was tower than Yuan et al. (12.1 cm?/Vs) {1], who prepared the bismuth
telluride thinfilms with substrate heating at 350°C .. |t may indicate improvement of
crystallization of the films.

In. “this_~work, the “highest power factor at room temperature was
approximately 9.4 9x10°* W/K*m for the Bi-Te thin film at 57 at.% Te without the
annealing process. Yuan et al. [1] reported that the bismuth telluride thin films were
fabricated by RF magnetron. sputtering with  oriented layered structure. The power
factor at room temperature was obtained-at-8:8x10* W/K*m. Caiet al. [2] reported
that the best Bi,;Te; thin film was prepared by a co- sputtering technique with post-
annealing. The n-type Bi,Te; thin film had a high power factor of 8.21x10~* W/K?m
with the annealing temperature of 450°C. These results indicated that the value of

power factor was close to previous reports.
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Figure 4.5 Effect of applied temperature on (A) Seebeck coefficient, (B)
electrical conductivity of Bi-Te thin film according to different Te contents and

Ar gas pressures.
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Figure 4.5(A) shows the effect of applied temperature {ranging from 50 to
300 °C) on the Seebeck coefficient of different Te contents thin films. The maximum
Seebeck coefficient absolute value, 122 uV/K for the Bi-Te thin film at 57 at. % Te
(nearly stoichiometric Bi,Te;) is obtained with the applied temperature of 195°C.
According to equation (4), S directly depends on the measuring temperature (T) and
inversely depends on the carrier concentration (n). Nevertheless, the Seebeck
coefficient depends on film thickness [20] and dislocation density [21].

In this work, the thickness of films does not significantly affect the Seebeck
coefficient due to all of the Bi-Te thin films being approximately 1.2 m. Watling et al.
[21] investigated the effect of dislocation-density on.the Seebeck coefficient, and the
results indicated that S directly depends on dislocation density. Reconsidering Table
4.1, dislocation density values-of films (A) 49 at.%,(B) 54 at.% and (C) 57 at.% were
3.84x10"°, 12.80x10" and 2.47x10'> lines/m?, respectively. Although the dislocation
density value of film (A) 49 at % is close to that of film (C) 57 at.%, the carrier
concentration of film (A) 49-at.% is higher than that of film (C) 57 at.% by about two
times, resulting in Seebeck coefficients of film (A) 49 at.% being significantly different
from those of film (C) 57 at.%. Forfilm (B) 54 at.%, the dislocation density is the
highest, while its Seebeck ceefficient is lower than that of film (C) 57 at.%. This result
indicates that the carrier concentration affects the Seebeck coefficient more than the
dislocation density.

Figure 4.5 (B) shows the effect of the applied temperature on the electrical
conductivity of all samples. It 'was found that the electrical conductivity increases
when the applied temperature is below 195 °C, asa result of semiconductor behavior
increasing when temperature increases:[2]. The electrical conductivity of the film
decreases when the applied temperature-is-above 195 °C. We suggest that this is
probably due to the increase of carrier scattering with the carrier concentration

increase, corresponding to Cai et al. [2].
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Figure 4.6. Effect of applied temperature on power factor of Bi-Te thin films

deposited with different Te contents and Ar gas pressures.

Figure 4.6 shows the power factor (PF) of bismuth telluride films deposited
at various conditions. The terperature dependence of PF is strongly dominated by Te
content, leading to the thighest value of 12,0x10™* W/K?m at 195 °C for the Bi-Te thin

film at 57 at.%Te, nearly staichiometric Biyles.

4.2 T he effects of the Ar gas flow rate (sputtering pressures) and
annealing temperature of Bi-Te thin films were deposited by RF
magnetron sputtering process. RSM was used for a statistical study

of the effects of deposition parameters.
4.2.1 Model fitting and statistical analysis
Response surface methodology (RSM) based on a central composite design
(CCD) was used for model fitting and statistical analysis. The relationship between
factors for consideration (Ar flow rate and annealing temperature) and the responses
([Bil:[Te] content) was analyzed by Design-Expert® Software. Ar flow rates used are

99.3, 100.5, 103.5, 106.5 and 107.5 sccm which are comparable to sputtering pressure
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at 0.8, 1.0, 1.3, 1.6 and 1.7 Pa, respectively. The design experiment results of CCD and

the responses measurement are given in Table 4.3.

Table 4.3 The design point combinations and the corresponding experimental

responses.
Run numbers Factors Responses
Ar flow rate Annealing Te content
(sccm) Temperature (°C) (at.%)
1 103.5 235 57.49
2 103.5 285 59.12
3 103.5 i 334 N\ . 5&33 .
- _4 ' 1_065d N~ '320 _____ N 55,31
s /) | __Lsedg-Xoz, W~ D | \\5866 |
6 103.5 285 59.74
7 107.7 285 58.24
8 103.5 285 60.61
9 100.5 5se LI Bk shho
10 1353 epaetaaa 169 6011
11 106.5 250 7.2
12 100.5 320 ¥/ 38
13 99.3 285 49.10

Statistical analysis is performed by the analysis of variance (ANOVA) using
experimental data obtained in. Table 4.3.. The significance of the model fit of the
experimental data was determined by parameters F-test, p-value, R* and lack of fit
[15]. The F-value is the ratio of the Model Mean Square to the Residual Mean Square
and is used as the test statistic for comparing model variance with residual variance
[16]. The F-value must be used in combination with the p-value to test the significance
of the model.

Generally, the tested models showed the model and the coefficient terms
are statistically significant when the p-value is less than 0.05 [14, 16]. The results

showed that the quadratic model is suitable to describe the relationship between
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experimental factors (Ar flow rate and annealing temperature), Te content and the
model, and are significant according to a statistical parameter as shown in Table 4.4.
The F-value of the model is 4.12 and p-value is 0.0002, both implying that the

quadratic model is significant.

Table 4.4 Te content fit summary.

Source Sequential Lack of Fit F Value P-Value
p-value p-value Prab's F
Linear 0.0552 0.0024 32.21 0.0024
2FI 0.8944 0.0018 38.58 0.0018
Quadratic 0.0002 0:1024 4.12 0.1024 | Suggested
Cubic 0.9069 0.0266 1174 0.0266 | Aliased

An analysis-of variance (ANOVA) was done to verify the significance of the
model selected. The ANOVA results of the ‘quadratic model are presented in Table
4.5, The model eguation adequately identified the response with the F-value of 28.72
which implies thermaodel is significant. The p-value of 0.0002 indicates that there is
only a 0.02% chance that an F-value this large could occur, due to noise in the
experiments [ 14] In this case A, A* and T? are significant, whereA is the Ar flow rate
and T is the annealing temperature. The lack of fit (p-value=0:1024) value is not
significant relative to pure error., Non-significant lack of fit is good and shows that the

model was sufficient for predicting the response (Te content) of thin film.



Table 4.5 ANOVA results in Ar flow rate and annealing temperature.

72

Source Sum of DF Mean F value | p-value

squares square

Model 201.68 5 40.34 28.72 0.0002 | Significant

A 86.43 1 86.43 61.55 0.0001

T 6.59 i 6.59 4.69 0.0670

AT 0.25 1 0.25 0.1 0.6887

AZ 83.20 1 83.20 59.25 0.0001

_TZ ) 38.04 1 38.04 27.09 0.0012

_Résid_ﬁ_a_t_ 9.83 # 1.40

lackof | /7 N Not |
743 3 2.48 4.12 0.1024

Fit significant

Pure Error 2.40 o 0.60

R? = 0.9535, R? (Adjusted) = 0.9203.

The relationship between the response and the Ar-flow rate and the
annealing temperature is given by Eq. (4.1). The regression-analysis shows that the
determination coefficient (R*=0. 9535) indicates that the model does not predicts only
4.65% of the total variance, and the adjusted determination-coefficient (AdjR?=0. 9203)
is satisfactory to-confirm the significance of the fit model., A good fit to the model
should vyield an R* of at-least 0.80 [15]. The empirical relationship between the
response (Te content), and the Ar flow rate and the annealing temperature in coded

units can be expressed as:

Te content =-4387.27383+81.310074+ 1.30610T - 2.35714x 10" 3ar
-0.3842642 - 1.90888x 107317 (4.1)

where A is the Ar flow rate and T is the annealing temperature. The graphical

representation of the actual response data versus the predicted values is shown in Fig.

4.7 It can be seen that they are in agreement with the actual response data (R? =

0.9535) between experimental data and predicted results. The regression equation

and R? are confirmed to assess the fit of the model.
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Figure 4.7 The actual response data versus the predicted response data.

4.2.2 Compositional analysis

Response surface plots were formed based on the quadratic model and are
shown in Fig. 4.8 (A) and (B). It can be observed that the Te content of Bi-Te thin film
tended to decrease with an increase in the annealing temperature (>300 °C) and an Ar
flow rate lower than 103.5 sccm. The annealing temperature affects the Te content of
Bi-Te thin film because a vapor pressure of Te is lower than Bi'which causes the
evaporation of Te'in the films at high temperature [2]. In-addition, when the Ar flow
rate increases, it has an effect on the growth rate and the increase of Te content. By
increasing the sputter-gas pressure, a higher flux of reflected heavier element (Bi) will
eventually hit the growing film and thereby affect the composition and film structure
[20]. From Fig. 4.8 (B), the stoichiometric Bi;Testhin films can be prepared with the
terms appropriate for the Ar flow rate (103.5-106.5 sccm or 1.3-1.6 Pa) and the
annealing temperature (260-300 °C) under several conditions such as at the Ar flow

rates of 103.5 sccm (1.3 Pa) followed by an annealing temperature of 285 °C.
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Figure 4.8 (A) Response surface plots of Te content and (B) contour plots on Bi-

Te thin films predicted from the quadratic model.
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4.2.3 Surface morphology and crystallinity

From Table 4.3, the design point combinations and the corresponding
experimental responses can be seen. The selective Bi-Te thin films in Table 4.3 with
different Te contents were measured for crystal structure and composition using XRD
and EDS, respectively. The selected samples with various Te contents were (A) 49
at. %Te, (B) 54 at. %Te, (C) 57 at. %Te and (D) 60 at. %Te.

Figure 4.9 shows the surface microstructure morphology of the Bi-Te thin
films. The grain shape of thin films changes with the Ar flow rate and increasing
annealing temperature. The thin film was deposited with annealing temperature of
320 °C and 334 °C, indicated a smoother surface, as-shown in Fig. 4.9(A) and (B). It may
be the partial fusion of some Bi;Te; grains due to the excessive deposition with an
annealing temperature of 300-°C {4]. The thin fitlm was deposited at the Ar flow rate
of 103.5 sccm, it was found that the grain boundary is clearer as annealing temperature
below 300 °C, when comparing between Fig. 4.9(B) and (D). At high Ar gas flow rate, it
was found that the grain boundary is cleares with the arrangement of the non-uniform
of the surface, which may be due to the surface diffusion of the adatoms, as shown in

Fig. 4.9(B).
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[49 at. %Te; 1.0 Pa, 320 °C] (54 at. %Te; 1.3 Pa, 334 °C]

Figure 4.9 Top view of FE-SEM images of the Bi-Te thin films with different Te
contents: (A) 49 at. %Te, (B) 54 at. %Te, (C) 57 at. %Te and (D) 60 at. %Te.

Figure 4.10 shows the XRD-patterns of the Bi-Te thin films with various
contents of Te. Comparing the XRD pattern of the films in Fig. 3 (A} with the JCPDS
card no. 44-0667 suggests that the film has a structure corresponding to the (0 1 4),
and (1 0 8) planes of Bi-Te. The dominant phase change from Bi-Te to BiTe; was
observed when the Te-content of thin films increased from 49 at. %Te to 54 at. %Te.
When the Te content of the film increased, the peak positions and intensity were
clearly changed. Three major diffraction peaks of Bi,Te; (JCPDS card 08-0027) were
found to be, located at 17.738°, 27.616° and 38.131°, which are indexed as a reflection
from the (0 1 5) and (1 0 1 0) planes of Bi,Te; as shown in Fig. 3 (B)-(D). The intensity
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of other small peaks, such as (1 1 0), (0015) and (1 1 1 5), has been improved for
stoichiometric Bi;Tes in Fig. 3 (D), as the hexagonal crystal lattice structure belonging

to R-3m space group of Bi,Tes films is dominant [3, 51.
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Figure 4.10 XRD patterns of the Bi-Te thin films with different Te contents: (A)
49 at. %Te, (B) 54 at. %Te, (C) 57 at. %Te and (D) 60 at. %Te

The crystallite size (D) of the Bi-Te thin-films was calculated by the Scherrer
equation, using a diffraction peak with (0 1 5) plane, , where k is the constant usually
taken as 0.9, is the wavelength of X-ray radiation (0.154056 nm), is the full width at
half maximum (FWHM), and is the diffraction angle [17]. The crystallite size of the
films at 54 at. %Te, 57 at. % Te and 60 at. % Te were equal to 14, 10 and 16 nm,
respectively, and are shown in Fig. 3 (B)-(D). It was found that the crystallite size of the
thin film at 54 at. % Te was higher than the thin film at 57 at. %Te, due to the thin
films that were deposited at the Ar flow rates of 103.5 sccm and an annealing

temperature of 334 °C and deposited at the Ar flow rates of 106.5 sccm and annealing
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temperature of 250 °C. Generally, when the flow rate of the gas increases, the density
of the gas in the chamber also increases, which results in the mean free path of
sputtered particle reduction. The collision probability between sputtered particles and
gas molecules was increased, causing the energy of the particles and mobility for
surface diffusion to decrease, and this led to a small crystallite size [18-20]. It can be
observed that the crystallite size of the thin film at 54 at. %Te is smaller than the thin
film at 60 at. % Te the thin films, the thin films were deposited at the same Ar flow
rates of 103.5 sccm followed by different annealing temperatures. It was indicated that
the crystalline quality of the films was enhanced after annealing at a suitable
temperature and the defects reduced-after-annealing [5]. The parameters of the Ar
flow rates and the apnealing temperature affect the crystallite size of the thin film,

but the crystallite size of the-thin film is of little value compared to other research

(~100-200 nm) [4-5].

4.2.4 Electrical and thermoelectric properties

The Seebeck coefficient (5)and electrical conductivity (o) of different Te
contents thin films were measured at room temperature, as shown in.Fig. 4.11 (A). All
the samples have negative values of Seebeck coefficient, indicating that the films were
on an n-type semiconductor [1]. The absolute value of the Seebeck coefficient of thin
film at 49 at. %Te is higher than 54 at. %Te. This may be due to the partial fusion of
grain size at a high annealing temperature, which agrees with FE-SEM results. After that,
the absolute value of the Seebeck coefficient increases from 53 to 95 uV/ K, whereas
electrical conductivity. decreases from 4.5x10* to' 2:1x10* S/m, along with the Te
content increasing to 3.1x10%S/m for the stoichiometric film.

The electrical conductivity of thin films increases due to the crystallite size
of the thin film at 60 at. %Te, higher than the thin film at 57 at. %Te, the density of
defects in polycrystalline films reduced affect to the decrease scattering in the films.
However, it is well known that the stoichiometric Bi;Tes thin films have high electron
mobility and a high Seebeck coefficient (as noted in previous section). In this work,
stoichiometric thin films can be obtained, but their thermoelectric properties are
restricted, which might be due to the fact that the polycrystallite size of thin films is
quite small. Fig. 4.11 (B) shows the effect of Te content on power factors (S%c) of Bi-
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Te thin films. The maximum power factor was obtained at 28x10°° W/ K?m for

stoichiometric film.
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Figure 4.12 shows the effect of the annealing temperature on the Seebeck
coefficient, electrical conductivity and power factor of stoichiometric Bi;Te; thin films

in the range from 50 to 300 °C.
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Figure 4.12 The effect of applied temperature on (A) Seebeck coefficient and

electrical conductivity (B) power factor of the stoichiometric Bi,Te; thin film
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As shown in Fig. 4.12 (A), the absolute value of the Seebeck coefficient
increases as the applied temperature increases. The maximum absolute value of the
Seebeck coefficient, 121 uV/K, is achieved with the applied temperature of 243 °C.
When the applied temperature is above 150 °C, the electrical conductivity of the film
decreases with the increase in temperature, because it is probably due to the increase
of carrier scattering with the carrier density increase.

The maximum power factor of 61x10 W/K*m is obtained at the temperature

of 243 °C, as shown in Fig. 4.12 (B).

4.3 The influence of pre-heating temperature of Bi-Te thin films were
prepared by RF and DC magnetron sputtering.
4.3.1 Compositional analysis
Energy-dispersive X-ray spectroscopy (EDS) provides chemical composition

of the deposited Bi-Te-films, as shown in Fig./4.13
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Figure 4.13 Te content in the Bi-Te thin film deposited using DC and RF

magnetron sputtering at different preheating temperatures.
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It can be seen that both DC and RF magnetron sputtering exhibit a similar
behavior of decreasing % Te with increasing pre-heating temperature. The Te content
decreased with increasing pre-heating temperature up to 300 °C and increased with
increasing pre-heating temperature at 350 °C. This is considered to result from the Te
atom evaporation, which caused the concentration of % Te to decrease in the
temperature range up to 300 °C.

However, at the higher temperature range, the % Te values clearly increase
when the pre-heating temperature increases from 300 to 350 °C. This can be explained
by the re- deposition of Te accumulated in the plasma during high substrate
temperature, as explained in.our previous-work [1].-While the substrate temperature

gradually decreases, the Te-enriched plasma re-deposits enthe substrate.

4.3.2 Surface morphology and crystallinity
Figure 4.14 shows the XRD patterns of the selected samples with pre-heating
temperatures of 150 and 350 °C deposited using DC and RF magnetron sputtering. The
films have a peak corresponding to the (015) and (0015) planes of the Bi;Te; phase
(JCPDS card 72-2036).

Bi,Te, 15-0863 |
001
(015) e
’\ (1010) (0018)
ol 205
% (110) (A)
E DC150
RF350
RF150
20 25 30 33 40 45 0 55 60

20

Figure 4.14 XRD patterns of the Bi-Te thin film with a different type of plasma

excitation and pre-heating temperature.
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In addition, the intensity of diffraction peaks is stronger at the elevated pre-
heating temperature, and the crystallinity of Bi-Te films is improved. The thermal can
help the diffusion of atoms increases and the dislocated atomic occupancies and
enhances the coalescence of adjacent grains, which leads to the improved crystallinity
of the film:s.

It is interesting to note that the samples with a pre- heating temperature at
350 °C (DC350 and RF350) show an increase in preferred orientation of (006) and (0015)
planes, as seen in Fig. 4.14 This result is consistent with the works of Shang et al. [10]
and Zhang et al. [11] who indicated the requirement of increased substrate
temperature to enhance the orientation-of the (000) planes.

In this work, the different orientations of Bi-Te thin films can be contributed
using DC and. RF magnetron - sputtering~ techniques with. the pre- heating
temperature. The difference between DC and RF magnetron sputtering affects ion
bombardment on the sputtering target and electron accumulation on its substrate and
target. DC sputtering-directly transfers: kinetic energy. to sputtered atoms, and the
mobility of adatoms is higher than that during the RF sputtering at the same sputtering
power [14]..The increase of sputtered atom energy is a factor that enhances (001).
Another factor is that adatoms obtain enough energy to overcome the diffusion barrier

to from (00U) textures at high pre-heating temperature,

Table 4.6 XRD analysis of the Bi-Te thin films.

Sample Grain size {nm)

(015) (0015)
RF150 1105 N/A
RF350 197 121
DC150 24.9 N/A
DC350 27.6 24.5

Table 4.6 shows the XRD analysis of the Bi-Te thin films. The grain size (D)
of thin films grown on flexible substrates was calculated using Scherrer’s formula. The
intensity ratio of the sum of all of the c-axis oriented peaks, > {00}, to the sum of all

the peaks, > {hkl}, were estimated from 0.38 to 0.60. The highly (000) oriented Bi,Tes
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thin films have been successfully deposited using the DC magnetron co-sputtering

method with post annealing at 350 °C [11].

4.3.3 Electrical and thermoelectric properties
Table 4.7 shows the electrical properties of the Bi-Te thin films, such as
carrier density, carrier mobility and electrical conductivity at room temperature. The
carrier density was determined at the Te content (% Te) that leads to the defects in
the films. The carrier density decreases from 5.70x10%° to 4.16x10% cm™ with the Te
content increase from 56.3 to 60.5. Thus, the increase of carrier density may be
ascribed to the deviations from the stoichiometric composition. The non-stoichiometric

films enhance the carrier-density of the Bi-Te films [1].

Table 4.7 Summary of the electrical properties of the Bi-Te thin films at room

temperature.
Sample %Te Carrier density | Carrier mobility Electrical
fem™) | (cm?/AVs) conductivity
(S/cm)
RF150 60.5 4.16x10%° 74 24 §x10?
RF350 56.3 5.70x10% 5.06 4.61x107
DC150 59.8 4.51x10% 8.39 6.06x10?
DC350 57.4 5.40x10%° 13.04 11.27x10%

The carrier-mobility. of the Bi-Te thin films is 3.17 to 13.04 cm?/Vs and
correspond to the increase of grain sizes and (00l) orientation. It is surprising that the
carrier mobility of more than 10 cm%Vs-was cbtained using only the DC sputtering
technique and pre- heating treatment. The sample deposited via RF magnetron
sputtering exhibited lower carrier mobility than that deposited via DC magnetron
sputtering. In addition, the mobility of the DC350 thin film was similar to Deng et al.
(12.1 cm#Vs) [15], who prepared the bismuth telluride thin films using substrate

heating at 350 ° C. In general, the large crystal sizes have long effective mean free
path of carriers and cause a reduction in grain boundary and scattering centre. In

addition, the {00l) textured microstructure can benefit the carrier transport along the
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ab- plane and provide a high in- plane carrier mobility. Electrical conductivity is
determined via carrier concentration and mobility, as described using the following

relationship:

o =ney, (2.7

The carrier mobility plays an important role in the electrical conductivity of
the Bi-Te thin films. The increase of electrical conductivity from 2.12x10% to 11.27 x10?
S/cm is related to the increase of carrier mobility. However, the carrier density slightly
affects the electrical conductivity. In addition, the electrical conductivity of the films
deposited using DC sputtering is much higher (approximately. three-times higher) than
using RF sputtering:” The increase-in electrical conductivity was due to the enhanced
crystal size and(000) texture in the films. The electrical conductivity of the DC350 thin
film is comparable with those of hot-pressed or SPS sintered n-type Bi,Tes-based bulk
alloys [16,17].

Subsequently, temperature dependence of electrical conductivity of the Bi-
Te films was determined for the in- plane electrical transport properties, as shown in
Fig. 4.15 The result shows that electrical conductivity of the sample deposited via DC
sputtering is-higher than the sample deposited via RF sputtering over the entire
temperature range. The electrical conductivity of all samples increased with increasing
temperature from 50 to 200 °C, indicating a typical semiconductor-like behaviour.

In contrast, for the temperature above 200 °C, the electrical conductivity
values gradually decreased with increasing temperature. This is probably due to the
increase of carrier scattering with the carrier density increase. In this work, the DC350
sample had the highest electrical-conductivity of 1.4 x 10° S/m at the measured

temperature of 200 °C.
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Figure 4.15 Electrical conductivity of Bi-Te films as a function of temperature.

Figure 4.16 shows the temperature-dependence Seebeck coefficient of the
Bi- Te thin films measured from 50 to 285 °C. The Seebeck coefficient of all samples
exhibit negative values, indicating an n-type semiconductor for which electrons are the
majority carriers. It can-be seen that all of the films exhibit an identical behaviour of
temperature-dependent Seebeck coefficient.. The Seebeck coefficient increases with
increasing temperature, which can be well explained by the behaviours of heavily
doped degenerate semiconductor regimes.  The highest Seebeck coefficient was
observed on the DC350 samples,.and the Seebeck coefficient was in the range of 90-

180 pV/K.
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Figure 4.16 Seebeck coefficient of the Bi-Te films as a function of temperature.

The in-plane temperature-dependent power factors of Bi-Te films are shown
in Fig. 4.17 The power factor values of both DC and RF films increase with increasing
temperature. - This was. due to the increase of electrical conductivity and Seebeck
coefficient with the temperature increase.

The highest power factor of 3.5x107? W/ m. K2 was obtained for the DC350
sample at the temperature of 285°C. In comparison with the previous works by Kim et
al. [6, 18], Huanget al. [7], and Bourgault et al. [19] [power factor was below 1.2 x107
W/ (m.K2)], our results show the highest power factor. The films deposited using DC
magnetron sputtering exhibit better thermoelectric performance than those deposited
using RF magnetron sputtering. Generally, the stoichiometric Bi;Tes film has good
thermoelectric properties. Although, the RF150 and DC150 films have a nearly
stoichiometric composition, the power factor of the films is less than 1.25x 107 W/m.K?

in the temperature range of 50-285°C,
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Figure 4.17 Power factor of the Bi-Te films as a function of temperature.

Therefore, the stoichiometric composition and the ( 001) - preferred
orientation of the films are required for the best thermoelectric application. From our
results, the DCmagnetron sputtering process is the candidate for obtaining highly (000
oriented BiyTes films with a stoichiometric composition, which may also be favourable

for the improvement of thermoelectric properties.
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Chapter 5

Conclusion

In this thesis, the flexible Bi-Te thin films were fabricated using an RF and DC
magnetron sputtering techniques and controlled sputtering parameters using a Bi2Te3
target. Study of the effects of sputtering parameters, including the Ar gas flow rate
(sputtering pressures) and pre-heating temperature and the annealing temperature on
chemical composition of [Bil:[Tel. In this thesis, we have discussed to assess and
understand the key parameters and conditions-that give the best power factor for Bi-
Te thin films deposited by magnetron sputtering. Our finding can then be divided into
three parts as follows.

5.1 The effect of sputtering pressures on chemical composition, structural and
thermoelectric properties of Bi-Te thin films on flexible substrates.

The ‘effects of various  sputtering pressures ‘were significant for controlling
compositions and ‘improving thermoelectric properties of Bi-Te thin films. The Te
content and the crystal structure of Bi-Te thin film increased with increasing sputtering
pressure, and:the thermoelectric performance was excellent at 1.4 Pa for nearly
stoichiometric Bi;Tes.

We found that the best power factor at room ternperature was approximately

9.49x10™* W/K’m for the Bi-Te thin film, the sputtering pressure at 1.4 Pa. The maximum

power factor, 12.0X10™ W/K?m for the Bi-Te thin film at 57 at.%Te, was obtained with

the applied temperature of 195 ‘C without an annealing process.

5.2 The effect of sputtering pressures and annealing temperature on chemical
composition, structural and thermoelectric properties of Bi- Te thin films on
flexible substrates.

In this study, the effect of the argon gas flow rate and the annealing temperature
on the [Bi]:[Te] content was analyzed by RSM. These results have indicated that the
RSM has been used to optimize deposition conditions and predict the value of
response ([Bil:[Te] content) of thin films. The quadratic model which has been
developed from the optimization study is accurate in [Bi]:[Te] content prediction from

the relationship equation.
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Te content = - 4387.27383 + 81.31007A +1.30610T -2.35714 % 10° 3AT

-0.38426A% -1.90888 x 10” > T2

The model determines that optimized deposition conditions can be achieved for
stoichiometric Bi;Tes thin films, such as at the Ar flow rates of 103.5 sccm (1.3 Pa)
followed by an annealing temperature of 285 ‘C. The XRD and FE-SEM results indicate
that the stoichiometric Bi,Te; thin film with improved crystalline quality was achieved.

We found that the maximum Seebeck coefficient and the power factor of the thin
films measured at room temperature achieved -95 pV/K and 28X10° W/K’m,

respectively. Less electricat conductivity is 3.1X10%S/m, dependence on the crystalline
quality of the thin films. This might be caused its crystal defects from the poor
crystalline quality at room- temperature. The .influence of the post-annealing
temperature on the thermoelectric properties of stoichiometric Bi,Tes thin film shows
that the absolute value of the Seebeck coefficient, the electrical conductivity and the

power factor increases as the temperature increases.

The maximum power factor, 6.1X10* W/K’m for stoichiometric thin films, was
obtained with the applied temperature of 243 °C. Although stoichiometric thin films
can be obtained, their thermoelectric properties are restricted, possibly due to the
polycrystallite - size _of . thin films being quite small, and improvement in the
thermoelectric performance is expected to be achieved with stoichiometry and a high
polycrystallinte size of-thin films by additionally controlling wvarious sputtering

parameters, such as the temperature of substrate and the annealing duration.

5.3 The influence of pre-heating temperature on chemical composition,
structural and thermoelectric properties of Bi- Te thin films on flexible
substrates prepared by RF and DC magnetron sputtering.

In summary, the Bi-Te thin films deposited using DC and RF magnetron sputtering
with different pre-heating temperatures were compared. The energy of sputtered
atoms using different ion bombardments and substrate temperatures were the key
parameters for controlling the crystal quality and orientation. The increase of grain size
and (000-oriented Bi,Te; films were also favourable for the improvement of

thermoelectric properties.
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The best thermoelectric performance of the Bi,Tes film was achieved using the
DC magnetron sputtering deposition. We found that the largest power factor at room
temperature was approximately 10x10™ W/K’m at 103.5 sccm (1.3 Pa) for the Bi-Te
thin film, the pre-heating temperature of 350 "C. The maximum power factor,
35X10° W/K’m for stoichiometric thin films, was obtained with the applied
temperature of 285 °C.

However, the DC magnetron sputtering with a pre-heating temperature of 350 °C
resulted in films with a non-stoichiometric composition. Further studies of the DC
magnetron sputtering process are necessary to achieve both the highly (000 oriented

BizTes films and the stoichiometric.composition.
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Appendix

Figure 1. Image of a fabricated Bi,Te; thermoelectric on a flexible polyimide

substrate.

In ‘the experiment, for studying the influence of  pre-heating substrate.
Temperatures were in the range of 150°C to 400°C and a cornmon heating time of 1 h
was used. It found that the temperature in the chamber was decreased during the
sputtering process. The temperature wversus time curve. diagram' to show the

temperature in.the chamber during the sputtering process, shown inthe figure 2.
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Figure 2. The temperature in the chamber during the sputtering process.
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Bismuth telluride (Bi-Te) thin films coated on a flexible substrate were pre-
pared by RF (radio frequency) magnetron sputtering technique, A response
surface methodology based on a central composite design was used to optimize
deposition parameters, including the amount of Ar gas flow rate (100.5-
106.5 scem) in the sputtering process and the annealing temperature (250
320°C) for stoichiometric Bi,Te; thin films, The mathematical model was
validated and proven to be statistically sufficient and accurate in predicting a
respanse (Te content). The stoichiometric BiyTey thin films can be prepared on
terms appropriate to the Ar flow rate and annealing temperature under sev-
eral conditions, such as at the Ar flow rate of 103.5 scem followed by an
annealing temperature of 285°C. The characterization of the crystal structure
and surface morphology of selected samples with different [Bi}[Te] content
were :salynd by x-ray diﬁ’ractfﬂae%) and a field u't:‘ifd;nmr%ekc-
tron cO res vely, { sho i-Te an isTey
mmmmmm with the mmﬁkl‘re}. The Seebeck coeffi-
cient and electrical conductivity were simultaneously measured at room
temperature and up to 300°C by a direct current four-terminal method. The
ilémsbnm :;oém factor of the stoichiometric Bi, Te, thin film was 61x107" W/
m at 243°C.

Key words: Flexible Bi,Tey, RSM, thermoelectric, RF sputtering

INTRODUCTION

Thermoelectric materials are of interest since
they can be transformed at different temperatures
into electric voltage and vice versa.' A thermoelec-
tric module has several advantages over competing
technologies, such as low maintenance require-
ments, a long opa-ating‘g lifetime, scalability and
possible miniaturization.*™ The thermoelectric fig-
ure-of-merit (ZT), used to characterize the perfor-
mance of a thermoelectric material, is defined as
ZT = SYoTix, where S is the Seebeck coefficient, o

(Received June 8, 2016; accepted October 3, 2016;
published online October 21, 20186)

2000

i§ electrical conductivity, x is thermal conductivity
and T is temperature. A large value of ZT means
higher thermoelectric conversion efficiency, which
requires a high power factor (S%) along with low
thermal conductivity.'® Bismuth telluride (Bi,Tey)
is one of the most interesting thermoelectric mate-
rials with a high ZT, and it is known to have an
excellent thermoelectric performance at room tem-
perature.'™ Bi-Te has been developed in the form of
thin films because thin film material has an effi-
ciency per unit area higher than bulk materials and
low dimensional materials.® Thin film thermoelec-
tric devices provide the possibility of using flexible
substrates and can be applied to diverse fields.'
Polyimide (Kapton™) has been widely reported with

o7
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high-performance flexible substrates due to low
thermal conductivity (0.12Wm™'K™%), a wide
range of temperatures, thermal stability and a low
coefficient of thermal expansion (12 x 107 K=",
Thermoelectric films have been prepared using
different deposition methods, such as co-evapora-
tion,™ pulsed laser degolitian“"" and RF mag-
netron sputtering.”®™ The RF magnetron
sputtering method was selected due to the possibil-
ity of large-scale fabrication of high-quality films.*®
In the sputtering process, tellurium (Te) exhibits
lower sputtering yield than bismuth (Bi),>*" so it is
difficult to obtain stoichiometric Bi,Tey thin films.
The separate evaparator sources or sputter targets
are needed in composition control. The good ther-
moelectric properties of Bi,Tey thin films must have
a stoichiometric composition [2:3].°"® The stoichio-
metric BiyTeg thin films have a high electron mobil-
ity and a high Seebeck coefficient.® The
stoichiometry of BizTey thin films has been prepared
by controlling various sputtering parameters, such
as working pressure,™” sputtering power,'® the
temperature of the substrate®'® and the post-an-
nealing process.*® Previously, many. researchers
have reported the preparation of BisTes films by
sputtering with deposition conditions controlled to
achieve the stoichiometry of Bi,Tes thin films; for
example, Lee et al. studied the electrical resistivity
of Bi-g‘e thin films fabricated by RF magnetron co-
sputtering. The electrical resistivity was very depen-
dent on the Te content. The films exhibits positive
Seebeck coefficients when the Te content was more
than B0%. The films with 65% Te content obtained
the maximum power factor of 8.7 » 10~ * WK*m.”
Huang et al. proposed the influence of the target
composition and annealing temperature (100-
250°C) on the thermoelectric properties of bismuth
telluride films grown via radio frequency (RF)
magnetron sputtering. Stoichiometric BigTey thin
films were deposited using a sputtering target with a
Te-content of 45 at.%. The power factor of the films
measured at room temperature reached the highest
value of 4 x 107 W/K*m, which was annealed at
300°C." Wang et al. studied the effects of the
annealing temperature (150-350°C) on the thermo-
electric properties of BigTey films prepared by co-
sputtering. They found that the optimum of the
Seebeck coefficient and the power factor was about
~242 yViK and 21 yW/Kem, retpedivel;, obtained
at the annealing temperature of 300°C." Cai et al.
proposed that the Bi;Tey films were fabricated by a
co-sputtering-method, - followed by annealing
between 250°C and 450°C. They reported that, at
the annealing temperature of 275°C, the maximum
power factor of 8.288 x 107* W/K®m was obtained.
These results demonstrate that high-performance
Bi;Te; thin films can be prepared by DC and RF
magnetron co-sputtering with ealing.” Kim
et al. studied Bi-Te thin films that were deposited
using RF magnetron co-sputtering. The controlled
deposition conditions were the working pressure

(8 x 107*Pa) and substrate temperature (27—
320°C). They reported that the thermoelectric per-
formance had a Bi,Tey cq‘.rsu.l structure and a power
factor of about ~3 x 107* W/K®m, when the deposi-
tion was performed at a substrate temperature
below 290°C.* Most researchers have studied bis-
muth telluride films that were prepared by DC or RF
magnetron co-sputtering, and studied only one
deposition parameter while keeping other deposition
parameters constant, because increases in the depo-
sition parameters have an effect on the number and
the cost of experiments needed to conduct more
research.'” In this work, Bi-Te thin films were
deposited using a Bi,Te; target by RF magnetron
sputtering but this method is different from a co-
sputtering technique. It was difficult to control the
stoichiometry of Bi-Te films due to the difference in
[Bi] and [Te] sputtering yields.” However, we used a
statistical technique to optimize the deposition
parameters to achieve the staichiometric BisTeg thin
films. An alternative for a study of the effects of the
chemical composition of [Bi}[Te] in various deposi-
tion parameters of thin films is RSM, which is a
statistical design method using mathematical and
statistical methods for designing experiments, build-
ing models, evaluating the effects of several factors
and ﬂndiz& J.he optimum conditions for target
responses. % This approach can result in having
to do fewer experiments, which therefore reduces
the cost, and it has advantages such as making
possible improved statistical interpretation of the
results, while requiring less time for analysis.”*

In this study, Bi-Te thin films were deposited on
polyimide substrates using an RF magnetron sput-
tering technique. RSM was used for a statistical
study of the effects of deposition parameters, includ-
ing the Ar gas flow rate (100.56-106.5 sccm), and the
ann ealing temperature (250-320°C) on the response
(Te content). Finally, the effects of the Te content on
the thermoelectric properties of deposited Bi-Te thin
films were studied.

EXPERIMENTAL
Experimental Design

This study used RSM based on a CCD to optimize
deposition parameters. The effects of deposition
parameéters, including the amount of Ar gas flow
rate (100.5~106.5 sccm) and the annealing temper-
ature (250-320°C), were analyzed. The effect of the
Te content on the response (Te content) is described
accordingly to achieve the stoichiometric BiyTey
thin_films. Experimental design and statistical
analysis was achieved by the Design-Expert™ Soft-
ware v.9 (Stat-Ease, Minneapolis, USA) and the
analysis of variance (ANOVA), respectively.

Preparation of Films

Bismuth-telluride (Bi-Te) thin films were pre-
pared by an RF magnetron sputtering technique
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onto a polyimide flexible substrate. The base pres-
sure of the vacuum chamber was below
25 x 10 Pa and the working pressure was varied
from 0.8 to 1.7 Pa by the Ar gas flow rates of 100.5~
106.5 sccem. The sputtering target was commercial
Bi;Tey (high purity: 99.9%) and the target—sub-
strate distance was maintained at 50 mm. Before
the deposition, the substrates were cleaned thor-
oughly, successively by methanol and acetone for
15 min in an ultrasonic bath. As-deposited films
were annealed at different temperatures from 250
to 320°C for 60 min under N; atmosphere. The
t.h,isch\em of the Bi-Te films was kept at about
L5 pm.

Measurements and Characterization

The crystalline structure was measured by graz-
ing incidence XRD (D8 DISCOVER-Bruker AXS).
The surface microstructure morphology and eompo-
sition of the Bi-Te thin films were measured by FE-
SEM (JSM-7001F) and EDS, respectively. The
Seebeck coefficient and electrical conductivity were
simultaneously measured at room temperature and
up to 300°C using commercial equipment (ZEM-3;
ULVAC-Riko).

RESULTS AND DISCUSSION
Model Fitting and Statistical Analysis

RSM baged on CCD was used for model fitting and
statistical analysis. The relationship between fac-
tors for consideration (Ar flow rate and annealing
temperature) and the responses ([Bil{Te] content)
was analyzed by Design-Expert™ Software. The
design experiment results of CCD and the responses
measurement are given in Tahle L

Statistical analysis is performed by ANOVA using
experimental data obtained in Tahle I. The signif-
icance of the model fit of the experimental data was

Nuthongkum, Sakulkalavek, and Sakdanuphab

determined by parameters F test, p value, R? and
lack of fit."® The F value is the ratio of the Model
Mean Square to the Residual Mean Square and is
used as the test statistic for comparing model
variance with residual variance.'® The F value
must be used in combination with the p value to
test the significance of the model. Generally, the
tested models showed the model, and the coefficient
terms are statistically significant when the p value
is <0.05."*'® The results showed that the quadratic
model is suitable to describe the relationship
between experimental factors (Ar flow rate and
annealing temperature), Te content and the model,
and are significant ing to a statistical param-
eter as shown in Table II. The F value of the model
is 4.12 and p value is 0.0002, both implying that the
quadratic model is significant.

ANOVA was carried out to verify the significance
of the model selected. ANOVA results of the
quadratic model are presented in Table ITI. The
model equation adequately identified the response
with the F value of 28,72 which implies the model is
significant. The p wvalue of 0.0002 indicates that
there is only a 0.02% chance that an F value this
large could occur, due to noise in the experiments.'*
Inthis casé A, A” and T° are significant, where A is
the Ar flow rate and T is the annealing temperature.
The lack of fit (p value = 0.1024) value is not
sigoificant relative to pure error. Non-significant
lack of fit is good and shows that the model was
sufficient for predicting the response (Te eontent) of
thin film.

The relationship between the response and the Ar
flow rate and the annéaling temperature is given by
Eq. 1. The regression analysis shows that the
determination coefficient (R” = 0. 9535) indicates
that the model predicts only 465% of the total
variance, and the adjusted determination coefficient
(AdjR® = 0. 9203) is eatisfactory to confirm the
gignificance of the fit model. A good fit to the model

Table I. Design point combinations and corresponding experimental responses

Factors Responses
Run numbers Ar flow rate (scem) Annealing temperature (°C) Te content ( at.%)
1 108.5 25 57.49
2 103.5 85 .12
3 103.5 334 54.33
4 106.5 320 56,31
5 103.5 285 58.66
6 108.5 285 50.74
7 107.7 285 58.24
8 108.5 286 60,61
9 100.5 250 50.02
10 103.5 25 60.11
11 106.5 250 57.2
12 100.6 320 49,12
285 49.10

13 9.3
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Table [I. Comparison of ANOVA model results for Ar flow rate and annealing temperature
Source Sequential p value Lack of fit p value F value p value prob > F
Linear 0.0552 0.0024 2.2 0.0024
2F1 0.8944 0.0018 38.58 0.0018
Quadratic 0.0002 0.1024 412 0.1024 Suggested
Cubic 0.9069 0.0266 11.74 0.0266 ased
Table L. ANOVA results for analysis of Ar flow rate and annealing temperature
Source Sum of squares df Mean square F value p value
Model 201.68 6 40.34 2872 0.0002 Significant
A 86.43 1 B6.43 61.556 0.0001
r 6.59 1 4.69 0.0670
AT 0.25 1 017 0.6887
A? 83.20 ] 83.20 59.25 0.0001
T 38.04 1 3804 27.09 0.0012
Residual 9.83 7
Lack of fit T43 3 412 0.1024 Not significant
Pure error 240 4
R* = 0.9535, R® (Adjusted) = 09203
should yield an R* of at least 0.80.'° The empirical Predicted v, Actual
relationship between the response (Te content), and )V ] 0N SN
the Ar flow rate and the annealing temperature in A8 ]
coded units can be expressed as: % v b o —
4 %
Te content — ~4367 27388 -+ 81810074 + 1306107 | § %
] » Rpn
- 235714 x 1074 AT 25 A
R =
~ 0.384264% - 1.90888 » 107°T* ‘B4,
& 924 -
{1] i : - "_/
5o 3 -
where A is the Ar flow rate and T ig the annealing “J P
temperature. The graphical representation of the ] B T
48 “a 2 “ “% 1% “ [+

actual response data versus the predicted values is
shown in Fig. 1. It can be seen that they are in
agreement with the actual response data
(R* = 0.9535) between the experimental data and
the predicted results. The regression equation and
R* are confirmed to assess the fit of the model.
Responge surface plots were formed based on the
quadratic model and are shown in Fig. 2a and b. Tt
can be observed that the Te content of Bi-Te thin
film tended to decrease with an increase in the
annealing temperature (>300°C) and an Ar flow
rate lower than 103,5 scem. The annealing temper-
ature affects the Te content of Bi-Te thin film
because a vapor pressure of Te is higher than Bi
which causes the evaporation of Te in the films at
high temperature.” In addition, when the Ar flow
rate increases, it has an effect on the growth rate
and the decrease of Bi content. By increasing the
sputter-gas pressure, a flux of reflected
heavier element (Bi) will eventually hit the growing

Actualof Te content (%)
Fig. 1. Actual response data versus predicted response data.

film and thereby affect the composition and film
structure

From Fig. 2b, the stoichiometric BiyTes thin films
can be prepared with the terms appropriate for the
Ar flow rate (103.5-106.5 sccm) and the annealing
temperature (260-300°C) under several conditions,
such as at the Ar flow rates of 108.5 sccm followed
by an annealing temperature of 285°C,

Effect of Te Content on Structural and Surface
Properties
From Table I, the design point combinations and

the corresponding experimental responses can be
seen. The selective Bi-Te thin films in Table T with
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Fig. 2. Response surface curve (a) and contour piots (b) of Te content on Bi-Te thinfilms predicted from the quadmtic model

different Te content were measured for crystal
structure and composition using XRD and EDS,
respectively. The selected samples with various Te
content were (A) 49 at.%Te, (B) 54 at.%Te, (C) 57
at.%Te and (D) 60 at.%Te.

Figure 3 shows the XRD patterns of the Bi-Te
thin films with various content of Te. Comparing
the XRD pattern of the films in Fig. 8a with the
JCPDS Card No. 44-0667 suggests that the film has
a structure corresponding to the (0 0°5), (0 14), and
(1 0 8) planes of Bi-Te. The dominant phase e
from Bi-Te to Bi,Tey was observed when the Te-
content of the thin films increased from 49 at. %Te to
54 at.%Te. When the Te content of the film
increased, the peak positions and intensity were
clearly changed. Three major diffraction peaks of
Bi;Tes (JCPDS card 08-0027) were found, located at
17.738°, 27.616°, and 38.131° which are indexed as
a reflection from the (0 0 6), (0 15) and (101 0}
planes of Bi;Tey as shown in Fig. 3b-d. The inten-
sity of other small penks, such as (1 1 0), (0015) and
(1 1 1 5), has been improved for stoichiometric
Bi;Tes in Fig. 3d, as the hexagonal crystal lattice
structure helonginag to R-3 m space group of BiyTey
films is dominant,*®

The erystalline size (D) of the Bi-Te thin films was
calculated by the Scherrer equation, using a diffrac-
tion peak with (0 1 5) plane, D = ki/ficost, where k is
the constant usually taken as 0.9, 1 is the wave-
length of x-ray radiation (0.154056 nm), # is the full
width at half maximam (FWHM), and @ iz the
diffraction angle.'” The crystalline size of the films
at 54 at. %Te, 57 at.%Te and 60 at.%Te were equal to
14 nm, 10 nm and 16 nm, regpectively, shown in
Fig. 3b, ¢ and d. It was found that the crystalline
size of the thin film at 54 at %Te was higher than
the thin film at 57 at.%Te, due to the thin films that
were deposited at the Ar flow rates of 108.56 sccm
and an annealing temperature of 884°C and

1000 § (d) . ® BiTe
*
0o A, ? * A=101. & soomy
AR 1= 288
) - 1 1S -—
w0 | (e) ,
;': So0 |- | A=106. § scem
Y w “H—'/\M - 280 °C
E‘ 0 kT 1 1 S, S e e
£ i f (b)
E ;
1 00 |- A=103 4 scom
\-—m-' \ T 104 °C
¥ O s EY A, .
1000 (.) O Bile
o } i ? o a A=100 $sccm,
X A .
\ 10 0 W 40 ) ol o
2007
BiTe
e € 2 ) <o 7O My N N
B Te,
T I7 | NIl | g iy ) i

Fig. 3. XRD patierns of the Bi-Te thin fims at different Te content.
() 49 at%Te,(b) 54 at % Te, (c) 57 at %Te and (d) B0 at %Te

deposited at the Ar flow rates of 106.5 scem and
annealing temperature of 250°C. Generally, when
the flow rate of the gas increases, the density of the
gag in the chamber also increases, which results in
the mean free path of sputtered particle reduction.
The collision probability between sputtered parti-
clez and gas molecules was increased, causing the
energy of the particles and mobility for surface
diffusion to decrease, and this led to a small
crystalline size.'™™ It can be observed that the
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crystalline size of the thin film at 54 at%Te is
smaller than the thin film at 60 at.%Te. The thin
films were deposited at the same Ar flow rates of
1035 scem followed by a different annealing tem-
perature. It was indicated that the crystalline
quality of the films was enhanced after annealing
at a suitable tunperatm and the defects reduced
after annealing” The parameters of the Ar flow
rates and the annealing temperature affect the
crystalline size of the thin film, but the crystalline
gize of the thin film is of hu.le value compared to
other research (~100-200 nm),*

Figure 4 shows the surface microstructure mor-
phology of the Bi-Te thin films. The grain shape of
the thin films changes with the Ar flow rate and the
annealing temperature increase. The grain shape is
consistent with the occurrence of hexagonal crys-
tallite, as shown in Fig. 4c and d, and is consistent
with the XRD results. The grain boundary clearly
depends on the nnnealing temperature, and it was
found that the increase in annealing temperature
contributes to the surfue diffusion and agglomer-
ation of the atoms.” The thin film was deposited at
the Ar flow rate of 103.5 sccm and an annealing
temperature of 334°C, and it indicated a smoother
surface, as shown in Fig. 4b. This may be due to the
partial fugion of some Bi,Tey grains due to the

emuave deposition annealing temperature of
300°C.*

Thermoelectric Properties at Room Tempera-
ture

The Seebeck coefficient (S) and electrical conduc-
tivity (o) of different Te content thin films were
measured at room temperature, as shown in Fig. 5a.
All the samples have negative values of Seebeck
coefficient, mdlcnhnq that the films were on an n-
type semiconductor.! The absolute value of the
Seebeck coefficient ofthe thin film at 49 at. %Te is
higher than at 54 at.%Te. This may be due to the
partial fusion of grain size at a high annealing
temperature, which agrees with the FE-SEM
results. After that, the absolute value of the Seebeck
coefficient increases from 53 to 95 uV/K, whereas
electrical conductivity decreases from 4.5 x 10" to
2.1 x 104 S(m along with the Te content increasing
to 3.1%10° S/m for the stoichiometric film., The
electrical conductivity of thin films increases due to
the crystalline size of the thin film at 60 at.%Te,
higher than the thin film at 57 at.%Te; the density
of defécts in polycrystalline films reduced the effect
due to the decrease scattering in the films. However,
it is well known that the stoichiometric Bi;Teq thin

(A=106.5 scom, T=250°C)

(A=103.5 scem, T—285°C) '

Fig. 4. Top view FE-SEM images of the Bi-Te thin fims at different Te content: (a) 49 at.%Te, (b) 54 at.%Te, (c) 57 at.%Te and (d) 60 at*%Te.
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films have high electron mobility and a high See-
beck coefficient (as already noted). In this work,
stoichiometric thin films can be obtained, but their
thermoelectric properties  are restricted, which
might be due to the fact thal the polyerystalline
size of thin films is quite small.

Figure 6b shows the effect of Te content on the
power factors (5% ) of Bi-Te thin films. The maxi-
mum power factor was obtained at 28 x 107" W/
K’m for stoichiometrie film. Figure 6 shows the
effect of the annealing temperature on the Seebeck
coefficient, electrical conductivity and power factor
of stoichiometric Bi;Tey thin films in the range from
50°C to 300°C. As shown in Fig, 6a, the R
value of the Seeheck coefficient increases as the
applied temperature increases. The maximum abso-
lute value of the Seebeck coefficient, 121 yV/K, is
achieved with the applied temperature of 243°C.
When the applied temperature is above 150°C, the
electrical conductivity of the film decreases with the
increase in temperature, because it will absorb the
oxygen in the high-temperature atmosphere of Pnn
films.® The maximum power factor of 61 x 10~ W/
K’m is obtained at the temperature of 243°C, as
shown in Fig. 6b.

CONCLUSION

In this study, the effect of the argon gas flow rate
and the annealing temperature on the [Bi}[Te]
content was analyzed by RSM. These results have
indicated that RSM has been used to optimize
deposition conditions and predict the value of
response ([Bil:Te] content) of thin films. The
quadratic model which has been developed from
the optimization study is accurate in its [Bil{Te]
content prediction from the relationship equation.

Te content = —4387.27383 + 81.31007A + 1.30610T
~ 235714 x 1073AT
—0.384264% - 190888 » 107°T*

The model determines that optimized deposition
conditions can be achieved for stoichiometric Bi Tes
thin films, such as at the Ar flow rates of 103.5 scem
followed by an annealing temperature of 285°C. The
XRD and FE-SEM results indicate that a stoichio-
metric BisTey thin film with improved crystalline
quality was achieved. The maximum Seebeck coef-
ficient and the power factor of the thin films
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measured at room temperature achieved —95 yV/K
and 28 x 107" W/K"m, respectively. Less electrical
conductivity is 3.1 x 10" S/m, dependent on the
crystalline quality of the thin films. This might be
caused the crystal defects from the poor crystalline
quality at room temperature. The influence of the
post-annealing temperature on the thermoelectric
properties of stoichiometric BisTey thin film shows
that the absolute values of the Seebeck coefficient,
the electrical conductivity and the power factor
increase as the temperature increases. At the
annealing temperature d’ 243°C, the maximum
power factor of 61 x 107 5 WEK'm was obtained.
Although stoichiometric thin films can be obtained,
their thermoelectric properties are restricted, pos-
sibly due to the polycrystalline size of thin films
being quite small. Improvement in the thermoelec-
tric performance is expected to be achieved with
stoichiometry and a high polycrystalline size of thin
films by additionally controlling various sputtering
parameters, such as the temperature of substrate
and the annealing duration.
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[Bi]:[Te] Control, Structural and Thermoelectric Properties
of Flexible Bi,Te, Thin Films Prepared by RF Magnetron

Sputtering at Different Sputtering Pressures
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In this work, flexible Bi,Te, thin films were prepared by radio frequency (RF)
magnetron sputtering using a BiyTey target on polyimide substrate, The ef-
fects of sputtering pressures, which ranged between 0.6 Pa and 1.6 Paon the
[Bi]{Te] ratio, and structural and thermoelectric properties were investigated.
The [Bik[Te} ratio of thin film was determined by energy-dispersive spec-
trometry (EDS). The EDS spectra show the variation of the [Bi]:[Te] ratio as
the sputtering pressure is varied. The film deposited at 1.4 Pa almost has a
stoichiometric composition; The selective filmg with different [Bi]:[Te] ratios
and sputtering pressures were characterized by their surface morphologies,
crystal and chiemical structures by field emission gcanning electron microscopy
(FE-SEM), x-ray diffraction (XRD) and Raman spectroscopy, respectively.
Electrical transport properties, including carrier concentration and mobility,
were measured by Hall effect measurements. Seebeck coefficients and elec-
trical conductivities were simultaneously measured by a direct current four-
terminal method (ZEM-3). The XRD and Raman spectroscopy results show a
difference in microstructure between BiTe and Bi.Tes depending on the
[Bi}{Te] ratio. Electrical conductivity and Seebeck coefficient are related to
the crystal and chemical structures. The maximum power factor of the BiyTe,
thin film is 9.5 x 10" W/K? m at room temperature, and it increases to
12.0 x 107* W/K® m at 195°C,

Key words: Flexible Bi;Tes, RF magnetron spultering, sputtering pressure,
thermoel ectric

INTRODUCTION

Bismuth telluride (Bi;Tey) is a thermoelectric
material that has been widely used due to its high
dimensionless figure of merit (ZT) value and high
performance at room temperature, The ZT value is
the thermoelectric conversion efficiency of thermo-
electric materials and is defined as ZT = §%T/x,

(Received February 1, 2017; sccepted June 30, 2017;
published online July 18, 2017)
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where S is the Seebeck coefficient, o is electrical
conductivity, » is thermal conductivity and T is
absolute temperature. The ZT value can be
increased when improvements are made to low-
dimensional thermoelectric materials.’* Thermo-
electric thin film is one of the most important low-
dimensional thermoelectric materials, and has been
prepared using different deposition methoda,ssuch
as co-evaporation,”® pulsed laser deposition® and
RF magnetron sputtering."*** In addition,
research on applying thermoelectric thin film onto
flexible -~ substrates has attracted increasing
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attention because of its application to multiple
devices.” The RF magnetron sputtering method
was selected due to the possibility of large-scale
fabrication of high-quality films.™ Bismuth tel-
luride (BiyTey) thin films normally require a stoi-
chiometric ratio of [Bi] and [Te] for achieving the
best thermoelectric performance. Most of research
has used co-sputtering and adjusted sputtering
powers of Bi and Te targets to control composi-
tions.*** Only a small number of works on the
control ratio of [Bi] and [Te] using a Bi,Tey target
have been reported. In our previous work,” we
studied the effects of deposition parameters, includ-
ing Ar gas flow rate (sputtering pressure) and
annealing temperature, on Te content. A commer-
cial Bi,Tey target was used. We found that the
composition of thin film was affected by controlling
both deposition parameters, and the stoichiometric
ratio was achieved at an Ar flow rate of 108.5 secm
following by an annealing temperature of 285°C.

In this work, an in-depth investigation was
adopted to analyse the effects of sputtering pres-
sures on the chemical eomposition, structural and
thermoelectric properties of Bi-Te thin films. The
Bi-Te thin films were deposited on flexible sub-
strates using a Bi,Te, target and RF magnetron
sputtering technique with various sputtering pres-
mre;nf(].BPa, 0.8Pa, 1.0Pa, 12Pa 14 Pa and
16 Pa)

EXPERIMENT

Bismuth telluride (Bi-Te) thin films were depos-
ited onto a polyimide (Kapton®™) flexible substrate
using an RF magnetron sputtering technique. Poly-
imide (Kapton®) was selected due to its thermal
stability, low thermal conductivity (0.12 Wm 'K Y)
and low  thermal  expansion  coefficient
(12 x 10°°K7") over a wide range of tempera-
tures.™" The pdlyimide substrates were ultrasoni-
cally cleaned in methanol and deionized water for
16 min and dried with N, gas. A commercial
bismuth telluride (Bi;Tey) sputtering target (high
purity: 99.9%) was used and the target-substrate
distance was maintained at 50 mm. Before deposi-
tion, the base pressure of the deposition chamber
was below 2.5 x 10°%Pa, and presputtering was
executed for 10 min to remove any contamination
from the target surface. The sputtering pressure
varied from 0.6 Pa to 1.6 Pa. The thickness of the
Bi-Te films was kept at approximately 1.3 um. The
composition and surface microstr ucture morphology
of the Bi-Te thin films were determined by energy-
dispersive spectrometry (EDS) and field emission
scanning electron microscopy (FE-SEM, JSM-
T001F), respectively. The crystalline structure was
characterized by x-ray diffraction (XRD, D8 DIS-
COVER-Bruker AXS) and Raman spectroscopy
(Renishaw InVia spectrometer), Mobility and car-
rier concentration were obtained by the van der
Pauw method with a Hall effects measurement
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Fig. 1. Te content [atomic percentage (at.%)] of the Bi-Te thin fims
according 10'deposition pressure.

system (Ecopia, HMS3000). Finally, the Seebeck
coefficient and electrical conductivity were concur-
rently measured at room temperature and up to
300°C using a ZEM-3 instrament (ULVAC-RIKO).

RESULTS AND DISCUSSION
Compositional Analysis

The effects of deposition pressure on the Te
content of thin films were investigated. Figure 1
shows that the %Te content of thin films under the
different sputtering pressures were (.6 Pa, 0.8 Pa,
1.0Pa, 1.2 Pa, 1.4 Pa and 16 Pa. These average
element compositions were measured by EDS in
three different areas [t was found that all the
deposited thin films were deficient in their Te
element. This result indicated that sputtering pres-
sure alone could not control the stoichiometric
composition of BiyTey thin films. In general, good
thermoel ectric properties of Bi-Te thin films depend
on stoichiometric BisTey thin films ([Bi]{Te] =
10:600*7

It can be seen in Fig. 1 that the deposited thin
films at 0.6 Pa were non-stoichiometri¢ Bi;Tes thin
films, with the chemical composition of Te content
lower than 60 at.%. The Te content was poor dﬁ to
the sputtering yields of Te being lower than Bi,™" as
shown in Fig. 2(A). When the sputtering pressures
increased from 0.8 Pa to 1.4 Pa, the Te content of
thin films increased from 49 to 57 at.%. The increase
of Te content due to the density of the sputter gas
(Ar) also increases the eollision probability between
sputtered particles.’® In this work, the sputtering
target composition consisted of bismuth (Bi) and
tellurium (Te) elements as Bi;Tey. Typically, the
atomic mass of the Bi element is larger than Te.
When the sputter gas pressure increases, the sput-
ter gas ions (Ar*) are reflected as neutral atoms. '
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Thus, the Bi elements were obstructed by the Argas
increase, thereby affecting the composition and film
structure as shown in Fig. 2 (B). However, the Te
content of the thin film decreased at 54 at.% Te as
the sputtering pressure increéased from 1.6 Pa. The
decrease of Te content may be because both Bi and
Te elements were obstructed when Ar gas pressure
is relatively high.

Surface Morphology and Crystallinity

Three selected samples with various Te content
and Ar gas pressures: (A) 49 at.% Te (P = 0.8 Pa),
(B) 54 at% Te (P=16Pa) and (C) 57 at% Te
(P = 1.4 Pa) were measured for surface morphology
and c:y,:al and chemical structures using FE-SEM,
XRD Raman spectroscopy.

Figure 3 shows the surface morphology of Bi-Te
thin films from various sputlering pressures and Te
content. As shown in Fig. 3a, the Bi-Te thin film
with the sputtering pressure of 0.8 Pa has a smooth
surface. As the sputtering préssure increases, it was
found that grain boundary clearly affects the
agglomeration of the atoms and the surface diffu-
sion of the atoms, as shown in Fig 3b and ¢
Normally, the collision probability between sput-
tered particles and gas particles is intensified while
the increase of sputtering pressure causes the mean
free path of sputtered particle to be reduced.
Particles with lower kinetic energy have insufficient
surface mobility to :Eg“)ﬁ:l? and grow,'*!!

Figure 4a shows the patterns of the Bi-Te
films with various sputtering pressures and Te
contents. As seen from Fig. 4a(A), the thin film has
a peak corresponding to the (014), (108) and (0012)
planes in the BiTe phase (JCPDS card 44-0667),
located at 27.568%, 38.040° and 45.285°. The peak
positions clearly from the BiTe phase to the
peak of (015), (1010) and (110) planeg in Bi,Tes
phase (JCPDS card 72-2036), located at 27.663°,
37.822° and 40.827°, as shown in Fig. 4a (C), when
the Te content of the film increases from 49 to 57
at.%. It was found that the intensities of other small

peaks improve, such as (0015) and (205), located at
45.563° and 50.039°, when the Te content of the film
increased to a nearly stoichiometric ratio.

The crystalline size (D) of thin films grown on
flexible substrates was calculated by the Scherrer's
formula as shown in Eq. 1,

D =ki/ficos (1)
where & is the constant usually taken as 0.94, J is
the x-ray radiation wavelength (0.154056 nm), f§ is
the full width at half maximum (FWHM) and 0 is
the diffraction angle. Microstrain developed in the
film, which is determined from disarrangement of
lattice during their dq:gsiﬁnn and depends on the
deposition parameters.™ The dislocation density is
the density of imperfections in the crystal during
the growth of ilm."®"® The microstrain (¢) and the
dislocation density (p) were evaluated using the
Eqgs. 2 and 3, respectively.

¢ = (feos ) /4 ()
p=ND (3)

The crystalline size (D), microstrain (¢) and
dislocation density (p) of the Bi-Te films have been
calculated using the preferred orientation of the
XRD peak, and the values are given in Table 1. The
crystalline size increased from 1613 nm to
20.08 nm as the sputtéring pressure was increased
from 0.8 Pa to 1.4 Pa. Correspondingly, the strain of
the Bi-Te films decreases from 2.24 x 10-° to
180 x 107" lines *m™*, and the dislocation den-
sity decreases from 3.84 x 10%° to 2.47 x 10'° lines/
m". The decrease of microstrain and dislocation
density from increasing the sputtering pressure led
to a decrease in the concentration of lattice imper-
fections. As spultering pressure increased from
14 Pa to 1.6 Pa, the crystalline size of the Bi-Te
thin film decreased, while the microstrain and
dislocation density increased. We suggest that sput-
tering pressure was increased excessively; it

107




[Bi]{Te] Control, Structural and Thermoelectric Properties

ies of Flexible Bi,Te, Thin Films
i ures

Prepared by RF Magnetron Sputtering at Different Sputtering Press

(8) 49 31 %Tc (P=0.5 Pa), |0

Fig. 3. Top view FE-SEM images of the Bi-Te thin fims at various Te contents and Ar gas pressums: (a) 49 at. % Te [pressure (P) = 0.8 Pa], (b)

54 at% Te (P = 1.6 Pa) and (c) 57 at% Te (P = 1.4 Pa)

(C) 57at %Te\ (P=1.4Pa)
i i el i o N W

1000 p—aed
3
E Jso0f - - -
Y g 53
; s N 3
¥ |
100 et e B AT L6 B)
-
2 a
8| L& "))
500 |- A 1 &
| =
J'\

“\JL.,,'\_ .
SR

, (4) 45 50NTe (P08 Py

40 usTUs00 55 o0 oy 0

28(deg )
(@)

273
ol

e 1

20 © 25 V30, V3§

Fig. 4. XRD pattems
(P=08

A BiTe A B A Te A_BiTr,
1000 + :
11690
Y SR T 1.29 138.38
T (C)57 at %Te (P=14 Pa)
/¥ J " n M L
2
e 1412
= 8%
g 00— (. 59.3] 135,61
-
L i
g v (B) 54 at.%Tec (P=1.6Pa)
1000 }—L i i Ly L L i
11555
872 ,m&f/\
oo 7 2l (13349
ok ‘
(A) 49 2. %Te (P=0.8 Pa)
ol 1 1 i L A Bl
o 80 100 0 B0 140 160 T80 Boo
Raman frequency (cm
(b)

(a) and Raman spectra (b) of tha Bi-Te thin tims acconling at various Te contend and Ar gas pressum (A) 49 at % Te
). (B) 54 at% Te (P = 1.6 Pa) and (CY 57 at% Te (P = 1.4 Pa).

affected the formation of the crystal structure of the
Bi-Te thin film. With a relatively high sputtering
pressure, a higher flux of reflected neutrals will
obstruct the growing film. From the XRD, EDS and
the FE-SEM results, appropriate sputtéring pres-
sure influences the Te content and crystal quality of
the Bi-Te thin films.

Raman spectra results of the Bi-Te films with
various Te contents are shown in Fig. 4b. Bi,Te, has
arhombohedral unit cell belonging tothe DS, — R3m
space group. There are four Raman active modes and
the BiyTey vibration patterns are ,predia.ed at the
wave numbers 36.5 cm"'hﬁa.o em=',102.3 em™'and
134.0 em ', respectively.” ! The peaks analogous to
some of the vibrational modes of different phases

could have wave numberstoo cloge to each other to be

1 The observed Raman spectra of BichP
films are 'A;; = 62.0 cm™! and “A;; = 134.0 em ™,
and when the Te content of the film increased, the
Raman spectrum showed an obvious blue shift from
58.72 cm™ ' to 61.18 cm ™! for the 'A;, mode and an
obvious blue shift from 133.49 em™ to 138.38 cm
for the “A;; mode. The Raman spectra of films gave
clear and strong Te peaks at A,, =116 cm™ ' and
E; = 136 cm™'*! when the Te content of the film
increased. Therefore, increasing the Te content of
film has a significant effect on these two modes ('A;,
2A,,), thereby inducing a frequency shift. The rela-
tive vibration directions for Bi and Te are different for
A and ®A,,, which leads to the respective blue shift
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Table L. Analysis of results of the Bi-Te thin films from XRD patterns
Te Sputtering

content pressure Crystalline Microstrain Dislocation density
Film (at.%) (Pa) 20(*) size [D mm)]  [e(x107 lines ¥m*)] [p (x10'"*ines/m®)]
(A) 49 08 2757 16.13 224 3.84
(B) 54 16 27.66 881 411 1287
) 57 14 27.66 20.08 1.80 247

Table II. Summary of the electrical and thermoelectric properties of the Bi-Te thin films at room

temperature

Te Carrier Carrier Electrical Secheck Power
content concentration mobility conductivity cocfficient factor
Film (at.%) (x10%® cmm—% (em*/Vs) (x10* S/m) (wV/K) (x107* WK? m)
(A) 49 ~10.4 9.50 158 -3486 189
(B) 54 =893 8.98 561 =58.2 190
(] 57 -6.26 6.73 6.74 ~118.6 949

of the Raman frequencies, which corresponds to the
XRD results when the Te content of the film increases
to change the structure from a BiTe structure to a
Bi,Te, structure.

Electrical and Thermoelectric Properties

The ecarrier concentration and mobilily, electrical
resistivity, Seebeck coefficient and power factor (PF)
of different Te content thin filme were measured at
room temperature and are summarized in Table 1.
PF is a property of material that describes its ability
to generate more energy from a given temperature
difference. It can be calcalated by using the Seebeck
coefficient and electrical conductivity (S%7) at a
given temperature.

All of the Bi-Te thin films have a negative Seebeck
coefficient, indicating that the thin films were
affirmed to be n-type semiconductors. The carrier
concentration decreases from 10.40 x 10 em™ to
6.26 x 10 cm™  with inereasing Te content.
Therefore, stoichiometry plays a vital role in reduc-
ing the earrier concentration of the Bi Tey films.
The absolute value of the Seebeck coefficient
increases from 856 pV/K to 119 uV/K and, according
to theory, the Seebeck coefficient is inversely rélated
to the carrier concentration, given by equation'®

~hiT (N(E) /910 (E)
s(r) =38 [n S )M, @

where kp is Boltzmann's constant, ¢ is the electron
charge, N(E) is the density of state, n is the carrier
concentration and T is the measurement tempera-
ture.''® In this work, the carrier concentration of

the BiTe structure (49 at.% Te) was greater than in
the Bi,Tey structure (57% at. Te), and this result
corresponds to research of Caha et al'” who
revealed that the free carrier concentration in BiTe
is about one order of magnitude larger than Bi,Tes.
The carrier mobility of 9.50 em®* V=" 577 oecurs at
film (A) decreases to 3.93 ¢ém® V' s~ at film (B)
and changes to 6.73 em® V7' 57 at film (C ), Accord-
ing to the XRD analyses, we observed a decrease of
the carrier mobility of the Bi-Te thin films at 54 at. %
Te as result of poor crystalline quality of the Bi-Te
films, as shown in the XRD results. Generally,
enrrier mobility in the thin film is limited, owing to
the scattering mechanisms at the quin boundaries
and in-grain scattering processes. " The FE-
SEM results showed that the large grain boundaries
of the Bi-Te thin films at 54 at.% Te affected the
motion of charge carriers due to grain boundary
behaviour being similar to barriers to charge car-
rier.” Tt can be deduced that the reduced carrier
mobility of Bi-Te thin films depends on grain size
and grain boundary. In general, electrical conduc-
tivity (¢) depends on both carrier concentration (n)
and mobility (u), as shown in Eq. 5

ow npug (6)

The highest electrical conductivity of film (A) 49
at.% Te (P'= 0.8 Pa) was obtained because the film
has both the highest earrier concentration and the
highest mobility. In addition, the electrical conduc-
tivity decreases when the Te content of the thin
films increases, corresponding to the work of Lee
et al® Compared to other previous works, the
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Ar gas pressures.

carrier concentration was the same order of magni-
tude as found in the works of Yuan et al'
(-9.5 x 10 em™) and Lee et al%-3.91 % 10%
em™3), However, the mobility was Jower than Yuan
et al.' (12.1 em*/Vs), who prepared the Bi-Te thin
films with substrate heating at 350°C. It may
indicate improvement of erystallization of the films.

In thie work, the highest power factor at room
temperature was approximately 949 x 107'W/
K*m for the Bi-Te thin film at 57 at.% Te without
the annealing process. Yuan et al.! reported that the
Bi-Te thin filme were fabricated by RF magnetron
sputtering with oriented layered structure. The
power factor at room temperature was obtained at
88 % 107 WK m. Cai et al® reported that the
best BiaTey thin film was prepared by a cosputtering
technique with | The n-type Bi,’l‘e,
thin film had high a power factor of 8.21 x 10" * W/

with the annealing temperature of 450°C.
These results indicated that the value of power
factor was close to previous reports. However, the
power factor of bismuth telluride thin film was
lower than that of bulk material. Shanyu et al.™
reported the high-performance BiATe; .. Se,)y
materials using a commercial zone-melting tech-
nique, with a Seebeck coefficient of—m? #WV/K and
highest power factorof ~40 x 10™* W/K* m at room
temperature.

Figure 5a shows the effect of applied temperature
(ranging from 50°C to 300°C) on the Seebeck
coefficient of different Te content thin films. The
maximum Seebeck coefficient  absolute value,
122 yV/K for the Bi-Te thin film at 57 at.% Te
(nearly stoichiometric BigTey), is obtained with the
applied temperature of 195°C. According to Eq. 4, S
directly depends on the measuring temperature (T)
and inversely depends on the carrier coneentration
(n). Nevertheless, the Seebeck coefficient depends

on film thickness™ and dislocation density.®' In this
work, the thickness of films does not significantly
affect the Seebeck coefficient due to all of the Bi-Te
thin films being approximately 1.3 pm. Watling
et al.*' investigated the effect of dislocation density
on the Seebeck coefficient, and the results indicated
that S directly depends on dislocation density.
Reconsidering Table I, dislocation density values
of films (A) 49 at.%, (B) 54 at. % and&C) 57 at.% were
3.84 x 10'° lines/m®, 1284 % 10'® lines/m® and
2.47 % 10" lines/m”, respectively. Although the dis-
location density value of film (A) 49 at. % is close to
that of film (C) 57 at.%, the carrier concentration of
film (A) 49 at.% is higher than that of film (C) 57
at.% by about two times, resulting in Seebeck
coefficients of film (A) 49 at.% being significantly
different from those of film (C) 57 at.%. For film (B)
54 at.%, the dislocation density is the highest, while
its Seebeck coefficient is lower than that of film (C)
67 at%. This result indicates that the carrier
concentration affects the Seebeck coefficient more
than the dislocation density.

Figure 5b shows the effect of the applied temper-
ature on the electrical conductivity of all samples. Tt
was found that the electrical conductivity increases
when the applied temperature is below 195°C, as a
result of semiconductor behaviour increasing when
temperature increases® The electrical conductivity
of the film decreases when the applied temperature
is above 195°C. We suggest that the Bi-Te thin film
absorbs oxygen at higher applied temperature,
corresponding to Cai et al*

Figure 6 shows the PF of bismuth telluride films
deposited at various conditions, The temperature
dependence of PF is strongly dominated by the Te
content, leadi to the highest value of
120 x 107 WK" m at 195°C for the Bi-Te thin
film at 57 at.% Te, nearly stoichiometric BizTes.
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CONCLUSIONS

Flexible Bi-Te thin films were fabricated using an
RF magnetron sputtering technique and eontrolled
sputtering parameters using a BisTey target. The
eﬁ'a:uﬁd' various sputtering pressures were signifi-
cant for controlling compositions and improvi
thermoelectrlcp‘mpg'tien %—Te thin films, 'I'I‘I:‘PI"E
content and the crystal structure of Bi-Te thin film
increased with increased sputtering pressure, and
the thermoelectric performance was excéllent at
1.4 Pa for nearly stoichiometric m!'ne. The maxi-
mum power factor, 12.0 x 107! W/K* m forthe Bi-Te
thin film at 57 at. % Te, wasobtained with the applied
temperature of 195°C without an annealing process.
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