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Abstract

In this work, thick films of Cu-doped Sb,Tes were deposited on polyimide flexible
substrate by thermal treatment assisted DC magnetron sputtering from a mosaic Cu-Sb,Tes
target. The mosaic target composed of copper piece with different diameter and pasted
at the centre of alloy Sb,Tes target. The vacuum annealed treatment of Cu-doped Sb,Te;
films were employed to improve thermoelectric properties of the films. The effects of Cu-
content and annealing temperature on the thermoelectric properties of thick films were
investigated. The results showed that electrical conductivity of Cu-doped Sb,Te; films
increased with the increase of the Cu-doped concentration. However, the crystallite size
and Seebeck coefficient of Cu-doped Sb,Te; films were decreased as the Cu-doped
concentration was increased. The post-annealing treatment improves the microstructure,
electrical transportation, and thermoelectric properties of Cu-doped Sb,Te; films. The
maximum electrical conductivity and power factor values of 754.20 S/cm at 50 °C and
1.56 10° W/mK? at 100 °C were obtained in the annealed film with a Cu-doped
concentration of 2.06 at%. The results indicate that the appropriate Cu concentrations on
Sb,Tes films with post-annealing treatment be able to the potential to improve the

thermoelectric properties.
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1.1 anudunuazanudrdgasslym

Tuussannaluladnisiduii sandsaues eanndalidwnesludiannsn
(Thermoelectric : TEGs) lasupuaulasgnsuinainiilaniilesainiivenlumais s ALt
Tdaudssanalunisinsssnunlaawnntdn Tergnistdauiieniui Ianudangumungly
msldanuivannate wazanudululalunisinludaunsalsneg Afvuednasy luewan
(miniaturization) dwsugunsalvesludiannsn (Thermoelectric device) duaziigItasiy
Usingnsalfiuanazimaiios Fadunisulasaamadniuansrsiulmdundsnuluimie
Tumsnduiy dwmsunisuszneuiangmesiudiannintnlugunsaifianusai iUl duumas

1% 1 .?j al I a « a . = 3
wasuldtusenin wesludianninluga (Thermoelectric module) FaazUsznaulusae
=% o o a < a A Fy I -y IS ' [ =
a1sfaiviady (N-type) wag ¥ian (P-type) Fuldang udenudug 1saduiulagd
LU finUsgnuisdesinu [1] Wnedlednvesiudidnvsnlugaududanuuna sninuseu
wagsianulnannieuenazyiniiinnisvaveanseualii

v v

arsuszneuweuAluiimaglad (Sb,Te,) WWuansisdunwiad (P-type) N33nfudty

a1 a

Sowesiamvesludianniniiiasednsanwnamesludidnvingsluditenmngiivies [2] &

Asz@nSnmuesianmestudidnninasgniuuasiieal ZT (fisure of merit) Aawandluy

aUns
S?0T
219 (1.1)
K
il S fie ANduUsYANSTIUA (Seebeck coefficient, V/K)

o Ao anwiilnilh (Electrical conductivity, Q.m™)
K fig @anminaauseau (Thermal conductivity, W/Km)

T Ao gaungil (Temperature, K)
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Tullagiugunsaimesludianvdndrulvgjesfantfidunuuianfoundn (Bulk) 399z
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(Flexible) toanunsaussandldivunainnuiougduuunne laegaiiusednsam

n1sas1amesludidnnsnuuuiaseld azd onn3sudanansi walvde 1oy

G

(N-type) uazaiinil (P-type) Togluguilauuns (thin film) 38 Wdwumu (thick fitm) aeslsh

= Y} a a a s v Yy A4 A da Y as
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a

Mdsaes (PAL AT?) aatiun1swsen wesludianyninuuudnselaluguvesiiduundannyan
@ 175'% s o a ady a & a a

funsuszgndldiumueesiionsiaingaumgil lunsaindeanmsivesludidnvinwuuinge
Ieitemnvszyndlunmnandanuismsesealuguuuuiidunndsaunsowseulalaamaie
Ao | p_4 \ = a ¢ Y and a s aAvy oo °
#131A190 [3-51 44U screen printing WANSISeuTdunIAIITH Wauilaazdinanine

Y

N158ALN1EVRINAUAULNLSDISULUR 9ol

=

HWWIAALUNISIASBUTANNWIVDY Sb,Te;

U 3 a

v a aa ~ a = a aa a = v
argwalafduundnseualnineds (6] Budumalanilionsinisiadouas wasildunled
al
ANNING
NnNsAndmuniaunundsitymiusnuanaudanisliiegfamoaunien
a < o g wa I a ¢ A & A o g v
AU iannduriludienudugnsunisluiduiuunniy ewingnguvilinive

wasunlieNdmaludmnmedeemived lnglvarasaina i ldamaldiainisdn

£
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i Adas waslandinianesiusidnysnnanaudioNduiaumunindy Tuauideddei
nsRenawant TR aunu ot uUsEanS nnn1su il wazaudAnianesludian

a a) 6
NINVDINAUNRUN

1.2 InguseaAvauivY

aa

1) WewIsuilduvuineudluiinaglad (Sb,Tes) Maalneuas (Cu) lngds A%
wuntinseuatnwesiasuuiansessunineld
2) WiaAnwIHaNTENUYaINITHNaILAe (Cu) ludTunanuanasiudeaudini

Tnihuagmanesludidnvsnvesiidunuiueunluiivaglas (Sb,Tes)



1.3

3) WeAnwiransevuveRuuiilunsaugauiaunuLauRlutivaglan (Sb,Tes) 7

= 1Y 1 a a U L2 ! va 6" a
omgnatuas (Cu) luisgumgdniunndredussaudinisliiwazmaneslus
anvisnvesiidumunueulutivaglad (Sb,Te,)

4) Weliudszavsnimmanesiudidnninvesiiaunuiieuiluidnaglad (Sb,Te,)

v a o = =
AIUNILRNBLAY (Cu) ﬂ’JEJLQ@UlﬁUVlLWJ’]Bﬁ@J

YIULYAVDINIUINY

aa

1) wissiduuneualufivaglad (Sb,Te;) Misshenesuns (Cu) 15 7% wuniln
sou alnne3a asuuiansassuiuuineldlneniuausalaodwiunodwnd 0, 8, 9,
waz 10 dadung

2) ATz nwalAsIEs WE YT AR ABmAT ANSE BRI ELE NG (Xray
diffraction, XRD)

3) TinssiiiensnaaeunarAnuilassaiiavedlaianavesalsmeimainiuy
(Raman Spectroscopy)

4) ImsziiesruszneusmmamaieaiUnlnsalnUinladidnasoumessdian (X-ray
Photoelectron spectroscopy, XPS)

5) Sinsgrddnuar i uia AMwinranuaze LT vesid i 1endesganssml
FLANATULYUADINTIA AINAYLEEAE Y (Field Emission Scanning Electron
Microscope, FESEM)

6) AT1LYTIMTIUTUIVRINAN (Energy Dispersive X-Ray Spectrometer; EDS)
7) AT RAVNAUIBUUVOINIVE LazanINAa 83U09W 9z laely Hall effect
measurement

8) TinszrinansvaaesesiauuLouAluiimagladiiiofeneun

9) Anwarnaasadoulunisnsfinyssansamuesildunulaenisevludoule
$IN9e)

10) TinsevienduUszanstiuanazaanimilalivesiidulag a3 osinnuand s
n13lww 1 (Seebeck C

ZEM-3)

oefficient/ Electrical ResistanceMeasurementSystem,



1.4

Uszlavinaininazlasu

1) ilidesranuineaudAdslasadie audfdeana wagandimeliihvesiidumu

wouRluilmaglas (SbyTes) NTaMeNaIuAa (Cu) lagdd 7% wunilnseu alaneds

asvudandnele

2) vnliflesdanuiuianmesludidnniniiefivzaunsaimunJanmesludian

n3nlviluseansnmgeula

3) MlAAnTInwenszvIuNsAnnsIzitaznsuileaymesradussuy
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=b.

Un

= av ad v
NP LUATITUIIYNLNYIVBDY
Tuunifaznanfmguiee werenideiiiotedassutaidomesnidu 7 duw
2.1 Usingmsaitugiumamesludidnvisn
2.2 Yanwesludanyin
2.3 autAinavesludiannsn

2.4 NNSLAARUNAULALNTLUIUNISAUMADSA
2.5 anulyianyselvaelasaasianan

a X % A & van & o N, N
2.6 naufUasaulumsinsievaudanaunldluanuided

2.7 ANSNUMILITIUNTSULATLENAT UMDY taeilsigazidensana Uil

¥

2.1 Usangmisalivugrumanasiudiannsn [7]

wesludidnnin (Thermoelectric) ApUsIngn1ain1sUa sumudouliidu
nszualitinlfaomss waz lumenduiufasnsawasunszualwihlmiduanuduldlnonse
IngrnuianianarsidauaudfantRveamesludidnninFondt faqmesludidnvin
(Thermoelectric materials) lngnsyurumsiuasunszualiii uay auiduazendondnnns
duvaslassaaneluiandeildndmeudi e tanmesluBidnvinlasugamgiiiuansieiy
sgwinsaneiia 2 413 aswuidinisdemgangfaingaungiigsludigungisini nanie
Ao nsdursseynaliiueu (Phonon) waz N15iAdoufivesdidnnseu (Electron) ayld
wdsuliiheoninluninssing Wetanmesludidnvindmussdndlifinaziinisaom

avuaedndlnihanmnussdndlnihasludinnussdndlniiindegldmnugueann

Wulumundnnisuaanalies

2.1.1 Ysngn1saldiun (Seebeck effect)
Usingnisaldiuagnaunulaginineimansde nda lauswd diua (Thomas

Johann Seebeck ) dnWandv1neasiulul a.a. 1821 laawnlananiiin “deslvainusoun

U3usesneveiill 2 vllnazianszualnitlualuieaslin” Ineusingnisaldiuady

[

Usingmsalffifiugiuiedunisduauseuduliilasnisfiansanysngnisalvesnis



WaguuUasesgungineszoznie nie InTifeudvesgamnil (gradient temperature) 1o
Ivasgeminanelunudinh JauusndatiazaiuaunIngzagegaaNovfan
Uszq winelfinnifeusivesgaumndl (gradient temperature) wila wingdasesing q fvane
sueu (hot end) aziindssuaatiinnnindivaiesudu (cold end) uazilunliiufiazuns
lugsanedubu fagufl 2.1 Fen1sifaduresuseyviliiAnusaad oulnfingy (back
electromotive force w38 back e.m.f.) Fsnsadruiunislvavesszammsiisdngrsasid

deolufinszualwaniifintudenit anua1efnddiua (Seebeck voltage)

T,

Tc TH

— . —

W

—+

Te

OPEN CIRCUIT CLOSED CIRCUIT

JUN 2.1 anusiednddupuaznnsiravasnssualiil (8]

o L 6l Y A J 1 [ 1
dmsuaunsvesUIngmsaldiua d1deuluguvesnanisvasauadndluiuasuang

(%

gaunilaninsnasuelasiai

i, (2.1)
dx  dx
AV =SAT (2.2)

a =

aun1s (2.1) ansalisulveglusuresunnautliiusraamgiinsineuivesgaumaillain

Y

E=SVT (2.3)

e AV AarANsNaAns WA (V)
E Ao aumlnid (vm™)
S AomduUsyansaun (V/K)
AT AaANassYBIgUNgi (K)
7T Ao gaungiiingshieud (K)



o 6"

anffiAduuszdnsdiun (Seebeck coefficient) lalwinduaudasduianmasiu

wsgansBualulanavinuazaviueyivantfvesianuu  wu lu

q

diann3nuazazian
nytlvesasansneitailail (p-type) avdiduuszdndfiualuuin waglumenduiuvesans

=% o o a =3 o a Sa I
AIRIUNITUALLY (N-type) zdldudsyansgiualuau

2.1.2 Ysingnisalinaliies (Peltier effect)

v a

Usngnmisalinaiesgnaunulaginneimansde du v15iaa egsuua walfies

(Jean Charles Athanase Peltier) dn#@ndy1idssiaa 1wl a.e. 1834 lagiuilanaiilidn
“delinszualniihlnasziinnusouintuisesrerawitniuseulziiudursoanaslueg
Tuiienenisivavesnszualnia” TnausingnisalmaiiissiBulsingmisaliliintuluni
LYY s IS = a Lo @ & ] £ o
nauiuveUsINgNsudaduingiuiuUsIngn1saidiwatasgnialdusslevilun 15vh
syuunaaduannsidesuliinduaiiandy (Thermoelectric refrigeration) lunflsnsnves
NIgatuAINTauRUUNAUlY (rate of reversible heat absorption, Q) &sdeumioufiuns

HNUNSELELNTN () NIUSeYmBRD
Q== =7l (2.4)

i ) a &£ ! . 3 | }%
1089 7 AD duUseansmaiios (Peltier coefficient) ¥99588MaM AN
g 351 (2.5)
7 < 0; AduUsEanswaiesiduau

diedidnnseuvesezneuldsundugeazinsindeudieainuilvdenisivaieu

yosruTouLaznsealiiazdianmsiud fagu 2.2 [9]



Electric Field

>
Hot ™ sy asramss . Cold
Slde Side

JUN 2.2 nsvadeuvesanueunaznszualiihvesansisinnsdliduussansmaiios

Huau
7 < 0; AduUseansmaisfiduuin

laaveseymaundinuguinnsindeudennisdioundilenn nslvaisuvesaiy

Souuaznszualnfindianiwseanudsiinanslugun 2.3

Electric Field

ok
+
Hot ~  tewsew sy | Cold
Side Side

JUN 2.3 Mslvadeuvesariuioukasnszialilinvesashsdinstlirdudssdnsmaiies

Wuuan

2.2 Jaqwasludianysn [7]

2.2.1 masludanvsniwad

a a 1% v a & a a I~ a o a < = 1
wasludianvsnusenaumedannesludiéinyin 2 viia Ae viedl war viadu Fediulng
Wutagfsihdeduwuveynsududaluiisendn searaii-1du (p-n junction) laedl
wanmsvihanuRedlisnnuioulnaruiiTanwmesludidnvnfisnsuiaiuwadainuseuiilva

inudannesludidnninaviinduazdaa WiAnausimisgamgduazaausiedng L



\AnTusendnedasisaendesainnisinavesdidnnseu (Electron) uaglaa (Hole) lu
vz utuAaziinnisganduniiudou (Absorbed heat) 3ndndunilswesiagmoslu?
dnninudaluszuisanuieusen (Released heat) Aasvesianimosludidnnindndiu
wils nMslnaveslan (Hole) vesianimesludidnninasfifianiansaduduiunisinaves
Sidnnseu (Electron) namie WlelkAruoudngsossiofi-.du (p-n junction) sziAnnnslva
10981anA58U (Electron) wazlaa (Hole) annmnasuiauludedudu w3aiinn1sganiny
FounnUszquanvesiagmesiudianninydail udaluszureausousenniauszqauves
faqosludidnninviiadu Fdldinmninetevestanmesludidnvinisansnldsmuiu

Juwmesludiénninad waneisgun 2.4

AN\ 4

Active cooling

Heat source

Heat flow, Q
Heat flow, Q

O Current flow, /
‘

Power generation mode Active refrigeration mode

JUT 2.4 (a) wamansiunszualidumnudu (b) uansnisiuannudoudunszudlih

vosTanuesiudiannan [10]

msdmnesludidnnsnwaasiuiunaie g IusnresiuieinUseansanlunisly
nuligannduialduasesindalnihviamsianuduiusenii mesludidnvsniuga
(Thermoelectric module) Fsnsthunsetuazaesaelmdulunuanumnganlunisldau

wiu fon1sliusslevisulnihazihuseuuueynsy dumslavselevilunmsviaauiu
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snihuseuuurwy tnewesludidnninlugaildiululagiuagliansadudaiuunas
AufounisusaldmseRivgusy 1wy vieladesosud Anufeunnsemenyudlaiionin

N A @ = ' a Y o d' Iy} = v a0
fidnwamamenmiudddliannsadaseld dugui 2.5 Jymdinandadulgwimaniivh

Ly a a

TinsUssgndldauddadndn Jeguuidivunfniiszndnmesiudianvinlugauvudneld

9

(Flexible thermoelectric) fs3Ul 2.6 Litpanunsaussandldfiuunasminuiouguuuunie e

28190 UL AN NINUINTY

JUT 2.6 wesludianvidniugauwuudnaele [12]
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TutlagdulddnisuszAusinesludidnninlugauuutaseldii evhunussyndli
anunsoldanldat st uwagfiminug faarureanesludidnninlugauvuineeldiy
annsathussgndldldiundsnuaaudouainiumeaiiedsudundsnulifiumuns
THuusine3 TnefenAdeiiliiuesTudidnninlugauuudnselfunldlumsmsunmdlagld
Duudandanulunsaellisuiiesumeslsans (Wireless sensor) deuftymnisldan
wumneifildudwesihnduinvsnlnlnidnafadeldou wikunesludidnvinausald
naulnialaanuraandsauaiusouainseneuywd wazarunsaildlalufanssy
sevI1eT U8 U987 w3518 UNARUURARAATH U I falwueslsans (Wireless

sensor) wazausalinulmiuszeznamansUlaglifedinisuiedng

Remote healthcare

Sensors service provider

(a)
Wrist band _—"¥\\

type
1

Health monitoring
with phone
(b) 5 ( (

Arm band ‘k N \\

(c)

Patch type

tybe " /@)\ Wireless
\\ L/ communication
" (Bluetooth/ANT/Zigbee)

U7 2.7 wamsnisthwestudidnydnlugasuudaseliuszendldiusuesisay

(Wireless sensor) [13]

2.2.2 sinvaamasiudidnnsn

[y

1) Jaowesludidnvinuilail (P-type)

v A IS

a a a a & a ) o va &
wasludianninvianiduiagninvelaadassunvseiusequinagilvsiannsou

q

HuUBNAnvatLAavarnauLanildsuBidnasaudsiuiasiu wse Tdidnaseusuiuldasy
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[
aa o YY)

walunsddvinliandidnnseuniaianazdudiiverneudrufesduiliianguing ves

£%
= U

a s = ! & = [ A ! a a
LANAIBU ?JQLiEJﬂWQiJ’J’NU’J’WIﬁaLL@S@JUiBﬂLU‘UU’Jﬂ Lll’e)llﬂ'J’]llLLWﬂG]’NE)mWQQJLﬂWUUIu’Jﬁﬂ

9 9 9

g lileaianisimasunazianssualniioanun

2) wesludidnninuiiabdu (N-type)

[ d'

a & a a [ < = a a = = o 1
wesludianns nuiawuiduiaandnedidnnsoudassuinuse NU?%‘Q@‘UQ%%ﬂ‘M

q

a

dudnaseuniuengnvatuaazaraauwaniUisudidnasoudatunaziu wie 148idnaseu

a

squfulaasurlmvasdidnaseuntesnliauisadusiiuazmaudufsusendanasous

v [

I a

inddnnveudasy JevzuantUszyavesnuiladanuuanieam)ifiaduluianasyili

a a a a A al %
ddnesaudasziiamsweasufiaglanseualuinesnin

2.2.3 N1SHUSANEAZYBIMBSIUBIANYSN

[y

anwesludidnnsnannsaniinguenniaiu 2 dneasfe LusNguRINENYLNIS

[

THnunasanwuzvasIansall

9

nsulinguenudnuarnsldautanmesluddnninyssianaisisinindeuly

Jagiuiinangeshusynavaimnsaudinguuasansargamginisldausenliidu 3 nau

1. nquilldnunaamgiisnvsenaaumgines wu Bi-Te, Sb-Te, Sb-Se tlusu lngans

Y

lunquiiag anunsadaluuseandldlunulanainuaisuwazaeniniiieniniaulas

a a a

wazdlusgdnsaaniigamniviesdvinlnlafuanullouwazaulalunisfnuiiuegi

1

aNn

2. ﬂejuﬁi%’muﬁqmmﬁﬂmﬂmq WU Pb-Te,Pb-Sn-Te, TAGS 1Jusu

Y

3. nauilduigamniae wu Si-Ge Wudu
Janlunaunlgaungamgivies Wutannlundeuuasiinsldnududiuiumnn asitiexld

Werdutannesludiann3niu Bi-Te, Sb-Te \Jusiu

MsuUInguanudnusvasianuUla 2 dnvasfe

1 3aqmesludianrninngulans
Tulangniiiesanuzlndsziundsnugegavedidnaseudasy 13en1ssAUNE

wesH (Fermi level, Ep) Wossnanvassgiliiulansunsudiegiluiou svnau usazdig
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T81annsouil og T uuengAr8I0sAN0anu) FusunINauddiannsou laeanaud

Y

dianaseuningaeanuilildgnindnlindeunogianiglnds duszaouviniy usauise

Y Y

(% (%
[ [

A aunlavtadaurinliueesasusondidnasaumaniinsidnaseudasy 3 lulanzuauin
Waus (valance band) wag waun15U1 (conduction band) Jan¥aLIN9A2 FaURUAUVINIA

a & v o v Y a o u a & < ° o
ALANMNIDUDATY Lﬂaa‘lm1 NININDU ﬂ'uJﬂu’uJiWﬁ']iJ']ﬂiSW']ﬂ‘U@Laﬂﬁi@Uﬂﬂz‘W'ﬂfVi

[y

didnaeudaszisliiededanasionszud waz duUszavsdiuaiiane dalutanlunqulansd

TiwnzaufisgihunvssyndldduTaqmesiudiannin

2. Yanmesluddnvinnauisinuiiazauiu

| U

a1snehuazauInIilindudseanstiuanganitlarslagaignaiine wauiniaud
wag waumsiheginsiusaslidowiuiurinlviinyesinenaing (Forbidden gap) aanali

seiumlesTiogludesinamaig Fsasdiuldetsdnaulnonsylmdsnume sadaiindy

v '
o o a LY

NETLUALYNINALALAIYBILAUYDIINNE I TuvEN SEdiU

1 o w Y a

AU UANTINAVDIFUUTLE

o a <

nawuesilutanansneinivdadulnadu uTnaN INa1YeI eI 1NN TE LA 1Y0s
NAIUAN 9 deduuseAnsTiunsiinaininmelsey laua wmeUseauadlea waswine

Uszquesdlanmseudieglunavinaud i’{mmﬁwmzﬂizf\maﬂaa wagdianasouinduuin

a

L PIFINANTENUFDAELUTLE

1w a ddl

P3UUA AITUAIFUYSZENSTLUAN qqmaﬁ] gnuludanniauau
P997IMNAINUNINY el UE LTI UIUILTALOUSDITNVBINA T UNNINwAN IR ULUT

v o o =

vildanasoaninnsi i luvasiiagansfsiainagiuovvestesinsiiuaundiuaglal

I i a ° [ 1w a aa o = o Yo
douuiugatummunzaudmsuanduussansaiuanazaninnsialnii Faviliianans

Aaddumnzanlunsiyssgndldanuluaumesiudiannin [14]

2.2.4 waunluilmaglad (Antimony telluride)

woudluilinaglas (Antimony telluride) Huansfashaiiad (P-type) Inefiinide

lelmnufomnnidusgrannlumsihaninsfnvidesaniinuaudinianesludidnvia

a

nguilesanndasednsnmniamesiudiinnin (Figure of Merit, ZT) Niguasiuselians
amialutlndgnmgiviesdeuiluiivaglan (Antimony telluride) Wuashadianidien

YOINSNUNLAU AD 0.28 eV HanNwuyNNIATNEIT199EnoNLUUTITY (Quintuple layer) AD

-[Te(1)-Sb-Te(2)-Sb-Te(1)]- Imammawua ¢ilN15IUNUVBI Sb-Te AENUSEIAINAUD
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(Covalent bond) 4 9eg n1gluvesunardulay Te-Te Juiud1gWuszuIUABI NG

(Van der waals bond) #aduniussrsuinseeudiegseninduunastu lneglngaduaueou

Alutlnaalaneglu space group vos R3m
Y Y

'?%‘% “ T Te(1)
. Sb

Sb

[RAERARENE D

deS sjee A\ J9p uRA

s *
ordmuing)

A
SXV-D

JUN 2.8 uandlassasnsnanveswauilutlinaglan (Antimony telluride) [15]

p-Type zT
PbTeSe

00 . . N 1 . . L 1 L . N 1 N N s 1 " . N
0 200 400 600 800 10
Temperature (°C)

JUT 2.9 wanspsgdnsnmnmanesiudidnvinvesTaqumesiudianyinyilai [16]
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wa a & a
2.3 Qmauummema%‘[umanmn
AuaudRveuvesludidnninavgninnuameaUseavsnmeeanesludidinninuse

Figure of merit (ZT) aganansavldainaunisi 2.6

2
7T =31 (2.6)
K
e S Ao AduUsEavsTILA (Seebeck coefficient, V/K)

o #p annhlnilh (Electrical conductivity, Q.m™)

o

K fig @anminaannseau (Thermal conductivity, W/Km)

a

T Ao gl (Temperature, K)
’JﬁﬂLVl’eJiIﬂJ’eJLaﬂWiﬂd Uszans nmiinrasesdandudssans duuaiia uﬁal
LLiaéﬁ’uiﬂ/\lﬂwﬁLﬁmwaLLazﬁmamwﬁwlﬂ/\lﬂwﬁqqLﬁamimﬁauﬁ%maLﬁﬂmauﬁﬁiwﬁaﬁmiﬁﬂ
anudeuiiiieannsgadsanuieuludiaianyinlisnuauunnaaveg g dled
Tuafimmnnantunesludiansnann1esinaes (Power factor) F9IaNNISAIUINAT
FuUszAns Fiunrdsansduaraninnisiilniy (PEF = S2a) azldSunisiasadie
Ussiumsuiul pnaauifinisdidnamsetindvesianmesludidnvsniloliaansansiuan

nsihenuseula [17,18]

00— Ll

Power Bactor C r}nflwlwh V]
77N =Wp
o r"p we g \

1200

S000
1000

Seebeck / \
o

200 6000

pa I & 3 3 0 5%

GOO ¢ 4000

Heavily Doped

| T T T |
(L2 75) AnAnanpuon) [eannsa)y

Seebeck Coefficient (pV/K)

400 - Semiconductor Semiconductor Metal
L 7’ 2000
200 ¢ -
L o -
0 =X =l N )
17 18 19 20 21 22

Log (Carrier Concentration)
gﬂﬁ 2.10 nswansANUFUN USRS Power factor, Seebeck coefficient way

Electrical conductivity
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a

2.3.1 mauﬂsza‘wé YLum (Seebeck coefficient) [7]

[

AFUUTEANS TLunvelaniinInid ol A11un 199099 N Hae19ninliAnn1g
= A a A a a ! (% a o ! [ Y a 1 1
indeuvedluauINUSIMNRamgTgenInludmamainniinliAnA1ALwnN 197

andlniln (AV) viliieadeuuesduyUseansSTuaiIninInNonsIdIuveIRNus1afng Ll

sonafveguuil (AT) Awuandluaunisi 2.7

AV _ VeV

AT~ Tp-Ty 2.7)

S =

'
a0

Feuanangamgiuazarnnusdndlniuigiladedundwmadendudssansy
WA LU ANANUARIBUUTBINIYE ATANNUNNTDIVDINAN LAZAIAINUNUIVDINAUAILAR
Tuaun1sn 2.8, 2.9 way 2.10 ANUaINY

ANMUAUNUSTEUINIAUUSLANSTLUALAZANAINUA U LUV DINIAL

2

8n?ks 7 \3
3eh 3n
MAuA LA ks ArAsasluanadun (Boltzmann’s constant)
h ANPINYRINaIA (Planck’s constant)
n ATAUAUILLUYDIN N
1 a <
e ﬂ']Uﬁ%ﬂGUBQE]Laﬂmﬁau

m*  ANadIa

Aganiinidlunisin

ANMUFUNUS TENINAUUTEAN DT UALAZANANUUNNT DIVBINAN

S = elT {<<E>> EF} (2.9)

1 Ngjsl (+2aE H
1 _ Ndisi ( 3a )b (1 2v) J-27r |mn(q)(l c0s 0)d0 (2.10)
T 4rh 1

MU E; ATNFNIUTINVDININE NOULAANITUU
T NANDUNALLANNITVY

Ngisi  AIANUUNNTDIVBINAN
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be  ANWIALNNSYBAUBSNETAMTULNIARANLUNNTOS

v AAULE)

ANMUAUNUSTEUINIEUUTLANTTLUALAZANAINUN U VD INAY

3), u
=S |1-"P21-p)— .
St Sb{ ot ( p)1+U} (2.11)
ﬁzkgT
S, =— 1 .
b = =g+ Y) (2.12)
5 =(5|”/1b) (2.13)
OINE JE=EE
AAUA b S ArduUsyansaLuA

Sy AdUsE AV TIUATe AU T STl

dy Ansgezdasziafy (mean free path) weawnylutaniiduieu
(bulk)

P AMTmesUed specularity Jefirnsening 0 e 1

Er  AN@eumess

A’ v

U endenuiedlusuvesszedasviaiovammeluianndunou

9

2.3.2 Adnnilniln (Electical conductivity) [19]

W aldaurnlwi g luludanaqsh e Sidnnsout ey lunauin

(Conduction band, EJagaueddeauuluiil vialdAanisinaeuiuavinszualni 9nng

299l93iu (Ohm’s law) @n il (0) AednsidiuvesmnunuLdunsswalniln (current

density, J) sloawlnil (electric field, ) Aldvdily faaunis (2.13)

Q= (2.14)

J
E
J=ngv (2.15)

Tae? n A9 31UIUBANATOU
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q fie Uszquesdiannsou
V fe Anusianeideu (drift velocity) vesdiannseu

sty animihnivesianansisiauniesnndidnaseulusauih de

o, =Nqu, (2.16)

A a 1 1 Y o a a 1 < a 1
W9y, = VE 1389071 @an1neaaesl (mobility) Ua98tannsou IniiaiJulguflunsse

Tad-Aud wazanmuliivesianaisieiaii nlealukaulaaud fe
o, =Nqu, (2.17)
= = ! ! 3
e p, = v/E 138031 antnpgesfivedlea
Aty anamih ininvesdanansisiuniiosndidnaseunazlaa Ao
o =Nqu, +Nqu, (2.18)

Tunsdifduanssiaduuuiaus (intrinsic) anmdilvihastulumuauns

_Eg

o =Nq(4, _'_/up)e2kT (2.19)

Ino = In[Nq(x, +#2,) =]
) 12X, (2.20)

2.3.3 Aan1nidinNFeau (Thermal Conductivity) [20]

ANANINUIAIIUSBUABAMUAINITOIUNITUIAINUSBUVBIAS TN Uz gAY
wiagledle (SI Unit) An W/mK deansiiminlangaziinnveanisiianusounas diuans
= 1 o

FININAUIUNTOBLANEALLAINITUIANNTOUNAN Auseuntgluianaesudazgn

mewlalaensduniglundn (phonon) uardidnnesudasyauiianduaunisi 2.13
K=K + K. (2.21)

We K ABAINTITHIAMNSDULLBIIINNSAUVBINEN
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Ke AaANsANSauilasandidnnseudasy

ANNNSUIAINUS DU DIINNNNTHUVDINANNI BLIENDNBEIIIINITUIANUSBU
Yo3uaniie (Lattice thermal conductivity) @u1saauirulaainuuudiasslulnaseinl

a8 (Callway Model) Fanandluaunis? 2.13

3 4 4_x
ke (KT ) 2> X'e
K‘I = 5 B '[T Tc —de (222)
0 X
2r Vg h (e _]_)
AvuAlA Op Aogauuilmaung (Debye temperature)
i Aommaafivasndar (Planck constant)
0] forAnuivasliuey (phonon frequency)
X A9 (dimensionless parameter)
4 Aam1arutiansiuluvaeddluiinnissu (combined

relaxation time)

AnuasNluvazdlifanisrutuAsdIuNdUTaIRIIN sTUTe MU UAUNg

YRILLUNLMLY (Matthiessen’s rule)

= v & I -1\ = ° v i
Fadundutiuezdeueglusy (7)) Feannsorunldanaunisi 2.22

= ke A) 4q )
T =T, t7Tp +75 +7gp (2.23)
o % -1 P 1Y)
AUl . ADNATINTDIDRTINITTUVDI W UDY
-1 ) 1Y)
7, ApoRIINITTUAUTetWUaULazlWUeU (phonon-phonon

scattering)

Ty ARdnIINIsYUYBdluaulaunnsasnelundn (point

defect scattering)

Ty ABEMIINITNITTUVDILNUDULAZVOUVDILATU (grain

boundary scattering)

[y

A a «
Tep ABERIINITTUTDIBIANATOULAEINUBU (electron-phonon

scattering)
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2.4 MandaunauLaznszuIUNITaUAMaTe [21]
n1stAdaulaulunIEUIUNIITN A YYINIANTENITLATBUTANUIY AB NILTEIAI
(Fabricated) Ingnsiadeu (Deposition) asansindevludnuaizozneuifisdaiuuiagsessy
w30 Substrate uARUTSuUTAIeglusziuuTwang vonnduda fiduung
(Thin Film) nanefs Suvesezmeunionguuesesmeufivufudutuun q dvlutiaqiud

6

Uszenal

q

¥

Faruilauu1sluniusng 9 unug InegnugIueaInssuIunIsedouiauuned 3

[
[ v

gj o A
YURDUAIALYAIUAD

<

1. M3asasiadau (Source) visiiansindaue1vegluguuuures vodma va9wds

& P Vv & a A o w o =~ | & & A % =
wiia nislouddmniluarsindevrugiimawinisindeveyluvasiuazsiduiiszdead
anuzeglugues lo #9isn1snvsvilansindeunateiduloszmeiuausovinldvansds

ey enfegagu nistinuieunsonsseaubiieayniafiingseugs (usiu

(%
o

2. Maedeuihwansiadeuindiiansesiu vieiFundt Transport Tunzaayainieiy
leszimpussansindavenaagiinisiad suitlugdnuasiiulundunsiludsimesiansesiu
vidoorandeuiiluludnungvedine Jaaviililessmeresansindouiimadvuiuoyniadu
flogmelunuzananie uenmnilessimsdsansnfiasndeuiiluiagsesiuluziuy

Yaananaunle

3. mMaAdaeu (Deposition) WudumsunIsadeurssdIsadoUaunaaluture Ay

UeiRguuiansossu Ineituneullaziuetiueuluvesiansessy (Substrate) N5l

Ufise1vesensiadouiumiansessu (Substrate)
2.4.1 AS2UAUNISLARBURD (Coating Process)

-:4 a € & o g v =
nsruIuMsasUiauuIndunseuIunIsni ismusearsusenauainidnans

\AFOU (Target) WABUAIAUTANTBITU (Substrate) v3eianifainsidau Inediinuszasd

wanAe Waliulseaninammsldnunivediaaliniy  nswdeuiiduaiunsanseinla

ad ' VY ! [ £ ! A £ a
nae3slnganunsawudlailu 2 nguuanlaun 1.058UIUNISATBUMENTEUIUNITNINAT
%30 Chemical Vapor Deposition (CVD) 1ag 2.n58UIUNITLARBUAIENTZUIUNTTN

[

N8N %38 Physical Vapor Deposition (PVD) lagiisioazidenasil
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Plasma CVD
—| CVD : Chemical Vapor Deposition
Laser CVD
Thin Flim
Process |
Thermal
PVD : Physical Vapor Deposition Arc vapor deposition
Sputtering

UM 2.11 N32UUNISAANANUIS

1.A32UIUNITAROUMBAIZVIUNITNINAL  ¥50  Chemical Vapor Deposition

(CVD) NSEUAUNTIARDUAIENTEUAIUNITLATIITUN1TIARaUN AN 1SuaNFIve9a15LAT Ty
6V Y a aaa = [ I . A [y [y 1

anmasiauduiaujisenaiinaieduanslvid (New Species) aniadauuuiansessy 1wy
35 Plasma CVD wag 35 Laser CVD 1dudu

2.A52UMUNITATDUAWATZUIUNITNINAEAIN %38 Physical Vapor Deposition
(PVD) NS2UIUNITLAFDUAIBNTZUIUAITNINIEA NI UNTZUIUNITIAR D UT 8 RBN15YIN TR
9¥RoNTRIANTLAG oUNgRaENIINRNTIEIsIedeURaTInTEA1evI Rl lUFunasEnfafiy

AU09Tan 933U 1Wu F85zieans (Evaporation) uaz 35adnnes (Sputtering) 1usiu

TPUNSLARRUTANUIMBINTEUIUNITN N AEA N HUDIAEN1SYIN IDE o sLARDUY
1aneaNINUIHNUEITeEsRIRUrsalnasndaukdenszauluinfiniiTansoasunan
a 2 9 al e N | v as o a
wdeulutuvesiiauunsluiigaanunsowdseantondy 2 F5uang fie
1.n15AABUA283S S8Lneans (Evaporation) LJun1siadauvestuilduuisvesans

(% '

& A o v & a ° v P a P ° %
waeunvihliszme Fufntuluannzgyainieilalaenislinueuniuinweiagyiilias

A [ = A & A a v v v v aa a
Lﬂ’ﬁ’e]“Uﬂ’sﬂEJLIJUIE]GZIQIEJEZJ@ﬂﬂﬁiLﬂaBqu’UZﬁQﬂiz’ﬂﬂEJ‘Vii’eJ’Ni‘UﬂiS“V]‘UﬂUG]’J’JﬁG]i@QiUVI@JQﬂJMQN
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o
A I Y 3 1

wisngaufaziinnsAmItLiLYesEsiAieu waziinnsiedeutdutuvesiiduunsdaly nsls

laa a

Aanusaulunssseansefevausaitliviatedsus s deuldlulagtuuaslidany

aa

o v @ v o ! N Y aa o ad o

Fudounfonislinnudouninsuzussgasiniounigisnisnisliiuenanildilisousn
WU N1TTLUBLUUITULES (Flash Evaporation) , N155¢iuen18a18L8nnsou (Electron
Beam Evaporation) , n151AAIINS8UINNAIAUNIU (Resistive Heating) , N15581A8A 28
\aLwe3 (Laser Evaporation) , N15kiAusaumeaduaI1uiineg (Radio Frequency Heating)

Y ¢ . A a e Y aada I

WAz N1333LM8eBN15015A (Arc Evaporation)  nsipdsuilauuiegisidevldindouans
ladidnn3n (Dielectric) wiu oanlad (Oxide) wise wunfidoulavigeslsa (MeF,) wedlansi
faudalusddavuianideinisiadeu 1 laudndeddio3y, wiunn uaznszanialwes va
o ¥ = = 1% thdyd = a | A % U 1 U =

dmsutadsvesnisindiausieldifeuwsidainseninsasiadevnayJanseesuarligeainda

2 A Y o 1Y) Y N aaa A A | v =

221Uz A9491ABN TEUIUNITOUMBAINNS DUNI DD ULaTagtaelin1sEanIzuesans
AEBUATY wan Uil duunlaealilentainnisuulauvesasnlgninigusussqans
waeula SMvninatvueUsIIEnaadoutudyavaeumaInmsalnglAgaivaIsiafau i

danld

2.35alame39 (Sputtering)

=

nsadamese Ae NTEUINNToERBNYRITAAYNYIN IaREaNNNINTUND Wagnyu

Y

[

mglosunioaunialilingwuas szneuiildidumvuionaidunarsmslnivieduszqila

9

Y

winTunelaaniizagINIe ooy w1 uiIniIan IsinUIINgN1T alsinaAe

= gy

mMsagyieuiinavtiveslonou lesauarasiieussninainiiaian dedlunjazazviousonin
TusUvesezmendidunanwnsinituflosmaifianssdiuiudidanseuiinatan losey
fAadrmuianhuesianoailhaduiletan anudnvosnisilaiausiunsstutundsonu
vadlovsuvtaimaruveslonsuoinilvifinnsinsssiaesesmeuiiiintves fanlusl
naziinAuunnssstadlassaiaman uaznisyuveslessuetavinlmiinnsvutuusioies
seminsogmonvosimiiagilfiAnnisvanudosoznouasian 3annssurunisi i

“aUpLnnsy”
2.4.2 ¥UaVI5zUUaUnLMND59

2.4.2.1 320U 73 allawa3e (DC Sputtering)
szuu 79 alaneseusenaumediuelun (Anode) uag auAlna (Cathode) 14Tu
Tan3995UNT 0T UNUNADINITAFOU UNATEeEseniNeianIeesu (Substrate) Lazdiualva

(Cathode) 2¥ag381iNg 4.0-10.0 tudiuns Wedesiun1sgayidyerneuaisindoussn
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masuiamieunamilinvuzgayinialasiiluudiszegainay (Dark Space) 9zog)
52119 1.0-4.0 Leufiuss Tnsdauelunazeguinaiuniivlngd dawgunsaiaueyay
Tuthauevuesusalnad Tnoufaildiduufadesdsilidadgs uazlivihuFAzedutians
indeulaeunfazldufaensneu vauminlnaifavisainnududinis nsvuiumslessludas
Shwranwinanfansaldnsiuiniissezasnay (Dark Space) lilunnninssesseninedy
welnanazdauelun iemuduanamioussiuliihssnindidnlningedu fuavilfszes
‘Uaammi%wﬂaﬁLﬁﬂmauqﬁuﬁﬂﬁiwzm%ﬂaw% (Dark Space) v818#398N LAYWIAIHER
leseuluszuviivsunsien nsvualvifihanasuazesneuiignadmnosaziiusuaananiy
Usinaswesloouuaznszualiiiluszuuiifinnuduningi 102 mbar wuinszezainails
(Dark Space) 92819n3138827195eMI9BANIATA waznszualnihanasdeud uilviin
nszurunswaalooutuduanas uaslifioznouvansenanidranadeuiiesainnsg
aUnmasan

%mzﬁmmﬁugﬁuwudﬁzsjzms‘ﬂam% (Dark Space) asvinduas Usnauniisimanan

loseutitunnsasunasnssualiiinlvaluiasiidawiudy uaznssuiunsalamesuiniy

¥ I
=< =€

lugasgemuatnnuiuvaznaauaungluszuvasiy dadnavilvssesyasnnisyuy
senndlillanaveddiaiananal sznauaIsndeunnaneendntiarndauaziadaun by

indevasuuFansessuldeiniliewindnissunuluanavefiatavasyisunaugidiansiadeu

Sy o) = s

vsainnsadvdniiare s vz INagagyilviaganainnisadamesiinianas us

Y 9

IS

SlommiugelunasuserinBaduognssualessuasyhlisnsinisiadauiie 1geaniiaana
Furmils

ssuvadameloialuasaouelun (Anode) A9NTIRTINAVNIUTAYINA wasT
uelna(Cathode) fidndluiiduay () Tnsusnandauelnauasivnesnvuzayaniaeen
F18auU 138091 “n3199dad (Ground Shield)” Taafins1iadad (Ground Shield) A
anvazdundslanziuseuquesualnn lapazdosdnszesiessninaualnauaznsnadan
(Groundshield) TWdun31szasandnale sefunsidrdndluf1veinsiaddas (Ground
Shield) azwifunelun mslnaifansauazatinmesaglianmnsafafuualnaluudimid

nsMadanviuegvilanusaniuauusnideinsadnnesla



Ar’ ion impact by
by created electrons
incident particles Bl - @
arget atom
(e.g. Ar*ion) \ 7
® 4 o
@ e 9 Z

) @ I /o' ::Zr:’ectrton released
\ m target
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0000\("@-0000

o ee 0!0\0—-0 Q0@

6000006000

U 2.12 dunsisenszndnslessuuaziadansintay

+

[ Substrate_|

3UN 2.13 szuv A% adameie
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2.4.2.2 530 15teu alame3e (RF Sputtering) [22]

Vacuum Chamber

Substrate |

; ({:‘; RF Generator
|‘E'Lr+ l."l;
. r ;
/ Matching
L MNetwork

Target | (cathode) |

4]

To Pump

Argon Feed —=

JUN 2.14 53U 9151eW alanese

SEUUUgNHANUIMUY RF sputtering dlassadavsenaumiedalui 2 933197

1Y

i laun Target (cathode) Wag Substrate W uLRgIRUWUY DC sputtering el L@ 1918

'
[ A [

Adslunduainuied INgMAE (onUagalug193endng 0.5 - 1KV, Auduinnia

Y

0.1 MHz) Un@flealldminud 13.56 MHz mﬂ%’amﬂﬂﬂ'}mm?{qw‘iﬂﬁlﬂﬂamﬂuﬂﬂisuu

1Y

fuszninedidnaseundeniinueznenuesinviiownndudunaianligediu dmussuulan

q

WduU1aLUY RF sputtering 39810150719l AUAUAINI NIV DC sputtering 1A

NaNIARAINITYIIIULAT AIUAUTEAY 1 mtorr N15dsAd uIngAINd dadg sEuy
. o @& v v ¢ v a o 5. . =

RF sputtering 3LJusasldgunsaiusuduiiuaug(impedance-matching network) L8430

a

Tnevialu RF power supply azdiduiuaug 50 loviu Tuvazyi natauiagid dununud
¥ 1 - 10 Alaleviy szuudsuduninaudlnenaluazdsznauniedsas LC Addmideai
A1AIN 1 6 FuAudszauiuanle 1 da wazdfiuuszaatnsfifisenin Blockingcapacitor

1 ¢ seegiu Target sauanslulasiagy
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L Co
m_l 7
Rj 5& R=
O

Ry impedance of rf-generator, C,: variable capacitor
Rz impedance of f-discharge, Cy. blocking capacitor

gﬂﬁ 2.15 Impedance matching network

a = s

U d' d‘ a | 1 U vV ] :fl o.ll a

doyannudrduingagdeniussuuUTuduiunudiing Target Fslagnaluasil
dy a <@ = a [y Y% A <) 13 I Y
HunvuIAdEnINLilaLisuiu Substrate wasnisiosagayInianseldunsg aulaivindu
vasiuNvestr i isassazmiea linndndlninseuanssiilduau (Negative dc bias)
Tuil Target sgvuawiniuwenUignvadhiaimaves RF power supply Andlnindidudiu

dAaivliiannssuaunsataneSalud Target dausl Target aziduauiulviiniu

2.4.2.3 53UV 93 tuntinou allaweass (DC Megnetron Sputtering) [23]

é’@mﬂmﬁma{]mLma‘%aﬁ?uazﬁu@gjﬁuwa@Jmiwdw%ﬁuazﬂ%mmiaaau‘ﬁﬁaL%ﬁwﬁ’u
Whansiedou fefumsiudasinisatinmestuuenainasinlalaemsifiuBasudadaanunsa
lalpgnsiiinysnalessudid wivuusnathdasadeu dsdussvvalmneds wuusd

a a Y o Y a ! a [y 1 a s ) a [y
alaLnoTy I@IEJ‘LJﬂG]LL’ﬁTVHVL@LWENLLﬂﬂ'ﬁLWllLLi\‘]ﬂuVLWﬁWiSM’JNEJLﬁﬂI@iﬂﬁi@ﬂﬁiLWMﬂ'ﬁNﬂu

'
= [

FellUndingegaaginumuiliunsgua (Current Density) Uszanad 1 mA/cm? uazAdNy

sruUszan 1.33x10° mbar wanannddamuinlussuy f adamass lnenllunaliosnauvad

¥ '
v Y a A I

uwiafazifianislessludtuaslidnteundy 1% uenaniduitedsfolielanauiuasdiuay

[
a1 =

biuSinauianunsndtegneluiiquuimlauntuiengsdy

| vy ) | | Py ~ a = & v

fau Al N1sHaLIsEUUTndis 8N SEUUAT wuninsou adawase Fadunshd
AUNULULA N8 Taedn1sAeaunuklmdnlidnan1sfivuIud vl nd1ve w1ans

= a Na a8 ) = | a a a o

\AADU %38 Target uazdifianennsainduauuluin Faagioifiusresnafiuvediannsou
Tmedaunlas1uintu Inesiunaainauiukiindnasyilisanasaulnaauidunialag v
Tinisleesludilesainnssuiuseninedidnaseuivesnenvesialesiiiauddunad

agylens i salamesgeunulume
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v v
v A ==

M111NN15ANYINISLAA U V09D LE NATOU N 8T UAUNLLLLNAN WU B1RINDLANA T

' DR
a A aa v v Aa

AFNINITLARDUNNFRINAUNANIVOIAUILLILNEN  WUIBNTNAVDIAULLILIREN U TING

o g v g = Nt Y o o
MilieynaUszgiuedauiiluwuenay mesad ()

9

1
3.37 (W)2
r=————

5 (2.24)

Weo W Aandsnuveddidnaseuluvdes eV

A ¥ vV 1 < 1 ¥ d‘
B AoALNtuannuLsiuanlumiiy Gauss mumammwlezﬂﬂamau

V = 2.8x10° Hz
FINA 1948 99098 LA AT UTULUIR IRINAVAUINLLINANT AN 10 eV hag
N @& A £ v a 1w a [ a
AUNRIMENTA1AUUY 100 Gauss SATNITVIRUYINNY 0.1 WwuRling MeANNaN1TIYY
WY 2.8x20° Hz 3UT 2.14(b) wanedidnnsausiadiusdiunid sluwuivuiudy
AWLLLLANDLANASIUALIAFOUNNYUANIOUL AL NI E T UL LLTIA I TIA Ml
1 Q’ljy a & Y] & a 1 <

seninafandiinaseuruivesnauuia JUN 2.14(0) WUINITUIUANTOUAUINLIMANTY
Wasuluasianasaudsunnisaunusivdniazatnu w3l anieiaaindu 81119909
AUNNITIADIUDNINNIZYN A DLANATOULAA DU LuLU L AIWA TN TR ARNITIAA DU Tu
wIFIaINAvawILkanLazauu i 1S a3 nIsieAeuTikULaseday (Drift Motion)

LY

FAWINY

Ve & (2.25)

e E Aeauulwirmiiedu Vem

B Aemnuuaunuiivaniunuiy Gauss
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Electron

Q undergoes

(a) Magnetic field upwards

@ Magnetic field upwards

ExB M 1
— E
Drift

(d) Electron starting at rest

collision

(b) (©)

Magnetic field upwards
E

ExB

Drift
(e)

JUT 2.14 nswpReuiiveseunalssyluaunalnihuazaunawsivan a1y (a) (b)
waz (o) Wunisind auiivesaynrauszaluauiuusinan daugy (d)
was (e) Wunisiadouiivaseunadszgluawiuwivan wazauialiii

saunuluzunuuMsIAfaunnLANAiY

NSt aunliauSiamis nalds (Dark Space) Ta1Uszunal 1,000 V/em wag
Tauuudwdn 100 Gauss Agsilvir1amsSaeedeu wse Drift Velocity da1vindu 107
= g A v ) a v a & Ay A o = )
m/s FuluAndeudnsas lunsdliindsnuisuauresdidnaseutiudatesiioinnisiieuiu
wasulasuanawulii MsiedeuiivasdianaseusziadeuiiiugUlvaasss (Cycloid)

AagUT 2.14(d) damndianaseuiindenus uauiiganianasuitasuainauiuli

A = d‘ v o - a a
nsirfauLUUABERaUdLegluwIINANTaUiuAandluTUT 2. 14(e) WaANTTUNUIING

]
=

Aodianmsouazisudaundudirasldaunuwivinnianioslnsawuulvaneg sening
50-500 Gauss kAEINALUNSID gL UULUIMIIIGAUvadlonauag19liwuds Jiloaaud
WIAFINTIBENATEUNIN
a a{' % 1 [ d‘ 1 q' a o’j 2

SEUUAUMLMBSIN b au Nl AN tunsH gy e uUS U lessulu 81vn

1 @ Aa a U a a 1 . .
aurunivandiananauruiuianiewesauinliiagisonin @auiuniuenl (Longituginal
Field) @sagylvusednsainnisiiuduvedlessuiuligainualiilvuuinisialngd
fav1sadasuld wazdinssnerauaiansvesiduuadodusgned  ddulunsdld

[

auuwimandsaindvauiuliilisenin auiuniuene (Transverse Field) Tagn sty
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vesUsinallessuintuldsi wdmnitlessuuindsuiuthansindou wie Tarcet udae
Aan1svandassdifnnseunfenil (Secondary electron) anu Sidnnsounfegiiaz
indouiludnuaisifiniuguil 2.7(d)  shlkBidnaseugninivegluuinaauuuimantng
Hualna wozindeuiinuuaseideulumuuunimimesiaualne vl¥siEnmsouilenadi
wdwuiulnanaveufauinuimiveathasedeviniuauuinulndimhveat
answmdeuivsunalessugin
didnmsousalafildlfiAnnmsvudriulenavesufaasfunsludnuasiluslds
dhsutuithasedounarasiinnsnandidnasowioniuniu fadunavinlilossugnudn

gonintuUTINUTgwIN wazialnartialnadaarinliinaUev1$a (Space Charge) 3N

al

lopauuInganuInARITMAINA B99197UNI1588UaBANISTUTDY TEUU AT alnnaTs

e

AuAUlTIIU (Working Pressure) 1nn  wistadaulwilifeuiamunazanasauiiuinil
wagdarauislniifaandivsnaaisnaidy (Dark Space) Tuszuudd adamese vaueiilill
' =3 o 1% t% [y { S a s ]

aunimdnvilianunosnsessnulniissmnggadianin savesszvusinidaseu alaw
939 anas A1oguseaIn 300-800 Volt dldauiunsimanivuwuninseunsenszuen ae
ol NNty daUanese 99NTEUen K30LTuNI1 Cylindrical Magnetron Sputtering

v v | 2 o aa a dg v | a ' s
wagd 1INl AUINLIUANTUIZUUAT aUmine3 s 9 gL uuLi usIUag38AI INaIUN3

wunilnsou alnneis Weel3una1 Planar Magnetron Sputtering

Tusguu wuninseu alamese losoukavwarguminduiduuinivsnadians
= 0§ Yo ¢ 1 o v v o Y '
wwdeuilignsinsatamesvesseuuiiangs vanldanuduiuazuseiulniisendng
didnlpsadiaiounsil MnAwessnsin1salnmes szuukuninseu aldamesa nsinszuen

lnenaluidnsinisalninesgenda 1.0 Um/min kagddnsinisiadaueanid 0.2 m/min
ANUVULUUNITRANUSDURILAINAUTZUIY 20.0 mA/cm?  ksasulnnsenineddnlasail
ANSENIN9 300-800 Volt NANUAUUSENAL 5.33x10° mbar faanIDInNISHNUSEENTAN

NSIAGoUNGININAY 10 WAl wenandldsanunsaveeainalnldiussuvalaneiuuin

'
{ o

Tngledne diudeidovesszuvuuniinsou alameds Asuswulnihsswnindianingaiain

Ly

=% 0§ YaNY o w = o a Ay d' A a
7\]\‘1'1/]']1‘1/‘3J5U@ﬁ]qﬂWIUﬂqiLﬂaa‘Ujaﬂuqﬂsﬂu@wm@@ﬂqiLWQ@u‘lWﬁWWQQLWE)VI‘\]%ﬂWiJ’]iﬂﬂ'ﬂ‘U?’]iJ

'
a v A I

AN wRsTaN  willdefnsafissuuilanunsafinzmuaudidnaseudlngliegniglunsey

[y

vosawukimanld Jalididinnseuiivaneenuiwarisdiansessululiunuites devqy

antymanufeuvuiiiansessuiliosninnisvuresdianaseuas
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Area of erosion Magnetic field lines

Magnet poles

Hopping electrons

Cathode

SUT 2.15 msdnaunuusivanluszuunaiusuaniasou alame3s

2.4.2.4 530 uoann alnmeiy (Reactive Sputtering) [23]

35 Suendisl admneia fe nsvurunTiadeudeisadaneiefiinisdounia
1UiAse1 vde Sueadin ufa irdszuuileliufaduihujisotvasadouudaiou
a1sUsynavvoslidudunndidesnsindouasuutansosty 13nstldssutnazudnms
fuguiefuivssuaiaweswnfiftsusinaifueafinuia fduufaildluszuud

a o

2 YRR

1. alawa3wna (Sputtering Gas)
Junaiiviliianszuiunisatnmeswnilaemaldinduniadou wuwda
215nau (Ar)

2. Sueainuia (Reactive Gas)
uufafiazidvihjAzerfuesnenvesansiadeundninduarsuszneves
Asuuremuiigesnisgy wialulnsiau (N,) nie uiaeandiau (0,) @lu

NATedlalgLAans 2 yind
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Vacuum chamber,

= A
— MFC

substrate
Substrate holder

Coating flux
\ /plasma Ar || N2[| O;

WEE 7 target

s gun
1 | n .
E or F

Vacuum Power
i 4 supply

JUN 2.16 szuuiadaunauunelagds Suaaiin alninaie

nsiAdaUNaNTRIE1SUSENaUn1838 Sweafivl alnnese arunsavilalagldidans

a = A & a £ = a a a = o o
\AAOU 30 Target Mlulavisuignswlouluszuvalaneds wasinistousuaniinuian
fadnsnluseuy Wi nsteuuialulasiau (N) oravinlmialanglulase wien1stou
wiaesLEnau (CH,) 50 Ht5u (CHL) a1aagliAnduaisusenauvedlaneaslus  Falae
UnAnnunuvessweniinuianldiidrreudisinauliiismadenisiinufiseluaniisuni
wregadlsimuainiuindianaseulunataifddqunszsunsslossludsuaniinuialnd

aaa Y

Anuaunsalumsyhudisedulanelageninnizdng

dnsunsiiailauvesasusenauiiiannmeiuiisevesiueniivluia (Reactive

Gas) TUBLABUVRWTIETIAADUNUDINALY 3 anuERa

1. AenRwdntaIseasy
a a & . ° aaa Y] a Aa v
Suanvinuia (Reactive Gas) azvinufjisenfusznauaisadeunimvinlians
S [ gj v % = (9
waeuluasusznau Mnuuazgnalameshivgneenuiudiniiouasuuian
LY aaa dy a dy d' % 1 a =l 2% =
5995U UJATeiinduandounnududasvesiwaniinuialussuuliAigs
(% 1 ] = =1 & | d' 6V d; [~
gnmag1udy nswasulnnidenlulassnuidstaunialulasiaud wiy
= a o pRpp— a a ¢ ~ s a a v
Swarluia NiesnelunisiiaiauvasmmieululasanusuRIrNves
a a a ' . . =~ ° Y] &
\Wha1sideuiitsenan Target Poisoning T eiinasnlinensinisindovanas

IS (3

Weasandanvastmnmisululpsaiiaginindanvesinniey
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2. Anusnaniseriadhasfeuiuiansessu

aaa [y

wiimsinjizonfuezmenmsiadouiignatinmessenitemsineguiiuianses
SundrFundouasuutaniesdu nszutumstlunamguideindntesuin
iesanannyvesmsvuiizelsivanzaunungeysnelusmdi uifsiam
HulUlgTasinludasd

3. \Aafvthiansesu
%‘LLaﬂﬁwL,Lﬁ”a%Lsﬁ’nﬁwﬂﬁﬁ%mﬁ’uazmammmimﬁawuﬁaLwiu"';’aqiaﬁmﬂu%gu

YosflauuvetansUsENRUARB R UL TAn TSy

2.4.3 nsaNauUNg [23]

a a s Y aa a N Ql' A o Y | |
ﬂqiLﬂa@UwaN‘Uqﬁﬂﬁﬂﬁﬁa{]@Lmﬁﬁ\i ﬂ'ﬁ'lﬁa@UWG\ﬂﬂﬁ%VIUNQ?aﬂi@ﬂﬁuaauiﬁmf\]gﬁq

[y

lusUretarneuvsolaanandwiuiuse (Bonding energy) senintarnauansindouiuian

9

sossusarguugiivesiansessuazluimmmunmiuaiisalunsunsvesansiniouiyia

LAZLAANITINIZANAIMINTWSNUTLINNS AD199zATaTIUALNINEI LU US o

Y

[y = o

Anfursengasenainaiwuuly waglunatagevneunassseenaulisindiuszning

armoufiTinIsuns Lﬁaamawﬁmismﬁaﬁumﬂ%Lﬁmazmau@' Fefienunadesunnninesa ey
e miiam(;Taﬁ’umaaazmamz%{uasﬁummwmLLu'uGumawauLﬁmLLazé’mﬂmimﬁaU
(Deposition Rate) azmaudiwm%wﬁaﬁ’uﬁ’uawamLﬁ'mé’hﬁ'm nangiduaueyno
vide Triplts , Aevmau WeQuadruplets wazdnumrau9dn Fusudeninmsiiniundeaves
oznon ndwIniunguernenazdinisfiuduanaunset Linnisdassadafumumig

NANINY (Crytallographic) faulagiinisaotsuvesiaudiuly dnwuglaenaluvesiau
YULNLAANITTINNGUOLABUITQARELTULALN UL T1B¥ABNNRINING 1T UITaI1T0
A P ~ v ° | Aa o ° ! A N
waouiiod oz lUM LU RIna UiINILEue kazauausalunisiadounves

PYABUILIN UT U 1QUNATN H3929TaN T UTAIGIT U N1TARTNTINISLAG O

=

(Deposition rate) @11150%18n15L0V0INANTAADT I UINI19ERoN AzTIa lUNIT AU UND

v
v v Y 3

Aautaumgivesdiiansessuaardninisiadeumazlanaundvuaveunsunivuin

9 Y

Ingyfitounnseslunsutdssuaglanaunianuvuiuinnelumenduiua gaumgivesiyian

o

59ATUAUATNTINSIARB LA Aaglinaludnwuzinediu



(a) Single Atom Arrives
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Substrate B
(b) Migration Re-evaporation | (f) Island Shape
Q o C@S-Sadbn
/ x Island
O/~ O\ S
O

Substrate

(c) Collision & Combination of Single Atoms  (9) Coalescence

A,
00
(d) Nucleation (h) Continuity

“Islands” of
@ Atoms

&
&

JUN 2.17 Msiiniauuns
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Y

2.4.4 Wandwugruwasnsalamass [24]

wmamﬂizﬂaumaaumﬂﬁLﬂuﬂmqLLazaqmﬂﬁﬁUﬁzq ﬁgqﬂizq uInlardszgau
agi’mﬁulué’mmuﬁﬁﬂwﬂis@qw%mu@ua miagmmaﬂagmﬂmmﬁ Wunuudseniady
na"4 (Quasineutral) Fanunenu118idnaseunarlonsuvinmdu Tnesamuadidiu
ey wazuanswaAngsusI (Collective behavior) lespudsuoymafifiuszquaziia
miinFegnisslnindanugslaluaualniy e leseuludengiaguvilmAnnisanem
Tusudufisseiivsduezneuiiuunaneen wnfnvesiagiuila sxneufiuunaramaniiay
wndouiluiuiuiansesiu wluuued lesswndeuiluduuiinazsuiueyunaveseynaud
Wunarslunanasnegaue losau Jagadendsnuluuisalu viegnasveulnndouiiosn
NNUUARY pzpouIunansil ngreeninNAIARANsTUAUBYAIATIUUNANsYBIN Y NBY
flaglufuiitansessu wudu Weanuymidimedlunszuiumslunssuinduiinnudush
W38 8a5zAs (Mean free path) wUsundufuarimdy waznslyanuiusidansns
nsvUYBIBymeN WunanuaInasuiuTanU Az ansesiy lunisuwedlessueiavinlu

a

SLannsou naneanu1andantuinleiiondiannsauda18anaseunaeg

Y

(Secondary electron) wagAaeveIRzRNLU UNANTIVEADRNNIN BN 3YUTDI LoD LN

A7 WAKER
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2.5 anulanysalvadlaseadrandn [25]
Tassawesndniifesneuniooyniadaiosfiueradussifouifinruauysal
wumalassairendnlugauetudululdonluenndusiddasamelassaisdnuuuiidy
w1 srzlasundsinasddounndeniatuegiane amuliauysaivedlasadwdninasie
auUAnaidndvasilanlaun audfnialni audlun1siufisenadl wasnginssulunig
LAANIZUIUNITHIN) eog19vaetounnsosnananife TounnsosmanuuUwILALT
(Vacancy defect) Upunnsesndnuuufalaiatu (Dislocation) #aanauLATULAZIDULIA
508/9UDNTU (Grain and grain boundaries)
2.5.1 Younwsaewanuuuan (Point defects)
founniesndnuuuyndumnuliauysaivedasiaiimaniiiansanosneuiifoiiiou
TWandumiafululassadrandnluszuuauiia 99Ussanase oy aosisauvindives
JLYLNNI0LARY
2.5.1.1 YoUNNIDINANUUULILAUT (Vacancy defects)
dounnsesudniiintuainmsitosneunielossuvgaveluanlasaadrawdn
neAfeunniasfiiinainnisiidesnouviolossuiieguinauaniiuniglundniad oude
2N USIUS NAUAINTIVDINANZINTT TOUNNTDINANWUUTRRAAN (Schottky defects) way
Tounnsandniiinainnisiievneunislessunaneanlusinuandiei og anelundn
wdpudeludwinuiasavduiinsswiuanfieifonin fevansemdnuuuilsung
(Frenkel defects) Tndaunnsaandnite 2 wiliafinarandrsdudutsunnisswiniuy
WIULAUTLYULAE Y
2.5.1.2 Tounnseamankuudumasanidea (Interstitial defect)
founnsesiiistuiiosnegnouiifitnnind wasdluegseninmosineseming
ovmoumelundn dudusimaiviliozmeyfegiumidndideadadenlu Taovluug¥as
ozmauiiinluunsnegaswinvidetiesninfaslusevmesmdan
2.5.1.3 Tounniamanuuuduamitu (Substitution defects)

v ] = A a =~ = 1% a =
ﬂ@UﬂWj@QNaﬂLLUUﬁ]‘@V}Lﬂ@l'ﬂ"lﬂﬂqill@gmaﬂiﬂiglaaaumnlﬂ%wumagﬁaﬂﬂia‘l@@@u

YDLAATNBINVBIUNY (Host lattice)
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Interstitial atom Substitutional larger atom

Vacancy Frenkel-pair Substitutional smaller atom

JUT 2.18 uanstaunniananuuulaviingnee) [26]

2.5.2 YounwIeeNaANLuULdY (Line defect) [25]
Founnsosudniinduanamuliaysaidesannmseginannieiniivosndy
ovAoLRREAT U MesrIUNYluNdn HaanaraifiaUnAveslasas N nLUUIAG L
2 PiuludsennvewevieiiutuudsinaiiAnmsinnfvedassasendn o1ai3enld
Sneg1931 Aalaadu (Dislocations) Tauanunsautseenldnudnunrsussidanadiu fe
Aalaladuwuuvau (Edge dislocations) wa Adlaatuuuuang (Screw dislocations)
2.5.2.1 falausuuveu (Edge dislocations)
\AnannnsfiiueviossunuredeyaeusnnnUnidnanglundndsaavitliiAnuss
wazaulsiauna uagiinn1sOnden (Lattice distortion) meluwdn
2.5.2.2 fialawmduuwuuang (Screw dislocations)
\JudnuwaziuaandeszuueteznouiinisdnFosiiinanin laedsusiende
\naeamsetnu (Helicoidal palne) uwnufivzduszunuiidnmsdniSowniivuui
2.5.3 YoUNWIDINANUUULUITEUIU (Planar defect) [25]
Judnvauzvesnnuiaunfvemdnuuuszuiuuueendu 3 nqu fe 1) auly
auysaivedlassaiendnidunaminainmsfissunuveseznenlaesnesmiiinisdnE s
liiFssdfuiuszunudugaenaiieonin Stacking faults 2) mnulsiauysalveslasaiiandn
wuuRamide fuinaRmidnnsiaisosiunndeiusenluutseonidu 2 dou waxd
dnuuradotuduniadunvesdndiunils Sond1 Twin planar 3) NFULALTEUTBUNTY

(Grain and grain boundaries) Younws eana Ny I A1l N899 0T TS NNy WS
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(Polycrystalline) Aflnaneinsu Fsluurazinsuaziinisdnisssnvewmaniuianiaufeiulay
AUUILUITEIINWARLINTUNT NI 891 VDINAN TUR AN FUNTULALVOULIAUD

N3 dnaribiAnnsasuLUasaniAgesidnddns 9 lanudnlugauad

Burgers vector
b

Edge

dislocation

Screw ™
disloeation

Busgers vector b

JUN 2.19 uanstaunnsawanuuuialaduluuvaunazaslanduwuuang

=R 1{= =R - R g

JUT 2.20 UHAIVBULUATOEABYBINTU
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wvaa, ¢ o

2.6 npufUasiulumsinszraudanaunlelunuidei

2.6.1 W3padnsinsiaeauusediond wia Xoray Diffractometer (XRD) [27]

LA RILATITRNSIE 8 UUSIE NG S8 X-ray Diffractometer (XRD) 1JuinSasile

ldlunsiesevandigalasiasivesianiliviatsansdiedns Ingedendnnisidesiuy

v = (% 1 =y

YBI5IALDNENANNTENUNUINANVBIANTAI0E 19N s 197 TuFalul A./.1912 W.L. Bragg

v a & ¢

Ipausuunfndn Wesdidndnnnsznussuivveteznaunslundniigunnnsznu 55dond
UNEIIBAANTTAETBUNGU (FILUL) Tuasiouvinfuluannseny INmann1sves WL,

Bragg ilvitins@nwiuuwutlaseaiawdn aulimsvseivgAnAuasodiiaeinisde iy

£
& =

Fadvond Julul A./.1948 warimuIuNIEIelinIsUeIRRNN L ARTUUSTENALTlUNS

Y
a = a

MUANMTINY uazdlasiesidszanana elfifinausinisusiug By douldtuseie
undvanglunguiinuaifinet Yagmans ssdiinen waslangdneuedosliaszinindsauu
$sdend anunsavimsliesigilasainaman (Crystalline Structure) vesansusenauililag
Tuasiaegns IalusUuuuns (Powder) wazuuuflduuns (Thin Fitm) Sswanisiinsisvidae

wALA XRD A¢l¥is8azdennelnulASIads1aNan karSEUIUNANYRIENSADE1 tnevinnng

a

TAAANLNYBI5IE NagTioweanuINyNA19 WTsUEUNUTeYALASTIuNYIN AT TI9TR
lag@IAns JCPDS (Joint Committee on Powder Diffraction Standard) 1##9931nasuseney

L azinllAsIas1aNE N NLANFAINAULALSZYLUIITENINEEUIVVDID MU NLANA19 WU

[
1 =

Fafueyfuruinuazlseyvetaznel dmsuaisusynaulsazvilnagilsuluu 13e XRD

Y

[

pattern Mananlsoulaliounuaeiifieveinuniidnwarunnaisiuesnly

2.6.1.1 NANNISNINIUVDLATDIIATIZINITLRYAUUS DN

¥
s a

melueiesiianzinsidsnvudedidnd Ysenousae vaeaduiasedidnd Moy
aanUnuavegniglianizayyinie ‘Tjﬂ%ﬂ&gﬂggﬁ]%gﬂﬁ%’]ﬂ‘*ﬁiﬂ@ﬂiﬁﬂis&ﬁlﬂﬂﬁLLﬂ'Lﬁuaﬁﬂﬁ
Ayt (Filament) ieg nelunaonriindsdidnddsazhlidummineuiouiuuas
reliAnnsUanudesvesdifinnsousaniinidumn Biinnseumaiiazgnissiaeausig
dndge Mliadoufidhsanuiigenndumniianuuwididudaualnadsutauelun g
Tnevhaluvinanlavenesuns Budnasoufiadisuazilibiinaseurdluan vietu K-shell
vosernouvILATuAgroanlukazindudesituiadunalviBidnrseursuaniiogin

11ABYU L-shell wag M-shell LAANNSIUALULUAIUBITEAUNTIIIUAINLNUNYDIINITU Tag
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Ansmesidldndeanuiainasantinsedeng ludaasiiese wazsddndiaguu

2ONUNINANTHIDE1NATINTUME aUnsalnTIdusaddnd visei3undn Detector

x-ray tube analyzing crystal

optical collimator-2

s

%
optical collimator-1

: sample

: detector
(i b

Uil 2.21 #&NN15719U8e X-ray Diffractometer (XRD)

AV S —

cooling part

~
z J

X-rays
window

High potential difference

5UN 2.22 vieaanlinSedidng
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2.6.1.2 N15LA3UUAIDE19 XRD

anseegaTiiuns azdedivunayniauszanm 40 luaseu vseunlilmiuaziden

wnige neuSuunidesddluniseaeusienss Ussuia 1 - 2 N3y dnaisddegnsasly

sample holder w&ald glass plate nadasitag1elkUwNa TR MTNNTeuNgRanTi0E1

a

AdurDTMT oAUV 22ADITVUINNIN X 817 x W1 LAY 10 x 10 x 2 Hadwwns wazgld

Aunthniseunantunsie e legldwdlagafndiegradniu Sample Holder

2.6.1.3 nM3Uszandldinsadiinszinisidenuuedidndlunuide

1.

n13TAserlaseas 1amdnlua1saaog1u N suA ugIuT o an1nIgIu
(Phase analysis)j Usuunisid ganuussdid ndvaunaiidundnasddnuwae
uwanasfiueanlugduegiunsinsesiivetssnauneglundn deudsaunsald

[~ Y 1 d’j v Y} 1 3.}1 v = a = [ <
Wudnusdlainanssiegatulsenaumienanvdntatazilassasiadunuula

N1531AS18%09AUENaUYeIE15A88191ulT9US U (Quantitative analysis)
% = ::941 v a @ (4 I~ 1 d' Y a ::4' I

ANMULVUVDINANISLE YU UUVDITIALD NI LU UAMLUSNUA U UT UYL @ du

nanegagluansdiedny dsudsauisaldmanunduvesiiadiuamusun

vaula wazesrdsznaunggmeluaisiednla

N1334AT g vUINVBIHAN (Crystallite size) waTAIINLATHATEAUIANA
(Microstrain) Aunnsuasfiansiieaussdidndidunaiionnaneiosdiowny
ANWUENIINILAINTYDIAITAIDLIAKA AINATEATANIA TOUNNTBIVDINEN
LAEILNAYBdFIaENa AITUTIANIN IR IUANYN TN AR NLaY MILATEATANA

b4 a dy v a @ Y
INAIUNINVBINANITLABIUUS ELDNG LA

Wisldmiivmuaugumgil HTK16 sauiuin3es XRD agvinlvianunsaliasieinng
denuusadidndnieldannenwignmngiviesautis 1600°C vsluusseniauni

goyeyInNTA viseusTeInATasigdesla
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2.6.1.4 MsiaeVUAUNSUAUINE W.L. Bragg

N157LAT1EYLT I ASIAS 1A NAIUNATANISLA 8L UUVBISIELaNY X- ray
Diffractrometer %38 XRD tJuiasesilefildlunisasiafigatiendnualiilivinatsaisiiedns

(Non - destructive method) Iagldnann1siae U uTaIsIFeNgNANNTENUNUINE NVDIANS

i

AI9E19NLNANT RN TR TIERN lavg nin lUlTeusuiuguteyaunsguiesey

v oA

Jnnresdusznauvesasitegsdeianiilundnfataniiinsdnsessiivesezaounisly
Tassasrsegradusziounisdmsesivataznaunislundnazidnwusidussuiuduns
wmﬁ’mwfamzmwzagfﬁwqﬁmﬂuiwz d oﬁ’mamiugﬂﬁ 2.15 §9A15282%9 d 2zdiAn

wanaeiuluTuiusssumRvemdnazsdulununguoe Bragg feaunisn (2.9)

incident plane wave

2d sinB

gﬂf/‘i 2.23 nyuas Bragg

2dsind = nA (2.26)
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aun1s7 (2.10) Bundn NHUBIMUINALUNIWENTINET (Crystallography) @111501BINENIT
Usgnausesvuiuresesneuingg Ingnssvyszunuaylddydnual (h k O S h k LiGend
fuiifiaians (Miller indices) LUuavs LA N s 0,1,2,... seen9TeEnIaseuUluye
Lamﬁuﬁuagﬁ’uﬁmﬁﬁama% (h k U uagApsfivaslaseudn (a, b, c, &, B, ¥) anuduriug
seEnINesEErinIveszuIUiuaAsiivedlasmdnaefianasiulunussuundnwuunnge

Tunsalegnad1e W aNATUINA NN LATIAS19UUAITA (Cubic) FIHA1AIALASINA NAIL

a=b=ca= f=y=90C awlaaudunusaail

a
A = T—/—= (2.27)
Vh2+k2+1?
98 hkl A9 AILRLIYDINENTILAUTDINENTIY 9
a AD AAINLANNY

ANUAUNUTIENINTLH U995 ZUIUNUAIAINUDLATINANAIAUNIT

1 4sin? 0 h2+Kk2+12

Sh SR LI (2. g | L/ (2.28)
a8 a A9 ANPSTILanAY

A Ao AmPugMeauYIsedlend (1.54059 A)

I~ (3

0  #o yuuwusnd (Brage’s angle)

szunusglunanlildneliiAnnisidoauweanely ssuulanssdendannsznuud

'
a v a ¥

N3213990NU1A0ARADINUNYTDILUINA 138N S8UIVLUINA (Bragg plane) yufisadasviau

9

< A 1

o d' v v a a 1 c’( . . I~ ]
MNNUTEUIUNTUIUAUIIEIANATENU 138N Y188 (Diffraction angle) @sliaidu 2 11

v YV

v A o a s A o & aa & v a ¢ v =
EZJ@\‘il‘!llﬁz‘Vl@u Lll@u’]cl/\lall‘UqQVlLﬁﬁﬂuﬂumqlﬂﬁﬂmjﬁjﬁﬂqﬁl’aU?LUU%@Q?Q@L@ﬂ‘(j@?ﬂLﬂi@Q

Y (%
I~ N

X-Ray Diffractometer 3131011909598 L0NG 7 LA 8L ULLALYULA HIUUAILQNATIIN

[%
@

ANN989992U U1 LASIFS 1NANVRIRA LU NTINAITUAUNUS TLNI1IANULTULAY

& Ay v oa ! | & . . = )
l!llLa EJ'JL‘U‘UWI@ LS8N LUUDYINTIa 8L UL (Diffraction pattem) YIATHUANYUTLANTY
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dnsusigurseasuszneveiinieiu Weldtoyaiing1au1udanagaunsoAuILMIAIAI

Yo4lATINANFULUUNSIRE YRS EeNd

; % SmartLab

gﬂﬁ 2.24 1A304 X- ray Diffractrometer : XRD

3U SmartLab SE lag Rigaku Ltd.
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2.6.1.5 NM3INVUINBYAIA %38 Crystallite size [29]

lun1saiieniauinveseunianie Crystallite size AIIULATYAVBIHNAN LAY

[

Tounnioaminuatayn1a aunsavilalaenisldaunisiwesises (Scherrer eqations) fieil

D- ﬂckfs - (2.29)
0
J”C% (2.30)
L LS (2.31)
D2

el D A9 YUIAVDINAN
K A AIAST WINnU 0.9
S ¢ y
0 Ao YuwuInA (Bragg’s angle)
a = o a O A o °
A Ao ANeRAUYRIsIELNdWNTY 1.54059 A
& Y A =t P ~
Prr o anunthefiaswmilsvesrugveiia (FWHM)
o Ao Auldanysalvomdn

& Ao AMULASEA (Strain)



—FWHM<

100 %

50 %

INtENSItY ———

100 % ----

Bragg angle 26

g'd‘ﬁ 2.25 wanIN15%1A Full width at half maximum %38 FWHM
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2.6.2 N153LATIZHN93IUIY (Raman Spectroscopy) [30,31]

sunuaninsalnd Wumedaildinseiiensaaouuasdnuilasiaing
yosluanavesansnsluaniuzveds veuna vioufa lnefinwunsuddurenisdunde
nsvyuveavgilaidusesluanavesarsiug Sunadesumuadninsalndidumaiaiionds
fugrumsianisnssdseseiuuastngldndunasiifiauiifes (monochromatic radiation)
fflmandugs Wunnunasiuiaawes lusnassuiulnanafifunmsvuwuylidamegy
(inelastic collision) LﬁmmiL‘U?{auuﬂawawé’muﬁﬁﬂﬁiuLaqa%’uwﬁmmﬁuﬁuﬁ%aamm
winfussdundssnuvesnisdunsonsmuinnsnsziduadlasmendsnudifim i fu
138127 NIINTLLIUAILUUTINIU (Raman scattering)

ALILYBINITNTLAUUTINLEA TN AaUseanas 100 - 1072 win

%30 0.001% TetuANNIENUIAITY shlFAsasaTahldein FufuTesndufiaedosld

wnasilanfiauidugs wunsldrdunasainawes (aser light source) 1usiu
nannAsvaIsIUEUnInsalnl

a [ a :l' ! a {

sruuaUnnsalu dunIsInNI13N52L39989AA LAY ILATAT UTENIN

3600-50 cm'! iinanpdukanawesninnudiden (V) wardannudugs ornduniunas
Tuths 3380 vsedunsnsagwlndild innsvuiuluena ilinluanasundanugadu
(hV,) TWegiszaundenuisaniizii (excited virtual state) Fadusziundauiiogszning
annziuessziundsnudiannselin (E) tavdnzivesszaundsnudiannsedn (E;) A
wanalugui 2.26 SEAUNGINUVBINIANIIZNITTURUNGINUYDIUAUAYDTUAL NI UVDY
luana nudmmasnuaaukaLaaiusEii 10-4 da vilviiannsyuluuldagdendany

a a ! a | 3 — o v a Ao o Y
M3enIINIsvuLuUdangu (elastic collision) wagiln1nseld waeidng 1 uvafy
WAWIUYDIAR ULALLALYDS 138771 AITNSELTINUULTER (Rayleigh scattering) Tuaue®
nauuaLaesUssIa 107 diu vinliiAensvusuuliigangy (inelastic collision) i
N9 UAULUAIVRINEIUAY LA NATUNG 1 UAAAINT DL LT UWINA UTEAUNS 191UV
N13dUNINITNYY kaziiAN1INTELILadlag in1sAena I uLasdANds1efueanun
1380971 N1INTLRUUUTINIY (Raman scattering) lngdl 2 Uselan dauandlugun 2.36 lag
UszunnusnAetisuuuududualand (Stoke line) asfiiduaiunmsunianudanitauiua

s a 1 d‘ [ dy Aa v v Y]

Wwes an1svusenInduanauazlivneaufiogluan iz NunissAungunsdu (vV=0)
Anudvesalnasurendualandazidoulunemnuivesnduuas (red shift) @rulszinni
P & Y a ¢ . . a v o aa a ! a
aeafiyunvuldudunaudaland (anti-stokes line) Azdiduanasuniauigniininug
YopauLauAwes nNAsTUsEnINluanataiineuiegluan e iudseAundny

A5dU (V=1) Anudveanasuvatduwauialandazia aulunieanudvesrd uduity



47

(blue shift) llasa1nAsEauNGIUNTFURAN1IENY V=0 3wl uuluianauinnitsyey
WU IFUNan s I en@nIzi V=1 Jevhiidualanddanudureinisnssids
LUUTNUgInIduLeuAalandniinnuddeuluminiu dnulumaliesuvaUnnsalnd

JndenldalnesuvasdualandunnninanesuvedunauRalang

Virtual A
energy
states

Vibrational
energy states

A 4
) ¥

Infrared Rayleigh Stokes = Anti-Stokes
absorption scattering Raman Raman
scattering scattering

O, N WA

gﬂﬁ 2.26 NMINTLIAALUY Rayleigh Uag Raman [32]

2.6.3 mMsiaseialednusdlnlndidnasausaininsalal (X-ray
Photoelectron Spectroscopy, XPS) [33,34]

dumedendmsaunlnsalnd (Spectroscopy) 7ildfnwesduszney (Elemental
composition) @n114gN13tAd (Chemical state) hag Electronic state Y8459, i Ju
asrusznavluasiied1s Tnefnwiainamdsudauiled (Binding energy) 20911l
3\dnmseutivanudeseenunainaaexluaisiietns lnendsnuveddineuvessedisng

annsavlaanaunisaadl

E=hv (2.9)

) h ADANAINVDILNGIA (6.62x10% J.s)

v ABAMUNYRISIEDND (H2)
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® Photoelectron hv
\\ Vacuum
\:onduction Band |
Fermi
I5,13
I
K

JUN 2.27 dnwauzreinisiielnladidnnsou [33]

Heanesddndliiuaisdiegaziinnisatelaundsanulidudidnaseuioy

v & Y I A ¢ a g A vo 9 ~ <
FEAUVUNAINUA s] %QQSWQWLUUQQﬁﬂﬁgﬂaU I@IEJ@LﬁﬂWﬁ@uml@i‘UWﬁﬂﬂ’]ULWHﬂwaﬂﬂqmqiﬁ

vigAgenIInaeneuvsagnlosalud (lonized) naneillu Free electron i3endianmseuilin

Tnlnd1annsou (Photoelectron) tAAaUN A28 WS I91UIAUAINT Y (Kinetic energy, Ey) @
NAIUIAUVBANIABANATOURD AIWLANAIITBINGNIUTENTI19eERaugnleaelud

(lonized atom) waveneuiegluan1igund (Neutral atom) 34138031 wasudamides

(Binding energy, Eg) v04818nnsou Fefidendruiidesldiiievilvdidnaseungneanly

Wulwlpdidnaseuiuies

EK 57 hV— EB (210)

dmsuiuiiNilureud mdsmudavietssgninniudnnaimaien1siansun
seAUeTd (Fermi level) 11n7158A YR vacuum level Aauanslugui 2.27 uag

AnudNiusnaunihiignileulugdiuy

E,=hv-E;-¢ (2.11)
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e ¢ Juileduau (Work function) vesianuazuansmasaudumadndulunis
v a «

MindianaseusanaNvads swiulataindidnnseussfesgnnszdusiiendanuaadi

AAULINITNANUT AT INILAIULANFIIDE LB YA DI AWNINTUINY

2.6.3.1 @ UnASU XPS WaLN15HATIZH

Y
a Y 1

wada XPS iunisAinwiameiiuinvesansiedis esndidnaseufiniudn
nfiufiuszana 10 wiluaesiidy faunsognnssfuiendsulnineu nsiandaan
voslulndidnnseuiivaneenlulsaressvinaviidnuuszianizueusiazsy Lazuandeeni
Tudnunizvesarunasuiiiuyavesiia (Peak) lnon1susingfinfidumisndssudaimileasis
7 \usiivenissafiflufesns dauenuduresfinasuendasinavessintu 4 fwuly

Magasaguin 2.28

'— Sb 3d
01s

1539.8 eV

Photoelectron intensity

525 530 535 ~ 540 545
Binding energy (eV)

Uil 2.28 uansaUnm3 ves Sb [35]

(2
fal o

Tnednvarvesanasufidfunon1sinseiiised

1. Photoelectron lines i utduiiiauauuinstuuatlaoiilvasduduiivay

fandaung

Toluduanasues XPS 1w finUee 1s fin 3s wasiin 3p [unu

2. Auger lines Wunguuesiduluguuuuiideudinsdudou wwuinudwluad 4 uuy
@9 KLL, LMM, MNN wag NOO @ aidunisseysiuniafiinaiiudu (nitial vacancy) uag
MOWLLMu'QﬁIUIWquﬁWB (Final vacancy) Tun1siia Auger 2981909 UAILRUS KLL 594
nszUILNEVEuE R raELsul K shell uagsiuvisiganinelu L shell

3. X-ray Satellites aiUnnsuvesn1siasssdidnd llsAnanssdisndAdngsanu
anzfsniouiiy wifimulufdbulsenouresididndusduiiindanulineugsndy

WU vhlvfiavednladidnaseunnarsuidunauiansdlinouveuuniifon (Mo uay
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=

avaliiey (A) AinguvesiingoeifnTunnasudamilednin Geanudulasaiuntavadie

o

muasmmamﬂmﬂumLLaIumiuwaamiqaLaﬂen JULUUVRY X-ray Satellites ARnandauelun

Y

Aduunniide LLammgUw 2.17

&3
x15 )

a2 f

xll

O’s a
B
‘/\_ — ~ -
00 290 280

240 230 220 210 200
BINDING ENERGY, eV

INTENSITY (COUNTS PER SECOND
l’ER UN]T EN ER(JY INTERVAL)

3

SUN 2.29 feg1mvesiiafiiingin Xray Satellites 91ntauslunilduuwinididey [34]

4. X-ray Ghosts U9As 333810 ng91nesAUszneud un lilgdanvesinelunves

wiaeAudnsddndAinsenuiuiegisyilmiafiadn o luanesy Jeiawmaifionauna
P ~ b B - I & A A = A & ]

wnkunilideuiiluansiievueglutiielusevaiideunsenssunsiilugiuvestanelun
Tunaendsddnd

5. Shake-Up lines n5gua1n15 Photoelectric lulavinlninnlossud utanizlu
Ground State v%13Ju LLm'ﬁm'mLﬂuiﬂlﬁﬁlaaau%gﬂﬂdaaiﬁasﬂuamuzﬂizéju (Excited
state) %qﬁwé’wuqaﬂ'jﬂamuzﬁwﬁﬂﬁaa TunsgiindanuaativendsnulnladLdnnsaud
JapuaonunaziaA1anad IngnaseaIuianadtiaintd@anmaoanuaINULANAI9YDINE 991U
JEMINEUENUAULAzan U NIEAUAdnaliiiniinres Satellite peak NWS1IUIAY
° 2 v P ~ v a oA a £ a0 Y ~ Ao va &
asantosilomyuiuiiaiindu Tuvisnsaddiulnginazdarsusznaundauimidu
Paramagnetric A1 Shake-Up lines 1infiuag1adniau laga1aaziinnugslndifes
UANEURINANEN UazanunsaiinlasnnImideiia Fewumus (Sregrinainiandn) waz

AI11g9YRY Shake-Up Lines Ssanunsaldied@nuianiizniaail (Chemical state) 84519

Teeneme Turagiansusenoufifaut@mdu Diamagnetic Tnamaluazliiin Shake-Up Lines
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Cu(OH),

Shake-up Structure

8 S0 250 840 2930
Bindng Energy (eV)

SUT 2.30 wansdnwalz Shake-Up Lines 993 CuO Waz Cu(OH), [36]

6. Multiplet Splitting miﬁ'SLﬁﬂmaqumaaﬂmﬂizﬁ’uﬁ’uwé’wmszﬁuﬁmm
prmaNAelBdNnIoUIAEL (Unpaired electron) agluduIaud (Valence level) azvhlviiin
a01ug319 (Vacancy) 31 lnefin1siia Coupling seuinedidnaseunedminduluindsain

a J < v a @ a a | ° FYAPN aa
n15Lfin Photoemission ludy s AudLannseulnuavioglusznay agvlviiinlessud il
Configuration 2 wuu wagiindauidu 2 A1 Fadewasili Photoelectron lines 1ian1suen

I~ =l 1 = 1 Qa‘/ a dg” v 3 d' 1
ponlu 2 Windes nsuanfingeetiansnsaindulaainnisleseludlusudu wu p, d wag f
Mty Fadinsifiendudeuninniinsialudu s dafiviuluguin 2.31 91 2p waz 2d

a ) =) 1 [ Al a . . . =
WANTHENDDNUUL 2 NAUDY LaRIALUNAIUYDY 2p LUBIIINNITLNA Spln-Orblt coupllng N
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Andududidnaseudioglu Orbital 713 Orbital angular momentum (L7 0) lnaidunisiin

Coupling 511114 Magnetic field of spin (s) AU Angular momentum (1)

’ \
| ‘ Cu 2p1s2
| .\1 h

uq“ %

l |
oM N
i .’( %m"‘rw Mﬁ' MW% i MWWM

1 h 1 i 1 5 1 . 1
930 940 950 960 §70

Intensity/a.u.

Binding energy/ev

sUTl 2.31 Spin-orbit splitting A 2p luana$i XPS ves Cu

2.6.4 ndpeganssALBaNATaULULdaINTINANUEIBEAEN (Field Emission
Scanning Electron Microscope, FE-SEM) [37]

Field Emission Scanning Electron Microscope #35 & FESEM duips oedfon @
Uselomflunisfine Tassadenuinidnssdugania uasndugunsaifldfuo gnaunsuanei
Tun93%e waznisudn nMAgmamnssu FESEM Wundesqanssmididnaseunimdavenogs
f952aU 1,000,000 Wi vinlaunsadnenlasaasrevuisdnseaulilasusaunluls FESEM
é’fﬂmmmL%amiaﬁuqﬂmaﬁmeﬁﬁm@qwé’amu (Energy Dispersive X-Ray Spectrometer
; EDS) Gathelunsnen wiln Uiinm wazn1snszanevesesdusenausinuesianidnule
Snvia FESEM daamnsnidewdatugunsaiviontn suqiilifnuiiesesimuinguszasd
firnaduoenly wu WeudefugunsailinsiginniTosivewdniaglddyaimainnis
LﬁymLuu%aﬂﬁLﬁﬂmauﬂixﬁﬂﬂﬁu ( Electron Backscatter Diffraction; EBSD) uaﬂﬁ]’mﬂf
FESEM Saanunsauszendlasidendeduyagunsnimuauaididnasouiielfidouainae

YUIALANAIUUTUINY (Electron Beam Lithography)
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AT

E = W 4
FE-SEM JSM-7001F

JUT 2.32 ndfesganssmi BiinnsouLuUdeINTIA ANAIBEAE U JSM-T001F

Field Emission Scanning Electron Microscope (FE-SEM) S;u JSM-7001F LﬂUﬂﬁaQQamiiﬂﬁ
BidnnsoukuUdsInswditunasiilindidnnseuwuy Schottky type field-emission (T-FE) §i
resolution gs81§ 1.2 nm 71 30 kv sngdmivaunidinermansnienmdngisdidnaseu
Uiuasuldlutis 0.5-30 kv desenisldnumszmugumsinufeasuiianes ssuu
aandluszuudidianasou 14 sputter-ion pump daurostuny (sample chamber) 14
diffusion pump FIANNAIMTUNNTIATIZRFEANEBVDITEUUUTZNIUME 3 91710 AB

1. Secondary Electron Detector

2. Backscattered Electron Detector

3. Scanning Transmission Electron Detector
Ty ndlian FESEM $u JSM-7001F wisesnifiu 3 Useian sudnunizyesnind i
W TaT ety ldwn 1. Secondary Electron Image (SEI) 2. Backscattered Electron

Image (BEI) itaiz 3. Transmission Electron Image (TEl)

< SEI

®.a0™ . .'".-
< (YL
..,',§ .“o'o.“"

o0

=

Un 2.33 é’iy,ig’lmmwﬁlﬁﬁ]’m Secondary Electron Image , Backscattered Electron

Image Wag Transmission Electron Image anua6u
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1. Secondary Electron Image (SEI) Lﬂué’ﬁgzgwmmwﬁié’am Secondary Electron
Detector (SED) 715Ut01W&N1UA1N secondary electron #ivignoensnaInfiuAaw8sd wey
Slegndndidnmseurusnyssnananinilliuandiifudnuasvesiufinvesumisiaulau
Fuau (Morphology) findise Bidnnseudiurasulalutg 0.5-30 kv muUssLamvestuey
ansaifiuideenslegedsuszana 1,000,000 w1 aeldaniiznnsldauiimmzan
Tnevialunsldauunadnaglamdsveneielssuna 300,000 wih wazdsanusaideninun
fosfunsavauvesUszquuiunulagldarusinedndlusduny Wolduszqasay

2. Backscattered Electron Image (BEI) 8 uﬁjfyﬁyﬁmmwﬁliﬁﬁ]m Backscattered

'
[

Electron Detector (BED) #15ULaIWa%91U91N Backscattered Electron flavouanitufinves
FunuinUszanana Inedyaaililusiasusnaazulsnaaveyaey (atomic number, 2)
Tuieansuiatug nwild fefianuadiaduviodsunimiavesnouvessiniidy
dulsznauveniledans (atomic contrast) BEI §9 a8 150kanan MAiLEnke AINLWANGIS
yesusayuInaiisamiomsssnoumsuiiafule Wafn BED uuuy retractable §3nn3
Thdeudnludwhundanietunulussniddnuuendousendelilaldnuldiiioniny
Uaonduuaaiiin

3, Transmission Electron Image (TED v udayqyraunansi ba'91n Transmission
Electron Detector (TED) 817 8 %& nA15¥03 Transmission Electron Microscope (TEM)

Ussgnaunfnandlusgzuuves FESEM lag TED azeglusihunislddununesundnuain

' v
a ! a v €

transmission electron TingarIuTUIIU Andise Bidnaseuinfslidmsussuuiilunigean

9
= & v = v a4 A 4 9w & = - va @
Ao 30 kV LagBuanuagspaniuumeintosuialanziiioly Junuivunuiuielrsidnaseu
anunsanearuluds TED 1o amnlavzuansdsgusidassasinieluvesiunu aunsaiiy
Adsvenala deuszuias 300,000 LMy uanaan FESEM §u JSM-7001F azanusald il

a

ndeqanssAudiannsou Nia mauwaiavie auwie (SEL BEl wag TE) fifassunsoudiu

e

(%

1ATBIUAT LATestlfelafnnsynaunsalfiviiwiafuasll 1. 99aUnsaliinsesaandany
( Energy Dispersive X-Ray Spectrometer; EDS) ¥84U38 Oxford U INCA PentaFETX3 A3
o [ [ . . v I a o yal (%

91ue1ABNaNN1T Energy Dispersive X-Ray Spectroscopy 14n15t3s8tanasaulndngsau
ganamiizwwd1vuduaudalszneuludtgezneuvessin ey luaniugi uay vinlu
didnasauluszautundsnudulasundsnuainmsvusurgasenliainesmney W

a =< L4 d'

ALANATIUIINIUDNIIATYNAIIIUDDNUIUNNAIUNS DUAULUA 8 UTUNS I UL T 1U LN UT

&

& &

ddnmseuiivgaeenty nanundidinaseurmeeanuniazegluguidienduasiiAanizany

& A o o U a e v a v & v
ﬁ’]ﬂuu LUBDINATNAIUIIEDNYU M8 EDS ‘Ugﬁ']ll']iinLﬂi']Sﬁ‘l@?q“{jufl"lu?‘Jizﬂ@U@?EJﬁ'W!

yiiala YAaUNIAITATIEVEINTINE U JU INCA PentaFETx3 @11150%1101534AT1811579)

=

1AgAMUAANI U AUTAULTUIIULEWIINTIATIERI1AnT R UT AT UUSENOUAY



55

srialatnalay uansmaduaunasundanuressiaagniouiussydadiulsuinues
wiazd1ulszneu awsaaiiaunui sryladuarsinegluuinalatie (Mapping)
wenngsanunsadnaesanaiule (Spectrum Synthesis) gagunsailiaszsisne TA

WH99U 3 INCA PentaFETx3 1 resolution 133 eV

EDS - Mapping

Boron

EDS - Point Analysis

1095m Stz rage |

Spectrum
Carbon

FUR Salle 1140 oo Cursar. .08 v

JUN 2.34 4ARINITILATIENEINTINERIULUUIALAZUUULHUT

2. gagunsafiinzsinsBeswomanlaglidygamnmatonuuvesidnaseu
N32139n8U (Electron Backscatter Diffraction; EBSD) u8suUs®n Oxford ﬁﬂ@ﬂﬂiﬂjﬁgﬂﬁ(ﬂ@?ﬂ
wagldeusaniu FESEM Ussnausiendoseamosnasaiioldsudyaaannmsdsaiun
YosBIanATEUNIHIIINGY YrlUTINTH CHANAAEL 5 fiusznousmelusunsugens laun

1. Flamenco +3ulUsunsud 19 arunuaInd Laain FESEM waaanin Electron
Backscatter Pattern (EBSP) Uagviin1338UN15:38963909K&N (Indexing)

2, Twist iulusunsudmsvadistoyaiiolddmsunnsszynnsiFoadavesndn

3. Mambo Hulusunsuiithdiesya EBSP 1na¥haiiu Pole Figure uag Inverse Pole
Figure Faudunsimsnzdnssasewdnuuuauii

4. Tango iulusunsuiilduszananataziansa munuil (Mapping) MaNBuuy 1wy
unufl nsdndesivessin wnufivouimuennTy wufivoaa uenaintdtaunsniavua
vounsufelusunsuil

5. Salsa L‘ﬁ‘lﬂﬂiLLﬂiiJﬁ'TL!’JmLLﬁ%ﬁ%’Nﬂ’lWﬂﬂiﬂi%‘ﬂ’WEJ‘VI’]\‘Iﬁﬁaﬁﬂ@ﬂﬂﬂiﬁﬂﬂﬁ?‘ﬂaﬁwgﬂ
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o [IEET

B Flamenco - Imaging Bl Flamenco - Indexing il ™= Tango - Mappmg‘_‘-_ﬁ’I e Salsa - ODF

’=ii
n§§
ugamoooo

-

new )3
lind et T ———— Y

U7l 2.35 mwitldannTusunsy Flamenco, Tango ag Salsa

3. gagunsalmuauadianaseuiieldilouainaisvunndnasuuduany (Electron
Beam Lithography; EBL) ¥04US¥% Raith Ju ELPHY QUANTUM Usgnausigssuumiualan
didnnseu Aouimesuarlusunsueeniuuainate EBL @1mnsallouaisaienianisueiu
o a & = 1% Y A A 4 o & !
anddnaseulumukuuieanuuliasuuiunuiitndauals PMMA el duiueaningy
developer Wag stopper U Nazfialnatuaiui eanuuuld EBL 41%A1UT 89m TS

uwazwiuggutiosndiunsiaiieuiuimed 1901 sgu

E-Beam | 1thogr hy i apt e E-Beam Lithography

*&**

W4 T
ek

U7 2.36 nwilldannyngunsalrmupuaIBiannsau

2.6.5 1A5093ng0ad (Hall measurement) [38]

wAlATlATUNI TN ULNIIINNUFIUBIVIANAAIENS AouNaIuaa LuUTs (conformal

(%
=] 1

mapping) L tinIngFansue WIuAesnTg (van der Pauw) ansedfgyveamaiinilog
nsinanmdunulniivesusuansiteg1esUnsdle Geaunsavildeguiuglaglyl
TlusemaudnuyaeresgUiuunsnsgatevedumaiunsswaivanigluwiuas dans

Mot sUszngAnmutouluselud

1. TIEUNEIN908NVDUVBITUENS

Y

v v Y

2. vwevasihdudadesdvuadnundedisuiuduseusuvetuans
3. ensfegedesiliaumuviiunen

a. \ileanssnegnedeslad] fsvisosaunenlag
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(%
ANy v v

ﬁmmw%umsgﬂmaL“TQJuLLsiumq”Lmﬂ wardddudadns M, N, 0 uag P N3¥URLNUTLIN

YUVDIHUTIFDAAR BIN UK BULYT19AU

<\

N ) ¢ 5 v a s I3 o A g ! Aa
AN 2.37 ﬂqﬁﬁﬂﬂﬁqﬂaﬂqimgaaaﬁﬁlﬁlL‘V]ﬂu@LL?UL@@?LW’]QUUE‘VWG\’J@EHQV]LUULLNUUWQW&I

sunsdlas

Tunsinaninaaessaas mnnssuunsinnssingldauaudindnanudy B Ainszvies
anfuszuiuans aszkalniindted lusuansieumdls M, 0 waginausiedngainds

N, P.

a 74
Uy RMNOP = # (2.31)

[y

11U5¢AN5 808 NNATATDILIUMDSLINTY AB

Ry = (VTH) (%) (2.32)

die Vi o fie anwssdndliihaeaanionaniessyninedn Vi luaeil aunuuivan

wazladl AUNULLIAN
d A9 AUNUIVDITUAITAIDLYS

B Ao AULTLYBIAULLIULNAN

NEUNST (2.32) agléan

vy (d
Ry=-2Z (—) (2.33)
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dievhmadsunsseninmanuandndlningeas (Vi) duanszualnia () Aldain

v o o o o o . VH
nsnaasazlaanyauznsmaanIng 2.33 nefinnudursansimilaaziduan -

y=389.5x - 0.020

Vy(mV)

-0.15 -0.1 -0.05 [ 0.05 0.1 0.15

=20 I(mA)

M9 2.38 auduiiusszninsnnunsdndlnineead (Vi) duatnszualwil (1)

ANTNAGBITDARANNITOANIAIARN

Ry
= — (2.34)
2521 "

(%

LATENNITOA LI TIEMNRAENUaRANII AT InANENNUS Al

1

1= (2_he) (37“)5 Uy (2.35)

Wo  h A9 A1AIRIUBINEIR = 6.625x103% J/s

Tumsuguinismssuduanulidsunsaaudeulens 4 dedananeradululdein
IngiamzauauasiuniesiiduiadainlidugauarliegNvouresuasniumeug 39

MIANAAINUAAIALARDUVDINANIT IR
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U

=
]

2.39 UanINIMYae Hall measurement system Lataa Ecopia §u HMS-3000
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2.6.6 1A399 ZEM-3 (Seebeck Coefficient/Electric Resistance Measuring
System)
Tunuidedldnsosiatnmdudseansdiun, Aranmaumulnidn mewnses ZEM-3

v

819 ULVAC-RIKO

sUTl 2.40 1A3es ZEM-3 e ULVAC-RIKO

1303 ZEM-3 \Jueseadiafildinadnsnismieaihlnihdesamniivesinguaazyiia
(Seebeck - Coefficient) wagArmaudTumunglniln (Electric Resistance, Resistivity)
AIUANNITVINIU FRETEUUABNRIWES FaAToUsenauEnaguug i fulagaunsouen

drueanannuleidudase Usenousey 7 du

1. diuszuunsianan (Main Measurement Unit , Main Body )

anunsn¥agmnitunufegnsangungiivies Wi 800 ssmeadya

- mmmi’wﬁﬁmwmimﬁmﬁﬂlw%eﬁ”’wqquﬁ%ﬁmmﬁ'amﬂﬁuﬁmm
gaumniieglusziuasi

- awnsadaaiausuniunisliil lneduges 4 Musaziiusznouiie
R type Thermocouple

- aunsoldenluasimuadnszualiil vesiunuiiesns deufiagyiinizin

A1AUATUN UL ULAREIALANANY DN
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- A1U1507AANUAUNI UM INANIUD T UL 29819 A T DTN THANFN9UD
gauniiuaglifinnuuanssesgumal

%

- fududidninsansanadegiuuukazinua lneduadyanidanuiou
fnds ifleleufeundtunuiediefiannsofnsdlunusisogssinausn
Bianlnsn

- fmedluduiTadielitanuuaninsesgamgiinestunuiiegs

- guseldiutunusiegeun e msunnadmasy vidensinay
2-4 TARIAT LAasANNYI 6-22 TAAKIANT

- aunsoduanmganuiuvsseanalagliiividenuians (99.9999%)
NIDUYAIITIAAUTIAY

- fuwduddnlasndatunuietieiveiiia vermuuuaziiuans

diumunALaungll (Programmable Temperature Controller)

- Infrared Image Furnace 7 Usgnaus 28 Inch Tungsten Lamp A1
Heating Length litfaenda 140 fiadunsuaziynasviouninusouniine
paflilouyuned

- lldsunsurouimeslunisrivaleumad mwmmnsmqmmﬁmm%mm
ﬁaasmmmqmﬁéfmmi

#1195t (Electric Circuit Unit) Usznoume Digital Multimeter 3

Suasdad

a

- @U5AINANUUARTY 2 AILNLS LATENUNTRIAAIAULANAIUB IR
niiduwes Welsznanadasanmientilniviegunglivesing

- awnsaiaanssialings (D) MNTUTUAIDE1UAEANA1IANY (Voltage)

! v @ ¢ A w1 v

SENNILTUDS LD TRAIANLALNIUNIebndn

- Hanvazidenlunising 10 nV/200mV

#IUAIUANUTIBINIA (Atmosphere Controller)
a & [ d'd (% L/ [ 1 a 1 =

- dugaeinie wazyaaandsnsinisdueinialiteenin 20 Ansdouni
WazaNu13OYINANAUANGAT 102 Ma3 (Torr)

- JyninAngey1nAnigaen1Tinegsening -0.1 fis 0 uag 0 69 0.2 MPa

d1ulszurana (Processing unit)

- AlUsunsuARNN AT ANUNTATRUAT FDTUIUAIDYIY, IUA, VL AVDI
thermocouple, ¢8IV IG LS, samgiinldinwazannsatuiinng
28IN15IAMULUU Text format

LUUAIDIINLLEY (Water Chiller)
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7. awnsaldiuinvaeidu s 7 nssewi seuuAuaningauduussenie

(Measurement Atmosphere Unit)

- Meddeu (Helium Gas) 9.9999%

NENNNIVNTUVDATDY ZEM-3 [39]

nMsTegimendulssani daiivdnnsduielud Ae arsiedmude
Funuazhumiseylusuiessnisudonduuuuasduaaveanliamou fegud
2.26 wnrfiansiegnldunnudouninnardmalidudsligumniandt anduasld
vannisveaelududannimamerdulsyanstiue Ingvhnselanesnsdafu A uag
B U310 2 AVUATAIDEN fmﬂﬂguﬁ’]mii’mqmmﬁﬁLamﬁuﬁwaq‘[am%amﬁm lng

Avualmdusuds T, wag Te mnuaidu TuraeideriuiinisTausesulnihnnaseulaneia

d09 Aananslugun 2.41

Low Temp. Black
’ |

Measurement of voltage
between A and B

0
K Sample
3+ Thermocouple  Termperature Ty
b SN TGN
| - T UINOH
£ o
3 il
= Sample

Temperature Tg

S=—-+ (2.36)

1%
Y

el faanunsameamaiideilaannisia T anaunis (2.37)

T= Te—Ta (2.37)
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Tuduresnismiainnuan i lui1asinssuaunisiuiud uniissdndos
nanafe fesAan naunuliiineudsariiunmwiamatan i sty Inensly
uwnasiuinliiihsenszualuihasiiliiuasesuinaudeasuuutazudeadiuans faguf
2.42 wayfunANEIUNIUEN B AU mualFTY Rer WieRiaymaaudumuYesans

1981989 MUALIATU Rsample 910UUYINANTIRAINANSANEANATOLAIINATUNIUS 1D

Furnace

A point measurement
Measurement of voltage

between A and B

[ 1]

Probe A

I

I

I

EL Temp. a L
ectrode Block 1

I

I

I

I

1

e
Probe B

i i

Electrode Block

Power Supply

JUN 2.42 unuamyesnisinanimenumulndiigamaiias [39]

1A8D1RINENNITHUILTIRUNIS LT

ref

sample

SUN 2.43 1995081398lunmImsuussadulnii
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N o 1

INFUN 2.43 Wy ITenTelaliAmILiIA NI Rer 488 Rempie NSvUalIT

Tranluduazdiainiu fasaunisn 2.38

Iret = lsample (2.38)

iialadnannmanaaeinuds ssiluldiunguedieiufe V=IR weyinis

WguisuAsnulniNLarANNATUNILYDTUNUNUAIND19DY AIaUNIST 2.39

Vref _ Vsample (2.39)
R

ref sample

[ 5 1 (% Qy Y] 1 =~ a1 [~4 dl
AU ANPIINATUNIUYDITUINUAIDE 19T AT ulUaNaNNIST 2.40

V.
R 2 sample x R

sample V (240)

ref
ref

NFUNTNA 2.40 151@1U1501LIMIAEN WA UL WA R ReEunsA 2.41

Rsample % Lsample (2 41)

p sample =
A%ample

d' = U 1%
W0 psample AR ArENINGUIIULNTN
Asample A9 NUNINAATDITUINY

Lsample - A1 AMN80UDITUIIU

Wolaaran naun ulndngs tsazaunsavanninndlesaaunisi 2.42

(2.42)

sample —
sample
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2.7 NMSNUNIUITIUNTTUNNEIVDY

o

Zhigang Zeng kagAny (2013) [40] lavin1sUgniauuns BiTe; 3835 Co-

sputtering aduuiansossunsEaInalanoamgivieslagldunasiila RF (Radio frequency)

a § ay v =
INAUNtAILUANUAUN

'
LA o w v 6 v ¢ o w

Aulthasiadeu Te way Bi in8e 22 T96 Lag 15 108 Aua1ny

2.

a

70 3 480 wilwns wasnuiinsihfiduluviniseungaumgl 300°C WWuan 12 43l

Y

Tuussornmaveslulasiau eAnwrantinee Insannsaadevauthvesilaunlaainnis
Ugnueesniniuinudl Aranudiunuliiivesiduia i unianunu e unis
NTLL3US AR uRazvauaLn suL T uAn uaaNdRnsvudani1alwdla ile1a1nn1s

LAA DU vaINUUTE (charge carrier) Waaunuvesilamiulumuidunisdassiade

& A

(mean free path) ndsantumnilansivaevaudiveildulagnisinniseuilduigumad

3

WANNANAUAIT 27°C, 87 °C, hay 147 °C nuinarmnua umulniy wagidunisdassinde

v 1 '
I U

(mean free path) azanasiilogumgiiiitady e nmsduvesianiie (lattice) muwIn

wAleaald waznuIAIduUsEENSTUAYINANANIUNSOULAL lNIUANSDUT AL AT Y

12
1 1

puruTsaiduifinty filunisanasosidiuszanitiuaislifusgiuanu un
YosfdauAnnAurLIwesilduataiidulunis i nd ure R UN MY (carrier
concentration) 11AN31 ludauvedAa Power factor HU31ALRNTUATIL AR T EHT
Lﬁmmﬂsﬁuﬁmamﬂugﬂ 2.44

8

-~
1 1

Power factor (uWicmK?)

0 100 200 300 400 500
Thickness (nm)

JUN 2.44 uansnuduiug seing Power factor kagAy sy uasilaufinumsey [40]



66

Haishan Shen wagansy (2018) [41] lavinn15Ugnilda Sb,Tes 72835 Co-evaporation
a9UUTAN 095U FFmawLIeS; Si (100) Ineld Sb uag Te mm‘u’%awé 99.9999% 1aniilelu

a

mainBeudissdl 40, 198, 330, uay 500 W# luszwiunsedeuiinislvigung usiusesiud
250 °C Tagmnuvuvesiiguiilade 1, 6, 10, way 16 luaseu suaIsy 99nnsAnwaNds
f199wuT Bavennsudivueiint unua ity madulnvennsusnsdule
Tuluduuuegasidelagldvesoonlunisdiudne dedemaliinsuiidnumsaatululy
dnuaizadreuianazdvuadinay wazillonsulalusudennumuniiutueunieganudd
insuagvganndiule winsulmiqazdinsnofuasiulntuduin Wudedunaiiuina
FruvuvesiiduTinamun 16 Tuasou WinnsiianEnen (recrystallization) deneliiinnns
Wasuudasiiemensifslnvesnsundnaeiinsasussunuan (1010) TUds (015) wagd

3 (3

Lﬂﬁaul‘daj (110) auﬁﬁmﬂﬂﬁwaqﬂaugﬂmmuﬂiﬂamimﬁwuﬂawaaamw%awaa
WIng (carrier mobility) pAMUNUNANVUAINA AV BIATUIU I MUUN R NLT UA 18 LT UAY
! | i U i a <, ' = v v aA £
WA AIUYDIENINAR I VRIN N NAUTAIanan Juag9unn T9danaliAANUATUL ALY
LagAFuYsEaNSTiualiatanasiedntosUseuind 200 uV/K oA1aunuLRLTy Tu
d7Uv89A" Power factor 1A1 3.33 mW/mK2 Aaunun 1 lupsau wazanaslus 1.8

MW/mK2 7 aauviun 16 tuaseu wazluddaul Haishan Shen wazany (2018) [42] 1@

v
v A

MNSAENYINANTENUVBIANLMNILANAL Bi-Te a1 tglunismdsuiinail 40, 160, 265, wa
603 ¥l legnsivdgunUasgamaiiveadvasy danuviiuansiund 1, 4, 10, uay 18

TuATAU MINMIENTNUIINITAULAVDINTUN LR UTA MULLLIA LU NSRS 898198 19U §7

¥
s 1 1 | 1 s A

fiduiiveradudwaunn namfornumgu (porosty) vesTlduLTumMUA MRS 7
sty mafet wesgrmuiniAcmmnnssnun s wmaedeuTldfe axmouinnasmnnnund
duuugauesiiduiisdlaumitsznssredalumufiuisrodiduadlUd s naduaaiiAanis
nufusansuaznsulndifes TuduvesasiByndlwilmuin msmmoutvesmvzanauslomns
yumesidufutunn 181 18 lueseulufuesannesoswommedafianautuieiudle
ALY MIanasesanIwAde eI luTNE TP IR MEARRI RN
wyuiiRntumeluiidunanie snquilistumeluiidudugUassadenardouiivesmese
Friudailsidudifsnugafiaanmadosommedmdmalidannudunudidde
wutulaefduiifianumun 1 luaseu Jeranudiumu 9 uQ muaz 18 luasou daa

FIUNIY 27 uQ m ArduUszanagiuadanfiuduain -182 pv/K T -202 LV/K wazen
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' ' v
% = ¢

Power factor fiA1fianasegnsiiioddaiiiosainanunuivesiidunindudunalnenseain
NIANAIVDIANTNAGBIVDINIME INIATeFIna NagulailieNaunlinnununinduasd
' ! A ! v 1 o A [ A ! O 9 v
AIANNARBIYRIN Ve NanatdNa ANt b anasduiy Mnnannatualdy

1 ] 1 va 6 a « a J A A a6 Ao ~ &
anunudraneantAnanesludidnninnaife Wedunlinnuvuinduazluan
Usgansnmmamesludidnyninvesiidy fluneagidedaulalunisiasindszdnsaimmia

a & a a6
WoslUBANTNS NV INANRUN

Kwanlae Kim wagmeg (2019) [43] lavinisAnwiniside agna (Pb) , Ju (Ag) , uay
NoIAY (Cu) TuansfsiuITaaN Bigs,Sby geTes 1835 @ursnwanauIfuiness (Spark

a

plasma sintering) iA71ufu 45 wngUaaia gangi 480 °C 1uian 3 wdl wunaudh
N19INH1999 Bigs,Sby gsTes HATMLRNTUIINATIINLAD Pb, Ag, kaz Cu Lila991nA1AY
1 A a -qy Ql' ¥ Ao o 1 )
MUHUUNINEIANTUIINNITUNUAYES P, Ag, ko Cu w1 lUwnungasiunuives Sb #3e
Bi uazUsengisandud3u (accepton) Tuansnsdthudad wenaniinsidelulBunaniindu
1 I Y 1 ) t:l‘ ! 1 | a ‘gd 1
WuMsde Ag Wrnasthludanuinni Pb wae Cu Tuduvesrmduysza@vadunasnuin
\I9veeAdUUTEANSTLUANNINNIgAveILAaL iIAzIdoulUgWiialiu UMY iie
aeaniiansudivesiiuiaesda wagen Power factor NATdAY8S Pb YNy 4.31
mW/mK? | Ag tV1AU 4.20 mW/mK?, ke Cu tiAvU 4.42 mW/mK? TaeiiuSuial 0.38
at%, 0.13 at%, uaz 0.13 at% Mua1AU laeAIN15UIAINToUTINYDY A dANTdegn
Uszanad 2.4 W/mK #U31180 0.50 at% wazA1n5u1AusausIniaegaves Pb wag Cu

Uszaunas 1.8 W/mK AUS110d 0.06 at% 2109113388 nu31n19698 Cu Tuansnasiunsian

' £ '
a

Biy 5,5b1 agTes 3L AN UA AL AN UL T D991 A TLANTUVDIAMUAUILUUNAE FINATIN

T Useansnmmamesludianysniiavianlleiflouiu Pb uay Ag

Daotian Shi wazAn (2017) [44] levinisiie Cu luanshsitaiadl Sb,Te, Tog
1438 Co-sputtering asuuiagsessuiidunszanaeond uarddneumes; Si(100) Ingld
wasilnnszuanss (00) furtansiadou SbyTes Aifas 60 Sa6 wazunasnndauuy
AduAng (RF) Auithansiadeu Cu imds 3 Yo shmsiadeuiionmgiiviesvdeanntiuiiidy
luvinseuiiguvndl 250 °C 1unan 5 wiluusseinavesensnou (A Tasfidudlsdanny
w1 580 wiluwins annsdnwausinialiiiinudt ansiliivesiaiiie cu ﬁﬁhﬁqq

i lle wazA1n s A ANTUAILUS U Cu AtanlU 910 3.2 x 10* S/m ¥84
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fanldle T uTULUDY 4.6 x 10* S/m V996913 Cu 4.4 at% LAgNUINTAIAINUALILUY

dl QI g 1 ! 1 1 a1 dl ﬁl ¥ L4 5 a
WINEMANTL ualudiuvesmaninaaesugiimianaiiewin Cu asnludidenisiiuln

' ' ' [
1 a a a =

YBUNTU AFUUTEENTTUANUINTANANAININUTUN CU AZAITUAUILUUNINENLNLTUU

v
a a2

warlua1uuesAl Power factor WUNIAMALTUANNUSUIUDY Cu MANT U UABINUAD
910 0.27 mW/mK? va3nluladaldds 0.38 mW/mK? waasiide Cu tuuSunal 4.4 at%

[

Hagulainnside Cu Tuilduuns Sb,Tes; WisnsfiausaazUsulgsanting

[

INIUITY

wosludiannsnvesidule

%
Y

unaAdeieuanlang 1 gilifiwitelanusuugsaudiniamesiudian
N3INVeIHdauNUY SbyTe; Ae3gn1sidnasiiadly ne3fedelasinuaulalunisiag
Usulssnaz@nwantinavesludidnninveafldunun SbyTes Aen1siionadwas (Cu) Ty
USunaiuanansiudn luienasdnwuaztglunisiiuamnsualui wagaudfnianeslud
=3 a a s o & | [ o A & aa a A
|anv3nelauvun SbyTe; Tagagvinnisipdouasuulkuiansassundulndduiiniienin
[ [ PN N 1 = o k% 1 v ° a v a1
Juannanunsadanguls denisdinnusoudeudisiaunsanuanmgiilnauasininig

18RI lNALASSAU ShyTe; AI870 A LUNTATOU aUnLnass
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unil 3
A5N15ALUUITUIAY

Tuunilagnandadimanssuiiduvuneudluilinaglan (Sb,Tes) Mdonaduns (Cu) &
vuHusessuwuudneela A1e38 Aduuniinseu aldnmee lagldidrarsiadeuuulian
sudunaiansiaseiandice) wu audinidasaing eadusenauvesngliuim

anTAn 19l wazandRnianesludidnnsndazisiuazdunsane kUil

3.1 nswiseawsuwadelud Wweihluiluukusasiuvesiauuauluinaglad
3.1.1 MSIATBUUHUTDITY

TumAdeslddonFuiusessuuuulnold mazhludagiuninies
wesludidnvindluganuuldsseld Adnduiiaulaegannidesanannsaussyndldiu
wiasAufeunane suuuulfegwiiusydnsam.

TumM B EuRUTaIs Ui uIINN SRR aLe s (DuPont™Kapton®) 7ii
AT 0,025 nm Toilduunn 2.5 x 7.5 em? Mntudainlufauuusunszanaladiagui 1
ndmniuSailumuareindeiriesdansileiindemsazarsimueaiduna 15

w9l Weasuimuanawad Judilduwniviazernmeuialulasiauuiagns

= 1 a saa ' I3
E‘UW 3.1 LLaﬂQﬂWWLLNu‘W@aL@luﬂﬂmﬂ@%UUﬂﬁgsﬂﬂa‘laﬂ
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3.2 d9UUseNauVDRAI99IaANN AT wuninsau dUnLmnase

1. 59uaa1nAusou Neluazanalnd evinnistauanusaulvunainazvinli

1
Y

WduSouszimeilule Feleveshduarlvduivluanavesennanielunwuzaygyinirean

Woasan1zayyINe

2. Uugae1nel (Rotary pump) vitigaeinianiglun1vuggaainie ievinli

aelunyuzaynaduanegyyinie

3. 1A309¥1AEY (Cooling Diffusion) vnthfimugdiuunainausey

JUT 3.2 amuansdiuUsznouveAIasiuaaiin A% wuniinseu alnnais

(a) fevnalnadudau (b) Rotary pump waz () 138y

4. nMwuzgaIned (Chamber) melunvuzgaygimadsenauiiy
~ Foumos i idalessusinthasiadeu
- 1Whanse@eu (Target)
- PMUINURUTBITY

- yaanlnanlalau



(a)

(b)

(o)

UM 3.4 pnansdauusznauniglunvusdyinia (a) Wasindeu (Target)

9 Vv W

(b) Fanas uag (c) 3MUNITENTANTY

5. wAda1snau (Ar)
6. Mass flow controller

7. wasanelu
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SI-DC500E Multipurpose DC Power

http://www. s¢iens-cn. com

U 3.6 unasdnglyl

3.3 mMswnssuiauuIsueuRluiinaglan

Suantaukusasiunediolud Mvauazeiands lWinaswwauldunusessuly
Woandiou ngliiuszasieseniradiansiedeuiuianiaesurieiu 40 Tadiuns 1aean
wuarvaeuimunidsveatasindeuiuiansessueylusmuniadediu Tundarsiadeuiiy

Ao waudluidinaglan (Stanford Advanced Materials, USA, Sb,Tes 99.9%) vun

v [
a v

WurAugnans 3 49 Jumeunszuiumsalawesassuainnsiilivieandevsyluaniie

Qe

a

goyeyInNAlagIITUAD LRI
1) ndwntuanidutuneuvilineluienadoudunizgyginia lngazisuain
\WUnang Main Breaker ioanglwnliuassuuniesuesaiotaUnmnesatussuuinainusu

WagIEUUAIUANNIYIINUTEITEUUTNgy N A usuy
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Main Breaker

UM 3.7 Msiaszuurinvesssuvalnness

2) ndansudnaing Rotary wiali Rotary Pump 1%v191u 19 Roughing Valve
wioduemusilvdiaiusyanas 2x10% mbar

3) ynuiade Backing Valve w¥oufu Diffusion Pump way Heater 9zvia1uiie
vmssadsiudunadssanmg 45 wit Weaing Cooling Diffusion ielinanszuunde
1 (Water Cooling System) lWszunaanusouiivinafiestiuinsyane

4) i edutnsuauasy 45 undl 3971015831980 17Ea Y 1NAge (High Vacuum
(mun8Lav6)) lumauzaynialagld Diffusion Pump aUaINABENNAYUEHEYQINTA
iievharusuluanruzaanidlieylussiuvessnnzgyainiagimsooglutas 10°
10°® mbar

5) quanudulunvug gy INATAsEIA 3x10° mbar Fafuualiiiudininy
ﬁuﬁ?ﬁqm (Base Pressure)

6) neuduvinmaedeuiragihemazemianivesthasiedeunnduazoosuas
ganled vnsatdnnessieaufuvesfaersnauil 2.6x10° mbar uagldfdslngn 45
W tHuan 10 undl

7) vasanuuIwihnsUgnmedeulununised 1 laeasldnandiasiedeunuy

luaneagy 3.8
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. +«—————— Cu piece

Sb,Te, target

5U# 3.8 nndnaeathansindeunuulian Cu-Sb,Tes

a P a A as o cal A
19191 3.1 LLamLﬂ@Ul‘UiUﬂ’]iLmiEJmWanMUWLLauGlquma@ulanLRJEJ‘VI%NLLGN

AakUs

ANNNINUA

vt (Target)

1@05993U (Substrate)
seugvinseninaliuiansessu
mMadgln (DC power)
mmﬁuﬁugm (Base pressure)
ANUAUTI (Working pressure)
PUNNIIEATBITY
naiildlunsedeu

SATVDIUHNUNDILAY

gaungilluniseudeu
(Post-annealing temperature)
nattunislunisou

(Post-annealing time)

Sh,Tes, (99.99%)
Polyimide 2.5x7.5 cm?
40 Hadng

45 306

3.0x10° mbar
2.6x10° mbar

400 °C

60 I

0,8,9 Ladkung

250, 300, 350 °C

30 W
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3.4 ANSIATIZUNA

3.4.1 N153ASITRANURALTIATIE39

3.4.1.1 MSAYLUUVDSSIALINgG (X-ray diffraction, XRD)

o

a ¢ o a Iz v = v A & U o s
quauﬂ‘lmﬂﬂLﬂiqgﬁiﬂi\‘iaiq\‘l&laﬂ Iﬂﬁi%Lﬂi@\‘]ﬂﬂa@‘UﬂqiLa YILUUVDITIALDNY

=

Rigaku diffractometer (Smartlab) & <19398 10049 CuKg A2 m819A UWINAU 1.541 A” 7

FIWAU 20 daus 10° 89 807 Taeldsnsnanuisilunisia 107w Aussaulila 40 kv
warnsewa 20 mA IaelrannisiagauuYedssdendlunanvesiogawasly Detector SU

ANUTNYRITEloNgiAnaINNsIaeuNTULLA199 SEUU XRD Usenausie 3 diumndne

[ [ = ) a o A

41l esilondnusaunasindnssdiand, Aauntmes, ATaeinseuuiy TunauLsniivii

A15A9ANNIAL LA DN T ARANTVUIAL MU ZANAUVUINVDIT U 8NFIDENLTUTUINUN

Juilduwue i wuiiweslndenldadaiues 5 Wngldnisauauriugasnuisnided

%

SmartLab Studio Il wasa TIN5 UR298198 uUIeLIRTINaNTeIdad0g19ua
Surhnsie evanasuiiinlase duiineglusuuuuves X-ray Diffraction Pattern lnggnu
AYUulenNUNgelasUI B uEUNU UaYaNInsgIue1984138 Joint Committee on

)

Powder Diffraction Standards (JCPDS) tleynguiuulaseasnandnuasiidasioly

(@ (o) &5
" 4 : ==m

,': 1

: ‘J_,I_" LA J 1‘l ‘._, L

'\1 l

311‘17; 3.9 (a) @an (b) AEaFeEe (©) Bosnwrs SmartLab Studio I
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3.4.1.2 wadlasuudainlasalnd (Raman spectroscopy)

]
6 A

I3 a4 a = a ! sou W
Raman spectroscopy uAsasinsgiiieAnwngalunatasngilendunie
U31n9N150IN13N 2L 39UA9909U 5N N5ITINUTBIE5AIRE 1M BIAUTE NBULATIATS
[ :,’ 1 4 a 14 @) 1 . . ¥ [
vavinguue 1Usenaumeanstaazilaseaiiaduegiala Dispersive Raman Tdnannis

InAadyausassEuliinuwnsnis (@Uunsallun1suenadiuasininueInausne) duas

o

[y

wialifvzgnasluddiangatn M3undn CCD (Charge Coupled Device) Falasunfsa CCD
£ ) aa aa I [ a v [ a
fnwluaisusenauvesdanauiidainiuiedhias degui 3.10 Yedrinveanaiianis

n519inllfe n1siiavigesisaleud GersliAandndyanuveanuuingvinld dalunges

U o

1%
a =

sawwudninduazluuatadygyiuvesnuiuld deunladnisiindesanssdunsaidiiu
= ~ Y I da o = 41' o A

LATOITIUY LEATIVINAIRENTRVWINENINN SunA Tesdaltnsunululasalay (Raman

microscope) Taelda5n197AsgsiLuY Dispersive Raman Spectroscopy d@14170L&aMNY

mumisvesanseiitsazyiale sessnualnlnslivesusenaumisdiuysyneu NdAy

1 A

3 @UAD LA LIALELUULALDS Niafl881e wazalnnsiwos Inelilnasninawos

PHANEAAY 532 nm. FaLkasARel wagld filter LNOARSEAUNAIIUYDY Laser ALUAD

LY

1% 1iiateatud unulniniedomeidosniawesdsedundsanuiqann andy
TMicroscope lens fdwmene 100 i Infauasiaiesauuiueuiornsinszsd ua
aLgosfinnnIznuiunuaznszdulinanatasUansosndsnuvatsunuoonin nedl edge
filter dindayaaiisniuasaiees wielisyfundsnuiisnnnitawesiululduasiisuna
500 lulasiung UfuuSuauasitazriululedsazdenanannudy laomnsdvuinlng

USunauasiinululanazann idludyaanladanudugs Tadnuwia 50 lulaswas vinli

dyausudauANTRTY NUUAYIUALA9ENTULAULATARLNDLE NLEIN T AN

A %

AAULANA9AY TagldukunInfauuin 1200 e/mm wasitlaaznszidsludidansiadu CCD

(%

(Charge Coupled Device) InenUatrarsutaeuas (Acquisition time) 5 U9 wazindyeo

L Ag7}

NYIUAVATUNGINUAS (Wavenumber, cm™) 60 - 350 cm ™ Insuansosninegluguves

AU NIAAUTINIU ( Wavenumber) LLazﬂaﬂuLSﬁjusuaﬂﬁﬂgﬁy’lm (intensity)



Laser and
line filter

Macro beam mirror /
,

’

Beam

s
! Q splltter ; I

Microscope  Notch
Sample |ens filter

CCD detector

Spectrograph
grating

I & Mirrors
I

Adjustable entrance slit

35U 3.10 MIANIINTLIMWANUUUTIHY

JUN 3.11 13essunuaalasined Ju DXR SmartRaman
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3.4.1.3 Amsziiesrusznausiaalenaiiaaiuniasalnlinlndidnasauniesed

19N (X-ray Photoelectron spectroscopy: XPS)

watdadlanusavilalagansuaandaAmdunioauenauALAg lug1UY0959a

wndg (X-ray) nUussdiend ua1mnasa1uves AlKa 13 MeKa) niouasdulasnsouasuu

WUHIVRITAN M98 19 ABIN1TILATIEYIN1ETUTEULAYINIAKAYIINITATIITULAL TR

wiuIatvesdidnaseuiignnszdulinanesny wWewwinusngnsallnlndidnwin

(Photoelectric Effect) Awasauaauiinladauisathuimuinnduniaindsnudanien
a & . . = & ' o § v ¢

Y838LanM30U (Binding Energy) aluAtaniziaizad inliauisassysigesdlssnauiag

anugnaAlusIM IR TIag LA

=

JUN 3.12 seiesediodnsziiaguilulaswedadidninsalativlndiannseusie5ed

u

1&ns (X-ray Photoelectron spectroscopy: XPS) 3U Axis Ultra DLD
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3.4.1.4 ndewanssnl Bilanasaunuudainin Anuadengs (Field

Emission Scanning Electron Microscope)

TusmAdeilldndosganssmi Silnaseunuudesnan aruasiBongs fu JSM-T001F
1D AATIEREN WU MNFATIILAYANITLNTRIEY er&suenesiu 50,000 111
Taeldwaim Secondary Electron Detector anun1neanunluluun Secondary Electron
Image (SEN) vivlfanansafnwilaseadvuinidnsedvuiluled uasdudousefugunsal
AAT18v0AUTENaUVRIEINLTIUTUN (Energy Dispersive X-Ray Spectrometer, EDS) R
P2elun13fny1 USunm wagn1nTsane830sAUsEnouvess N Anwild 114 uau
Usznaumusnailatatn Inswdawaduanasundsnumessigssgniauiussudndu

JSuupannazaIulsenau

’

—

)

R )R-V MRS
AT Trsem JSM-7001F

AN

L

JUN 3.13 LARININTBINADITANTIAY BANATEULUUARINTIA ANLAZIBYNEY

U JSM-7001F
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3.4.2 N15ATITHANUANI9 LW

3.4.2.1 ATNASDIAUAZAIINAUILUUVDINIYE (Mobility and Carrier

concentration)

ANANINAG IR ILALANUVUIRUUYDININLALYNYIINTATIVADUT QN TR IR
Hall measurement system laiaa Ecopia 31 HMS-3000 laginseudiagnaiuuinaila van

[y

der pauw geometry Aananslusun 3.5 lunuideil

AN INARDIAILATAIAITUAUILUUYDY
WINLILYNATIVABUAIBAUINRLLUAN 0.55 Tesla. lnadaag19vsgndnlildvuin 8 x 8
Tadung L.Lazamagfuuﬁé’u%w%a Spring clip board éﬁ’agﬂﬁ 3.10 TUsLATUUDY HMS-3000
YINTATUIUAIEATNAT DI AIAITUUUILLUYDININEG TINTIAENINAUATUN UV DS

A20819LAUDNLULIRA

gﬂﬁ 3.14 LAAINISAATUIIUAIUL Spring clip board

3.4.2.2 iA1duUsLaNnSgiua ardainnisurlndwazAwnnines
AtaalnAl qIﬂﬂ”L%’m?m’i’ﬂqmauﬁ’ﬁmqlw%(Seebeck Coefficient/Electrical

Resistance Measurement System, ZEM-3)

Aanmnsilfuazatdulssansduavesildy szgnasiaeulaeiniedin ZEM-

LY

3 891 Ulvac lngyndunsulunisinveuaiesvrgnatuaulagneuiiines uanainilds

9

anansaweaumginuandsiuliniudents Tunsiadiegiaviesineguuuiusessu lny

f19819ABINVUIN 3 X 12 mm AAASIUAINTA 3.6 TuuITedAan1nA15U N waz A

% IS v A

wUseavaTiuAlrgninfigamgiivios nasntiudslviaausauluyie 50 fia 300 °C

9



Electrode Plate Ni

Silver Paste

/
/ Sample

(3mmW x 12mmL)

Sample Holder
{@dmmW x 3mmD x 22mmL)

JUN 3.15 uaneninlnozuniuvestudunlddmsuRnfeg 9 iaI g
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uni 4

NAN15I8LaZN15AUS1ONE

unilagrenaniwanimeassilaainnisviinimeassluuni 3 uaginin1siases
HANTENUYRINITIIBNBILATl UMM wazgumgilluniseuniuanssiusoaudiinig
wesludidnvsnvesiidunuiueuiluinaglad (Sb,Te,) lnsnansliasieasudmuiite

LRI

4.1 nansvinaeIkazeAUIeNaITIeIAUEnevYe g e uAlLivagladiide
wayliideneuns

4.2 nanmsvieaekazeiuenaIdilasiai wesTldumuneudluiimagladiiiedide
wazlilanesung

4.3 namsveaeazeUTaNTEnsuudesliihvesiidumueuRlutinagladd
BeiFouarliiiTonaung

4.4 nanveaedkaveduseautAnunesiudidnninvesiiduvneuRluivag

lanidendotazluidanaaung

4.1 HaN1INAABILATEAUTIUHALINRIAUTENBUYa NN LaURTIHWaglaah

I 1
Wauazliivanaung
4.1.1 HaN1TIATINENBINAWIY

Tresduszneumaaiivesilaulagldisn1sieseanlienasau (EDS) 903U 4.1
LandatUnnsy EDS ¥83516. Sb, Te uag Cu g auansdsoerUsznaunanluildy
A15199 4.1-4.3 wanuasiduiornauvad Sb, Te wag Cu MINUAYINEUNUILOUR

| [

ludmagladNlienewainaunarnain15ou IneUTuInTvomeaLsa s Saduaauty

d' IS a a

PNDILAIN LA SAL 8 Had ATl UILNaUNDILAY 2.06 at% SAdl 9 Jadtunsil

3 o d' L% 1 v 1 aly =S a, 6 = =
29AUTZNOUVDINDILAY 4.80 at% lasrinuntasfagenanalul S1 Ao WAUNULOUR LU
waglaniililmIavewns 52 Ae Hauvuweudluivaglanfidensauwasluuiunn 2.06 at%

ey S3 Ao Mawvuweudluvagladileveswnduliuim 4.08 at% lnganuan1svaaes
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PNUINL ATV LK UNDILAIN TN UTY AT pIAUsENoUTRIVBIkAIN1e TN UL UR LT

wiaglanku MLy

SUN 4.1 uamsanesy EDS vasiiduvunuauiludmaglaniliievasung

Spectrum 1

M19199 4.1 wansesAusznouniivassIgbuildunuikeudludinaglaniiienasuasnou

wagnaanseugamail 250 °C

Fasoe 29AUTZNBUNINAL]
Cu (at%) Sb (at%) Te (at%)
As-dep 254 °C As-dep 250 °C As-dep 250 °C
S1 0.00 0.00 41.35 41.97 58.65 58.03
S2 2.06 2.50 39.58 40.59 58.36 56.91
S3 4.80 5.34 39.10 39.20 56.09 55.56
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M19197 4.2 UansasAusznaumaaivessgluidunuweuilutivaglaniileveuasnou

a

LAZVAIN1TOUTIRaMAN 300 °C

Y

Yosogns 99AUTTNBUYNALAL
Cu (at%) Sb (at%) Te (at%)
As-dep 300 °C As-dep 300 °C As-dep 300 °C
S1 0.00 0.00 41.35 42.12 58.65 57.88
S2 2.06 3.04 39.58 39.78 58.36 57.16
$3 4.80 5.10 39.10 39.20 56.09 55.70

a | a as a3y A ca & '
19190 4.3 LLaﬂﬂ@ﬁﬁUﬁ%ﬂ@‘U‘WqﬁLﬂﬂ%@ﬁﬁqﬂluwaﬂﬁuqLL@U@IQJULW&QI@@V]LG\]QV]@QLLGNﬂQu

a

LAZVRINITOUTIQRUnAN 350 °C

Y

Fosegn p3AUTENIUNINLAY
Cu (at%) Sb (at%) Te (at%)
As-dep 350 °C | As-dep 350 °C As-dep 350 °C
S1 0.00 N/A 41.35 N/A 58.65 N/A
S2 2.06 3.16 40.05 40.15 58.36 56.69
S3 4.80 5.28 39.10 39.45 56.09 55.27

1NA15197 4.1-4.3 9951d71UV8I517 V8N

s a a v

AUN LM 1ENDIAY wazliladanie

NOIWAINUIT Li1889AUTENDUVDINBILAY (Cu) WLULINTUANNVUIAYB IS AN VD ILHUN D ILA

danalviu3unaveswounlud (Sb) uazinagiseu (Te) anaslagfinIzuiuNITOUAIHARAD
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99AUTENOUVRY Te naNfolaTsaivasiaudluilinaglan (Sb,Tes) Usenaulumieszuiy
299 Sb way Te WudmSoesiiduiduszurvuuuienaglnuea (Hexagonal) Fea1nfuny
WALN C (c-axis) e Te(1)-Sb-Te(2)-Sb-Te(1) Tnafiduszminetues Te(1) fu Te(1) Senin
Y839719WIUABSI18d (Van der Waals gaps) Tnedi Van der Waals gaps tiuaziinisfnfin

v [y

UsEAUMIBLIHIULADSINad 081980 Adga gl sdmaliasrusenauved Te anag

a

TEUIIINTLUIUNITOULY DIFNALAANITTLLNYUDY Te YULNINISBYU

cal A v P

Haununeudlutimagladiiiemeneunsiiviinseusigaamai 250 °C,

300 °C wag 350 °C nulilegauuniigadudasie Te nanAaaviinisldauioudilimh

Tiinn15seineved Te seninainiseunsi lanaaliuditiedu tnefigamgiiluniseud
U & A Yoo A o A ) % < &

wanneefudunuIdunldiigudeiuae Lileviin1seustAlsznaures Cu wiUTY

WueiuiU Sb MiindurasaininseulduneInulngaziiiistesdlsenauves Te i

Juvanadloynn15au

4.2 wan1sveaasiazaiusienalaseaisveshaunuinaudluinaglaniige

NAswazliidanagung

4.2.1 NANNSAASITINITLALAULYBISIFIND

'
fal A

MnMsAnwIMaAsnuLTessdienduasiidumwouilifinagladiidonomns Tnsshns
Folutasn 26 910 10 0am F4 80 aern Tnenis¥aldlisnnisiutuvenm 0.01 ssasie
Funit erandalumsined 10 ssndeuni

U 4.2 wansn1siAsauuvesisdiendvasiidumneudludinagladiiFonowuns
NOUYININ150U (As-deposited) TnefiusagUsuinunisiienswnslulsunsiiuansnsiufe 0,
2.06 ag 4.80 at% W‘UdﬂmﬂﬁymLuuﬂimgizuwﬁ'gu 20 i 26.57°, 28.78°, 38.79°,
42.79°, 52.13° uag 58.89° law@anadeeiuszulu (009), (015), (1010), (110), (205) way
(0210) mué’wcﬁ’uLﬁaLﬁauﬁugm%gammwgm %38 JCPDS vangiay 00-015-0874 U89
asUsznouneudluiinaglad anmsnsvaeulinuszunuiifuremeunaiovy angles
WISz 0 1 5 imsideulumeanivie 314 26 i (Red shift) su3annmounail

a d’” a a I I . = [
WY 1HRINN5T 98881193813 1998UIU (d-spacing) vandnanatlaaiduluniungues

WU (Bragg’s Law) Faslamnanainnisiidenesuaadluluweudluimaglas lnei
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NINFUNINSALVBIDLABUNUIN SANVDINDILAI (Cu'™ WU 0.60 A, Cu?* winiu.57 A) [45]
FALVUINNLANNIT WBURLUT (Sb> WinAU 0.76 A) 31nn157N9enauRINaIwas UL uN Ty
AutsvatauAluivinlvissuiuves woudlulimaglan Weulunswamsenyn 26 7iiudy

lnganunsadudulainfeznenvemetwasdniesglulasiasimweaseudluidnaglas

As-deposited

w

Intensity (a.u.)

‘ | Sh,Te, JCPDS : D0-015-0874
| | L okt .

10 20 30 40 50 60 70 80
20 (degree)

a' & o = s a8 ay o s ! o =
EU‘V] 4.2 ﬂ'ﬁLaEJ'JL‘UU?J@Q?Q&L@ﬂ%?J@QWﬁNWu’]LL@U@INUW@QI@@V]LQ@W@QLL@Qﬂ@u‘V]']ﬂWﬁ@‘U N

YSHaunoaunng 0 at% (S1), 2.06 at% (S2) waz 4.80 at% (S3)

JUT 4.3 uananisidenvuvesidienduasiaunuiieuilutdvagladiiieonawns

a

WaiNTeUNgMMgH 250 °C WUITMUTUIUNBILAY 4.80 at% w3 S3 Hssuiu 11 0 lan

Y

WUTUNILINNIIINANYDY ST kAL S2 N52UIU 0 1 5 1A UG INAN1ALAANITIALS 89
sruulninie recrystallization Ing7a1n9uidevedan Shen 2017 wagauy [41] N3
IS5z uUlnLranRaaI UNSIATBINANNAnNE
q' & o M ¢ L ay o s °
JUN 4.4 wansnisideduwresidiendvesiidunuieuluidinaglanfiionawnasiy

a

N150UN A 300 °C WUIIAPUYNYBITEUIU 0 1 5 1T UAIUUTUIUVDINDINALT]

Y

WnTukazinsidoulunisdiense yu 20 fianas (Blue shift) kazAIUNT19Y0ITEUIUT

anasdlaisuiudunulilaniun1seu (As-deposited)
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[
Annealed 250 C

=

Intensity (a.u.)

{0210)

(009)
§;>

| ) ShyTez JCPDS : 00-015-0874

10 20 30 40 50 60 70 80

20 (degree)

SUT 4.3 Mmadeavurasidiendresiidunuueuiluiinagladiilenswasivihniseun

atunnil 250 °C AUTIMaILRT 0 at% (S1), 2.06 at% (S2) uag 4.80 at% (S3)

Annealed 300 UC
—_—
.
=
-
=1
S’
)
N
o -
wn
=

] 82
Nt
=
—

| | ShyTey JCPDS : 00-015-0874

| =] L
10 20 30 40 50 60 70 80

20 (degree)

a & o o ¢ als ay sal & A o c{'
EU‘W 4.4 ﬂ']iLaEJ'JLUUT@QiQﬁL@ﬂ%T@QWﬁNVUWLL@UWINUW]@QI@@V]L%@W@QLL@QWWWﬂWi@‘U‘V]

gaumail 300 °C fivSnameuns 0 at% (S1), 2.06 at% (S2) uag 4.80 atd% (S3)
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JUN4.5 wanensideiuuvessidiendvesiiduuiueudluilinagladiideveunsi
Mn1seun g ungdl 350 °C wudn S3LAansTaseeszutulnivie recrystallization

wWieiunnanluualugun 4.3

[0
Annealed 350 C

(110)

@
=

Intensity (a.u.)

852

‘ ) ShyTez JCPDS : 00-015-0874
. 2

10 20 30 40 50 &0 70 80

20 (degree)

' '
I~ d

JUT 4.5 mMsidgauuvesiidienduesilaunuineuiluiinagladnnidansaunsnyinn1soud

Mgl 350 °C AIUSNIAmMBIUAS 2,06 at% (S2) Ua 4.80 at% (S3)

a

mﬂmﬁv‘hmiauﬁqmmm 250, 300 way 350 °C nurdlanudundn (Crystallinity)

Y

' £
a =< 1

wnfulleingamgiinldluniseunawudwalidndinuunnedmiunsiniesdaing

Y

[ '
= =

yosozmauviliiialusydevinndu anszunvivsngaausailumuinaunves

WaN (Crystalline size) a3 ulalauysalveanin (Dislocation) Uae AIILASEAYDINEN (Strain)

a6

Auandlun1919 4.3 nean1Ieassiugdiuvesidundslulavinniseu (As-deposited) 9y

NUIL8911N1513 9N 8 9kA T LU TUUS IR LN wagyi v unueaNand kudldunanag

a

‘ﬁl U ¥ o g = ! ‘ﬁl o d‘
L‘LlEJ\‘i"i]']ﬂ']’WlENLL@Q"\]ZL“{J’]VLUVHﬂW?UQ‘U'J'Nﬂ’ﬁIGWJENB\Iaﬂ [44] LALDNINTIDUNDUNNUAT

WUIMAINNITEUTLIAveINEnTvuaTivg Ty weslinulundnifvulaegliainaiaiy

laiauyiaiﬁummﬁﬂﬁamawé’qﬁwmiau LLas@i@fmﬂmmﬂ’iﬂwmﬁﬂﬁamm 199NN NAN

£ '
==

AINUNTINNIBNT broadening UBINALAAIDILNITLAATDUNNTDINANAATU [46] WeililoLsn
o 1% o 14 1% = 1 =] Y 1 cil/d' 1 Y & o
mseuudwhliaunevesiinanasegaiuladn lngluduinnanugilouszvetiudu

ENNTIAIIZIINI9S U TuaA LS A LU



M19197 4.3 UansasAusznaumaalivessluiisununueuilutivaglaniiie wazliile

VOIAINBULALNEINTBUTIR UM

a

Y

A 250, 300 wag 350 °C

89

%o PN Crystalline size | Dislocation density, & Strain
PRIRN (°C) D (nm) x 10'° line m™ x 10 line® m*
S1 As-dep 19.17 4.95 2.47
S2 13.67 9.64 3.23
S3 9.84 18.62 5.47
S1 250 20.01 2.75 1.47
S2 15.20 5.61 1.86
S3 10.77 2.31 4.16
S1 300 20.38 2.97 1.99
S2 25.48 2.06 1.32
S3 15.69 4.10 2.33
S1 350 N/A N/A N/A
S2 17.90 5.08 2.58
S3 12.13 7.85 4.37
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7 51tana UL 99199 UIINILA DUVINVDIN AL ULARIDIN1SN T DL M DUVD

nowntIveglulassaiiwesueuiludivaglad lnvazvenariudnludiuidanauan

An3diwesaegun 4.6

304

30.2

30.0

308

30.6

304

30.2

30.0

—a= 3 vk
430 | As-dep a-axis
~ ¥ ¢-axis
ol
=
2 48
”
"F v
o -
= 420
5 426
=
e v —v —v
S
424
£
=
ot
=
S an
g -\
= 4.20 .\
= -
418
4 L - - 292
iceps Cufrec Cu 2.06 1% Cu 480 at%
000150874
( ) o — %= a-axis
C | WO -
~ v C-axis
)
=
»
E 426 &
=
T
=
= v
e
o4 Y
3
S
<@
g
g an
=
-3
g
= 420
£
-
v—
418 B e S
I L L
Jceps Cu-frec Cu2.06 1% Cu 480 ut%
000150874

Lattice parameter of c-axis (A)

Lattice parameter of c-axis (A)

(b)

~
o

Lattice parameter of a-axis (A)~~

428

4.26

424

4.22

Lattice parameter of a-axis (A)

4.28

250°C

—&— a-axis
—¥— c-axis

JCPDS
00-015-0874

1
u-free Cu 2.06 at%

3o

30.6

30.4

302

30.0

298

- 292
Cu 4.80 %

350 °C

—®— a-axis

—¥— c-axis

!
JCPDS
00-015-0874

!
Cu 2.06 at%

!
Cu 4.80 at%

308

30.6

30.4

30.2

30.0

Lattice parameter of c-axis (A)

Lattice parameter of c-axis (A)

JUN 4.6 AManTignIWmesuaY a wag unu ¢ Tastiaunnuweudlutinaglaniusuna

oA 0 at% (Cu-free), 2.06 at% waz 4.80 at% NBULAE YAINITEUTRY

way 350 °C

Y

a

au 250, 300

mﬂgﬂﬁ 4.6(a) ALNUINAMANNINITITADSWNY € U ULUAILLA AIUTDILNY a

In1sasunlasnanainanimeLlaUs U N oA D NLNTUALAATTNISITHDSHNY a

anawuUImeIwaside sennilastilauluvinisevsuiigamail 250, 300 kag 350

°C uanasiagui 4.6(b-c) Asnuinludiuvesauaniignisfivesinu a Swnsduuiliuiianas

IWULAY WAZLAnNINISITMDSHAL ¢ VRINAUNYINNIToUNIMUAAT LU I TUNaRa WLRe U

fuknu a g lanunsnesuigladnerneuvemeasn i lUMuALLIYeI A0 LR

il Tnevovmouvssueudluiivuinlunanimetuns esznounesuaddnluununsdwa

TALAU a kAT AU C ANAILABAINNANITNAADINUI L 8Y1IN150UALYIN DLV
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[

nowasdluunuiluezneuuveseuiluflans @ udewinindinuanudoudiungae
wazdnnsaindsielunsdivesasiaiaiiededt nesuwnsinusouiazdluwnuiluiumns
YououAlutl [47] u”lﬂﬂ’i”l‘ﬁlﬁlziﬂLLVIiﬂ(;]J’JE]E”Jliz’J'N‘U'aQLL’JULG]@%’J’]aEfI (Van der Waals gap)
vi3o Fuseming Te()-Te(1) Tunsdiiivesunsarogsening Te(1):-Te(1) awdsnalviuaniion
sPiwmodunu ¢ fafutuusludiuveny a lifinswasuulas (48]

a

Taganauaniisnsimesildnuinfigamgil 300 °C (a = 4.260 A uay c =30.395
R) fAnasifiidrlndrunnsgiu vie JCPDS el 00-015-0874 (a = 4.262 A way c =
30.450 &) ¥84 Sb,Te; unfigaillewisuiuniseviigumgidu esanilduiianudundn
warillassaduiingadlafoutuiidufivhnsouiigamgd 250 °C uaz 350 °C Tnanveiily
druseluiniwesAunenansinnzimilasiainslugmuvesiiduiliinuniseu uazeud

gaunil 300 °C gty

1

4.2.2 FATZAANYALIURY KaZATUUIG8NEBIRaNTIALBIANATOULUUHDY

NI1AANNALLILAF

[
A a

mMTlTzisnuariui Tasaisanuasanumunvesiiaumunteudluiinagladd
FonewawmazliiTanawwns lagninsieisiendesganssaudidnaseuwuudensinaiy
awiBongd Ju JSM-7001F firh&suenssesu 10,000 wh Tnednvagiiufitannsauandlddogy
il 0.7 nuhdnwaziufvediduliresdauuandafumnuilndidesmindudediiaves
Adumuniiflosyninewinsugnilda ndsauildlunisugnilduayesuayisansvesildy
iesnnslvimdeuntiansesiu iivismuuuindanulifismerdemsnnsdnvesiiduds
vilvnmwesildufieenntuiidnuaziang1n [41,42) Tagaingud 4.8 uananmsinuines
Wa‘uwmuauﬁimﬁmaqhﬁﬁL%a‘maqLmﬂuﬂ’%mm 0, 2.06, ha¥ 4.80 at% Ar&sene 5,000

! | a s A i | A o a ¢ I
LN WU?WW@MZJQ?W@J“UW@%IUSUQQ 11 pm LLE’I%L@J@WWﬂWi@Uﬂ?WNMUW%@QW@N%u’ﬂllllfﬂi

Wasuwlasianunsawiuldesnadaauigy Inednsdinnumueglugieni
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JUN 4.7 amiuihvesiauvuleudlutinagladnusunamesund 0 at% (S1), 2.06

at% (S2) uaz 4.80 at% (S3) fiounas ndsn1seuigaumgi 300 °C

JUT 4.8 nmdnvsvesildunuiweudlutimagladnusuiamesns 0 at% (S1),

P a

2.06 at% (S2) uay 4.80 at% (S3) Nouudy “aiN1seuUfguMAil 300 °C

U
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4.2.3 nM7Anszianeazlassaieandemaliasuuauninsalng

fduvuueudludmagladiide uagliiienssunsgninluiinseilassairsvosdn
Tnelfmadaruuaningalnd Slvduanisidenuduganunadatidaludduny
udiinisnszidauulaiBaveu (inelastic scattering) vilfauivesuastiuiudsuuuadly d
zuanseonu L umNduiusseninerudueIn1sNTE3wuUTIIY (Raman intensity)
uaziavAAL (Wavenumber) uansissudl 4.9 Tnglusuidedldldundsiiinuasuuuiaies
Fadlduasnseduiinnuennndu 532 nm Tnsazmeuadudiuasdifonilofanisnsyidaves
raunaslnefiilenduuasiiinuiifel (monochromatic radiation) wufuluianadidunns
yunuulifengu fagiRanisasuiamdanureanisdu lnsmendanuifinrudaee i

= I A [ % &
Feazlunswfsuwdaseglusuuuuianizvealaswainavesasiue

Annealed 300 °C

Intensity (a.u.)

52

] L L ) . . ] ) A . . .
100 200 300

Raman shift (cm™)

JUN 4.9 Suaneuvesiduvuiieudluiivaglaniiusinameuns 0 at% (S1), 2.06

at% (S2) war 4.80 at% (S3) vinseuigaumgil 300 °C agldduainseAunaugInau

532 nm

lagnudn 91n3UN 4.9 wanssunuaunasuvesiidunuineuiludiaglaniusuiu

NOUA 0 at%, 2.06 at% wag 4.80 at% NvN15eUNQMNYI 300 °C WUIIFIUNLIVBUAY

{ { | v 1) o 1 2
AR ufnuA® 83, 116, 134, uay 162 cm™ wudndaulnddesiuluunnisdu Ay, Ej,
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A uay Afg Aldseauliluunmnuise [49-52] Tnenuiiavedudivunltudouluduay
AAuTiANTT wioideudne (blue shift) Tusazdeulusumisiidiauenindutovamse
fianuatosas Fsanunsnesungldiniinisunuiisunises Sb (53] uenanilauerdui 155
way 252 cm wansdslnunnisduveteanled Sb-O 819LARNT A UAI89T UITUBNDT]
aaﬂ%wul,mzasumazmmanﬂ?‘{mauawa%ﬁLﬁaﬂiﬁﬁﬂaﬂmaﬂaﬂ?{uﬁégu [54] wavuena NG
157ifiAYeITIINUN31e W3e broadening Hudwansdedinsiiadounnsemwan (defect) Ty
Aeluilau [46,50]

4.2.4 n1571As18va28Ld nasgInlndda nasauaiunlnsalad (X-ray

Photoelectron Spectroscopy, XPS)
el' % 1 v 2 1 aq a 4 a [ A A U

nAena iUt Ul udYesIsn1TIAT IS TINa U (EDS) iiveBudunis
fiogromesaluiidunuiiaudlutdvaglan wagminieilasaimiensiaeiuures
Sediong (XRD) Windudun1sieznauaeanead (Cu) Ww1ldinuiornouvealoudlull (Sb)
UBNIINTLLIIADINITEUTUABINATANITIANITATEA NS TUVDISIEL0NG (XPS) M519d8U
i3 a [ P a a I £ v a 4 Al £ d‘
megiasesinallalasalatveseunimdianaseuiignuanlaegniessdiond iilenein1siae
gugunisiogramaduns (Cut way Cu? Tuilduusudluiimaglaniiianauns 310Uy
4.10(a) BAAIALUNATUVDINDIUAIFDARADIAY CU 2p3/, NAMAWUDALUTIBAVINAU 932 Lay
934 eV HeaennaaIny Cu™ uaz Cu'?[55] U7 4.10(b) uansalnniuveanagideuse Te
3ds/, ka¥ 3ds, AAMNasUBauiewsndu 573 uag 583 eV [56] MMNNANISNAADIILLAUI
alnnsuvag Te Ansideuluiamdsnudawieniisigs tiesinine Saninsiun@iz
(Electronegativity : EN) vasuaunludl (Sb) wmagidiu (Te) kag neawas (Cu) Wiy 2.05,
2.10 uag 1.90 audsu [57] Mndsinanalanunsafigaulaiinisnienewndduieualudl
wagladvinliezneuunsiivesweudlull (Sb) visddlulassaieiideuiusyninaiuszyes
Sb waz Te #38 Sb-Te gNUNUTIFILOZABNVDINBILAT (Cu) FaanTinanududuang i
waauawmilevte Te 3d anad [56] mamniilauanddiiind Sb> gnunuiidiy Cu' uag
Cu” FINANITNARDIADAAR BIAUNANITILATITHANNNITLA 8L UUVBISIELang (XRD)
a & = = PN 14 oy & PN 34 .0
BLANATDUINUDNGAVBINBILAY ABD +1 LAY +2 931199 Cu™ wag Cu W lUunun Sb> i

Insinsualaaringnieluseuu [25] dawalvrmvgdiusnnluansisiisianidiuvulagae

naviuLinludIusaly LLazmﬂgﬂﬁ 4.10(c) AMNAINUTMALYUYINNAU 529.0 way 538.2 eV
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gonnaaeyu Sb> luasuseneu Sb,Te; agnalsAnuiiAAndsnudamieuintu 530.9
way 540.2 eV fimuaenndeariu Sb,0, [58] asaningunulagniiuliidussezaniiui

91998V A AATUY 99N AU URUS I AUNURIVDITUIY

As-deposited
(a)
CUZPS/Z

5

3

> |83

‘0

=

2

=

S2
930 ‘ 940 ' 950
Binding energy(eV)
(b) As-deposited (c) S3 as-deposited
Te 3dg/2 Sb 3d,,
‘; Te 3d3/2 _ 530.9
s s /\ g
> : . s
- H . >
" S3 i = Sb 3d,,
) c
£ ; ..2 5402
s250 5382
L 1 f 1 " .
570 373 580 585 530 535 540
Binding energy(eV) Binding energy(eV)

;:;Uﬁ 4.10 (a) aUna3u XPS veamaauny, (b) alnnii XPS Yaunagiiss uaz

() adnasu XPS vasuaudluilvasaudluiivaglas
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4.3 an1snnaasazanusireaudnnisvudwmisiniiveslauvuinaun ludl

sl A A
waglanilauazlillanaung

Taumnweudlutnaglaniiie waglilenewns auvuiuseana 11 pm e
lUinauaudimslnimenos Versalab lulnuanisinaudinisliihigamgiivies e

WIANMUAUIUUTDININE (carrier concentration), AMNAGBIAIYBINIYE (carrier mobility)

wazan N1l (electrical conductivity) Lanslanan1s1e?l 4.4 uag 4.5 AUaIAU

A157199 4.4 LAASAIANUVUIBUUNING WaE AIIUAGDIRIVDININE VDI NAUN UL UR LU

waglanaiide wazliidevenns lagldiaTes Versalab Nigamgiivies

gaunall AIIAUIUUNTE (x10% cm?) ANUARBIRITDINIMEY (c?/Vs)
S1 S2 S3 S1 S2 S3

As-deposited 0.59 1.02 1.82 26.28 16.04 2.57

250 °C 0.78 0.93 1.07 21.35 2377 10.80

300 °C 0.72 0.98 1.01 32.00 51.58 30.38

350 °C N/A 0.16 0.89 N/A 31.97 13.67

NANT7 4.4 o Adndmanurutuwvgiiduun wanstensfisinme
Franndulea Aumnutunanzees S1 as-deposited fif1 0.59 x 102 cm™ siaynuind
52 uay S3 AANMLILL LN TS AT U US I e mesuasiL e lUiesa1ndn
sznonvemasaud luunuiiveuiludfislinaluludnedu Fehldilsamudaunly
syuvdaalifauutunveiinty desnilot figuluyniseunuin S1 fiAnumuiLLy

'
a

WIngLiNUAINI L EeRINIAANITYIRTRLNAgLEY tneTinTvInvannagidedwalilin
1 1 = =) . = 1w A W g = [y
Y99719U0UNaQLALY 138 Te vacancies WasINIusNgniuvestu Te(1)-Te(1) Wwauiuy
feRusELIUADSINad (Van der Waals) Inaushatazidunsiwiunesinades1s9au wovi

) Y a a dl’ < d' ) Y a 1 1 a dn(
nsevaslinnssemevesvagden Faduamenviliiinvesiniwesnagidundy lng

nsiinYesIveunagideudwarililintaunnseananiuu Laudled (anti-site defect) 1ol
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lngivounniaawinuuy woudlediinainnisiezneulugnunuilaeueudluil nsiueul
Tufdnlunuiivesinwesnagidenliiiosnindia EN fusnsnaiuiissdnteswinnu lag
nsiiadeunnseswdnuuuuoudled ves sp lugnaiin Vg, lnedunsiieves

YDUNNIDINANWUULIUA P wag 199919 aunsnasurglaannaunisaeselud

SbyTey = 2Sb, + Vie + 2Vey +-Teygy T +20 (1)

Tnedl R fensiislsatiisduaiuay T ABNIILVYVDUNAGLALN INAUNTTLINRE
Winlainlealinainn1ssyivieves Te LLaxmwwmmiusuaawmzsuaqLLau@Iuﬁmaqlaéﬁﬁ
wvzdraunielea (P-type) asdArmnamundunvsiintugn seurludiuves 52 was S3
ﬁchumﬁauﬁqmwgﬁ 250 300 Wag 350 °C NUIIAALIUILLILYIN Mz anadleaInns
anasvesdaunndoNanianas luseminensyuiunisnaeuilduty msfidenssaadnluly
fdunuueudluimagladitldmiadeunwssawdndudivauann sudinsiiedeunnse
NANLUULEURLY Lay desitmnuilaseanuluudalududeunthil Tnelfuandiifiuiian
ALY A s duRus fututounns esanluildy waznszuIunIsoUtuA
annsnfasnglunisanvosteunnsosndnle Guduaveiivihlidianavuudunivganas

TugdureinLAsaIRIv I Az wesiauililévinniseu (as-deposited) &
Afianasain 26.28 10 2.57 cm?Vs BioUSinameuaafisanniy nsanawesnnLAaossa
Yoz duTuSvILIAYeIEN wavuenandseaninsaesune lfarnnsiiiutureanisyu
AULUUNTZLA9VDININY (carrier scattering) 2 anwuzAD (1) Msifindurestounnsomdn

£

nNsneawaad1llunui (2) nsifisduvedlaa aganngliniludnisanasvesaiy

v
= U

AFBIRITENInELR FeLRHTIUTUUTIAIUARBIIIYEIMINEMIENTEUIUNITOU IINNANTT

a

NARBINUI S2 NYNeUNIgamal 300 °C JANAINNARBIAIVDINVENINTIGALTEBIIINNTT
WNTUYDIVUIAVBINANUAZNITANAIVDITBUNNTDINAN LAUN1TANAIYDITBUNNTDIHEN
aelanszuiuniseuiiertesiunisanasvesanaduliiauysalveandn n3e Dislocation

density LaIUIAVDINANTILANNTUAINUAASIUAITIN 4.3 AINHANITNAADITINAINILAASIA
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WUBaNSTinszUINNTeuYIBUsuUTINaNIARTY wazannisiinnsyuiuesmsiuiin

[
[

voaunnTudsludiuiinlugnmainlniiavu dwanslunisnedn 4.5

M19199 4.5 uansanmnisthlnihvesiidununueuluimaglaniie wasliidenauns lng

1%A389 Versalab Mgaumaiivies

QN anwnsilad (S/cm)
S1 S2 S3
As-deposited 84.82 261.77 183.83
250 °C 341.33 353.70 209.96
300 °C 368.64 805.64 490.94
350 °C N/A 81.84 194.66

a A [ %

aninnsulnAAnanddnSwauns e usandAn1lnlvesasnwad AeAdu

9

NUIUUVDINNE (carrier concentration) LAZANEAITNAABIFIVDINIYE (Mmobility) Lanas

AN (4.2)

o =nqu

lagfl n Ao AUNUILUUYBINIYE (cm®)
q 79 Yszquasdianaseu (C)
U AB ANNARBIVENNINY (C?/Vs)
aadudan i lvinledd Feadsididnasouiitrlidnladdruaunin (n) wazdai

AARIALUNITIAR TA8AINAIS19N 4.5 azwulnAan NN WA duiniuniseun

| Aad

gaumad 300 °C defianandlewieuiuniseuigamgil 250 wag 350 °C LilaeandeA1Ady

9 Y
MUY BININLLALAIAIUAGDIFIVRINME NUINNGART damabrdiananinnisdaluiuin
Nanwiniu 805.64 S/cm laginnsinfigumgiiviesvesilauiidenswasusunn 2.06 at%

(S2) Mvinseuiigangll 300 °C seawniiludinslundunisieszdandiniavesiud
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dnvsngillsudstodnavedeyaludiwvesdidgununeuiluiivagladiiie uazliidensuns

Y

Mlaiiuniseu warauNgumgil 300 °C ety

4.4 NanN1INAADILara AU aUTANIINDSIUDIANNSNVDINANWULDURA

s & A o

lutnaglanindenidauazliitanaung

JUM 4.11, 4.12 uag 4.13 wanansvanuduiusseinegamainu Aranimnisi
Lnidin, Andudseansdiua wag Anmaaesuinwasveslaunuweualuiinaglas fin AIRE

maié’ﬂwsLﬂﬁauLLﬂaaU%mmwaqLLmﬁLﬁaiu‘?\léwmLLauaimﬁLwaqiaeﬁ Ao 2.06 at%, 4.80

a

at% way 6.02 at% waziluimunssuiunseunianmgil 300 °C auaau Fegnineglugie

Y

RaUNL niifaust 50 °C aufla 300 °C

dauandluzui 4.11 manmwmnhlniwesiiduasiinanauilegumgfinlflunsin

Y

Ot (Y

Wudy wansfensusenganuulane Taevialuudinsusewgadauuulavgdidudanidy
3 =% o o a o A £ < o o a
annsanuiulalulanguavansiadainivinnisidelavsdaluludnnuinn dmuandlugy
4.11 WawudlaipnunszuIunsou (duiiv) Araninunliiiives S1 uag S3 dArdniwnisun

TIANF1AIT S2 1199971077 S2 TA1ANNRUIBUUNINEALINNIT ST sudlaeAusgluwan

Tudqunouniiid uasludiuves S3 IMsivensaasluviinuniamantuilugnisanasues

Y 9

| o 1 R = o Ay Y v Y]
mam‘wuﬂWﬂﬂamﬂ UYA1ALY "?NLcl.lumalnf\nﬂﬂqia@aﬁﬂ@\ﬁ%u’]@lmaﬂﬂﬂml@ﬂaq'ﬂaﬂmqﬂmu 9N

o

(%
Yaa =

funszuaumsovaztelumsuuUssaniRvewanliisstu annanisvaassaziiulsing

)=

annsiliihvesiidufinunssuiunseufioamadl 300 °C {Wual 30 Wil (Fulse)

I A

Afganiidunlildiiunssuauniseu esannszuaunisewhilfuavessdnilivuind
WuTunasfisanludliuvesnrnuunnsoanannieluiiduasdnaie deludruileadudiui

dealiaran1nageswesilduiafifiudu annanisnaasanuinaraninslnilves S1 4

a

HIUNTEUINNTOUTILAIAT 350 S/cm vauevinnsinigamigil 50 °C wudilefaennaedniu

Y

a ! a

fuAnveaeudludmagladuignsafidanimanstludiedd ~300 S/cm figamail 50 °C

Inuan1svaassiibanaidlutunansiiiuinnuamvesiidunuilunisneaesiauise

Weupesldtunuddeilananivluuny 2 FduanAdednud fduvuweuiludivagladd
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a

WonewndluU3unn 2.06 at% MNIUNTEUIUNITBUNRUUYE 300 °C Wuan 30 uadl Tien

Y

a

an nnsun e qﬁ A8 754.20 S/cm mmmmmammammm 50 °C

Y

1000

—®—S1 as-deposited

900 --®- 31 anncaled
—h— 2 as-deposited
200 ==& - 57 annealed
Ao A —®— 53 as-deposited
700 e
-4 ==® = 33 annealed

600

500

400

300

Electrical conductivity (S/cm)

200

100

50 100 150 200 250 300
Applied temperature ("C)

a

g‘LJ n4.11 LLﬁGNﬂi’]Wﬂ’NﬂJaﬂJWUﬁin}N@mM Yuaan nnsin e sidunuieuRlud
fal A A o a a o A a
maglam‘v]Lﬁ]a%aumwmﬂﬁaqummu 0 1ag 300 °C NUSHIUNDILAY 0 at% (S1),

2.06 at% (S2) wag 4.80 at% (S3) Auanu

AU sEANSTLIUAYsTRuu LB UAlLTmaglanuansiagUn 4.12 Ingran1snnaes
Y & 11 a L a1 & = I % o o a o
wansliAuImdlUTEansTwaianduuin uanstemutuasnssniuidan (P-type) uag
Fadumstudunanlaannsiamemaineeadtuansainduaisnsiheliafiduneiu
<@ P2 | Y a Sa a -:’f( = A al (% a dn( =
Mnuan1snaaesiulaAmdUsEansTiuautuilogamginldlunsiaiugy uaed
AvanallaUSununeansillaid luinde Tunsmeasstaunlulaienssing
(51 as-deposited ) WiAnAdUsEAVSTIUATIgIRanlneimoglutas 180-220 LV/K usi
1 =3 as aa A a . a1 1o a fa
pgalsNnuTaNITonoaaiuTuIal 4.80 at% (53 as-deposited ) HiAAduUTZANGTLUA
iigaAeegluyie 154-140 pv/K LHe1nIIMsiiuduvesmvednesunviselan {HnTusn
= d' v PN as A a X a
Wesnnsferneuvemaaitn liunuiesnouvesloudluil lnonsiiiuluresusunu

neaunsiIetuthlugmsanasmesrdulsyavsdiun Taefidsdlamiusundufuanimnsii
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(%
LY

i wazAuruILULYeINITe wananTdaliu1sdiunannmandnutaduuadnIsNsLLIImIL

aunsi 4.3
21,2 g
557 kf mT (EJ?’ (1+R), (4.3)
3eh 3n

AuAL ke  Formafivesluandsiug]

h AorAsTiangUveIndsd

R ABATURYYVDINITNTLLA

N ADAIAINUNUILUVDIN YL

T fAegaumnd

\ § a

s A o a Ko dl ¢ av Moy oA
NMINAaeIdundadulsednsdiuaninsidafeile ui Lulatdenosuns

(S1 as-deposited )

—®—51 as-deposited
- - - S| annealed
—#— 32 as-deposited
390 |7~ % - 82 annealed
—®— 3 as-deposited
--® - 53 annealed

240

200

180

160

Seebeck coefficient (x10°° V/K)

140

120

50 100 150 200 250 300
Applied temperature ('C)

[y

JUN 4.12 uanansmanuduiususeinaamaiifumduussavsdiuavesidunuiwouiludl
waglanildenauaiiviiniseufigamail 0 uaz 300 °C MUSunumawad 0 at% (S1),

2.06 at% (S2) waz 4.80 at% (S3) suaisu
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1 s s a « a o a a a [
AnwIesunnmesveanesludiannngnihuildlunisuszsiliulssaniamuesian

wesluddnysn lngannnaesuinmesuandugu 4.13 annsvluansluiivitainiaes

a

winnasiA1gEawiniy 1.56 x 10° W/mK? figaungil 100 °C vesildunuusudlutinag

Y

lasifiFonesunsuinm 2.06 at% wazeuiioamgil 300 °C iuan 30 urit (52 annealed)

nuanIInaaessansliiuIndanganiniiduilalididonsung (S1 as-deposited) 1A

a

1.16 x 107 W/mK? flgaungll 300 °C annnanisvaaesiildnanliuansiiiuindierinisde

neswasdlUluiidunuseuiludinagladesdislunisiiinussdniammanesludianysn

voslduvuueuRluidinagladla

a

Haumnueualuidinaglanfideneswaslulzuiu 2.06 at% wazauigamgil 300 °C

]
Junan 30 wiit (52 annealed) Wanesurinmesfigeiande 1.5 x 10°W/mK2 4
gamnil 100 °C TnowuindiAfiganinnuisevesaa O. Vigi-Galan wazame [59] 7l
wnesiinees 0.38 x 102 W/mk2 Taefifiduiiaanuvuy 12,65 lilaswns uavindoulag
NILUIUMT SEWga1sszueUsedn (close space vapor transport) lnglvigmgdunian
5995UBE 450 °C waranAduuaanm NH. Trung Wagany [60] AldAumesunnes 1.12
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ARTICLE INT O ABSTRACT

Keywords: Thick Gu-doped Sb,Tes films were deposited on flexible substrate by DC magnetron sputtering from a mosaic

A"_lill'(’]'y telluride Cu-Sb,Tes target. The Cu-doped SbyTes films were vacuum annealed to improve their thermoelectrie properties.

fThigk [:;' Densitly functional theory was used to clarily the internal mechanism of the Cu doped into the ShyTe; system. The

'(l"\l:;‘dzf;clcct A results showed that Cu substitution on a Sh site induced eleetronic states or impurity peaks of ShyTes at a valence
11 Tl

band maximum. The carrier concentration of the Cu-doped Sb,Tej films increased as the Cu-doped concentration
increased. However, the crystallite size and Seebeck coefficient of the Cu-doped Sb,Tes films decreased as the Cu-
doped concentration increased. Posl-annealing treatment improved the microstructure and thermoelectric
propertics of the Cu-doped ShyTes films. The maximum electrical conductivity and power factor values of
754.20 S/cm at 50 °C and 1.56 10 > W/mK? at 100 °C were obtained in the annealed film with a Cu-doped

Mosaic larget

concentration of 3 at%.

1. Introduction

Energy harvesting is the process of changing energy that is a by-
product of an energy source used for various applications. The effi-
ciency of energy harvesting with a specific device depends on the type
and amount of energy [1-3]. Thermoelectric energy harvesting directly
converts thermal energy into electrical energy using thermoelectric
materials. The performance of a thermoelectric material is defined by a
figure of merit ZT — $%T/x and power factor P = 820, whereo, S, x, and
T are the electrical conductivity (S/m), Seebeck coefficient (V/K),
thermal conductivity (W/mK), and absolute temperature (K), respec-
tively. Applying a thermoelectric material for a power generation device
that can be used as a power source is called a thermoelectric module via
mixing n-type and p-type thermocouples connected in pairs alternately

* Corresponding author. School of Science, King Mongkut’s Institute of Technology Ladkrabang, Chalongl

with ceramic plates on both sides. When the thermoelectric module
contacts the heat source and is connected to the external load, electricity
is produced. The advantage of thermoelectric modules is that they are
small, lightweight, and environmentally friendly materials [4,5]. How-
ever, current thermoelectric modules cannot be exposed to heat sources
with curved or rough surfaces due to their inflexible physical charac-
teristics and cannot bend [6-8]. As reported previously, this limits their
applications. Therefore, flexible thermoelectric modules must be
developed that can be effectively used with various types of heat sources
[9-11]. To create flexible thermoelectric modules, thin or thick films
must be prepared. Nevertheless, in many applications, thermoelectric
thin films still face challenges: for horizontal use, the problem involves
the difference in the temperature between the hot and cold sides, and for
vertical use, the problem is insufficient heat flowing into thermoelectric
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Cu piece
Sb,Te, target

Fig. 1. Mosaic ShyTe; target.

materials [11,12]. In this study, we proposed thick film to solve these
problems. However, the thick film had a low electrical conductivity, and
when the thickness increased, the film’s porosity increased [12-14]. The
aforementioned reasons resulted in lower electrical conductivity and the
thermoelectric properties decreased. Producing a flexible thermoelectric
thick film with satisfactory electrical conductivity and thermoelectric
properties is challenging.

SbyTes compounds are favoured by p-type thermoelectric material
because SbyTe; has a high ZT near room temperature [15-17]. The
principal structure of Sb,Tes consisted of five atomic Sb and Te hexag-
onal planes oriented perpendicular along the c-axis with Te(1)-Sb-Te
(2)-Sb-Te(1), and there were van der Waals interactions between the
layers of Te(1) and Te(1) atomic planes [18,19]. Various strategies have
been adopted to improve the thermoelectrie performance of Sb,Te;. One
important strategy is doping, such as doping with Pb, Ag, and Cu [20,
21]. Cu is a useful element to increase the thermoelectric properties via
increasing the electrical conductivity in SbyTe; thin films [21].

In this study, we used a mosaic target that consisted of a metallic
matrix with other metals inserted. This technique promotes the
magnetron sputtering approach for deposition of multicomponent films.
The copper content in the SbyTes thick films was adjusted by varying the
diameter of the Gu plate from 0 to 9 mm. Gu-doped Sb;Te3 films were
deposited by the DC magnetron sputtering method and the microstrue-
ture and thermoelectric properties of the as-deposited and annealed
films were investigated. The controlled addition of Cu doping was useful
not only to improve the electrical properties but also to tune the ther-
moelectric properties of the SbyTes films. As a result, the power factor
significantly increased after doping with an appropriate amount of
elemental Cu during the post-annealing process.

114

Current Applied Physics 31 (2021) 7-15
2. Experiment

Cu-doped Sb,Tey thick films were deposited onto polyimide sheet
(DuPont™ Kapton®) substrates which have surface roughness in the
range of 0.02-0.07 pm [22] using DC magnetron sputtering technique.
The mosaic Cu-SbyTes target consisted of a SboTes target (99.9% pure,
Stanford Advanced Materials) with a diameter of 3 inches attached to a
Cu piece (99.0%) at the centre of the Sb,Te; target using carbon tape as
shown in Fig. 1. The Cu pieces varied from 0, 8, and 9 mm in diameter.

Fig. 2 shows a schematic diagram of the DC magnetron sputtering
system used in this study. The vacuum chamber was evacuated to a base
pressure of 3 x 107> mbar using a diffusion pump backed by a rotary
vane pump. Ar gas was introduced into the chamber to obtain a pressure
of 2.6 x 10”2 mbar and maintained at this pressure. A 25 x 75 mm
polyimide sheet substrate 25 pm thick was attached to a glass slide. It
was ultrasonically cleaned with methanol and deionised water for 15
min and dried under N gas. The distance between the target and sub-
strate was 40 mm. Before the deposition process, the substrate was pre-
heated to 400 °C for 15 min and pre-sputtered for 5 min to remove the
oxide layer and contamination from the target surface. The sputtering
power and the time were maintained constant at 45 W and 60 min,
respectively, and the film was 11 pm thick. After the deposition, the
films were annealed at 300 “C for 30 min using a halogen lamp in an Ar
gas atmosphere.

The films crystal structure was investigated via X-ray diffraction
(XRD) using a diffractometer (Rigaku, SmartLab) with CuKa« radiation
(A = 0.154 nm) at a voltage of 40 kV and a current of 20 mA. The films
were scanned in the 20 range from 10° to 80°, with a scanning rate of
10°/min and a speed of 0.01°/step. A Raman spectrometer (DXR
SmartRamanat, Thermo Fisher Scientific) was used to investigate the
crystalline at room temperature in a range from 50 to 1000 cm ™! using
laser light at a wavelength of 532 nm. The chemical state of elements on
the surface was investigated using X-ray photoelectron spectroscopy
(XPS, Kratos Axis Ultra DLD). The films’ cross-section and thickness
were determined by field-emission scanning electron microscopy (FE-
SEM, JSM-7001F, JEOL). The films’ atomic ratio was analysed by
energy-dispersive X-ray spectroscopy (EDS) using an Oxford In-
struments (INCA PentaFETx3) operated at 10 kV. The carrier concen-
tration and carrier mobility were investigated by Hall effect
measurements (Ecopia, HMS3000) at room temperature. The thermo-
electric properties, electrical conductivity, and Seebeck coefficients
were measured by a ZEM-3 (ULVAC-Riko) in a temperature range of

To DC power supply
e Y __L
At Y
Cu °
Target atom ) ==
Magnets
o Sb,Te; target
Cu piece b (Cathode)
v ot ° t -
t Q7 ° .
0, ) ——
9 40 mm +
°
To vacuum pump
MEC =25 AP <
VROV VV 000 Substrate
- (Anode)

Fig. 2. Schematic diagram of the DC magnetron sputtering system.
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Table 1
Atomic compositions of the Sh,Tey thick films with various Cu concentrations.
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Sample Content (at%)
Cu Sb Te
As deposited Anncaled As deposited Anncaled As deposited Anncaled
S1 0.00 0.00 41.35 42.12 58.65 57.88
S2 2.06 3.04 39.58 39.78 58.35 57.16
S$3 4.80 5.10 39.11 39.20 56.09 55.70

Sb

Fig. 3. EDS mapping and cross:

50-300 “°C. The uncertainty of electrical conductivity and Seebeck co-
efficient measurement was estimated to be within 3% [23]. In this study,
the samples with various Cu radius of Cu pieces from 0 mm, 8 mm, and 9
mm were represented as S1, 82, and 83, respectively. The as-deposited
samples with various Cu content were called “S1 as-deposited”, “S2
as-deposited”, and “S3 as-deposited”. After annealing at 300 °C for 30
min, the samples were called “S1 annealed”, “S2 annealed”, and “S3
annealed”.

3. Results and discussion
3.1. Structural properties

The atomic composition of the un-doped and Cu-doped Sb,Tej thick
films is shown in Table 1. When the Cu in the Sb;Tes increased, the
atomic Sb and Te decreased. On conditions that comparing the Te
content of the as-deposited and after annealing, the annealing process
also affected the Te content. The decreasing of Te concentration because
annealing caused volatilisation of the Te [24].

The elemental distribution of the Cu-doped SbyTes thick films was
carried out using FE-SEM. Illustrations of the homogeneous distribution

Te Cu

cetional FE-SEM images of the annealed ShyTey thick films. (a—¢) S1 annealed, (d-f) S2 annealed, and (g-i) S3 annealed.

of the element are shown in Fig. 3. These results indicated that DC
sputtering with a mosaic target had the potential to deposit the Cu-
doped Sb,Te; film. Fig. 3(c) shows a cross-sectional FE-SEM image of
the annealed Cu-free Sb,Te; film (S1 annealed). The annealed films were
approximately 11 pm thick. The other films were almost 11 pm thick.
The thick films were also dense, uniform, and homogeneous.

Fig. 4(a) shows the polycrystalline structure of the as-deposited films
with S1 as-deposited (Cu-free), S2 as-deposited (Cu 2.06 at%), and S3 as-
deposited (Cu 4.80 at%) examined by X-ray diffraction. The XRD pat-
terns were recorded in 20 in a range of 10°-80°. All the polycrystalline
samples had patterns of XRD peaks at 26.57°, 28.78%, 38.79°, 42.79°,
52.13°, and 58.89° that corresponded to (009), (015), (1010), (110),
(205), and (0210) plane orientations, respectively (JCPDS: 00-015-
0874), and space group R-3m (166). However, XRD was unable to
detect the secondary phases related to the Cu peaks. As shown in Fig. 4
(a), the peak at the (015) position shifted to a higher angle as the Cu
content increased in the antimony telluride thick films.

The widths of the diffraction peaks of the as-deposited films
increased as the Cu concentration increased. The broadening of the XRD
peaks was due to the occurrence of defects [25]. As demonstrated in
1(b), in the films annealed at 300 °C for 30 min, the intensity of the
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Fig. 4. (a) X-ray diffraction patterns of the as-deposited films. (b) and (¢) X-ray
diffraction patterns and lattice parameters of the annealed films at 300 °C,
respectively.

(015) diffraction peak tended to increase as the Cu concentration
increased and shifted to a lower and narrower diffraction angle
compared with the as-deposited films. Some minor diffraction peaks also
appeared. Fig. 4(c) shows the lattice parameters of the annealed films.
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The a- and c-axis lattice parameters of the annealed SbyTes film without
Cu added (S1 annealed) were 4.260 A and 30.395 f\, respectively, values
that were consistent with JCPDS 00-015-0874 (a = 4.262 Aandc =
30.450 A). However, the lattice parameters decreased as the Cu con-
centration increased (S2 annealed and S3 annealed). From previous
research, it has been reported that the lattice parameter a and ¢ decrease
as Cu occupied Sb site because the ionic radius of Cu is smaller than that
of Sb atoms (the ionic radius of Cu'" (0.60 A) and Cu?" (0.57 A) sb>*
(0.76 A) [26]. However, the lattice parameter ¢ increases as Cu occupies
an interlayer between Te layers while hardly affect that on the a-axis
[27,28]. The results obtained in this work indicated that Cu atoms
occupied the Sb sites in the host structure, accounting for the decrease in
the lattice parameters of the a-axis and c-axis as shown in Fig. 4(c).

The crystallite sizes (D) of the films were calculated from the XRD
peaks using Scherrer’s equation as shown in equation (1) and the results
are provided in Table 2.,

kA

R Pcos ) &)
where k is the Scherrer constant (0.94), 1 is the X-ray wavelength
(0.154056 nm), f is the full width at half maximum (FWHM) of the
peaks, and 0 is the diffraction angle. The crystallite size of the S1 as-
deposited film was 19.17 nm and decreased to 9.84 nm as the Cu con-
centration increased to 4.80 at% (S3 as-deposited). The results as sum-
marised in Table 2 demonstrate that the average crystallite size
increased after annealing at 300 °C. These results suggested that
annealing at 300 °C for 30 min improved the crystallinity and a large
crystallite size formed. To obtain more information about the properties
of the thick films, the dislocation density (5), which refers to the crystal
imperfections that formed during the growth of the films and micro-
strain (¢), which is known as the imperfections in the lattice formation
during deposition, were calculated and are presented in Table 2.

The dislocation density (8) and micro-strain (g) of the thick films

were approximated using equations (2) and (3), respectively.
1
o= 2
D2 (2
€ B c:s 9. 3)

In the as-deposited films, the dislocation density and strain values
increased as the Cu concentration increased, indicating that increasing
the Cu concentration caused defects in the films. In the post-annealed
films, the dislocation density decreased and the quality improved. Low
strain values (in a range of 10’3) were obtained, indicating the better
lattice arrangement in each film.

The Raman spectra of the annealed films are shown in Fig. 5. The
Raman spectra were observed at wave numbers 83, 116, 134, and 162
cm ! and were closely related to the Al,, E2, A3,, and A%, modes as
reported in the literature [29-32]. The wave numbers tended to shift to
lower wave numbers (blue shift), which was explained by the replace-
ment of the Sb positions [33]. The wave numbers at 188 and 252 cm -1
demonstrated the patterns of the Sb-O oxide mode [34,35] adjusted by
the surface of the short-wavelength laser light [36]. The broadening of
the Raman peaks was attributed to the presence of defects [25,30],
consistent with the XRD results.

To confirm the coexistenceof Cu' " and Cu®" in the Cu-doped SbyTes,
the chemical state of the elements in the S2 annealed and $3 annealed
films were characterised by XPS as shown in Fig. 6. Fig. 6(a) exhibits the
Cu peaks corresponding to the Cu 2ps,, that appeared at 932 and 934 eV
corresponding to cu'* and cu®”, respectively [37]. Fig. 6(b) shows the
Te 3d core-level spectra with binding energies of 573 and 583 eV cor-
responding to the states of the Te 3ds/ and 3d3,,, respectively [38]. The
results showed that the Cu doping shifted the peak position of the Tetoa
lower binding energy because the electronegativity of the Sb, Te, and Cu
was 2.05, 2.10, and 1.90, respectively [39]. This proved that due to Cu
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Average crystallite size, dislocation density, and strain of the Sh,Tey thick films prepared with various Cu concentrations.

Sample Crystalline size Dislocation density, & x 10 line m ? Strainx 10 *line ?m
D (nm)
As-deposited Annealed As-deposited Annealed As-deg d led
s1 19.17 20.38 4.95 2.97 2.47 1.99
52 13.67 25.48 9.64 2.06 3.23 1.32
s3 9.81 15.69 18.62 1.10 5.47 2.33
within 0.005 A and 0.1 GPa, respectively. Three types of supercells were
compared that consisted of the undoped condition (Sbz4Tess), the Cu
substitution in the Sb site (Cu Sby3Tess), and the Cu intercalation be-
5 tween Te layers in the SbosTess as presented in Fig. 7(a). Electronic
Eg structures in the form of the total density of states (DOS) of the three

$3 annealed

Intensity (a.u.)

S2 annealed

S1 annealed

¥ " L N . e " i

200
Raman shift (cm™)

300

Fig. 5. Raman speetra of the Cu-doped ShyTe; thick films annealed at 300 “C.

doping, some Sb atoms in the Sb-Te were replaced by Cu, which
decreased the binding energy of the Te 3d [38]. This demonstrated that
Sb>* was replaced by Cu'" and Cu®" and was in good agreement with
the XRD results. The valence states of the Cu ions were +1 and + 2, and
substituting Gu'™ and Cu®* in the Sb>" site introduced supplementary
holes into the system [28]. As shown in Fig. 6(c), the peaks at 529.0 and
538.2 eV were consistent with the Sb®! in the SbyTeg [38,40]. However,
the peaks at 530.9 and 540.2 eV matched with the Sby03 [40]. This was
due to the method used during the test. Since the samples were left for a
long time, oxidation occurred on the surfaces of the samples [40].

3.2. Carrier transport and thermoelectric properties

The carrier concentration and carrier mobility (#) of the Cu-doped
antimony telluride thick films were measured at room temperature
using Hall measurements as shown in Table 3. All of the films had a
positive carrier concentration, implying that the majority of the carriers
in the thick films were holes. The carrier concentration of the S1 as-
deposited Cu-free film was 0.59 x 10%° cm™®, The carrier concentra-
tion increased as the Cu content increased (S2 as-deposited and S3 as-
deposited). To clarify the experimental results on the internal mecha-
nism of the Cu doped into the Sb,Te; system, we analysed the 2 x 2 x 1
supercell of the 38b,Te;, which is the conventional cell of Sby4Tes, with
Cu doping using ab initio calculations. Based on density functional
theory (DFT) [41], the basic generalised-gradient approximation of the
Perdew-Burke-Ernzerhof (GGA-PBE) functional was used to calculate
the exchange-correlation terms [42]. To obtain the optimum outputs
from our calculations, the basic cut-off energy was 500 eV, while the
optimum Kk point grid size was found at k~! < 0.05 A", which gave the
energy convergence within 5 x 10-°eV/atom. The optimised structures
were completed as pressure tensors lower than 0.05 eV/A. The
maximum ionic displacements and stress components were controlled

conditions are presented in Fig. 7(b). The vertical line at E = 0 eV rep-
resents the Fermi levels of the electronic bands. The Cu substitution in
the Sb site induced the electronic states or impurity peaks [43,44] of the
SbyTey at the valence band maximum (VBM), while the Cu intercalation
in the Sb,Tes system reduced the energy of the VBM. Therefore, the
calculated results supported the experimental results that the Cu dopant
substituted in the Sb site generated hole states at the VBM. This effect
was likely due to the Cu-doped BisTes system [45].

In the S1 annealed thick films, the increase in the carrier concen-

tration could have been connected to the Te deficiency. Te deficiency
produced Te vacancies due to weak van der Waals bonding between the
Te(1) and Te(1) layers. Te vacancies V;, were produced by the annealing
process, causing the vaporisation of the Te. The anti-site defects were
generated by the occupation of Sb atoms. The Sb entered the Te va-
cancies due to the small difference in electronegativity. The anti-site
defects Sby, were produced and led to the formation of Vj,. The inter-
action of anti-site defects and vacancies is expressed by equation (4)
[46]:
ShyTes =2Sby, + Vi, +2Vg, 4+ %mg;r 2k, )
where h' denotes the holes produced and | denotes the volatilisation of
Te. The derivation from stoichiometry of the deposited films produced
holes, increasing the carrier concentration.

In the S$2 annealed and S$3 annealed films, the decrease in the carrier
concentration in each film could have been related to the reduction in
point defects. During deposition, the Cu doped Sb,Te; thick films con-
tained many point defects including vacancies and anti-site defects as
presented in previous sections. The carrier concentration was related to
defects inside the films. Post-annealing reduced the amount of point
defects, which decreased the carrier concentration [47].

As shown in Table 3, the carrier mobility () of the as-deposited films
decreased from 26.28 to 2.57 cm?/V as the Cu content increased. The
decrease in the carrier mobility was related to the decreased crystallite
size. The decrease in the carrier mobility could be described by the
enhanced carrier scattering in two characteristics: (1) supplementary
lattice point defects were formed by Cu replacement and (2) increasing
the concentration (holes) [48]. The annealing process improved the
carrier mobility in all of the films. In this study, the S2 annealed film had
the highest mobility partially due to the crystal growth and partially
caused by the reduced number of point defects under the annealing
process related to a decrease in the dislocation density values and an
increase in the crystallite size as shown in Table 2. These results indi-
cated that post-annealing the Cu-doped Sb,Tes thick film improved the
crystallite size and decreased carrier scattering at the grain boundaries.

The electrical conductivity (o) of the as-deposited and annealed films
was measured as a function of the measurement temperature and the
results are shown in Fig. 8. The electrical conductivity of all the films
decreased as the applied temperature increased, indicating the metallic
behaviour. Generally, metal-like conduction behaviour is usually
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Fig. 6. High-resolution XPS of the (a) Cu 2ps/, of the S2 annealed and S3 annealed films, (b) Te 3d of the S2 annecaled and S3 annealed films, and (¢) Sb 3d of the S3

annealed [ilms.

Table 3
Carrier concentration and carrier mobility of the SbyTe; thick films with various
Cu concentrations as-deposited and anncaled at 300 °C for 30 min.

Amealing (emperature Carrier concentration  Garrier mobility an?/Vs

x10% em™?

S1 S2 S3 S1 S2 S3
As-deposited 0.59 1.02 1.82 26.28 16.04 2.57
Annealed at 300°C for30min -~ 0.72 098 101 3200 51.58 30.38

observed in metals and heavily doped semiconductors. As demonstrated
in the results of the as-deposited films (solid line), the electrical con-
ductivity of the S1 as-deposited and S3 as-deposited films was lower
than that of the S2 as-deposited film. This was because the S2 as-
deposited film had a comparatively higher carrier concentration than
the S1 as-deposited film as discussed in the previous section. Higher
levels of Cu doping (83 as-deposited) led to a significant deterioration in
the electrical conductivity. This was attributed to the decrease in the
crystallite size. The annealing process was integrated with the direction
to improve the crystal growth. The results showed that the electrical
conductivity of annealing at 300 °C for 30 min (dashed line) was higher
than that of the as-deposited films due to the increase in the crystallite
size and the decrease in the defects in the films, which enhanced the
carrier mobility. The electrical conductivity of the S1 annealed film
(350 S/cm at 50 °C) is in good agreement with that of the pristine Sb,yTey
(~300 S/cm at 50 °C) [21]. This result indicated that the quality of the
thick films obtained in this study was comparable with previous reports.
In this work, the S2 annealed film had the maximum electrical con-
ductivity value of 754.20 S/cm at 50 °C.

The variations in the Seebeck coefficients (S) in the as-deposited and
annealed films vs the temperature are illustrated in Fig. 9. All the

samples demonstrated positive Seebeck coefficient values corresponding
to p-type semiconductors and the results were consistent with the Hall
effect measurements. In the films with various Cu concentrations, the
Seebeck coefficients directly corresponded with the applied temperature
and decreased as the Cu concentration increased.

In this study, the S1 as-deposited film exhibited the highest Seebeck
coefficient and this value was maintained at 180-220 uV/K. However,
the S3 annealed film had the lowest Seebeck coefficient at approxi-
mately 125-140 puV/K. This likely occurred due to the increased ma-
jority concentration (holes) caused by substituting Cu for Sb [47,49].
Increasing the Cu content contributed to a decrease in the Seebeck co-
efficients because it was contradictory and corresponded to the elec-
trical conductivity and was indirectly related to the carrier
concentration according to equation (5) [50]:

AR o
S m l(ﬂ) (L+R),

T 3ei? &

where m* is the effective mass of the carriers, n is the carrier concen-
tration, and kg, h, and R are the Boltzmann constant, Planck constant,
and scattering function, respectively. The maximum S value was ob-
tained in the as-deposited Cu-free films (S1 as-deposited).

The power factor (PF) of the studied films was calculated from the
results of the Seebeck coefficients and the electrical conductivity (PF =
5%0). The power factors of the various Cu concentrations in the as-
deposited and annealed films are shown in Fig. 10. In the as-deposited
films, the maximum power factor of the SbyTe3 thick films with
various Cu concentrations of approximately 1.56 x 10 * W/mK* at
100 °C was obtained in the S2 annealed film. The results showed higher
values than the S1 as-deposited Cu-free films (1.16 x 10 3 W/mK? at
300 °C). This indicated that the power factor of the Cu-doped SbaTes
thick films was enhanced by Cu doping. In the films annealed at 300 °C
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Fig. 8. Temperature dependence of the electrical conductivity of the Sb,Te; as-
deposited and annealed thick films at 300 °C for 30 min.

for 30 min, the maximum power factorwas 1.5 x 10 * W/mK? at 100 °C
in the S2 annealed film. This value was higher than those reported by O.
Vigil-Galan et al. [51], in which the power factor was 0.38 x 1073
W/mK?in 12.65 pm thick films deposited by close space vapor transport
at a substrate temperature of 450 °C, and by N.H. Trung et al. [15], in
which the power factorwas 1.12 x 10 * W/mK? in 500 pm thick Sb,Te;
films deposited by electrochemical deposition and annealed at 200 “C.
The results obtained in this study are appropriate for Cu-doped SbyTe;
thick films deposited by DC magnetron sputtering using a mosaic target
and post-annealing treatment at 300 °C for 30 min and may potentially
improve the thermoelectric properties.

4. Conclusions

In summary, we studied various amounts of Cu and how the post-
annealing process effected the structural, electrical transport, and
thermoelectric properties of Cu-doped Sb,Te3 thick films. The FE-SEM
mapping images showed the homogeneous distribution of the Te, Sb,
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Fig. 9. Temperature dependence of the Seebeck coefficients of the as-deposited
and annealed films at 300 °C for 30 min.

and Cu elements. The widths of the XRD diffraction peaks of the as-
deposited films increased as the Cu concentration increased. The Cu-
doped Sb,Te; thick films contained many point defects including va-
cancies and anti-site defects. The XRD, Raman spectroscopy, and XPS
results confirmed the Cu substitution on the Sb site, which caused the
majority concentration (holes) to increase as the Cu dopants increased.
This was consistent with the DFT calculations. However, higher levels of
Cu doping (S3 as-deposited film) significantly deteriorated the electrical
conductivity. The post-annealing at 300 °C for 30 min improved the
microstructure, electrical transportation, and thermoelectric properties
of the Cu-doped SbyTe; films. The maximum electrical conductivity
values of 754.20 S/cm at 50 °C were obtained in the $2 annealed film.
Although increasing the Cu content contributed to a decrease in the
Seebeck coefficients, the maximum power factor of the SbyTes thick
films was obtained at 1.56 x 10~ W/mK2 at 100 °C in the S2 annealed
film.
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