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ABSTRACT

In  this’ thesis,  improvement  of Te-basedthin_ films ‘performance for
thermoelectric generator application was studied.-In the first study, the optimization
of n-type bismuth telluride and p-type antimony telluride thin-films were deposited
on polyimide substrate by DC magnetron sputtering technique. The effect of preheat
substrate (in the range 300-400.°C) and the working pressure (in the range 1.4 x 102~
2.2 x 10 mbar) on the thermoelectric properties were studied and optimized to obtain
the highest thermoelectric performance. The  crystal structure, composition, surface
morphology and cross-section, electrical and thermoelectric properties of the films
were analyzed by x-ray diffraction”(XRD) ‘and transmission electron’ microscope (TEM)
analysis, energy-dispersive x-ray - spectroscopy .(EDS) ~and X-ray Photoelectron
Spectroscopy (XPS), field emission.scanning electren microscopy (FE-SEM), Hall effect
measurement and the Seebeck measurements (ZEM-3), respectively. As the results of
the deposition of bismuth telluride thin films, stoichiometric Bi,Te; and highly (000)
orientation structure was obtained by sputtering conditions, preheat temperature at
350 °C, and working pressure of 1.8 x 10 mbar. This designed structure of layered
compact feature with stoichiometry provide the relatively high mobility. The maximum
carrier mobility of 118 cm?V was observed for highly (000) film. The electrical

conductivity of thin film has been greatly enhanced, to a maximum of about



14.90 x 10> S/cm at 50 °C. This value is higher than those of hot-pressed or spark
plasma sintering n-type Bi,Tes bulk alloys. The maximum power factor of 125 x 107
W/m.K? was obtained at 300 °C.

In the second study, Flexible Sb,Tes thin films, for thermoelectric generator
applications, were deposited by DC magnetron sputtering. As-deposited films were
annealed in air to simulated a realistic operating environment. The oxidation behavior
of the films was studied by monitoring their phase change on exposure to air at
different temperatures between 50 and 300 °C for annealing times from 1 to 15 h.
Oxidation of Sb and Te formed SbsQ; and TeOs phases.when annealing above 100 °C
and Sb2Te3 decomposed into_ oxide phases at’an annealingtemperature of 250 °C for
15 h. The thermoelectric perfarmance decreased-as the content of Sb,O4 and TeO,
phases increased. These findings show the limitations of Sb,Tes films eperating in air
without vacuum or a protective environment. We propose that the kinetic growth of
oxide formation on the SbyTe; thin films depend on chemical activation energy and
oxygen diffusion through the oxide barrier by the variation of annealing temperature

and annealing time, respectively.

Keyword : Bismuth telluride, Antimany: telluride, DC magnetron sputtering, Simulated
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AnAUUR g Y Talmnaglsa (ondluilmaglse

Uminvedluana 800:67 g/mol 626.32¢/mol

dnvnuzlasiaTniwewidin | Hexdgonal < Rhombohedral | Hexagonab- Rhombohedral

P N a =0.4395 hm, a = 04262 nm,
ARV ILARNTI%Y
¢ = 3.044 nm @=#5.0435 nm
LOUYDIIN 0.21eV 0.21 eV
ANENTNNITEIALS DU 1.2 W/mK 1.65 W/mK
ATAIUNUINUL 7.74 g/cm? 6.50 g/cm?
RDUYEAD 580 °C 620 °C

2.2.3 aruauvfvaanasudidnnin
Usedivdnmvasianmesludidnnin (Thermoelectric efficiency) Wuavgnimun

srAinnaseaniasLandlARsaLnNST 2.7
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S’c

LT =—T (2.7)
k

Wi muald S fe AduUsEANSTIUA (Seeback coefficient, V/K)

o fg @nmn1siilnih (Flectrical conductivity, Q-m™)
k Ao anihausou (Thermal conductivity, W/Km)
T Ao gaumqdll (Temperature, K)

Tanwesluidnvinfiddestien ZT fige Ineasinaandd 3 Ussnissoiu 1ud (1)
Tanosludidnvindeadiiduussaviduaiiae @) fiaaamilniid uar (3) Sanmwansin
ATl nsfnwandAvaeidamesludidnninla q Ailldraninnisiaiuieud 9
iasenlsedvBanmldnisdundsnlianaimiasurewmes (Rower factor) PF l4as

AUNISN 2.8

PF=S%s (2.8)

(% [¥)

Taqilirhesunpneig s st s uldF YN 25 wansliliiuinTa

q

AR fAtwnpSuAweTigandrianngueuulasnaulave [13-14]

Insudator, Semiconductor ietal

T
|
i
I
!
|
!
i
i
1
i
'
'
¥
i
1
i
'
i
i
1
i
I
1
|
I
]
i
!
I
I

1
1025
Free carrier concentration (m-3)

SUT 2.5 nemluanspuduiusseninsaiminesunnwesuazedulsy $AN5Yum

P =1 0 e P = o o | o [
1NgUR 2.5 ssiuldinTanfiduansisinhasddaninnisihanudouasanmn

nslihddiaauariagegadmiutansinanlany ArduUssindiunvsiangean

y 1 9

'
a 1 o o ol

C) o e o o & o o P & v o & @ a
amsuiEguasnsuasiiiddmivianiilulavy aganstininluianivangay

5
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Mosbundutannesludidovin Tnefidraumnuiuesnneysssna 10° cm® 91
aun3il 2.7 UstAnsamaastanmesludidnvinindy Fesdaniidolud
1) fenduusyavstiuaiigs
Lﬁa’lﬁl,ﬁﬂmmLmnmwmqmmﬁmﬂiui’aﬁ}maﬂu%Lﬁﬂw%mmzﬁﬂ'wmmﬁw
Fndlnihiiga ety wivuausouiasgnuuielaeUsylwiludiunaann Jaduriaany
snedndluitmnsiermivesgundl Tasenduussavigivaduduadfanisueusas
'"ia@maﬁuﬁz,ﬁﬂw%ﬂ%a"ﬁuagjﬁuimﬂﬁ%"lqwﬁnmaﬁaqLLaﬂmm%’wﬁtﬁnmaﬁﬂmmi’a@ma%
Lididnviniiu Soilianitiulanvuazansfismiiduussanigunfuansnaiy
1.1) lavie (Metal)
Li‘iaqmﬂﬁ’ﬁﬂ‘ﬁlL“'fJuIawxlﬂﬁ‘é'saiwamuwé’amu (energy gab, Eg) ¥in14

o

uUsEdvdiua anaullogainglanas anunsauansldmaaunsiae

2
s:[kBTJ (2.9)
L

nodwualii (o fe 1szagdinine
Er fio. w8 uwosil

ks AR ARl uanDILa]

1

AAuUsYanSiiUpYelaveilanioonty 87 pv/K S5 umiteuunn winans
° ' ° = 0 ° 2/ - 2 VI~ S| vai
wnlanzazlidnmsthlnisigs uazilrmanminieufigeiasiiuie Swdualiden ZT
A4y o o a = :
nindslimsnglunasi Wl Dutammesiutidonsa

1.2) aqstefaiin (Semiconduétor)

=l

ashisatiuuan s aviaguavpdsmifitey idslésundanunseduiiunn

Wo BlanmsouITEMTAT LTI TIEU NS AR TSl Tavasnasioesl

La o s o

AduUsravstiuaiidesiudwiuansdwanlany nande lunsdingaumgiasnnndy 100 K

ﬁﬁ?‘i’uﬂ‘azﬁ%%fﬁwﬂwt,ﬁuﬁmﬁaqmmﬁaﬂm waztlowivedr WAy infeIudien

s

NUTEANSTUAvEIENS AR I NEALNST 2.10

)
S = L z(k

B
€

]( E, J (2.10)
2k, T
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= ' = & w

PNaUNTITN 2.10 zRuIdUUsEENSTiuATesansied1tdldtanasiie

unﬂJql I =

gty uwidmsvansieiifidieinwaundsnuiivaunnn Amdudseavitiuavesans

Wisnmizkansaudiviieuianssmanlaveuazansisiati

2) fanneulniiism

anmiwlniviadudanilninds eannisagdendeaunssualniiios
wWarululundsnuanudou anwiunmdlngi (Resistivity, p) \uasdRianizvosansus

LUUA @AUTONARLARIENNIST 2.11

o= R]A (2.11)

fstun L p Ao AdanmAuiTunWni1vesan (Q-cm)
R-Ag Al Q)
FVa vle
A-fg _Nuinihda (cm?

[-Aa ANETY (cm)

Inerranami iz luadnnduvasannwa winiin dranmeulim g s uans s

s o

FtnaNIDANIl AR ANATST 2,12

o=\~ ~ney, (2.12)

1
p

° 3 i <l M £
Awuali e, Ao Fhanawrdeudinasewive (Mobility)

n “pe. AU uTe e

i

nshiagmesludiinminlivendliassilanzTs 1 dovinmsinnsandr ZT 370

-

auni1si 2.7 wuin A1 ZT Wudedrulpeassfuadulseaniaiun (S) wasidudiundusu

L o % o/ 5 o v 1 { A dl ] t 4
anduliih (p) uaranmmhanufeu () Faludedudufeanmmimnzauiian el
AFUUSZANSTIUA dan AUl waz anwihenutay Sanfivinlian 7T gevian lneiilane

wa o v ) a & a6 =
finauan TR A (~106Q cm ) wilangnduiiduussavsdiuaiion (5 Lvk?) esann

o Il

‘[awzﬁamwﬁmmu%’auﬁqa AUAITINNINAUIUTTITNUOUNS 19 UTNIe Tedudseansa

o

uAge (~1000 pvk) wafianimdiluiifisn (~102Q ) Fevinlitaniifuauiui oy

q

| =l

Taquasludidnniniibifiuduaiuiagswanlavy WeinrsunTansmanasiiasainfivns

'J"NLmuwa"’muﬁmuaxﬁanﬁ’ﬁasﬁwiwmsﬁqﬁaﬁw wazlavsdanunzausonsununduan

A



14

P

wasludidnnin levaudfmesludidnvinveeTaniidulany a1sienuiuazauiy awiso

q

v o d
LARILAGIRISIN 2.2

|
-l

1307 2.2 audfinesludidnvEnuesian Tave a1sieiand) auruflgaumgd 300 K [15]

a15N99710

GHNE lany AU
S (uV.K™) ~5 ~200 ~1000
6 (Q'em™) ~10° ~10° ~10%2
k=k+k (Wem'K™) ~k, ~k, ~k,
Z(K™) ~3 x 10° ~2x10° ~5x 10"

a ° v = o
3)  UENINUIAIINTBUNA

- =i

LﬁaﬁﬂﬁtﬁmmmLmﬂﬁhwaaqmwgﬁaadé’w'ﬂaﬁaﬂmaﬂuﬁtﬁﬂwsﬂw@q

[ o :ﬂl s =5 [ a o ) { [ alc - Y
m'mmmsm’lumsmmwmmmu’iummaﬁmLﬂuaammumma@maﬂumanmﬂ Yy ¥an
wasludlannInan A mdouasUsEnau daen sauue dlas TS N E vt Tl (Lattice
thermal conductivitykdtbaznsasFeuii Ainandsequnindianialuian (Electronic

thermal conductivity: k.) iansldddainis 2113
k=k+k (2.13)

3. 1) Aran winag e uL e 9 n 1T duua s E nliLattice thermal
conductivity: k)

Tagdmonlanennuseumeslulanddnlngfaaramsiedsuiivesnuy f
k Safienifovsnnidledioutu k. WdwsuTansmnansisaiiaratatautousnnsdy

YDINANILANADYNUIN ANUITOUERLGRIaUNTST 2 14

1
k, =§c,.vl, (2.14)
fmuald e fe Ananuseusumesevesuiunms (Specific heat per unit volume)
I A AuadsUasamsvuvesinuey (Mean free path)
v fe A1mmsaudes (Sound velocity)
lavaninirauieulliosainnisduvaswdnaiuisoanldlaenisifiunts

L4

nszenISraludl
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3.1.1) nsnsndswesliuewilosninauiingy (Disorder)

Li"iianwa'luﬁ’awixﬂauﬁqaﬁmﬁﬁmamaﬁ‘u%:ﬁﬁﬂﬁlﬁmmic‘imgwm
Tassaiaudn ilAifansdavinanisindeufivesiwueud i liAnnisnsedswe dnusy
idesnnisvuiuvednueudiudss vilifrnszasindsuaonnsyuvesiiusuanasiilvien &
anas

3.1.2) n1snTeidadiosarnnineilai (Scattering by charge
carriers)

n1snszadesninmugilniduendnty ofinsidesgwiln
mwﬂ‘mzﬁmﬁwﬁﬁu@uﬂﬂmqmiﬂ'ﬁ:ﬁwaﬂmau

3.2.3) MINTLLULDWINVBULITY (Scattering by grain boundary)

nasfiseRuilosninaauinsy et nsseadeuaonnisruaasin

|
- =

ANNDUANNAT dUSU

L) Uy

wougndindigrunatan dunnnasassiillesiinvaunsuduast

Y

ansiifilaseadnefiingUasmmn msﬂisLﬁaLﬁaamﬂmaumiﬁaxﬁwamnﬁqmmuqd
3.2) @n1wilreyuaniesaiaii s iintwin (Electonic thermal

conductivity: ke)
amwiaaamfeudesainwivesh Wi Ananaau s sy 1an i

IwihiugamgRannsnlanldfaunsi 2.05

Nwuall o fe daawidaluila

2

L. A8 Lorenz Aumber SAuninu 2.44 X108 WQ/K>

2.3 nszurumsalamatalasnisinasuildiung
nsindeumsmailaatameialumemenmursimsindounnnszuiunsatnmos
mimﬁaU%Lﬁm‘ﬁmﬁ'aawau‘uaqamﬂﬁawﬁlcﬁ'amﬂixmmﬁaﬂmmaﬁqL%'wui'a@sm%’u
waznenmlntuduiiduuns lasnssvauatnmeaiunssusumsitvl¥esnenvontians
Lﬂﬁawqﬂmﬂﬁuﬁmﬁmmwu‘uaaaqmmwé’qmuqaLLasﬁm'ﬁLLanLUﬁauwﬁdawuLLasIanuﬁu
ssvieynaiindwuiverneniitventhansindeu Tngeumaideuiingaanugs fiy
LﬁaasmamaaLﬂwmiLﬂﬁ@u?aniwui’amaﬁu%ﬁaaq'lmﬁai’mqﬁﬂﬁmiﬁmLﬂﬁxﬁ"ﬁu [16]
Lﬁaﬁmﬁw‘uamﬂﬂmsmﬁaugﬂizmuﬁqﬁwauﬂﬂﬂwé’amuqa%ﬁﬂﬁlﬁm nsdnnseuuasil
synafitamheetharsiedoudungnoonin ilomnmsvureseynAndsugaiuey-

ala o ¢ al a v w = [ ¢ =
MAnAIvUY Usingnisalieuniaiandriaguanoenun iSenin alames (Sputter) 3o
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almnods (Sputtering) dmunuidnidasduieiunseuiunisatinmeds amsouandlda
ngﬁ" 2.6 [17] uaganunsoesuneldmaselud
1) Sunshsenseninlesaunaziathasindeu Welwuiwihventarsiadouss

Aausingnisaisdeluil

1.1) msagviouimivaslossu (Reflected lon and Neutral) lepawusia
axviounauantamthlagdulngszazviewosnuiluguvesesmeniidunanamslniisuia
MNNsTINuBlEnaseuiitathasndey

1.2) ﬂﬁﬂamﬂﬁaa&ﬁﬂmauﬁmﬁam (Secondary Electron Emission) 910
nMsvuveslossusvhlifianisuasaddesdifnnseuraiiassanithaisindeuilosoutu
findsugane

1.3) n1siefavosleasu (oh\implantation) loaeuidswuitharsindeuiiy
anatlaiastluansindeu Tavanuinvainisiaiaguysidulansetundadleoay dsilen 10
svansausendulosoy T keV dmiulosauvawianisnouritemlunodung

1.4) MswasulAsiad iwasionindiatsindey (Target Material Structural
Rearrangements) mi‘uwaqlaaauuuﬂ'sa'l'imﬁa‘uﬁw‘LﬁLﬁmmsL‘%mﬁ’wmasmauﬁﬁmﬁw
arsinfeulniuaziinnranunniesvoIndn (Lattice Defect) 1083 8nnassasalutves
Thssad1sfimtiin Altered Surface Layer

1.5) m3aimmas(Sputter) AMsruvaslo goue 19 bilinnsruiun1svuiu
wuusiellessgmimonanvathans indeuvnlWAnnsUantaneosnanarniihdnsindou
13UN71 ASEUILSAURMDS

2) nzUauNsatninese Lﬂuﬂssmumsﬁazmamﬁwﬁwmm‘sLﬂﬁavmﬂﬁﬂﬁwam

DONNINIINTTUVBIBUNTANE 1 TUEN ImUummamﬂaauwawuuae’lmLuummvmwaumﬂ
Madsufvernouiiteuthdisedoudingn ﬂ‘iuU’JUH‘W‘qu)Uﬂ’lﬂVI’NL‘UW‘UU’Q’H)LUUHWN
malwiwTeiiuseafild Medtamisadulunstiinmsatmnaie loin

2.1) WWharsiedeu mvrmwLﬂutﬂﬂwaumﬂwaamuamawwu%uums
UanUsovornauvesaisiniiounay Lﬂaauwaamaawmamaﬁu

2.2) suarandeaugs Insdadrrutharsindousinlfezneuveatians
indeuvgaeenin Unfioynandsnugsianifunarmslni wu Ganseu nisezmeures
msine  Tnsnisisslonsuvesfaluawulnindueynaduthansiadeuddisasins
UanUassilhansindevgafisaneiuaiudesns

2.3) MINGEADYAANGINUFS MsuEnynIanasugdluszuvatinmedee
grdinegiwianiles evil¥nssurumsiedouiniuldedredeidiosauldmununiidunng

MuADINs Faannsnvilivaie? 1wy leyninnntiulessuiidviunumsudslessuly
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€

- fa ¢ a - al | v
P3G MIBNNTEUIUMIInadRau$e WewnTulesewlsmdeudrsguualflesouly

Y

& o a W = a v a <
wunway nisviumsalamedmildlugeannssudadeuldnsrurunisinasfamsalunis
HARDUNIANG UG
o Reflected lons
DER ) o Nculmh Seumdm Electrons
Sputicred Atoms
Surface

&m:csuml Changes
Possiblc

: Bombarding lons
&7 My be inplanted

ﬂ. as aa ! s J - s
JUN2:6) dunsisensevinlosauiuiulyian (17]

nsipdeuild eI salaees s A sauteanliiu? Ussunn e 53
Aalmnedy (BT Sputtering) wagiterslanatinimese (R Sputtering) luy 49z naia

aal ala a o d el i a o al &l Y R—] a W
']'ﬁﬂ']‘5ﬂ%aﬂmW]@'N?NLUU?ﬁnqimaﬁﬂquq"i]E!LLaﬁﬂia‘ﬁU?Uﬂ'ﬁWLﬂEn‘U'EJ‘?ﬂUQ']U?QEI

2.3.1 wiplApdaUnnas

nswdeuliauumtinedadtatinresadunszuunasndouiidiuising 9l
NIYUARSY %ammsmmmlﬁﬁaguﬁ 2.7 Indszivaiimapieusznaulusigvesdalrifuuy
U uAlnaLdu (cold cathode) Fimbmwalypaggnilnfeansiiulth (target) iy
msndeu uardndmiiatuielua (anode) ﬁ'i'i'ar'ﬂuei';wuaa%uawuﬁéfaqmimﬁauLgazﬂqﬂﬂmi
dwiuliieusouuntagsoeiulusasindauduiida Angluvisadasy (chamber) doawils
sgluanmzgy e andussgnifnmeniaEsElne e wiufiesh uiedentnegly

o c P P ) | %) o= | a -
ANYB13 ﬂ@ULUQQQWﬂLﬁUSWWWQJUWﬂUﬂa59’193Jﬂ@u°ﬂ']ﬁl]']ﬂ?]ﬂﬁl!']”LLﬂﬂ'ﬁ‘i”ﬂUU@L{j’lﬁ'ﬁLﬂﬁ@U

q
[

olvimanusefngseninsdaualnauay sulunlug 9 fifidndluiiien amnmauwamvmn
miw%ﬁ]vuwaamuaalmwamwaﬂmlaaalusﬁamamaqnwlm waziiloarusedndldh
@mumanmauwgnmmaimauﬁulwﬁwwwawuq@*uuﬂummsmuﬁ’uasmamaaﬁmaaa
uazazntgloundsuldiuesnenvesinndey (A) vlvmudesunnguivlosauuin (A+)

a @ = ' ' s =i
UAYBLANATOU (e-) LIUNIANIITWAELN FNENNTTN 2.16

e +A—>2e +A" (2.16)
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Substrate and film growth

Sputtering gas —I . AR ¥ I—
—_— L i i —

DC power
supply

<L
)
:I_ Sputtering target

JUN 2.7 szuuidalnienais

8
=f

dldnasou 2 minTuazgnismetiaummmiman i luddhueluauassuiuiu
ymauYasfiwiany 2 i Wumsfudwivlessuuardidnaseuuensiintiulossuuingy
1 2/ 5 - U e :i al .
QﬂLNL‘uwu‘mLLﬂTwmmmm‘aﬂaaaai.aﬂmsamgﬂw 2 (secondary, electron) 1381731
NSLUIUNITOLATUD (avalanche) NITauAUTynI1ebiansaufvay ol d oy AnTy
pterailiosaunsensiivitalesauiaBifnnsaunidl uatsnnanTaunauasn shanse
Lol e lunowAfaunasn WEAT InMBYe N 13 NASEUINN1TE TN U e B ay1Sq
. & a ¢ Wl VK Fand e W o A & a
(townsend discharge) INUUNTELANSTVITIVEHAWLVULGDY) AUDIAY 9 AUAUTUAANTS

2
< = =l U

I9auETulTENI1ATIna RaYI99-(DC clow discharee) wstdulwilivinnAsonasiirnanasen

'
o

fadazen lugrafudunemmimiotuas msuuiussloseuUuRALAaefntuluu sUdn
wazaubladnaue A TBsNs T TNAs KRRt uAT UL LAY S ou e AT na T
aunnliliingy Wanszualuiaden Audniuamsvuredloaauagdesq wenedilfiuduay
asouAquIiLAUTivellvinaunssilratimnuiuvesn sehadinianouasisadiulnin
seuinedaBiiningnazheiie 1 Dndumsiiu s idags sy s siuuay
nszualiihiidn fiud nf¥asuassiUa e $980 S uriefitol Mseudatnmness ludae
vaur i lifinissruenimaiden | Fiuualng Jloas wiuLuebanssuauanaisdugs
Usgnnas 0.1 wenl siomstawufimes prwseuiAntuaannisvuiuveslessuuinuuin
uAlnaaziAndurnauinnszurunsuanuaesdiinnseunuuinesfiofin (thermionic
electron emission) 3ufiun1sanUdesdidnmseugniiansuaznsruiuniserarand vild
msthlnihvesfielussuugeaduegnisanga useiuliisenindidninsnesanasniy

a & & a | v ¢ ;
*uma:'wn'ixLcalwﬁ%wu%uzﬁaLLazLﬂmmsLanLLaanzmmwaamimm (arc discharge) [18]

2.3.2 szuununiinsaualninae (Magnetron Sputtering)
wuniinsoualamasadunisldauiuuimanlwtidluluse vy AagUN 2.8 Loty

Vinnalosau lneifiuszeznislunisindouiivesoynieiifusey iesinusaesiaudvinli
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sumafimsindeuiufuindeavioduaanay loaymawedouiviwuiuauuusimanyinli
symaillemafiezluruiveynirdug wnntu Sufiudnsinsindeuiiduléunngs 10-100 wh
uazaanmuiuresi@siiovmadeuldunn bilduTiedouldfinnuaro1nge 3o
LﬁuﬁﬁauLLwiwawaiuﬁwﬁ’u sevvnunilnsouatinimeSeatunsour luldldweluseuy
nizuansIuarnszuaady flussuunszuanss 1Sonin Aduuniinsouatinime-3¢ OC
Magnetron Sputtering) uaznszuaaduisandt esienuwuniinsouatinmeis(RF Magnetron
Sputtering) Tneflauuutimanitldlussuuuuninsouadmmeded 2wy fe auiudmEnd
hrvuuivauulniy 158031 aumumues (longitudinal field) Fefiuseansnnlunisifia
Vinnalosauligs usawnsandeuiiduldainane uasliilfuunainlinaiaarda
Wasuuwasly fravunuud mdndied@anmueumemil Gen i AUNUAINYIN (transverse
field) %aﬁﬁs:ﬁw%mw‘lummﬁmﬂ‘%mmlaaauﬁﬂdmmmmmaLLasLﬁua%‘ﬁﬁau’L‘ﬂumi

P = 6

WaRUNAN [17]

Substrate and film growth

Sputtering gas -——J A/ ST e '—

o W
DC power o e © 4
supply QO ® Y Magnetic deflection
e : by assembly

¢ ‘

DT IEGEEOmY [ e )

_"j_ Sputtering target

Ui 2.8 syuuuniinsouatwiots

IngunfinsindiouildsingayiaudaiusiUsnsnsadnness (Sputtering Yield,S)
AuadeUinnnnisnqnesnvelesasu K swieuae tinamstureslosay 1 &) (oxmoa/
losew) FsdnnmaatiamesavdsilumalliySesmalid

1) wéfsuveslonouiinay

MIPUATITEINEYNIA 2 517 aridunisaneloundenuuanslddaunsd 2,17

4mM

PR Ao
(m+M)* s

Amuald m fie waveseynafignyemy

M Ao oumAyiravy
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Sowdauvedlessuiiiiosunn snsnsadanededenlugudidesnnngau
ﬁazmaulﬁ%’umwammnlaaaulaiwaﬁ%Lm’uuzLmﬁmmﬁmwwjﬁmmamauﬂ’}msmﬁau
Lﬁawé’wwuwaqlaaauﬁﬁwmnﬂ’hﬁLw'waqwé’emu'ﬁ"'l,’ﬁ'l.unﬁiimﬁmasmauaﬁmﬁawﬁ'q
a::mamzﬁﬂﬁmmnixmun’uﬂuuuwﬁmﬁmLLazLﬁmmsﬂaamﬂa'aaazmamaaﬂmnﬁ’nﬂwm%
iAeu BenndruiidimasnuTacy threshold energy) |

2) snrnsalimmeSwusivAeuluaussunundnveuindaisiadey uasiauin
ﬁqm’luixmuﬁﬁasmawumﬂuﬁqﬂ LLasﬁﬁﬁﬂuszuwﬁﬁasmawmLmuﬁaaﬁqmﬁmmn
looauiluwa sl luthuindy

3) dn1nisalenede dAuusiunseiu wdulossurssy wazudsuniufy

NHRUTALSY aunsouansldssaunisd 2.18

3a. 4mM- ~E
S(E) =—as———t— 2.18
i 4 (mr+ M)Y* U, i

Muuely S &8 desnsadnmase
E A9 wdsnnlessuvwy

Us A2 NHR9UTALSH

2.3.3 nIsiiaWANLIY

ﬂmﬁmi‘da‘umamﬂnsxmummﬁauﬂéumq’[.uqayay'm'm anmma%maﬁqgﬂﬁ 2.9
fswazBondwmaluil Lﬂaamﬂﬁaummméqﬁ%ﬁﬂLﬁﬁauﬁmﬂmwuﬁwaﬁaasm%’u Fad
Inajavegluguvatagmeuvioliuana HegUi-2. @) Faudsfinmusaniuasisolunisuns
YDIASLATBUVUAITRITATO Y TAUA wavNuWLSy (Bonding:energy) lagpsnouvadans
indiufiuTagsesiuuargimiive Hidnsasiy DYNRYYDIATILAREUILANN SN URI TARsa sy
TushumdsfiFondy sumisnisgaiu (Absorption-site) FnbiAnn1sinyfavEodnimd sy
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ot uaves XRD TUR wI8mAAN Crystallite size vaesrurulAsIasI9INEN (0015)

Iagldaunisves Debye-Scherre wansldfauniss 4.1
D = k\/Bcos@ (4.1)

dfle Do Crystallite size (nm)

k Ao Armsiifawinty 0.9

A fio Amemnduresdediond Cu-Ka Sruvinfy 0.154056 nm

B Ao mmn%aﬁwi’fwaaﬁﬂﬁﬁmmL{Iuaaqm (Full width at half
maximum, FWHM)

0.An NUVBINTIFYIUY

INN5AIUIN Crystallite Size wacﬁa’umaﬁaﬂwmaqlsﬁﬁmﬁauﬁwmmﬁwaq
MIAFOUEYUN 1.4% 107, 165 10°% 1.8 % 10 2Uar 2 0x 102 mBar fszurulnseadi
wEn (0015) Ingldaunian ¢.1 HaYINMITATU IR SALARS LIRS 1T 23 WU5n TduUas
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fiam Lﬁaamn%umaﬁgmﬂﬁauﬁwmmﬁwmmmﬁauﬁeﬂwﬁﬂﬁmﬁmﬁaﬁ’umaaamam

vosladnnaglsdfirnanad

13199 4.3 Crystallite size TBMANUI DAl aglaaTisguTUlnsdasshdn (0015) ign

indiaumeAuALYBaTIS AR IR 4

AUNAUTBINSIA S UNAL DAY Crystallite size
20 FWHM (rad)
(mbar) (nm)
1.4 x 102 22.47 0.82938 10.82
1.6 x 102 22.42 0.82257 10.91
1.8 x 102 22.42 0.99422 9.24
2.0 x 102 9047 1.18551 7.57

IINNAUDY XRD @10150M1A1 degree of (00() orientation pauldaunisveg

Lotgering anunsananslanaaunisi 4.2
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F = ZIOGI (42)

o) F @ degree of (00() orientation
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i e 150 [ ¢ 2 - gee! 6.97

200 .46 211 dsok
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100 14.84 ~FAT 9.43

8% 162 150 14.79 -84.0 10.40
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250 11.96 ' -96.6 11.20
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Inihvesiiduuedadninaglsdifiseuulassadandnuuy ool wueyivgamal

20 ‘ L) hd L] ¥ ] g : L) _.,;_
—=— 1.6 x 10° mbar |
—~8—1.8x 107 mbar
—4a—2.0x 10 mbar

—_
>
L

-
L3
1
1

o
L
1

./._p_____.,————.\

S

Electrical conductivity (x 10° S/cm)
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S's -’E’i(s M) + () (4.4)
e

dierhuunloi, Nk, “Ray Arnsiluandiutl Boltzmanniconstant)
@9 AT a9R) Planck's| constant
s e WITHIAESYOINTINsEIRe (cattering parameter)

(, fia AAA
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3N 5.1 Uuuunudeiivuvesisdenduesiiduuasioudlaiivaglsdiisiassnsléniely

u

mwauﬁqmmﬁuamaw‘m 9(a) ad-deposited, (b) 100 °C5 %ﬂm, (6) 200 °C 5 ‘?hT,m,
(d) 250 °C 5 Falhs waw () 250-°C. 15 Falsss WauAuTeyeInasgIu JCPDS ho. 15 - 0874

dlaladan Foufuiidanas 200 uaw250'5C 5 Filka muda v Siweeenlesiaiu
wavasueuilyfivaglshiady Fawaoanteadag vl 20 Tuthe 2714 - 27.6 pam e
aanlcﬁrﬁiazLﬁﬂ%w,fm'lﬁﬂ:rm%’auﬁ’u%wwﬁqwh 100 °C dunaldamnsuainuuan n. d
oonlasiarUsynovlusiie-ueuiluieenlys (Sb-0) wammagiduuesntes) (Te-0) wonaniy
wiavoueuRluimeglsfavivauudunasonladasyanl iobimnifoufoiduuns 250 °c
Wunan 15 alag Gamalddesdd 5a()

15197 5.1 AmdANRussruiaTetoudludimaglsdtulwaeenled Wevhms
Passmsldnungamgiluedes0 - 250 °¢ iHmia 1 2 15 99Tus

gaunnil (°C)
50 75 100 125 150 175 200 250

L3817

(@) ;
% avesuauulumaglse (Sb,Te, phase)

as-deposited | 100 100 100 100 100 100 100 100

1 100 100 100 100 100 | 91.18 | 76.79 | 57.81
5 100 100 100 9381 | 79.74 | 77.79 | 59.00 | 51.00
10 100 100 100 88.27 | 77.77 | 74.62 | 48.47 | 22.75

15 100 100 100 | 81.65 | 76.80 | 73.97 | 20.53 0
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Ll L] T L)
1004 R 3 s ® -
. .
Y
- v 1
o [ ¢ @ .
IEN 60+ ® T _ 7
5 —m—50 e Y
= ® 75 .
401 4 100 .
v 125
¢ 150 " %,
20 175 % U
- 200
o 250
0 " T T T i =y T g
as-deposited 1 5 10 15
Time (hr)

a v & | i = ¢ o [ o
3N 5.2 nemuanspddduiusssraaeiidudveivdienfludinaglsd Weviimsdrass

ms’l{fmuiﬂU‘Lﬁﬂmu%’auﬁ’u?\lémmaﬁqmmﬁ 50,-75,/100, 125,150, 175, 200, uaz 250 °C
nan 1, 5, 10, Ay 15%3Ta

PSB! 1 Wan AR IuAudaus ST svesLeumluilvaglsaiuiwasanles
dievimsshaesns W el ey iuidinwetiliimagissfanmgs 50, 75, 100,
125, 150, 175,200 Uaw 250/°C 1 0u387.2,5, 10; ualy 154l a1udaeiu S fiduuned
Sraean sl dfiquva'50,75 way 100 °C 1 uiant 1, 510, we¢ 15 Hluy mugs
Teiuuneiiassnislinufimaveseniluilviaglséiiaty 100 WedEud Fogamgiifisiy
W 125 uag 150 Coa THlueud st sfidaesnastinulifduatueudluiivaeg
Lssivvindu 100 Wesiidud wuft Wiledaesnastévmlagifidina Whnatidu 5, 10, uae
15 alas wui WﬁumaﬂLwaaaﬂlﬁﬁlﬁm%mmzLwa‘nmLLauﬁTmﬁma@hﬁamauﬁanmmnﬁu
Tnefiduusiidnaeemsldrmfteamnf 125 upy 150 °C 1uaed 15 thlus wsiliaueuflud
wiaglsiasas fAviiiy 81.65 uar- 7680 10T W m sy Wodhassnsldanlnels
A Feufuiiduunagetudu 175 °C Wunan 1, 5, 10 wag 15 Falus waneudluiivaglse
fAninfiu 91.18, 77.79, 74.73, wag 73.97 Wosidus mudu wanslsiiiuingiesianing

]

Tdodiduunsiigamgiisnn1 200 °C Mduuedivaeenledasilifinsdoundastiugaed
MsfisaaInislde wazdelrnuFeuruiduuisgetudu 200 °C Hunan 1, 5, 10, uas
15 $als waweuludmaglsianasiimniiiu 76.79, 58.76, 48.47, uay 2053 wWesidus
Ay wazdielirnudoufuiiduuisgetudu 250 °C Wunan 1, 5, 10, wey 15 Falug
wauaudluivaglsdanasfidivinty 57.81, 50.78, 22.75, uag 0 wWesidud muddu uang

| oA o v P - i o9 v a ¢ a & =l
1 Hanuniidrasinslinungumgligendn 200 °C agilmAnnasenlefifuinniuways
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waweudlufinaglsdamaadefinnainmsléuinnty venaindunissiassmsldaulng
mslimnufouruiiduunefigaumai 250 °C e 15 Falug ildRdu s sTinaves
oanledauysal :1nms9¥t 5.1 ansadluideunsvuansanuduiuiseninanauesnis
Idmadidaufudeiidudvonaseudludimaglsdifituogfugumainisldaud 50, 75,

100, 125, 150, 175, 200 gz 250 °C mudu 1Fifegud 5.2

a a al = a i '
5.2 Awsziinmsifineenluddiseiniasaalnsalalivaseyniedidnaseudignuanudas

& L 4
A58 LeNg

24000 — —r— T T T T T
| — as-deposited
~— air-annealed (a)

20000 4 . Sb.0

16000

Intensity (a.u.)
E

Fyveee SN GXXT \\/F PV
544 542 540 538 536 534 532 530 528 526 504 8§22
Binding energy (eV)

16000 L i T RN T [l e S Y T T LY Ll
- as-deposite (b)
140004 — air-annealed 4
Tﬁ 3d:“2
12000 | TeO, | 'I 4
A\ Te3d,, 1 I
5. 10000 4 Teoz ,r\1 i l 'l d
8 - / "i‘ / \ 1 ok ( 'E
2 8000+ I { { 11 | i 4
8 1 [ \ i il ”
S 6000 - ! | f l
- n i ¥ | / \ \ N
i i .“ 1\ / \ lI | / \
40004 - o/ \ J \ 4
A % \
1 h ‘M‘*\.M_.\_ﬂ Ao
2000 - ]
0

590 568 586 584 582 580 578 576 574 572 570 568
Binding energy (eV)
d s = = a =i o € =
JUW 5.3 (@) awnmu XPS wasueudlud, (b) ainnsi XPS veuvagiiunvesiiduuiauaud
lilmaglsdfigdluinmsldon (as-deposited) uagiidunefisasnsldnunelumeud

ol 250 °C 15 1l (air-annealed) mugni
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Wauusueudluimagladfisrasensldauiianmgd 250 °C Whunan 15 Hiluadieu
wazilauuendaliiunissasenisldou Wehludinseinisifineenluduasiiduuide
P a Y l v w ¢ [y -
inseaalasalalvosaunindidnaseuiignuanuasesesediond anunsauanddisui

v

5.3 WU @unesy XPS maaﬂﬁumaLLauaiuﬁmaglﬁﬁﬁE'Mmhumsaﬁaaqmﬂ%’muﬁﬁ%m

-l

a =l al o ' a o ' N W P~ P
wouRludAf wmUa 3ds,, 5dsy, WAGLILUVINUNUS 3ds, WAL 5dap ANEWIUEALUTYD
Usvmm 530, 539, 572, ua¥ 582 eV @1ugdisu wuwaﬂﬂdwau‘uwmeﬂuumaalimu
wumwavmmaaﬂﬂamﬂ‘ummﬁm'uaq G. Gupta uay J. Kim [40] Lmammsmaaami’l’mw
Tiduunefigaumnd 250 °C Wunan 15 2l wutn Wanuraweudludmaglsdiifnveneus
Tuileanladnseiu Sb,0, Ineiidunisgeanvasiinnsaiundsnudamiens 5305 ev fin

al o a PR 9 a e a o v o
waamaqwauuwmwaqLiamaﬂlmmm‘uumﬁn‘u TeOslauAdauunaidiananisldrud
paunil 250 °C Wuhar 159 lus lunwvitruasioudly I wmy g 3ds, 503/, LAY
WagIT e LuUe 3dss; ,5ds,, AonnrdasdUUITETRT H. Kong wazmgy [41] Fullegiuin
o as a ¢ a = o el ¢ ¢ P a = ¢ al
Waummaum‘l:uuma@hmﬂma@ﬂﬁmwwaugsm LWﬁB@ﬂl‘Uﬂ‘UBGWaﬁJU’NLL@UGIIMUL%ﬁQliWW
° r <l - o
ma@amﬂ‘zjd’lwqmwgu 250 °C unal 159208 iWau0s S0, ey TeQ, @1U1TOUEARNS

Iieheaunisfi/ 54
SbaTes {s) +150,(g) =3'5b,0,A5) +3Te05 (5) (5.1)

5.3 3miﬂzﬁﬁnwmmﬁuﬁmasﬂ’:’lwmﬁqanﬁaeqammﬁ%L?mm‘sauuuudaensmmw
azdungy

AATAAMINHAUIDY (a) Wa‘uuwuauﬁiuﬁma@hﬁﬁgﬂmﬁauﬁmmmﬁwaams
\FoU 1.8x 108 mbarATuia 5117, (b) Wéumaﬁfiﬂaaams'l'z‘fmunw’tum’)auﬁqquﬁ
100 °C Juan 5 ~z‘§":'lm, (€200 °C're1 5 %"';Im, (d)°250 °C 12825 5116 uay (e) 250 °C
a1 15 $2la PhugavssMIBANATBUL YLD INTIRAN B LIS Lalan sl i agU 5.4 wudh
Wenueuouiluilmagladiignirdensreniiuduresnisiaey 1.8x 102 mbar iHuian 5
u# danunuivesiiduuiauseann 0.73 pm Aduiiauadiaveuasiaudeite sty
nasIndaesnsldaunielumiau wuqd Anuvivesiiauuaneuiluiaglse (o), (o),
(d) waz (e) dAnfiuduain 1. 06, 1.28, 1.35, uag 1.44 um ANUAINU F9AUNUIYe AL
wouuAluilinaglsidey ¢ meumuamw.ﬂmwwu laganumuvasiiduneuuiluiinag
lsmwmumu 2. LualwmwmaunUWa:umw 250 °C Junan 15 Falug ai‘ulm'n sy
qmuguiuﬂws'lfnmuWamm&azm'[,wmmaaLﬂsumeuLLasmwwmLLuuﬂuBQWauamaa
venNtLAIELU AR eE UNNT 19T Wegaumpfivesiduunaiuiuiu 250 °C Wuwan

15 $2las uandlddegudt 5.40e)
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(a) as-deposited

(d) 250 °C, 5 br

JUR1 5.4 nmdavnneves (a) Rduuiiteudldmeglsiigniadeufennusuresmaadey
1.8 x 107 mbar 1uiian 5 widl, (b) dwureiidraesmsldnunielumeuiigumg 100 °C
Huvaa 5 Halas, (©) 200 °C van 5 Falag, (d) 250 °C 1aan 5 Falas wae (e) 250 °C 1an 15
Hilug InsiiendesqavssaiBiannseuluudeansnauazBungs
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f;{a) as-#ifepgsi,ted I IER

e \
R - (4 -

-,Ii_b")‘ }-DU \"C;'é;h[;'“‘-- S

Y -

Uil 5.5 mmituinves (a) WU TweuRladvaglidigrindeudsaufuuesmsiadeu
1.8 x 102 mbar ifuaan 5 wifl, (b) Aduueidrasenisliomumelumevitgumgi 100 °C
Huinm 5 T, (0 200 °C nan 5 Falus, (d) 250 °C van 5 Falus uaz (e) 250 °C 1aan 15
Hlug InTzinendeanssadBidnaseuiuudensianuazdungs

Ansrerdnvaziuimes (o) Mduunweudludimaglsdfigniadeussriudues
n1sAdeY 1.8 x 102 mbar Wuisan 5 Wi, (o) Aduursidrassnsldaumeluimeud
gaumad 100 °C Wuhan 5 Flas, (©) 200 °C 1A 5 Halua, (d) 250 °C van 5 Falus wax (@)
250 °C a1 15 Halue Amswidendesganssaudianaseunvudensinanuayidengs
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uanslifeguil 5.5 wuin anursueudluilinaglsdiigninfouseninufuresnaniey
1.8 x 102 mbar WWwan 5 undt ﬁmmwmmsuﬁLﬁnLgazﬂﬁﬁaaﬁaﬁ’ummﬂﬁuﬁmumﬂu
dlevihnissrassnsldanunelumeuia youmnaiiuaziiatfine 9 wudn insuffvuiadilngdy
wazAMUUILUUYeINEaNanadNT S ‘gw‘ummu LuaamnmsmmwmamwnuLLauL';a'ﬂ,u
NSl G'z’iqamn'smt,amqiﬁﬁwuﬁ 5.5(b), (c), (d), uaz (e) mugdsu Imamwwmmulﬂw
U Luammimaadn’ﬁlﬂwumE;'LuLmawammm 250 °C Wuraan 15 49lus @mnsadans

Isiagudi 5.50e)

5.4 Awnszvinauantiniluii

Ansvinuantiasiniiiu(a) Nrvaaueudluiinaglsdfigniadoudae
ANUAUYBINISIARBY 1.8 10 mbar (Hwian 5 U7, (b) Msavgiisrasensldaunigly
Lmauﬁqmwgﬁ 100 € 9.5 Falire () 200/°C Ga 5 Falus, (d) 250 °C 13an 5 $lus
WA (e) 250 °C 128715 Falug-mada ovinsShran Ml AduUsEAVRRIUA

LazANNIIasUHN IS I@a'lﬁm?aﬁmﬂ'ﬁé’uﬂsaavn%%mﬂuawhamwé’ﬁummlﬂﬁnmmsn

UEASLARIATIN 5.2

A19197 5.2 twaLLaumTuumaalsmLLauLWaaaﬂlﬁﬂmMWaumqLLaum‘[uumaaliﬂmﬂmmm
XRD, auummﬂw“ﬂmamunwawm (a) WaumaLLaum‘Euumaalsmnnmaaumammmu
VOINSIAFAY 18 x 102 mibar LTuiia 5 U, (b) waumwmamm{lmﬁumalmmamn
gl 100G WIuan A1, (O 200 °C wian 5 dalns, (6)250 °C 1nads T uay (e)

250 °C a1 15 H7lu Luaﬁqmiammam'ﬁamm@mauuﬁmdiw%

XRD-result % ) PF
Wanung (x 10° (x 10
Sk, Te; Sk-O, Te-O
S/cm) (LV/K) W/mk?)
a (as-deposited) 100 0 x, 165 7.39
b 100 0 3.41 174 8.23
C 59 41 1.78 182 5.87
d 51 49 0.66 240 3.79
e 0 100 0.08 385 1.19

1NA157199 5.2 WU (3) Wéummauﬁiuﬁmaahﬂ'ﬁamﬂﬁauﬁwmmﬁwaaﬂﬁ
WADU 1.8 x 102 mbar Juan 5 U9, (b) Waummmamm5‘l°u~awuma°lwmawamwnm
100 °C Jutaan 5 F3lus, () 200 °C 1ian 5 lus, (d) 250 °C 1981 5 3109 uay (e) 250 °C
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e 15 $7lug ﬁﬁmiﬂﬁ?uwadL‘NaLtauﬁiuﬁmaqlﬁﬁﬁmﬁmE)Eml‘ﬁﬁwhﬁ'u 100:0, 100:0, 59:41,
51:49 way 0:100 dAran mnisunlwifid1vinAy 2.72 x 10°, 3.41 x 10, 1.78 x 10%,
0.66 x 10° uay 0.08 x 10° S/cm , AnduuseAnsdiuafianviniu 165, 174, 182, 240 waz
385 pV/K, Auwnesunames 7.39, 8.23, 5.87, 3.79 uax 1.19 x 10° W/mK2 pudadu

4.0 ! T ' T T T R T
5 3.54 o g
7] ] i
©  3.0- g
L ol
) ] . 1
= 254 |
&=
2 ] }
S 204 _ hi
3 . :
g 1.54 el
Q i ]
g 1.0 .
= 1 h
3@ 054 4
w | ]
0.0 . " T " . - T : L
as-deposited A B C D

Film

=l

JUn 5.6 AraaTnasisluiives s sitliidaunisSaaeenasiFint (as-deposited), (A)
Wa’umqﬁﬁhaaams’l‘t’hmmu’lmmauﬁqquﬁ 100/°C 5 dlale, (B) gauma 200 °C 5 1l
(C) 250 °C & $alia wa (D] grlvnil 250 °C 15 Hataig

13U 5.6 wanserannn sl we s ALY il s SaednAs ey (as-
deposited), (A) ?»Ja'um@ﬁ'aﬁ’waaoms‘lﬁmumﬂmmauﬁqquﬁ 1009¢ 5 #alus, (B) grumin
200 °C 5 $ala, (€)'250,°C 5419 wa (D) vl 250 °CA5 WAl WuI Hduunedil
wumsaaansldoulidningy 2.72x 204 s7em T Ay fignsrasemsliunely

\oufigungll 100 °C 5 47lug BraaanmsdTluwag sty Sainfu 3.41 x 10 S/em

& =

Wasinmislirusouiuiiduuniigumad 100 °C 5 Hlug vilAaN1sUSuYselassadng

9 “

8
Valsf

NANUarvuInvansUl ATy smaamﬂﬁaaﬁ’uwawaagﬂ.lLLUUM?L?;EJ'JLuu‘uaﬁaﬁl,aﬂs&waﬁ'ﬁu
vnueufluimaglsd daguil 5.1(0) eifiugamgiiinnnt 100 °C danmnasilaiinges
AaAAY aﬁaqmmﬁmﬂaaanl%ﬁﬁuﬁ’uﬁéuumauﬁiuﬁmag“l,sﬁ Tnganmnisur e
wiouign \Jeliinnudoutuilduil 250 °C ifiunan 15 Halus Tiwiniy 0.08 x 10* S/cm
TGN TR ﬂmﬁmw.ﬁaaﬂlsuﬁmaiu?\la'umaLLauﬁTuﬁmaglﬁéa’qwasiaﬁmwmﬁﬁﬂw%ﬁ

anay
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450 T T Y T T * T

400 - "
350 - g
300 - y

250 - 4

2004 / i
l-——-—'—'—.—'—"——"_—. . |

150 - -

100 - o

Seebeck coefficient (uV/K)
a

50 - .

0 T I T d T " T 4 T
as-deposited A B c D

Film
P Y a £a a e <l i o 1% , o) f
3UN 5.7 dudsyansfunvesiduunedlutnunnsaiaednastdiauy (as-deposited), (A) Waw

U

Uﬁaﬁaﬁnaaaﬂﬁ%’mumU’Lusmauﬁqmmﬁ 100,°C5/90tuy, B) fmamndl 2000°C 5 Fala, (C)
250 °C 5 Falaid o (O) Gringd-250 315 Falaia

Findu sEAVBTIL TR IS I sk 1A s 38 84 As 4y (as-deposited), (A) Wau
mqﬁﬁwamms'l,sﬁmumalmmauﬁqquﬁ 10095 Tl [(B) anemgl 200 °C 5 Falusa, (©)
250 °C 5 Hlud-usy (D) QMR 250'°C/15 Falus uanosiag Uil 527 niidh Wduyredilaininu
Msd1a09n15li0 (as-deposited) srdiseRndadin Sidawify 165 LV/K ldyunsfisnans
msldnunalunpuiinemafi 100 °¢ 5 Hhlik irdssavitirmaiiy 4 174 uV/K e
Traeanslianidatai (Brammpii 200\ 1€ 5411, €)F250 °C’5 H215t wA¥ (D) AUl
250 °C 15 4l dﬁﬁ’uﬂisﬁw%{%wﬂﬁﬂmuaamﬂé’eqﬁ'ué’mwﬁaumaqLWaLLauﬁTuﬁmaqlséﬁu
iapenlaivasilauunN (B), (Qu(D) fiewvhiu 5941, 51:49, 0:100 masiateu lnuiasanlyn
azﬁﬂ'n@a%ummqmwgﬁuasnmﬁﬁu%u denalyienfuussanitidadanintuiianvinfu
182, 240 Uaiz 385 UV/K Y098 UTB), (O tas D)-aansy Tnefduureiistasinisle
nunelumeuiigamnd 250 °C 15 Flug onsduvaanaueuilufinaglsdiumasenles
fiFiviiiu 0:100 uagylATeduusyansBiungean Srnviiu 385 pv/K wamsliifuinnis

LﬁmLWaaaﬂlﬁﬁma’iuWémmaLLauﬁIuﬁmaal'im’ﬁ'amaﬁﬂﬁﬁhﬁ’uUszﬁw%sﬁmﬂﬁmLﬁﬁu

U
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10 - T - : : T . T

Power factor (PF)(x 10 W/mK?)
T

0

I X T ! T

as-de;;osite& A I B G D

Film
JUT 5.8 AuneiiiAlne svasiaRunAliniunssiasanislaeny (as-deposited), (A)
Wiuueiidnassnpsiunasluenguiigamgd 100/°C 5§l (B) 9eumRIN200 °C 5 dalug

, (€) 250 °C 5 Af3lua ume (O) namgll 250 9C 145 Falkis

A Ineiurnme v alldN U AlidtnsShasensTde (as-deposited), (A) Hay
Uwﬁ"-a"'}ammﬂﬂz’hmma’lumaUﬁqmwgﬁ 100.°C 5§21} (B gammgf 200°C 5 Falus, (©)
250 °C 5 luliaz\(D) QUMAA 250-°C 15 alat a3U¥ 5.8 a1 AdLESupLnesUas
flduunfilirumssiateits i Sanmany 7.39 x 10° W/mK2itasnasinisTdaiidy

=l s | ¢ = |
U (A) 'meaquu‘wqu 100 °C 5 %3l AN uHALREST UAUNTAU, 8.23 W/ mK?2

aannmstipnudauiuiiduunigumgd 100 °C'5 flg viabiiAnmsuiuUyelaseatng

[ '
af

HaNLarIUInYuRs LINA UL TvaaRAR DI uNaYEd XRD Lasalanesui 5A4(b) denaliian

U
13

anmnslihATINARTeSUR 5.6 SO fiee LAY dlevhinisdianams
lanilduue () Tunsuiaamii?100:oc; 54418 badiiladiasensidnuiiduung (B)
uMAdl 200 °C 5 47T, (C) 250 -5 lsreuae (D) gl 250 °C 15 Halus Snsrdau
vounawsudluilimaglsdfuimanenledvosiduuis (@), (Q), (D) Ay 59:41, 51:49,
0:100 AuEsY ImaLWaaanlﬁﬁazﬁmgﬁumuqquﬁuamawaﬁama’iﬁﬁmmma%LLWmmaé
anas JAwviniv 5.87, 3.79 uay 1.19 x 10 W/mk? pugidu Tnefifduursisnansnisle
numelumeviigamai 250 °C 15 Falug onsduvauraueuiluiinaglsifumasonled
fieuvindy 0:100 ssvhliddmieuiamefiiouiian frindu 385 /K wandlsidiugn
maiaaeenladnielufiduuueuiludvaglsddsmailirunnounmme deanas

%’aaamﬂé’aaﬁuwawaqamwmsﬁ'}lw%ﬂum%‘umqLmuﬁiuﬁma@hﬁ
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agulen msgﬁmwaaanlsaﬁﬂwa'lu?déuwLLauﬁiuﬁmagh&?dama’[ﬁmamwmsﬁﬂ
M‘ﬁhLLasﬂ'ﬂLW']L’JEJ':’LLWF]Lma%ﬁﬂ'wamaﬂumamiaﬁ’wﬁmmﬁ‘wisﬁw%%wmzﬁmqﬁu danaln
Useavinmvasweslauuisiaianas

NHBVDIIWITINAY LTEnsnesuienalnnisiineenlusvesiduuteue Uity

« = - LY q' 1% a‘ 1 1 a
maqismmnmawmqquuuamm lnsgamgRidusuussusuiidwmananisifneanlesly
duveannduiimusnsadydulaveseonleduesiiduuis maiineonlesuasids
vnuewiluilmaglsianunsastureldinmsudsuulamsnudassueafud (AG) uandld

feaunsi 5.2
AG=AH.= T(AS) (5.2)

e wuald A6 fe n1swanuluRME 1 Bdsgiund (Gibbs\free energy change)
AH-fe-prswdpuutdasieumad (enthalpy. change)
T A0 °C+ 273 1=K
AS A s uiUas ety sTie oy

gl AG < 0 diAsendniuldiodhuiemnsludiaonin A6 S 0 | UfBuafedutes

Lild usivzifinldedludaniedionndu, AGS 0. ssunoylusuns BilAansiugauias

U

< { o 1% v P d a0 i
13N 2liedmenslinulasbimaufeuliehmaeline T gtmnisinia

=

100 °C 15 Falud\asfyi i mdnubasea8And (AG)SFnTuTan Walindddoutuiidy
UnuINnd 100 °¢ MsluRauuateu s BressTIN A tAA R T uuat iR atieanlesnely
WauusueuAluilmaglss Wémmqﬂﬁmm%’auﬁammﬁ °C WM TUBAT Ve Ud (AG) TN
WuauuasfivasanledAndy LLam’lmwumwﬁaanlﬂmmanamumLaumiuumaalmav

‘UUE]EIﬂU?Jm‘MﬂQJLLﬁwL’JEﬂﬂ'1'31%5’]UWB&JUN uaﬂmﬂuu waumamwmmmwammm Le5,

Y 9

150 way 175 °C wua1 maifineenlasargniiia Tnendiauldanusardeuiiinluludy
oonlesivasfiduunsle dmiuiduuneilianuioutigumafl 200 uay 250 °C wud1 Wduus
ﬁlﬁmm%’auﬁamd'\ 200 °C nmsifinaenlenvesiiduvnueuiluiinaglsdariiniusedios
ws1zANSauaunsansyaelUldhdusenlesvasiduung waweudluilinaglsdaunsa
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Simultaneous stoichiometric composition and Righly (001) orientation of flexible Bi,Te; thin films were
investigated under the DC magnetron sputtering parameters. Stoichiometric BizTe; and highly (000)
orientation structure was obtained by sputtering conditions, preheat temperature at 350 °C, and working
pressure. of 1.8 - 10 ? mbar. This designed-structure -of layered compact feature with stoichiometry
provide the relatively high mobility, The maximuim carrier mobility of 118 cm?/V was observed for highly
(001) film. The electrical eonductivity of thin film has been greatly enhanced, to a maximum of about
14.90 - 102 S{em at 50 C. This value is higher than those of hot-pressed or spark plasma sintering n-type

Flexible bismuth telluride
(00!) orientation
DC sputtering

Bi.Te, bulk alloys. The maximum power factor of 12.5 . 10> W/m.K? was obtained at 300 C.

& 2018 Elsevier B.V. All rights reserved.

1. Introduction

Thermoelectric (TE) materials can convert heat into electricity
directly and reversibly through Seebeck and ' Peltier . effects,
respectively. The TE devices have promising applications in power
generation and cooling [1-4], The performance of thermoelectric
materials is driven by the figure of merit ZT ~§%cT/K, where 8. a, K,
and T are the Seebeck coefficient (V/K), electrical conductivity (S/
m), thermal conductivity (W/mK), and the absolute temperature
(K), respectively. To enhance thermaelectric performance, the low-
dimension thermoelectric materials have been promised due to the
recent demonstration of high power factor (PF) §%c and low ther:
mal conductivity (K) [4]. Thermoelectric thin film-is one of the
important low-dimensional thermoelectric materials that have
been investigated in order to achieve less thermal conductivity (K)
and increasing the ZT value |5-7].

Bismuth telluride compound is known to be the best thermo-
electric material at room temperature [8.9]. Because the bismuth
telluride material is an anisotropic material, the properties of this

* Corresponding author.
E-mail address: rachsak.sa@kmitlac.th (R, Sakdanuphab).

https:{idoi.org/10.1016/j jallcom.2018.09.216
0925-8388/55 2018 Elsevier BV, All rights reserved.

material depend on thestructure and different orientation plane of
thin Alm. Therefore, the thermoelectric properties along the a-axis
are/superior /to.those along the c-axis. According to previous
studies, it expected that orientation of (00/) plane in bismuth
telloride; thin film-will increase the thermoelectric properties
[10+13]. For bismuth tellytide thin films with a highly (00I)
orientation plane; the PF values were about 18.2—38.0 yWem 'K 2
|10 2] while the PF of bismuth telluride thin films with a highly
(015) orientation plane with the PF values .were about 4 —
8uWem LK 2 ([11,14-16]. Another factor was the chemical
compositian: bismuth telluride thin films required a stoichiometric
ration | of [Bi] and [Te] for achieving the best thermoelectric
performance.

There are many techniques of preparing the bismuth telluride
thin films with highly (00!) orientation plane and enhanced ther-
moelectric properties, such as metal organic chemical vapour phase
deposition (MOCVD) [17,18], pulsed laser deposition (PLD) [12,13],
molecular beam epitaxy (MBE) [19,20], and sputtering [10,11,22].
The MOCVD, PLD, and MBE equipment are expensive but are good
control in the film composition. However, the sputtering technique
is a good candidate due to its inexpensive equipment, high depo-
sition rate, good reproducibility, and possibility for scaling to
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commercial [23.24]. In the bismuth telluride sputtering process, the
substrate temperature was an important factor. The temperature
range of 220380 C was suitable for the film deposition because it
can create the lowest surface energy of the substrate [12]. The re-
sults of the lowest surface energy of the substrate prefer (00I)
orientation layers [ 12,13]. However, the temperature affected to the
chemical composition, due to the re-evaporation of Te at high
temperature. The non-stoichiometric bismuth telluride films were
obtained with the low thermoelectric performance. For the
composition control of bismuth telluride in a co-sputtering tech-
nique, the sputtering power was adjusted on Bi and Te targets
[5.25]. For example, Deng et al. | 11] have reported special depos-
iting condition to produce c-axis oriented BizTes thin films by co-
sputtering method. However, Bi;Te; and additional Te targets
were required to obtain the stoichiometric composition. Only a few
works studied the control of [Bi} and [Te] ratio from a BiyTe; target
[?7]. Nuthongkum et al. deposited bismuth telluride on flexible
substrate using BiyTey target by RF magnerron sputtering and re-
ported that the working pressure was significant for controlling
compoasition and improving thermoelectric properties of Bi-Te thin
films [21]. However, it is further study of the control both stoi-
chiometric composition and highly (00!) orientation of bismuth
telluride thin flm,

In this paper. the flexible bismuth telluride thin. films were
deposited by DC magnetron sputtering using the BizTes target. We
suggest a simple deposition condition to control both the chemical
composition and preferential growth of different crystal-planes.
Simultaneous stoichiometri¢ composition and highly (00!} orien-
tation of flexible BiyTey thin films were investigated-under the DC
magnetron sputtering parameters.

2. Experimental
2.1. Bismuth telluride thin film deposition

Bismuth telluride thim films were deposited on palyimide<flm
substrates (DuPont!™Kapton') with-a-dimension of 2.5 « 7.5 cm?
using the DC magnetron sputtering technique. The polyimide film
substrates were (1) attached to a glass slide: (2) cleaned in ultra-
sanic bath with methanol, acetone, and deionized water for 10 min;
and then (3) dried the substrate by nitrogen gas: For the sputtering
system, a 3-in diameter of BizTes target (high purity: 99.9%) was
used and the distance between the target and substrate was
50mm. Before the deposition” process, thel base pressure of the
deposition chamber was below 2.5 - 10 3 mbar and pre-sputtering
was employed for 5 min, The halogen lamp heater was used to
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preheat the substrate at 350 € for 15 min and then was turned off
during the deposition. Bismuth telluride thin films were immedi-
ately deposited at the DC power of 45 W for 5 min while working
pressure was varied from 14+ 10 1610 % 1.8 - 10 2 and
2.0 10 “mbar.

2.2. Thin film measurements and characterisation

The surface morphology and cross-section of the bismuth
telluride thin films were investigated by field emission scanning
electron microscopy (FE-SEM, JEOL ISM-7001F). The bismuth
telluride films were analysed by X-ray photoelectron spectroscopy
(XPS, Kratos, Axis ultra DLD). The orientation and the crystalline
structure of bismuth telluride thin films were investigated by X-ray
diffraction (XRD, PANalytical EMPYREAN) with CuKz radiation

. (% - 1.5405480) in the range 20 from 10 to 80 and transmission

electron microscopy (TEM, JEOL JEM-2100). The carrier concen-
tration and Hall mobility at room temperature of the thin films
were measured using the four-probe method with the Hall Effect
measurement (ECOPIA HMS3000). The electrical conductivity and
the Seebeck coefficient were measured with a ZEM-3 (ULVAC-Riko)
at 25—300. C. The uncertainty of the Seebeck coefficient and elec-
trical conductivity measurement is 3% |26,

3. ‘Results and discussion

Fio (1 shows the XPS spectra of the bismuth telluride thin films,
The-surface chemical composition was determined by the decom-
position of XPS_peaks at Te 3ds.,, Te 3dy); and Bi 4f75, Bi 45
binding cnergy, using least-squares curves fitting. The atomic ratio
of Bi and Te were calculated and shown in Table 1. The Te content
increases as the working pressure increases from 1.4 » 10 2 to
1.8 +10 2 mbar. The nearly stoichiometric bismuth telluride thin
films were achieved at Te content 60.98 at.%. However, the working
pressuie’ was 'up -10-2.0 = 10" ? mbar, the Te content was slightly
decreased. The results.of the Te content increased from 55.46 at.% to
60.98 at.% due to the density of the sputtering gas in the deposition
system will also increase the collision probability between sput-
tered particles, Typically, the atomic mass of the Bi element is larger
than Te (Bi - 143pm-and Te - 123pm) [5]. Thus, the Bi elements
were: obstructed by ‘the Ar gas increase, thereby affecting the
composition and films composition. However, the Te content of the
thin film decreased to 58.18at.% with deposited at the working
pressure 2.0.+.10-2 mbar. /The decrease of Te content may be
because bath Bi and Te elements were obstructed when Ar gas
pressure is relatively high [21]. This result is consistent with our

(a) (b)
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Fig. 1. XPS spectrum of bismuth telluride thin fims at different working pressure,
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S0

Table 1

Elemental compesition of bismuth relluride thin films measured by XPS.
Working pressure (mbar) Bi (at.%) Te (aL%)
14 -10 - 4397 5546
16-10°7 42.12 57.01
1.8 .10 “ 39.53 G0.98
20-10°7 4.4 3818

previous work | 21].

Fie. 2(a) shows the XRD patterns of bismuth telluride thin films
deposited at different working pressure, 1.4 - 10 ? ( bottom),
1.6-10 % 1.8 10 % and 2.0 = 10 2 mbar (top). The films exhibi-
ted polycrystalline rhombohedral structure of bismuth telluride
[JCPDS file no.15-0863). They have three diffraction peaks associ-
ared with (006), (015), and (0015) reflections, of which the intensity
was varied by changing the working pressure, The (001) orienta-
tions consist of the (006) and (0015) orientations which are pre-
dominant in the films deposited at working pressure of
1.8 » 10 ¢ mbar. However, the intensity of XRD spectra decreased

(a)
T L T i T i T
(ona) {0(3\15} > 1
S [0!?5 A 2.0% 10% mbar
T 1 10015) 1
(006) Ii
I I
— ..‘.. 1015) joh =1 8 X 10" mbar
3 e A ol P o v
o {0015)
-
= (0068)  (D15) t
5 | )
g ’,’l L \ ~—=—16x 10° mbar
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|
L l__..__L__ SIS 7071 34— 14 x19" mosy]
| N, JEPDS no. 15 0863
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Fig. 2. (a) XRD patterns and (b) degree of orientation of bismuth telluride thin films
deposited at various working pressure,

with increasing the working pressure to 2.0 » 107 mbar. The high
working pressure decreased the mean free path of sputtered par-
ticle. The collision probability between sputtered particles and gas
molecules increased, resulting in a decrease of the kinetic energy of
arriving atoms. Therefore, the particles have insufficient surface
energy and mobility to aggregate and crystal grow [27].

The degree of (00!) orientation was determined using the Lot-
gering method given by Equation ' | [28]:

2 Loo) F
2 ool (
M

where F is the degree of (001) orientation, N Iy, is the sum of the
001 reflection intensities, and N~ I, is that of the hkl reflection in-
tensities in the measured range of 20. Fige. 2(b) shows the degree of
(00I) orientation of the bismuth telluride thin films deposited at
various working pressures. In this work, the degree of (00I) orien-
tation increases from 0.75 to 0.92 with the increase of working
pressure from 14 < 1077 to 1.8 » 107 mbar, The film had high
crystalline orientation along the (00!) direction which proposed to
enhance the thermoelectric property. However, the degree of (00i)
orientation decreased to 0.813 as the working pressure was
increased to 2.0... 10 mbar. The crystalline size (D) of the bismuth
telluride thin films. was calculated using the Debye-Scherrer
equation,-as shown in Equation (7 )

D " karfeost, (2)

where k 0.9, -is wavelength of Cu-K~ - 0.154056 nm, 3 is the full
width-at half maximum (FWHM) of (0015), and @ is the diffraction
angle. The crystalline size of the films deposited at the different
working _pressures of 142107 1.6 - 10 ¢, 1810 2 and
2.0%-10*mbar is found to be 10.82, 10.91, 9.24, and 7.57 nm,
respectively. The crystalline size ‘decreases at high warking pres-
sure due to the decrease of aggregation and agglomeration of
sputtered atoms.

The microstructure of bismuth telluride films was examined by
TEM to determine phase distribution. The selective bismuth tellu-
ride films at working pressure 1.8 < 10 % and 2.0 « 10 2 mbar were
selected to measure the sclected area electron diffraction (SAED)
pattern as shown in Fig- 3(a) and (b), respectively. The SAED pat-
terns show dotted rings indicating the polycrystalline nature of the
particles. All the SAED patterns of the thin films show the different
diffraction spots index to the (006), (015), and (0015) planes of
bismuth telluride thin films; these were good in corresponding
with the characteristic peaks.of XRD pattern.

The surface morphology and cross-section images of bismuth
telluride films were obtained by the field emission electron mi-
croscopy (FE-SEM) technique, ‘as shown in Fig. 4. The surface
morphology shaws the effect of working pressure on surface

Fig. 3. SAED pattern of bismuth telluride thin !j!ms were deposited at various working
pressure (a) 18 - 10 “mbar and (b) 2.0 - 10 2 mbar,
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Fig. 4. FE-SEM surlace images of hismuth@lluride thin: films deposited ar working pressure (aj 16 - 102 mbar, (b) 1.8.- 102 mbar, and (€] 2.0 - 10 * mbar and cross-sectional
images of bismuth telluride thin films deposited at working pressure (d) 16 <10, mbar, {e) 1.8« 10 mbar, and () 20710 ¥mbar.

roughness and grain growth. As the working pressure increases, the
film exhibits a rough surface with random distribotion of nano-
cluster over a top surface, as seen in Fig, 4(a)—(c). The thin film
growth mechanism was an island-growth madel for forming the
BizTe; compound [11,29). The cross-section images-of bismuth
telluride thin films deposited at the working pressure of 1.6 « 10 2,
1.8 < 107* and 2.0 ~ 10~ mbar, as shown in Fiz. 4(d), (), and (f),
respectively. The thickness of the films is about 1 um which shows
that the working pressure slightly affects the variation of film
thickness. As seen in 12, 4(e). the film deposited at working pres-
sure of 1.8 « 10 ? mbar shows compact layers parallel to the sub-
strate which causes the mainly hexagonal crystals stack together
orderly with the ab plane preferentially orientation. However, the
film deposited at working pressure of 2.0 < 10 2mbar were
developed containing out-of-plane columnar grain structure, each

columnar grains was constituted by an in-plane layer, as seen in
Fig. A(N)sIn summary, we obtained a stoichiometric bismuth tellu-
ride films with highly (00I) orientation structure by controlling the
working _pressure in DC magnetron sputtering deposition. (00/)
crystal orientation growth model was suggested to explain this
orientation behaviour. The structural evolution of bismuth telluride
films is presented in I'ig. 5. In our experiment, substrate pre-heating
at the temperature of 350 'C was required to create the lowest
surface energy. Pre-heat is used to raise the initial temperature of
substrate sufficiently to promote (00!) orientation seed layer. This
layer is eligible as a template to induce preferential direction
growth of (00I) orientation. Then, the substrate temperature
gradually decreases, and the growth mechanism depends on the
working pressure. At the working pressure of 1.4 - 10 ? mbar, the
energy of the sputtered particles arriving on the substrate has more
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Fig. 5. lllustrates the growth mechanisny/of highly (001 -oriented Bi;1e4 thinfilms, (a) too low working pressure and (b)Y proper working pressure.

Table 2

Carrier concentration {n), carvier mobiligyfit)and electrical conductivity (o) of bismuth telluride thin films at the roony temperature deposited at the working pressure

16« 10 18 « 10 < and 20 » 10-*mbar.

Working pressure (mbar) Te Content (at's) n - 10%cm Y u fem?ve) a( - 10°Sjem)
16107 57.01 9.2 309 6.02
1.8~10 7 60.98 787 8.0 14.90
20x107 58.18 %10 258 3,76

enough for particle rearrangementon the seed layer. The particles
can diffuse independently to obtain a random preferved arientation
plane, as shown in Fig, 5(a). Howevet, when the waorking pressure is
increased to 1.8 « 10 2 mbar, the density of the argon gas and the
collision probability between argon gas and the particles increase,
resulting in the particles having low kinetic energy and are packed
with the seed layer. The particlesdo not enough cnergy to diffuse
onto the substrate. Therefore, the film exhibits (0Q!) crystal orien-
tation with compact layer 27,28}, as shown. in Fig. 5(b).

The n-type carrier concentration (n) and mobility (u)of bismuth
telluride thin films are shown in Table 2. The 71 values correspond to
the density of defect on the film forintrinsic semiconductor and
directly imply to the off-stoichiometric content of Te. The ‘hon:
stoichiometric films deposited at working presstre.of 1.6 < 10 2
and 20107 mbar have higher carrier “econcentration
(942 < 107 and 9.10 » 102 cm~?) compared to the stoichio:
metric film deposited at working pressure of 1.8 ~ 10 2 mbar.
Therefore, the stoichiometry of bismuth telluride thin films plays a
vital role in the variation of the carrier concentration (n) [12). The
magnitude of n values in this work agreed well with the result in
Zhang et al. [10]. The carrier mobility () of the films deposited at
16> 1072 and 2.0 « 10-? mbar was agreed with Y. Deng et al.
{preferential (015) plane films) [11]. Because of the strong grain-
boundary scattering resulting from the columnar structure with
small grain size, it blocks the electron transport in this crystal
structure. It is interesting that the 4 value of bismuth telluride Glm

deposited at- 1.8 « 1077 mbar is very high compared to other films.
The maximum u value of 118 cm?*/V was obtained and is about 2.3
times higher than that of the report by Zhang et al. | 10] (52 cm#/V).
The highly (00f)-oriented layered structures with in-plane large
crystallites provides a preferential way for electron transport along
ab-plane and thus.promotes the carrier mobility. In addition, Bassi
et ali [28] reported that the.mobility of bismuth telluride films
obtained a high value of about 100 cm?V only for stoichiometric
BizTes film. This result indicated that combining both layered
structure and compact feature with stoichiometry enhanced the
carrier mability. In addition, the optimal u value of this work was
even comparable with the report maximum g value of layered
compact polycrystalline thin film (122.3 em?/V) [12] and hexagonal
polycrystalline thin film (125 cm?/V} [30].

The electrical conductivity (o) is determined competitively by
carrier concentration (n) and carrier mobility (u), which can be
described by Equation (3):

a - neu, (3)

where e is the charge of carrier. Fig. 6 shows temperature depen-
dence of electrical conductivity (#) for the films deposited at
working pressures of 1.6 » 102, 1.8 ~ 10 2, and 2.0 - 10 2 mbar.
The maximum ¢ value of 14.90 = 10° S/em at 50 “C was obtained for
the film deposited at working pressures of 1.8 = 10 2 mbar, The o
value dramatically decreased for the films deposited at
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Fig. 6. Temperature dependence of electrical conductivity afthe bismuth telluride thin
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16 = 10”2 mbar and 2.0 « 10" 2mbat. The improvement of i Value
originated from the substantial increase in-u-value, while the slight
decrease of n was less dominate. This maximum @ valué is higher
than those of n-type Bi;Tebulk alloys prepared by hot-pressed or
SPS sintering [31,32]. The results suggested that high-ordered layer
growth along in-plane/ direction ((00f) orientation provides a
preferential way for carrier transport along the ab-plane as well as
gains in the carrier mobility and electron conductivity,

The @ values of films deposited at” working pressures of
1.6 % 107% and 1.8 » 10°2mbar was constant. in the temperature
range 50-200 -C and then dropped sharply at 300 °C. The electrical
conductivity of highly (000)-oriented BizTes thin films decreased a1
the temperature more than 200 C, although the carrier concen-
tration slightly ingreased with increasing the measuring tempera-
ture. It caused from the carrier mobility reduction when the more
phonons were activated and anticipated in the carriers scattering
process at higher temperature, The temperature-dependent con-
ductivity of highly (00I)-oriented Bi,Tey thinfilms showed metallic
behaviour, resulting in high-electrical conductivity of small band
gap semiconductors [2].

Fig. 7 shows the temperature dependence of Seéheck coefficient
(S) for bismuth telluride thin films deposited at different working
pressures. Bismuth telluride thin- films exhibit, n-type- semi-
conductor due to the negative value of Seebeck coefficient: The
maximum S value was - 178 uV{K ebserved in the film deposited at
working pressure of 2.0 x 10 ? mbar.Seebeck coefficient shows a
peak at around 100 C and linearly. decreases ~at higher
temperatures,

Usually, the S value is determined by the carrier concentration
and the scattering parameter. The scattering parameteris positively
related with the Seebeck coefficient, while the carrier concentra-
tion has an opposite effect on it, which can be described by Equa-
tion (4) [2]:

wi: YD
9 22w
s A: S+ g i In £ -n;h’iﬁr) tB(s Inn + G, (4)

where kg, h, 5, C; are the Boltzmann constant, Planck's constant, the
scattering parameter, and the constant, respectively. The films
deposited at 2.0 ~ 10 *mbar has much more interfaces and

Measuring temperature (°C)

Fig. 7. Thetemperature dependence of Seebeck coefficient ($) for bismuth telluride
thin films, deposited  at working  pressures of 1610 %, 18 .10 2, and
2010 7 mbar.

boundaries as seen in SEM cross-section, which leads to an
increased-seattering parameter. The grain boundaries impeded the
carrier transport-in-the ab plane, resulting in better Seebeck coof-
ficient. The structure of highly (001) oriented bismuth telluride film
deposited-at_ and 1.6 < 10°1.8 % 10"? mbar are beneficial to the
catrier transport, which reduced the grain-grain junction. In this
case, carriers would be less-scattered when they are moving in ab
plane, Therefore, the.highly (001) oriented film shows the lowest
Secbeck cocfficient, as'seen in Fig. 7. Moreover, the influence of
minority carriers on the transport properties cannot be neglected
because of & mixed conduction of electrons and holes. Seebeck
coefficient can be given by the following equation:

e &3:1) (5)
ay
1“ [ S Sopay T - L T L] T
+8—1.6x10" mbar

1%~ 1.8x10° mbar
12 4 /| —A—2.0x10” mbar

&
\x

]

A

"
[=) .
b7 <4
c e S v
‘!OS 6 - §/ -
= §
(]
g
o 34 4
0 T T L. T T ¥ L ® T
50 100 160 200 250 300

Measuring temperature (DC)

Fig. 8. The temperature dependence of power factor for bismuth telluride thin films
deposited at working pressure of 16 - 10 2 18 - 10 %, and 2.0 - 10 4 mbar.
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Table 3

)
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Carrier concentration (n), electrical conductivity (a), carrier mobility (). Seebeck coofficient (8), Power factor (x), and the orientation of bismuth telluride thin film as

compared to properties of thin films reported in the literature,

Sample Method Ref. orientation niem Y u(em’1vs) a(Sem ) S{uvk Y PFIW/m K"
BizTes Thin film Sputtering This work (00N 787 « 10?0 118.0 14.90 76 862.10 "
PLD [12] 0an 50 - 10" 102 814.3 172.8 243 .10 ¢
"o [13) (00n 970« 10" 148 230 o1 19010 1
MBE [19] (00 + (015) 27 .10 61 270 182 9.10"
Sputtering [33] (00 + (015) 51 .10 67.2 549,45 128 9.10"
Sputtering [34) (001) + (015) 1.3+ 10" 45.0 052,38 55 27510 1
Sputtering [35] (001 « (015) 6.94 - 107 6.39 710 75 4.10"
Co-evaporation [39) (oon 6.5 - 10" 75 769.23 228 399 .10 7
SbyTe; Thin film MBE [19] (00h « (015) 28 10" 433 1929 125 30-10°
BizSey Thin film PLD [37) (ool « (015) 74 - 10" 814 963.8 75.8 554 .10 °

where p and n refer to holes and electrons, respectively. For the film
deposited at 2.0~ 10 “mbar, the Secheck coefficient was
decreased with increasing temperature, because of the influence of
the increased minority carrier (hole) [11]. However, the Seebeck
coefficient of films deposited at 1.6 ~ 10°% and 1.8 « 102 mbar
show a slight increase with increasing temperature, due to the-in-
fluence of the decreased total electrical conductivity (g,)-at high
temperature,

The effect of deposited working presstire on temperature
dependence of power factor (PF) for bismuth telluride. thin- films
was shown in Fig. 8. We obtain the PFof 8.6 - 10-*W/in.K*at about
room temperature for the film deposited at working pressure of
1.8 % 10 %and 2.0 « 10 2 mbar.#F was considerably higher than
that reported in previous works using magnetron sputtering
[33-36], pulsed laser deposition (PLD) [13,37,38], co-evaporation
[39.40], and molecular beam epitaxy (MBE), This.result indicates
that the variable of deposited working pressure affects to the
thermoelectric performance of bismuth telluride film. The opti-
mized thermoelectric performance -was achieved by a ‘simple
depoasition strategy higher than high-cost techniques. For the flm
deposited at 1.6 < 10" “and 18 %10 2mbar; the PF tend toincrease
as the temperature increase. The maximum PFwas 12,5+ 10 Jwf
m.K* at 300 C for the film deposited at working ‘pressure of
1.8 10 * mbar. In addition, this approach not only:alleviared the
doping problem without the requirement of any additional engi-
neering of the targets butalso improved the ‘structural quality of
the films and thereby enhanced the charge-carrier mobhility and
substantially increased PFs.

Table 3 summarizes the transport propefties and thermoelectric
properties at room temperature.of bismuth telluride thin film of
distinct morphologies grown in this study, and compared to
properties of thin films reported in the literature, PF was consid-
erably higher than that reported in prévious works using magne-=
tron sputtering [33- 35|, pulsed laser deposition (PLD) [12:13,37],
co-evaporation [39], and molecular beam ¢pitaxy (MBE) [19].

4. Conclusion

In summary, the microstructural, elemental compesition, and
crystal structure of the bismuth telluride flms change with the
working pressure of DC magnetron sputtering process. Bismuth
telluride thin films can form simultaneous stoichiometric compo-
sition and highly (001) orientation structure by using the proper
working pressure of 1.8 ~ 10~2 mbar with pre-heating the substrate
at 350 "C.The growth mechanism was suggested to involve the
formation of (00I) seed layer and the diffusion process of sputtered
particles. Pre-heating was required to create the lowest surface
energy to promote (00/)orientation seed layer. These simultancous
effects enhance the carrier transport property in ab plane leading to
increase electrical conductivity. In addition, the highest

thermoelectric performance can be achieved by the simple depo-
sition process compared with pulsed laser deposition (PLD), co-
evaporation, and molecular beam epitaxy (MBE) techniques.
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Flexible-SbaTe; thin films, for thefmeelectric generator
tering:-As-deposited films were
behavior of the filins was studied by monitoring their phase change on cxposure Lo air at different temperatures
between 50-and 300 °C for annealing times from™1 10" 15h. Oxidation of Sb and Te formed Sh,Te, and TeO,
phases when anncaling above 100 °C and Sbey-decomposed into oxide phases at an anncaling temperature of
250 'C for 15 h. The themmoclectric performance deerensed as the content of 8b.04 and TeO, phases increased.

College of Advanced Munufacturing Innovation, King Mongkut's Institute of Technology Ladkrabang, Chalongkrung Re. Luadkrabang, Bangkok, 10520, Thailand

applications, were deposited by DC magnetron sput-
annealed. in air to simulated a realistic operating environment. The oxidation

These findings show the limitations of §baTes films dperating in air without vaguum or a protective environment.
We propose that the kinetic growth of oxide formiation on the Shate, thin films depend on chemical activation
energy and oxygen diffusion through the oxide barrier by the variation of annealing temperature and annealing

time, respeetively,

1. Introduction

Energy harvesting technology that can convert waste energy into
electrical energy, has been recently considéred as an altractive powcer
source for devices with requirements in the range of nano-to milliwatts
[1]. This technology has been“developed. for| modern clectronic appli:
cations with low cnergy conSumption such as, smart sensors [2-5)
mobile medical devices [4]. Various waste energy sources, including
mechanical [6,7], electromagnetic [§,9], and theérmal energies (10-12]
have been investigated for energy harvesting systems, Thermal waste
heat is considered to be the most attractive of these energy types owing
to the fact that thermoclectric generators can:be integrated with ‘other
energy harvesting systems [13,14]. The advantages of thermoelectric
generators include their compact strugtuve, small size, lack of noise and
moving parts, and casy maintenance [15-18},

Generally, thermoelectric generators can'be divided into twa types:
bulk thermoelectric generators [19,20] and thin-film thermoelectric
generators [21,22]. Thin-film gencrators have advantages-ever bulk
thermoelectric generators, such as their lightweight, low-material used
and low thermal conductivity owing to highly disordered structures,
and this is a desirable feature for thermoelectric generators [23].

" Corresponding author, College of Advanced Manufacturing Innovation, King
E-mail address; rachsak.sa@kmitl.ac.th (R. Sakdanuphab).

https://doi.org 10,1016, J.ceramint.2019.05.090

Moreover, thermocleciric: modules' based on flexible films have at-
tracted attention in recent years because they can be applied to various
heat sources [24- 26]. Optimization of the structure and composition is
important for improving the performance of thermoelectric devices
2%}, The thermoeleetric cfficiency of a material is typically reported as
the figure of merit (219, defined by the equation ZT = $zT/k, where S,
7, ¥, and k are the Scebeck coefficient, eleetrical conductivity, absolute
temperature, and thermal conduetivity, respectively [28,29]. Hence, it
is/ necessary -t cither lower the ‘thermal conductivity or increase the
power facter (S%g) of thermoclectric materials to enhance their effi-
cicncy.

P-type antimony -tclluride/(Sb.Tey) has been used as a thin-film
thermoelectric generator element owing to its high-performance as a
near-room-temperature thesmoelectric material [27-29], To date, re-
seareh has mainly focused on improving the thermoelectric propertics
of'this material: For real-world applications, it would be desirable for
the device to.operate directly in air without a vacuum or protective
cnvironment. In addition, the effects of the ambient air and operating
temperature of the thermoelectric generator are important to the per-
formance and the thermoelectric properties. Therefore, we tested the
operation of Sh,Te, thin films in air at various temperatures. Here, the

Mongkut's Institute of Technology Ladkrabang, Bangkok, 10520, Thailand.
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Fig. 1. Photograph of Sh.Te, thin film deposited by DC magnetron sputtering
on flexible polyimide-film substrate
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Fig. 2. XRD patterns of as:depasited ind @ir-annealed film rreated al varions
annealing temperatures and times.

oxidation behavior and thermoelectric properties of SbaTey were $tu-
died by monitoring its phase change during air exposure over different
times at eight different temperatures between 50 and 2507 C.

2. Experimental

Antimony telluride thin films were deposited on polyimide-film
substrate (DuPont™ Kapton”) by a DC magnetron sputtering technique.
An high purity antinomy telluride target (99.9%, 3«inch diameter) was
used and the substrale to tlarget distance was maintained at'50mm and
the SbaTe; target was connected to a DC power source at 45W. The
pelyimide-film substrates were cleaned in an ultrasonic bath with me-
thanol and deionized water for 10 min, and following dricd with N, gas.
The vacuum chamber was evacuated to 6.0 < 10 © mbar by a diffusion
pump, and prior to deposition, the substrate was preheated in the va-
cuum chamber at 300 C for 15min with the use of a halogen lamp.
Antimony telluride films were deposited at an optimized sputtering
pressure of 1.8 x 10 ?mbar for 6 min. The as-deposited films were
anncaled in air at temperatures of 50, 75, 100, 125, 150, 175. 200, and
250 Cfor 1, 5, 10 and 15 h. Digital Photograph of flexible Sb,Te; thin
film was shown in Iz | and the film could withstand the high levels of
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Fig. 8..XPS results from the surface of the as-deposited film and those annealed
ar 250 C for 15 h: (a) Sb 3d and (b) e 3d.

deformation by bending. The mierostructure and the thermoelectric
propertics of the resulting films were characterized by X-ray diffraction
(XRD, PANalytical EMPYREAN) with CuKa radiation (A = 1.5405980)
in the range 20 from 10 Lo 80" and X-ray photoclectron spectroscopy
(XS, Kratos.'Axis ultra DLD). The microstructural characterization was
performed on a field emission scanning electron microscope (FESEM,
JEOL JSM-7001F). Elcctrical conductivity and Secbeck coefficient were
obtained by measurements with an ULVAC-RIKO ZEM-2 under a helium
atmosphere.  The rectangular shape samples with dimension  of
3 mm x 14 mm were used in the measurements,

3. Results and discussion

Pig o shows the XRD patterns of as-deposited and films annealed in
air for 5hat 100 °C (film A), 5 hat 200 °C (film B), 5 h at 250 °C (film C).
and 15hat 250 C (film D). The as-deposited film exhibited a poly-
crystalline structure with a preferred orientation located at 28.23
which corresponds to (015) planc of the $byTe., structure (JCPDS card
15-0874). On anncaling at 100 'C for 5h (film A), the crystal structure
of the film improved and the diffraction peaks were located at 28.23".
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‘Table 1
Analysis results of the XRD

Ceramics Incernational 45 (20T9) 1586015865

diffraction peaks and the thermoclectric properties at room temperature of the as-deposited and air annecaled films for 5hat 100 °C (film

A), for Shat 200 C (film B), for Shat 250 'C (film C) and for 15 h at 250 C (film D).

Pr =

Films XRD results v 10" Sem) S(pvoK) 10 "W mK*)
% {SbaTes) e (§baDy + TeQyz)

As-deposited 100 0 272 165 7.34

A 100 0 341 174 §.23

B 59 41 1.78 182 5.87

G 51 49 0.66 240 3.79

D 0 100 0.08 385 1.19

As-deposited

500 nm

A

S00 nm

500 nm

Fig. 4. Cross-sectional marphology of the as-deposited film and those anneated in air for 5 hat 100 C.(film'A). 5 hat 200 °C (film B), 5 hat 250 °C (film C), and 15 h

250 C (film D).

38.307, 42,387, and 51.69°, which correspond to (015), (1010), (11,
and (205) plancs. On annealing -at temperatures  in. the range of
200-250°C for 5h, oxide phases of antimony oxide and telfucium di-
oxide emerged, as indicated by peaks in the range of 27.4°-27.6",
Hence, these films consisted of binary phascs with Sh.Te. and oxides
(8b-0 and Te-0). Notably, the oxidation of $b and Te yielded the Sh-0
and Te-O phases at the temperatures above 100 °C. Moreover, the de-
composition of Sb.Te, into oxide phases was obscrved i the film an-
nealed at 250 °C for 15h (film D).

Fig. 3 shows the XPS spectra of the as-deposited and anncaled ar
250 °C for 15h of SbaTes thin films. The clean surface of the as-de-
posited film showed both Sb 3d and Te 3d peaks as single-component
doublets. The signals from Sb 3d; .5, Sb 3d; », Te 3d; sand Te 3d; 5 had
binding energies at approximately 530, 539, 572, and 582 eV, respec-
tively. These results are in good agreement with a previously reported
SbzTes structure |20). For a film anncaled in air at 250 C for 15 h.a
detailed non-linear curve fitting for the Sb 3d core level indicated that
Sb-oxide appeared in the + 4 (Sb,0,) valence form, with peak positions
at 530.5 ¢V (Sby04) 121]). TeO, 3/2 and 5/2 peaks were observed from
the surface of the annealed samples. No Te metal peak appeared at
approximately 573 eV [32], presumably because of complete oxidation,
as indicated by the presence of Te in TeO.. The XPS results confirmed
that the oxide phases of Sb and Te can be described by relation (1):

ShaTes (s) + 505 (g) —= 8b,04 (s) + 3Te0; (s) (m

B
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lable | shows pereentage of ShyTes, percentage of oxide phases and
the corresponding thermoeleetric propertics at room temperature of air
anncaled films, The pereentage was determined by the area under the
XRD peaks through least-squares curves fitting. The thermoelectric
parameicrs such as electrical eonductivity (o), Seebeck cocefficient (8).
and power factor (PF) are directly related to the ratio of binary phases.
The electrical conductivity and power factor of the film annealed at
100°Cfor 5 h (film A) was higher than that of the as-deposited film. We
attribute this result 1o the improved crystat structure and grain size, as
seen in XRD spectra [1]. At annealing temperatures greater than 100 °C,
the formation of oxide phases directly decreased the electrical con-
ductivity and power factor. The clectrical conductivity exponentially
decreased whereas the Seebeck coefficient (S) lincarly increased as the
ratio of the binary phases increased. The value of PF decreased as the
ratio of binary phases increased. This result indicates that the oxide
phases from the oxidation reaction of SbyTes decreased the thermo-
electric performance.

Fle 4 shows the cross-sectional morphology of the as-deposited and
samples A, B, C, and D. The results of the thermal oxidation of Sb,Te,
films in air at different temperatures are shown. The thickness of the as-
deposited film was approximately 0.73pm and the layer was dense,
uniform, and continuous. After anncaling, the film thickness gradually
increased with the annealing temperature. The thicknesses of the an-
nealed films increased to 1.06 um (A). 1.28 um (B), 1.35um (C), and
L44um (D). Hence, the film thickness effectively doubled when



N. Somdock, ¢t al,

As-deposited

Fig. 5. Surface morphology of the as-deposited film and these annealed in air for
{film D),
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Fig. 6. Percentage of Sh.Te; phase relative to other oxide phases present in air
annealed films at temperatures in the range 50-300°C from 1 to 15 h.
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5hav100 CUfilmA), 5hat 200°C (film B). 5k at 250 'C (film C), and 15 h at 250 °C

annealed at 250 C for 15 h, The oxide phase formed in the SbyTe, film,
affected the mierostructore development, The annealing temperature in
air appeared to_increase the grain size and decrease the film density.
Cracks in the film were observed-when the film was annealed at 250 C,
as shown. in' Fig. 4(D).

Fig. 5 shows the surface: morphology of the as-deposited and air-
annealed films weated at different wemperatures and times, The as-de-
posited-film surface showed small clongated grains with a dense sur-
face. After the air annealing proeess, the grains became much larger as
the anncaling temperature inereased. However, the density of the film
decreased as it became more porous. The surface roughness of the films
increased after anncaling at various temperatures.

Fig. 6 shows the percentage of SbyTes phase relative other to oxide
phases after annealing in air at different temperatures from 1 to 15 h.
For 50 'C-100 °C, the ratio of the SbyTes phase was unchanged over the
annealing time. The ratio of the SbyTe, phase changed at an annealing
temperature of 125 °C for 5h and then linearly decreased over longer
anncaling times. At anncaling temperatures in the range of 150-175 °C,
the ratio rapidly decreased on anncaling over 5 h and appeared to sa-
turate with further annealing. Annealing at 200 and 250 °C caused the
ratio to gradually decrease, leading to formation of complete oxide
phases,

From the above results, we developed a mechanism of oxide for-
mation for the SboTes thin films. Oxide formation depends on the an-
nealing temperature and time. The anncaling temperature initially
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Fig. 7. Schematic dingram of the mechanism of oxide formation at different annealing temperatures,

affects the chemical activation energy of the oxide phase formation
whereas the annealing time affects the kinetic growth of the oxide
phase. The oxide formation of ShaTe, can be determined by the Gibb's
free energy change (AG) given by equation (2}

AG = AH - T(AS), (2)

Where AH is the change in enthalpy, AS'is the entropy, and T is the
absolute temperature. The free energy (AG) becomes negative when the
absolute temperature increases and an oxide phase forms. From. the
results in Fig. 6, we suppose that AG is positive when annealing helow
100 °C for a long time (15 h). For anncaling above 125 C, &G becomes
negative for $b,04 and TeQ, formation. The ratio of the oxide phase
increases with annealing temperature-and time. For annealing tem-
peratures of 125, 150, and 175 'C, the oxidation reaction was linitéd by
the diffusion of 0, through the surface oxide layer. The Kineti¢ growth
of the oxide phase does not play any notable role. For mnealing above
200°C, the kinetic growth is continuous because the thermal energy
overcomes the diffusion barrier of the surface oxide layer. The ShaTey
changes to the oxide phase after a long amnealing time on reaching
thermodynamic equilibrium,

A schematic diagram of the mechanism of oxide formation under
thermodynamic equilibrium is shown in Fig. 7. The formation of §h0;
and TeO, starts at anncaling temperatures above 100 °C through a
chemical reaction to create-an oxide'layer on'the ShsTes film. The
thickness of the oxide layer increases with annealing temperature and
time. However, as the oxide thickness increases, it acts ‘a8 a-diffusion
barrier for Oz, which blacks the, oxidation, The growth of oxide was
limited below 175 °C. The diffusion kinetics of 0, thraugh the oxide
barricr reached a steady state as the anncaling temperature was in-
creased above 200 °C, and the Sh,Te, film completely converted to an
oxide phase. In this case, the oxide thickness dependence is similar-to
oxidation of silicon and can be represented by the quadratic-equation
(3

** + Ax — Bt = 0, for which A = 2DEhandB = 2DCy/C; (3)

Where, x is the oxide thickness, ¢ is the oxidation time, k is the reaction
rate, D is the diffusion coefficient of the oxidizing species, and Gy and Ci
are the concentration of the oxidizing species in air and ShaTey and
Sby0,4+ TeO,) interface, respectively. The oxide formation obeys a
parabolic growth rate law [33]. The oxide growth rate was rapid at the
beginning of the oxidation process, and then slows toward the end of
oxide formation.

4. Conclusion
In this work, the oxidation behavior of flexible SbuTey film was

studied by menitoring its phase change during exposure to air for dif-
ferent temperatures between 50 and 300 °C in 1-15 h. XRD patterns and

15804

XPS spectra indicated that Sb,Te, phase for an air anncaled film from
50 to 100°C was unchanged over the long time. The SbyTe, phase
changed to SbaO: and TeO. at on anncaling at 125 'C for 5h. The
thickness of oxide phase acted as a diffusion barrier leading to the limit
oxide growth. At anncaling temperatures above 200°C, the SbyTe,
phase completely.changed to oxide phases. The thermoelectric perfor-
mance decreasedas the ratio of Sh,0Oy4 and TeO, phases increased. The
filmr thickness and cracking in the film gradually increased as the an-
nealing temperature was:inercased. The film thickness increased of-
fectively doubled-on anncaling at 250 C for 15h. The annealing tem-
peratuce affects. the chemical activation energy of the oxide phase
formation whereas, annealing time affects the kinetic growth of the
oxide phase.
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