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(Executive Summary)

Folasamide (rmwlne) . msduninazaudfmesludidnainues InSiTes fignide
mevlaanada
(Mw1dangw) 1 Synthesis and thermoelectric properties of InSiTe; doped
with phosphorous

1. anuddyuazianvasdym

Faquesludidnain (TE materials) Wutanfianusanasueusoulidunseualin
IlagnsaulsingmisaifiFendt “Usingnisaidiun (Seebeck effect)” Tumansafudu
annsadsunssualiiidueudeunazanuulflaensadufeafuimusngnsaii
Boni “Usningmisaimaiiied (Peltier effect)” Tnsusingnisaivaeafianuduiudiuns
\nAoufiviiensaislouvasmuediiiuseq (charge carriers) uazUsngnsnivisansiiiniy
melutaquiiu wiuesludidnminuiowmesludidnainlugausznavludetag 2 wiafo
Tagwosludianssinvliafiuazidu neusz@ndnmvewiuwmesiudianasnuusiunuaudn
wosluBidnan (TE properties) wasiansanansiiliuargumnifiunnsstussarinsdnuia 2
T1avouHumasiudianasn (temperature gradient) TullagUuiinisfinw 3deuazimunli
faguiniliannsodsunduuaudoudundsnuliinliiiussdnsamgadusaenis
fimurTanmesludidnainliinnautafa Aefian dimensionless figure of merit (ZT) fige
lnen1suTuugsandfiongg vestan wu JaudAanimiilnii (electrical conductivity) wag
A1duUszan3Tiun (Seebeck coefficients) fiflA1ge AranintiaduFeu (thermal
conductivity) meludagidn Wusy amﬂammuammmamaﬂmLaﬂmmsuamawum 3in
Antulindouuuasdanudaudaiu (conflicting properties) Jedesinnsmeaiinzay
figmvemnandiluianmesludidnainifielilden 2T geian Janmesluddnssnaifidmine
yhlvludandudiien 2T dndn 1 waziluszansaiwnisudasanufourdunszualin
Uszanas 4-5% TumaneUiiusnfanmesTudidnainvanssingnAunuuazdnnswanud
A1 ZT figetu sadsdinnamfanmesludidnasnvielg wietnlduslovinuaiia
winganvesgangiinislidau aglauuianudalumsimuiiasinalulagludagiu dawa
TWianmesludidnnInurswliadan 2T gaunnndn 1.8 Fagnaranisitazaiunsaiiia
UsgavBammmsudasanufeudunszualiinsyana 15-20% nguiaqmesludidnainiil
Aneningslaun 1) naulassairslelansedn (isotropic structure) 1 PbTe, PbSe, PbS,
SnTe, Mg,Si-Mg,Sn uag SiGe 2) ngulassasiawaulalensoUn (anisotropic structure)
Bi/Sb;Tes, IngSes, SnSe, CasCos0s WAy BICuSeO 3) naulaseaineiiinisivdsuina
(structure with phase transition) WU IVA-VIA: GeTe 1ag SnSe, IB,-VIA: Cu,Se, Cu,S Lag
Ag,Se, IB-VA-VIA,: AgBiSe, 4) ﬂejﬂﬂ’iﬂa%’l\‘i pseudo-cubic L IB-IIA-VIA,: CuGaTe, ey
GuinTe, 5) ngulA39a319 superionic talA ZnaSbs, CusSe, Cu,S, AgBiSe, 6) NqulASIAT1



ﬁﬁamw%’auamumaaLmuwé’amu’gq (structures with high band degeneracy) laun Half-
Heusler uag 7) ndulassaireidanintiiaaiufeus (structures with low lattice thermal
conductivity) Tawn Skutterudites, Stannites, Zintl phases Way Clathrates Wudu 9113de
Tutlagtuldutseanidu 2 wuamsumsfumuasiamntanmesludidnain wumsiun

[
&

Aan1simuTannesludidna3nUuNUgIULLIAIUAA “Phonon glass electron crystal
(PGEC)” LLamﬁﬁaqmaﬁu@Lﬁﬂm%ﬂﬁaéfaqﬁamwmiﬁwmm%faw‘i’w “phonon glass” wagil
audundngaitedianiwnsinliiinfigs “electron crystal” foinduaniitinuantifiiy
LazuANEINTainasTIINR  dvduuuameiiaes Aemanieutanmesludidnanli
fvuinseiuulumns (nanostructured TE materials) Feanunsauiisin ZT sedagiuinen
vastanmesludidnainlussdvunlumnsvdeilaseairsvuiauluwns (Aunisanimiy
Infwazananimhanuiousmenisnszidalnusu)

Jagtuduiinsuiulaeialuin Yagiiflassasrenislududug (ntrinsically
layered structure) finalvataniniiniussunuunaniie (lattice thermal conductivity,

i%
a Y a

Ki) A8 8nFI0819LTY BisTes Judagmesludiana3nvissdadl (n-type) wazidu (n-type)
it uwasdnsldarudenndedlugisvesguugiiion uenaniiagndu layered
oxychalcogenides (Biy,Sr,OCuSe, BiOCuTe, LaOBIS,.,Se,, Bi,O,Se, BiCuSeO wag Bi,O,Te)
LLazmjlaJ layered tellurides WU CrGe,Tes, Mn-doped Cr,Ge,Tes, Fe-doped Cr,Ge,Teg
uay In,Ge,Tes gnitansanuazaanisiaunsaiduianmesludidnasniaiosanilen i
g dusuaisusenau AlSiTes ScSiTes waz CrsiTes wudwﬁimaa%ﬁwﬁﬂLﬁuLLUU%uq
WUMEINU SIUD9a5USENBY Indium silicon telluride (InSiTes) L%ﬁﬁﬂixﬂ@ﬂﬁ@gjhﬂij
MHSi or Ge)-Te fifllassadrafiunuuignazlnuea uaz space sroup WUU P-3 %38 P3 aedls
AM13 91NN1IATIVEDULENANTIUATHTNILIN NUTTINI5TI8URANTRLATIZILAIATIEI
AMANBLIANIZURY INSiTe; ABUT1IUBY Tneanizegrededsliliinsmenunaausinig
Tniuazinesludidnasnuniin Tnsanizetgdanisiauandimesludidnednsonisie
m@;L‘ﬁaﬂ%’uLﬂﬁauﬂawmwuwLuiuéuaﬂwmzﬁﬂvdﬂw

Sty mu’ﬁ%’aﬁﬁmuﬁﬂﬂﬁmiﬁqmeﬁmiﬂszﬂau InSiTes; MeUfAzelnensInL
E‘J”m']z‘humammmi(g’ﬂﬁﬂmmLmﬁqmmﬁqa i siawaudinavesiudidnasnuy
WUV PGEC Tnanisideneaneasaluaisusznau InSiTes (P-doped InSiTes) lngainnds
JaeaneSaavarnsaluunuiludiundsuedanou (Si sites) nelulassadiswdnves
InSiTes #N153LAT1E%LaEATITnAMANYUELaNIzvola (phase) dagruing,
(morphology) @1uusznaunieail (chemical compositions) LLaz@mamﬁ’amamaﬁmﬁLé‘ﬂ
30 (ANduUsEavsTIuA Aranndunulain wazAanIwnsiIAINtou) 109Uy
InSiTes Wag P-doped InSiTe; ﬁgﬂﬁugﬂ (bulk materials) A3875n159A50U (hot-pressing)



2. IngUsTaIAvaIUITY

1.1 #A3189a@15U58n0U InSiTes wag P-doped InSiTes areUfjise1laanss Ay
Snmdudunauvesasisilunaonmend (quartz tube) Adawiinflgamaiigs

1.2 ¥N153LATIEYLaEATITRnAUNSNYMNEIaNIs Yo a (phase) dugiuinen
(morphology) uagd@iuusznaunaall (chemical compositions) 984 InSiTes Lag
P-doped InSiTes

1.3 yhmsnneinguasiBmanesludidnedn (duussansdua aanmamummlidih
LAZAIENINATUIAINTOU) UBY InSiTes hay P-doped InSiTes ﬁgﬂsﬁugﬂﬁaﬁ%mi
dn3ou (hot-pressing)

3. 52 08UIsIY

1.1 yhmsAnwsiusiudeya ved/dede veisnisduaseiuuulisenlaensavesans
Fastutgnmnias waeiau UiuusmsdueneiifleUssgndldtumsdunmesinuy
UfA381lnen39wes InSiiP,Tes (x = 0, 0.02, 0.04, 0.06 waz 0.1)

12 wiasuasteRuiiReadostunswsen InSiuP.Tes fell Si chunks, In;Tes chunks, P
chunks ag Te chunks

13 thasseduwannusnsanlneluauazldluasnniond (quartz tube) ndaain
5uﬁwmi@mmmﬂiﬁmﬂwaamLﬂuqmmwmmmw‘hmi%mﬁﬂéhalw%fau (touch)

1.4 ﬁmaammam%ﬁuss@ms&zﬁéfumv‘hmié’almww’lum%mﬁqmmﬁﬂszmzu 1173 K
Hunan 3 $u waz quenching Widuathsmngadediiu melddeulasneg iold
IuAnsaust InSi,.P,Tes (x = 0, 0.02, 0.04, 0.06, and 0.1) Aiu3aws

15 ihshegiiduaseilduvihnsualilunsasideauasinssiiradiomaiia XRD

1.6 ﬁw&’aasmﬁ'LﬁumazlﬁaﬂlﬂﬁﬁugﬂLﬁul,wiamaﬂﬁzuaﬂéummLé’um@uéﬂmwszmm
10 mm 817 12 mm fewsifinriunslild Feindesdndeu (hot-pressing) ¥1n1sdn
aneldusediu 45 MPa uazgamginisdn 823 K WWuian 2 $alus aneldaniy
wandenvewiaaisnouiilvaiiluluriesdnfeussaiailes Wetestunisiin
senlervasasfogns ndanduddesliiunieliansuindounisivaveia
913nouIUilgUnIvIivgM iU ivies

1.7 vhmstavueiildanmssadouiiotlfuammanumuiutuvesfiegaiuay
uazlUSsuifisuiuanuvuiudunanguiviefuaanasguiiieAuiameiaing
RUMUUFUANS (relative density)

1.8 ¥n1sIAsIza (phase) dug1uIMg (morphology) wazdiulsenauniaall
(chemical compositions) MELA3eq XRD, SEM, SEM-EDX LLazﬁlu"]

1.9 ﬁ']msmni’mmamﬁ’amamaﬁm%Lﬁmﬁﬂ L é’uﬂﬁz?mé%wﬂ, ann@aunulan
waganiminAuTeuluyisgungiiiesdia 450°C #181A309 ZEM 1, Thermal-
constantan Analyzer LLazguﬂ

1.1091n195AUIUMAT Dimensionless figure of merit (ZT)



1.113n5evuazagunan1snaaed
sauiinisvaaess e wazifiudeya
- ANYIRUNAIUNALNY UNNINYVRUULIFT
- pvanduazianmans augIneimans unIngaeesl
- Division of Sustainable Energy and Environmental Engineering, Graduate

School of Engineering, Osaka University, Japan

4. WAN13IY
qwu%ﬁaﬁﬂasaummﬁwL%ﬂumim%ui’aﬂ P-doped indium tellurosilicate (InSi;.
P.Tes) 1ile x = 0, 0.02, 0.04, 0.06 wag 0.1 AIEIBNITAUATIEALUVUG AT IN8ATIVD 9873
ﬁg\‘ié}/u (Si chunks, In,Tes chunks, Te chunks, and P chunks) ﬁqmwﬂuﬁ 1173 K 1Juan 3
TU HAIINN1TIATIENTURUY XRD WUTINNAI8E19MANUNAVDY InSiTe; hazn15t30
Woanesads 10% luinansenunelasiadeudnyes InsiTes ogalsAnumegsiiliiinigde
WoanasanuIndua Si;Tes Lﬁ@%uiuiswdwamié’ameﬁagﬂuﬂ%mmﬁﬂﬁaa NARINANS
31A3129F SEM-EDX mapping wansliifiuinduau InsiTes finnuduidoientu Laifignsu
LAZSEEUANEY UBNIINENNSNTEERIMLATEY IngSiesTess HANITNARBIAUANAUTA
weslu-3Ldnasnfinsiianesilutisgumgigamgiivieaiis 723 K wuin yndegnaves
InSisP,Tes (x = 0, 0.02, 0.04, 0.06, and 0.1) fiduUszansdiua (5) \Huau wansidedns
sammadutaqmosludidnainudadu (n-type TE materials) n1sidenoavesaluuiunail
dudusinalimanumuiuiuseswingihlali (carrier concentration) getu Fadanalsien
power factor (S°p*) q@gﬁu wibinatessoA1dan1mu1A11u50Y (thermal conductivity)
mmﬁfﬁ@ INSiy_ Py Tes mﬂiﬂa%ﬂﬂmﬂmﬁu%uﬂ (intrinsically layered structure) vi1lv@n
an nnsinaufoureanndiegafidinn 91nnan1IMaass 3ag InSigsPo Tes JA1
dimensionless figure of merit (ZT) gsilaawirfu 0.14 figaumgil 723 K uandliiifiuiinis
Walearasaasluluiunisves@inouuisdiuluian InSiTes denalifiaan power factor
(s2p") wawdlenanimiranudeudinn ey Jan InSiTe; annsndutanmesludidnainiia
5. N5Us2l8YUINUATHLAZASINBLWINAITUITY
51 msaueNanuIdelunsUssyuivInTg
1) Tawat Suriwong, Ken Kurosaki and Somchai Thongtem, “Improvement of
thermoelectric properties of InSiTes with heavily phosphorus doping”
TRF-OHEC Annual Congress 2018 (TOAC 2018), The Regent Cha-Am Beach
Resort, Cha-am, Phetchaburi, Thailand, 10-12 January 2018.
5.2 MsARUANaNUINE UM TN TITINSTUTEAUUNIWNYIR
1) Tawat Suriwong, Ken Kurosaki and Somchai Thongtem, "Thermoelectric
properties of phosphorus-doped indium tellurosilicate: InSiTes". Journal
of Alloys and Compounds, 735 (2018), 75-80.
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Abstract

Polycrystalline samples of undoped and doped indium tellurosilicate: InSiTes
were synthesized and their thermoelectric (TE) properties were investigated in the
temperature range from 323 to 723 K. Phosphorus (P) was selected as an electron
dopant, i.e., the starting compositions were set as InSi;PTes (x = 0, 0.02, 0.04, 0.06,
and 0.1), The P doping increases the carrier concentration, which leads to decrease in
both the electrical resistivity (p) and the Seebeck coefficient (S), while has little effect
on the thermal conductivity (k). As the results, the figure of merit ZT = S°p'k'T
increases with increasing the P content. The maximum ZT value is 0.14 at 723 K
obtained for InSipoPo1Tes. The present results suggest that InSiTes can be a good TE

material.
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(M) 2asmeslulaundndvesmnuduiusanusindnddiua (1) Anusedng
1993 URvBIRUAANE LU
laezunsuvounesludidnminlugailddmiundnnszualuii
waswesiulauindvesusingnsalwaiiies
lporunsuvesmesludidninlugailddmivhaudurieduauon

(n) lnezunsuvonnesludidnainlugawuundnnszualiin uag (v) wuuih
amudurdeuuuduauiou

Saqmosludidneiniifan 2T guitvufugaumnd

AwdUSTRIAN ZT mumsAsundasuesgamgivesiagmesla-  Sidn
m‘%nﬁﬁmﬂ%@miui’jm;ﬁu (n) wiAdU (n-type) wag (v) ¥ilail (p-type)
anuduitusnsiauna 27 Wilegsiiantuannumauiumningi i
wazuiinueadan

AVIUENTUSTENIN Ko AU TvOSTaqNEINBANASN
AUETUSUDINTANABIAN Koy AUAY 2T Wag & aunisuusiasuning
VIRl RN
fhetnatanmesludidnednvuneunluuasidnsiauilutiagiu

'
[

laezunsuvosmesludidnainlugaiuaninslnavesuszaneludafand
ansaldolifssuunrndunaznannszuglilii
L‘Vl’e)ﬁllaLﬁﬂW%ﬂiﬂiQaﬁﬁﬁm’]iﬂ%\‘l’mlﬁﬁgﬁ%UUﬂ’J’]iJLEdJULLaBNaﬁmizLLﬁVL‘W‘W’W
lpazunsunsussyndldinesludidna3nlugaluniswdnnszuali
megnnmslszandldmesludidnminlugalunisudnnssualni
lnozunsunisUszgndlfinesludidneinlugalunisieubusardun
Fou
fhegansuszandldineslusidnainlugalunisnishanubuiasdueny
Fou

(n) NswA1 COP wazA1 COP wWisuisuiussuuinaudusuusale (v)
MIan 77 veawesludiansinluge uar AnudNiusves 77 fue ZT
Tnssasandnues BiyTe; lnsogmauftnFunansiuisnessis Bi uazduus
wanIILLee Te Tulaseadiandn

1AS9A519WEN BiyTes ﬁé’ﬂwmﬂﬂiqa%ﬁwaqwﬁﬂLﬂu%uq ANULUILAY Z LHAY
$uil 5 ozmeu uaziuszveAastUTUTUSEULILIABS RS
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3.6
3.7
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3.9
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d1sUnysy (siv)

(a) @an iU way (b) A1 ZT U89 LaOBiS,.,Sey ANLNTSALT UV
RRIVAH

(a) an il (b) duUsEanidiua (O anmiiaudeu way (d) A1 ZT
mmqmmﬁﬁlﬂmﬁwaq Sn-doped Bi;O,5e

(a) autAn 9l waz (b) autAnisanuiou TIudeA ZT 909 oxytelluride
Bi,O,Te

waulelansaUnuasautRmasluddnnsnuas Cr.Ge,Tes wa CrioGe,Tes
(a) waUNAIU tag (b) A1 ZT Y83 Mn-doped Cr,Ge,Teg

(a) power factor Way (b) @ wuIANSouTes layered tellurides AMTes (A
=In way Cr; M = Ge wag Si)

SULUU XRD 84 InSiTes A3 space group (a) P-3 uag (b) P3 &ty JCPDS
nos. 47-1452 wag 01-079-1365 Aua16U
nswTenanssadulunaenmendiewiluruiiselasnsdlumin
AvgeUiuiLnsIve (graphite die) aU1AR1e

\A30sdnFeu (hot pressing)

£ [
=3

lmammsmmsﬂizﬂauLL@JﬁmﬁLmﬂwﬁLﬁamugﬂ%mm INSi1PxTes (x = 0,
0.02, 0.04, 0.06, tag 0.1)
TnozunsuvasninusazBunliniutunuiiidnasnsinssuon
TnozunsunshTunueena NNl

Fue InSiy, P, Tes (x = 0, 0.02, 0.04, 0.06, way 0.1) AlFannssnIau
imaxLmimmnﬁymwusum%’a?lLé‘ﬂsz?mmma«,wﬁﬂﬁ (Bragg’s Law)

(a) XRD holder wag (b) 1599 XRD ':j:‘u D8 Advance US&W Bruker
AMTIATIEIRIEMATA Rietveld refinement

nreslusnsy Fullprof

drulsznaundniganssAudianaseukuUdeInsa (SEM)

Field emission-scanning electron microscope (FESEM, JSM-6335F) 984
UM JEOL ﬁﬁmiﬁmﬁu’wm Energy Dispersive Spectrometry (EDS)
Tnosunsuvean3esiio ULVAC ZEM-1 dwsuldlunisinaraningiuniu
TWihuazAmduuszanasiuaneldussennmavesinsdiaey
n3psileTaranmiunulniiuas mduUsyanssiun ULVAC ZEM-1 U3
ULVAC-RIKO UizmﬂijiJu (Yamanaka Lab, Osaka university, Japan)
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4 yuidusesseuvuloviuiindviviiasgiunngnissead
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1AS9AS19NANUBA INSiTes
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UNA 1
UNun

1.1 anuddguaziunvasilywm

auunsazSidudundnuluamssed 21 fetududedididy Wewinuszansves
Tonifiudusgeraiiios inlsliaruduulunislindsnugsdu lnsanizeg19bendseuain
wWoada lngnuinszurunisnaandenuitounld Usylovdlufanssusneg du finsuanUdes
n&srruamAuni 60% lugUvesaufoumieiis (waste heat) [1,2] Yanwosluidnain (TE
materials) \ufanfianunsnidsumadeuliidunszualiinldlasaswuusngnisaiiiends
“Upingnisaidiun (Seebeck effect)” Tumsnssfudrufamsoidsunseualuilfiduaing
Youuazanmiduldlasnsauiierfuiuusngmsaiitondn “Usingnsalimaiiied (Peltier
effect)” TapUsngnisaiisassiinnuduiussuninadouiivionisirelouvesmmediisey
(charge carriers) uagUsingnisainsansiiiintunislutaguindu [3-5] uiumosludidnnin
UsznauluimeTagmesiudianasn 2 viiafe Jaqumesludidnainalinfiuazidu Tneuszdnsain
vosusumesludidnainuusiunuani@imesludidnedn (TE properties) vasiansanasiilduas
QmugﬁﬁLmﬂ@i’mﬁuiwdwfé’huﬁy’a 2 919U uHunesSIudlannsn (temperature gradient) Tu
Yaqtuiimsfine Weuasitaulitagudailviannsodsundsnuamudoudundsulnd
TiuszAnsnmaetusemaiaun Yagmeslusidneinliil guandaiia Aefidn dimensionless
figure of merit (ZT) igs Tnon1sUsuUgsantisngg voetan W fautRanmiludi (electrical
conductivity) wazaduUsyAnSAiun (Seebeck coefficients) ‘ﬁﬁﬂ'ﬁfg}ﬂ AENINIAILS U
(thermal conductivity) aneluagian 1usu egralsimuandimanesludidnainvesian
wileq Siatulindousuuaziinnudaud sty (conflicting properties) Jsfosriniamgad
manzaufigavemnautilutaqmesludidnsdniiielilde 2T geiian [5,6] Sanmesludidnnsn
Afidmrgaluludawndudiian ZT dindn 1 uarddszdniaimnisuvasanuiouy
nszualwiiuszana 4-5% luvans¥iiuanianmesludidnsinnarsvingndununaziinig
faunaudien ZT figatu sufedinsmtanmesludidnninsinlvag ievulduselomianm
ANUMINEANYRRUNINTSITa [3,5-9] meldumanuAnlunsiautazinalulagludagdu
dawal#faqnesludidnninuiswiiaial ZT guunnnit 1.8 Fsgnatanisitazaiuisaiiia
UszanSnmnisudasenudoudunszualniiuszana 15-20% [2,6] ﬂ&jmﬁfa@maﬁm@lﬁﬂm‘%ﬂﬁﬁ
Anenngslawn 1) naulassairalele-nsedn (isotropic structure) 1w PbTe, PbSe, PbS, SnTe,
Mg,Si-Mg,Sn wae SiGe 2) nqulassasisueoulalansealn (anisotropic structure) Bi/Sb,Tes,
InsSes, SnSe, CazCosOy Wag BiCuSeO 3) ﬂ&jﬂmaﬁ%’mﬁﬁﬂ’]iLﬂ?ﬁl*&JmWa (structure with phase
transition) 13U IVA-VIA: GeTe [10,11] waz SnSe [12], IB,-VIA: Cu,Se [13,14], Cu,S [15] wag
Ag,Se [16], IB-VA-VIA;: AgBiSe, [17-19] 4) naulasease pseudo-cubic 44U IB-1lIA-VIA,:
CuGaTe; [20,21] wag GuinTe, [22] 5) ngulaseasng superionic LAlA ZnaShs [23-25], Cu,Se
[13,14], Cu,S [15], AgBiSe, [17-19] 6) ﬂejzﬂﬂsqa%ﬁqﬁﬁamw%auamuzﬁuaaLmuwé’amuqq
(structures with high band degeneracy) laun Half-Heusler [26-28] wag 7) ﬂﬁjuimﬂa%ﬁqﬁ'ﬁ
anniiiaaudeuni (structures with low lattice thermal conductivity) LA Skutterudites



[29,30], Stannites [31,32], Zintl phases [33,34] way Clathrates [35,36] 1Judu s1uidely
Hagtulduvsosnidu 2 wwamdunsdumuagiaufanmesludidnain uumeiiusn Aenis
ﬂ’mmi’a@maﬁm%Lﬁﬂm%ﬂuuﬁugmummmﬁm “Phonon glass electron crystal (PGEC)” Wang
fefanmesTudidnasniiddesianiwnistiinueust “phonon glass” waziinuidundngs

=

Wiedlanimnsunlwindigs “electron crystal” fodnuianiidnaautAfimuazunnsiisanian
fflnusssueA [3,5,37,38] dmduuuamisiiaes AemasdenTanmesludidnasnlitivuiasedu
unlulns (nanostructured TE materials) @aanunsaiiind ZT sedugiuine1vesianmeslud
dnasnlusgduunluwesdeilassadvuiauiluwns (Runisanmilnfiuazananing
AMUTIUMIBNIINITLASIWLE) [1,4,7,9,37-39]

Yagtuduiinsusulaeiald fagiidlessadrenislududuy (ntrinsically layered
structure) Sualvirnanintnnudousuunandi (lattice thermal conductivity, ki) @ [40-
42] endresnaty BiTe; Wutanmesludidneiniawiafl (n-type) uazidu (n-type) 7if uasd
nslduBanduslugasvasgungiivies uanannifannds layered oxychalcogenides (Biy.
,Sr,OCuSe, BiOCuTe, LaOBiS,.Se,, Bi,O,Se, BiCuSeO way Bi,O,Te) [43-46] LLaSﬂaq'aJ layered
tellurides 4 U Cr,Ge,Tes, Mn- doped CryGe,Teg, Fe-doped Cr,Ge,Tes a e InyGeyTeg
[42,47 48] QﬂﬁmsmLLazmm’j’ﬂdwmmsaL“fJu"J’aQmaﬁm@Lﬁﬂﬁ%ﬂﬁﬁl,ﬁaamﬂﬁm Kt T
dnsuansusenau AlSiTes ScSiTes way CrSiTes ‘W‘Udﬂﬁimaa%ﬁqwﬁm“fJuLLw%’jus] WULAEINU
[49] 52ufaan5UsEN8Y Indium silicon telluride (InSiTes) iuansusznoudieglungy M-(Si or
Ge)-Te fifllassadradunuuianazlnuea waz space group WUU P-3 %50 P3 agabsfniu 990
NM5AT29d0ULINAITIIUATET UL NUITTnsTeuRan1sdLATIERLasilAT BYiA )
Snuaizianieves InSiTes Aaudnaos InsnizegeBadalifingsenunaausfinialniliuay
wosludidnainuntn lnglanizegadnsiaunandimesludidneindenisiiesiaiiie
USudsuanuvuiuwduvesnivisti bt

Fadu smAfedisjatuluiinsdieseiasussney InSiTe, FeUfizelaonsmusng
daumawuaﬂaﬁé?qéfuﬁlul,mLmﬁqmmﬁqa suisnMsiaatRinanesludanASAUULLINIG
294 PGEC Inansideveanesaluaisusznou InSiTes (P-doped InSiTes) Inaaianisinneanasa
aranusaidluunuiludunisvesddneu (Sisites) nnelulasead1andnves InSiTes §inns
AATIERAZATIVIAAMENBTIANIzYasa (phase) Fuguine (morphology) duUsenau
1Al (chemical compositions) wazAuautANIANesudEnasn (AduUszAvEaiun Aaniw
Frunulily uagAranmnIninALEeu) ¥8aTUNU ISiTes uag P-doped InSiTes figntusy
(bulk materials) Me35n156n30U (hot-pressing)

1.2 ngUsrainvasnuidY
1.2.1 dups1esansusenau InSiTes wag P-doped InSiTes AU iselaensa MmudnTaIu
dunavesEnsResuluaonaIond (quartz tube) ﬁ%mwﬁﬂﬁqmwgﬁqq
1.22 M1n153ATIgikagnsIaTaAMdnvuglan1zved (phase) daugiuinegn
(morphology) kazdiuusznouniawail (chemical compositions) U84 InSiTes lay P-
doped InSiTes



1.2.3 Mnsanainauautiniamesiudianasn (Adulseansdue Aanimeuniulih
wazA1anInN151AUTeU) ¥es InSiTes uar P-doped InSiTes NQNTUIUAILTTNS
9nFau (hot-pressing)

1.3 YaULINYa4lATIN1SIY

1.3.1 vin15duAs1EnTae InSiiPiTes (x = 0, 0.02, 0.04, 0.06 waz 0.1) MNAIHIY S
chunks, In,Tes chunks, P chunks wag Te chunks wag‘jﬁ%m‘ﬂ@amwaamsﬁgﬂé}’uﬁ
DU

1.3.2 ymsnsinauan v ve uNaLardug1UINg VRS InSiiPLTes (x = 0, 0.02, 0.04,
0.06, and 0.1)

1.3.3 Anwanvinesludidnnsnuas InSiP.Tes (x = 0, 0.02, 0.04, 0.06, waz 0.1) Tuya
gaunnil 323-723 K

1.4 Useleniiildzuanlasenisise

14.1 annsaduazinazdanuianudilalunsebouanmesTudidnasniiilaseain
LLUULﬂu%u W InSip, P, Tes (x = 0, 0.02, 0.04, 0.06, wag 0.1) mﬂmiﬁy’aé]’umﬂmsﬁy’a
AU Si chunk, In,Tes chunk, Phosphorus tablet, Te powder huuUfizenlngnsived
maéﬁﬁuﬁammﬁm

1.4.2 lmmﬂmwmmuammmqmaﬂmaLaﬂmﬂsuaq InSiTes Gmsmlmmaamsmaﬂﬁmam
nou anmummamiwwmﬂmmmmasi:umaﬂmﬂimmswamawgamia e
iludnssievenasdnnudiumsimnianwesudidingsn sely

1.4.3 finswWgunidiunsafiuinanuideluinsarsuiuivideglugiudeya Scence
Citation Index (SCI) 484 Web of Science wagilf1 impact factor
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LDNAIILASITUIYNINYIVDY

2.1 anufinluinesiusanmesludidnain

Fagosludidnn3n (Thermoelectric materials: TE) iutanfiauisafuauoudu
nszualnildegefiuszd@nsain dauusingnisaldiua (Seebeck effect) w3aau1aru
nszudluliindunnudoueanubuld Inedusgfufianisnisinavesnseualuifideliis
wesludidna3nluga (Thermoelectric module) KuUsingnisalinaiiies (Peltier effect) folet
Ianmesludidnviinduundmdsunaunuvandnsunisfiamnsodundanuauieuldidu
n&sulnihldlngnss nsanufeuilldannsalinnuioumiedis (waste heat) :innszuruns
#1971 Bevuaumstulifiannamudouiifetunielutaguitu lideuafiviofaundon uas
Juiedossudalnihiienaiaglfluemansulndd fnsvienuieuiemninldfigunsaidiula
wdoufisewinenisvhey Bandududuundsiidendnuiiazerndnde esinaisn
wWasudundanulihlilaonslddssivinanesludidnniniiunaainuadiy Sndunils
faquosludidneinannsavharundu (Refrigeration) uazduauiou (Heat pump) lalngl
yhanessand mngiliinisldasianubu fudu awrsoiandedidumesludiinein
wiadidunnn uuseneuriiduszuussuieauieud miudiigreufiames uag
wsUFunmauadnimesludidnedn Wudu uenanmsuseyndldimesTudidndunnuibu
wdadainnsinludszgndldauiiunindnauiousaeuiu degraduiniesiinly (Egg
incubator) waziiesimiguidudiu wiuldidefvesgunsaimesludiinninde dhuiiniu &
vadn wasvhoudeumngliffudnlandoulmnasansinnu

2.1.1 Usngmsal@iun (Seebeck effect)

Tl a.a. 1821 Ingda lausua Fua (Thomas Johann Seebeck) Wnw&ENE#Y17
wossiu Iéfumuin “wlelfinudeurideiimnuunninavesgumniiseninesossiovesiagiiiaes
viia udwihliAnlilvaluisasin” Unngnisaiignifendt “Usingnsaifiun” (Seebeck
effect) [50] wanafagudl 2.1 2sasmeslulaundinddmiuanuduiusvesnnusadngdiun dq
Hundnnstiugudmsunistuanufeudunseualii Yuanisinavesnszualnililuagms
ﬁugﬂﬁﬂﬁw?ﬂlwuﬂmmmaﬁiNGUENQmmﬁﬁiasJGime"'iaQé”sﬁ’W’"fqam (A uay B) lngfivane
seusiafedl Janiii A wazTandanh B fgumgiuandstunn Adwalitivsinunislnaves
nszualillursasunndumulude é’mf‘immmmfwmmLmﬂm'Wamaaqmmﬁﬁiaﬁﬁiaﬁ?uﬁﬂﬁ
wngdasyvidouseq (free carrier) UdnmUatsduiau (hot junction) Tndauaargsduua
unnisessediuldu (col junction) MilAnnsunsveindouilunissesdeduiby audsga
dusaniavosmmedaszudniliiAnusaadeuliiinndy (Back electromotive force: e.m.f)
Fefifirnsivansedrufunisivavesmvedass Sudaansgnsess asnunilseandaguil 2.1 @)
dsmaliAnusaadouluihiivarsduda Fonauiadndrsnslavdeusuaiouliinii
“@MURNANDZLUA” (Seebeck voltage)



+ T+AT

Hot junction

T+AT

7N\

B B
(n) (%)

=i s a ¢ v w s oy ea I w & a
JUN 2.1 (n) wasweilulauindvesnnuduiusanusndnddiua (1) ANueeAngleasa

YIPNUANANIRLUA [50]

aun1sUsINgNIsBUAaIsalisulugUveInNsadndlarALEANA19TENI9NYE Ay
AUNNSN 2.1

s=2Y (2.1)
AT
i s - Husvavdaiua (Seebeck coefficient), V/K
AV = anusedndluiln, v
AT = anuusndsvesgaumgiisnuseuuazinuy, K

s
[ v o o a

Tandnhvselavediniadudssansdivaldwintuaud (5#£0) uanadnian
tuflantfiiduiagmesludidnasn Tnaardudszansduaiimlaiauvinwazaununuaudfives
Fantue wu Jagflaudfiduianfsiatvdadu (n-type semiconductor) Adudsansdiuail

< '3

| Y oA va & o = o o a A . o a Lo a
ATUAY LANIERNANUALUWIAANIILITUAN (p-type semiconductor) AEUUTEaNEsLUALAT
[ .:4' Y 4 e I Y & ad a o w a
Juvin Ui 2.2 uannisldusgloviannusnngnisaldiuanuianmesudianasndmsunisuan
nszualniinainainudon (thermoelectric power generation) a1mimesludianninluga

(Thermoelectric module)

Cold side

U7 2.2 lnezunsuveuvesludianainluganilddmsundnnszuali [7]

2.1.2 Usmngmsalinaliies (Peltier effect)

&g ndfa Tausud Tiua Tddunuusingnsalfiun deutlud aa. 1834
nflandunsiuaa Su walfied v1diea oxsiua (Jean Charle Athanase Peltier) Té#umnudn
“flefinspualnaniutandiniaesidafidetuudvinlidaufouiniuil sesdevesTansiie
answiln arwiouiiintuaifistunieanastuagfufianienislnavesnssua” Usingnisaiign
Bond “Usingmsalmaiie$ (Peltier effect)” [50] fauansluguil 2.3 Walimstounszualudi



31nunasdngnguentnaiiui liluisesiiuiandin A wag B vinlignneieas T+AT 3
QNN wag T+AT Hgaumgiisinas esainnislnavesnivedaseniunismileniives
nszualiindeulviiuieas

T,-AT T +AT

7N\

B

SU# 2.3 2sasmeslulaniindvesusingmsalmaiiies (50]

Usingmsinaifissiduusngnisalfimivgluiudsingnisaldiue Jaaunsassuielagede

a Lo

ANMUFUNUSHUFUUSEENTTLUA F9aUN1SA 2.2

I1=ST (2.2)
gl TI = &uuse ﬁwéLwaLmai (Peltier coefficient), V
S = duUsyansTum (Seebeck coefficient), V/K
T = guugll, K

nsldusglovdanusngnisaimaiiosiu annsothYaquesludidneinunuszgndldvindu
gliuannsiuanseuanliiinssuanss (Thermoelectric refrigeration) wieduau e
(Heat pump) Immmmi%maaumﬂmim81WﬂﬂﬂiuLLamﬂuﬂmmmaﬂuma na3nluga
muuaGmmimamwmaummaamamamammmmaawum AadlAaN

Qp =SIT (23

dle Q = Snsmsmennuieuiisisess, W
S = ﬁuﬂiza%‘éé‘ﬁmﬂ (Seebeck coefficient), V/K
| = ﬂizl,l,alﬂ/\lﬁwﬁmuiaasiasuaﬁaﬂéﬁ’aﬁﬂ, A
T = suull, K

Ingvludriagiidenuildiduiasgmesludidnasniuliegaasiinfatans
s lliedaiivaseiindu ielifinanuuansiwesaidudssansina iies lnednvuznisee
@ = Y ad a a 9 = = d v - 1%
fumileuiunesludianasnuuundnnseualnin duandusuil 2.4 deganfuanuseunsead
Auseutuluiunile wazihanuseunlaluaeiednaunis lneusingmsainiaduluudas
suduegiufianisivavenszuaihidnefuyamesiudidnainluga



5UT 2.4 lnezunsuvesmesluddinaintuganlddmsuinnudunsetuanuiou [51]

Usngnisalinesludiana3nUsznaumeUsngnsaldiualaeduanuseudunseualniiuag
Usngmssimaiiesitunszualniduenudourdemnubuiuandusuil 2.5 lnozunsuves
wesludidnsinuszneulusmetaniainivinfiuazidunnderuuuueynsy laesu 2.5(n) wans
msihauveamesludidnsdniiiendslniiiainaiuieu uazsy 2.51) uanansiauuuui
AmaBuvietiuaudon

Heat flow, O
Heat flow, O

Heat sink Heat rejection

Current flow, /
_—

Current flow, /
) | —"

¥
Power generation mode Active refrigeration mode

(n) ()

5U7 2.5 (n) lnezunsuvesnesludidnainlugawvundnnszualiil uag (v) wuuieudu
visauuutuAuTou

2.1.3 Dimensionless figure of merit (ZT)
Uszdnsnimvesiagmesludianaingnuaniniean dimensionless figure of
merit (zT) GududlfmheifioliinglunsiFeuiievussansnmiagmesludidnainudas
yianugamMiivenslda A ZT Aualaainaunis
s%T 8?1
S

ZT (2.4)



Tned = duUszavisiun (Seebeck coefficient), V/K
= anwilniin (electrical conductivity), 1/Q3-m, S/m

anmumuliin (electrical resitivity), Q-m

" v 9 ©»
I

= NATINYNVUAUBIENINUEIAINNSDY (total thermal conductivity), W/m-K

2
power factor = S%c = S (2.5)
P

A1 power factor (5%p) wansiaaussauznvau Ui luivesTaqmesludidnasn s
MumA power factor asarualiainauduRuSre i dulsEANSTuALaz A @ NN
thlwiveanimiuniulaiih suaunsi 2.5 Taeluidar power factor fidvsngauiign
Tugasuaug vestannsddaduiledduduanunuinduvesnivzdrluiy (carer
concentration) meluian Fsnilsisinlilean 7T AigsRemsiFeasduasivlulassaisndnio
Boninslay (dope) uagiifinsiinnsanuniiaaferanunaesiauesmiueg (carers mobility)
fosilrfigaiieviudrnisilnih nalesasufionisiitaniian ZT geq Wiefluszandainmis
wosludidninfigeiu Yanfesdianauided

1) Sandealduussanidiuniigs eiiunsvuinendsnuanuiousienmeytoUsya

Tl diae
2)  Fandaranwiuniuldiafien vsedlanmiilwihfias iieannisgadendsay
Iwihasunduidundsnuanueu

3)  Fandesdianmihanufeuiiinunng esnwianuunndisvesgumgiivesinuiou

wagsnuduvenesiudianainluga

1 8 ] L] L ] ] L] L)
©7] AgPb__ SbTe_, LAST (n)

1.64

4

1.44
124

PbTe-PbS (n)
Ag(PbSn) SbTe_ , LASTT (p)
AgSbTe -GeTe, TAGS (p

Zn,Sb, (p) YbuMnSb” ®

4

1'0" Bi Te_(n,p)
4

0.8+

4

0.6 1
0.4 4
0.2

4

0.01

CeFe,CoSb

ZT

0 200 400 600 800 1000 1200 1400

Temperature, K

'
[y |

U7 2.6 Faquesludianesnaifian 2T asdlevivanmgl [7]

1 [ Y wa 2/ L a o a o a & !

agelsfinny Muusneaudiluiuazanuseuvesianmesludidnasndniindulyl
wioniuludanuilsy endregratu lavzuazansisihdsdunsdethlnihuazanusouis was
Tupsalvesawiulnihnuildanunsatlwihlauwsiidranimiauseunan ludytuianmeslus
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WBnasSnAslAn ZT ﬁﬂLLﬁ@ﬂI‘HTU‘VI 2.6 ‘W‘U’J’]’JaﬂLV]E)?I@JBL@ﬂG]iﬂLLG]ﬁa%U@Nﬂ’W ZT Vlﬁ\‘lLLG]ﬂGl’]ﬂquu

aa

G]’]iJ’eJﬂJViﬂiJVIL'ViiJ’] amuue] ﬂ\‘i‘u‘Uﬂ'ﬁLa@ﬂ’JﬁﬂL‘VIEJ?I&IE]L’ﬁﬂ@iﬂlﬂi%ﬂ?ﬂﬂ’liﬂ’]ﬂﬂﬁﬂ@ﬁu‘wﬂﬁﬁ

Y Y
o

thluldausie degraty BiTes Wulanmosludidnminfifluszavsnmgdutiswesgamaiivies
LAST LASTT SALT uae TAGS winzfiumsldnuiigamaiiasszana 600 K dJusiu

2.1.4 Jaqwasludidnasn (Thermoelectric materials)

dninermanslddunutannesludidnainfiddaund a.a. 1950 uasTanuia
gipdamadidnaninlunisldeulutagiu wu Bi,Te; waz SbyTes 1usiu "'Jfamﬂ’jqaaasuﬁmﬁui’am
wosludianainifguandAnalurasveanisldelugumgiives mﬂwqwgmumanmum
RN 'JammaﬂuaLaﬂmﬂmmaamamwuﬂw%LLavamUivawﬁ%mﬂwaa YurNanIMLIAINTOU
fendndesdaii Yaqmesludidnainuvsesnidu 2 vindetagmesludidnein viadu (n-
type) waginasludidnasnulinf (p-type) ﬁ'ﬂLLamTugUﬁ 2.7 faqmesludianainildauly
Jagtuiidrsguuginisiauiiunndiefuld fedu elildussansaiwnisianuves
wesludidnninlugadifisaniaingaiu madenvinvastaniiiulduiiaudidy
Iy

n-Type zT -Type zT
14 - 14 PP
TAGS
2 e SiGe 121 op Te, Yo, MnSb,
1.0 | BTes 1.0~
: \\ CeFe,Sb,
08 08|
- v\ SiGe
N o6l “Nosk )
04| 04| /
02| 02} \

0 ! L 1 L 0 1 1 1 1
0 200 400 600 800 1,000 0 200 400 600 800 1,000
Temperature (°C) Temperature (°C)

(n) ()

U7 2.7 euduiudvesen 2T mmmﬂawuﬂawaqammmammmaﬁumaﬂmﬂmumﬂﬁu
ulutlagtu (n) sladu (n-type) waz (v) wladl (p-type) [52]

[ [ a « a

2.2 yuannamsnadagunasiudianasn

Ingitugruresiagmesiudidnainiiseanisiiiue 27 Willagatu fesenduaudfiniegun
Usenauiuvatediunsaudiinisiiiiiuazainuou wumduysalduussansdiua (absolute
value of the Seebeck coefficient) waganmiliihdesiiags uianniinnudeuvesiansaad
AR MnAnENTRfINaIANNTakdiwiraNe keI lun1TINRNmINE AL YR A

QJQdI ! ¥ 1 dl d! L ! d"’é’ o o U dld 1 ¥ !
azAuantindmallan 27 ge Bsinvusmaiiduegiuian Ineduusminadonslaunvesdn
ZT g4 Usenausmgaail
1) anuvuduvesn vzl (carrer concentration)
Tannienduuszansaiuangeresiinvesiianewvindiuneludan nswauiuves

[ a =3 a o 1 a a a Al v Y 1 14 [ al [ .
Tanuiaduuasi dlugnsnuszanedesunludinuieunassiuduluiaiigaiu (bipolar
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effect) FIdINAINAIANUANANITIUATAIAARY AMUFUNUSTEMINIANUAUIBUUNINZUN LW
FuArduUszansaiuaatuisasiulIulaaInlumaveIniIsiadouiivesdiannsau (electron
transport) dwsulanenseianisiilnianunsamenduuseansdiualannaunisi 2.6

21,2 2/3
k

g = 87KB g 2 (2.6)
3eh? 3n
1
=~ =o=neu 2.7)
o)

et S = edudszAvstiua (Seebeck coefficient), V/K
n = AenUrILUNYeIsnrsn il (carrier concentration), carriers/cm

K, = Boltzman constant, 1.38062X10% J/K

h = Plank’s constant, 6.62620X107* J+s

m* = wadia (effective mass), kg

e = electric charge (1.6021756X10™ coulomb)

T = guugd, K

o = sl (electrical conductivity), 1/Q+m, S/m
£ = aanmanuduniulnii electrical resitivity), Q-m
Y7,

= @NINANUARDIFIVDININE (carrier mobility), m?/(V+s)

NaunTs wurianauwiurseaisisinihueiauiandaanuundure e
wavinbidAduUsEansTuafiganuaunisi 2.6 eg19lsinun1sneIAuiuILLuTe I Mz
Tihndesnfinavinlimnstninfiaanaswulie awaunisin 2.7

1.0
ZT
S //“‘""‘ o
05F
N N K= Kat e
ST X
‘ :(/MI»‘“/”‘//
0.0

1x10"  Carrier Concentration,n(cm“’) 1x10*"

Insulators Semiconductor Metals

JUN 2.8 anuduiusnisiauna ZT Wtlenasnaniueianumuiidunivedi ez siinves
a9 [50,52]
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AnuduiussevsnAImuLvesm vty ud 2T uandlugui 2.8 3
ApnunuuLurssmsluilatunUsiunssuansi ez sinduiuandusyansaiun
lnA1een (peak) ZT g4 aglugianuvuiiidurasnivgdiiiussaas 10°-10% caners (cm?)
Tneiuegfulassassvesian Fudufanfieglurisedansuazansisiah

2) wiadana (Effective mass)

AMadawa (effective mass, m*) Lﬂuﬁ”aww]ﬁLma%wﬁaﬁﬁmmﬁwﬁ@luﬂmﬂmﬂ'ﬁ
duuszavstiue Inewlornadmaiinngs Aduusyavstiuafdmgenuluse uindudewali
anmiilnihfismuaunisd 2.6 Fedinnuduiusiuanunuinduvesanuzaaading (Density-
of-states effective mass) MIAMULULAINTY LaUNSINULATAIEIMSUANIMUILL L B IdaYE
fifiAngafiuzian Fermi surface uananiauidesvesmmediiudiuaadma dwmedua
é’l’qmaﬁqw‘%aLﬁuwwmﬁﬁﬁmﬁﬂum AMNANNSAYRIMSIAAaUATUT1a Taudosunntu
(slower velocities) anmeaunaailunisindeudiveaninzanas (small mobillities) Fainasia
Tranmiliihanas suaunsi 2.7 anuduiusseninanadmatiuanuansalunisindeud
(mobility) Taulaududou LLaznguangﬁ’UIﬂiaa%’NL%ﬁLﬁﬂmau (electronic structure) nalnnns
n52189 (scattering mechanism) wazaudfuaulelanseln (anisotropic) vesiagmesludianasn
Tumaguidmsuiadmaaunsaeniannaudfneulelanselnvedlassasieman [52]

3) anmiAnuieudidnnsey (Electronic thermal conductivity)

Faquesludidnainindndudesdanimiranufoudisl laganimiinuiou
(thermal conductivity, &) Tutagmesludidnasnanuisanenlailu 2 dude (1) Araniwi
Auseudilannsaunsalaa (electrons and hole transporting heat, k) Wag (2) I‘V\Iuauﬁ
Lﬂﬁlauﬁmuuamﬁ%ﬁaamwﬁﬂmm%fauLLamﬁszj (lattice thermal conductivity, Kiat) pakanaly
aunisi 2.8 Inewenwes i Wumeniiinuwuslnenssiuanintianuioudidnnsouniy
413989 Wiedernann-Franz law uansanuduiusluaunissi 2.9

K =Kl T Klat (2.8)
ke =LoT =neul T (2.9)
ef & = anwihanudeu, W/Am-K)
Ko = anwiianudeudianaseu, W/(m-K)
Ka = amwﬁwmm%auuamﬁ%, W/(m-K)
L - Lorenz factor fianinfu 2.4 X 10® (W-Q)/K2 dnsudiénnsoudasy

A1 Lorenz factor finstasuutadlaglanizeg1sbafuaumuiniuye e
Il sdunmme iy dullanuddydueinennings K. MuININANLLANGIYeY K
U K euaNnTi 2.8 uay 2.9 Tnsunfauliuiueuresaildnmsdinees K Hindu
Mndandiianudivesmivgirlniniisn Fadusaviiliien Lorenz factor fidnanasunnnin 20%
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NnAdmsUBIannTeudasy vieanuldulneures A WinannsHaELiuTes 2 wing (bipolar)
Aedianmseusazlaaluiandeiiu ihludnisianisudsiiuiuees 2 wiveg lunisthanuseunse
Usangnsal bipolar (bipolar effect) Fammnisalfananalailignsanlungues Wiedemann-
Franz law vilvinseuine ki danuligndes mavesnisiinnuiouras 2 wve fsiiegaves
213 BizTes 1B K, SAngeluiigumgiige wuieniufu PoTe wasduq digui 2.9 uenainua
Y99 2 WInEAENY K WA Sedenatumdudssanstiuasazaningunuliiiise lnoidaa
sJamﬁGTWLmﬁqqzwqﬁLﬁmﬁ’uﬁ’um Kiat %qLLamﬂﬁLﬁuﬁqﬂmﬁmﬂﬁﬂgmszﬁ bipolar eg1slsfiny
AN KellaimmiaL“Uﬁ'smuﬂaw%aamﬁwﬁlﬁmiwm Ko USSR BUMNAIANLAUILLUN I L

Tl

3_
SiGe
- CeFe4CoSby,
T 2
E
= Hfy 75270 25NiSN
- Bi2T83 0.75%'0.25
‘I_
PbTe
TAGS
Ag,TITe
&__i___ J'1'€s La, ,Te,
N YbyMnSby,
0 IngSby — B'?‘sGawEesu.
0 200 400 600 800

Temperature °C

JUT 2.9 Anuduiussening ki fugumalivesianmesludiannsn [52]

mstalifandan 2T gaifu dosilifandaanmiilniniias uillanmihan
Fouilsn uinngues Wiedemann-Franz law duansannudaudafunusssumavesiag sl
A1 ZT g9 dwmsuein ZT vasfagislanmi i ddunnulans vieflan i doouing nns
A ZT aunsornnaldainaunisy 2.10 dlemen (k./xw) <<1 @ndosnin 1 110n°)

s2/L
14 Xlat
Kel

T = (2.10)
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4) anwiAnuSeunaniie (Lattice thermal conductivity)
anmihanufounaninduninianuieulagnisduresesnenuazuani
(lattice vibration) anansauiaduldiuTagunuda enfregadunszanudndutagiifieanin,
aufeudsuanfiefimuinidesninilassadaduedugiu (amorphous structure) Yag a1
anmhanudeunuunsiedeuivesndsnuriadasyinunanfivsnnniinisindouiiegesinis
W1ulueu (Phonon) Wuwayvilvidanimimnaeusinman (k.. (52,531 InsunAtaguii
autAnndutanmesludidnainiidunn mngilulasiaiendnuiaunaudidnnseuvielsa

dasy violifauds “electron-crystal” (electron-crystal property) WalUSsulisunundnues

'
[ =< o o

Tannafn "S'a@ﬂizﬂﬂﬁﬁﬂ'ﬂamwmmﬂa'méfﬁumim?{auﬂuaawmsﬁwlw%ﬁﬁwLﬁaqmﬂmamaq
n13nseLdswesdidnnseuiigauasianadmaidiiosnidnuaruautundsnuiining
(broader bands) fyiu Yagumesluidnasninsedlindnvesaninisnszsdanueuluuinmi
a9 warlsifinanimusioanminlwihwestan mnufeuiigniadeuiidsanniuednueudud
ANNLANANIDE1INTBIANNY IR ULAZTEZUaBANTYURAY (mean free path) Tagilnany
gapdusausitesnd 1 nm aufannndt 10 pm vldnstaun Tanmesludidnainsndudos
TriinsnszidalnueunseungumaentIsueIABIEIAAULAL STz AR sYUdase agulsinian
wesludiansinifdesduiagidamadRfimuazunnsieanianiinusssuni vieiFentan
ﬁﬁ@mamﬁamuﬁiﬁ “Phonon glass electron crystal (PGEC)” [9,51,52] 'E’acs]suﬁmfﬁﬂmwﬂauﬁ’ﬁ
panlu 2 dde “phonon glass” wag “electron crystal” I@afﬁ@ﬁﬁamﬁaﬁlu phonon glass T
fududosanmhnrudoulaninimedeiuianfiflasaiaiuedugiu fanmosludidnsdn
firdosflantidu electron crystal Aetaniifinmidundngs Wy nanvosTanAsfinilelils
AasanUFnalniin (electrical properties) ﬁmezamLazﬁmﬁaﬁqm WuduUsEAnsTuAuaY
anmilvhvesian msm?wi’aﬂmaﬂu&é‘nm?mwuﬁgﬂ@uﬁa MaLAusUIing sluunud
Tusunisessmiduveslaseairandn (site substitution) wieiFni1n19¥ alloying lngsai
ﬁ'fLiJLmuﬁéfmﬁamﬁ’amﬂw%ﬁE’Tdm%’ﬂw’ﬂﬂiaa%fwLG‘?N@Lﬁﬂmiamaﬂmqa%mﬁﬂagj drulng
wdsniiduaslufiiaainnnisigduiieiuussansaiwnisnszidalueuniesuniunis
wndeuiivedlnueululassadiandn dagtulduszaunnudidanmasdoniagmesludidnainuu
ﬁug’mﬁfﬁ@ phonon-glass electron-crystal AguaINWaILITAINY

gﬂﬁ 2.10 WERIAIDYNNITANAIVDIAT Ky MDA ZT MA801@1015080A7 Ky 910
0.8 Wm K" 1 0.8 Wm K" yil¥ien ZT ifisfuandumisdt 1 (27=0.8) Tussshumisdl 2 (2T ~
1.7) wagdniinsiaunfandanadgnisuiusnnuvuiuiure gt il lididanas 39
danaviliien &G anas wagnaiinturesduussdndaiun suidlien 27 Wugeduludaiumio
3 dndlvajudnmsiaunianmesbididnimjdiviismsand &G, Winnfige esannsanen A
ﬁ?uhjdwamwwiaﬁwmaﬁﬂﬂﬁwaﬁa@mﬂwﬁﬂ dlolsufunsuSuanan Ky Atlwauinnin

WeannAn Ky wdsiumuaanuvuwiuvesnvedalii Wulusungues Wiedemann-Franz
law (10157 2.9)
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@
=02

zT
-

x=08 M

K (Wm-'K")
4’
I
(=)
(-]

10 107 1020 102
Carrier concentration (cm ’3)

JUN 2,10 ANUdUTUEYRINTTaNauedAn Ky fUAT ZT way K munsiusiudsuninumuiiuy
gl [52]

2.3 M daawmasiudidnainaisunlumalulad

ML ZT Tugas 20 Isusndeddinsiamiuuuiansslan eaninided
anufrnadilaluFoswesulumaluladiianldlumsuiudpandisagmesTudidnedn mn
upsdoundulusaudd o 1950 83 1990 A1 ZT Liildifiutuaeaindr ZT = 0.5 deldinTan
wosludidnainfifivunauuuns (nanoscale) iWuswamesfanuiiniliasdsuiadusuuidu
(nanowire) WUUY® (nanotube) WawU (thin films) WUULHY (nanoplate) LUUHITUIAUTULLAT
(nanopowder) fefvasunlumaluladiithuiamne zT foldlunsesnuuusuiauasdnvmy
Fugrvesanmesludidnainlrilvuaunluung uddsmailraudivifetesiunisiiuei
ZT finmaAsuutasivinlien 27 dugetu navesulumeluladenisifiud ZT fiog 2 ndnnns
fiddeyfie [4,54]

1) WinA1 power factor (S20) wiolidin1sanauesr power factor wAfin1sanaswaIA
anhanuieusin (B dumsiausingmsalisldidnasey (quantum confinement
phenomena) ¥158M5NTRINEIUYDIBLENATOU (energy filtering) ﬁﬁ]ﬁﬂmﬁl’l‘iﬂjﬁﬂﬂﬁjﬂ’]i
dunduusraniauanazaualilimduussavssiuatutuanisiilnihuestan

2) anmmhanudeunaniiv (k) feanautesniAianmsnszidefeaviou Tnuouuiinm
youinsuvaslassaiteululuns (nanoscale structure) ¥ilsiiinisindeuillddosas us
veuinsuveslassaieunluunslifinadonisnisnszidsvieassiounisindoudives
BidnmsouNINtn

Ul 2.11 uanstanesTudidnminvununlumasaunsadiindr 27 lfegradnimuile

deufuruaililiuluwes udegnalsfinin mandaianmesluddnainliivunadning wie
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U lun sy dedldmalulagtugauasialddengauluaiey inllidununisndndan
wesludianesngaty thludnavesnesiudidnsinlugaiaas liamnsowtadulaluvioswann

2-0 T T
Nao.sspbzquTezz
Nano-BiSbTe PbTe/PbS

157 P 051150278 i
R
H
= -~ Nano n-3SiGe
R KR VAENE ) §F Al ey G
) g
S |BisbTe
2 n-SiGe
o Nano p-SiGe

0.5 Laemmmmma

0.0 1 1 Il 1 1 1

0 200 400 600 800 1000

Temperature (C)

JUT 2.11 degeianmesiuddnssnvuwinuluwasidnisimuiiulagiu [7]

2.4 maﬁu&ﬁnm’%ﬂu@a (Thermoelectric module)

Heat absorbed

Substrates

&3 8 ~ i
Thermoelectric -~ A ! +Current
elements " External
" electrical

connection

Heat flow

Heat rejection

JUT 2.12 lpezunsuvesmesiudidnsinlugaiivaninisinavesuszanmeludaianiianunsald
v < a
NulansszuuANduLaznannszualnii [52]
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o w

a & a 4 v a & a a = a < a =
wesluddnasnlugauseneumefanmesluBianein 2 vila Aevliaduuazyilai laeurian
4 2 ila wsefiuwuvaynsudug) aduiu uasdivalwilavedeurensgiinfieiu udazdiise
Auiin1siWeusenusuuaun Ui AafILINRIaaTINY NauuLLaATua1Iedlane

=~ ] Y ' ’~ A o ' v o = ~
WeouragnUsenumesugiia Weiuseiiiuniszauvselan (Load) mndinssualnily
Inafivinlinsuasasned Usunaanusisdndliinfivesludidnasnlugandnliainainunisves
PUNNNTENINURUAIUUY (RANTUAINNTBY) UaTAUAN (AN8AINTY) Fuagiuinuiuguas

W lulugatiu dawanslugd 2.12 uag 2.13

35U 2.13 mesluddnainlugaianusaldaulivisssuumnudunazndnnszualih

nsuszgndldaumesludidnlugantsoondu 2 uuuded

1) wesludidnnInlugaifiendnnszualnii nsUszyndldauitondnnszualniinlg
vannsvesUnngmsaidiuavesnsfundsnuanufoudundumlnih vienstiuanufoud
delouandufougiududundnuliin Tnevnesludidnsdnundoudediuunasniny
Souvdeundsanudoundors Wemesludidnainduouiioumgigatu Tutanisiniviaby
Sidnnseudasziinmsindeuiinniuousndswnudy uarludmvesianiitheiedl leadass
waileumdoufiannsuousndsnubuduioaty awiliAanszualuiiainnisdielouves
Uspqseninirians Muandusuil 2.2 uay 2,14 nmaldauveanesludidnadnlugalutiagiu
diendnnspualwilduiivanvatedesuil 2.15 wumandnnszualifiiannanufeuiisnnviele
Fesaous aafouaniumenyudiilondnnszualainAulilusunndunin waydug
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ONE SEEBECK DEVICE "COUPLE™ CONSISTS OF ONE
N-TYPE AND ONE P-TYPE SEMICONDUGTOR PELLET

HEAT HEAT
REMOVED REMOVED
N-TYPE BISMUTH COLD SIDE P-TYPE BISMUTH

TELLURIDE \ T / TELLURIDE

&
@®

@ HOLE

FLOW

=]
=]

ELECTRON e@
=]

=]

@

FLOW @
=] @&

@

HOT SIDE

ABSORBED ABSORBED
HEAT HEAT

STEVE J. NOLL
PELTIER-INFO.COM

LOAD

THERE MUST BE A TEMPERATURE DIFFERENCE BETWEEHN
THE HOT AND COLD SIDES FOR POVWER TO BE GENERATED

U7t 2.14 laezunsumsuszgndliinesludidnminlugalunsuannseuslii
" http://www.peltier-info.com/photos.html

U7 2.15 fegnmsuszendldinesiudianssnlugalunisndnnssualili

a & a A o I3 N Y o v A o I
2) wesludianesnlugatieanudunieluaiuiou nsuszgndldanuiieiainuy
wsetuAuFeutiulondnnisvesusingnisalinaiies laenisirenszualniinszuansaliiu

ad a A 1% = o § va & ) a & « all

wesludianninluga lnenszualninigiluinavilvisidnaseuluianviiaduniounay
nafufianisinaveansealiiin waglunenduiulealulanyiinigninierilvindiouninig
nszualnin nsedeunvedidnaseunarlaatuiinmsihauiounnmeauinliinsunileiou

1 ~ & % A % ¢ 5§ a & a A& o 1
wazauniladu Auandlusun 2.4 uag 2.16 MsldnugunsalimesludianasniierinanuLiu
waztduanufoululivatsegsieiugu n1sussyndldfudiduwuunnm aunsaldiessuny
anuioulursuiumes wsosUiuomatuunamnlgwasulniianwuan viiensdiivans
USB viseldiulviinnssuansenlu insesimnududwsuiiuen Jadunsedognengg Nneaiu
Lingaumgiian daimnuasaanlunisieiouirevisennnidesnniivuindndaanluzun 2.17
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wazlulaguudnisuszgndldvhanuiounazanuduiioUsvaamginelutulaeiinsldau
Fwfuwaduaoing Jusiu

ONE PELTIER DEVICE “COUPLE" CONSISTS OF ONE
N-TYPE AND ONE P-TYPE SEMICONDUCTOR PELLET

RELEASED RELEASED
HEAT HEAT
N-TYPE BISMUTH P-TYPE BISMUTH

TELLURIDE \ - u TELLURIDE

g

HOLE
FLOW

ELECTRON
FLOW

p==

ABSORBED ABSORBED
HEAT HEAT
1 STEVE J. NOLL 'I l I + )i
PELTIER-INFO.COM )

DC POWER SOURCE

THE CHARGE CARRIERS, NEGATIVE ELECTRONS
AND POSITIVE HOLES, TRANSPORT THE HEAT.

JUT 2.16 lpezunsunisuszendldmesludianesniugalunisinanuiuuas tuanuiou
17 http://www.peltier-info.com/photos.html

U7 2.17 fegnmsdszendldnesiudidnemsnlugalunisnisianuduwazluanuiou

2.5 Uszansnnvaamasludianasn (Thermoelectric efficiency)

wesludianasnlugadseneuldieian 2 win Aedagwesludidnainydaduuazii n1s
At ZT tnglddlafsamnuduniunsessdevesiagniaesiulanenlddouse uasna
NN1TuNFIEANToLTAATLTIY aunsafwIMuLugIuYeiagmesluBlanasn deaunisn
2.11

T= (Sp=Su)'T (2.11)
N 1/2 1/2 :
(Pprp)™ “ +((Pnkn)™ %)

o

Toefl S, uaz S, = duUszAndTuavesianuiniiasiou auaidv, V/K
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pobaz o, = anwiumuliiivesiagulafivazidu anuddu, Q-m

v (v a = I3 o w
K, 48y K, anmanuSouvasTanytniikasidu mua1ay, W/(m-K)
AduUseansaussouy (Coefficient of Performance, COP) 98458 UU%AMULEY way
Ussdvsnnaesssuunanlii (effidency, 7) vesnesluddnasnluga annsadnialannaunis
71 2.11 uagAnduUssdvsvesaussouginanuduaunalaan aunsi 2.12 wazguil 2.18(n) dsil

TC N1+ ZT _(TH /Tc)

COPypay =
M Ty -Te J1+2ZT +1

(2.12)

loedl Tc wag Ty fio aaumglidnudunaziusou audiu, K

Cold plate Cold plate
(n) ()
U A
On l n-ty lAT Py AVy n-t; AT | Pty
[ Hot plat Hot plate - \ -
> s epd [ Hotplae Tou Hot plate
K (1) j k AV = AVy + AVp J
&7
Commercial Nanoscale n
the lectri th lectri Py o
COP masxizti’ *  mmecikh' Ty =250°C=523K
5 Tega=100°C =373 K

Segmented 1 ]
module

Vapor-compression
refrigerator (R134a)
0.05

Conventional
module

0 1 2 3 4 0 1 2 3
48 zr

U7 2.18 (n) N1311A1 COP uazA1 COP wWisuileuduszuuyhamnuduiuudale (1) nsmen

n voswesludidina3nluga uazAnuduiusves 7 fue ZT [54]

Uszansnmaeunesludianainlumsndnnssualniiauisamuanldanndsnuluiag
HARlE (W) msiednsinisaiemainuiouans (Q.) inadiudou lnea Q. fidnduuan
Wosanlunisaremanudouainunandsuanusouluinsvaisimaiuiou (heat sink)

d' t:ll ! a a v o &
wansluaunisi 2.13 uazguil 2.18() n1smAn 77 veamesludianssnluga wazanuduiusues
n e ZT anaunisi 2.12 wunan 77 Wuilsdduiuen (1+27,)"2 wagan 7 dandilnafuad
UszanSnnvesiginsesiun dem ZT danduetiud (infinity)

W _TH —TC 1+ZTM -1
Qv T (V1+ZTy +(Tc/Ty)

n= (2.13)

a9 Tc way Ty

gaumgiisuukaziuiou muaRy, K
Tw = auniliady, K
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2.6 ’3’aqmaﬁsﬁLﬁﬂﬁ%ﬂﬁﬁiﬂiaa%ﬂanﬂﬂiuti‘]u%"u (intrinsically layered structure)

"'Jfﬁ@ﬁﬁimaa%qmﬂmﬂu%m (intrinsically layered structure) fualanininnausou-
wanfie (lattice thermal conductivity, AL #1as [40,41,43] 1Wu BisTes WuTanmesludidnsdn
Fawdindl (n-type) uazidu (n-type) #in wazdnsldonludonded Tne BiTe; Wuasusznay
Y095 mTain (BD) uavsnmagidey (Te) fidnvaidunsdiniu WuasAsinhidaudfmduian
wmesludidna3niifivesinawaundsau (energy gap, £y fiuau lassadrandnues BiTes iy
Tnssadrasenludnsa (thombohedral) vi3ei3andnogemilainlnsinuea (trigonal) H5Uuvy
space group {1 R-3m wielassadsiiiresenisviarnudilafeilassadindueneslnida
(hexagonal) fifluanfionsfiwes (attice parameter) fall a = 4.3835 A uay c = 30.360 A
grungfl 77 K KUt 2.19 Tassadaninues BisTe, diinsBoafivasernombudug auuuauny
2 TnedimsiSesdnsuresesnoy 5 4§ [51,55-57]

- TeM-Bi-Te”-Bi-Te!"..Te!"-Bi-Te?-Bi-Te'"

TnefuszsEning Te—Bi waz Bi—Te Wustuszlariaus (covalent bonds) fiudeuss vausfiwuse
sywinaduie Tel.-Te? Hustuszurunedanad (Van der Waals forces) dafustussfisaunin
Trauyt vilnlassadendnues Bi,Tes fidnuaziiutuvesyuiuiinsanfunny z wagnisin
Yoeudniinsilalunuuszuuiigsandunny 7 iesnniiniusslnaussewing Te—Bi uaz
Bi—Te Audauseninmisialunuinny 7 sesiussuiunesnaduesseninetu Tel-Te? Fuans
Iuiﬂw 2.20 9nlAseasedanadimall Bi;Tes wansnuaudfvoioulalansed (amsotropy)
maqmmamlvxlﬂma g sthanudou snfeghaduanmiianudounuuulsyuuiineain
Fuwnu 7 (1.5 W-m K famnnnitvssanageavindiodioutvanin dinnudeuluwinny 2
(0.7 W-m™K ™)

Bi,Te,
d
o z
H,

JUN 2.19 1Aseaiandnves Bi;Tes lngozmnauditRulanisuniiivadsis Bi wazdvunuand
Auaves Te Tulassasewdn [51]



U7 2.20 assasnawdn BisTes Tanwauglassadiavosmdnidutiue auuuiuni z usas

Te)
Bi
Tey,
O <.
e
>
Tey, o
N Bi o
2
Tee £
2 3 o
Bi ©
ﬁ 7 o 3
Teq, )
- ©
£
—
71— 5
Te,) ©
5 S e
Bi o ©
s >
Tep <€
o 5
Tegy,
~o el
T (%)
Tey X
Bi <
— (&
;\. Tey,

U ' ] I Ly s s
DYADU LATNUTLUYDILAALTULUUNUSZLIUABDINGE [58]
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(%

Juil 5

}J'aﬂwlaﬂual,ﬁﬂm%ﬂmju layered oxychalcogenides (Bi.,Sr,OCuSe, BiOCuTe, LaOBIS,.
,Sey, BizOsSe, BiCuSeO, uaz Bi,O Te) lasumnuaulalullagiu ieswiniannguilll ionic oxide

way covalent chalcogenide layers vliinasioautansind wazanuisauudsuandinig
Ilfhumanidlfriunisunuiidieanned (chemical substitution) fisuvtsits 2 $u TnsTannaa
layered oxychalcogenides ﬁlé’%’mamau‘l&aqqqmﬁa BiCuSeO [43] ansnefi 2.1 wARIFULUUYDS
building block slab 7inulu layer oxychalcogenides lpgdusnnnueg 4 JURUUAIEIU Snuae
YN layered oxychalcogenides Tueannisusznouiiures building block slab W 4 Pl NV
Ffauanduguil 2.21 uenaniléfinsmusuaudiaamnisihanufeusiuuage ZT gugn &

AN 2.2

m1379 2.1 3ULUUYeY building block slab fiwulu layered oxychalcogenides [43]

Structure Unit cell Building block slab Key
Fluorite (CaF,) Ca** (blue)
L F~ (green)
Joe N
x y ¢
Antifluorite (Na,O) Na* (blue)
o (red)

z
.Ls
% y

Rock-salt (NaCl)
z

Perovskite (SrTiO3)

N

T3

“—Li—

(" L
2@
ev e @l

Na* (yellow)
CI™ (green)

N (green)

Ti** (blue)
0%~ (red)




Building blocks (perovskite,
rock salt, fluorite....)

I

Oxychalcogenide
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E‘U‘ﬁl 2.21 §nwairas layered oxychalcogenides fiusznauiuwes building block slab [43]

M54 2.2 anmuiauseaulagan ZT ¥093anau layered oxychalcogenides [43]

Thermal conductivity (W/m=-K)

100 200 300 _ 400
Temperature (°C)

Material p/n-type KWm™ K™ ZT T/K
Bi1_Sr,OCuSe p-type 0.9 0.76 873
BiOCuTe p-type 0.8 0.66 673
Bip.s75Bag 12s0CuSe p-type 0.9 1.4 923
Bi,YO4,Cu,Se, p-type 1.5 0.03 673
LaOBiS,_,Sey n-type 2.0 0.17 743
Bi,_.Sn,O,Se n-type 1.0 0.20 773
Bi,O,Te n-type 0.9 0.13 573
02 | 3 o
@) q(b) Lif)BiSz_xSex X =08

_ 0.15 | ‘i‘i‘f‘ ]

#‘ : LI * AA, o

Ly + ﬁﬁ# Ik ol ]

. 005¢L i

ET o

oL— . .

0 100_ 200 _ 300 __ 400
Temperature (°C)

500

JUN 2.22 (a) Amsiianuseu uag (b) A1 ZT ¥8d LaOBiS,.Se, Munsiiufuvesgumail [44]

Y. Mizuguchi wagaeug (2014) lavin1sdansieit novel layered bismuth chalcogenides

(LaOBIS,.,Sey) LLﬁ%VT’Wﬂ']i@]i’Jﬁlﬁfﬂ?{ﬁJﬁaWNLV]E]%IQJ%LﬁﬂGI%ﬂ NANITVIAABINUINNITUWNUNUIEIU

(partial substitution) a4 S Tng Se awsasinausRanimiwuulany (metallic conductivity)
A power factor tnduegadmauiiofinisiudsutanisunudives s ne se Taoen power
factor gean Wiy 4.5 uW/cm-K? figaumndl 743 K dmiusaegns LaOBIS, Seqs uan NI
Teanimihanufeunes LaOBiS,,Se, hitusgifugumpiuazufinauues Se weldriadoanm

Uranuseuindu 2 W/m-K vililaan ZT widu 0.17 Ngungdl 743 K d1msuddedns
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LaOBiS; ;Seps éﬁ’agﬂﬁ 2.22 Fii ANSIMANIILNEANYIANANEII WL I was/
violassairanielu (local structure) anansadfivanssouzvesiagmesludidnainngy layered
bismuth chalcogenides [44]

B. Zhan wazAmy (2015) $1891UNANITAILATIZI n-type thermoelectric Biy,Sn,O.Se
ceramics Lne33UfATu1vasudsluianrendayyinia (evacuated quartz tube) $9uAU
N32UIUNTS spark plasma sintering 91nn153LAS 1 RdRazdugIuIneInuIfIeg10luy
Bi,O,Se fiilgnwauzidu layered structure wuumnsglnia (tetragonal phase) @niwin v
WinTunu3inanisideves sn lnenuididniiatu 25 wh dledlouiu Bi,0.5e Aildfiniside
sn asly Tuvazdimaiiainuniside sn biflnadeanmhnuieulaeiidsgaviitu 0.63
W/m-K i 773 K f1 ZT gegaiiiu 0.20 7 773 d w3y BiysSng 10,5e Fefidngetiuuszana 4 win
Sowfieuitu Bi,0,Se U3aws asulédn Sn-doped Bi,0,Se anwnsaulutanmesludidnsinviaLiy

[45]

= 60f (a) ~ -100; (b)

§ " A

¥ 50 ¥ %_ | 4 a3 YV Vg —v—V v

> = -200 = R A v

E 40‘ ¥ 8 ° ° & A

° | S _300

2 30| = 300 o—eo_g

c | " 2 i

S 20 v oA 3 N

S S 00

8 10 . g | - "

.‘L:S | a” -V ° © -500 " [} [ .

3 ole—s—u—t§ 200 t= 8 | ..

w ul

300 400 500 600 700 800 300 400 500 600 700 800
T (K) T (K)
1.4 (C) (d)

< s 020 B Pure hd

E 1 2 E\G % . Sn 50/0

E i e 0.15 A Sn7.5% ¥ o

< - a e L SN ¥ Sn10% e

B 40 . i, Mg

8 - a ; 30 480 800 750 E 0.10 v

O x TIK N ES

— ‘ A A A A .

© : A v v

£ 08 o M v 0.05 e =

st * o .V Y s A ] =

-QC) oo [ - : 2

F o6 * g 000 » w % u ¥

300 400 500 600 700 800 300 400 500 600 700 800

T (K) T (K)

U 223 (a) anmiilwil (b) dudseavsdiua (0 antmianufeu uag (d) A1 ZT ANy
UNNNNNTUYDY Sn-doped Bi,O,Se [45]

Son DN. Luu Waz P. Vaqueiro (2015) s1891unalunisieseu oxytelluride Bi,O,Te 911
@1399AU Bi, Bi,Os Uaz Te lnedsufisenvewuds 91nuan1s@neinudn Bi,O,Te 1uansnasiin
yiaou Nlassasrawdnilu anti-ThCr,Si; (Space group /4/mmm) 713 lattice parameter a =

3.98025(4) ey ¢ = 12.70391(16) A LaUTDII NG (energy gap) 184 BiO,Te (0.23 eV) oy

Y
o

5¥MI19Bi;Tes (0.13 eV) uaz PbTe (0.33 eV) Fuwmungiunisiiianiluldaulugisgumg s
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a I % a

(low-grade waste heat) Anan mi1audousi dsualian ZT fidgsgamiiiu 0.13 figungdl
273 K pis5u 2.24 [46]

200
4
& 180 §3| \ @ (T [P S i a— - ‘b)
(5] -
vy 1009 2 ' ¢ i
0.002 _ 0.003 X 06{ -—=x,
b 50/ 'E ‘ =t
] —e—x
0 : . ' 2 0.3 L
= °
¥ -180 00] -o—u—u—u—u—3=2
= BB " —% :
o -120 T ®
¥, -60 0104 ¥ ./
X o |l o )
e h 0.05 M o«
g 02 ’ ] “J 19 ./
E 9 9 ./
& o1 0.00{ e-e—
9 00 300 400 500 600
300 400 500 600 TIK

TK

U 2.24 () awtAvslaidi wag (b) autRivnanudeu safar ZT 909 oxytelluride Bi,O,Te

uaﬂﬂﬂﬂﬁﬁﬂﬁfa@ﬂdu layered tellurides LU Cr,GeyTeg, Mn-doped Cr,Ge;Teg, Fe-
doped Cr,GesTes UaY In,Ge;Te, gniiansanuazaianisitannsaduiaqmesludidnasniia
Lﬁmmmm?jmmﬁmswiwa%ﬂu layered tellurides 8afuAIgLsILIULABIIGd (Van der
Waals forces) daduwusziigounin dqwa‘lﬁﬁfaﬂmjuﬁﬁm Kt 7o WuiReniu [42,47,48]

700 12000 0.9
(a) = CryGesTeg-A (b) u CryGegTeg-A B
650 4 CryGeTegP 40000 0.8 - 4 CryGeyTeg-P I
600 v Crqg4GeyTeg-A A 0.7 | ¥ Crq.94GegTeg-A J l @
550 i *  Crq gqGepTeg-P o4 {8000 — o6l * Crq gqGezTeg-P J[
- . *
. FTet i
X 500 I £ * ] E Eos} T i o
S 450 T 11 6000.= E
Zes0p iR T FITTEN a2, eyt
@ 400 7 i 3 w4000 © T LT
Pressing i N [ & 0.3 Tl
350 Dircction 5 & % i sy “‘* ammmEEEE
s00f & 257 !"!ii 1% o2r Ll AR
L e B 1 .
ihteerrt? §‘ oal afifgetvv’
250 [y et G T T W 1o - ‘é*;'.'v
200 L L 1 L N N 0.0 L2Y A A i L " 1
300 400 500 600 700 800 300 400 500 600 700 800
T (K) T (K)
(c) 40 (d)os
~ = CroGegTeg-Px CraGegTeg-A-k = CrpGegTeg-A 4 CrpGegTeg-P
X 35F
£ ® CryGepTeg-P-x, < CrpGegpTeg-A-x 05F v CrqggqGepTeg-A * Crqg4GepTeg-P I I
3.0 -A- "
E 4 Crq gqGezTeg-P-« * Crq 94GesTeg-Ax 04 —— SnSe(polycrystalline) '[ ] ] T
.*E' 25F v CrqgqGepTeg-Px, *Crq g4GegTeg-A-i, * [ — BiCuSeO(polycrystalline) ]‘ l
£ L - P S I .
% 2.0 vy . 8 $ NO3F | T T I L
¥ § Pressing I
g 15} T - L] i 8 8 3 - Direction I I .
5} AR ] e (113 S i — I
= ¢« v v 3 . » I
£ 10F <« « < —
] R 0.1}
g 0.5 . » < 4 < < .
(=i L R B I
0 L L L 1 L 1 0.0 | L L I L
300 400 500 600 700 800 300 400 500 600 700 800
T (K) T (K)

JU7 2.25 waulelenselnvesantfmesludianninues CrGe Tes waz CrigGe,Tes [42]

D. Yang wazAnig (2016) S1891unan1sanuauviinesludidannsnves CrGeTes wae
CrisaGesTes Wudnasuseneullilaseadradutu (layered structure) wazaiunsandudan-



25

wesluBlanm3nfiald Tneflen ZT 189 CryGe,Tes figauvindl 833 K windu 0.38 waz 0.33 A
memsTnautRmesludidnainiinaain (Perpendicular to the pressing direction, P) lkagauu
(along the pressing direction, A) ﬁ’uﬁﬂmmsa"ﬂﬁugﬂ Tuvauzdl f1 ZT g9gaues CrisaGesTeg
Wiy 0.45 pufieniensinautfimesludinainiidenindufienanssniusuvesioeng fs
LLamgUﬁ 2.25 [42]

X. Tang WagAMz (2017) T18MUNANNTANYINGVBITINRE Mn Wag Fe TUunudidums Cr
Tuszuulassaiandnues CrGesTes fian1smuAnAIILLLTas s e ghaund sy
(band structure) nan15AIW First principles calculations wanslmiuindinisiinnisuauiu
903805 0Wa (orbital hybridization) 5¥%313 d-orbital ¥83azaeufiliiie fu p-orbital vas
oznou Te dnalifininfiutusg1sdaiauyas density of state (DOS) sav Fermi level Faguil
2.26 (a) ugnanidamudniinindedaesn Mn fnadenafiuautfmslifinainnimaiede
57 Fe HANIMIAABIIINNSUTUABUAIIIUIULLY s vzh s en1s3esn Mn wud
power factor WfiuAuagn95m$I99 0.23 W/m-K2 1 0.57 uw/m-K? flgaumnfl 830 K dwy
$79819 CryoMng 1GesTeg (x=0.05) SfunNsAiansUsynouitidnuuzdu layered structure
walran ntiaudeusias dsmaldan ZT 989 CryoMno1GesTes AANgaainAy 0.63 7
gaunnil 830 K slauanslugy 2.26 (b) [47]

(a) (b)
0.7
Cra1Mn2xGezTes |
081 [ —x=0.05 o
—x=0.03 o
05F | wx=0.02 7 A
. pv
~o-x=0.01 o )/‘
041 | —a-x=0.00 /
./0 ‘/Q

Energy (eV)

g‘dﬁ 2.26 (a) WOUNWANU ey (b) A1 ZT ¥83 Mn-doped Cr,Ge,Tes [47]

R. Lefevre uazAmz (2017) s1891unanisinseutasfnwaudfimesludianninves
layered tellurides @195U AMTes (A = In uag Cr; M = Ge way Si) lngaisusenou In,Ge,Teg 3
lassasewandunvuseuludasa (space group: R-3:H) 7ifl lattice parameter a = 7.0863(3) A
uag ¢ = 21.206(2) A wamsnaasswuimnarsUszneuilandiduasisiniviledl InSiTes wag
Cr,SipTes fdnwaznsiduiagmesludidnninia lnedn power factor gegaindu 10 uay
107 lylW/m-K2 Iu‘llmzﬁl In,Ge,Teg hay Cr,Ge,Teg HAN power factor Wity 107 way 107
UW/m-K® gddiu AngnmidindseuvesnasusenaullAtesnin 2 W/m-K lngliaianas
U 0.35 W/m-K flgaumail 673 K d1m5U In,GesTes #agUfl 2.27 d1wsuan ZT gaandniu
CryGe,Teg WU 0.45 Aigauvindl 773 K uaz In,Ge,Teg Wiy 0.18 figauvindl 673 K [48)
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1E-3 T T T 0 o000 g ’ l ' l ’ ' V I '
o o i
@ BB TRNSY oM e = msiTe, (b)
_ . g LI * InGeTe
> iga ] . ] X 3 2720
M o s 121 2 A CrgSiTe, 1
3 A : L ° o 226
g g 1% ., V¥ g CEORT,
1E-5 - : 1 & 101 ; 1
% E‘ 1.0 = ® o ® 900 0
Ne % i A 2
f * 7% A § 0.8 - n
5 1E63 « jo° o InSiTe, T Iy
<@
é A ” i a 4 InzGezTeb 8 0.6 &] -
5 1E-7+ A CrSiTe, { 3 L
Z o © Cr,Ge,Te, ,.E_ . *
g 2 S 0.4 * il
= * o ox
1E-8 . : ; : = —_— T
300 400 500 600 700 800 300 400 500 600 700 800

Temperature (K) Temperature (K)

E‘U‘ﬁl 2.27 (a) power factor hag (b) @n1nu1A1NNTOUVDY layered tellurides AMTes (A = In
kag Cr; M = Ge wag Si) [48]

2.7 Indium tellurosilicate (InSiTes)

Indium silicon tellurium (InSiTes) L‘ﬁumiﬂizﬂauﬁagﬂuﬂﬁju derivative tellurosilicate
family 19U AlSiTes ScSiTes wag CrSiTes [49] Wudwﬁimqa%ﬁwﬁﬂL‘“ﬂuLLUU%uq (intrinsically
layered structure) WuLfgafiu @1mSuaisusgnau Indium silicon telluride (InSiTes) Uu
miﬂizﬂauﬁa%ﬂumjm M(Si or Ge)-Te #ifllaseasradunuuienazlnuea il space eroup wuu
P-3 vi58 P3 [59] JULUU XRD 984 InSiTe; meﬁ’agﬂﬁ 2.28

hEnsty[') hEasty[%]
100 100

TR Patiem: Indium Sikon Telurum, 00-047-1452

fef. Pattem: Indium Silicon Telunde, 01-079-1365

a) b)

N Y

T
& 0

’ | \ L | ) ‘ [ Il"ﬂ‘[ Jl.i_{u .

T T T T T T 0 T T T
k| 40 50 &0 0 &0 2 e 40 %0
Postion [?2Theta]

a4

Position [?2Theta]

gﬂﬁ 2.28 5UUU XRD ¥84 InSiTes M3 space group (a) P-3 uag (b) P3 @193y JCPDS nos.
47-1452 way 01-079-1365 aua1au [59].

NHANITINENURAVRY R. Lefévre uaganly (2017) 91 InSiTes Tanmauniulnilifgs

= o [ % A o P [ [~ [ % a a aa (%] a
wazdanimiiainuseunan daansdnvuznisiuiannesludidnasnia (48] degui 2.27
2819l5ARNU A1NN1INTIVEDULBNANTINUITENEIULT WUITNITINUINUKNANITEWATIEALAY
AATIEVAUSNYULLANIZDY InSiTes Aputeos Inganizag1adadaliinissenuraandfinig
Iifuasimesiudidnasnuinin lneangedrsdsnsimuantfmesiudidanasnaienisdess
WiaUSulasuAunuLuurasnInsdnliin Tnenisidenesanesaluansusenau InSiTes (P-

doped InSiTes) lngaranisitneanssaazarursadnluunuinludunusvesdanou (Sisites)
Melulasaas1amanvead InSiTe,



unil 3

A5 HUN1SIVY

mAfeililunsduaneit InsiTe, ifnsFefeneanasa (P-doped InSiTes) FreUiAsen
Tnmssmudnsdunanvosasiaiuluniuigungias snislinseging fugiuine,
Usingnisalgead (Hall Effect) wazaudiniaimesludiann3inyes P-doped InSiTes lu
edunideiuistuneunsiiuniisvesnidu 3 duneudsl

1. M3duATIE P-doped InSiTes

2. MeIELTuIY P-doped InSiTes dwsulmneviaudiniaumesludianasn

3. ipdesilonazmainn Az

3.1 15895129 P-doped InSiTe;

3.1.1 @19.Adl

1)
2)
3)
4)
5)
6)
7)
8)
9)

a Lauaﬂnim

Fanau (Si chunks) nsaansiesatiilg

dupeumaglan (In,Tes chunks, 5N)

wagLdea (Te chunks, 5N)

Woawoasa (P chunks, 4N)

aenAIBnG (quartz tube)

nsalumsn (HNOs) 1N3ALATIEI (analytical grade) USEM RCI Labscan
LON1UBA mmu’%qwé 95% U3¥W RCl Labscan

08dlnu ATIMUTAVS 98% U3 RCI Labscan

Wesdin (crucible)

10) wieadeans (weight balance)

11) Asnuaals (milling tools)

12) Arc melting (DIAVAC Limited, Japan)
13) wnuH1guunien (furnace)

3.1.2 YUABUNISTAWATIZH

1)

2)

3)
4)

N1 8Y SigoPos LAEHANTANDUKALNEENBSANIUTNIT1EIULAYDERDY
(atomic ratio) @4 Si:P = 9:1

idunan SiP 1viinis arc melting meldanizusseniatigersnew audu
{awieaitu deiedos Arc melting 184 DIAVAC Limited Usswetu
FnsURALLBEANARAL SigsPor TIkSINNNSY arc melting
YaSHafuURInNA Ao Si chunk, In,Tes chunk, Te chunk &ag SigoPg 1 M1
SnsdunaNsat INSi,P.Tes (x = 0, 0.02, 0.04, 0.06 waz 0.1) ldlurasnniond
(quartz tube) ¥inmsgaenienslunaennlendlieg eldanizgayayiniady
e 15 uit ndsnduimaiasindeaimieu (torch) mg‘dw 3.1
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VACUUM =~
(a) v (b)
1 ;
< > &= TORCH

—y 5

.

JUT 3.1 MmawSeuansasiuluasaaendneuiildujiselaensdumim

5) dvaeamendiiusigdiunautesasnaiunazyiinislanindeuieslusi
Uisonlaemsslummigamail 1173 K Tnefidnsinsifiugamail 5°C/undt 14
wanlunsviuisen 3 Ju

6) MA9AINATULIAT 3 FU ¥I1N1S quenching viaamﬂfaamsﬁﬁmi@ﬁ'saéwiuﬁaﬁﬂLL%@
Wieliimeeafuegmniuiiemuauimares InSiTes Wuiqns

7 dwanseifldnnmsduaset avhmsualiidunsesden vhnsiesgia
Fea3es XRD

3.2 NNSMSEUTUINU InSiTe; dMMSUIATITHaNTANIMBSLUBLANASA
3.2.1 a1swadl Jaquazaunsal
1) usdiissiunslue (graphite die) BuaduR1gUENa1 10 mm (5U 3.2)

S Sy
.

JUN 3.2 fegausifinsniunstng (graphite die) vu1msi1ag
2)  wHuunslWg (graphite sheet) #u1 0.2 mm
3)  Mwe1sneu (Argon gas)
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4) wReadn3ou (hot pressing) Faguil 3.3

SUT 3.3 1ed0sdnFeu (hot pressing)

3.2.2 YUABUNISHHITUTUU InSiy P, Tes (x = 0, 0.02, 0.04, 0.06 waz 0.1)
D wdusnsiiduudugunsanssvenudtaeadilulutesinevasudfium

wnsldvwindurigugnats 10 mm

2)  UkgazLBuANAnN U InSi,P.Tes (x = 0, 0.02, 0.04, 0.06 kay 0.1) Ynifn
Uszanas 8 ¢ ldadluuwsifiuriunsing wieuusenauuvada (punch) Aduuuuas
AUA9YDIRURLTLAS NG é’mamﬂugﬂﬁ 3.4

Upper punch

Graphite die
Graphite die

Lower punch

JUN 3.4 lnezunsunsusenauuaifiuriunsluditoTuguduau InSi.P.Tes (x = 0, 0.02, 0.04,

0.06 tay 0.1)
3) NN TIANTINSUTIINIELLBER InSii,P,Tes (x = 0, 0.02, 0.04, 0.06 uaz

0.1) MUSYALBUAIUTD 2 [WIASTIDASDY
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4) hnswain (sintering) figaumgil 823 K 1flutian 120 undl Msusedulunis
iln (sintering pressure) Wiy 40 MPa nelAdn1zusIuINIAURILAde1InoU
laezunsunsniingionissndouuanslusud 3.5 Sadunszurumsiwadali
nazBemnareifuiuau (bulk sample) nssnszueniifidurigudnais 10 mm

G 15 mm

Upper punch

Graphite die
Graphite die

Lower punch

'
Y

U7 3.5 lnezunsuvaizrnniinusasBonlilugunuifidnagvsinsyuen

<& A

5 deowiatuneunisiniinudivassliiungumnglives uaztnduaiuesnain
wifiariunslnddauanslugun 3.6

Upper punch

Graphite die
Graphite die

Lower punch

JU7 3.6 laazunsunisdiyuauesnanuaifissiunslid

6)  WITUIU INSiPeTes (x = 0, 0.02, 0.04, 0.06 K@z 0.1) NAINAITEINTNLY
nrsdanursdlulmdunsuuig (disk) nseanaufiiainumun 1 mm $1u9u 3
M0819 LAENTINTEUBNTIHAINEY 12 mm 1uIU 1 f8e9 fagui 3.7
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« Mo

UTl 3.7 3usU InSip P, Tes (x = 0, 0.02, 0.04, 0.06 waz 0.1) Alaann1sensou

7) ﬁwmﬁmmmgw%amwwmuazLéfumquéﬂmwaqéhasm%umu Samfunds
i e lUf AL a9 g (Clexp)

8) YFusunsuUI (disk) nsenaufifinanunun 1 mm TWimszsiassmadia
XRD wag13ukuy XRD lUAasgvisiufiumaila Rietveld refinement fag
TUsknsy FullProf [60] Lﬁlaﬁﬁu’smm lattice parameters U84 InSiy P, Tes (x =
0, 0.02, 0.04, 0.06 iLaz 0.1)

9) ﬁﬂ%umuﬁﬁgﬂé’wmsL“T;Jumqﬂizuaﬂﬁﬁmmqwizmm 10-12 mm 117IAAN
anminumulniuarduUssansaiundieinies ZEM 1 ULVAC meldussennie
vosdidon Tutiagamgll 323 - 723 Kwailduidiuiae power factor

(UW/m-K?) p1uasnnsil 3.1
2

Power factor = S— (3.1)
Yo

Toefi S = &uUszAnsTiua (Seebec coefficient), LV/K
p = aannaunulin (electrical resistivity), Q-cm
10) thunuiiduwiuumssanfidanumn 1 mm svhmsiaannungaiiy
Fou (thermal diffusivity) Tugae 323 - 723 K FreuA309 Laser flash thermal
constant analyzer (TC-7000 ULVAC mel@antizasyainie
11) AMUINENINUIAIILTDUIINNANITIAAIENINUNTAINTOU VO InSi P, Tes (x =
0, 0.02, 0.04, 0.06 ua 0.1) FEauN1ST 3.2-3.4

K= ade (3.2)
m
d=—
Y; (3.3)
Cp=3ZR (3.9)
efl & = anwdianudeu, WAm-K)
a = @ANNWNIANSeU (thermal diffusivity), m?/s
d = ANURUILUUYIAIRYN, ke/m’
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= FANANANTEU (heat capacity : Cp), J/(kg.K)
ﬁmﬁfﬂmaa@]’aas}wa, kg

= USUnsveeiiegny, m’

= dunuvesesnenlumiegmsluianadetmiinluana (mol/g)

N < 3O
I

ﬁi'lmﬁmaﬁ’lsd (gas constant), J/(K-mol)

12) AulmIAT dimensionless figure of merit (ZT) 21nANNEURUSYDIAEATN
Frunulaiin duUsEAVETUA wasan MEANLSeUYRITUIIY INSiLP, Tes (x =
0, 0.02, 0.04, 0.06 Wag 0.1) ﬁqmwgﬁﬁuﬂ Tuting 323 - 723 K faamnnsi 3.5

ST

PK

)
1l

T = (3.5)

3.3 Asesdauaswmaliannsasnzi
3.3.1 mMsAseiaematiansifeauuvesssddng (X-ray Diffractrometer, XRD)
wada XRD Wuwmaliafitinfeddndfanuenaauasiaimnids unlddmsisinma
a o a ¢ Ao Y ! o a a 1Y) v =
Yosansminliesgivisemansuseneuniegluiieda iemsgazideaneinulaseadawan
(crystal structure) vosa5faeg19ud 1t lUSsuinuiugIudayauInsgiu JCPDS (Joint
Committee on Powder Diffraction Standard) wanainiwmaila XRD 1umasiafilivinareans
fwe19 (Non-destructive method) 8naae
wann1swaziIsn1siaszivannaiia XRD ldauaudinisdeiuusidiandlu
lassasrendn Fuduluauaunisveawusnd (Bragg’s Law) dauandlugud 3.8 wiatia XRD 016
[} 1 v a @ ¢ ala A a 1 1 =
NanN15U09N15UaRESEDNINTAMNEMIAAUNWLINEY (A) waznsiuarmnuenaulinsenu
Fuaw udwihbiinnsdeuuresssddndnyusiiegiulaednia (detector) iudisudoya 39
$9ddngnlaannsideuudusadiusenaumesaddndnnsziasanee AN IUIULINLAILN
FAULVULETUAU

!

| / d( hkl )

/

EU 3 8 19]8‘“LLﬂﬁJﬂ'ﬁLaﬁnLUU%@QN&L@?’]%@’]M’]{]%@QLL‘Uiﬂﬂ Bragg’s Law)

NJUT 3.8 aunsndeunnuduiusves path difference veansideauussdondlailu

O = HO+OK=2d(hkl)sin @ (3.6)
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938G 191NN ITI ALV UVDINIEDITEUIUR TN AN TIAY i lmARNISTIAIBUULESUAY A
selle path difference HuuAWIAUTIIUALYIIVDIANETIAAY A MUANNNITNYTBILUINA

2d(hkl)sin@ =nA (3.7)

Tnen

1, 2, 3,

- ANENIAALTIsiEEng, A ves CuKq radiation = 0.154056 nm
SLYTWNTENTNTEUTUREN

= yuRNNsENUTesIdidndiussuundn

SNSRI
I

v
= &1 A

dun1s 3.7 Aengueawusnd asuieledn nsidsuuiiddndinedunselon1ves

De

A, O uaz A Avilaunisiiluass diedn n = 1,2, 3. lneyy O Addeulunisideaiuu

N o o |

= ! '3 1 [ o v & = s &
bIYNTIT HULUINN (Bragg angle) LagAT N WUUAIAUNITIAEILUU VIYULUINAVIANNEATINIUA

9
(%
Gl =

Ap W8 A ﬁﬁmumlﬁﬁjuagmﬁiﬁmngmwué’wé’uﬁ 1(n = 1) lngyuannssnunsoyuie Uy
(0 vessdidng tuiuegfuasdusznauuarlnsiaiisuesarsifieglusiegns douaiildsui
annsavsvenvinvesasuszneuiislogluasiedsuazamnsadmnldlddnvineaziBon
Aeaffulassaiisomdnvesansiagietugld uenanitoyafilddiamsatumuiinues
ansUszneuusiazadnluansiedny Usinamnudundn wunnvewdn anuauysalvemdn waz

AMULAY VasaNsUTENaUlUA1SAI9819 DnaP LY RALlADNARe

35U 3.9 (a) XRD holder uag (b) 1A509 XRD U D8 Advance U3¥w Bruker (n1A315563en
ANEINY ARSI INeSeLTe )

Y v (%
v AaA v

BasildmuadmvmAdeiidussumsiesgidswasBondel thfogiams
La¥BLIL CAO Infinuu XRD holder (a3 3.9a) Tnsanmillilunisiisgiidie 1 183 CuKa=
0.154056 nm sl 26 Kaud 10-100 83 1Hnsmsuanu 0.04°/Aundt Tasldiades Xray
Powder Diffractometer ¥83U3%W Bruker 1 D8 Advance (U7 3.9b) n&s1nldnaiiasizs
uéh thunwSeudisuiugudeya JCPDS Wedsevimnia mlassaiawdnsioly
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3.3.2 N331A5123ULUU XRD femaila Rietveld refinement
N33LASIEY Rietveld refinement 1Wun15Ma1sauzukuu XRD Alda1nnn53Asen

(%
1% o v

MgLATeY XRD W lSeuiiguiunisitassanalasasisiivuaduuuiugueean1svingiu

=

foyaildainmananssanldlunadiaesiifinindofiouarsousuld mslinseidgnand
wazsiaualae Dr. Hugo Rietveld Tnildnd daurdnsadansiy 1966 Wuduun [60] nasinnns
AATIEvicenAtla Rietveld refinement vilvitnideiinlalassasavesiaguazvaiunsausulys
audAvesian Fudunainsgimegunin egrslsfinmunisiieseisomaiadinsiuiwa
AnseidsUiinm fevilimsudnmdiuvensansiiiiundn (Crystal phase) wazodngnu
(amorphous phase) finausiuiulugiegednge wdnnsves Rietveld refinement T4n15vi
Msmanuduiusfimunzaniudeya (fitting) Aiflauiiawaiatiosiign H1w3s nonlinear leat-
squarea method saaunisf 3.8 Taglsien k) fie Anaduarsimtnuesnuuans1ening
@94 (sum of weighted squares of residuals) Iﬁﬁﬁi’]ﬁaﬂﬁqﬂumiﬁ?mi refining ©39A15YI
refinement AfiATn1sn1sSraeriulinnatininlndidssiuteyailsninnimeassunniian i

wandluguil 3.10 [60,61]

N
S(x)= _lei [yi - i (0P (3.8)
i=
dlo i = the step number,
N = the total number of data points,
Vi = the observed intensity,
w; = the statistical weight based on counting statistic (1/y),

f{x) = the calculated intensity at a diffraction angle of 26

ste)= > mbs -1

bserved background removed pattern
S

Intensity (a.u.)

Yi A l

Calculated pattern

fi(x)
S(x) Difference pattern
A S RS

20 (degree)

Ul 3.10 MTAevishemada Rietveld refinement
117: http://www.xrd.us/services/quantificatin.htm
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Id . o [} o P a v a I
Weawwes f(x) 10u model function d1mfun1svilvirianuianatntosNganu
least squares method (non-linear) Inetdu model function vesAuduAlAaINATATUI
(calculated intensity) laawnau f(x) Usenaun18nasineee Bragg reflection AU Background

intensity Faaun1si 3.9 [61]

fi () = SR (6;) A(6;)D(6; )%mKlF ()P LGk )G (A6 ) + Y (261) (3.9)
e flx) = calculated intensity at the i step

s = scale factor for the particular phase

Si(@) = correction factor for surface roughness

A(@) = absorption factor (transmission coefficient)

D(6) = correction for the constant irradiation width

K = reflection number

mg = multiplicity

F(hy) = structure factor

hg = reflection indices (hkl) for a Bragg reflection

Py = correction factor for preferred orientation

L(6) = Lorentz and polarization factor (neutron diffraction)

6 = Bragg angle

G(A26) = G20 — 26, = profile shape function
vi(26) = background correction a the i step

(%

naunsT 3.9 FuUsiidrennudueinisnsziesaddng (diffraction intensity)

vaneiulsfimsiansansywinensy Rietveld refinement §aii

1) Scale factor Guaau,m'azLWaﬁmaMﬁuagﬂuﬁaaéN

2) Absorption factor

3) Multiplicity

4) Structure factors (Form factors)

5) A Lorentz-Polarization factor

6) Temperature factor or atomic displacement

7) Preferred orientation (texture)

8) Problems: extinctions, absorption, contrast, graininess, sample volume, beam

size, inhomogeneity uazdu

A1ANNUTBREVIRYBNTU (Reliability indices) Yoetayanlanannnisvi1 Rietvled

refinement 97311AMNEIAYLNONINTUIANUILTDD0VBIULAATIADIILAI UKL AL
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ganeuazianugnassnnieaiiiedla lnsmanuigeteasiidteengavinnaunsavinnig

[

refinement e lasflognateAinisiuiarAnvailgnuanaynaseaninisyii refinement 3

v

= &
JYavtayn AU

1)Profile factor (R-patten) A1 R, \ufildainauuansisseninsdoyailaain

N1INARDILAZNITATUIU

N
2 wily; - i (x)]
R i=1

p= \/y—l (3.10)

N
2 Yi
i-1

o

2) Weighted profile factor (R-weighted pattern) @1 R, Jueniidedndaud Aty

11A1591 refinement gnin99aveIdoyaNilnIUdNgs (intense peak) warA1AIHAILLTNAT

Y
4 a

(background) lagilgsiiatieeded Inevluuainisiiaisinia 10
1

" 1
_%Wi [yi - fi (0P | *

(3.11)

R , W|:

1
* Wi

N
> w2
i-1

3) Expected Weighted profile Factor (R-expected) AN Rey, Juendilgainuszdiv

dasunIuveslayafiu (noise of the data) In8fnA1 R, fiFtosuansinanyafuilasinauning

2
N-P
. (3.12)

Rexp = Wi =

L
yi

2 Wi Vi
i1

dle N = number of points (Observations)

o
1l

number of parameters (Adjusted parameters)

8) Goodness of fit (S or GOF) laetudnsdIusening R,y Re, Wetndlen S tee

al

1 —— a a a £% 1 | a
Wana313nns fitting 1A AanuRana1nvesliaaiies (model eror) ey lagAmanguuseaiu

1.35 [61] uddAn S flAendn 1.00 uansinsinnuianainlunisyin Rietveld refinement
1
N 2
R S wily; — fi (0
S = Wp = I:l s WI =

1
Rexp N-P Jvi

(3.13)

5) Reduced chi-square (32 \fluenfith Goodness of fit snenfdseaes
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2
ZVZ{RW"} =s? (3.14)

Tnensisuiisuresnssuiunsismueildfiarsanandr R e B waniensdien
tfow drunanwveinszuunIhasslasiaisdnlngfinnsanan R,, irsiadini 10
way y dansfienegsening 1 - 1.5 feflarfidanugndosusugias uwithdiddenndt 1
yangamiiu1sdsianaaly

TusuddeiinisldTusunsy Fullprof [60] TunsiasgsisUiuy XRD drenada
Rietveld refinement Ingvthsnswedlusunsuuanssaguil 3.1

5% FullProf Suite ToolBar = (m) X

File Programs Settings FP Dimensions Run a Script  Edit Results Help

B 7 5959 kel e e Bl oty 225 ) O Y 56 B ) 3R W

=8
Working Directory: c:\FullProf_Suite\Examples\ Code File: Type: Date: 02/12/2017
T Editor of PCR Files = X
File Editor Tools Templates Help Exit
EN i a & & Il "”@ L
180 & 2 & M 2 8 2% @ X

Information
Title, type of job: Rietveld, Integrated Intensities,
Simulated Annealing, ...
Type of Pattems, profile, background, diffraction Pattemns
geometry, user-given scattering factors
Phase name, type of calculations (JBT), ATZ, Phases
contribution to patterns, symmetry, ...
Number of cycles, relaxation factors, access to Refinement
pattemns and phases (atoms and profile] Gl s

4 Constraints definitions, adding, deleting, Constraints

0\ modifying..

8 Fixing range of parameters, distances, angles, Box/Restraints
magnetic moments and linear restraints
17 21 25 29 33 3 41 45 49
2009 Output options for pattemns and phases: Output

Reflection lists, Fourier, distances, BVS...

Copyright (c) 2002-2005. JGP - JRC

D:\SERT NU\Research Grants\MRG\MRG 2559\InSiTe3\XRD\Fullprof-InSiTe3\InSi(P)Te3\InSi(P! Profiles: 1 |Phases: 3 | 2/12/2017 | 0:27:31

g‘dﬁ 3.11 wehenslusunsy Fullprof [60]

a [$% a 14 '3 1 .
3.3.3 MTIATILRIEWAlANADIRanIIAlLUUHaINIIA (Scanning Electron
Microscope, SEM)
19 fa & ] o v f Ay Ya & &
Na89anssANBLEaNATOULULARINTIA (SEM) 1Tunaesqanssaunlydiannseu 1lu
waanufiauaa laedl electron gun yutininanadidnnseu SEM Wuinsesilenld@nwndnuus
dugruveaianlusziugania Judusivazideaianuin wazldnimdu 3 86 wazidlasain

¥ o

18911V DINADI9aNTIAUKUULEAINTANEIARUREITLIA N NI NYUEdUgINUIETaT

U =

AeanN13fnT wazfdenuaInnsalunIsuendnveInded YansamlLuulassssuaniae 1y

[ 3

Tagiangauseunas 0.2 um waglvinndsveegeaaladiiy 3,000 win Feldarunsansisasy
suaziBoavesingiidvuradnunnindly ilkianudnduesedeidoddndesgansami
Bidnaseuniiindsveiegs danuannsalumsuendainnnit wazfidunanenuezidaszes
(spatial resolution) g4 domndanuenandudy ietelumsinseidnuvardugiuvesian
lagndedganssAudianasousuudeinsindiidsvetsuinnda 3,000 11 audeseiu
1111797 100,000 191 LAFANNIALINUAITIBARIBBATEINM TeTuRUSnurFIagndlH

o

Aael 3 89 100 nm 9neSeaN Tl UTIWAUMATANITILASIZNOU 19U Energy Dispersive
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Spectrometry (EDS) Wi@3AT111@7UUsENa VRIS WLAT AMUINEINTIUSIIULAENITNTE
Fuees79lusiIeE13uaz Wavelength Dispersive Spectrometry (WDS) Mludayaniaail Javinlv
napanssAuddnasauuudeanauiteyldivegranisvnsudagiu [62,63]

electron gun

yacuum ppe ~ electron beam

condenser lens
scanning coils

objective lens

specimen stage

detecter
chamber

U7 3.12 dalsenaundesganssaudianaseuwuudensin (SEM) [62]

wEnMITUTeIndes SEM tnedaauiie anglupeduil (column) veussasdiunassuie
3udnmsau (electron gun) ¥annvnalnTisawmudsiminivanuassdidnnsousena (primary
electron) IﬂsmmsamuﬂuﬂimmmiﬂamﬂaasJaLaﬂmaumaﬂﬂﬁw%mam (hlgh voltage) way
THaudusivanludi (electromagnetic lens) T,V\IﬂaimLaﬂmauuumﬂﬂimwumuuauaaqfmm
TWuuinwessedhs uazileddnasounnnssnuiuausedeiinisiindunsnien (interaction)
se1i19BI8nnseuRURTuIUlEMa18UTEN1S 19U Back scattered electron, Secondary
electron, Characteristic X-rays uazdue 1udu Fyayramwuusng 4 AAnTunusunsiser T
ﬂzLﬂuﬁmmﬂmaﬂﬂﬁLé‘ﬂmaﬂwﬁumuﬁwq@aaﬂm (secondary electron) BLdnaseuiinszaou
nN&u (back scattered electron) %30 x-ray deysy1auusiazyiingniualeiivin (detector) uazuua
natdudeyey sl LLasLLUaLfJumWIuﬁqm duUszNoUIBINaDY SEM LLaméﬁgUﬁ 3.12 oy
n&oe SEM Aildlusuide LLam\‘lG‘f\‘IgUﬁ 3.13 M@ Field emission-scanning electron microscope
(FESEM, JSM-6335F) w4u3%% JEOL AAnda o AudUINITIneImansuazinalulad Aus
WernEns uvimviedumesll (Fv-u.)

sUfl 3.13 Field emission-scanning electron microscope (FESEM, JSM-6335F) 493u3un JEOL

Y
'

ﬁﬁmiaﬂﬁwm Energy Dispersive Spectrometry (EDS)
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3.3.4 m3¥adanmiunmulwiiuasduussanidiuagieinie ULVAC ZEM-1

nMsfnAdulsravstiuanazanimduniuliiiidieinies ULVAC ZEM-1 vo4
U3t ULVAC-RIKO Uszimadiyu Hugunsnifianunsatndduussnidiuauazanindiuniu
nlfhwfeutursassalunanieatu suguuadfidinualinielfanmuindouesiedidon
(Helium atmosphere) lngaunsaingungiiangumngiviesautiagungil 800°C N13fvuAs?
wsuaznsdanulunsingnauausnelsunsuriuszuunonfiumes delnsimuanisinlag
SaluiAdomnuuaninwesumgiluuiazgamadaudiszyld wagiinsimuanssuaninonty
Fusulnevialuszanas 100 mA gﬂ‘ﬁ 3.14 uandlaszunsuvea3esilo ULVAC ZEM-1 LLasg‘Uﬁ
3.15 uanaedesiioTnaranminunulifiuazaduuszansaiun fu ULVAC ZEM-1 vesuddv
ULVAC-RIKO Usginadjtu

Heating Furnace

AAN'Y

Upper Block

Constant current
Power supply

Temperature Difference Setting Heater

Lower Block

AAN'Y

Ni Soaking Cover

JUN 3.14 lnezunsuveuniesile ULVAC ZEM-1 dwiuldlumsindianinduniulniiuaze
dulszanstuaneldussennmievesingdidey

Aranmgrunuliiinvesiusiugnind1e3s 4 amnsgiu (standard four probe
method) Tnefinslnssualniinfineivaas sirvesiegsisdavunazdnans Tnenseuadily
Useanad 100 mA wdainnnsiaAanusedndfianasvindu dv Adiundsisaesveamedlu-
AuLla (thermocouple) TngaansaAnalaainaunis

VSampIe
PSample = Voo X RRef L
Ref Sample

ASampIe
T (3.15)

Tned) DPsample = @nNEUULNTAN (electrical resistivity), Q-m
Vample = AIMUANANIVDIFI0879 (voltage between two probes), V
Vier ANUANGFNED19D (voltage dropped across the standard resistor), V
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Rpef AMUAUNIUDN9DY (standard resistor), O
Asample = NUNMINFNY0MI19819TUINY (cross section of the sample), m?
syoyvnsveamesiuAuLla (distance between two thermocouples), m

LSample

dmfumsiaAnduuseansdiua 1389 ULVAC ZEM-1 ansnsadnlanausanmall 25-800°C agn
duUsgdndfiuamuIuINaNNTS

§ - il (3.16)
T -TL
Tnefl S _ duUsvavisaiun, V/K
Voample = ANUANANGTDI670879 (voltage between two probes), V
T = gumgiduysaivesiadiuiou, K
T, = guugiduysaivesindiubu, K

SUT 3.15 in3esilednanminumuluiiuas duusyavstiun ULVAC ZEM-1 U39 ULVAC-RIKO
ﬂi%L“Vlﬂiﬁ‘l!u (Yamanaka Lab, Osaka university, Japan)

3.3.5 n15InautananIudoudieia3as Thermal-constantan Analyzer
nyinautinsenudeurestununsanmesludidnainuaztagduq anmnsoiald
Tneinaila Laser flash thermal diffusivity (LFTD) Wumadaidesldfuluiiagiudmiunisine
nsunsAueu (thermal diffusivity, @) vestunuigamgiiganitgungiives lnozunsuvos
dudsznavdmiuieiesiio LFTD uansdasuil 3.16 Tnsfegnstuaufivhunldindosdvuin
durhgudnanannnitATamuIresiuy Unidiegaiitanldiafivuadusingunais 1.cm



a1
vuUsEaa 0.1 cm Mngunthdunuildegnivaawesuuugnaau (pulse) neluailaiiv
seauliadiung (millisecond) UNNNARTURSA T UYTONTNTUNUMUYINYNATITUGUNYE]
Melguaidunssa (infrared sensor)

Vacuum Heating furnace InSb
chamber infrared
m sensor
5.
2| |«

<

TMP

PC

increased temperature

0 1‘% Zty fime (msec)

TC 7000

UM 3.16 laerunsudIuUsznouveslAInd Thermal-constantan Analyzer §u TC 7000
USEMENGR ULVAC-RIKO UseinadjUu (Yamanaka Lab, Osaka university, Japan)

Tuaddedl TnslaAT09lad1 s UN1TIAAINISENSANNSDUMIEIT Laser flash Tu
ANNZAYINIE PELATOY Thermal-constantan Analyzer U TC 7000 UTEMENAR ULVAC-RIKO

qvu
=

Ummmﬂu LLﬁﬂﬂI‘LITU‘Vl 3.16 Maﬂﬂ’]i‘ﬂﬁﬂ’]u%aﬂmiaﬂﬂ@ msmmsamLaammsauuumwm

o

mwawaﬂmamwmmﬂimumwmaumﬂmimmaLLaaLaL%aswmmwumawmm midn
Qmmﬁwmﬂmwmmmﬁqwu ummﬂuuqmmﬁamawumqmmﬁLmﬂuqmmﬁwm Feuna

a

naesldluduiudinisunsaufeudunaifdiuniiasimilavesfingumgligeganini v,

Y 9
[

AUNRIVDITUNU T1H t1, gnldlumsiuinmanisunsausounuaunisil

1.3702 (517)
== 3.17
0?04z
a7l a = MsuwIAuseau (thermal diffusivity), m?/s
B = AMUNUIVDITUMIUAIDY, m
t, = Landmundiasmidvesgungiiadan, s

ANSAIUIUAIAMUNUILUUAINITOAIUIULA NN IAUININUDIAI9819115A28
USUINTUBIEI5AI9879 LagUSUIMTUDIAITAIDEIIAIUIUIINNITIAVUIAYDIAIDE19TUIIU
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%

dmfuiedsiunuilduwiduiosansadiunuinesangns niexe1axags Wudu
Cp amnsaUszanmudilannliuinaues Dulong-Petit n1uaLnIT 3.4 ﬁﬂ%%ﬁﬂiﬂjﬁammﬁﬁ
vhnsfinwnileganingaumgll Debye (Debye temperature) Yosuy uazdmiunsdifigamgl
vosn1sAnwIsiAiInI1gangil Debye vastusuiiogne A1 G, musadwanldainngves 7
Debye (7° law of Debye)

AN

3.3.6 N15IATIZAANURUILULVBINIMU WA LAZENTWARBIRIVBINIME
yann1svesUsIngnseseaane Wethusudthusiinszualnisiulunedily
Udnnfiilaunuuwsivan wivgfiiuse (charge carriers) Tudnhanunsauuluanuuamafisled
warnauuitnavhlmAnaualvinlusilufesanfuinssualnihuazauuusingn Bms
Foanumuiniuvesnmzt i uazanmagesivesmnimeesiiegne lnsvialuliisnisia
Usmgmsaﬁaaaa’ (Hall effect measurement) #1u35015989 Van der Pauw method [64,65]
fauandlugud 3.17 uamamsifinusingnsaleeadsuiuiBnisinues Van der Pauw

I Electron Flow
(@) (b)

@
35U 3.17 msiiausngainiseead (Hall effect) wagn13m3393aMeds Van der Pauw method

iy https://en.wikipedia.org/wiki/Van_der Pauw_method

(@) nszudlud () nashutunudsehsanduntlugunds

(b) fBdnaseundeuiiluficniemsstiuiunssualnin () Mneundsnduni

(© ileldauuwimdnlufianiaaingiuanduuurestusiuiiegis vilrdususugn
nsevhAUBEnmseu dwalididnnseudoauulUasanfivoudusugiuum

(d) devanly Bdnmseugnudnlufivoudurnvestuau vaefiveududeduussy
vanvelsaifusunuinniduiy fefunsiifvseqliihisssinfuiidieududie
wazvn dwwaliminaunulnin (electric field) Tuirmsaingralian wagdinisinainu
pefnggeadsiualy (Hall voltage)
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anusnsdndsead mnfegralutagieintedad ysuenfanneidanumuiuiin
folen lvdauanvesundadngluvhnsadnlileandouiianndigluin Aewedeudidam
Bidnasoutimes lumamsatududmiuTanissuheiadu wmsilwihisinfedidnaseu
feu dravvesuvasingluivhnsmdndulididnnsewedouiinnduinegluduen wiedy
nsndeuiivesdidnaseutmlea

Tausngnsaiaeas (Hall effect measurement) {1135n15984 Van der Pauw method
THiegnstuauiiidnuasduuiuuns lifigngu wwiafuauuszaia ~8 X 8 mm? v ~1
mm Falnsu (probe) fivhmsliasgiihmadondfugiogiats 4 33 vostunuiogafiiu
sepduiialesiniin (ohmic contact) Faduduvinumihduiaszindtanasisinhivlavei
wanannAnssuresnszuailnanuiuussfuanasexludnunzaumnsuasiudady Taevhly
nsasada il Tanansisfaidenhlivindutaseninadalwilfutanansissadudu
anwazvadlevuin Awandugy 3.18

@

Py 7 Coordinate
H 24P System

I

Vi

JUN 3.18 (2) MNNSAARITIIINTUNS 4 43 VUTUUY Uag (b) AI8819939Uaailnguns 4 3ud
Dusesseuuulovufindmsuinsgiusngniseeaa

n1sAuIMAIEN AUl (0) ke aninanuiunIuluasslfviouly (sheet
resistance, Repeer) MANFUNTT

7Z'L3 Ra + Rb
=—=_<2 " F
P10 2 (3.18)
L1
Yol
Rsheet = 1. (3.19)
3

dlo Ls AUNLNYDIT LT IBE1 (sample thickness)

Ry A% Ry = ANRABT0IANNAIUNILTATRuvlinseuiy (averages of the opposite
side resistances)

F

TneAn F aasaAuanlaanaunis 3.20

balance factor



sinh| fratio ~1N 2] _ lexp(ln—zj,o <F<1 (3.20)
latio —1F 2 F )

Lﬁa Iatio = | Ra/Rb |
fatiu duUsyanSanaa (Hall coefficient, Ry) @1unsaulnlaaInaun1si 3.21 As

L3 VH L3 RC + Rd
R = = — | ——]
H=B 0, "B 2 (3.21)
Mo vy = APNNRNANdgeaaNInlaanAeg19ueu (measured Hall voltage)
B = ANUNAUINLILMEN AT 8TENIeNTIASIEN (applied magnetic field)
I = nszwabun

a4

R. W@y Ry= ANARUANINAIUNIUTDAS YDILAAAANIINISINaUINTELa bNTN

(averages of the Hall resistances for each electric current direction)

TnoAduuszanseead (R, WWuafildainnisiaiesdodiasiziusingnisalgead deiuvinli

ANUITOAIUIRIAIAIUAUILUUYDINIULUAH (ny) WAZENINARDIRIVDININE (L4) VOI

F9819kANANNTT 3.22 way 3.23 LagRasabia1susenau InSiTes Tuauidedill electronic

state tWuwuy single-band picture

1
NH = Ry (3.22)
bbele
R
up =—+ (3.23)
Y2,

o e = elementary electric charge (1.6021766208(98)x10™** C)

lusnideillaldasesdienldiinmeriusingnisalsead degui 3.19 1aginnsiasIend

a v = 1 1 < a v
amazqmmwmLLazumimaaumLmeaﬂ‘wmmmu 05T

JUM 3.19 wAseaiialinsiznusingnisalaead (Hall effect measurement) ¥@s Toyo Resitest

8300, Japan
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NANIINAADLAZN1TDAUIIYNANITNAADY

TuuniinamdsseaziBuananisnaasiuazniseAusenanisnaaes dslseneuludonanis
Taszine dugnuinet wazantinianesludiann3nvesdied1d InSipPTes (x = 0, 0.02,
0.04, 0.06 Uz 0.1) HaN1sMAaeIRldIINNsRassluLiaziuney ausalns LAz
naldmuansy sl

4.1 NSAATISINEVDY InSizPyTes (x = 0, 0.02, 0.04, 0.06 waz 0.1)

U 4.1 uandlassadandnees InsiTes fidnassduniugudoya JCPDS database Law
047-1452 fflassadrandnuvuieneglnuea (@ = b = 7.0411 A, c = 7.1001 A, @ = 8= 90°,
- 120°) ua¥ space group WUU P-3 (147) [59] wuinlassadiadn InsiTe; fdnmnsduwuutug
(intrinsically layered structure) AI3LLWILAY 7 Inefiussiintugdl si—Te bonding, Al—Te
antibonding wag Si—Si non-bounding WwuLReiuAU AlSiTes, ScSiTes and CrSiTes [49] lnaus
axdunelulassadrandn (ayered tellurides) Snmieafusiousaiumnosnad (Van der Waals
forces) Buduiusyiigeunin [40-42]

JUN 4.1 Inseasnan@nvad InSiTes

JUM 4.2 uaneguiuy XRD ¥09/18819 InSii P Tes (x = 0, 0.02, 0.04, 0.06 wag 0.1) Aila
INMTEAToU MNFULUY XRD vewnieduilinanaennnesiulaseainaves InSiTes [59] N3
Wasgreanadaauds 10% Tu InSiPTes (x = 0, 0.02, 0.04, 0.06 uag 0.1) Lifinansenulv
lassasnamdnues InSiTes Wasuudadly egralsinng dregreiilifinisideneanssa (x = 0)

| A . a A & v A o I da a Y] |
wuindimlaves Si;Tes WoluagUsunuanioy Tuvaeidiegraniinisiesinweanesalydima
Si;Tes Waly wansyinsiiesgreansdadly InSiTe; vilvAanisdudanisiiaima Si;Tes wagil
Halviiinua InSiTes NdlauuIgvsuaziaios U 4.2b uansduvegvasguiuu XRD vayn
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F9819 INSipPiTes Nekmie 26521319 10° way 15° Aszunu (001) U89 InSiTe; WUIGTbAL
52U (001) Hnsideulunisenndenygy 20 @y Welinsiiudsuunsidesinneanssaly
InSiyPxTes (x = 0, 0.02, 0.04, 0.06 uag 0.1)

(b)

INSi; 6oPo10T€,

0.90° 0.10

J N l INSi; 46Po.10T€5

INSig0,Po.06T€5

1

. 1

I | ”l l I InSIO,94P0.06Te3 1
1

d d
S S
8 L .
> > InSig 46Po.04T€3
s =
n %) 1
c _ c .
o) l 4 l INSis06P0.04T€5 8
E AL_A oA A E I
Y
1
INSi; 46Po02T€4
J l II Aad l A lnSiO'gspo'OZTe3
*Si,Te,
podo ST

10 20 30 40 50 60 70 80 90 100110120 10 11 12 13 14 15
2 Theta (deg.) 2 Theta (deg.)

U7 4.2 5ULUU XRD 983 InSis P, Tes (x = 0, 0.02, 0.04, 0.06 wag 0.1) AlFanmsdnieu

PNUAFULUU XRD 2099neiaee1e anunsadiuniinsienisiginaila Rietveld refinement
inulusunsy FullProf [60] wielimsuiiesiuumladinaufulusiesgn A1 lattice parameters
(a, b, waz o) warlasadwdnves InSiTe; Aldarnnsdanseilunudded nansinses
SULUU XRD ¥89#29819 InSiTes Uag InSipoPo 1 Tes wansluguil 4.3 9inmsiisezsidiemaia
Rietveld refinement fnadaiauindhegnedilifinnniesmmeanesaina SiTes \Fouu luvas
ﬁnﬂﬁaasmhiﬁl,msuaq In,Tes lpUy



ar

9000_|IIIIII|l|I|||||||I|IIIII)IIIIIll||l|ll|||1l|l||l|||ll_
- a) 8
- oY(obs) i
7000 _ ]
I Y(cal)
C |||Braggposmons
5000 C = Y(obs) Y(cal)
g
& -
53000— o .
S C
1000 -}

' L InSiTe, .
] 11 A | LD Tl | || Inml III ||Il||| LI AL O RO InSiTe:( ’
-1000 [0 1 L TAPEE LI IO D0 F LIS MO SR 0 OO 0 O O AR AT (I i, Te,
F LI | H \|| IRIRTRAIA] |||\ HIFIEn |||||||\ Hlll\l LA O HIIIHl\HI\I\lHlM InTe,
: r Ale A Y n : Y(ons)'chan

-3000 LY T T T T T Y B

10 20 30 40 50 60 70 80 920 100 110 120

22000 LI B L L L L L L L L LN NI B
- b ; g
19000 |- ) O Y obs) INSig goPy 1 Te, -
- - Y(cal) =
16000 l e =
= | 1| Bragg positions
13000 -
a - Y(obs)'Y(cal) 3
'§10000 =
2 .
§ 7000 =
3 ]
4000 -
g L A =} InSi, P, Te,
SR LD WL I WA 000! RO (e (W insiTe,
20000 =g | HH || | |Hl|| I || ||| AU RRRDIOEO O  OC0 U CE ( A R EIY siTee
=S R |||1 ICOTEIRIETEARINTCEXURRROr o H\||\||\|]|H||Hll\lHlHH ACHTMTI - w,re,
-5000 H"—“"‘T’—“"*‘L—’A : Y oy Y (cany
-8000 :I RN INR RN AURN NI SN N NS SR N AATANAN AR AN AR A ANAEN A AR N |:

10 20 30 40 50 60 70 80 90 100 110 120

5U# 4.3 Uuuv XRD 7l§1nn13vin Rietveld refinement siulusunsy FullProf [60]

MNHANTAUATIZRULUY XRD fewedla Wethnafldanmsinneishemaia Rietveld
refinement Wrulusunsy FullProf vinlsnsiuan lattice parameters (a, b, Lag ) VD198
InSiyPxTes (x = 0, 0.02, 0.04, 0.06 ag 0.1) gﬂﬁ 4 wanan1siasuwlas mn lattice parameters
(a, b, kaY C) VBIAIBDYN mmﬂ%mmmilﬁaﬁmwaawg%'a (x = 0, 0.02, 0.04, 0.06 wag 0.1) Iag
A1 lattice parameters ¥84/30819UaEAINFIUTaYa JCPDS database 1@ 047-1452 Y03
InSiTes U3aws [59] gnagulilumsnedl 4.1 annansiazvinuing lattice parameters Y84
F29819 InSiTes filiifinniosnneansda dnafidenadostu InSiTes U3ans 2ngrudoya
JCPDS database [59] d1m15uAn lattice parameters U99679879 InSiTes ﬁﬁﬂ’liL%ﬁmWaaWa%a
firnanas munsfinUiinunsidesimreaniea esainiinnisunuiluszneyiifivuinlng
Y93@dneu (atomic radius of Si = 1.17 A) shgezneniifvuiadnnitveseanasa (atomic
radius of P = 1.04 A) [66,67] uazfewmuaiidwmalsimumis 26 vesszuiu (001) Snsdeuld
yawniidan 20 dindu KU 4.2b Sauunluanuduiusiaenndesiunisidoneanefalu
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syuulansnan Si-Ge (heavily P-doped Si-Ge alloys) [67] Snvislusnddetinuindlofinsiia
Uiinunsidesigreanadatiuai lattice parameters fidnanatodenadudedininiiesin
woano¥ad x = 0.02 91nturn lattice parameters B3uduanasagnadg efin1siies s
Woameafinty (x = 0.04, 0.06 wag 0.1) wennililefiansansnsdiu o/a (¢/a ratio) UVBINN
fegamuilinsasulamananmaievessmroanoda Tudnvesaamuiutiues
Fuau (bulk densities) 10579814 InSiy (P,Tes (x = 0, 0.02, 0.04, 0.06 uag 0.1) AlFaNn138n
Zou uandlum1s97 1 AWMLY (des) maﬂnﬂﬁaaﬂwqﬁmﬁqﬂmmdw 96% (dey/dis) VBV
AMUAUUUNNG 6] (din)

m1379 4.1 A1 Lattice parameters (a, b, Wag ) LAEAUNUILUY (d) maﬁumu (bulk densities)
INSi1P,Tes (x = 0, 0.02, 0.04, 0.06, Way 0.1)

Compounds Lattice parameter (A) Th;:r::itti;al M;:::i;d Relative density
a=b>b c c/a din (gcm™) | dexp (gcm™) lexs/cln X 100 (%)
JCPDS#47-1452 | 7.0411 | 7.1001 | 1.0084 5.73 - -

InSiTes 7.0406 | 7.0976 | 1.0081 5.73 5.54 96.7
InSioosPoosTes | 7.0398 | 7.0966 | 1.0081 5.73 5.61 97.9
InSioosPooaTes | 7.0397 | 7.0966 | 1.0081 5.73 5.58 97.3
InSiooaPoosTes | 7.0397 | 7.0964 | 1.0081 5.73 5.55 96.8
InSiosoPosTes | 7.0396 | 7.0964 | 1.0081 5.74 5.54 96.6

4.2 NM5ATILREUFIUINGT (morphology) Y29TUIY InSiTe,

311471' 4.4 uanagy SEM uaz EDX mapping 993108198191 InSiTes ﬁlajﬁmiﬁaﬁm
V\Iaav\la%’a 103U SEM wudn Nufgunudanuduidedontu Lifinnsifingnyuunagsogunnuy
Fusu dmiugy EDX mapping ‘wmmmm In Si wag Si WudiuUszneumaaindnuutua
LLauumsmq,mamamaamLauamwum%mm NAYDIN1TNITIATIZATIUTUIM (quantitative
EDX analysis) ¥993ua InSiTes Aldanniswdenlueuddei fdmusznoumandl (chemical
composition) LU Iny 1SigeTeso v8alsARNINERTIEIUATIVBY Si/P (actual Si/P composition)
YDIAIDY InSitLP,Tes (x = 0, 0.02, 0.04, 0.06 waz 0.1) lagnitasigvinewmaiin EDX analysis
Wty uanadnssiilelidenndeswasduiusiunmeaes Tnsanizegedslugegeiil
n1sesmeanasatasnii 0.06 (x <0.06) Lﬁaamﬂﬂ'ﬂm'}mmué’ﬁLLazmmgﬂéfawaq EDX
spectrum aglutiig +5% isuiumiigndes [68]
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SUTl 4.4 5U SEM wag EDX mapping 983%usy InSiTes

4.3 nswnszidulfmesiudibnasn

Ul 4.5 LLamauﬂ’awml‘V\Iﬁ’mmmmﬁu%wmqmmﬁmaa InSi1PcTes (x = 0, 0.02, 0.04,
0.06, uay 0.1) duUszansdiua (5) vemmniegniianiuaunasntaeumgiiviinisnsia’
(323-723 K) uanaimndregrnduiagnesludidnninuinidu (n-type TE) fididnnsou
electrons) Baszifummendn (charge carriers) lunnsindeufinneluiagssuandlusy 4.5a
ﬁ’wm%’uﬁwé’ugaaﬂé’uﬂszﬁwé&u%w (59 w849 INSiTe; ﬁlﬂﬁmuﬁaamﬂaaﬂa%’a (undoped InSiTes)
ﬁﬂ'wamammmstﬁu%maqqmmﬁ YUzl InSiTes ﬁﬁmiﬁaﬁmmam%’a (P-doped InSiTes) i
Anfiutudntesauiaguund 453 K ndsnduiidianadndesmudifu uenainiiilowia
U%mf,umﬁL%aﬁwQWaawgi"aﬁmaiﬁf-w'wé’ugsmﬂé’mﬂizﬁwé%umaaﬁaasm P-doped InSiTes &A1
anay g‘d'ﬁ' 4.5b uansaninsunulnia (o) ﬁﬂ"]amaqmmm'il,ﬁw'ﬁyusuaw%mmmﬁlﬁaﬁm
voavleda RnwavesduUsEAnsTiuauazanindumuliinges InSi, P.Tes (x = 0, 0.02, 0.04,
0.06, kag 0.1) lugu 4.5a way 4.5b awsaesurglanlgnaraIAUnILLUYBIN g il
(carrier concentration, n) HuUseanseead (Hall coefficient, Ry) AMUMULLULIBIN Mz NN
(Hall carrier concentration, ny) Lazan WAMLATEIRIVENIME (Hall mobility, £4) Y113
nI9iaseinies Hall measurements Meldannizeumgiivies dauandlumsnei 4.2 Tneled
Uhinumsidesmleanadadfiugetu aeuuuiuninzlifih e fugeluueinalanim
ARDIAININZIAIANAIDE1ITY UNIBANNIINITIATENAIDENN InSiy P, Tes (x = 0, 0.02, 0.04,
0.06, wa 0.1) lszavanudifalunsdesmeanedaiidusinidevindidnnsou (electron
doping) Tudunisvesddnauniglulassaiananves InSiTes AuRUILUUWIKEU LA
duszavstiun uazanmdnuniuliih ferwdiusvesasnndeuazduiusiuogisdivgdna
pungug Wy mMafisturesanuvuiuningi i vesihegwiunuiinaliiasauysal
duusyavdtiuanazaniniruniuliiinanas
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-200 T T T —r— 10000 90
(@) u (b) w0l ©
-300 - . =Hl=InSiTe,
—~ A A / — u =M= InSiTe, —~
X - A=
S 100 &% .’ g 1000 < \I -A- INSig 0gPo.02T€5 Né 70 _:_ :::oeszo 021:3
5_ T §$_' ’-’-’ ’ ‘ g \ =@-1nSiy Py, Tey § 60 - 0.96° 004773 v
IS °o-® ~o—0—0—-0-0— 2 100 u =®=1nSi,PosTe, | 3. -0~ InS|094P005Te3 / /
E,:J -500 A-A§A—A A—A A~ % E \. =V=1nSigPo10Tes \5’50 17V "Sosfon Sv/’/ o
s L] ) ] S 40 4
S-600 o’ S ol \l\ & / /./ A
S /./ =Hl=InSiTe, 8 ‘~ .\ g 30 ~ / /.
2-700 4 - ~A-1nSiy Py Te; |5 ‘: SA, .\ £ 20 - / 9 4 —A’A
& =@=1nSi; o PooTe, | L 1] V~ .\ §:~A~ (] / A
@ 800 - -@-nSig, P cTe, [V $ '\':0~o 10 - é‘ .
=W=InSi; 5Py 10T, ’—’~’ 0 ._._._._._.—I—.—
—900 T T T T T Ol T T T T T T T T T T T T
300 350 400 450 500 550 600 650 700 750 300 350 400 450 500 550 600 650 700 750 300 350 400 450 500 550 600 650 700 750
Temp. (K) Temp. (K) Temp. (K)

gﬂﬁ 4.5 audanglninee93uaU InSi, P, Tes (x = 0, 0.02, 0.04, 0.06 way 0.1) AUATLANTY

vosgauvinil (a) duusraAvisdiun (S) (b) anmarmduliin () uag (o) power factor (S2p™)

A1579 4.2 Adusyanagead (Hall coefficient, Ry) A1ANUUILLLN szl (Hall carrier
concentration, n) WazANINAADIAININL (Hall mobility, M) V93 InSiL P Tes (x = 0, 0.02,
0.04, 0.06, Uag 0.1) Nigaumniivies

Compounds R ™ H
(cm?CY) (cm™) (cm?Vvis™t)

InSiTes 1.45%10° 4.3%X10% 345

INSio 9P oo Tes 193.24 3.2X10'° 41

INSig.osPooaTes 69.03 9.0X10% 38

|ﬂSiO.94P0106Te3 73.59 85)(]_016 33

INSiooPoiTes 15.85 3.9%10" 28

dmsuen power factor (S20?) fivsuendauszansnmmali (electrical performance)
vostaqmosludingin Iduandusudl 4.5¢ Tnsmnuduiudsening power factor U097UIL
InSir..P.Tes (x = 0,0.02,0.04, 0.06, kaz 0.1) qu‘UﬂWiLﬁlwﬁu%@ﬂ@m%ﬂﬁﬁﬁ’lﬂ’]imi’sﬁ]’?@ A1
power factor maammamwmmeuamﬁmmLuaam‘wmawuLLauumaqamwammu 723 K
ey mulmamwmamwumu P-doped InSiTes {1 power factormmwumu undoped
InSiTes ma‘wmimﬂmﬂmimewuawimmmswaﬁmvﬂaawgia U371 power factor &A1
utusgadalay Lﬁaqaflﬂmju@fna'&haéﬁumu P-doped InSiTes ﬁ@hé{’mﬂizﬁw%‘%wﬂﬁqmazﬁ
ansnunulnihidiiuies $08198U9U InSigsdPoosTes 130 x=6 fiF1 power factor gufian
Wiy 715 pw/mk? figangll 723 K Sadumiisininfaqmesludidnadniiflassaadudu
¥ladu (n-type layered materials) 517 1w LaOBIS,,Se, (450 LUW/mK? at 743 K) [44], Sn-
doped BiO,Se (215 UW/mK? at 773 K) [45], waz Bi,O,Te (260 UW/mK? at 655 K) [46]
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g‘uﬁ 4.6 (a) @NINUIAUSBU kay (b) @NTNUIANUSDULANTALYBY InSi P Tes (x = 0, 0.02,
0.04, 0.06, kg 0.1) MUNSHINTUVBIRUNYH

A1519 4.3 Aanmiiauseu (1 AanniianuSeudiannseu (kL) wazAran nuiianusau
Wan¥iY (Kl U904 InSiTes MIUNSHLTUYDIQUNYI

oand (9 mamwﬂmTai%fau :ﬂ'ﬂamwﬁwmm%au AENINUIANNSOULER T
T (), Wm™K BanmIau (Ku), Wm K™ (K, WmiK?
335 0.5955 9.74%X10° 0.59554
366 0.5401 5.14X10” 0.54015
415 0.4779 2.56X10° 0.47797
464 0.4339 9.49X10° 0.43398
513 0.4075 2.76X107° 0.40748
561 0.3859 6.95X107 0.38587
610 0.3537 1.73%x10* 0.35355
658 0.3072 4.46X10™ 0.3068
705 0.2672 1.87%X107 0.26542

U 4.6a wansaniniral1uieu (thermal conductivity, &) 989 InSiPeTes (x = 0, 0.02,

0.04, 0.06, Uag 0.1) MUNITRUTUYVBIRUNYIT WUIANINTIAIINTEUTBWNFIDE1TIA1ANRS
1 1 A = a 1 & U U fw v o 6 1 1 . . ) )
st wraLlodlinoumnigiu Feduiusiuauduius T (T relationship) Inenaluaninii-
anudoutsznauludmelutanmesiudidnasnuszneulue 2 dwfs (1) Aanimieuieu
dlannseunselaa (electrons and hole transporting heat, &) way (2) uoufitAdoudisiu
waniignseanininauseulaniie (lattice thermal conductivity, K. Aanansluaunisn 2.8
Tnemenree A WumeunianunuslaensstuAman1ntiALsoudianATeuAILaNNITVD
Wiedemann-Franz law waasanuduiusiuaunisi 2.9 Tuuny 2 Ingludusudiegns InSi.
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P.Tes(x = 0,0.02, 0.04, 0.06, waz 0.1) A1ENINLEIANUSDUDLANATOULAITUINAADAY
guvpfvaamansanindauandunised 4.3-4.7 uazgU 4.6b dedundnildanmianuiou-
waswiunummilennaninthanuseudidnaseulunsiiniudeu Tneilaunnnit 98% ves
Aanmianufousanditald venant yniedtunudanimianuieudiduiesain
Tnssa¥1andnues InSiTe; Sdnuwagiluduy (layered structure) wazusartuiiLsdamidensening
Fuiiddsusunednad (Van der Waals force) [42,44-46]

A1519 4.4 Aranntanudeu (10 manmihauseudidnnseu (k) kagAanniinuiau
WARTIY (Kiat) VB INSio.0sPo.osTes ANUNTHAHTUVRIQUNAI

Samndl (K mamwﬁﬂﬂiwafau ) fﬁamwﬂwmm%? ) mamwﬁmam%_?iﬁt,amﬁ%
R (K, Wm™K AENATOU (K), Wm K (Kiat), Wm™ K
329 0.6800 1.27X10* 0.6798
367 0.6120 1.97X10" 0.6118
417 0.5214 3.39%10"* 0.5211
466 0.4547 5.36X10" 0.4542
515 0.4172 7.61%x10* 0.4164
564 0.3963 9.93%x10* 0.3953
613 0.3731 1.24X107 0.3719
661 0.3375 1.60X107 0.3359
709 0.3092 3.22X10° 0.3060

A1519 4.5 Aranmtnauseu () AranintiAuSeudiannseu (k) wazAranintiausou
LaRNY (K VDY INSigosPooaTes mmmﬂu%umaqqmmﬁ

oamndl (€ mamwﬁm?wﬁau ) jﬂamwﬁ'}mm%fa?; _ ﬁhamwﬁ’]mm%f_au_uamﬁsn
T (K, WmK! Slannsou (Ku), Wm'K! (Kisr), WmIK!

325 0.6861 1.59%10* 0.6859

366 0.6125 2.74X10" 0.6122

416 0.5221 4.92x10* 0.5216

465 0.4554 8.21x10* 0.4546

513 0.4178 1.22%107 0.4166

562 0.3971 1.66X10° 0.3954

610 0.3745 2.09%107 0.3724

658 0.3399 2.64X107 0.3372

705 0.3097 4.61X10° 0.3051
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A1519 4.6 Arannthausau (10 manmihauseudidnaseu (k) wagAanmiinuiau
WARTIY (Kiat) VB INSio.0aPo s Tes ANUNTNHTUVBIQUNNI

oandl (0 mamwﬁm?wﬁau ) jwamwﬁwmm%@ 7 mamwﬁmmm%f?au?l,t,amﬁszj

T (K, WmK! Slannsou (Ky), Wm'K! (Kix), WmK!
329 0.6965 2.17X10°* 0.6963
365 0.6215 3.79%X10* 0.6211
415 0.5283 7.69X10* 0.5275
463 0.4609 1.50%107 0.4594
510 0.4205 2.52X10° 0.4180
558 0.4003 3.64%X107 0.3967
606 0.3888 4.68X107 0.3841
653 0.3758 5.67X107 0.3702
701 0.3629 8.01X10” 0.3549

A1519 4.7 Aranminanuseu (K AraninianuSeudiannseu (k) wazaAranintiausou
Lanne (i) VBN InSiooPo i Tes mumnﬁu%umaqqmmﬁ

oamandl (0 féhamwﬁmzﬁai%au ) j’]ﬁﬂ’ﬁ/\lﬁﬂﬂ'}’m%’@? ) @i’lamwﬁ’lmm%f_?lﬁt,amﬁ%

R (K, Wm™K AENATOU (Kx), Wm K (Kiat), Wm™ K
333 0.7107 5.96X10 0.7101
367 0.6463 8.47X10™ 0.6455
415 0.5684 1.38%X107 0.5670
463 0.5105 2.23X10° 0.5083
511 0.4690 3.28%X107 0.4657
559 0.4365 4.28X10° 0.4322
607 0.4065 5.11%107 0.4014
654 0.3771 5.81%X107 0.3713
702 0.3534 7.23%X10° 0.3462

A1 dimensionless figure of merit (ZT) VDWW INSiy P Tes (x = 0, 0.02, 0.04, 0.06, LAz
0.1) MuNSINTUYeIUIuanlugUN 4.7 A1 ZT ¥99¥UI1U undoped InSiTes HAiuTy
[ 4 a d’{ a a ay .. a a d? I
Wntegarunisiiuduvetsaamngil Tuvaeia ZT Yuau P-doped InSiTes dALfiNgaduagng
FaLau lagA1 ZT ¥4 P-doped InSiTes g4n1 undoped InSiTe; Maan%19u84N159539T0 (323-
723 K) WiefiansanmunisiiindTunanisilesigneaneasanud a1 ZT dargeduniulueie
WONIINTUAT ZT Y89¥UUY InSiiPcTes Lile x = 0.06 uay 0.1 darnlndiAgeiulugregungd
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673-723 K annan1niauiounisndaalituinu P-doped InSiTes fifn ZT ireutiegs lned

'
oA

ANEIgAMRY 0.14 Mgl 723 K dmFuTuaIu InSigoPo1Tes FaduAiganinan ZT veq

Y
[

undoped InSiTes & 14 1 B 2T gegailldninanidded dailndifeatutanmosludidnnin
YALAUVD I layered oxychalcogenides LW LaOBIS; ,Sep s [44], Sn-doped n-type Bi,O,Se
ceramics [45] and Bi,O,Te [46]

nwansAnulueided wuhnsiesmeariedaiieluunuiludumisvesddney
melulaseaseawan InSiTe; mmamﬁmmﬁamaLwaﬁuﬁLﬁﬂm%ﬂmaﬁa@ ai Andulseavsaiun
Aoutsnsfiunsiings anmiunmulniiianas power factor ifindu wagAranimiramsoud
fh nuaenanvilsian ZT aeiu ey InSiTe, annsadiutaginesludidnadniia
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uni 5
unagy

mu%’aﬁﬂizaummé{’wﬁﬂumim%wi’aq P-doped indium tellurosilicate (InSiy.P,Tes)
dle x = 0,0.02, 0.04, 0.06 uar 0.1 FEIBnsduATERLULUASo InensIvasa SRR (Si
chunks, In,Tes chunks, Te chunks, and P chunks) Viqmmﬁ 1173 K WJuan 3 4 waa1nnng
AATIENFULUY XRD Nudvniteg1sanunauas InSiTes kagn1siieneanasais 10% L
wansznuselaTIaiananves InSiTe; agslsfinuiegeiilifinisoneanedanuirfiva
Si;Tes intuluseninmsduamzviogluumandniios naann1siasest SEM-EDX mapping
wanslifiuinduau insites fanududoiioatu Lifsnunazsesunniin uenaninig
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19# (carrier concentration) qa%u Fadsualvian power factor (5°0™) qaéﬁyu wsilinatioanann
an1mina1u¥ou (thermal conductivity) mufi¥an InSiP,Tes flassasranslududus
(intrinsically layered structure) ﬁﬂﬁﬁWamwmiﬁ’]mm%’awammﬁhaéwﬁmﬁﬂ ANNANTS
NS 5619] InSiooPo1Tes HA1 dimensionless figure of merit (ZT) q&ﬁ?jmﬁﬂﬁu 0.14 ﬁqmwgﬁ
723 K wandbiiiuinnisideneanesaasluluduniwesdineuuivdiuluian InSiTes dawali
e power factor (520" wagdidnanimitanufeudisn faifu Yag Insites annsnidutan
wesludidnedndia
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Name and formula

Reference code: 00-047-1452

PDF index name: Indium Silicon Tellurium
Empirical formula:  InSiTes

Chemical formula: INSiTe;

Crystallographic parameters

Crystal system: Hexagonal
Space group: P-3

Space group number: 147

a(h): 7.0411

b (A): 7.0411

c (). 7.1001

Alpha (deg):  90.0000

Beta (deg)::  90.0000

Gamma (deg): 120.0000

Volume of cell (1076 pmA3): 304.84
Z 2.00

RIR: -

Subfiles and Quality

Subfiles:  Inorganic Alloy, metal or intermetalic
Quality:  Indexed (1)

Comments

Sample preparation: The elements were heated together in an evacuated quartz
ampoule at 650 C.

References

Primary reference: Sandre, E., Carteaux, V., Ouvrard, G., C. R. Seances Acad. Sci., Ser.
2,314, 1151, (1992)

Peak list

No. h kL d(A) 2 Theta (deg) | (%)
1 0 0 2 3.55700  25.014 100.0
2 1 1 1 3.15500  28.263 23.0
3 1 1 2 250100 35877 6.0

il 3 0 0 2.03100  44.577 14.0
5 1 1 3 1.96540  46.149 2.0

6 2 2 1 1.70890  53.585 4.0

7 2 2 2 1.57640  58.503 2.0

8 2 2 3 1.41300  66.070 16.0
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1 1.30730 72.205 4.0
6 1.18500 81.090 6.0
0 1.17300 82.096 1.0
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Name and formula
Reference code: 01-079-1365

ICSD name: Indium Silicon Telluride

Empirical formula:  InSiTes
Chemical formula: INSiTes

Crystallographic parameters

Crystal system: Hexagonal

Space group: P3

Space group number: 143

a (A 7.0411

b (A): 7.0411

c(A): 7.1001

Alpha (deg):  90.0000

Beta (deg): 90.0000

Gamma (deg): 120.0000

Calculated density (¢/cmA3):  2.86

Volume of cell (1076 pmA3):  304.84

Z: 1.00

RIR:  10.60

Subfiles and Quality

Subfiles:  Inorganic Alloy, metal or intermetallic Modelled additional pattern
Quality:  Calculated (O)

Comments

ICSD collection code: 066356

References

Primary reference:  Calculated from ICSD using POWD-12++, (1997)
Structure: Sandre, E., Carteaux, V., Ouvrard, G., C.R. Acad. Sci., Ser. 2, 314, 1151, (1992)
Peak list

No. k L d (A) 2 Theta (deg) 1 (%)

1 0 0 1 7.10010 12.457 100.0
2 1 0 0 6.09777 14.515 14.2

3 0 1 1 4.62592 19.171 14.8

4 0 0 2 3.55005 25.064 7.4

5 1 1 0 3.52055 25.277 29.9

6 1 1 -1 3.15410 28.272 61.5

7 0 1 3.06799 29.082 5.6

8 2 0 3.04889 29.269 2.3

9 2 0 2.80151 31.919 4.0
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13
14
15
16
17
18
19
20
21
22
23
24
25
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28
29
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31
32
33
34
35
36
37
38
39
40
41
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a3
aq
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a6
ar
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2.49977
2.36670
2.31296
2.30474
2.20634
2.19214
2.03259
1.96413
1.95409
1.93309
1.86954
1.77503
1.76393
1.76028
1.70855
1.70429
1.69122
1.65117
1.64519
1.58497
1.57705
1.54197
1.53399
1.52681
1.52444
1.49048
1.42002
1.41243
1.40629
1.40076
1.39892
1.38301
1.37600
1.37254
1.33698
1.33064
1.31693
1.30787

35.895
37.989
38.906
39.051
40.868
41.145
44.540
46.181
46.432
46.967
48.664
51.439
51.786
51.902
53.596
53.741
54.190
55.617
55.837
58.156
58.477
59.941
60.285
60.598
60.703
62.237
65.702
66.100
66.426
66.722
66.822
67.694
68.085
68.281
70.360
70.746
71.595
72.168

36.6
4.3
3.0
2.8
2.2
3.6
13.6
11.8
14.9
2.8
1.2
1.9
4.5
52
8.1
51
0.8
1.6
1.4
4.3
7.3
54
0.6
0.9
0.6
0.4
0.4
3.2
0.8
0.4
0.3
0.2
0.8
1.1
3.6
2.2
2.8
55
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-2 1.30152
5 1.28725

1.28159
-4 1.24988
-2 1.24599
-4 1.22443
0 1.21955
-5 1.20897
-3 1.20428
1 1.20195
6 1.18335
0 1.17352
5 1.16408
-3 1.15989
1 1.15781
2 1.15339
-1 1.13749
-6 1.12168
-2 1.11422
-5 1.10523
6 1.10317
-4 1.09872
2 1.09607

72.576
73.512
73.890
76.093
76.373
77.969
78.340
79.160
79.529
79.714
81.226
82.052
82.863
83.229
83.412
83.804
85.249
86.745
87.472
88.367
88.575
89.029
89.302

0.9
0.2
0.3
1.7
5.7
0.5
0.1
0.2
0.5
0.3
0.1
1.6
0.9
3.0
24
0.5
0.3
1.4
0.7
1.4
0.7
0.2
0.4
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Name and formula

Reference code: 00-022-1323
PDF index name: Silicon Telluride
Empirical formula: SisTes

Chemical formula: SisTes

Crystallographic parameters

Crystal system: Hexagonal
Space group: P-31c

Space group number: 163

a (A): 7.4290

b (A): 7.4290

c(A): 13.4710

Alpha (deg):  90.0000

Beta (deg): 90.0000

Gamma (deg): 120.0000
Calculated density (g/cmA3):  4.53
Measured density (g/cmA3):  4.50
Volume of cell (1076 pmA3):  643.86
Z: 4.00

RIR: -

Subfiles and Quality

Subfiles:  Inorganic Alloy, metal or intermetalic

Quality:  Indexed (1)
Comments
Color: Violet-red

68

General comments:  Measured density and color given by: Bailey, J. Phys. Chem. Solids,

27 1593 (1966).

Intensities will show large variations due to preferred orientation effects. Those given

refer to the case of moderate preferred orientation.

Unit cell:  Sub cell: =4.292, c=6.735, C=1.570.

References

Primary reference: Haneveld et al., Recl. Trav. Chim. Pays-Bas, 87, 255, (1968)

Peak list
No.h k| d (&) 2 Theta (deg) | (%)
1 0 0 2 674000 13.125 2.0
2 1 1 0 371000 23.967 6.0
3 0 0 4 337000 26426 100.0
4 1 1 2 325000 27.421 70.0
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Stick Pattern
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1 4 2.49500  35.966 20.0
0 6 2.24500  40.134 4.0
0 0 2.14500  42.092 10.0
1 6 1.92100  47.280 35.0
2 0 1.85700  49.015 2.0
0 4 1.80900  50.405 18.0
2 2 1.79000  50.978 10.0
0 8 1.68400  54.442 16.0
2 4 1.62600  56.555 2.0
1 8 1.53400  60.285 8.0
2 6 1.43100  65.135 4.0
1 2 1.37400  68.198 4.0
0 10 1.34700  69.761 2.0
0 1.32400  71.154 6.0
1 1.29600  72.935 2.0
1 10 1.26600  74.955 10.0
2 1.24700  76.300 2.0
3 1.23800  76.956 2.0
1 1.19000  80.678 4.0
3 1.16200  83.044 2.0
0 12 112300  86.618 2.0
2 10 1.09000  89.934 4.0
1 10 1.07500  91.542 4.0
L2 135
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Name and formula

00-027-0610

Silicon Telluride

Reference code:
PDF index name:
Empirical formula: SiTe,
Chemical formula: SiTe,

Crystallographic parameters

Crystal system: Hexagonal
Space group: P-3m1

Space group number: 164

a (A): 4.2800

b (A): 4.2800

c (A 6.7000

Alpha (deg):  90.0000

Beta (deg): 90.0000

Gamma (deg): 120.0000
Calculated density (g/cmA3):  4.39
Measured density (g/cmA3).  4.39
Volume of cell (1076 pmA3):  106.29
Z: 1.00

RIR: -

Subfiles and Quality

Subfiles:  Inorganic Alloy, metal or intermetalic

Quality:  Blank (B)
Comments
Color: Violet-red

70

General comments:  Measured density and color from Weiss, Weiss, Naturforsch., B:

Anorg. Chem., Org. Chem., 8 104 (1953).

Sample preparation: Prepared by heating a mixture of Si and Te at 1050 to 1070 C for 2

weeks.
References

Primary reference:

Bousquet et al., J. Chim. Phys., T1, 854, (1974)

Unit cell:  Weiss, Weiss., Z. Anorg. Allg. Chem., 273, 124, (1953)

Peak list
No.h k| d (&) 2 Theta [deg] | [%]
1 0 0 1 681000 12.990 5.0
2 1 0 0 369000  24.099 10.0
3 0 2 335000 26.587 60.0
a 1 1 323000 27.594 100.0
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Name and formula

Reference code: 00-007-0112

PDF index name: Indium Tellurium
Empirical formula:  InTe

Chemical formula:  InTe

Crystallographic parameters

Crystal system: Tetragonal
Space group: 14/mcm
Space group number: 140

a (A): 84370

b (A): 8.4370

c(®): 7.1390

Alpha (deg):  90.0000

Beta (deg): 90.0000

Gamma (deg): 90.0000

Calculated density (¢/cmA3):  6.34
Volume of cell (1076 pmA3): 508.18
Z:  8.00

RIR: -

Subfiles and Quality

Subfiles:  Inorganic Alloy, metal or intermetalic
Quality:  Blank (B)

Comments

Color: Blue-gray

General comments:  Single-crystal data taken.

Sample preparation: Sample prepared by melting elements at 750 C in vacuum;
recrystallized at 580°C for 15 hours and quenched in water.

References

Primary reference: Schubert et al., Z. Metallkd., 46, 216, (1955)

Peak list

No.h kL d®& 2 Theta (deg) | (%)
1 1 1 0 606000 14.605 30.0
2 2 0 0 419000 @ 21.187 40.0
3 0 0 2 356000 @ 24.993 10.0
4 2 1 1 332000 26832 90.0
5 2 2 0 297600  30.002 80.0
6 2 0 2 271200 33.002 100.0
7 2 2 2 228000 @ 39.492 30.0
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2.22200
2.12000
2.09400
2.01000
1.96300
1.88300
1.81000
1.78100
1.73100
1.71400
1.66100
1.54700
1.52700
1.48200
1.44300
1.40400
1.37300
1.35600
1.33800
1.32300
1.30900
1.29400
1.24700

40.568
42.612
43.167
45.068
46.209
48.294
50.375
51.254
52.847
53.413
55.260
59.726
60.590
62.634
64.528
66.548
68.255
69.231
70.299
71.216
72.096
73.066
76.300

40.0
30.0
20.0
60.0
70.0
60.0
60.0
50.0
40.0
40.0
70.0
70.0
70.0
40.0
30.0
60.0
40.0
40.0
70.0
30.0
10.0
70.0
80.0
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Name and formula

Reference code: 00-005-0698
PDF index name: Indium Telluride
Empirical formula: In,Tes

Chemical formula: In,Tes

Crystallographic parameters

Crystal system: Cubic

Space group: F-43m

Space group number: 216

a (A): 6.1580

b (A): 6.1580

c(A): 6.1580

Alpha (deg):  90.0000

Beta (deg): 90.0000

Gamma (deg): 90.0000

Volume of cell (1076 pmA3): 233.52
RIR: -

Status, subfiles and quality

Status: Marked as deleted by ICDD
Subfiles:  Inorganic

Quality:  Blank (B)

Comments

Deleted by:Weissmann December 31, 1963.
Melting point: 667

References

Primary reference: Hahn, Klingler., Z. Anorg. Chem., 260, 108, (1949)
Peak list

No.h kL d& 2 Theta (deg) | (%)
1 1 1 1 35300 25208 40.0
2 2 2 0 217700 41.444 100.0
3 3 1 1 185100 49.184 80.0
4 4 0 0 153500 60.242 40.0
5 3 3 1 141300 66.070 60.0
6 4 2 2 125700 75.586 90.0
7 5 1 1 118800 80.842 60.0
8 4 4 0 1.08800 90.144 40.0
9 5 3 1 104000 95578 80.0
10 6 2 0 097350 104.608 80.0
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Name and formula

00-016-0445

Indium Telluride

Reference code:
PDF index name:
Empirical formula: In,Tes
Chemical formula: In,Tes
Crystallographic parameters

Cubic

F-43m E

Space group number: 216

a (A): 18.4560

b (A): 18.4560

c (A): 18.4560

Alpha (deg):  90.0000

Beta (deg): 90.0000

Gamma (deg): 90.0000

Volume of cell (1076 pmA3): 6286.55
Z: 36.00

RIR: -

Status, subfiles and quality

Crystal system:

Space group:

Status: Marked as deleted by ICDD

Subfiles:  Inorganic Alloy, metal or intermetalic
Quality:  Blank (B)

Comments

Deleted by: Deleted by 33-1488.

General comments:

1 Reflections common to both ordered and disordered material.

2 Two reflections corresponding to K-a; and K-, are referred to index.

References

Primary reference:

Wolley, Pamplin., J. Less-Common Met., 1, 362, (1959)

Peak list
No.h k| d (A) 2 Theta (deg) | (%)
1 2 2 0 648000 13.654 40.0
2 3 1 1 552000 16.043 40.0
3 4 2 0 410000 21.658 40.0
4 5 1 1 354000 25.136 100.0
5 4 4 0 325000 27.421 40.0
6 5 3 1 311000 28.681 60.0
7 6 0 0 306000 29.160 50.0
8 6 2 2 278000 32173 50.0
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2.46000
2.40000
2.24000
2.18000
2.05800
2.02500
1.85500
1.81000
1.78000
1.71500
1.61200
1.56100
1.53900
1.49800
1.48500
1.44100
1.41400
1.39200
1.38000
1.30700
1.29200
1.27000
1.25800
1.22500
1.20200
1.18800
1.17500
1.16800
1.14600
1.11500
1.09000
1.07500
1.05500
1.04200
0.97500
0.94000
0.90300
0.86300

36.496
37.442
40.227
41.385
43.962
44.716
49.071
50.375
51.285
53.379
57.091
59.137
60.069
61.891
62.493
64.628
66.017
67.198
67.861
72.224
73.198
74.679
75515
77.926
79.710
80.842
81.926
82.524
84.469
87.395
89.934
91.542
93.797
95.335
104.381
110.063
117.089
126.400

T

50.0
60.0
40.0
100.0
20.0
50.0
80.0
30.0
30.0
30.0
40.0
20.0
60.0
30.0
40.0
40.0
60.0
20.0
30.0
20.0
20.0
20.0
60.0
20.0
20.0
50.0
20.0
40.0
30.0
30.0
50.0
20.0
20.0
50.0
40.0
40.0
40.0
40.0
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A1ANUIN U Crystallographic Information File

a) Crystallographic Information File ¥84 InSiTe;
1) #
2) #SDate: 2016-02-13 21:28:24 +0200 (Sat, 13 Feb 2016) $
3) #SRevision: 176429 $
4)  #SURL: svn://www.crystallography.net/cod/cif/1/54/08/1540884.cif $
5 #
6) # This file is available in the Crystallography Open Database (COD),
7)  # http//www.crystallography.net/

8 #

9) # All data on this site have been placed in the public domain by the
10) # contributors.

11) #

12) data 1540884

13) loop_

14) publ _author name

15) 'Sandre, E.'

16) 'Carteaux, V.

17) 'Ouvrard, G.'

18) publ section _title

19) ;

20) A new lamellar tellurosilicate In Si Te3
21) ;

22) journal_name_full

23) ;

24) Comptes Rendus Hebdomadaires des Seances de ['Academie des Sciences, Serie 2
25) (1984-1993)

26) ;

27) journal_page first 1151

28) journal page last 1156

29) journal volume 314

30) journal year 1992

31) _chemical formula_sum 'In Si Te3'
32) _chemical_name_systematic 'In Si Te3'
33) _space group IT_number 143

34) symmetry space group _name Hall 'P 3'

35) symmetry space group_name H-M 'P 3'

36) cell angle alpha 90
37) cell_angle beta 90
38) cell angle gamma 120
39) cell formula_units Z 1
40) cell_length a 7.0411

41) cell_length b 7.0411
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42) cell length ¢ 7.1001

43) cell volume 304.843

44) citation_journal_id_ASTM CRAMED

45) cod_data_source file Sandre CRAMED 1992 1516.cif
46) cod_data_source block IN1Si1Te3
47) cod_original_cell volume 304.8429
48) cod_original_formula_sum 'In1 Si1 Te3'
49) cod_database code 1540884

50) loop

51) symmetry equiv_pos as_xyz

52) x,y,z

53) -y, x-y,z

54) x+y, X,z

55) loop

56) _atom_site label

57) _atom_site type symbol

58) _atom_site fract x

59) atom site fract y

60) _atom site fract z

61) atom_site_occupancy

62) atom site U iso_or_equiv

63) Inl In+2 0.3333 0.6667 0.4999 1 0.0
64) Si1 Si+4 00 0.3382 1 0.0

65) Tel Te-2 0 0.6601 0.23403 1 0.0



b) Crystallographic Information File Y84 Si;Te;

substance: SipTe3
property: crystal structure, chemical bond of Si;Te; and SiTe;

For many years it was thought that silicon telluride crystallizes with 1:2 stoichiometry. [53W] used this
assumption for the interpretation of his X-ray data and suggested a Cdl, structure.

Later the hep arrangement of tellurium was confirmed by [68H]| but tentatively concluded that 3/4 of the silicon
atoms occupy (ctrahedral interstices.

The present model for SiyTey is that 3/4 of the Si atoms occupy tetrahedral interstices between alternate Te
layers while the remaining 1/4 occupy octahedral interstices between the remaining Te layers. In this case the
Si-Te distance for octahedral Te is 2.84 A [73P, 76L] (Fig. 1a). The unit cell contains 4 molecules.

Space group: C3,% - P31c.

Positions of the atoms in the unit cell and lattice parameters (at 300 K)

Sip, Tep Tey 6(c) (x).2); (0.x-1.2) s (-x.-x.2); 70H
.x,1/24z2) ; (~xy-x,12+2); (x-p.—.1/2+2)

Siy 2(b) (1/3.2/3.2); (2/3.1/3,1/2+z2)

SiyTes a=7429A c=13471 A 70H

atomic parameters

X y z Rel.
Siy - - 0
Siy 2/3 0 = 0.05 70H
Tey 1/3 0 =0.14
Te, 2/3 0 =0.38

It is also possible to interprete the X-ray data with all Si-atoms located in tetrahedral interstices (Fig. 1b). The
positions of the atoms in the unit cell in this case are given by

Siy. Tey 6(c) asabove
Siy. Tey, Tey 2(b) asabovec
Tey 2@ (0,0.2); (0,0.1/242)

atomic parameters

X y z Ref.
Siy = iy 0.5 70H
Siy 2/3 0 =0.1
Tey -~ - =0.18
Tey - - =0.18
Tes - - =0.7
Tey 2/3 0 =042

The structure of Ge;Tejs is related to that of SipTes [65C]

a (GCzTC3) =13 a (SizTC3)
(4 (G62T63) =15/4 ¢ (SizTej;)

Springer
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¢) Crystallographic Information File Y84 Si;Te;
1) #
2) #SDate: 2016-01-01 12:20:27 +0200 (Fri, 01 Jan 2016) $

3) #SRevision: 171880 $

4)  #SURL: svn://www.crystallography.net/cod/cif/1/54/07/1540755.cif $
5 #
6) #

7) # This file is available in the Crystallography Open Database (COD),
8) # http//www.crystallography.net/

9) #

10) # All data on this site have been placed in the public domain by the
11) # contributors.

12) #

13) data 1540755

14) loop_

15) publ _author name
16) 'Zaslavskii, A.l

17) 'Sergeeva, V.M.'

18) 'Smirnov, A.l

19) publ section _title

20) ;

21) The polymorphism of In2 Te3

22) ;

23) journal_name_full 'Soviet Physics - Solid State (New York)'
24) journal page first 2556

25) journal page last 2561

26) journal volume 2

27) journal year 1960

28) chemical formula_sum 'n2 Te3'
29) chemical name_systematic 'n2 Te3'
30) space group IT number 216

31) symmetry space group name Hall 'F-4 23
32) _symmetry space group_name H-M 'F-43m'

33) cell angle alpha 90

34) cell angle beta 90

35) cell angle_gamma 90

36) cell formula_units Z 36

37) cell length a 18.5

38) cell_length b 18.5

39) cell length ¢ 18.5

40) cell volume 6331.625

41) citation_journal id ASTM SPSSAT

42) cod data_source file Zaslavskii SPSSA7 1960 483.cif

43) cod data source block In2Te3



44) cod database code 1540755
45) loop

46) symmetry _equiv_pos_as_Xyz
a7) xy,z

48) y, X,z

49) x,-y,z

50) -y X,z

51) Xy, Z

52) -y, %,z

53) X,y,-Z

54) yx,z

55) zx,y

56) X,-z,-y

57) -z,-xy

58) -x,z,-y

59) 7%,y

60) -x,-z,y

61) -zx,-y

62) x,2,y

63) y,z,x

64) y,-z,-x

65) -z,-y,x

66) -y,z,-x

67) z,y,x

68) -y,z,x

69) -z,y,-x

70) z,-y,-x

71) x,y+1/2,z+1/2
72) y,x+1/2,-z+1/2
73) -X,-y+1/2,2+1/2
74) -y x+1/2,-z+1/2
75) x,-y+1/2,-z+1/2
76) -y, -x+1/2,2+1/2
77) -xy+1/2,-2+1/2
78) yx+1/2,z+1/2
79) zx+1/2,y+1/2
80) x,-z+1/2,-y+1/2
81) -z-x+1/2,y+1/2
82) x,z+1/2,-y+1/2
83) z,-x+1/2,-y+1/2
84) x,-z+1/2,y+1/2
85) -zx+1/2,-y+1/2
86) x,z+1/2,y+1/2
87) v,z+1/2x+1/2



88) y,-z+1/2,-x+1/2
89) -z,-y+1/2x+1/2
90) -y,z+1/2,x+1/2
91) zy+1/2,x+1/2

92) -y,-z+1/2,x+1/2
93) -z,y+1/2,x+1/2
94) z,-y+1/2,-x+1/2
95) x+1/2,y,z+1/2

96) y+1/2,-%x,-z+1/2
97) -x+1/2,y,2+1/2
98) -y+1/2,x,-z+1/2
99) x+1/2,-y,-z+1/2
100)-y+1/2,-x,z+1/2
101)-x+1/2,y,-z+1/2
102)y+1/2,x,z+1/2

103)z+1/2,x,y+1/2

104)x+1/2,-2,-y+1/2
105)-z+1/2,-x,y+1/2
106)-x+1/2,2,-y+1/2
107)z+1/2,%,-y+1/2
108)-x+1/2,-z,y+1/2
109)-z+1/2,x,-y+1/2
110)x+1/2,2,y+1/2

111)y+1/2,zx+1/2

112)y+1/2,-2,-x+1/2
113)-z+1/2,-y x+1/2
114)-y+1/2,z,-x+1/2
115)z+1/2,y x+1/2

116)-y+1/2,-z,x+1/2
117)-z+1/2,y,x+1/2
118)z+1/2,-y,%+1/2
119)x+1/2,y+1/2,2

120)y+1/2,-x+1/2,-z
121)-x+1/2,-y+1/2,z
122)-y+1/2x+1/2,-z
123)x+1/2,-y+1/2,-z
124)-y+1/2,-x+1/2,z
125)-x+1/2,y+1/2,-z
126)y+1/2x+1/2,2

127)z+1/2x+1/2,y

128)x+1/2,-z+1/2,~y
129)-z+1/2,-%+1/2,y
130)-x+1/2,2+1/2,~y
131)z+1/2,%x+1/2,~y
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132)-x+1/2,-z+1/2)y
133)-z+1/2,x+1/2,-y
134)x+1/2,2+1/2,y
135)y+1/2,z+1/2,x
136)y+1/2,-z+1/2,-x
137)-z+1/2,-y+1/2,x
138)-y+1/2,z+1/2,-x
139)z+1/2,y+1/2,x
140)-y+1/2,-z+1/2,x
141)-z+1/2,y+1/2,-x
142)z+1/2,-y+1/2,-x

143)loop

144) atom site label

145) atom site type symbol
146) atom site fract x

147) atom_site fract y

148) atom_site fract z

149) atom_site_occupancy

150) atom site U iso_or_equiv
151)Ted Te 0.917 0.25 0.25 1 0.0
152)In11n 0.33300 1 0.0
153)Te3 Te 0.583 0.583 0.583 1 0.0
154)Tel Te 0.25 0.25 0.25 1 0.0
155)Te2 Te 0.917 0.917 0.917 1 0.0
156)Te5 Te 0.083 0.083 0.25 1 0.0
157)In2 In 0.167 0.167 0 1 0.0
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AARUIN A AIDENANTTIATIZYFULUU XRD Aaeimnaila Rietveld refinement

** PROGRAM FullProf.2k (Version 6.00 - Mar2017-ILL JRC) **

MULTI-PATTERN
Rietveld, Profile Matching & Integrated Intensity
Refinement of X-ray and/or Neutron Data
Date: 05/07/2017 Time: 14:49:42.177
=> PCR file code: InSiTe3-3-3-4
=> DAT file code: InSiTe3 2xrdml  -> Relative contribution: 1.0000
=> Title: InSiTe3-2
==> CONDITIONS OF THIS RUN FOR PATTERN No.: 1
=> Global Refinement of X-ray powder diffraction data
=> Global Refinement of X-ray powder diffraction data
Bragg-Brentano(X-rays) or Debye-Scherrer geometry(Neutrons)
=>The 5th default profile function was selected
=> Invalid instr parameter for pattern: 1
=> Wavelengths: 1.54056 1.54439
=> Cos(Monochromator angle)=  0.9100
=> Absorption correction (AC), muR-eff = 0.0000 0.0000
=> Base of peaks: 2.0*HW*  8.00
==> Angular range, step and number of points:
2Thmin: 10.000000 2Thmax:  120.000000 Step: 0.020000 No. of points: 5501
=>- > Pattern# 1
=> Crystal Structure Refinement for phase: 1
=> The density (volumic mass) of phase 1is: 7.272 ¢/cm3
=D > Pattern# 1
=> Crystal Structure Refinement for phase: 2
=> The density (volumic mass) of phase 2 is:  3.458 g/cm3
=D > Pattern# 1
=> Crystal Structure Refinement for phase: 3
=> The density (volumic mass) of phase 3is:  8.774 g/cm3
=> Scor: 3.5208
==> RESULTS OF REFINEMENT:
=> No. of fitted parameters: 29

=> Phase No. 1 InSiTe3-147-P3 147

=> No. of reflections for pattern#: 1. 632/2

==> ATOM PARAMETERS:

Name X SX y sy z sz B sB occ.socc. Mult
In 0.33330( 0) 0.66670( 0) 0.49999( 0) 0.463( 0) 0.168( 0) 2
Si 0.00000( 0) 0.00000( 0) 0.48575( 0) 0.065( 0) 0.114( 0) 2
Te  0.00000( 0) 0.66036( 0) 0.23214( 0) 1.333( 0) 0.701( 0) 6
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==> PROFILE PARAMETERS FOR PATTERN# 1
=> Cell parameters
7.04053 0.00030
7.04053 0.00030
7.09786 0.00022
90.00000 0.00000
90.00000 0.00000
120.00000 0.00000
=> overall scale factor : 0.001723700  0.000012510
=> Eta(p-v) or m(p-vii):  0.57984 0.03162
=> Overall tem. factor : 0.35504 0.05127
=> Halfwidth parameters: 0.08771 0.01247
-0.01747 0.00875
0.02108 0.00148
=> Preferred orientation: -7.47376 0.08981
0.04411 0.00054
=> Asymmetry parameters :  0.00000 0.00000
0.00000 0.00000
0.00000 0.00000
0.00000 0.00000
=> X and y parameters : 0.00049 0.00087
0.00000 0.00000
=> Strain parameters :  0.00000 0.00000
0.00000 0.00000
0.00000 0.00000
=> Size parameters (G,L):  0.00000 0.00000
0.00000 0.00000

=> Phase No. 2 Si2Te3 163

=> No. of reflections for pattern#: 1: 701/2
==> ATOM PARAMETERS:
Name X SX y sy z sz B sB occ.socc. Mult
Sil1 - 0.00000( 0) 0.00000( 0) 0.16590( 0) 1.000( 0) 0.470( 0) 4
Si2  0.19160( 0) 0.68310( 0) 0.22300( 0) 1.000( 0) 0.330( 0) 12
Si3  0.01140( 0) 0.15320( 0) 0.27940( 0) 1.000( 0) 0.180( 0) 12
Tel 0.32630( 0) 0.00670( 0) 0.11800( 0) 1.000( 0) 1.000( 0) 12
==> PROFILE PARAMETERS FOR PATTERN# 1
=> Cell parameters

7.36885 0.00283

7.36885 0.00283

13.48271 0.00361

90.00000 0.00000

90.00000 0.00000
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120.00000 0.00000

=> overall scale factor: ~ 0.000005124  0.000000594

=> Eta(p-v) or m(p-vii) : -3.75003 0.55092

=> Overall tem. factor : 6.93410 1.76983

=> Halfwidth parameters :  1.31720 0.11548
-0.46219 0.00000
0.09215 0.00000

=> Preferred orientation: -1.17052 0.06924
0.00000 0.00000

=> Asymmetry parameters :  0.00000 0.00000
0.00000 0.00000
0.00000 0.00000
0.00000 0.00000

=> X and y parameters : 0.14575 0.01610
0.00000 0.00000

=> Strain parameters : 0.00000 0.00000
0.00000 0.00000
0.00000 0.00000

=> Size parameters (G,L):  0.00000 0.00000
0.00000 0.00000

=> Phase No. 3 In2Te3 216

=> No. of reflections for pattern#: 1. 584/2

==> ATOM PARAMETERS:

Name X SX y sy z sz B sB occ. socc. Mult
Ted  0.00000( 0) 0.25000( 0) 0.25000( 0) 0.405( 0) 0.806( 0) 24
Nl 0.33333( 0) 0.00000( 0) 0.00000( 0) 3.653( 0) 1.778( 0) 24

Te3  0.58300( 0) 0.58300( 0) 0.58300( 0) 0.522( 0) 0.872( 0) 16
Tel 0.25000( 0) 0.25000( 0) 0.25000( 0) 0.760( 0) 0.372( 0) 4
Te2  0.91700( 0) 0.91700( 0) 0.91700( 0) 1.618( 0) 1.115( 0) 16
Te5 0.08300( 0) 0.08300( 0) 0.25000( 0) 3.781( 0) 3.105( 0) 48

N2 0.16700( 0) 0.16700( 0) 0.00000( 0) 1.009( 0) 1.013( 0) 48
==> PROFILE PARAMETERS FOR PATTERN# 1
=> Cell parameters

18.48390 0.00152

18.48390 0.00152

18.48390 0.00152

90.00000 0.00000

90.00000 0.00000

90.00000 0.00000
=> overall scale factor : 0.000000000  0.000000000
=> Eta(p-v) or m(p-vii) :  3.41264 0.26926
=> Overall tem. factor : 1.75655 0.49224



=> Halfwidth parameters :  0.06732 0.01169
-0.08165 0.00000
0.04752 0.00619
=> Preferred orientation:  1.67255 0.13926
0.00000 0.00000
=> Asymmetry parameters :  0.00000 0.00000
0.00000 0.00000
0.00000 0.00000
0.00000 0.00000
=> X and y parameters : -0.04957 0.00739
0.00000 0.00000
=> Strain parameters :  0.00000 0.00000
0.00000 0.00000
0.00000 0.00000
=> Size parameters (G,L):  0.00000 0.00000
0.00000 0.00000
==> GLOBAL PARAMETERS FOR PATTERN# 1
=> Zero-point:  -0.0674  0.0000
=> Cos( theta)-shift parameter :  0.0000 0.0010
=> Sin(2theta)-shift parameter :  0.0000 0.0000
==> RELIABILITY FACTORS WITH ALL NON-EXCLUDED POINTS FOR PATTERN: 1
=> Cycle: 12 => MaxCycle: 20
=> N-P+C: 5472
=> R-factors (not corrected for background) for Pattern: 1
=>Rp: 158 Rwp: 20.5 Rexp: 9.78 Chi2: 4.39 L.S. refinement
=> Conventional Rietveld R-factors for Pattern: 1
=>Rp: 285 Rwp: 30.6 Rexp: 14.60 Chi2: 4.39
=> Deviance: 0.267E+05 Dev* : 4.859
=> DW-Stat.: 0.4968 DW-exp:  1.9269
=> N-sigma of the GoF: 177.501
==> RELIABILITY FACTORS FOR POINTS WITH BRAGG CONTRIBUTIONS FOR PATTERN: 1
=> N-P+C: 5409
=> R-factors (not corrected for background) for Pattern: 1
=>Rp: 159 Rwp: 205 Rexp: 9.77 Chi2: 442 LS. refinement
=> Conventional Rietveld R-factors for Pattern: 1
=>Rp: 283 Rwp: 305 Rexp: 14.52 Chi2: 4.42
=> Deviance: 0.265E+05  Dev* : 4.889
=> DW-Stat.: 04994  DW-exp:  1.9266
=> N-sigma of the GoF: 177919
=> Global user-weigthed Chi2 (Bragg contrib.): 4.44

BRAGG R-Factors and weight fractions for Pattern # 1




=>
=>

=>

=>
=>

=>

=>

=>

=>

=>

Phase: 1  InSiTe3-147-P3

Bragg R-factor: 11.7 Vol: 304.697(0.021) Fract(%):
Rf-factor= 15.3 ATZ:

Phase: 2 Si2Te3

Bragg R-factor:  29.9 Vol: 634.027( 0.384) Fract(%):
Rf-factor= 49.8 ATZ:

Phase: 3 In2Te3
Bragg R-factor: 41.3
Rf-factor= 35.2 ATZ:
CPU Time: 41.242 seconds
0.687 minutes

Run finished at:  Date: 05/07/2017 Time: 14:50:23.883

WEf FullProf Program

Load

EditPCR Mode Run  Exit

Vol: 6315.111( 0.899) Fract(%):

95.39( 1.08)
338.325 Brindley: 1.0000

4.58( 0.53)

2624.703 Brindley: 1.0000

0.03(0.01)

346793.000 Brindley: 1.0000

90

=>
=>

=>

=>

units)

(arb.

Intensity

=> Global user-weigthed ChiZ (Bragg contrib.): 4.50253
=> —————— > Pattern# 1

=> Phase: 1

=> Bragg R-factor: 11.8940

=> RF-factor : 17.0801

=» Phase: 2

=> Bragg R-factor: 41.1338

=> RF-factor : 46.3459

=> FPhase: 3

=> Bragg R-factor: 40.5334

=> RF-factor : 35.7024

Convergence reached at this CYCLE !!!!: CYCLE No. 7
R-Factors: 16.0 20.6 ChiZ: 4.45 DW-Stat.:
Expected : 9.78

Conventicnal Rietveld R-factors for Pattern: 1

Rp: Z28.8 Rwp: 30.8 Rexp: 14.61

=> Global user-welgthed ChiZ (Bragg contrib.): 4.50253
=3 > Pattern# 1

=> FPhase: 1

=> Bragg R-factor: 11.8940

=> RF-factor : 17.0801

=> Phase: 2

=> Bragg R-factor: 41,1338

=> RF-factor : 46.3459

=» Phase: 3

=> Bragg R-factor: 40.5334

=> RF-factor : 35.7024

Normal end, final calculations and writing...

Cycle: 7 ChiZz:

0.4883
1.%251

-45

Patt#:

ChiZ:

4.

1

45

InSiTe3 Z.xrdml
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I Department of Physics and Materials Science, Chiang Mai University, Chiang Mai 50200, Thailand
“Materials Sience Research Center, Faculty of Science, Chiang Mai University, Chiang Mai 502000, Thailand

Abstract

It is well known that an intrinsically layered structure is to present low partially localized
frequency phonon modes, low sound velocities, and large phonon anharmonicities, which lead
to a very low thermal conductivity () due to its strong intralayer chemical bonds and very
weak interlayer bonds (van der Waals type). Indium tellusilicate (InSiTes) compound is one of
lamellar transition metal chalcogenides with metal tellusilicate family (MSiTes). This
compound has an intrinsically layered structure with hexagonal symmetry (space group: P-3).
This is the first report of a study of thermoelectric (TE) properties of InSiTes and heavily
phosphorus (P)-doped InSiTes. A few compositions of P-doped InSiTes, InSii=P=Tes (x=0.0,
0.02, 0.04, 0.06, and 0.1) were successfully synthesized by direct reaction in sealed silica tube.
The Seebeck coefficient (), electrical resistivity (o), and thermal conductivity (x) of the
samples were investigated over the temperature ranging from 323 to 723 K. All the samples
indicated negative values of the S. Both the pand x decreased with increasing the temperature.
Optimization of the carrier concentration through heavily P dopant further enhances the TE
performance of the lamellar InSiTes. The results suggest that P-doped InSiTes can be
determined as promising n-type TE materials.

20U3125 1B2ISAYd : AHd

Fig 1. Crystal structure of larmellar indium tellusilicate (InSiTez) based n-type TE materials

Keywords: InSiTes, Thermoelectric, Phosphorus, dopants, figure of merit, layered structure
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Thermoelectric properties of phosphorus-doped indium

tellurosilicate: InSiTe;
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Polycrystalline samples of undoped and doped indium tellurosilicate: [nSiTes were synthesized and their
thermoelectric (TE) properties were investigated in the temperature range from 323 to 723 K. Phos-
phorus (P) was selected as an electron dopant, i.e., the starting compositions were set as [nSi;_PyTes
(x = 0,0.02,0.04, 0.06, and 0.1), The P doping increases the carrier concentration, which leads to decrease
in both the electrical resistivity (p) and the Seebeck coefficient (S), while has little effect on the thermal
conductivity (). As the results, the figure of merit ZT = Szp‘1:<" T increases with increasing the P content.
The maximum ZT value is 0.14 at 723 K, obtained for InSigoPgTes. The present results suggest that
InSiTes can be a good TE material.

@© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Since more than 60% of primary energy is in the form of waste
heat [1], thermoelectric (TE) technology, which involves the direct
conversion between heat and electricity, is expected to play an
important role for utilization of the waste heat as electricity [2,3].
The efficiency of TE devices is related to the performance of TE
materials and the temperature gradient across the devices. Both n-
and p-type TE materials are used to fabricate a TE device. The
performance of TE materials is determined by the dimensionless
figure of merit ZT = $% s 'T, where S, p, «, and T are the Seebeck
coefficient, electrical resistivity, thermal conductivity, and absolute
temperature. Generally, « is composed of the lattice (x1ar) and
electronic (1) contributions, respectively. S, p, and kg are interre-
lated with the carrier concentration, while 14 is independent of the
carrier concentration.
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In recent years, new TE materials have been designed and
synthesized with two approaches for enhancing the ZT; i)
improving the power factor (S%p~!) by optimizing the carrier
concentration and ii) reducing the k15 [ 1,2]. It is well known that an
intrinsically layered structure leads to low ;¢ due to its very weak
interlayer bonds (van der Waals type) [4—6|. Indeed, BiyTe; which
is known as a good TE material with very low &, has an intrinsi-
cally layered structure. Furthermore, recently, layered oxy-
chalcogenides (Bij_xSrxOCuSe, BiOCule, LaOBiS2-xSey, Bi202Se, and
Bi;O,Te) [7—10] and layered tellurides (CryGe;Tes, Mn-doped
CryGezles, Fe-doped CryGezles and InpGezles) [6,11,12] have
been considered as promising TE materials due to their relatively
low kjat.

Indium tellurosilicate (InSiTe;) and its family (AlSiTes, ScSiTe;
and CrSiTes) have an intrinsically layered structure, exhibiting a
laminar character symmetry (space group: P-3) [13]. The crystal
structure is shown in Fig. 1. This picture was drawn in according
with the JCPDS database of InSiTe; which is specified as the hex-
agonal crystal system (a = b = 7.0411 A, c = 71001 A, o = § = 90",
v — 1207) [14]. The interlayer of InSiTe3 is dominated by the van
der Waals force [G]. Due to the layered structure, InSiTes is
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Fig. 2. XRD patterns of the polycrystalline samples of InSi;,P,Te; (x = 0, 0.02, 0.04, 0.06, and 0.1).

composition of the undoped InSiTe; bulk sample is Iny;SipgTes .
Although the actual SifP composition was determined by the EDX
analysis, it was not in good agreement with the nominal

7.0408 —————T——T— T 7.0880
(o]
7.0006 - o ® a=b
- 7.0976
O ¢
7.0404 —
< - 7.0972
o 70402 I @
n ©
3 7.0400 - 7.0068
o} o i
7.0398 L} ® o} O |- 70064
7.0396 — . ( )
7.0960

] v 1 v 1 v I v 1 v ]
000 002 004 006 008 0.10
P content (x)

Fig. 3. Variation of the lattice parameters (g, b, and ¢) of InSiy_,P,Tes (x = 0, 0.02, 0.04,
0.06, and 0.1) as a function of P content (x).

composition, especially in the sample with x less than 0.06. This is
due to the accuracy of the EDX spectrum within +5% relative of the
correct value [18].

Fig. 5 shows the temperature dependences of the electrical
properties of InSi; ,PyTes (x =0, 0.02, 0.04, 0.06, and 0.1). As shown
in Fig. 5a, the negative values of S are observed in the whole
measured temperature range, indicating n-type behavior. The ab-
solute S values of undoped InSiTes decrease with increasing tem-
perature, while those of P-doped InSiTes slightly increase up to
453 K and then subsequently decrease. Furthermore, with
increasing the P content, the absolute S of the doped samples
decrease. Similarly, as shown in Fig. 5b, the p values decrease with
increasing the P content. The results observed in the S and p can be
explained by the carrier concentration (n). Room temperature
values of the Ry, ny and gy determined by the Hall measurements
are summarized in Table 2. With increasing the content of P dopant,
the ny increases but uy slightly decreases, meaning that the elec-
tron doping by P substitution with Si are successfully done. The
relationship among ny, S, and p are reasonable, i.e., the increase in
the carrier concentration leads to decrease in both absolute S and p.

The power factor (S%p 1) is plotted as a function of temperature,
as shown in Fig. 5¢. The $%p ! of all samples sharply increase and
reach maximum values at 723 K The doped samples obviously
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Fig. 1. The crystal structure of InSiTes.

expected to have low kjar. However, not only «ja¢ but also S and p of
InSiTes have not been reported. The purpose of the present study is
to study the TE properties of InSiTes, where phosphorus (P) is
selected as an electron dopant. Polycrystalline samples of InSi;-
«PxTes (x = 0, 0.02, 0.04, 0.06, and 0.1) were synthesized and their
TE properties were examined in the temperature range of
300-723 K. The effect of P doping on the TE properties were
investigated.

2. Experiment

Si chunks (semiconductor grade), InyTes chunks (5 N), Te
chunks (5 N), and P chunks (4 N) were used as the starting ma-
terials for preparing InSi;PxTes (x = 0, 0.02, 0.04, 0.06, and 0.1).
Firstly, the mixture of Si and P in the atomic ratio of 9:1 was pre-
pared by an arc melting in an Ar atmosphere. Then, the Si chunks,
InyTes chunks, Te chunks, and SiggPg; were weighted and mixed
with the desired compositions then put into sealed evacuated
silica tubes. The mixtures were heated to 1173 K at a rate of 5 K/
min, held at this temperature for 3 days, and quenched in an ice
water bath. The products were ground into fine powders using an
agate mortar. The powders were put into a 10 mm graphite die,
then hot-pressed at 823 K under 45 MPa for 2 h in an Ar-flow at-
mosphere. The obtained bulk samples were characterized by X-ray
diffraction (XRD) technique using Cu-Kz radiation at room tem-
perature. The lattice parameters were calculated from the XRD
patterns using the FullProf software |15]. The density (d) of each
bulk sample was calculated based on the measured weight and
dimensions. The microstructure and chemical composition of the
bulk samples were investigated using a scanning electron micro-
scope (SEM) equipped with an energy dispersive X-ray (EDX)
analyzer. S and p were measured simultaneously using commer-
cially available equipment (ULVAC, ZEM-1) in a He atmosphere.
Hall coefficient (Ry) was measured at room temperature by the van
der Pauw method in vacuum with an applied magnetic field of
0.5 T. The electronic state and band structure of InSiTe; have not
been completely understood. Therefore, Hall carrier concentration
(ny) and Hall mobility (uy;) were estimated from the obtained Ry
with a single-band picture. The ny and uy were calculated from Ry,
i.e,, ny = 1/(eRy) and uy = Ry/p, where e is the elementary electric
charge. k was evaluated from the thermal diffusivity («), heat ca-
pacity (Cp), and d from the formula: ¥ = aCpd. The a was directly

measured by the laser flash method in vacuum. The Cp was esti-
mated based on the Dulong-Petit model, C; = 3 ZR, where Z is the
number of atoms per formula unit and R is the gas constant. All the
TE properties were measured in the temperature range from 323
to 723 K.

3. Results and discussion

The powder XRD patterns of the bulk samples are shown in
Fig. 2. All the samples are identified as an InSiTes-type structure
|14]. The P-doping up to 10% does not significantly affects the
crystal structure of InSiTes. Although, undoped InSiTe3 contains a
small amount of Si;Te3 as an impurity phase, P-doped InSiTe; have
no such impurities. This result means that the addition of P ob-
structs the formation of Si;Te; and stabilizes InSiTes. Fig. 2b shows
the magnified XRD patterns of all the samples at the 26 range
between 10° and 15° including the reflection of the (001) plane. It
can be seen that the position of the (001) peak slightly shifts to-
ward larger 20 angle with increasing the amount of P dopant. The
variation of the lattice parameters (a, b, and c) of the samples as a
function of the P content (x) is shown in Fig. 3. The lattice pa-
rameters are summarized in Table 1, together with the literature
data for pure InSiTe; | 14]. The lattice parameters of the undoped
sample are in good agreement with the literature data [14]. The
lattice parameters of the doped samples decrease with increasing
the P content. This is due to the substitution of the larger atomic
radius of Si (1.17 A) by the smaller atomic radius of P (1.04 A)
[16,17]. The similar trend has been observed in heavily P-doped Si-
Ge alloys [17]. In the present case, with increasing P content, the
lattice parameters largely decrease by the 0.02 doping, and then
they begin to decrease slightly with further doping. Besides, the c/a
ratio of all the samples is almost independent of the P content. The
bulk densities of the InSi;.,PTe; samples synthesized by hot-
pressing are summarized in Table 1. The measured bulk densities
are very high, corresponding to above 96% of the theoretical
density.

The SEM image and EDX mapping images of the undoped
InSiTe; bulk sample are shown in Fig. 4. The SEM image indicates
that the surface of the bulk sample is homogeneous with no
remarkable pores and cracks. The EDX mapping images shows
that In, Si, and Te are uniformly distributed on the sample surface.
The quantitative EDX analysis confirms that the chemical

95
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Table 1
Lattice parameters (a, b, and ¢) and density (d) of bulk samples with nominal compositions of InSi;_,P,Te; (x = 0, 0.02, 0.04, 0.06, and 0.1).
Compounds Lattice parameter (A) Theoretical density Measured density Relative density
dy (gem™>) dexp (8em™2) exp/din, x 100 (%)
a=Dhb c cla
JCPDS# 7.0411 7.1001 1.0084 573 - -
47-1452
InSiTe; 7.0406 7.0976 1.0081 573 5.54 96.7
InSigo8Po.02Tes 7.0398 7.0966 1.0081 573 561 97.9
InSio 96Po.04Tes 7.0397 7.0966 1.0081 573 5.58 973
InSig.04Po.06Tes 7.0397 7.0964 1.0081 573 5.55 96.8
InSig 00Po.1 Tes 7.0396 7.0964 1.0081 574 5.54 96.6

A 7 —

Fig. 4. SEM and EDX mapping images of the InSiTe; bulk sample.
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Fig. 5. Temperature dependences of the electrical properties of InSi;.xP,Tes (x = 0, 0.02, 0.04, 0.06, and 0.1): (a) Seebeck coefficient (S), (b) electrical resistivity (p), and (c) power
factor (5% ).



Table 2

Hall coefficient (Ry), Hall carrier concentration (ng), and Hall mobility () of InSi;-
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«PxTes (x = 0, 0.02, 0.04, 0.06, and 0.1) at rcom temperature.

temperature range from room temperature to 723 K. All samples
exhibit negative S values, indicating n-type characteristics. P-
doping increased the carrier concentration and thereby enhanced

Compounds Ru - L o the $%p ! but has little influence on the «. Owing to its specific
(em’C ) fem. =) GRS layered crystal structure, the « values of all samples are very low.
InSiTes 145 x 10° 43 x 10%2 345 InSig gPg 1 Tes exhibits the maximum ZT value of 0.14 at 723 K. Since
InSig 53Po.02Tes 193.24 3.2 x 10:2 41 the partial substitution of Siby P in the InSiTes system results in the
:2220795]2“—“4;:3 Sg‘gg g‘g i }gm gg significant improvement in the $%p ! as well as its intrinsically low
lnsigjzngﬁe: 1585 3.9 % 1077 28 &, it can be concluded that P-doped InSiTe; can be a candidate of
good TE materials.
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Fig. 6. Temperature dependences of (a) thermal conductivity («), and (b) dimensionless figure of merit (ZT) of the InSi;.,P,Te; (x = 0, 0.02, 0.04, 0.06, and 0.1).

exhibit larger $%p ! than that of undoped sample. By the P-doping,
the $%p ! of the samples are significantly enhanced. In P-doped
InSiTes, relatively large S and low p are achieved simultaneously.
The sample with x = 0.06 exhibits the highest $%p ! value of
71.5 pW/mK? at 723 K, which is lower than those of other n-type
layered materials such as LaOBiS,_,Se, (450 pW/mK? at 743 K) [8],
Sn-doped Bi,0,Se (215 pW/mK? at 773 K) [9], and Bi,0,Te (260 pW/
mK? at 655 K) [10].

Fig. 6a and b shows the temperature dependences of « and ZT of
the InSi;PyTes bulk samples. The « of all the samples slightly
decrease with increasing temperature, roughly according to a T !
relationship (Fig. 6a). It is well known that generally « is composed
of two components: lattice contribution (x5} and electronic
contribution (&e|), thus, & = kjar+«el. Further, ke can be expressed
using the Wiedemann-Franz relationship, i.e., ke = LT/p, where L is
the Lorenz number. In case of InSi;-xPyTes, the «e) is very small in the
entire measured temperature range, thus )z is predominant in the
present case {approximately more than 98% of the measured «). In
addition, all samples exhibit similar « values, indicating that P-
doping has little influence on the « (and «j;¢). All samples show very
low « values, probably due to the layered structure of InSiTes,
having very weak interlayer bonds forced by van der Waals type
[6,8—10]. Owing to this very low «, the P-doped InSiTes; samples
show relatively high ZT values; the maximum value is 0.14 at 723 K
obtained for InSiggPgTes.

4. Conclusion

Thermoelectric properties of polycrystalline samples of P-doped
indium tellurosilicate: InSiy_4PyTes were examined in the
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