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Effect of Al,O; dispersed particle on thermoelectric properties of Bi,Te;

Chang-Seok Baek

Department of Materials System Engineering, Graduate School, Pukyong National

University

Abstract

In this research, we studied the effects of particle size on “the thermoelectric
properties of BiTes.  Al,O; powders of two different particles sizes (50 nm, 250
nm) were mixed with BijTes powder by planetary ball ' milling to form two
mixtures, and then each imixture was sintered using the spark plasma method.
Phase structure and grain size were then analyzed by X-ray diffractometry (XRD)
and field-emission scanning emission 'microscopy (FE-SEM), respectively. Their
thermoelectric ‘properties were.then evaluated by measuring their Seebeck
coefficient, electric. resistivity, and thermal conductivity.«Grain size, density, carrier
concentration, and mobility: of ‘Bi;Tes had all decreased owing to the addition of
Al,O3 particles. However, a-smaller particle size (50 nm) had greater influence on
carrier concentration reduction, while a larger particle size (250 nm) had greater
influence on the reduction in mobility. These results may have been caused by
different changes in the energy barrier width induced by the varying particle size.
The Seebeck coefficient increased regardless of particle size of added AlOs.
Electrical resistivity of sintered bodies decreased with decreasing particle size, and
followed the same trends as carrier concentration variation with particle size.
Thermal conductivity too decreased; however, the amount of decrement became
lower with larger particle size. The highest figure of merit obtained was 0.9 at 2
5°C for the Bi,Tes/Al;O3 (250 nm) sample. The result followed electrical properties
variation then reduced thermal conductivity
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SAF B D] ol gk AATE
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2.1.1 el &7} (Peltier effect)

Ao s 3 @7el AR, ARE SRd dE Fastel ¥
& do7int(6]. BEo matell the bed A& Fig. 2.1°0 WERSIH.
1 Auto]az n@t pP e MEA AR T3 BheAse HET
= v5oE Agdr dHeR F ks 4
ez pAED AR7k 321 dgzos A7 FA4H n¥ WA
H

w8k AEFdM WA A olFOoE o]Fs, p3F
(e}

mow o)gatil ek A% L Rl oh gt b, o] HHel ¥ st
L ods APY opdmon Audeh of FHel FERE WAHL HIY



Active cooling

Fig. 2.1 Principle of thermoelectric refrigeration



2.1.1 AW a3} (Seebeck effect)

E2 oA E 714, nd wtEA|g A= Az,
pd WEAAM = o] A olHFO R o] et Aol gsto] AUAE
R Ass AP ofUFHO R ol F st WAl dUvAE Al Hrt ey
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o A olUFo R Yot
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Heat Source

Metallic
electrodes

IS Metallic
7 élecirodes

(b) Power Generation

Fig. 2.2-Principle .of power generation



2.2 A5 A5 (figure of merit ZT)
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Fig. 2.2. The relation between thermoelectric properties and carrier

concentration.
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2.3 A3t A

AAA7E Foisls W Aok AmF-olA A7 52 ol w2 BEe
2 wAolA "du. deke] ool weh AF7E AdEe = dA d77F
s=A "o sk ole AR WY 24, A Sl s ¥ U=
O AsdFol EAske ddores AARA, Al 24, 71s, AAF sl 3
ok oold deE AR SAC wE ouA e sk, AdE <y
A ZH e o], FAC wEldskbee] o Y= mIth
Fig 2.4° A7} AUAGE & whsts de] Aol that sk =245
Bl sl dEREE olFst A oux= AE, sFos RH
"ok A& U xE THel A2 FOIZ YER ST ol x] &Y A
AAAE 2zt ol MAFe}t FdsA FolE UEHIH T1”elM E= A
2o oy A, Vi dluA] AE o R 2ZSHA| oL o], Vo oA FH 9
=olE YEhdn} ouvx] AHE 698 FAE A=t
Ash7b v e sartds o 24 F 7 Ads Jehdled, ol A
&t 5ol (E) &k oA ALZgH ol (W aAel d &= L=rh(8]. &
gk RFoluA ek ouA] Auel A= s ¢ PR ok A, A
gkl AuA BT She oA FHe W W (E>Vy) O AstAES Fig.
2.4 @@l GeERRSITE dske 2EZHOR olgdtH, Vy ¥o]9 oA AW
Rtk SEAIRE Vo dske] ouA Rt stom g Mk Ao JFS A
L SHRTE S oy A] AW FACE gEFe TA ek F oA,
Aske] ol|yA 7 oA FH Ry ws w (Vi<KE<Vy) 9] A5
of Yeb 3tk dahi= oy AHEG 9L oUXAE 7HAH, oy &H
09 FAE Zteth o] A thREY AR SakehA XshAnt, AAR=

a9

<

£
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2 Axpso] AHES Fyeksd], ol HY® & H(tunneling effect) 2}
th Ha® vt dojus AEE odyA Ao T AA &,

A7V A=aE HE®W ade o 2 dojduh(Fig. 2.4(b)). HEE &=
E>Vy oA Hdat7t s3sk= B9 v A3 vEhdn w2 oy A A

=

—1l‘l

= THsh= Aot odyAe EA Qo] FHEARE, HEY adE FaA
g Aalolr oA o] Aoyl oA £Ae YRS A 26
oA HEb 9]
El
EQx? (2.6)

QA A NIAE)S o] B we R oA AW B e %
ashil, 1 geE FAC Ak F oA AMS vk A o) 97
3 U (B £ ol Foteh U] AL Tt FALTS Ho] oyt
o SAE kT Bt SEe Fol Bk o] 719 FteiA
o WA R, oYX £AS AA herh U FH ¥ U oA

A7t E=AE BE S YR

=

o ul

5
u
;

>¥ﬂ

R

rl
iy

2L

B

A Bk Y= E  transmission
coefficient(T) = YEFE 4 Sth(Fig. 2.5)[8]. x5 A3t ouUAE oy
A ol ol Y A Qldl, ZElEeA xgte] 1xth & FEo] Wk
N7} ol | =] FH R Th 22 FFolar, 1 ool = Hake] oA 7t o
HAl ek & F9olth xF gtol 1Rt Z2av AXW T 19 7749
AH, o= YAk Aot o] FdItE Ze ofndh xgko] 11Xt #}
S dol= HYd axrt st 1 AR duyx Ado] gkS4E Eo}
A7) wZel HE® mael digh dstsve o rjE zteth oy ATt
EAE Adatg JFHoEE A7) Aol 7lojskAl sl €

AMA T, A7IAFS F2 Ast 5529 o] %, Azt (r) el o8 2AH
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Aot At Atdte] dFe vl dAES AArrE, A, gl o
e so] Stk vEdAd Am HAe dstE AsA7Ie A WA
a]lolth. AAHA= AR A3 wolok FA uA FHE A,
54 w99 dshatede] Zeidt AAHAE LT 242 AEY, 14
& Add ¢ I AgE AGA olEE duFor e xol <uXA
e At FR W2 dUAE zhe sk abde] Zlofdth AAl A
7] Aol Zojsks Ak St w2 oy AY dekso] Vostng, 44

HACNA dojups dspater2 A5 AVATA A dF= HAA de

A 24 A ek e drolo U gue Ayete, Ao 2717}
AU Aue FAS AT Wb AT 2SRt Ame] Wt
she 4712 B4 2do) Aesteh. vheha, Astel Ak Aolsr] $l8lA
o $-AHolu, M Qxte 27 wF WY Fos

F:ll1
ChE BAIARE deke] Abdelt thE &g Fuh
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Vi Xg—Kg+0 A4

(a) The particle incident on a barrier with E > V.,

Vi
\\N\_/"
VAVAVAVA =
k k
¥y Xy X+ 0 Vi

(b) The particle incident on a barrier of E < V, but finite width

Fig. 2.4 Reflection and transmission of particle on various potential[8]
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Fig. 2.5 Transmission coefficient of a particle passing through a

barrier plotted as a function of particle energy[8].
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2.4 BisTes A=
2.4.1 Bi,Te;¥ ZATZ

AhdATE A e 2 g 25 1Yo 5 AeAFE e
oH(Fig. 2.6). BixTesw 42 FZold 748 58 AsATE /A, 328
AdAAEE 2P Qlch. BiyTest D°aR3m)F3bre]l  HATE
(rhombohedral structure) & Zt=th. o] 72 cFel FF3 WFo =z Hoj
o F Aot dA89 S5 A@7 (hexagonal). FH 2 ALk, cF WEFow

gojoj 5o wMd2 vy 2u(Fig. 2.7) [9].
—Te'"—Bi—Te®—Bi—Te'"—

TeV-Bit: o] &-FF2%[10,11], BiTe? FafATS o|F1 o
Te''-Te" = Van der Waals @& ko SIth[12,13]. oz o= ofg 4
88 Zk= Van der Waals 233 lamellar structure®] BiyTes; + ®AW
= At @2 7IAA 54 el dle] #u1].

cEF Wgow AA AAE AAFEE A3 7AE A Qe W74,
A4 5o ool yEbdth[14,21]. % WEEY aF WEFoer AUV
L, dAEET 9 =4 vehdth o'l 5AS ol &shr] flEl 7S] @A
el dist A7 Wol HAyEHOoY, e TAF EHdor A3 Tty
9 #AE7b oy dHol Qlnk s VAE 54 AeATY FEES

daf BropEHoR AzFHol whro] AT WAH 1 grk23-24].
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2.4.2. Antisite defect

Arel AAdf o EAsts Addors HA, A4%, HAT 5ol 3
ot oold A¥ES w7IskE WS Koger—VinkH [15] ¢ wech Age F
A ERE wET Age] ved 9, old ¥ uvE wUE et ¥

=

T4 o V= ugehdoh ofdidAbe Ade]l A AAE Adsith A
Hfretd AA5 wAAY YT or e A2 0 = etk &

st AHAE BASHE sk=Hl, ol 1 ATl sk dst()v A (h
Dol wEF gEA FASY. da7E )= AekE grlEkH, A 715 () &
o] A= YuiFth HAde ¥y, IYF, ASF EA, anti—site ol 39l
H, A48 AP E oS A4S0 TOFe Z QF ANE YAHS], g
A9 Fol Utk "AF R = AAYA, ASAT ol A%t o] T A7)
o7 AU =ATHE T ER JntisSitc R ¥ Ve, Ve 7 7HA
7F EA k= Ve Mol Asts AA, Ve Ao =& s
antisite defectJAl Bige, Tep T+ 7FAZF A8t Birew & 3tUE A/d3H
1, Teg= A3t shkE sy, HFa2e®2 S Mol 34 dx(e)rnt @
o] QW™ pHa, AAH(e)7F v-Eol BAHE n¥ = HeEbdT(1]

Antisite defect®] 4 F &S vpekd Ao o8 vehdth 7]EA e
2 9ol ougt Feje olux7t Ttelixle wf AA7E A E ol E O EA
AT} antisite defects AHAAEL] AxFHolv kol waf FFS W
of wizketA Wstety, AR HeteEE THsh= T3 AR A&
sttt

2l 2.4.1°0 BipTesol A deldAlel oJs] o] A% pde Hehl= 3
%5 UERISIY BisTesol 382 585TCT=A  UnbA

N
ok

_

_17_



0C) BT} E=xuk Teo] e Z7gtoz A& 2434 2 Teol 7|3tstAA
WA= SolAdo] Stk Te @A7F WA Uzt zkg o, Bi 92k7F So17H4
antisite defectE AT} BidAl= Ted 32 A7 71 EAEE=E
Bi, TeAe]7} o] ¥t 2 2420w A7 A= B9E HEAA
o Ted#t dial BigdA7k Zlgkatel Bi Aol gos A8k, 1
Te A7} Ath o] Aol 6719 AA7E B0l ng= Hebdih

p—type; Bi,Teq <> 2Biy, + V2 +2V3 +6h+%Teg (9) (2.4.1)
n—type; Bi,Te, <> Tep, +2V3, +2Te s +6e+Bi, (g) (2.4.2)

9 A(2.4.1/ 2.4.2)91 4 e Aol Gt antisite defect?] B4 ¢l o
Ao w VA A MUAZE Ao s o]8d AFAT AN FHY Y=
she} Eetell 7] R "HEdge] Agsow Zo7HA doh 9% ¥

l

£
il

e 71414\ &&3F(mechanical alloying) $el% AFE-w =], 2 374 oA
FoA = At ZIAF Ak Qe HUA| 7L antisite defectd A st &=
O 7IAA odduAZZ AL dA FolA= _dHel ATt[16]. 22 F T
FojA = odEe Ao Aol wek VAW S (basal slip) ¥ 7]AE 9
<9 (nonbasal slip) & 4ottt 7AW, 7AW 9] £3Ho] dojv+= AFE
2 2.4.3% 2.4.4°0 27 YERQIYE B3 oS 7] A&l HEd =4

Fig 2.8 Yehy it

basal slip; BiyTe, <> Big+3V2, +66+%T62 (2.4.3)

' : . 3
nonbasal slip; BiyTe, <> 2V, + 2Big + V7, + 6h + 5 Te, (2.4.4)
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TeW—Te® We] okst Ao <3 WAsE= 295 7AW 29 (basal
slip)olet &b, 73 44 HAgst= olt}, o] AL A 2.4.3¢] e
At o] ALolE Te Ao FFo] AT 4 24139 28 Te A=

Z13pE A kol A A WFel EA%Y. Te dak= d7|How @4de HA
%= point defect 24 241 HAsls Lo TFA &=t AT A
gke] olF= Welske v Aol Hol HibsEE W edH V|dgde
st 7AW S ol A& AdA ] TheiA = bEo]l AR ol e
2 S7bebd HddflEel 71441 2] €3 (nonbasal slip) & 2AA T, o
Hd = A 2.4.400 debdSlth- 7A e &5lo] WAd w= Te Aol ¥
o] AAE AHoA Bl AAE A Aol olEAZIth Bi A= 51
How ETAE) Hus Te A7 wbquUzt zg ol =o]7kA  antisite
defectE AAJRbe:. whebs &dAof ofsk ko] 7hajd wi= A7 A=
ARE ko] [F7kghel whEk Eo] A EH] Aol Asks =t it W&
o WslstA ok
antisite defecti= ¥t ol-gof el BHH R, FloA At €l 9o
T AEs] gke B8 wAUSS et T8 oy 7HA] ARl=el s &
dAolal vheFdt antisite: defectZ7b BAEH7] wiLeof - A =5 A stA
=37l @5t odE =oh SRy el s A A oA ot
AA7F antiside defectE A3 oF stAIRE, 7] 9}
A, Wi & s d9As v st d8 o AW e R
7] wZoltt. AW antisite defect®] Firell web REEAS] nd, py o]
A= 7] wTeo] WEEA] Alofsjobdt F e do] QlTh

fsol:

o

ol
rlo

of
iN
o
rir
™
B
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1.4

T d T = T = T T & T '/*
n-type materials -~ 1
1.2+ BiSball oys P =]
°9]  Bi,(Te,Se), alloys 5000600
1.0 4 \D -~ o 9"@ Si,Ge,,
: - nﬂ
by T2 \” i ".\ ‘A 0\“ LaTe, -
N ] / " =2l / 1
0.6 \‘(Pb Sn)(Te Se) alloys
! 3 ]
-
0.4 4(Ga,InfSh alloys /ﬂ‘ ot e
T 5
0.2 H ,g,‘ ra ﬂ—FeSI i %
] z &x
T a-Amd
0.0 X I % T K T ¥ T ' T % T . T
0 200 400 600 800 1000 1200 1400
“T T STACs R T U
alloys v :
12 ] (BiSH)Te,alloys jasa, [ materjaly
. A ]
1.0 VA ,‘/ X |
] o ‘,\ L (Pb,Sn)(Te,Se) alloys
0.8 -} N g“ .,"\. j £
E ] / '\( " 0\ Si, Ge,, ]
0.6 / i\ 2 X‘.««««««“ Boridés|
2 £ \l’l -
044 S ‘;’ F .,ma In)Sb alloys L
b ,‘/ .... (4/' r/
027 - il i o S, :
Mo R el 1
00+ e
0 200 400 600 800 1000 1200 1400 1600

Temperature (K)

Fig. 2.6. variation of figure of merit with temperature.
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’// C) et
c @ :Bi
-
@ :Te?
t==AD
/)K/)
),-/
=0
//\x\’
=
L@
/(
—
o )i N T
© - 260A  van der'Waals
. :EA\_)...._._V_____TQ‘”
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- ——— Bi
il 204 A  Covalent
i
- e=—i_ " _ 1 TN Te®
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e R e A e Bi
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// P/‘//‘\K,)____Tem

Fig. 2.7 Layer structure of a BisTes crystal in the hexagonal

system.
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2 Aol e BiyTe; $ai24 o] AHgEgith Fig 3.101 BiyTes (),
Al;03(50nm) (b), Al03(250nm) (c) 271+2¢ FE-SEM o|v[A] & e
ot Bi,Tess 10pumolete] BRYES 2 #38 duw Agsgon,

e E olgstd 3 WP A L ST BisTey ot dFvvh Z4dA= |©
o Aol v EEglon, S JAFI ] 3%E wAsHAT &Fv

U A2 27 a%E #Eebr] °F 50nm, 250nme] FHAYEE He
TR FHITE B8-S SPSAARYE o] golo] AAstglon, AT
+ 290TC, 22 %432 50MPa® S4sigitt. 2 ~2dA= SA S4& @
tholob2 = AEE ¢] &3k 7kttt

deE ot=27ivulal WS o]&sky SASU, A B4 X-ray
diffraction (XRD, Cu—K &, PHILIPS, Netherlands) & ©] &3¢ =743t}
AAA e v olnxet AA¥A7]= Field Emission Scanning Electron
Microscope (FE=SEM, JSM—6700F) 2 #+4138l0w, AMA G 7] 4
< ZEM-3(ULVAC—Rico), &3t FEeolzi= FTay FSAHAIA
(HMS—-3000, Ecopia)E o]&ste] A4ttt nld2 DSC(Diamond,
Pyris 1, Perkin Elmer)E o]&3ste] SAslom, A E%E+= laser flash
M (LFA-437, Netzsch)& °©]&3sto] deitas 54 5 vd, U499

WOoR AXMELEE Faoith
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Fig. 3.1 FE—SEM micrographs of raw powders. (a)BisTes
(b) BizTGg/Aleg (5OH1’1’1) s (C) BizTGg/Aleg (250nm)
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4. 4% A% 2 13

4.1. mMZEA ] v XE= AlO3 BAYAS] Y&

Fig. 4.1 4Fvurt H7beA o2 AZAeE 242 & 73719 470y
7b Z7be 2749 XRDH & vebd g olty, XRDwA A¥ 7 44
A= BigTez(PDF#15-0863)& YeUSIth B 2dA= BixTes < o
b odch dFujge] w3 H7ke 2ol A7) wE el yehdA] ekekthar
skl

Z+ 2~AA 9] od FE-SEM oJulA| & Fig. 4.2 Yelddth o5 AE4
[17]1& ol gsle] Fx3stek A4S A719F WEE Fig 4.3 vetdiict. 4
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Fig. 4.2 FE—SEM micrographs of fracture surface of sintered body
with different size of alumina.(a) Bi,Tes, (b) BiyTes/Al;05(50nm), (c)
BizTeg/A1203(250nm)
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Fig. 4.3. Variation of grain size and relative density of BisTes sintered

bodies with different alumina size.

_29_



4.2. A3AF A= AlLO; BAYAS] T

Fig. 4.4 7} &2Z4A9 2 Adst s%9} ol5xd Uetddth. 2dAE
TEACE nge dehlgith dst wE= BiTesolA o 4x107"/cm?,
BisTes/Al,O5(50nm) oA ¢k 1x107'%cm?®, BiyTes/Al,05(250nm) ol A <k
2x107"%/cm’e] Adt w5 YeEhdth Hetsme FAYATE H7bE A
Aastgion, BARIAe] A7)7b SUhEel wet SRS ol EE
Bi;TesolA ¢k 170cm?/Vs, BisTes/Al,O3(50nm) oA <k 114cm?/Vs,
BiyTes/Al03(250nm) ol A ¢F 100cm?/ Vs At 55 YeR) ),

o] WMal= atdxte A7/t B T A FHs s Wi
ojg} dkH Ty, ofeof whet ke =A S Fige 4.5°1 YERIT. Fig. 4.5()
T Al03(250nm) 7F HEE oA A e fYAbeh Wbe] Aol digt
2otk BigTes/Al,03(250nm) & FHALE F72 oA ZHS s
ok ks BER et AL SR ko n oA el QIAbeE st
© Wbk o g HhAbEjo} Uitk o] [P oA oA e A A dof
A oketh AIRE ols AR ZEF T ek . Ak = Bl SUkeke] o] B RS}
AbgQlAte] F-g m R IERE A BiyTey/Al,03(250nm) 914 BiyTesk
o okF ue Astsl, 7P @E olFELEE uERA Aolgt dAdEnh Fig.
4.5(b)= Al;03(50nm) 7F W= oy ] gk o QIARgE dxpe] Aol
st =240tk ALO;(50nm) = Al,O3(250nm) ol Hl&l] 4d3] eF> 79
ux FEE A weEkd Hay anrt BAsta vz S F3
s Ak uAE diFR Aoy Mol 7]ojskA] XAl "k whEbA
Wol] ot} QAR BE AsE wkAbEE
Al;03(250nm) ol vlstd doja oz #egFo] whalE|o] o]F =9 Ash= A

ol

T

dstsre  Ast

_30_



o 2 vhehd giolet Yzheict,
AR BAOFE GBS vtk 41004 Y
e ARE AR BE BRE Fod, 457 4 Bt g 2
ol FAY S Atk VA4S WY ARAA AYE AF AVES 22
34 Fol FolAt AUl dal zixkel FE AN BobrbA wrk
of el APl 4 L 2E Aol AekAA Ak AW LA
of o8l 27 FolE AT FEE BAIAT G 2AA vls o gol
ZASA Gk ol AFE F AVNAOE BYY ARELS 234 477
E4ol Jlofshl Hokh WY SAelA BUEL 2 J1AH oiAE woy
O ARE RS AL AAN AT AR el olge] 2 ol
Ak el A elwE Qs FYY AA-FF Fol YR, I
A Ao By 474 By FFW| \sleldt. Vo,
Vi T 7HAS) Al FAS £AISE st & sk Al A8 Fol AEE
o, dstqo= & e Fol EAsAEek 0y wEAY A3 snE A%
o Al P3O NS Aol AR wetd P T Fhe A4
A% a0 o #4e Doz Vel te(d 4223 2t

: , : 3
2Viy + 2Big, + Vi +6h+ 2 Te,— Biy Te, (4.2.2)

ad A Foll olgfst ddsol AlAA H=dl, o] M At wert
S7FIth BipTes/Al:03(50nm) oA 7HE w2 ddks=s dWepligi=d At

gy ook =Holw Aol os AAE antisite defectd] &¥% 2§
gt Zolet Azt

_31_



< —®— carrier concentration
E <l 290°C —#— Mobility
?\\
=]
T 5¢
= .
B A
]
b
-
Pl | *
g *
S 2t
-
4
-5
~
U 0 1 1 1 i 1 n 1 1
0 50 100 150 200 250

Particle size (nm)

300

250

200

150

—
(=]
<

(7))
=

(SA/ W) ANMIqOoIN

Fig. 4.4 Carrier concentration and mobility of Bi,Tes sintered

bodies with different alumina size.
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Fig. 4.5 Electron behavior on different potential width.
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Fig. 4.6 Seebeck coefficient of BisTes sintered bodies with different

alumina size.
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Fig. 4.7 Electrical resistivity of BisTes sintered bodies with

different alumina size.
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Fig. 4.8 Power factor-of BiyTes sintered bodies with different

alumina size.
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Fig. 4.9 Thermal-conductivity of Bi,Tes sintered bodies with

different alumina size.
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Fig. 4.10 Electron thermal conductivity of Bi,Tes sintered bodies

with different alumina size.
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with different alumina size.
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Fig. 4.12 ZT (Figure of merit) values of BisTes sintered bodies with

different alumina size.
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