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Development of Thermoelectric Semiconductors
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SUMMARY
I. Title

Development of Thermoelectric Semiconductors

II. Object and Significance

The purpose of the present study is to develope the high perfor-
mance thermoelectric materials, which have the functional properties
of converting thermal energy into electrical energy and vice versa,
and its production technologies. The applications of thermoelectric
materials have been devided into two ways, thermoelectric power gene-
ration(TEG) andxthermoelectric cooling(TEC).

The thermoelectric power generation, in which electromotive force
can be easily produced by the temperature difference between both ends
of the materials, has various advantages such as simple structural
mechanics, soundless, high reliability and extended service life. The
heat sources for TEG can be widely selected over the low grade energy
near room temperature to high grade energy of several houndreds deg-
rees, Due to above merits, the economical applications of the thermo-
electric materials should be increased for the purpase of small

special TEG using solarr, fossil and Rl energies and large power TEG



using industrial waste heat or natural thermal energies. From the
view point of energy situation in Korea, the utilization of various
waste heat energy applying the TEG systems should give economical
merits in many ways.

On the other hands, the thermoelectric cooling is now actively
applied in the world for selectional cooling or precise temperature
contro]l of electronics, optics and scientific instruments. In accor-
dance with the rapid development of electric industries in Korea, the
demand for the TEC devices is expected to increase greatly and many of
new TEC devices will be developed for direct energy conversion
processes, In consideration of the above mentioned aspects, the
importance of present study to develope the production technologies of

high performance thermoelectric materials is enough to be stressed,

III. Scope and Contents

Commercially used thermoelectric materials can be classified into
three catagories according to temperature ranges of heat sources:
Fej-xMxSis silicide compounds for high temperature range, IVp metal
(Pb, Ge, Sn) tellurides for intermediate temperature range, and Vp
metal (Bi, Sb) tellurides for low temperature range. Since we already
developed n-type materials with composition of 0.03 wt.% CuBr doped
85% BisTe3-15% BizSe3. we focused our study on the development of high

performance p-type thermoelectric materials, The main contents of this



study include the effects of dopants on thermoelectric properties of

p-type BizTe3-SbaTes and BizTe3-Sbz2Tesz-Sbhz2Ses alloys,

IV. Conclusions

1. The forbidden band gap energy increases with the addition of
Sb2Se3 while the Hall mobility decreases. So the optimum content

of Sb2Sesz was revealed to be 5 mol %,

2. The figure of merit at 300K was maximum at carrier concentration
of 3 ~ 4x1019 cm~3 for Sbls-doped Bi2Te3-SbaTes alloys. The opti-
mum carrier concentration was increased with increasing SbaTej
contents and the carrier scattering was mainly due to the acous-

tic phonon scattering.

3. The figure of merit at 300K for 2 wt.% Te excessively added (25%
Bi2Te3-75% SbaTe3)g5(Sb2Se3)s and 4 wt % Te excessively added 25%
Bi2Te3-75% Sb2Tes were 2.36x10-3 K-! and 2.45x10-3 K-!, respec-
tively, So by forming the p-n junction with 0.03 wt.% CuBr doped
85% Bi2Te3-15% Bi2Ses alloy as n-type material, one can fabricate

a thermomodule with maximum temperature difference of 67°C.
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A1y A =

o] AW o JdANEN 2852 Peltier effectiE ©]-8 ¥
M=} B2} (Termoelectric cooling)?] el LHAYYH dsiny ot &
HA R 7gdolu} §-82 transistori} ICo] H|3jA T FHE A X3}
drt. il 1980dtje] S0 AMEFEHI @] IR} A s EHA
22 AR} e, B dteA Axp3te] o] M=} deviced] AR H
2t 31453 U oS 3o wet AAPHAARL FAHY &Yl IA
FEE 3 9l

A2 2FHEol glof +27F sty ESEAET il njA R
w8 A3y JZo] 7l H=xII|7] Y778 FH BdZo|rL} &
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E AUt folR AAMEI vt ¥ AHAAEZHLS EHHOE qlx Ao
A%t AZAQA ANAAHBE|BR WA laser, {4 AELR, EUWX
2¥], INGAALR}FH A2 TS IANAH 2208 F{PHFo] 43R
z}F WEA, Axp7|7]8 FF Yoy AU 2T H oo o] &Fo] HxA|
BEII718 4B Lol IA JloEta qdrl

T A2FE 200Ce 2= olA AMEE+= Bi, Sbe Vs 49
tellurideAd AT E HEHOE AL M 42218 AriMes
t 3E, €33 HHEE A3 AlE3lof ER pY VAEFHEE
2 AR nY AEFLL ZE dAANEY HRVSS YRY UL
7b . & A3yl o]n] 85% BizTe3-15% BizSes ZAdo] CuBr&
0.03 wt. % doping 224 300K F-ZoA HEX]47} 2,5x10-3 K-1 o]AkQl
ny GUAEE L vt JeBE FdEolE olg tlgHS ol p¥ ¢
QgL e BEZ 3t oo YBV2E BisTes-SbrTesAl LEA| ¥
= th3M SbzSess] ¥ 32} dopant?] W77} dAFAP} PS50 n]
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A2 48U
A 13 TP AlEL A=

BizTe3®} SbaTes= R 5 rhombohedrall) 22 A A Helo] HAAA
HEIEANE P95t = 2B FAYRol HAHZ] BYPY K4 & 7t
A B2 Bridgman'joll &J§F AWy Filo] 3| dEBE ARSI ojuf ¥
AR E S HHEE ZABIATE. H2E = 99.99% oS &5 & &
shot == grain type?] Bi, Sb, Te, Se5 AlA], acetone, TH T TA
2 ¥EHE cleaning¥t ¥ 104 go Qo x} o|3l&E A Ed}3, o]F quartz
ampouleo]] AT F 10-5 torr o|Ate] X Foi AlRe] Axte® FE 5
ce o] "HolZl A& 44 torch® FH 3]

BUH ampouled rocking furnaceolA] melt?d] -§HKc} ¢ 150C &2
=M 15T o 1038 ST AT B WA A FAHIAZoH,
850°C2] muffle furnaceollA] xJ-8-§A|# seed bubblel]?] ZtHF gasE A A
3t ¥ Bridgman furnaceo] ampoule® Aslgcrt. wAA L AAL 8§500C
2 SAFHI o= A 50 mme 2] Bridgman furnace®} €41 %7} 9000CY!
27 60 mme 2] Bridgman furnaceolA] ¥3lP o, ojuf TtAAL] MHAL T
= 0.5 mm/hr - 2.3 mm/hr 0]31, JAAHL] L Fuj 35 oC/cm o] glt).
o]2} Zo] HMAH wtAA ST BE 2x2x10 mm 37} AJHE 23} A
Y, AJujA8 g AT E A on, 5x5x0.02 mme] flaked A]=
& 2]3]3}o] Hall effect& A3t}
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HM2d ASHY &3

2-1. ¥ A% (Seebeck coefficient)

dl5E AMEY S LEAE FUL o YAt J3YY &FF
of 28l AV = a- AT (a @ €3 %)Y FAXNLE HE F3Fct. oluf
U SHAYYPYLRE 252 ATE Y3 F43la 7189 AVE &
A5l W3} heat pulsed 73l ¢l 2E2E F3 o 7R Wy
o] 71&7I2HE EA% S S WHol de] A dsd, & AEd
N &Fo| Al%golqt heat pulse’i? o] o3l dAES Stk &
thermo-cell W o] Pt-wireE TIE sub-heater& A X|3}3 o]of &]3] A|Hoj
heat pulseg 7}8}H chromel wire2} AlH, alumel wire2} A Ztoj= r}-&
2} o] @1 o] WA}

chromel wireg} A|HE& % 7/|AHY: AV = (ach - as) 4T (2-1)
alumel wire8} A]HE ¥ 71MY: 4V: = (aal - as) AT (2-2)

u}2}A] Fig. 2-12] block diagramol T A|¥t 818} Zo] A/D converterd& ©]
23l A1 4V2e] &3 AAF AHelst AW U XA} #A
glo] ch&el 71 &7 £ 8 ZE= Aol dolFr)

AV Qch - Qs
E - —— . = e e e (2"3)
(I.'VI - AVZ) Xch -~ @al

(2-3)A122 HE A|HY Hjdds ast Thad o] AdgET:
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As = E (ach = aal) + Qch (2"‘4)

(2-4)2oll X achdl aal 32 W5 EZ FE g4 slth. ol 77Kol A
A2 712 2] A 2F YL dewarvo] A =& Aoj3t 1, 300K 0|48 12
P> VAL EONA ampoule U] A|HO| uniform zoned] $X|3I={ § ¥
dd5S A3

' I NN
e v
- 4 IBM
- PC
+ o
h.ﬂ' “ . - ch
paing ' v Lt
, . 4 RT
. : , o <
. . .
‘ ; < PLOTTER
' A empws =
: .1 md-< "'? -
mmmmmnﬂﬂﬂ':"”“’ """'*"""’“" FR'HTER

Fig. 2-1 Block diagram for measuring Seebeck coefficient.
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2-2. FINIAMY U IR

Az MIHAE(p)S YUHOE ALE = 4 probe method®E &
Bt o ojufl Peltier effecto] 2|3 xI&F A 3l7] 134 ZFA
¥ 2] source® DC chopperd ©o]-&3}d 120 Hz®] square waved ZIF3}grl}
AlE @] Pt wire§ F39 AFHRE ESFH Ohm's rawol]l 23
(2-5)2 2] JAZ FrEHH o2 Fy A/AYL (2-6)4 22 ALtHrh

Vac = lac-R (2-5)
0= R 1/A (2-6)
1 : probeZt A ]
Ac AEe B A

UH dAEE(h)E S WPLEE AR HUYEHEEZE 3
33t WY, dAZEE olv] ¢ oE Eety vao] 2%t vy
Z-metero] & VHASH PS50l d3A dUsd, & HEAAME Z-neterd
A 25ty Harmand) ol &3] UHYoR2 dAEEF AUSINCE & Pt
wire§ F3A AHo] FAFAR lacE FelH Peltier effecto] ol3) A|H
o] QoA (as-pe) I-T (T (AW FHF =, as-pe’ A|B2} Pt wire
rto] 8] differential Seebeck coefficient) ®tE2] A& JF4of wEo] g
A =Ho, o8} BAlY] LI E RE ASTOFT x A AT/1 HF2 €l
AgHct. weld FPFelole che FAA ] FFUc.

x-A- AT/1 = ‘as - apt|-I-T (2-7)

E3 AFAFE 718t Aol AF2} AULL] A= Peltier effectd]
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o3} thes} gol EAIRL)

- AT (2-8)

Vie = ldec'R tjas - apt

matA (2-5) - (2-8)A] 2% ¥E GAEEE T Yol AxnHL)

(as ~ape)2-1-T

A- (Vdc/Idc - Vacslac)

2-3. Hall coefficient

AR HME7|FL carrierd 5SS ¢7] #1314 += Hall coeffi-
cient?] o] W Holy, & AYPolNE= AEY FAIYW AH3HE A
Aol Aekg WA ¢t Van der Pauw methodd) & o] &3}o] Hall coeffi-
cient§ &3ttt oluf QI EE AHY AL L Al

1) HFo] A8 7H=IE]of & A
A7 d3Y A

_'l'_"—"-_
4) A2l F/5AL] vl7t HAY 10 ojdd A
5) Al EHo Aol gle A
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A 3 & BizTe3-SbzTes(-SbzSe3)A €A Wz A&

A 1 8 Undoped BizTe3-SbaTes Al 3122 AL 1 A3 A

Dopant& MW 7}3HA] 9} BizTes-ShzTesAl §Zoll tisly EAY%, A
Ay, dAEETY EAFE olF Aol &M Z = a2 o/ E A=
‘85 A4 (figure-of-merit)& 77 - 580K8] 2= HelolA &H{ v} 1 2
A& Bestd o3 Pl

1-1. €A% (Seebeck coefficient)

Bi2Te3-SbeTes A] YFANA 252 Wil n}E €M 52 HE:= Fig. 3-
1o =A%t vie} Tt 100% SbeTes?] FUF S FHLEYHAAM 2x9
F7toll wiel AlG FIIstu, SbrTese] BXE71 ¢f 40% ©|31Q] F-faols <
ool A p-typed] FEI|FE Kol HH52 258 F7io ate} 5713}
Ct7} ool o|& ¥ LSl BYUES Ho ¢ 520K ojFY EEoA
n-typelL 2 HE7|37l vixith. oo @AW FY {7} e EE=
SbeTesd] =7l F71g84EF Ha 12FLE ofF3n, 1 A=
SbeTes HX8] 710 uiel B} Z4ct ole Ho| €A 5ol %2 F
7bell whel F7isicizt HoiAE BQY F 2SEHoAM HAde RS
intrinsic Yo A carrier?] mixed conductionof &J¥t < ¥olr}, F ut
e Ax7to] 23t H p-type ¥EEA|L] impurity dominant F HojA =
257} Z71ge] w2l hole v=71 F713lY, &&71 tf ¥ F 713t Ferni
level©) acceptor level B E7} X acceptor level 2 X¥lE|o] hole 5%
7} dA¥ $£Fo] HIA, ¥ AT EWH valence band®E F-H
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conduction band® 7] free electrono] F33] F7}¥ o] intrinsic
behaviour& WERIA %t} o]2} o] valence band®] holez} conduction
band2] electono] 2]3] mixed conduction®] Yojil= ALo] EAHS2 Tt
2t Yol EAIHCTY

300
Bi 2TB3"‘ SbQTea

N
Q
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,./l

§ I, 0»-0 O
AN
; )\ N
- ",- O \'
o /° ® N "o\
- /. 0’#(:); A m}/ '\ ‘(D\ \
e » a 0, A
Z 0/‘/ prce - b . 0-D A-
- / O/ a” A= e A7
U 100 ;. // D/’ -0 —a—a t\A
™ §s & P o
:.:J- 04’ oe as™" \ \\
8 Q// .-ﬁ"a’a " © \ﬂ
/..-/ A.A \ O \'\
O o”® IIIII\ \0
o SbeTes molX . )
Y0 . 00 s
e " \
o J33.3 -
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o 71.9
» 100.0
-100
O 200 400 600

TEMPERATURE, K

Fig., 3-1 Variation of Seebeck coefficient with temperature of
Bi2Te3-SbaTes alloys.
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chah - |Ceel

Ce *+ Oh

where, ae¢ @ electrono] 2]¥ A=
ah : holeof] &% A
Ce : electrond] &3t A7|AE T
ch ! holed] 2% AJAEE

up2tA 222 F7tofl whel free electrono] ¥t A% .9t A/NAEE
o2 7|47} AR A2 HA3A Ho intrinsic YoM & p-type
o A n-type &8 HX7|7} Ho|¥A Hrl

¥ 100% SbaTes ¥ Z o= %2 7t wel Akl A
AMH 08 ZF7}8t=t] o]+ degenerate semiconductor®] A3 3 B A o]
th.9 & @AS2 AR Puizte] =7} Qg o TL2EY wS oy
AE 7 AP ALt HoB HASA Hol 12whY AP A e

electrical potential gradient uwj&Eo] WA, F=T electro-

L

&
'l

chemical potential energyq! Fermi energy® 22X Io] 2]&35}A Ic}.

ola] Fermi level®| conduction band edge ¥E+= valence band edge® S E

forbidden band gap WH 2 2kT o]Ar "WHo]x] 9= nondegenerate semi-

conductor®] 73 %2} Fermi level©] conduction band ®+= valence band U}

Bg 2kT o]A} &£2}7} 9+ degenerate semiconductor®] 73-§-0] Seebeck

coefficient T2} Zro] HEA|EH ], 6

KB
a = +— [n - (A + 5/2)] : nondegenerate material (3-2)
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a = +— [— —————] : degenerate material (3-3)

where, kp : Boltzman's constant
77 = £v/kp-T ! reduced Fermi energy
Ef : Fermi energy

A . scattering parameter

2128 BAANA B4 %o A HE reduced Fermi energy?} scattering
parameter?] ¥4 8 HA|E+=t], degeneracy?} 7+3¥} semiconductor?] 73-%
o= (3-3)4LE FH Ug R0l €l o] X0 w2} PR FI}
5t Fig. 3-10jlA 100% Sbz2Te3®] 7 %ol 3ol A FAHAHLE F7}3}
AZ SbeTes?] HE7l 57184 F degeneracy?l 738tA Hrtie A& Al
Abste A 2poltl

rlr

1-2. A7]Y]| A 8 (electrical resistivity)

BizTe3-SbaTes A RjFolA Zxo H3jo] ulE AH7|u|A3}e] HH=
Fig. 3-20]] X A|%t ule} gl SbaTes®] X7} 65% o] 4l fole &%
ZEH A ATv[AYo] &xe Frlo] wel A4 F 713 BizTesz7}
rich¥t 3Foll= A7|v|x o] 2x2 FItol ulet F-713icizt 2 chR]of o
— T Z4yUr. o]g Fo] FHFLEE HelolA AI|u|A o] 2cjx7} Y
ElLl= 212 carrier mobility$} carrier 52 25 2]& Mo 23 Ao
A7 A gto] Fot3l= AL 52 F7to] ule} carrier mobility”’} Z4
517] wiEolm, 2P Holr HI|u|A¥o] AJE= AL intrinsic B Y

of H2%oll el free electron®] excitationod] &3} carrier ®E7} X4
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Ao g F71817] wdiEolct. & p-type HHEN Y Ff-ol= Fig. 3-39]
BAAOg T A v}l Zo] impurity dominant GO LA o)
2} valence band® XE] acceptor level & & 7|E & 7}4x} 8 F7lE ¢
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3E Fig. 3-50] EAItdct. &F 2= HeAAM BsAfE 259 F7
of wie} AW R F7isicirt HcjAE RUF R4 F¥E Kol
X7t Vel & SbeTesd] 271 371848 12&F LR olFY
tl. 4%5A4E 100% BizTes duwl 190 K oA 4547 2.3 x 10-3
K-12 22| & Kol SbTesd] X7} F718+H{ H5xsY FHuXA=

Hadhs F8E Bt

L
v
B

1-5. Hall coefficient B carrier &%

iR deXTE A 37 H¥AM= 2R dAFE (A, A
7182 Y, dAXEF)Y I} o]FojAo} 3l ojF AKEYLE =
% Fermi energy level3} scattering parameter?] 4T HA|E 3 ZEJ o]
&< carrier?] 5% W mobility2} L AAA/AI Qo2 E Hall co-
efficient(Ru) 8] &Kol 2%t I FH42 Bl dAARY Y ¥4
I aol 8% 2u]g Zt=t}. Biz2Tes-SbzTesAl §+32} o] anisotropy
7} 2 ARY 7 $ol extrinsic regionolA Ryg} carrier 528 #AL
Ch2t Zo| EA|HCT]

ry- 8B

(3-5)
n-e

where, ry @ degeneracy correction factor

B ' anisotropic factor
i . carrier concentration
e ' electrical charge
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Fig. 3-6 Carrier concentration and Hall mobility of BizTes -Sbztegs
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ol Ate] ZAZ}E ¥ BizTez-SbzTes §roll th3]A 300K o] 48] @A
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- electrical activityZ} &
- 2’4 ol dopante] HHo] gl& A
- 3122 43 EH7I0A Y A

Hal olgigt RAE UFA = UL FHY FHHU4LAY H¥Eo| donor
dopantE Al&E 3 sle=d ol& FeldH & Ll

halogen atoms : [, Cl, Br

copper group metals @ Cu, Ag, Au

zinc group metals : Zn, Cd, Hg

halides of the above metals : CuBr, CuBrz, Agl, CdClz, Cul, CdBrz,
HgsCla, etc.

antimony and bismuth tellurides : Sbls, Bilz, SbClg, BiClj

antimony and bismuth oxyhalides : BiOCl, SbOCl]

mp2lA] 2 HFojA = BizTe3-SbpTes L&A 23j}go] o8] FF2 donor
dopant& ©| &8 W7IE}E BESACL.
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Seebeck coefficient, uV/K
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Fig. 4-2 Temperature variation of Seebeck coefficient of

33.3% BizTes-66.7% SbaTes alloys doped with Sbls.
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Electrical resistivity, mQ-cm
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Fig. 4-3 Temperature variation of electrical conductivity of
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Electrical resistivity, mQ-.-cm
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Fig. 4-7 Temperature variation of electrical conductivity of
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Seebeck coefficient, uV/K
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Electrical resistivity, m{.cm
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Fig. 4-12 Temperature variation of thermal conductivity of
15% BizTe3-85% SbaTes alloys doped with Sbls,
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Fig. 4-13 Temperature variation of figure of merit of
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carrier saturation H o]} &% 28 Z7}lo] wlE carrier?] scatteringo]
AR A carrier mobility7} Z4317] wjEoln 1P HA H|A o] 2
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2-2. Sblz-doped Bi2Te3-Sba2Tes Al =8l HM7|FH EA

Donor dopant{l Sbl3z& counter doping¥} 33.3% BizTe3-66.7% SbaTejs,
25% BizTe3-75% SbzTes, 15% BizTe3-85% SbyTes 242 p¥ -8 ol
CH3} A Van der Pauw ol &3] %o w}E Hall coefficient (Ry)§ &A
33, o|2 XE carrier 5 & AAlSlH &%o] a}E carrier ®x& W
31§ Fig. 4-14 ~ Fig. 4-160] TA|8l3 &0, oloA K& uigl o] AL
oj3t2] ZEF Ao = carrier FEI} AY YA o] LEHHAAE=
carrier7} X350} Q& & U4 qlrt. olmfo] carrier X3k T2
acceptor concentration, Np ol|lA] donor concentration, Np& "8 3}, &
M8 2] impurity concentration, (Na - Np)<& &ln|%ic}. %1 Fig. 4-14 ~
Fig. 4-169JA ¥ 300K oA donor dopant®] A 7}8Fo] w}E impurity
concentrationg& 3t Fig. 4-17¢0] =A]3lG =4 oloA H= ulefp o
impurity concentration2 donor dopant?] A7}k ulg} AAMAHoT Zt4A
$tck, o] SbIze]l Mrlell &3] donor concentrationeo] F7}&}7] ul&F o]
C}. wEld p¥H AUt A9 T390 acceptor levelo] Sbize] H7lol u}
g} wW3six] Qdtrlz A SR 33.3% BizTe3-66.7% SbyTes, 25%
Bi2Te3-75% ShzTes, 15% BizTe3-85% SbpTes Z/de] %ol thsfA Sblz H
7}ekoll w}E donor concentration?] W& Fig. 4-180] EA|stgct. o|&
Beg MII™ Sbisol ]3] Z7}5]l+= donor concentrationg& A4SHH donor
concentration® ¥'7)2] iodine ionol Tti3lA 0.50 7j/cmd A F7I3E
4 glt}h, & 1 cm39] BizTe3-SbaTes Yol A7l & Sbls EXt 1710 &3
A holeo] 1.157)2) compensation €& U4 AUTk

Sbl3& doping¥t 33.3% BizTe3-66.7% SbaTes, 25% BizTe3-75% SbaTes,
15% BizTe3-85% SbzTes ¥tZoll th3lA &E ¥ Hall mobility (un = Ry- o)
L Fig. 4-19 ~ Fig. 4-21¢] A% vje} P}, Carrier7t EZE Us
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Fig. 4-14 Temperature variation of carrier concentration of
33.3% BigTe3-66. 7% SbaTe3 alloys doped with Sbls.
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Fig. 4-15 Temperature variation of carrier concentration of
25% BiaTe3-75% SbaTes alloys doped with Sbls.
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Fig. 4-16 Temperature variation of carrier concentration of
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Fig. 4-19 Temperature variation of Hall mobility of
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2299, & Hall coefficient (Ru)7t dABY & 2 FToAM= w7t
hole mobility (un)e} Ao TS UL =tz &4 U= Sbisze] H7}
z¥o] H3Iloi X hole mobility HHIA| Yo FGHF L HHAM ure
257t Z71%e] ulet WM o7 72t At nondegenerated semiconductor
] ASE BEoFa gl ojuf 28] 7] &7 &2 ¥e 3 Hall mobility
0] L olE&AL 33, 3% BizTe3-66.7% SbaTes §+22] ZASo] un = 8.32x104
T-1.0 cm2.volt-1.sec-!, 2b% BizTe3-75% SbaTes {28l Ao wun =
7.76x104 T-1.0 cm2.volt-1-sec1, 15% BisTe3-85% SbzTes {28l 7359

uh = 5.75x104 T-1.0 cm?.volt-1.sec 12 SbyTez?] M7}gko] 85% o]Atal
290l hole mobilityZ7} §43| Z4LHE & UTl. TH FAHYZANY
Mlax|48 ZAAZRLE= RE parametert= carrier density, X %0 2]3jA
AAE 2T Fermi-Dirac statisticso] 2&J¥t transport equation method&
A} R3O0 2 M olE parameterE reduced Fermi energy (7)), carrier
effective mass (m*) W relaxation time (7 )& FEA|¥Y$ Qr}, ojuf ¢

L g ¥el® EA™CH

T = To* A --- (4-1)
o oc T, -~ 1) L (4_2)

(4-1)A ol 7= reduced Fermi energy (Ef/x-T), Tox relaxation time
constant, A+ scattering parameter ©]3l acoustic phonon scattering?]
Aol A = 0, optical phonon scattering®] Z$9o]l A =1, impurity
scattering?] Z %ol A =2 ojrv}. wu}e}Ar] SblsE doping¥t 33.3% BizTes-
66. 7% SbaTes, 25% BizTe3-75% SbpTes W 15% BizTe3-85% SbaTes ¥l A

Foll hole mobility?] 2&xej&/d o8 HEl ¥ A = 0 o]BE acoustic
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phonon scattering®] ¥ scattering mechanisn® & U+ QUrt}.

R 300 Kol Sbize] M71&2} carrier 2o wE Ay, A7n|A
¥, QIEE W x4 HHE Fig. 4-223} Fig. 4-230of T A|s}4icl.
Fig. 4-23o] &3I8 €Al ¥<S carrier X7t A4y mel AHFog &
715l A A 3L ALP£H o8 25l AEEE carrier 57}
o A olldul FH3| F71el= BBVE EUrh.  oluf 33.3% BizTes-
66.7% Sb2Te3 2} 25% BizTe3-75% SbyTes YFe] Z-$ol: carrier HE7} 2
2ol et Edso]l AL ¥l FYLET FII3I} 15% BizTe;-85%
SbeTes Fe FFoles € sl F713= FE7F vt E¥ H7u[A g
< FRg #AGCl AL e FHAo] Ex3 HUEE= SbeTes
8] MIlgko] F/MESE F7I%le A¥E HAUch. uwelyq 300 KollA ] 43
YA 4= carrier 7} ¢ 3 ~ 4 x 1019 cn3 duj Fige UEh =Y
Fui gt Vel 23 Y carrier X SbTes?] H71Yol F7i¥4H
718t %ol dlrt. W B4t U2 Hud d¥eS o 180
uV-K-1, A7e| -8 0.82 n-cm, GAETE 1.7 vatt-m- 1. deg" 1 & 0]
2+S classical statisticsS 7}AB3} Z-T7F AY 1o] © w S o|E3F o7
ARG @AFEA] (€8s = 220 4V-K-1, H7|8[AEY =1 nQ-cn, EHE
X = 1,5 watt: m-!-deg-1)&} B]A3 BE FAXES} AIH[AYYZ o|EH
0% FeA7t s 4 v FEolU ¥ F WU HES EF
oltt. uieid @AFAgo] Bl 4% p-type EHAZE /NU3H7] $3A
3 24l WA, T+ A 3 d49 Ul g% YIE T,
Ay @ dAEEE HAH3stE= 37 ASGH ey oo, EXR
donor dopant® M 7}¥ Sblz:= §3o| 170Coli u]FHo] 401 CE Hon
Z71%0] A7) wEo] bridgman BolA wHAARo =R FAAFII] 23k
ampouled X F EYdte Folx A Fustq FAN #AZHrE A

rx, rir
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+& 22 37 93 A HIIslE Sblz2] ool 0.3 wt.% o]8lo] 2 & Sbls
o) RA7 2RHE BPole carrier FEI} T Fog Wi wzlA
€ d parameter§ 2 A 3= o] HEAHOE vjg YA Hcl. oy
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A 3 d SbaSes2] 7o 2% ©FH

3-1. Sb2Ses M7}%2] A%

BizTe3-SbaTes 2 Aol €A T} 2] A 25% BizTe3-75% SbpTes 3L
€A gl Sbz2Ses&E 0 ~ 10 mol.% NI o] 2xof & @A para-
meter?] HIF Fig. 4-24 ~ Fig. 4-270] T A|3}gGc}. 25% BizTe3-75%
SbyTes 2H A HFolMet nANRE A 257 &7 mel 71
3l X & o] F ¥ ZAdt=d AWAHOF ShySesd] W7ol FrlEs
F dA o] A E Ul 2EE ALFFLE o|Fdln U
thX] = SbzSe3d] H{7lo] F7/lU+H F7itt & VS 282 I
ol =27} & w 2% ¥ AdYRAF 713 AL A2 HoR
A8l A Eol %t AxjaZAtejo] wE electrical potential gra-
dient W o] WABSl, 32 electrochemical potential energyql Fermi

energy®] 2T ¥ o] 2]&3%}A ®Hcrl. o]uf Fermi level?] conduction band
edge E= valence band edge® ¥¥] forbidden band gap U5 & 2kT ol4t

HojAx 9= nondegenerate semiconductor®] 73-%2} Fermi level©] conduc-
tion band £+ valence band Y% 2kT o|Ar & 2}7} A+ degenerate

semiconductor®] 73 9o Seebeck coefficienty CTl&2} Lo] EAIHCE )

kB
a =+— [n - (A + 5/2)] : nondegenerate material (3-2)

e

ke w2 (A + 3/2)
+— [— ——— ] : degenerate material (3-3)
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Fig. 4-24 Temperature variation of Seebeck coefficient of
(25% BizTe3-75% ShaTes)1-x(Sb2Ses)x alloys.
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Fig, 4-25 Temperature variation of electrical resistivity of
(25% BizTe3-75% SbaTes)1-x{Sb2Ses)x alloys.
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Fig. 4-26 Temperature variation of thermal conductivity of
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Fig. 4-27 Temperature variation of figure of merit of
(25% BizTe3-75% SbzTes )1 -x(ShzSes)x alloys,
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where, kp : Boltzman’s constant
7 = €r/’ks- T ! reduced Fermi energy
EF ' Fermi energy

A : scattering parameter

el BAANA B4 U5xo] MBS reduced Fermi energy®} scattering
parameter?] ¥4 8 HA|E =t nondegenerate semiconductor?] R ol
reduced Fermi enrgy?} &7/184& gARo] F7I%ct.  §H BisTesz ¥
forbidden energy band gapd 0.16 eV ©] 3L SbaTe3 8] energy gaps 0 eV 9]
] SbzSe3&] energy gap> o|l& XU} % 3 1.2 eV ojr}, mlgpA BizTes-
SbaTes 26 A Y 2ol SbeSes& 1-83A|F|'H energy band gapo] Al %7}
& g4 sler Fig. 4-240]A SbzSesd| M7lgo] F7igdol uwlel €
Hso] F7Iste AL oz A& U 3t= & 2olth

R SbaSes & M 7% 25% BisTez-75% SbaTes 1821 ¥h28] H7juj=st
= SA¥2E HHAA k8 F7lo ulel AlS F7itm, SbaSeszd| HIIR
o] FIETS{ WIMAYZ cAF LR FI3led old tidjMe ¥l
Hall coefficient &AM A2} F o] &3l x}IA3] 2Astax} P}, =3 A
NEEE H2FHoM 22 F7tol whe} A3tz of 350 K oM FH4
2l g B ¥ HA F7131H, SbaSesd| vE7F F/¥U4 &K XY HA
2= M2} A4 Y& HAr)  ole} o] SbaSes7t M ItHol wiel &

M7l AT Z-E BizTes?} SbaTes= XX rhombohedral structure

o]} SbzSesz+= orthorhombic structure® SbzSe3?] T 8FrE=vjollA] BizTes-
SbaTe3-SbzSe3d] HEIRAE HAS:= AFol crystal structured} B HF
HAtd el Alo]lR random mass fluctuation?} lattice strainef 2%t

phonon scattering® SCtHA|#A lattice thermal conductivity7} ZtA3}7)
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ToE AlRdch. olde SEFUER FEH a?- o/kE FYHE 4EA
& Fig. 4-27o] AR viel Uch, Fexes AR 227 A5
ol wet F7istctzt 300 ~ 350K AtojofA XAl & Ueld ¥ b4},
olef dExlgol izl Ueiyes SE& SheSesd] WJlgo] YT H
AM2HOE olFyTt. A2FHoM P2+t A2 UL e A A
e} 2L wido)l lattice thermal conductivity?] 7jolef &3] AT
E7L F71H7] meold, Lol = A} WINAEEY HAR &
A5/8o] AsHHTt.  Fig. 4-270] )3} (25% BizTe3-75% SbzTe3)i-x
(Sb2Se3)x L&A Yol 2 dFA s+ ShrSesd| W7ol 7 mol % Uuj
2 chgte Uelio SbySes] W7ol 7 mol % o] FFeol= €AEY
71 4AERY Hiox B3 AUuAYL FtE2 A3 PRl
7 2L 84 oth

3-2. Sb2Se3z 718 HAHA

ol Ato A 2] A Y Aol &3t 25% BizTes-75% SbzTes 28 A|o)l SbzSes &
3221310 2 M energy band gap& IA 3l UL FI/MANEs AL E
3t phonon scattering®] & 7}ofl 2]3] lattice thermal conductivitys Z4
ANd4 ASE& uUy vl 22} BizTes-SbeTes ol SbeSese] M 7igtel 2
M= A7 1.9x10°3 K-lof] E3le] A&AHYA AQREE= AHEo] &
2ksl] A t¥t donor dopant?] MI71E carrierd] & ZAY At 9
t}. o}EtA (25% BizTe3-75% SbzTez)i-x(SbzSez)x &0l Ted 2 wt.%
excessE M 71313l SbaSez 8] M7lglol wE @AFAG L] HHE FE SbaSe;
Mot A Fx g 2EstA} Ricl

Ted 2 wt.% excess® M 7}¥F (25% BizTe3-75% SbaTes)i-x(Sb2Ses)x ¥
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Zo x50 WS M parameterd] HI}= Fig. 4-28 ~ Fig. 4-310] =
A% v} Ztl, Ted dopingdtx| 2 (25% BizTe3-75% SbaTes)i-x
(SbzSe3)x 3UA HFolA e} nArxE A 2271 F71%d ol F
718t FHfAF ol ¥ Z4SiH HUIA O T ShySez2] WPItol F7MET
F dA 5ol HUX I UelUdE 5 AH{LHLE ojFdia ¥
A= Sb2Se3d] H7Igo] F71E4 &/ F7I%Uct. ol Te§ doping RLEH
TUY SbrSe; H7iRo] A AL F 10 ~ 15% BE FII3%ATE ¥
B SbzSez?] WIIFo] wWE AI|H|AF AEEL] WY Y2 Tes
doping 312 UL F¢& FAISIU Te& doping HOEHN AHIM[AYS F
7t Wido] AT = A4A3gcl. Fig, 4-312 €35, A7y ol
AEEE HE ALY JeATE AT AU deAiae AUYLeR
oF 300K of 4 chx|F Lietdct. oju] x4 Ui SbzSes| ¥t
Dol F7184F/ F718to ShaSes] 7ol 5 mol % duw)  2.35x10-3 K-!
8] k& YEh SbaSes®] H7IRo] 5 mol % o] FFole 23]
522 2rito] ZAYr}

¥tH Van der Pauw ol 2|3} Te§ 2 wt.% excessE B 7}§t (25% BizTes-
75% SbzTe3)1-x(SbzSes)x ¥ o] vl 2xo] wE Hall coefficient
(Ru)& S%83liL, ©°|2 KE carrier & A4ttt &Xo] W& carrier
X2 WIHF Fig. 4-320] AT ololA K= ule} ol AL o]3F}
¢l ZEFFojqe carrier FEIt AL YA o] xWYdME
carrier7} X3 Eo] AUZIS U4 ALl carrier?] X3 T SbySezd] N
7tgol F71Ees A4y, FPAH olg UFol tizid JFHY Hall
mobility (uu = Ry- o)+ Fig. 4-330] = Aj%t vle} Pr}. Carrier7} 3
¥lo] o= A2¥ Y, & Hall coefficient (Ry)7t 4B L = T

M= wuZt hole mobility (un)$t A L U Z=rin 4 g
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Fig. 4-28 Temperature variation of Seebeck coefficient of
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2wt% Te excess.
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donor dopantql Sblisg M 7I%F 73 o+ Sbize] A 7isko] B3t T hole
mobilitys= HE3}x] Qb2 HtHo| ShoSesd YUY F e T &
ofl | SbeSez2] W7tFol F7i¢ol] wel unit FAHLE ALUYEZ RAF
3 glch,  uwhelA] 25% BizTe3-75% SbaTes 2ol Sb2Ses& M7IyY uj A7)
H| 2| 3o] F 718l A2 SbaSesd] ¥7IE U3 carrier FE7t A A
B}l lattice distortionof] &}3} hole mobility7} 3 A Zt4A3}7] oo
ZictE T}

(25% BizTe3-75% SbzTe3);-x(SbzSe3)x ¥} o]o] Teqm 2 wt.% excess
2 AR AR Pl 300 Kol SbzSez2] H7lere] wiE E¥y, AU
H| A&, €VEE W deAle+e WA= Fig. 4-34o] A ule} r}
Fig. 4-34¢] &|31H A e SbzSes2] M7t%o| F7lYel wiel F713i=u
HZGHH A TeqF 2 wt.% excessE JI7IPLEHN EA5o] 10 ~ 15% F
713E 84 odct. E§ HIIN|A P X SbrSesd] YIigeo] F7iyte] wzl
Z7}8l=dl (25% BizTe3-75% SbzTes);-x(SbzSez)x {rgoll H]3jA] TeF 2
wt.% excess® W7 A|Re] FFol AIu|AFe] FI%t= BRI HFK
& 84 9ch. ¥y (25% BizTe3-75% SbaTes)i-x(Sbz2Ses)x ¥golA
dVEE L SbeSezd] H7IYo] F7igdel wel AG LAY Teg 2 wt. %
excessT WX A 858 7 Poll:= SbaSez] M7l3o] ¢F 5 molx Yu €A
EE7 HAXNE EQUF SbheSesd] ¥itio] FIlye wet dAEET S
3] F71Yg& HogF2 QUch. whelA] SbaSese] ¥ 71Eol 7 molw o3l ZF -+
o] 300 Kol A 2] H%x|4+ (25% BizTe3-75% SbaTe3)1-x(SbzSes)x ¥UFE T}
olo] TeE 2 wt.% excess® AT Y3 H$7l Rcl 438 oluf
SbzSe3®] {7l 5 molx FE7} AR A& Y4 At
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A 4 @ Tellurium 2o} ¥71ge] |

eoll A (25% BizTe3-75% SbzTez);-x (SbzSes)x 3¥ A #}23} olo] Ted
2 wt.% excessE M7I% Y2 dHEANE H| 23] B ShaSezd] M sjekey
TS AZuA Y dAEE W P4 TedE doping¥t 732} doping
3IR] UL AL7F ME FAIBL} Ted 2 wt.¥ excess® doping Lo EBHN ¢
Heo] & 10 ~ 15% F = F 7131 SbzSez2] M 7}aro] 7 molx o] 3tQl 3¢
of 300 KollA &} d%5 X4+ (25% BizTe3-75% SbzTes)1-x(SbzSes3)x ¥FEHT}
olof TeF 2 wt.% excessZ H7Igt ¢§22 A$7 Bl ¢4 yyut &
tl. welr 25% BizTe3-75% SbaTes 2N A 3122 olofl SbzSes& 5 mol %
M 718 (25% BizTe3-75% SbzTes)gs5(SbaSes)s 3WA 2ol Teg UYL=
Htst] Ted] ) M7l olg U HAFAGO ujA= F¥& LU
ach.

Tellurium® 2} 08 M7I¥ 25% BisTez-75% SbaTes 26 A 22} (25%
Bi2Te3-75% SbzTe3)9s5(Sb2Ses)s 3UA UFe %o mjS EAH parameter
o] W3lg 22} Fig. 4-35 ~ Fig. 4-38 W Fig. 4-39 ~ Fig. 4-42¢] X A%}
O Fig. 4-43& 300 KoJjA Te 2] M7lgre] ufE @M parameterd] H
NE FHYSE A ol EAFY x|} HIu|AYE Ted 3
o Arigkol FMYF+EF S8l @A o] HjX I} YeEhlE 25 & Ted
2] Motgo] F/MET{ ALH2E o] 53t 25% BizTe3-75% SbaTes 2%
A 22} (25% BizTes-75% SbzTes)gs(SbaSes)s 3 A Yol Ted HYL
T AU O TN carrier 3 EI} A AU AAYS Tl 300 Koj A
o] dAEL Tedl 2 M7Isto]l F71%tol wel Y2 FII3t=d| 25%
BizTe3-75% SbzTes 287 Yol v]3] (25% BizTe3-75% SbaTes)gs(SbzSes)s
39 A Y2e @Apol Aty os T & ZErh EI 300 KojlA e A
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mobilitye] RAE H7|u|AZo] F718}o] 2 H2 SbySes M7l 5
mol % A Lot}
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4,

(25% BizTe3-75% SboTes)9s5(Sbz2Ses)s 3€ A ¥FoM = Tex 2 wt. %
HPYLE HIIRE 5ol 300K ol M2 FeA47t 2.36x10-3 K-1 o],
25% BizTe3-75% SbaTes 2% A $IFoMH e Teds 4 wt.% HUNCET X7}
&t A%l 300K ollA 2] ZEX¢7t 2.45x10-3 K-1of o]Ec}l. wuwelA
n® AANEZAN MR 7} 2.50x10-3 K-1¢] CuBr& 0.03 wt.% dop-
ing¥t 85% BisTes-15% BizSes U2 ANE5}ld p-n junctionD A
SEHN HY2EAI} 67°CY A moduled] H Zo] 7hg3dtA X 2Ut.
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