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Abstract
Bismuth telluride (Bi,Tes) is the thermoelectric material used for high-efficiency
energy conversion. The figure of merit ZT of bulk is around 1. To study the promising
positive effects on the thermoelectric properties, low dimensional nanowires and thin
films of Bi,Tes; were prepared and measurements were performed. Here the method
applied to nanowires growth on Bi,Tes thin films is the mismatch of thermal
expansion between substrate and thin films. By annealing at 300-350°C for a week,
the nanowires were grown on the thin films. Rhombohedral structure of Bi,Te;
nanowires with diameter ~150-330 nm and length ~20-30 um grew along (110)
direction was confirmed by Transmission Electron Microscopy (TEM) and Selected
Area Electron Diffraction Pattern (SAED). To measure the Seebeck coefficient,
electrical conductivity and thermal conductivity, Bi,Te; nanowires were moved to
silicon chips. Electrodes, thermometers and heaters were fabricated through thermal
evaporation and E-Beam lithography processes. We successfully grew p-type(107
uV/k) and n-type(-52.8 uV/k) nanowires. Although Seebeck coefficient of nanowires
is smaller than that of bulks, its thermal conductivity is less than half of that of bulks.
The best ZT value of nanowires we obtained was 1.18, which was slightly larger than
that of the bulks.
Molecular beam epitaxy (MBE) is a technique to grow Bi,Tes thin films under
extremely high vacuum, which is undergoing a physical vapor deposition to
atomically grow thin films layer by layer. Due to the deposition rate is lower than 0.1
nm/s, we can deposit the high-quality thin films and adjust the ratio between bismuth
and telluride. Rhombohedral structure of thin films grew along (110) plane was
confirmed by X-Ray Diffraction (XRD). The Seebeck coefficient (80-80 nV/k) and
electrical resistivity (5-30 uQ-m) in room temperature are obtained by the

thermocouples. The highest power factor can reach to 2000 uW/mK?. While the
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power factor of thin films is about half of bulk ‘s value, the thermal conductivity of
thin films is also half of that of bulks. The best ZT value of thin films obtained was

nearly as same as that of bulks, 1.01.
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1-4 P-type N-type 534341
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Peltier effect #_Seebeck effect siim4 - £ WL & F Peltier
FHRFERG A BRANERERIPEFE - BT INRE A B BERTL
SRR M- A A g o ekt gd pAlfen A EMES S R AR R n
Alvme p A HR BT B g B o ApF o Tind pine n SR BAFIR
B o X P by AV A FAR IO ARE o PR R KR

I R L BT ) R R TR S B LA A

-

v

FRoEN D p LSO E o PPy, & &0 Tyt Peltier
H =

-

Peltier #. &

3

I

PR

m
TR

PR e EERA RS EEn G g AR E e 2

Hoo ¥

3

Q= nnpl

Peltier effect * 1y, = T(Sn -5, )

cold site

hot site

®l 2-1-2

pt % 3E % Peltier effect RIL % = » 19 f th 3R /4 BB (Peltier Cooler) 7+ &, B
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2-2. # 7 R % #(Figure of Merit)
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- . Api- & (Bismuth Telluride) * H & &: AP THA 2 @ * M RTRL ED
L > H B EF R R A 280°C o
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N 0.5

0

0 200 400 600 800 1000 1200 1400
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10



HERBRATHA ZT 2 8- &5 S /> - 5 %2 2 # 5 53 (Power Factor =

SEREE S LT LTS ORE RN L e e
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2. 2% * CFC's(CFC #3ni ¢ B L5 &)
Fow e BIR(RFEE > T (3 k)

BeRH REERC S i PRI MT R A PEE Bk (<5%) e BRIk
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%= % BigTes 2 A |en@l i~ £p|2 &~ 45
3-1 BiyTe; #= 41 e %

& * Alfa Aeser stock #44077 A 5 99.98 9gerds = #fs R g » — =5 10
mm 7% & L o L 2~ Spark Plasma Sintering (DR.SINTER SPS-515S)% £ %
Ren AN o E T3 2~6Pa {54 S0MPa /R4 A1 EHE P 7l Fonid R
FetrB o AR ER LA A EH T 400 Co FET A RDEREY 3R
FEAE R TR A BiyTe; chie 1 7 o
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FHREPAFERTRLESE ) A8 S E 5 - L £ 2 B (thermocouple) ¥ 12
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3-2 BiyTe; %  #t el ie

% & &R 5251/-25 microns E 4% 100+/-0.5 mm % £ 4% (Silicon Test
wafer) » &= % 5 (100) » 7 45 + = © 4% (- £ w4 (CVPDYF i - & BB
4200nm 0 Si0, § “ o MHER P H 7 ME B L e A 9 4mm’ P £ SE
Al 3 A, T UAR e R~ Bok(Dlwater)3 AR E A R A REL - L A
o 2N FRE FHELAGRIC WA KART AP A R 2 kRPSEY
ISR o B B E o AR 205 AU F AT M E ZORM N ik s
o RIACRMTRMEFATE o L BA5 078 (T45 1 Bi2Te3 #e 443 » # &
TS O AFETHEENE RE o2 B AR o KT TR E T 0 I
* 5 1% §T# (mechanical pump)fri4 % §Tif (cryo pump) #-H & % & 4 3 107 torr o
F it AC T SRR 3 170~200 C 47 i pip| H 8 B 1 > # el
B  ATHN T i > F A N)EAGTHEE T F P 5 5 I gLy
(O3)e B fx g %+02 150 mJ~10 Hz~¥= #4122 L4 2 FF B 5 8 cmeiE 2 7 4% 40 mins »

A, B R K 100 nm g 1 485 %(Bi,Te; thin film) -

Temperature control
q:q

ool
|

Laser

e 1

Target ﬁ? bulks as targets

Mechanical
Pump

Bl 3-2-1 & S+4%T & B
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RARAFAEET ok TR PP PTG FRRE 3 2 10°torr > * d §

KBENBTPEE O RTIEFECEERE QHE RS PEFRRIFLL -

Mo H-E B E MR 0 R B 350 °C A A2 (annealing)12 -14 days # & o B

de A BARE ¢ 0 d W ROEIE G licen 7 B (BiTes 13.4x107°/ °C ~ SiO, 0.5x107/
T ~Si 24x10% C)» 337 Airz Bens fpdadh > o4 g 4 o Flhsefiid
18 14 4038 9 (Biy Tes thin film ) #3258 > 2 §_3 4K e g 4 ficlic ] o )00 P24
R 7 %7 o BiyTey W% 3] - B P Behfe4 > 2 E_BiTes 2 &
pEBEPR s Ui o N A o

KGR E (quartz tubes) W EE, #%
Bi,Te, film 40 to 60 nm

thermally oxidized Si0,300 nm — D 2%10% Torr 4

Si 100 nm

#m % (Annealing): at 300-350 “C for two weeks

BRARNARFRNEE 4
Bi,Te, film  13.4x 109/°C

Si02 0.5x 10%°C
Sisubstrate 2.4 x 10%°C
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15.08kV X1.58K 280.0»rm

15.086kV X1.506K 20.0rm

#l 3-2-3

SEM ik Bl(a) % % £ AJL (b)Y i 15
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HEH § BiyTes 7 F &enF 122 Seebeck i #icen& P # 642

Fefeid * % & & & 525+/-25 microns ® 4% 100+/-0.5 mm =% £ 4% (Silicon Test
wafer) » §o 17 % 5 (100) o U4ET 2 3] 7 B-H o 2 56 %] 9 15 mm’ i 2

Ao T AR BAR SRR FAREPRAL S A UBRE § L

=1

SV o 2 . RO - )
PREC o M-t EOUFR Y B R SL MDE L 6

F_k

S RIE W AR R T

<

F]

£l

R P A B R MR F A AL - 2 e R AR
Hof b sk S1813 11 E F) 4000 e iE g 25 f5 0 4 110 C et izt |

I

-

ERAPEE R E R > 2~ gk (Mask Aligner)p i£ * 4 i 3T 4]
ko

i3

CRBABT D AR LR HERE PRI RS o X
Rk TREHEERME39O R > Q7 @A PSNE Gt Bl T ERE @
fs 41 * # % 48 (Evaporator) > 4%+ 44(Cr)10 nm ~ £ (Au)50 nm > # % % [E (leave off)
(ERR R A

* kR RAF 40 E f M) T 4R R E 50 T % 1 PMMAGA» e 1 14 # i 4000
g i g 25 )0 £ 0 135 Ceart ik 10 2480 (FRIAPREH LR
7%~ 7+ ARk S(B-Beam writer) 2 & + KR K B T HRe 2 (541% MIPA
BWRREY B R ke P R RS BB RIE)E T8 0 F A
ek e 2 T g Voo B - R B 4E o B 44(Cr)l0 nm > £

(Au)200~300 nm > # % L8 - 8% RSP RAET S L
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15.8kV xX1.086K 30.02m

] 3-2-4
(@) Bl s WREPRELL ZHAP ST

(b) Bl 7T+ &k Rk is za] Tia
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3-3BiyTe; z 5 &g ip)
3-3-1 T &R

TIEHE R > @ v BLE R 0 o) 3244 A2 KR Rlend s 5 TR
Tt BRI L T IR (AC Current)0.2 pA ~ 45 % » 7.1 Hz » i 4% & 2 5F Rehp @)
G5 R KRR ST B > 417 4449 < B (lock-in amplifier)zf B~ < £ B
TRATEMEZEF U E FEDOTRL - 5d 358 R=AV/T 7 # 3 &HT
P 303 B S R RMEE 0 T Ak V2 ERIT R AL 98 .
3-3-2Seebeck % #E P

Seebeck cHE B| > JI * 3T 7 K Aente Fim(heater)fodt T 1B kiE 2 F L o g P
BE A ARDBRELERTEFE 28 TR RIEFZ RS 235G
- EAEER S UATR AEREERL - E2 02K~06K~08K 1K H
BA O PEERETRICERDE AR 2 F F A S L Seebeck 7 HR -
3-3-3 # i E § P (Self-heating 30 method)

BBE30 TRERBEE AL ST L EG > TREFRL G - piRl o ¥ 0@
PHREAL G BRI E R P IR R IREUEL losinot PRS0 2 2
I 5 20 F R % 1 (temperature fluctuation) » 14 % ¥ U 4p e 20 1T L L
(resistance fluctuation) > & - # ¢ E Rk & A 2 5 30 7 B ¥ * (voltage
fluctuation) - P # B % 30 ER|> 2RI N FRFEER - 23 fROTESF -
FBEGEMZ V Fed W RATTER T L PSR KR AR R
AARAHERE S TARATIEORE L g2 FHREAL DA R FF TR
BE3o BRI F AR Z 2 (o oo BF RIS 3%@?’] » AC &3]
AP A RERTRAGT TR FORSZET RV B AFE
TR RENTINFAL P AR BRI AR FEYFE P RAEREL -
FOERPREOERPR O RARYBABERF AP R T R T T WL
BHI-RGHIERIRS SR LR LT RR§ REE > - AC [ysin(wt)

WA RS AL PR AT AT E - s S AR T
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0 02 12sinwt
,DCp ET(X, t) — kﬁT(X, t) = OT

Ho kaCpop RLSAM A SRR Fengt B Glics v T e s

(R+R'T(x,t) —Tp)

TERE ~ERIE B3 4f o

SOt =T(x,t) —ToR| 547 g &

2

d d
—A(x, t) — a=—A(x,t) — csin®wt - A(x, t) = bsin*wt
at 0x?

v . _k Th— IgR o IgR’
e 3 T—%L":P%%( 'j’iﬁ:ta = /PCp b= /pCpLS c= pCpLS

BEd EAATETT S

S [1— (-1)" nmx sin(2wt +
T(x,t) =Ty =4 E [ (3)]><sin S ( #n)
L 2n L J 1+ cot?e,

) 2yb  2IZRL . .. N\ ) o g
e cotwnzz% i AO=%= —— AR R AR R T Ry B

PR ACA > FepE > TS BT B L

(o]

SR = R'A, z [1-(—D"] y [1 _sinQwt + @)

2mn* J1+ cot?g,

BTIER4 S8R Tinlsin(wt) ARSI HBREREL 7 1307 F Vs, (D)o F 3 B

n=1

n=1> LM EFTRABWIET B 5
2I3LRR’

kS 1+ (2wy)?

V3, () = sin(3wt — @)

Vs, ()i a4 5V, ~ 4I°LRR'

kS 1+ (2wy)?
F¢ @1 & Zlsin(wt)d? 248 E » B¢ k 2ryh w4 o7 #8 E %#c(thermal
conductivity) ™ % #pF [ ¥ #c(thermal time contant) e

2
LT &G, =" Vk/pLz *E o
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% v F BiyTes EWen@iv ~ £ipl&2 247
4-1 » + & & & iz (Molecular beam epitaxy) 4 stz f 32
ARG SR AR B Z(107t0rr) 4 B BT F R B R R R
FREZBEF B PAF AL GE F R o £4 202 & ¥ 0 )R Arthur fr
AY Cho # %% B N - BIFHH 25 & F &2 2 (PVD) > - ¥ Lt
F% %55 (CVD)Z B3 b chd BLE A BT 2 L F ™ 58 BB R P fd i
HIAFLAREFSE - HFRF REMADE- RBLZPHY 7 B2 5
REcBAFABEI 4 RNE LAF I EFHELTHE B ARBEZ(MNR
<10 torr )R T o e B (T cell T E R B L)AL R ESEE AT 5 FHA
FASEEMN TS BT AN ERERT AFE 2 FapRgs FIN T ARLE @ &
s AREiNGFANIRINERAFLEFHFHL > o
BrAoF R ELSEPkSE LS T2 R
(DI RFEZ 2 PR F A F Lo e filen RAF L5 57

ARG

Q) FHUEBAF I LFRBANT Y LT E ] o

Pt o
&) E@WEF -
(6) 5> RN A o e i o
B G
(1) iEAeifse s 2 XA F o
Q) X LB 2y A B4 A o

B) 323 BREEE ¥ -
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4255 K Gl f B

$h ok de g o2 & vzHl(growth chamber) - A <= Y & (manipulator) » 3 F
% & (controlling racks) » 7 48k ¥ (effusion cell) 2 % % @48 (load lock
chamber)

(1) = & %¢(growth chamber){r i # ¥ (load lock chamber)
{3 V2R84 4 §10F (mechanical pump )feifs # 4 + §1if ( turbo molecular

pump)de F t5 & 5 B 7 iE 107 torr » ¥2kE ¢ B 1L ¥ P (gate valve) g B - £ ERY

g% (baking) 16 4 Aris £ 3= B 4 ok §1iF (cryo pump) ¥ i@ 2 B 7 R i T
107 o X Es2flid— B AP ARIE T ORLET > F B SR IR SES S
TRt Zzrd 2-5x107 torr P% > L 47 B R P 12 1% i% $5(transfer rod)i# » =
IR LRI RSEFXIACE AL
(2) A== " 4% 5 (manipulator)

A AGRAR R S KB B R foie Bk &A1 * E kT (DC power supply
0~30mA) %S BRCRRTEER BEBHBERTER00 C o & *
WRe 5-26 #: & 1 (thermo-couple) k £ iR[/f & o ¥ #° 4 ] x:+10 mm,y:£10 mm ,z:
+20 mm .tilt : £3°,Rotation : £90° -

(3) ¥ & & (substrate holder)

Aol 5 R 33 mmxE 42mmxE 2mm ek A0 B @RS 0 T R T
3% #5 (transfer rod) b 3 AR EF S F oo
(4) 7 4% R ¥g(Effusion cell)

TR T EGRIRAL O MR (crucible)F 3 B o - BAPN MM ML F L4
(ALOs) » * kB bt » ¥ - BEHIE R SRR 3 AHE T s
(Ta wire) 7 #v &4 T FLAR £ 322 345 *F Fl @ % 42 §5(Ta Foil) /2 FEFg £k A1 °F 4T
WAL R RE R e 50 Pk FHIRR AT A BTG YRR

¥ &b a4 -k (cold trap) ¥ o
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AR R 24D I By E o Ber R E SRR R A A F AR

n-

B A bR -

12 18 % 48 R Fg(Effusion cell) 4 + & i & 03 & o 5%

X

J AP 0]
= cos
L% (2 nka)1/2

A= FHRILILF L )
P= ZERILN T iz § R
L= Z4ERiga g 333 4F chpedt
m= ZEERILN MR F E
k= %8 ¥ K
T= Z&ERILER
O= ZERFALY RE A DT 52 WL 4
o d il iV A BB Po e KE = BE44R BI, Te, Sb
FEE l6ce Bmigig * KAl > 13 RFUER S 7 p 1 § 052 Cp
(5) # By 5= (shutter)
AL RALE R Ry d A S o d TR TR 2P
2R EBR
(6) -5 3+ (film thickness gauge)
R MPI A ESERA F RGN E AR AL EN L B Rk

BRI B AR R o R e A B
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Masipulater (4 152)
\

Bain Shulker

==

Variadle Leak Yalve(s 70)

/

/

.

A Gats Valve Odancall

Leak Valve (¢ 70

Sub Cheaber

Gate Valve (hutomatlc)

WP (1500 sec)

Er]

gl

Traosfar Sed
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4-3 &3 E S 2 & BigTes &5z ¥ 3%
4-3-1 Z 4RI

AR Feds AR RETAER B G A PR Y BIGN) » 2 Te@N)ss A
WAL RAER O U W SR s Lo it r BTERFAERMOE (S 0 % F MK AR
%1 2 5 (outgasing) » & E T o B e BORGURIT BB S KON HE 3
R FETRABLRAP A LA BRI R R
AR TP RBRE AR R A A R A DM s R
ot SR S PET BARTE S ) TR R A IR

SRR GEEFE S B L e

T/C Connector

/ Crucible - \ Heater Conne<

L IT]

Bulk Heater

Effusion Cell

B 4-3-1 F 4Rt B
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432 & K SR AT % 3
% B A 0.12~0.17 mm 3E g3y k & £ 0 Bk~ i BEE o f L SiE 1

ARSI

(1) 7 f¥ (acetone) 42§ A Rk 15 » 45 > 2 f &+ 3 #8735 %4 $ (polar organic)

(2) ¢ p#(Alcoholic) 425 A Bk 15 » 48 > 2 % koA

(3) % &+ k(DI water) 425 A Bk 15 4 48

R EEAF S X
B E FeRip, TR B F WSl SRR F AR ER Y 0 E i

(e R

4-3-3 BipTe; & "o & s 3¢

(D) +Rieikd @ BB AR E VRN BEF PR3 L7 02 @EE48
Fyg 2 s g o

(2) #-Bi(&2) fr Te(sfr)chEsERFAH E » LRIV THEHEER S 20 T o
20 A4 (S DI UR R R ERIA R R 1% Sl B e
Bl G o 1 D) T B erang o R L

(G) ARfr B AL R TR RELL 25T 2 LMDCE AT 0 £
AR R AFE A 130 CH T oo

4) 5 H & T PR R 2 L ] pFannealing » 4 FE R F30 5 X Ao

(5) #iTo 4 B Atk 5T 3 i & i (Main shutter) » I 3+ B 7 48R 5 3 iR
B AR A fEPFE2-4 B PF o

(6) % #EZ L > MPT BF > REEEFEREE RS L ppe
¥ el ¢ e o 18 ¥ 4 (transfer rod) Bk S-iE 3 OB REER o

(DS EEEFENEES LR FREPEEL > PPN
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4-4 8 p kB
(1) X & ¥E8¢ i% (X-Ray Diffraction)

FEE TR A2 (5 &8 Xk SEs R (XRD)FE T H WA A A s AR
Tl His R Pbfem N2 e i 83 0o

% Y5 F 3 $E8+ T = (Bragg’s law):

2dsinf = ni

didd FEE~L G »ERL L -0 5 $58F 4

Bl 4-4-1 X % Se547 2 B

Sprsg on btk ek Az Ap £ 2dsin® B RIF SRR AL ERET H o F BT
BE I Bk T b R R Bl § A4 F Ak T Bk
K ki B AL eh database K pas 45 0 R RE RS oS A o AR ST
HESESIFRLE S U N D E L) S SIEE AL N SRS+ 2
Bo o AR RFALN K Is BUS T T LTIEE 5 bk 2p 2 3p B R+

§ERT] Is fu > s B enid £ 4 ¢ 00 e d &k o @ g e Arff e )

i ek 3§ 4 Kal(A=1.54051 A) ~ Ka2(A=1.54433 A) ~ KB(A=1.3922 &) » @ 1 &
241% Kal éh% 8 o % Kal 55g B do~ > % 45 k% KB ehFit > m Ka2

E g A d X-ray 4 78088 (Highscore) ki 2 > F]pt B 6 B 7 3] Kal s o £ o
kB S A 201 15°<50° o
(2) &+ # $5 7% 5 #c4i (scanning electron microscope)

LB RENEY RS ) o A TS R SRS (SEM) kLR E 4 6
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PR c AR FFREPTFAFAIKRSKSGo JI* T FERFIAEF
Rt B FE 0 iR St & S P RS A D S A B
it

(3) Energy-Dispersive X-ray Spectroscopy (E-DAX)

EDX RIL: » 5T 3 Rt it o e A2 R A nn s a H TS ¢
AP HUrK A T3 g o LA TS (RS G g < Ka #30)
d AR E R B M F BB R P BN P T 0 5 BigTes & AT 5
L R
(4) &+ * % i (atomic force microscope)

Fa+ 4 Bies (AFM) B33 e 35 4 e (SPM) - 4 pl i la e
ﬁﬁﬁ{ﬂ“%@ﬁ%Tﬁ#’“@ﬂ%%ﬁﬁwa ZBEE BRI EF 5 4o
FHETIRFS B CTFTRAITE S RERY - BEF B ORT
BEIFRE RELLERSZ20 R +n3fFh (ERSEFR ) T 1 F

fo BOLI AN A F R RRTRCRFSEREN DI 1T Afff iy B

AL S F IRt B A (10-10m) 2 0 A R R EERE G ¢S 8
hil-E ACAEEH A F IR EL G DRI X Bl L TRET Y ki E
kAo e JRIREGHET A SFEL - BRBEIRE FHE HAITR

2R RELA AT S RA R AI D SN L R R RITHAT R hd - BT WA
AMKE S REASEF BRSNS T e > RE AR F I WX T

R RMELLE > LB IS B RAEARFTIL
AEL BRI Xy SmEF R R AT FEE T RS LA
< BRF R Fleha AT R ] 2 phIRE B9 IR £ R SRR 0 2 EESLACH
BH W B AT Y s L X Y hdidi AE PG AT I &

WIS T TR B BE R R e
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4 ]
e

. SN AR
f\ S
-

1,5« Bkv xea,.\@

B 4-4-2 SEM [ : 7 [ chd sk 102 1L B 0 #7358 4 @ ARERA A AR e
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Project 1

2011/5724 T4 063526

Spectrum processing :

No peaks omitted

Processing option : All elements analyzed
(Normalised)

Number of iterations = 2

Standard :

Te Hgle 1-Jun-1999 12:00 AM

Bi Bi 1-Jun-1999 12:00 AM

WWeight% Atomic%
C 1

el 52.09 64.04
stl 35.96
C ]

w 1000 f Ipm ! Electron Image 1

Spectum 1

Full Scale 249 cts Cwusor: 0.000 keV ke

Bl 4-4-3 E-DAX B :% %445 Te chs £
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|
A by A 4l
AN \ru‘.'"l ol

JI I\'-"‘valllrjlm'r! "‘il.\'l.ifl'l‘hﬁ"‘"'g II“"""F

mbe -C
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4-5 Bi,Te; & %« F2 ~ Seebeck % #ic&

Seebeck % #cgr T re g B> 1% A 4 T 8 (thermocouple ) k B o 7 LAzintk
SRR R T 2 S R R RERA Y AT B ERITIE o 2 {81 * heater & 2
02K~06K-~08K~ ~1Keug £ » £ F BRI ZRAF > FEFLRET

BRAE B g it g o 37 (854 F 5 Seebeck i #Hcig) o

HEATER

Bl 4-5-1 BTy Epli=y

F.17 heater 23 et 3 1% 5 Ty o i base e#i T % 5 T,
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$ 1 % BigTes 3 o 8Ufc i etk A 45 22 34

5-1Bi,Te; 7 & s TEM 4 45

i * Gatan Digital Micrograph #t %8 #7ip 3 & SE5TB ¥ * SR8 E 3t 8 S5t

BT £ d-spacing 742 R R4S TR K SRR T o HHER F WA

#cdy o @ IE - S EEeTH R en(hk ) o

H 192 BiyTe; # %4 » Rhombohedral

Reference code: 01-089-4302

Space group:

Space group number:166

(R3m)

a(A): 4.3852

b(A): 43852

c(A):  30.4830

Alpha(®):90.00

Beta(°):90.00

Gamma(®):120.00

251~ R+ 128

Element X Y V4 Biso sof Wyck
Bi 0.000 0.000 0.399 0.500 1.000 6¢
Te 0.000 0.000 0.208 0.500 1.000 6c
Te 0.000 0.000 0.000 0.500 1.000 3a

Sfics * TEM ¥4 8088 5 CaRlne v3.1 “TH3R T 5 S84
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220 @D = 7
- g
-1 -
ady  AP_—F g

1
(-120) (-111) C122) /
" (-2£20)
212)—9
(-210)  (-201)
) @

Bl 5-1-1() BT 5 St % (b)F 7 3 b &
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Bl 5-1-2 TEM [®
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120 |-
3 . .
[ ] A
Q 80 - - . | |
i |
~ ]
> 40 n i v
3 5 [ "
N B ]
]
- 4O‘vv""'VvV " .
A0 k- ]
O 80} 14t A7 A L4
Q P4 A P>
Q) o1 o
N I
-200
[e,
220 k- ®%ee00e”
2 ] 2 (] 2 (] 2 (]
250 300 350 400 450

T(K)

B 5-2 Bi,Tes z F %1 Seebeck % #c

)

B = F eng RT3 2 JZ 270nm fe 300 nm =7 Bi,Tes; nanowires =7 Seebeck % #ic »
#7 A E 300k o A iF BiyTes £ f #en Seebeck AHAPL 13 B2 5 o &7
¥ BisTe; % 5k 02234449 I » Seebeck %#ice? i Te 7 #1 F 1t 49§
721 0 P L% TP 300 nm 50 BigTes 2 oF 5% ¥ 8 & 72 3 Seebeck % #ci? ¥ #
%0 Jilp-type BF PIntyper REAZAHRPMEF L IBRTHFTRARAF o R

g3 Apt 0 BigTes % o s Seebeck BB EAp £ 1 A Bt > ' Ligx A1 E
B en Seebeck e W B E R 2 A RET 2 /1?6[3]% TS RS

PR A A (3 2 2]
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5-3 %% BF(ZT value) s &

14 o bulk
~~ [ < 120nm[2]
g 12t & 150 nm[3]
| [ qo0®°°®’ *
C:} 10F_qo0° °°
3
A
> 8
= X
=
6k
Iz PP cesssseseOOOO?
. 5 4F 44 "4 4 ¢ <« <
QO L
2}
O " (] " (] " (] " (] " (] " (] " (]
280 300 320 340 360 380 400 420
T (K)
B 5-3-1 BixTe; 2 F #eq B
% 5-3 ZTvalue %+ #icdy
Growth direction S (uV/K) p (LQ-m) K (W/mK) ZT value
Jianhua Zhou et al. Ref [4] <1120> 80 nm -32.5 13.3 1.2 0.023 (350 K)
Cheng-Lung Chen et al. Ref [2] [110] 120 nm -79.76 3.95 0.62 0.9 (350 K)
{464 et al. Ref [3] [110] 150 nm -29.1 4.66 X X
This [110] 300 nm 107 (p-type) 4.66 0.62 1.18 (300 K)
study
[110] 270 nm -52.8 (n-type) 4.66 0.62 0.28 (300 K)

BE 7R = 74 g B0 Seebeck i ¥ 2 ¥ I p-type fr n-type 97 F A0 & AR &K

SARRNTIES LA BOES TR RS E

> [110]=0+ )];J(j\fg_% 7T

B0 2 R3¢ AR BB AR > TR - BT IS o G R YR

Fo i 5 [110]% w efe gR[2] k34 B > B W ZT B33 7 3] 118
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5-4 B

Apw g * % en £ 9 rhombohedral % fﬁrﬂ Bi,Tes z F & > = # e E )
7 Seebeck #ic > I ¥ {8 I p-type fv n-type 1% F A o F pFr2 SEM fv TEM &
Hedirrin s M imajka 3 ehsingle crystal H & 2 5k 4 0 2 /25 7% A& 120~ 330 nm
T B RARE B TAR S o AP BRhE F At ’é'/g%[Z]ﬂfr’B]jrﬁSeebeck S 3
<5 P AET AFET Seebeck H#c i 107uV/K Hip-type KA o ] H 12
FEAMTRARDZ A RE Y R CFE R g E MR 4D L AN
e Seebeck B AL T A B o RFE KA hFF A Bife Te chp A
e Bk Seebeck Trdicerize o @ I g R et El B R KR F A o fgdy
F1Bi g Te tez 4 P 7 & = 4 o F BfF ZT value P~/4-3 Seebeck % i

B K e B HE o P 1@ s 4 8l g 4 BioTey 2 5t 8¢9 Seebeck 1 #c ¥

i efd gl > ERK R RT AN LG DRI RER e £ 4
ool ME - AR TEEM B IFE R REF TS EAGE
T ApFN T F S o B dok i WH BB AP F <~ -] Seebeck i #iceh BiyTe;

£ ZT E87 10X tgerg 2 o
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5-5BiyTes & Werlicdy & 5

v
"=

% 7 18 7] BiyTe; ZT value % % ehig > 5 £ 45 91 2 & ¢hrhombohedral 4% >

FOLRX kMR R KR e 0 A S R Bk B F(0,0,)HT § A £ o A

12 j%_data base ¥ 12 {8 &ir 3 (0,0,)T oo endESTE (diffraction peak) e

3
10

X-ray intensity (counts)

_.
o!

Intensity (a.u.)

—
= = (0,0,15)
3 =3 —
- o i
- S Nn
1 & s -
o |
3 = =3 L Il =
: [~ = < o
i E‘_"‘\ = e g
o —
_—
= <
3 S| S
3 C; —
n —_ 2
y 2 & g
=1
- —
E S g
3 =
S

0 20 40 60 80 100 120 140
20(°)

Bl 5-5-1 BisTes s X % 45428 2% < f£[8]

80000 =
: (0,0,15)
70000 =

60000: (0.0.6)
50000 |-
40000
30000 |-
20000 |

10000 :—J\——K J L

oE A 1 " 1 " 1 i 1 i 1 i 1 " i

15 20 25 30 35 40 45 50

20(degree)

Bl 5-5-2 X & it

v“ P& data base shMESTIE 0 ¥ U RGLE W AE 5 rhombohedral &

Mg 0wl 5 (0,0,6):17.4°5(0,0,15):44.5°
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Sample01l Bi635°C Te490°C Temperature 130°C Deposit 4 hours

12000 =
—
=3 10000 |-
CU 8000 '- . 0 0
= [ Bi635 CTe 490 C
_'é.. 6000 |
7)) f
C w0} \
()
e |
C wwf | If\
— S #%Mﬁh“ ,II '.\‘
oL e R S
2000 t 1 1 N 1 1 1
1 20 25 30 35 40 45 50
20(degree)
-60 50
—@— Seebeck cofficient | Copitne
— -55 = —A— Restivity - 45 E
— |
-50 = * - 4.0 G
= e =1
45k o——° 435 ~~
>
" -
8 -40 |- -. 3.0 .2
o) 17 5
-30 - -4 20
(9)) A " A PU— Y A G-)
25 -1 15 D:
20 [l i L i i i 1.0
300 310 320 330 340 350

T(K)

] 5-5-3
#t sample % # 7 ¥_rhombohedral > ¥E54+% X A7 ez ¥ > 3 <M BT KA E

*17.4°fc44.5° > #5728 3l Seebeck Tr#ics K> ¥ % H - BAF R T HAL o
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Sample02 Bi610°C Te480°C Temperature 130°C Deposit 4 hours

80000
~=~ 70000 |
: i % 0 0
L Bi610 C Te 480 C
~— i
_Z‘ 50000 |-
N Is] o
(-
O
b
E 20000 |-
10000 fo Lﬁk
= JL
15.20‘25‘30‘35‘40‘45 50
20(degree)
-180 22
[ ] ™ ——
—_——
X .7} .___..J-'/ E
S F_ﬂ,..l"""-.f ™ I
=1 -160 | ,.-—f‘./.-'—_ g
S b —B— Sesbe & - ¢
x —A—Ras -
8 50 | 'é.‘
O PSS [
q) ‘140 = ’!_Ar"‘/f‘ -@
o [ ?
w R y (.
Y
120 1 i 1 2 1 < 1 " 1 i 1 17
3200 320 340 360 380 400
Bl 5-5-4

#t sample B M & 4 F 3t > F£ 25 rhombohedral S > Seebeck T w - B

samp]e—'\ 3 ;?3 ’ f_‘{'ﬁi}‘ﬂﬁ"# ET XA Lo
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Sample03 Bi610°C Te480°C Temperature 130°C Deposit 4 hours

30000
——
-
g 20000 |
>
—
7))
C 10000 p
()
—
c
0k
" L " L
10 20 30 40 50
20(degree)
170 30
o~ —~
X e} P P =
> ’,__—-"/A |
3 —4 G
g /‘/A —A~ Seebeck cofficient 1
-150 A —m—Restivity 28 S
v ;
) >
= by e
_8 -140 | /'/ 127 2
) —" D
O /n/ '(7)
I/.
) 0t It 126 @)
_/"I/ m
-120 1 i 1 " 1 i L " L " L 25
300 320 340 360 380 400
B 5-5-5

$ sample 27 % — 3 sample B> ki 2 > 2 F_ A RN =8 2 ko 71
r1Seebeck i 7 - B RIEF L X - BRo P AT A B AP DY ¢

BRBIRIEOPFERT R
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Sample04 Bi610°C Te438°C Temperature 130°C Deposit 4 hours

20000 j=
oy
:_ 15000 -
(O
S—
_as 10000 f
k)
(D 5000 =
i
0k
0 1'5 . 2.0 . zlf . 3.0 . 3l5 . 4'0 . 4l_- 5.0 55
20(degree)
-140 10
__F_-'.‘_'__'. P i
= el =
o~ ._’_,..l/ 19 I
>—i -120 = /’./ —B— Seebeck cofficient G
— /l =¥ Res ::_.
g ./. S
x 110 = v -8 E‘
2 v =
_8 v =
-100 =
()] '/V/ 7 Q
GJ [ ,,.-f‘/ 1 (D
U) -90 | v ()
'f——'v“_" m
.80 1 2 1 " 1 " 1 n 1 i 1 6
300 320 340 360 380 400
B] 5-5-6

d A 3EiE T Fodt o F)plie B R R MBS R B30 82 A £ 17 rhombohedral

B e ¥ B ek R o Seebeck Bt A TGS TS o
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Sample05 Bi615°C Te480°C Temperature 130°C Deposit 4 hours

f—":n- 6000 =
3 . 0 (0]
© Bi615 C Te 440 C
=
U) 2000 =
- .
() . |
g PN /
C Pt wv-w-,mw_ \
5 A e T N
2 ‘ r
20(degree)
25.0
—~
-160 b=
g ./""ﬂﬁ.'_-.f._._.___. 4245 E|
> /‘/. G
= bl 24.0 =
o —— Seebeck cofficient 7] : S
i —m— Restivity >\
5 £
GJ -140 \_ -1235 ;
O . : 7))
O ~ 2
\. - 230
O 130 e )
(D -M.M. m
\. 4225
120 1 1 L 1 [ [l
300 320 340 360 380 400
®) 5-5-7

#-0 Bidug R % g5 0 957 rhombohedral 54 © Seebeck ey =+ > ¥
PRI ERRA TRV ES RS RIEMMLT AP ER L EE

1o A G g R

44



Sample06 Bi605°C Te480°C Temperature 130°C Deposit 4 hours

12000 |
——
= o000
© Bi 605 °C Te 440 °C
~— goo0 b
% 6000 |
-
Q 00} |
e ( |
—_ 2000 }
ok e
10 1'5 20 25 3'0 315 * 4'0 * -:ls ' 50 * 55
20(degree)
-170 65
_—— _——
__.__\E -160 | — — e 4 60 =
> — |
= G
S— ) ::zgiesﬁl?ct‘i-l:cofh:uenl 1
-~ = — el - 55 S
@) S =
o . S
8 -140 |- \\ 450 4033
O [ 1 ©
D o \ 44 @O
. h o
\
-120 i . i " 1 & 1 3 1 "
300 320 340 360 380 400
Bl 5-5-8

M Bigwg R E 4% > 1157 rhombohedral S o AR S L E A

WE > L2 Rmsms 34— BEPRTHE-

45



Sample07 Bi615°C Te440°C Temperature 130°C Deposit 1 hour
3000 p= l
i
=5 20 ‘ _
G Bi615 °C Te 440 °C
S— 2000 = ‘
-
= |
1500 =
2 L WWMW
O 1000 | “"m f
-~ A |
C “\bw I|
— s} ' . k""‘ﬂ-—m
0 [ i [ i i
10 15 20 25 30 35 40 45 50 5
20(degree)
-120 15
— O —
% 110 —e—Res . ) E|
>::_ =100 = .#.f./—-.-—--" %
~— .__F_._»l""’f'
. - " S
% 90 .____,_,l""f J13 ‘Z\
8 -80 | 4 g
O / 12 _Q
()] /b/ 7))
(D -60 | /' ()
» o
5o / 11
' 4-—-0—0~—0M//.
0 3(:0 3;0 ' 3.:0 ' 31‘:0 ' 33lD JGID
Bl 5-5-9
R BREPNE s B2 m B R o SR 14 PR WE E 49 35nm

1] o SR 95 BRI A o D R R AP g sample08 # — ki eh

st > NAHZHA B o ¥ 7 Seebeck fr¥c TIERIR & B o

46
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Seebeck (uV/Kk)

Resistivity (pl — m)
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sample 01 120nm
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sample04 112.9 6.4 H. Jitsukawa et al. ref [5] 0.61-1.2 0.49 - 1.01
sample(02 158.7 17.9 H. Jitsukawa et al. ref [5] 0.61-1.2 0.35-0.71
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