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Synthesis of p-type Bi>.Te; thermoelectric nanopowder by

the plasma arc discharge process

Dong Youl Lee

Department of Materials Processing Engineering, Graduate School,

Pukyung National University

Abstract

The present study focused on the synthesis of a
bismuth-antimony-tellurium-based alloyed nanopowder for investigating the
possibility | of = 'synthesizing  bismuth-antimony-tellurium-based  alloyed
thermoelectric =~ nanoparticles by the [plasma arc discharge  process. The
chemical composition, phase structure, particle size of the synthesized powders
under various synthesis_conditions were analyzed using XRF, XRD and SEM.
The synthesized powders-were-sintered by the plasma activated sintering. The
thermoelectric properties of “the sintered body were investigated by measuring
Seebeck coefficient, specific electric resistivity and thermal conductivity. The
synthesized Bi-Sb-Te-based powders have a different chemical composition
than the raw material, 12.64wt.%Bi-29.47wt.%Sb-57.89wt.%Te. The chemical
composition of the synthesized Bi-Sb-Te-based powders approached that of
the raw material with an increasing DC current of the arc plasma. The
synthesized Bi-Sb-Te-based powder consist of a mixed phase structure of the
BipsSb; sTes, BixTes, SbyTes and Sb,Os phases. This powder has homogeneous

mixing state of two different particles in an average particle size; about 100



nm and about 500 nm. The figure of merit of the sintered body of the
synthesized 18.75wt.%Bi-24.68wt.%Sb-56.57wt.%Te nanopowder showed higher

value than one of the sintered body of the mechanically milled

12.64wt.%Bi-29.47wt.%Sb-57.89wt.%Te powder.
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2% 1.1 Schematic drawing of thermoelectric generation and cooling.
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2.1.1 Seebeck &3
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23¥2.1 Basic concept of Seebeck effect.[2]



2.1.2 Peltier &3
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2% 2.2 Basic concept of Peltier effect. (a)n-type, (b)p-type



2.1.3 Thomson &%
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2% 2.3 Thermoelectric properties as a function of carrier
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2.3 Y7z a3
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¥ 2.1 Comparison of physical properties of Bi2Tes, Bi2Ses and
SbeTes[From JCPDS]

BizTes BisSes SbeTes
Structure Hexagonal Hexagonal Hexagonal
a(A) 4.38 4.14 4.26
c(A) 30.48 28.64 30.45
Unit layer(A) 10.16 9.55 10.15
Band gap(eV) 0.15 0.16 0.22
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¥ 2.2 A list of previous study on the development of Bi-Te based

alloys.
) Max. figure of
Compoud Processing ] 3 ef.
merit, (X10°K)
(BizTes)0.2(SboTes)os Bridgman Technique 3.08 [18]
] Cast&Ball-milling
(BizTes)o.25(SbeTes)o.7s . 2.70 [19]
+ Hot extrusion
(BizTes)o.05(SbaTes)o.z Pulverization
2l'es)o.25(Sboles)ors : 960 1201
+2.0wt.%Te +Hot Pressing
20%BisTes)+ 80% Cast&Ball-milling o 71
(SboTes)+ 4wt %Te + Spark plasma sintering Y
25%(BisTes)+ 75% Gas atomization
; 2.78 [21]
(SboTes)+ 4wt %Te + Cold pressing
Mechanical Aollyin
(Bio2Sbos)sTes oyine 3.00 [22]
+ Hot pressing
Bi-Sh-Te Melt-spinning te?hniq.ue 375 (23]
+ Spark plasma sintering
Hydroth | thesi
BisTes ydrotherma Sy-n esis 95 (241
+ Hot pressing
20%(BizTes)+80%  Zone melting&Ball milling 398 (25]
(SboTes)+ 3wt.%Te  + Spark plasma sintering '
Bi:Tes Co-evaporation 3.10 [26]
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2.5 Z8}=w} o}3 WA (Plasma Arc Discharge)
2.5.1 E=n A4 ¢
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o3 HAHA BAS RoA HH, 9%, Tia FydFdow vehd
L HE
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=ul7h G Eth o3 AR FAAN A AR Wehs Ry
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a7 2.5 State of the material by temperature.
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2% 2.6 Schematic diagram of PAD equipment.
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3. 448 WH

3.1 Bi—Sb—Te Hx % Ax

2 AFg A= Bi—Shb—Te Y B2 x5ty HA JH O A2A
A &3t A} Ze8f=4n) o3 WA (PAD : plasma arc discharge)

=
=
FAY WA Ze=ul A4 (SPS : spark plasma sintering) #4<& 3t

2
Bi(aldrich, 99.99%, 150/m), Sb(aldrich, 99.95%, 150um), Te (<%
g8, 99.99%, 160m) = EH& 2 (BigaSbisTes) &= F#Fsto], Z3sh
% 30MPad At og A4 225mm ¥°] 16mme 458 AFA
£ Alxesivh. PADe] oJH &% A A ofzpol o = wwe &
of &gt EvE 0SB A FHE ErUE ARSIt AdAE
AE AW Tl FFs F55X107° Torr 7-4 A wj7] F ¢Hg 3
el Ars 300 Torr7HA Fdstdtt. Zep=n} of= H+

KX
=
Ae sl dFA e} Faml F=Akoe] 100~180A2 AFAFE Q7ts

Ar/Oy Z87FA 9171004 12413 kst AeE 3 F, BE= 3

shieh.
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Raw materials mixing
(B, Sb, Te ; 150pm, 99.99%)
{BioSby.Teg)

—J—

Plasma Arc Discharge
( 100~180A, 300Torr Ar )

[ Nano powder » XRD, XRF, FE-SEM, EDS, XPS
- XRD, SEM, EDS, XPS
<
Spark Plasma Sintering M) Seebeck, Hall, Thermal conductivity,
( Vacuum, 350, S-60qinpDMPa ) | Specific electric resistivity

1% 3.1 Experimental procedure.
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Addstol A7 22.5mm, =°] 3mme AFAE Axeta, wd k=0t
2489 2248 10 mTorr ©)8te] HFE 7] steA 18 3.29 2
S r2AYEOR £2&E5% 1C/sec, 24%% 50MPal® 3o 350TC

T

A 5~60%3t 283l

oX,

3.3 Bi—Sb—Te GAAE 2 EAF7}

ue

3.3.1 Bi—Sb—Te Yx +22 ESAH7}

Azd £29 dYFx 42 Cu BAS AM8-st XRD, (PHILIPS,
X'Pert—MPD System) £ 20~80° ¢ @7t Eo tjs)i] 29/ming] &%
2 BEAs Y AL XRF (SHIMADZU, XRE—-1700)Z o] &3}
A8, Az HeEme] a7zl ¥4 FE-SEM  (JEOL,
JSM—-6700F) 2.2 ## sfdon EDSE o]83le] RHo] 248 =34
sttt 183 XPS(THERMO VG SCIENTIFIC, MultiLab2000) Z ©]

g3to] R wHo) A7 AYYHE B0k
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1% 3.2 The sintering cycle of SPS.
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3.3.2 Bi—Sb—TeA &ZA S 5AF7}

3.3.2.1 274AY &A2ZF54 H7}

2 A9 FEE sete] e 2FAZRY ARS AH ol

Awkx] #1500 = AW Arkdt & XRD(PHILIPS, X'Pert—MPD
System) & 20~80° ¢ 3|Aztwo] A 2°/mine &Lz FA5-9 o)

o
d

ol El A g o] §ato] AAAIol wE Mol Wi =4,
2A YRS A A TphgEe FRd W) sue

flo

SEM(TESCAN VEGA 11 LSU) o2 #& &9t} Ao v xA
SEM(TESCAN VEGA I LSU)2 BSE(Backscattered electron) &=
2 BAste], sAFEA 2 g (Leica Qwin) S o] &38te] Bl 2AS A

X,

3.3.2.2. 222 A9 G54 Bt

go] W3l V&7 E SAske 28 vEHE ol&sto] AT 54 ¢
2] (3.

d V(LC
dAT

dV.e @71d8 9 W3} dgTe 5419 wslo|u),

o=
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Seebeck  AFet  AZMAZTES FAlel  3F s
ZEM-3(Ulvac—Riko) & ©]&3}o AJHo] 2% H43s fa <k
99.999% #AF7F~ E97IkelA Aol A 250C7HA Z7g38kqlth AlA
© 4x2x18mme A2 Awste], AwkA] #20000.2 AW Antstd

AAEE+= Laser flash S o] &3t S43F9h Laser flash H<

a9 3.49F Zo] MEe "olAE A = AL)Hd AAV|E 2EWs)

K= pc,A (3.3)

Al 8X8X1.5mm=E 7k33Fo] AnpA|] #2000 =2 HAHAv} & =4
A}, v]g2 DSC(Perkin Elmer, Pyris 1) & o] &35l 543t}

thoof7le] (o) 9k #Zo] AFO FAQl WFow A%
S ket ZHWe] A g3 AAEo] dEHFo

(D) & o] A7k Aol Ak Weo=w 7|deg Vil B s ol &
Hall Astelet &k, A BE HEz &9 (DR st AlAe 5471 d
duj, HallAl+E RuZ 3EAISHHE 2 (3.4) 9 Zrh = Aste vX() <t
olF=(p)= A4 2(3.5), 2(3.6) = YEd &+ Sl

Vyd
Ry = % (3.4)
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n= R (3.5)

o=neu (3.6)
H Ao+ van der pauw H (Ecopia, HMS—3000) ©.% Hall A

TE SA%RT ol AE2 v 23S wSstofof

2

| Slofo} sttt

H | Zobo gk,

3) A1 FAZ} ho|9} Eaek ofF Holo} drt.
=

D AT AH TbgA

g
2) AT AEAA 0] F2

ol
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Reference
junction

1= [Heater]
11 1

Q NngT 9

Vab, Vcd : Temperature
Vac : Voltage induced by Seebeck Effect

219 3.3 Concept of measuring Seebeck effect.
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IR
detector

[

Sample

1.37d? d: Thickness ; .
=———  t;;,: Half maximum time

A 2
T tlz - + Thermal diffusivity

2% 3.4 Concept of measuring thermal conductivity.
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Electron flow

/ 76 -

(@) (b)

—

Magnetic field

| | | | | Electric field

(© (d)

2% 3.5 Concept of Hall effect.
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 AFelA= 300Torr, Aritl7]lelA Aol P =ojgh o, ofa
AHFZ 100A, 150A, 180A7HA] W3}k st

a9 4.1 Fekzmt oba WA AFAFE 100 A, 150 A 2 180
AR 3t 74zt AzE Bi—-Sb—Te 2ol SEM.ARS YeRfdtt A
29 2 73 JARAN YAV ARG AT 2L F
b EAEO des ¥ & Atk SEM #EAd 2
ool 5o Hy ¢IA=A7]= oF 100 nmE UEhgglon, & Bzt
9 B+ 4AA7I= oF 500 nmE YERASITE Egk AT 2
BHAEe] JAA7|7E F REYAE vlste] AuiHor @
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glow, E3] Teo] Biol H|3Fe] oF 10008 & ¥ F7]4HS, Sbhel

Te 945 FolA Te, Sb, Bi 22 HA 713t €@ R0z F5dr}

9 419 ZgEnr ofa WY o A Bi-Shb—TeAd T
o A7k & dAks} A AIF A AR i EHE 31 Bi, Sh,
Te J&zrel 2 71 Aoledl @ Aoz AZHAY, 18
N A7 2 A JAAT I ZE JAEY =S 24
fletol, Bi, Sb, Teell thate] Zhzte] EsixaE EDS w48 A3dE
4.1 Yetdoder Adid s A3zl & Akl M = Tedt Shol
T2 AEHJCH, Teo] Shrth & TS RSl Ao w
JAA71 7} AL AR ME Bi, Sb, @ Teo] ZHzb HEHA O, Te,
Sb, Bi Q%2 &2 &S HERSI

o] 9} o] Zgl=u} ol WMAMORE AFH Bi-Sh-TeA L& A
Aoz g7t & Qzket gAIZE A JAR FAEH US
gk otye} ol& qlAtEe] x4 meth YxAv)e wel JA zpelrt

[e]
A+ ARH

=
[d
o
N

e
(]

rir
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1% 4.1 Powder shape and size by arc current. (a) 100A, (b)150A,
(c)180A
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2% 4.2 Changes in the vapor pressure of the bismuth, antimony

and tellurium versus temperature.[29]
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¥ 4.1 EDS analysis of the synthesized Bi-Sb-Te-based particles based

on an average particle size.

Chemical composition (wt.%)

Particles
Bi Sb Te
Large particle 22.56 77.44
Small particle 8.08 39.31 52.61
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4.1.2 ofa AiFol| BE A2 W3

a9 434 ZEk=Eep oofm wWHe ARFAF AV wE
Bi—-Sb—Te #a+29 XRF #4435 Ytk A/FdF 100 A,
150 A ¥ 180 A°lA Az FEE 717} oF 11.54wt.%Bi—20.81
wt.%Sb—67.65wt.%Te, ¢ 17.31wt.%Bi—23.02wt.%Sb—59.67wt.%
Te W oF 18.75wt.%Bi—24.68wt.%Sb—56.57wt.%Te? A& e
Atk AFAFE] A7 S7MEFS A OR Tel o] Fradta

Big} Sbel d&ol F7kete Ze & ¢ U ES AFAF 180 AY
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o
>
rr
=
v
XN
e
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2% 4.3 Effect of-the DC current of arc plasma on the chemical

composition of the synthesized Bi-Sb-Te powder.
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4.1.3 ola AFo W& Ao W3}

9 44l Zekz=nt ofa W] AFHF AZIZE ZH2E 100 A,
150 A, 180 AY w A%x¥ Bi—-Sb—Te FFELS XRD HAA¥E
et lth dE Aol v as A Al BioaSbisTesd] &
9 ZAr(phase) & 7HA+= Aoz 4#A Q5] AFHAF Al7]el F+3*
A X—41 3]@9 Ao BigsSbisTes, BizTes, SbeTez @ Sby039
A a7t #EEY, Axzd FEES BT BiosSbisTes, BizTes,
SbeTes B Sbz03 & (phase) €& TAHo] &= & + Utk =3 &

FAR A7HEFS RO R BiosSbisTesd] )29 Hags

a9 4104 JAA77E F JAeIAE FE Tedt Shb Aol HEY
o, YAA77} Baelzto] A7z 19 44904 BAHE Te,
ShyTes TZ25 7 Q& ZAo® FHHo 18 8oz A=
717F AL dAEA= Te, Sb ool F715te]l 7H¢ w2 Bi Aol
AZEo], A717F &2 Q1A= Bi, Sh, Te 5719 A3 FA $3ol 93]
)

4% Ao Azttt wekd QAN Fe Y4B AYTaE

rig
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Bi—-Sb-Te &ait@e Aol Zx7V|dse A A,
BiosSbisTes AH732E 7HAe dAA717F 22 dAE9] oFo] A4
o Fteke AEE dEhddith dnbd o EZek=e) ofAe] AFHRF
o A7I7F F7tEE &7l FoEE ouX7l SrFEH[28]. o] g

AFAT A7I7E F7HHR, B, Sb, Te 2hzke] fAagol 3719 Aholo]
RS B pE ARR Friskd A0% FEAd. oYR B4 F

3 Sbol F71¢te] BiY FZINEG Aoz g% E sl
1% 4.4° XRD 240l BisTes2] 2|83 A =71 SboTeso] 34y
I el vlete] Aoz =4 VEREth o] 2 BisTesdt SbheTes?
A

2Bi) + 3Te — BisTes (4.1)
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2Sb) t+ 3Tew) — SbhoTes (4.2)
BizsTes?] FAAFolHA 7} SbeTese] FAAAFAUYA By w2 A

Az Fde] 2W #A4e feA XPSEAS sklen, 1 AdE

4.6°0 JeERATE Agevx e A4S Bi 4f7, Sb 3d5, Te 3d5,
Te 4d, Te 4d5% oz sglen, 544 39 &8 9 4
Gaussian <ol 71%38F9 k. Bi 47014 BizTes, Bix0z % BiSb0,9]
Age A= 157.6eV, 159.3eV 18]al 160.2¢|th. Sb 3d5°4 Sb,
Sby03 % SbyOs&528.7eV, 530.6eV 18l 531:3eVoln, Te 3d5
oA Te, TeQr 2283 TeOs= 572.7¢V, 576.4eV. 183l 576.3eVo]
t}. Te 4d$t Te 4d5°91A4 Sb2Te3E &S + dRow, Aux&=

o] Fols} 9FE AlshE
[32] 2% 4494 A7 A ESLS GFs daE Hoxl FoE
YA JEakstE Y Ao® AZtEY. 18y Bi4f7, Te 4dst
Te 4d5°l4 SH B A5 F4 sto] BH, BisTes SbeTesst 2t d4a
59 mHeA abstES EAE EQl s 9l I8y NIST XPS ¢
olElHlo] A9 AFIA BigsSbisTesdel dlolEl7F glo] g3l Holxl
374 o & = Qi
St 17 4.6904 9 o] XPS A eA Bi, Tedl AbglEo] A7}
A2 =gl o, I8 4.49 XRDEA A #FEA] ¢ke ol fE=
= 84 AFeluA Feol Sbe038] AFAUAZF 74 o
= XRDIA A A& 9@ Aoz AZ4dcnk 7F A4 AstEe i+
A AfludAE 18 4.79) JeER ATk [34]

rlr
=
o,
o b
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* Bij ;Sb, ;Te,
* (] Bi,Te;

O Sb,Te,

A $H,0,

Intensity (arb. units)

20 (degree)

2% 4.4 X-ray diffraction patterns of the synthesized Bi-Sb-Te

powders under various DC currents of arc plasma.
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29 4.5 Changes in the standard Gibbs energy of formation reaction of

BisTes and SbsTes phases versus temperature.
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19 4.6 XPS patterns of Bi, Sb, Te.
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29 4.7 Changes in the standard Gibbs energy of formation reaction of

Bi203, Sb20s and TeOz phases versus temperature.[34]
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2% 4.8 Density of the sintered bodies as a function of sintering

time.
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1% 4.9 SEM micrographs of sintered bodies fracture surface with

different sintering time (a)bmin, (b)25min, (c)60min
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4.2.2 2ZAANZ] wE H3E

PADZ Alzx® dHEE> dAsst n#pgl gol wd mgAQ
BigsSbisTes A "ko] &A= Zlo] ofye}l BisTes, SbeTes?t #o] =
A=l et BiTest= n—typed HAEANES 7HA3, SbeTests
p—typed dXEHE 77 st Ao E 935 p—type AHE
A& 7H= AEE BiosSbisTes Aolth. whebA Az Agbo] ZojxH,

D84 ML BiTess)h ShiTesdl FRAE FEE + 2

»
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I8 4108 24X 2 PAD AXEY, 25min. Y 60min &4
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BiosSbisTes, BisTes, SboTes @ SboOzAte] & HQlty, 474 AJzto]
dojd 5 A= Wsts #F g AUSITH

I% 4118 AEC] ®WskE AAE] #F sh7] A XRD, tlo]E ¢4
=Y or EAsh A Ao WA AIAE FE Fdistel A e
th A 7o) Aol @ 2¢4kel BiyTes, SbyTexd AR L= A4 =
o] £, 394 BiosSbrsTesd B RE=F S8t A & F 3
ot 2% 4.12+% BiosSbisTes (0 0 18)WHell tigk BizTes (2 0
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* )
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1% 4.10 X—ray diffraction patterns at different sintering time
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1% 4.11 Each part by X—ray diffraction patterns of BisTes, SbsTes

and BipsSbi1s5Tes phases.
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% 4.12 Relative-intensity of each phases by sintering time.

_61_



Spectrum 1
+

Spectrum 2
4

SEM HV: 20.00 kv BEM MAG: 1000 ki WEGAT TESCAN
2 '

Dt BSE & pam mn

1% 4.13 SEM image of sintered bodies by BSE mode
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X 4.2 EDS analysis of-different brightness of SEM image by BSE

mode.

Spectrum 1 Spectrum 2
Element Weight% Atomic% | Element. Weight% Atomic%
Sb L 24.62 27.34 Sb L 33.83 35.73
TellL 57.94 61.38 Te L 60.00 60.47
Bi M 17.44 bl 23 Bi M 6.17 3.80

Totals 100.00 Totals 100.00
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1% 4.14 Image processing of sintered bodies at different area.
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1% 4.15 Change of area ratio with different sintering time.
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4.3 SPSH¥ 9] 23 Bi—Sb—Te A2ZAA Y dAEA

4.3.1 222 WE 7454 W3t

1

o

4168 5~60E7+% SPSH oz AAdto] ALoA Seebeck 7
=43 A3Z Jehd ot} Seebeck AlFE 2AAZRo] 58 A o,
223 V/K o]l &xAAZro] ol wel FHAstthrt 60FelA
202 £ V/KE YERdLE -Seebeck Al W7 A&} 71

9} AATAE 7HATE Bolztamann X0 otH. pd A HHEEA 9
Seebeck A+ 2 (4.3) 3 o] LAY

B e )
20 2

2(2mm ky T
3

= 77— s—i—é—i-ln (4.3)
e 2

ph

21 (4.3)94 T &%, kpx Boltzmann A, e AA] A, s
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