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Synthesis of Cu-Se system thermoelectric powder by the
oxide-reduction process and electrical properties

Ji-Eun Shin

Department of Materials System Engineering, Graduate School

Pukyong National University

Abstract

In this study, we studied the synthesis of the Cu-Se system
thermoelectric powders by the oxide-reduction process and electrical
properties. Through XRD analysis, it was confirmed that the powder
was successfully synthesized in the Cu-Se system and powder
pre-treatment was important in synthesis. The synthesized powder
was sintered by the Hot press. The electrical properties of the
sintered body were evaluated by Seebeck coefficient and electrical
conductivity with ZEM-3 equipment. The sintered bodies showed
p-type thermoelectric properties. Since sintering was perfomed at a
high temperature, there was concern about the volatility of Se. So
we analyzed the exact composition with EPMA equipment. In the
Cu-Se system sintered bodies, the Seebeck coefficient increased and
the electrical conductivity decreased with increasing Cu composition.
This would be considered due to the decrease of the carrier
concentration. The Cuj1;Se sintered body had the optimum carrier
concentration (12.80x10%ecm™) and the highest power factor

(0.57x107"W/mK?* at room temperature.



IA N g= 2 (300~500K) 9o paORE Bi—Te—Sb, nIdozE

Bi—-Te—SeAl7} 53 944 A5 2= Aoz ddA AquH(3]. dA9 Bi—Te

A ANz AFEEHE Ted FH: AE3lAAd 9 AxA] 714 <oz 9l

A A ool AAHIL ATH[4-7]. ZFFEHES AT & e F=28 494
1,

AZE Cu—SeAl8], Ti—=SAI9], La—Dy—-Sr—Ti—OA [10], Mg—SiAl[11] So©]
Atk I FAAME 2ol 7 5ol Fa FEAol A9 JHFo] W1
Aol FH-5E Cu—Sed dAAE7E AAEA F5 @ i

CusSex AH2oA ogAoE EA8H, %7} 410K oo 2 A5eA =4 B
FoE ezt Bt A Se FAZ| Cu o]&o] FHA A Y E o
AUE cubic FEOIM[12-15], A2 FS HeAF(EZT)=155 7I o=
B ol AoA B2 CusSe FAAE7E Fol& ALAe HAE 7t
A FHol dAg} 2 T AFOE s FE ARLAAEEE YERST] wFo]
8], shAIRE a2 oM = Cu o8] wWE o]F 3 Sel TR <lste] =442 W
37 wAstel el Cull A&o] LASHA ®vk[16-17]. webA A5 (ZT)
7F 2719 vld Zastel A CuxSed AE3= ofgf AF ol

A, 410K o]stell 9 a2 CusSer Sed ZAAte] Cu o]&o] AA A Hl
dx]o] 9191 monoclinic, tetragonal, cubic TFZ 7} t}[22]. vB]ZA A EA|
o|HFE Cull o]&o] MgstARE gite] uls] SAo] wrk= ARl qth ol&
a’ CuSed AglolsE7F 10°~10% ecm o2 XNt Ao 24 Agolsk:
2l 10"~10"cm ™Rl %7] wFo|tt. webA A8 AHAAES Bi-TeAls
A7l YaldE AelolsEs AFHor Yol A9 EAS ol

A7 Zestth18]. ole wet & ATl e s s £Ee7] A& Cud



e REAA ole mE AV 549 AolE dFstaLar g
T SRR Ax WS &8, ¢ e dAGEH 1919 Bl
[20]0] o] &=tk olF 545 FEA717] flete] yYwrlse] A= 7IAH
St 21], Ay A 98 34 [22] S0l AlRHIL Stk sHAIRE o] 5 ¥4 7]
< ZZIYRE A7F Eus v gee olgshd, ZAIzt, eyt

7 dgstE e oly=ol Stk wEbd ©hARhe] dXHE T Al
7he/dol By AtskeE ek $A 23] A&stel A¥staua v atsts @

A v 2ASA wal Azt AsE ARE Age, § e A4S of

ko
[V

-

4

2 AFof= AkstE 3 o ®E AFxE Cu—-Sed AT Ax 9 Cuy

= WA Aolsnol mE dAARY AVH 54 WEE agstuxt o



2.1.1 Seebeck &3}

ME e 209 =45 Jgste] e 7tdstay vE 2 Y4
LTl BAgsHA Aok JEE St EEAH(IT=Ty—To el s &71d
¥ (thermoelectric power) Vo7bF 2AsTH Aol = AApel] vls] 129
Aol e A= oyA7E xor2, ¥ WE S5 Ao/ €. webd 12
M= ARG or Azt gato] WSy, n2Pols BILHE FA e
71 918 AFol FAskA "k wEbd 2= (LTl s 71 = (4V)o] 4B
Z& Seebeck @Yt SHH[3, 24, 54]. E71AY Vo =Ml 4T
s, &% 1T ®gltol] thst d7]d9 (Vo) W= Seebeck coefficient©]
2kl gk

rir

7]

1._‘

.
=55 47 @.1

2l 2.1 Seebeck @¥E AFstslr] s Aolm, Sy a, b B tig A
t Seebeck 7, S.oF Spi= ZF - tish A Seebeck A, Vi =T
of o AE Aol

2% 213 Zol py WEACA = Fuo] Lol ARFR Fakste] A2
Ho a5 el FdetE 7HA o]m ] Seebeck Al F(+)olvt B, n
@ WA E AA7E aLgoA Ao ® giteto] A el fE] &

AstE 7FA 1 o)W 9] Seebeck AlFE S (—)o|t}H3, 24].



Heat Source

P type N type

Fig. 2.1 A schematic diagram of the Seebeck effect.



2.1.2 Peltier &%

A2 o 2709 F5E AT FzAA AF AVE TrelFu @ Ay
A= Fhol AL, thE Ho HTFlAE wdo] wAste] 7t 8l W7
avp7F WA ol Peltier Eobekal FtH(3, 25, 54-55]. 2™ 2.29 #&o] p
g HEAS n® WREAZE A7 dghglel] Adsof qlnh dAbel G TpdA
E)eld A=t (E) 2 olsdtr] sl ouA A& Hof dojof sbn, oju]
AAZE estet weba Al g FARNE A& Fdte] olFan

% 3ol ARty wEbA o] ¥ Ao FEddel wAdH. 1ea o4

=

MIANE A3 058 AAst JFol e AUA FAZ ool AL WEH

1 A%A ko] Wyl Bk o] el iy wAHel Vet of
2% @gol AAYZke] Aelsk Ark(56].

2l 2.2% Peltier 35 A=3tetr] sk Ao, Qv 4 & dkolH I+
Peltier A<rolal j&= AR Eolth

Peltier A58} Seebeck A4+ Aul&
A7 vEb o] X TH[56].
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Heat absorption

P type N type

Fig. 2.2 A schematic diagram of the Peltier effect.



2.2 QAEAL Y HH3}

2.2.1 ASAFZT)

o] 2 2.4% YeRd S QH[3, 24].

e
=]

sATFEZD = o

AAAR A4

(2.4)

727=22 71
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2.2.2 Seebeck AF

AHANREY Seebeck Al As> FA o 7] (intrinsic excitation) 7 £]914 ¢
7] (extrinsic excitation) &2 Y& 4 Qlt}. extrinsic excitation?! FEHFEA]
(degenerated semiconductor)i= oUA] W= S0 we} ndy} pPoz F&
Aot B2ewl §E7F oW 25w A= Aol AT A4S Hol =
Y dzpEo] M2 IHdstAl ®vt. o] wf donor levelolA F3H 2l AHz =4
d EY ouAE 2w AR A Ao & Aeo®E s A5 it
o] ¥HAste] oA ME=S FASA Hrh BEY s529 TR M=V S E o
Xt (conduction band) 2] st} FHE o] E((fermi leveDo] W=t -9
ZASHA Bt o]t oyA W= x5 Zte RIEAE 55 nd RE=A [33]2
ottt 5 pd WEA[33]M = SHAQ AHE St AJAE oy At
MY =3 29 F7tE 3] A4S (o] At oyA WME=E FASH
o AAlH &3 s TR Qs WMETE gEo] 7hA Ak (valance band)
A T E O Ei(fermi leveD o] 7H A o] EAetA dt. F5H v
Aol Al Seebeck Alg= 2 2.59 Mott 4 [34]¢] &l vetd 4 Sl

ol
il

il

o 12
l

1o

k5T
3e

WQIC%T
Bl 3

dlno(E)

dn(E) , dulE)
dE g

ndE udE

(2.5)

o =T

Ey

171X ks, T, e, 0 (B), n(B), pE)= 2424 =2uds, A5, A8, o
HAE AVIAEE, Aol ss, olsXoltt. Seebeck A9 HE& HEe] 7]
st Agolel wel A HEM, n—typed BF AAF Fo AgofolRm 59
= 7HAH, p—type? B¢ duol Fo AEojolE® k9 & 7HAITH3].

2l 258 B3l Seebeck AlFE AUl (Tl &t F-ds ¢ F+ AU,
=59 Wsle] wef EE WHEA] P9 (extrinsic) F 14 WEEA] G4 (intrinsic)
o7 FRET. P-typed A$ extrinsic Yol += 7RI (valance band) 9
d FHE E(fermi leveD o] 7HAA) vjf-o EASHA ¥, o] of A&
w53 22 AsS Yebdth 9, EZF band gap el EAlEAl W HEEA]

=

=



9} e 7% OCF intrinsic excitatione YEITEH
Tooll A 8] Enz 2 2.69F o] YepdTH[35]. o714 Ege do&
OKollA o] Hl=n] YA E e

212 2
T k1)

0 (2.6)
12

2l 259 295 o]&3slo] &&Eof o]&Es= Seebeck Al S 2.72 e F
ATH[35].

k2T Pk T?
o=t L} ding(E) INE ¥ ey pTS (2.7 2)
3ek, dinE B, 12EO2
22 2k
T 8 dino (E) e - (2.7 b)
ek, | dinE E 12 Eo2

2 27904 W& W5 Agl BE AR Whe] F5 5 7t 8, Aglo] BaR
ot 371 wWZol(1AI) Bl ) Seebeck AF7F HARGE 7HAE 5 (Tha) ©13+]
25 A2 (T<Tma) X & BT 7F FAIHo] &57F F7bgtel wet Seebeck
Are AgHer Fr7tekA dv vidz 12

2 Q3] %7} S7Fgke| Wl Seebeck Al A SHHH[35].

919 45& 5o Seebeck AFE LEWE opet H=v] JuAo] JFL 0

3 (T>Tmay) X E BT 9] dF0

B kB (2+)‘>F/\+1(77>
|oz|—j a+NEm (2.8 a)
oo dx
EW=J T4 Expt—m (2.8 D)



71X @, ks, e, Fi(7), A= SeebeckZl, &z=nd, e, ¥Hl=v] A

=]

<! =

S Yetdt A= Absk 7]t opel ’skelke AbsRQIA}(scattering) &=, ©o]& =
<& AFek(ionized impurity scattering)< A =3/2, optical ¥+ Atk (optical

phonon scattering) < A=1/2, ¥4 E<+& A2 1=0, acoustic ¥+ Akst
2=

(acoustic phonon scattering) <

—1/2 o] A[36-37].
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2.2.3 A7IAERE

FAARNN B/ YL T A%

24 o= 4 2.9% YeEho (3, 38].

ofN
2
N
2
Ft
Ft
rlr
2
N
=
2

ok
1o

2

b

1
=—= (2.9)
o ’ neyt

o, o, n = A4 ANAEE, A7HAE, AgolsEg olsEE HERH
99 A 3 AR AAEEE A7HAT] A AAYS &+ 9
718 BEARES 2 w7)etr] 9l gl HE (Power factor) 2he #bS AHS3hE
dl, 39 E (PF)+= Seebeck AlFe Alwel AV7HMEEE w3t gte= 24 2,102
2 EAET[3]

o

PF=d’c (2.10)

PF+ 3¢9 (Power factor), ai= Seebeck A5, ot W7|HExolt}

O I9 2.3 S AMEodsiel mE AsAFEZD T4 AR AFe 2
stol  UERdie. HAde ASsAFEZD Y #s 7= Agods:E e
10"7~10%"cm el Al EAet, Al 9 HAE (PF) 9] g 7HAE Agods= +
he 7.5%10%~2.5x10%cm 7ol th[3]. FeHe] AAFtel o5t Cu—Sedl =
o] Ao A5AFETD) #2 AYelsE ~3.2X10%m™ & W vYeEpdTth B
ATH(18].

=< FYHH PR E &7 fI8iA+= ¥ Seebeck AT =2 AVAERR
ZEAokgth, 2 AVAEREE fV] M e 2 Aol EwRed ojs s THA ok

b

ot FE NEA AR A Agolsns A=n dyAg fFEAZ Al
of WAHE A@Ado] o, AAAL 4 2,118 ZTAATF[39].
2m kT 3
n =4 ( 7 ) F, (n) (2.11)

2

_11_



n, h, kg, T, m*, F1/2(77)

JErd

FEATS Aolsrs} vdw

%, Fermi dirac integral

A 72l o] 9]

V&

Nl s=7t =

shzieh.

=
=

tol ol o] ofel9)x]

7}s

=
[e)

faAZol

3
pis

b}

o] AYelErs 7HAck

SEIER

e e
SEAFm)T FEATH )0

¢

Seebeck 7

Fom, 2 2128 YERY

)

Aelof ol& k=

(2.12)

)

gloj 9 o]F] Helewz 28

ol

HH Aedels st i

7¥skA

HARE 7]

S|

FaAZl =
A et

S

=R

Seebeck A
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r 2 3
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Fig. 2.3 Modeling the trend of ZT constituent factors with carrier

concentration.
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dAARY AAEEE T AAgefel g dHEE} AR F (phonon) ol
T 5 ERY AR yE g don, A 2,139 YERQITH3, 24,
K=k, tKy (2.13)

Q el 93t dAEE (k)= 2 2.149] Wiedmann—Franz % 2ol whz}
T3 4 Sl5(3, 60].

L =LoT (2.14)

&
2

,%
e
o
N
il
&,
[
o
4
>

NAEE, A ES ebdc)
Mool 93t AHETE (g )= A 2,149 #Zo] A7|AEES nld A7} o
ANAEE7F HS5E =2 32 UehuAl g webd slgoje] 93t dAdArs
2]

ZE JteAY e TEE FE50 M Fx29k fARSH] wiEel ddAEe 2
A= Aee F59 2d= 45449 L=2.44x107°VY/K?S AFE&UH3, 60]. 1A
g 24 W HE2v] oux WE, AT el G 9] uie] AAZE

w5 2= AAeERdg AL e 7MY, 4 2158 S8 AdtE S+ 9o

(2.15)

(&

AA7% (phonom) o €18 FHEE (k) e 4 21602 Hebd & glov] 2%
of ofall Ei A ARE BE, Eieo] FRAGHR, Lo £E7b A ol

AeH63].
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(2.16)

dehdr. 44 o

3 ATt oY A1

A 2.0

A

b AT[66]7F o] HA AL o, &
AJF2E 71A ™ H]%

i Aol Ag64],

<]

-

R

P4
PGEC (Phonon—Glass—Electron—Crystal) 2]

olt}H[3, 67—69].

-

R

7
<l
[e)

=

] AFeEA]7]7]

°©

kg, h, M, V,
EEE YUY

o] HHY), Gruneisen parameter, Debye

of A A%

-

R

E2als

mju
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2.3 Cu—SeA @AAE

2.3.1 Cu—SeAd QAANgY AAFTZ

1% 2.4F Cu—SeAl HHEE Yetd T9Holth[42]. Cu—SeAl= A4 «
For EASAT 410K ool prfo R AWEE B B9, " 2.5
3l Secl 33.3~34 at% A W o 4w E=AEH, 34~35.4 ate 4 W o7
B7dol A EASHH, 35.4~36 at% 4 W BN EAete= e & ¢ v
[42].

a2 410K olstelAl £A138FY monoclinic, tetragonal, cubic T+XE 74+
Aor deA Qlvh I¥ 2.6 o9 WET X monoclinics WERH Zlojtt
[43]. ZF2°lA monoclinic A Fx2 AAdT= a=0.7138nm, b=1.238nm,
c=2.739nm, B=94.308" °|t}.

410K o]oz 257t &7t pACE AREZE dojyr, 19 2.7 £
ol cubic FEE uvEd Aoltp[43]. B> FCC T xolH, AAYFE
a=0.58nme]tt. Cu’ ©]&2 Se €AV} @A st FCC T-&lA {11114 delA
AR 9 F2 FolR HEAS} &2 Awes sl =2 ol = 7HAH 8%
32() ¥ AA stk olgfdt 5o % WdE AAIAAEEE 714 S e dE
o AsAT @D E 7HAA A stARE &3 o] oA Alx 9 AR
d AF Cu ol&9 & olsAH Seq o r <Qlsto] EHe] Cul A%
AT [16-17]. webA Ao Wsty BAste] AeA 5 (ZT)7F 271l Hls)
dashs EAdC] WS AAANERA B A& oHH. wEkd A
Ao EAstH v AEAZA Bl vl&l EFAQ oo 5SS Eol=

7} Q5 [46].

i

L

=

ro
o

2
-
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Temperature (K)

Atomic percent selenium

epd W 4 S @ o s p
L 5 .
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! A
i \
873 1 i Ve
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] ¥ | MP.
473 396+15K o 594K 494K
Ak (B 32K
3 a (Cu,_Se) +\r - 3 2P (Se) —»
0 10 20 30 40 50 60 70 80 90 100
Cu Atomic percent selenium Se

Fig. 2.4 Cu—Se system diagram.
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573 -

B(Cuz-sse) ﬁ(C:I-Z—xse)

Temperature (K)
T

396+15K
W
n
373 : “
[ /
i A . 7 ﬁ(cul—xse)
! \\ . ! =+
1 \ ~ [}
a(Cu, Se)+f(Cu, Se ~
: \‘ ( 2-x! ) 18( 2-x' ) > |' CUQSEZ
1 A : 1 -
1 b . 1
1 \ \\ 1
ja(Cu, Se)*, \ |
273 L A 1 M
33 34 35 36 37

Atomic percent selenium

Fig. 2.5 Enlarged portion of Cu—Se system boundaries at low

temperature.
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111°

X W Se
- ® Cu 8 (¢) site
@ Cu 32 (f) site

Fig. 2.7 Cu—Se system, B phase cubic crystal structure.
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AAARY HeAFETE A 249 go] @714 54 Seebeck A5

NAEE, 974 EAQ dAELER o]Fo]x] Qu}[3]

2
oo

ZT=——T (2.4)

AR AT EZDE =7l faiM= 1714 SA=S =0l 44 54=
vkojof gty A4 54 dHELEE 95T faiA vAl FEs Alxcte] A4
StAW73] &4 A AFH A= AAAA[74] AAXF (phonon) €] AbeEs
Eobe Wwlel stk &d Al AFH AL A7t Ao m ol WHo R
W Zeb=np 22 (Spark Plasma Sintering) [75]¢] At} A qF #HA Z =
24 e Cu—Sedlel A8% 8%, &4 A7 W&ol wet Cuf o]&o] o]&st
o 2AAY] 2 Wo Cull AEo] WAst= wAlHe] AAvH[16]. =3, 12 &4
Al See] I or Qlal A W3 A 7] ARt "olx= ©io] 3l
HH17]. Wb Cu—SeAle] ASATEZDE =017 A3 €44 540 dHreE

F dele ofgwo] Ak

al
|

iul

-

A714 EA9l Seebeck AFY AVAEEE o] dAgEY ASS =9 ==
Atk BHARE 2 2173 4 295 3| Seebeck AFE A olmro] whu] st
ANATEEE Flg]o]xro] nlEsitts AL o 2= 9th[3]. webd A7)z EAL
Fol7] M E =S WAl AY46, 49] =8[76]15 Fste] A4 AMEols

EE 7HAckst

8k 2/3
a=——Lm dl) (2.17)
3eh 3n
azlzne (2.9)
o e :
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% 238 B =2 ATAFCDE 27 9aME 107~10%ecm ™Y A2l o]

FEE JFAok b, 7.5x10Y9~25x10%cm Y] Aol ES A Ae o

FHE (P& 7HE 218 & F AUtk AR Cu—SeAl 9] B4l Ago]srs

10°9~10%'cm ™2 A% Agolsxel s Eoh77]. webA Cu—SeAlel 714
bz

545 Eo17] fleids =HEE Ak Aol s RE WEAWUT6E], 245 W
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3.1 Cu—SeA EXE2Y 4 9 &2

Aol = Cu—Sedl ddETs FAst7] flsto] AEEHEA AstES o]
S5kt 23 9 ) anE f&l peux U st FAEL A A st
of FAE Cu—SeAdl @HdE2S Hot Press 385 o]g3sto] Made= A =313
.

I% 3.1 27|9EEA AREE Cu0(99.0%), Se02(99.4%)° SEM Apxlat
XRD 3|4t Yetdth. 429 sbstes AAl 24491 Sample 12] CuygrSe,
Sample 22 CusSe, Sample 39 CuspeSeo] A Aok A4 =4

(zirconia jar, zirconia ball) = ©]&3}9] 52 97|14 470rpm 12A3Hs

.
k=)

G AAstel B 2 7Y ETERE AxA Gk AsE Y A4 BT

S FAs S8 FaA7IdA 553KelA 6A1F A dAEE B HET

_23_



3.2 Cu—SeA A2Z2A EAH7}

St E Byl AAA 0 A, A% = XRD(Cu—K e, PHILIPS Netherlands)
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Fig. 3.1 SEM micrographs and X-ray

powders. (a) CuO (b) SeO;
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Fig. 4.1 X—ray diffraction patterns of the oxide mixtures and mechanical

milling powder.
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Fig. 4.2 Grain size distribution of oxide mixtures and mechanical milling

powder.
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Fig. 4.3 SEM micrographs of the oxide mixtures and mechanical milling

powder. (a) As—mixing powder (b) Mechanical milling powder
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Fig. 4.4 X-ray diffraction patterns of reduced powders at 553K for

6hours.
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Fig. 4.5 The Gibbs free energy, which calculated the Cu—Se system
synthesis between the pure metal and oxide raw material

powder.
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Fig. 4.6 X—ray diffraction patterns of reduced powder with different

reduction temperature.

_34_
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AZyAet, webA 2] 3,191 Scherrer 22 ©]€3+9] monoclinic %9 (012)%
33 ¢} tetragonal TF9 (404)W I AR 2AAS AAYH A7E AR L,
2% 4.100] YERY AT

D, = 0.9\
B11aC0S0,1
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Table.1 The actual composition calculated as a result of quantitative

analysis.
Designed composition Measured composition

Sintered

body Cu Se i Cu Se it

composition composition
(at%) | (at%) P (at%) (at%) P

Sample 1 66.33 33.37 Cui1.97Se 67.62 32.38 Cug.09Se
Sample 2 | 66.67 33.33 CusSe 67.80 32.20 Cug.11Se
Sample 3 66.89 33.11 Cug.02Se 68.81 31.19 Cug.21Se
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Fig. 4.7 X—ray diffraction patterns of sintered bodies in three different

compositions.
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Fig. 4.8 Relative intensity ratio of sintered bodies in three different

compositions.

_40_



Fig. 4.9 SEM micrographs on fracture surfaces of the Cu—Se system

sintered bodies. (a) Sample 1, (b) Sample 2, (c) Sample 3
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Fig. 4.10 Grain size of Cu—Se system sintered bodies.
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4.2.3 Cu—SeA &2ZAAY A AZF
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4.2.4 Cu—SeA 2ZAY A713 EA H7}
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Fig. 4.12 Seebeck coefficient of the Cu—Se system sintered bodies with

temperature.
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Seebeck coefficient and carrier concentration.
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Fig. 4.14 Electrical conductivity of the Cu—Se system sintered bodies

with temperature.
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