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Cu, S e HL R DR 3= 5 19 JEORMt A . AR TR 1 B2 O R A v 2 R B 2 e T sy EL A 02 FH o g 1 A
AL AR SCR FHHLB A 41k (mechanical alloying, MA) 45 & i B 55 25 F 4845 (spark plasma sintering, SPS) 1.
2l % T — %3 Cuy 5_,Sb,S (z = 0, 0.005, 0.02, 0.03, 0.04) He &4tk W55 T A Sb B4 5 X} Cuy 5 ,Sb,S
AHZER | OIS0 S PR PR RE (B2 . 25 SRR BEZE Sb S B BE N, Cuy g ,Sb,S B R 454 ti BAAH Cuy ¢S
BeAR oy AL B R EY 5 p RS R BE S Cuy 77Sbyg 058 16 723 K I B s 2T (294 0.37, LR B

%% Cuy65(0.33) 25 T 12%.

S Cuy S, P bHE, HLIA &Mk, ot %87

PACS: 84.60.Rb, 72.20.Pa, 71.20.Nr
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o?0T/k, Her a2y Seebeck R %L, o Jy HL T 3,
T HARRIE, & AHRFER, o’o FROVFEHY DR
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DEEAE, N o; BT 5] AZ R 6t
B 19101 a1 5 J - IRUBE SRS . MoK RUBE 58 —AH %
BLEE  RIBOK b 46, SEBIRT 2 3 B - 1) JRl
SUHUR, MK k.

H AT, 28k Ak 0 H 0 & 1 e 3 s A R A
F 10 BiyTey, PbTe % & B 5t oA 8 M E A S
TG E LR AR Ak 7 FH A2 21 PR ] 012, 4 Ak 4
(Cuy ,S) HL B BEE —Fh B R PR bR}, PR
BOTERFE R BRI S B AR, B
WL s s e EL Cu, ,S (0 < z< 1)
ZIMEEYH, Cu,S, Cuy ¢S, Cuy oS M Cuy ¢S 1E
AP AS B Tz AT 1301 3T Cu/S
BIIARE, Cuy, ,S (0 < z < 1) LEVWEAARF
) AR AL | BB A5 A SR AR R . T A A
HAEEAMES 2567, Cuy ,S (0 < o < 1) R
p B RREE. Hid ) Cuy S A A FRE Y HL 2
ML REMBIA R Cu, S b &P R EA T
TR AF B0 Cuy S IR NS TS (RS-
MH), BEE IR T 5 2 360 K, HFEAS Jp 7 I A4k
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¥ (FM3-M), MR J5 1 Cu J7 T B A 7 AR
NP, AER—FEE 7 IR LT, Cu, ¢S P itk
Ry Cu B FIEB R AL AME Cu A0 A
A oo (~3000 S-em ™), HHAEALH o M &MY
r BRI AR YERE. B, 42T Cu, oS AR
PERERI BT FEAR TP TESE R o FIREAR < J5 T8, 4N
L Nalsl Inl Fl Ti 48 J0 R 48 2 A B 00 1 Wk
FEHETE PR el 24 Si0,20, SiClRU Al NH,C1122
SEREAR e, BETA]A AR T H ZT{H. Liang 55 29
WAL 7E Cu i #4T Bi oo R B 2%, A&7 Bi,
Cuy g ,S MEHY PFFHIK ke, BeZHEM Big o1Cuy 799
TE 673 K B3R 1% e K ZT18, 29 0.61, & KB
Cuy ¢S B Ge 55 P4 7 Cuy oS W EEET AT
G3ECR 2% 1 LaCly, A R0 AR T 200 1 Wk B
WO T o, 75 773 K315 T & ) PF{E (1600
uW-m LK2), AT H 98K 5 A, A R R
Tk, NG ZTEEF R Y 1.2. Tang 55 25 5@ 15
Sb, Sn L4B2% (Cuy ¢Sb,Sn,S), 1 773 K i Cu, g
Sby 2519 038 KA T IR ZT{EZI N 1.2. REWIFE
LERIYFRI], PR A RPN B i GRS 35
M Cu, oS HEATRHIY P PERE.

Sb RN —FAUNBIH, CEFZ
HLATEMA R iR 138 T 5. Bayikadi %% P9 7F GeTe
o] A—@E =i Sb JCER, TEBREE O FBESSH Y
JEIEL A T 2B R AR, 3R AR AR T DL
SPPR TEATIA 0 Bl A P -, DT AT 28 b ARG 1 s
T Ge gSby Te 7E 800 K HF k4G T HAK Y #4
5K Z59 1.1 W-m LK !; Chen %5 7 £ n A PbTe
B2 RRY Sb IR, BT A FE i 2R B S AR
WLZEHE LA RSN AR G AN ST R RST . e BEAN Y
ST AR RO A 5 1 i FUHI, 82419 Sb 1
Te 23 FEURBRIE B I35, 78 723 K I Pby ggs
Sby g12Te 215G TRAYFHE AT 0.68 Wom 1K .
% Sb LR EI43 MrEki+5 i, £ Cu, ¢S FEHHE
R, ST ASEY Sb AT REHEA ] B0 3 E 4
RARH Cut s+, $RAEH 7 DA SE B 200 1 (%5
o) WEBE I . LAh, Sb B4R AT LIS SR,
R AR T8, SR FR L P BE AR T2 A A Y.

A SR LA A 4 1 (mechanical alloying,
MA) 855 5B The4h (spark plasma sintering,
SPS) FAR Ml T —F % Cuy 5 ,Sb,S H{AME, R
GEoE 7 e A OB N Sb 825X Cu, S
PR AR ZEE | TOWIE SR L R A R AL F PR RE Y

. 5 CuySe, BiyTey, GeTe L & PbTe 45 HA:
A 22 PR L SR FH I o 5 T R 44 gl 128
MA + #EEes (HP)RY, f5fE + HPBY #5 5 +
SPSPUAEAH L, A SCR A MA 254 SPS H Al
B T2 KRR GE T AR % R L R
T IR 2 8% B AR R A P
.

2 % I

K Cu # (99%) .S 5 (99.5%) 1 Sb
(99.7%) Ak, # Ak 2z Cuyg ,Sh,S (z = 0,
0.005, 0.02, 0.03, 0.04) #E47FCEHFR . K H MA
HEFT 6 B B FR LA A SRR R B T B2 R AN ER
JERET BRBLEE N 2001, 2555 0 BRIE BEH B 25 )
FEALRIP AR (95% WA 5% & R), il B
523K, VAR 1k FE BRI i A b JEURE R A B Ak, K
BRESHE T 47 2 BB L (QM-4F) L) 425 r/min
BRI 8 h. BRSO ARE T 020 mm A1 A
HrpiE47 SPS (Sumitomo SPS1050, Japan), k45
%1%k 40 MPa JE /7, 873 K FA#iE 5 min, &%
HAFELE N 3—4 mm AIHARE S,

X G 247 B X (X-ray diffraction, XRD,
Rigaku2000V, Japan) 2 i3 A R AR AE & (19 4H
50y, M & ST (field emission scanning
electron microscope, FESEM, SUPRATMS55, Ja-
pan) WU HLAARRE S W E S . F Seebeck 2%/
B 5 R L5 A3 E (ZEM-2Ulvac-Riko, Japan)
FELASR, MR B AR R A 323—773 KR
FEL P9 1 R 2 MR RE . RO #V{ (NETZSCH,
LFA427, Germany) Ml 0 5 A B R 2 (D),
H BT SR PR A RE S B (p), (AL -3 5
AXAE R BIRESA HE (C), IFRIEAR k=
DC,p AR TR (k).

3 #RE54%h
3.1 tHEMaH

K14 Cuyg ,Sb,S (z =0, 0.005, 0.02, 0.03,
0.04) FHARE S XRD . E 1(a) ATLLUE H,
T R S AT B S AR HER R Cuy oS (PDF#47-
1748) — 2, KUIE LT A Cuy6S; Kl 1(b) AA
] Sb B2 ARE LY (0 1 20) FHIAIATSHIGHCR
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1l 1 mn 5I
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B 1 Cu g ,Sh,S (z=0,0.005, 0.02, 0.03, 0.04) ¥} & k¢
i Y= I XRD B (20 = 20°— 60°) (a) F1 (0 1 20) §h i
TR I (b)

Fig. 1. XRD patterns of the Cu;g_,Sb,S powder samples
(z = 0, 0.005, 0.02, 0.03, 0.04) at 20 range of 20°-60° (a)
and the enlarged (0 1 20) peaks (b).

E 2 A Cuy g ,Sb,S (z = 0, 0.005, 0.02, 0.03,
0.04) He A KE 5 B9 XRD F 3. 5 85 AR FE 5 A1 L
(11 1), HpAAe S Ais 5 e i) o I G AR 2, SRR Z,
Jo B R i LA T i g . R 2(a) TR
B, M0 < z < 0.02 B, FE B TA REOEAT S5
W SHRAEFR - Cuy S (PDF#47-1748) —5, %W
BT B Cuy oS; 24 0.03 < z < 0.04 A, 3
T CuSbS, (PDF#44-1417) BYFF AT, X &
Tl Sb BRI Z, BT Sb 7 Cuy S 1Y
AR, P2 A2 T CuShS, 45 —4H. 1fii CuSbS,
H1 Sb ITE A 43 U, PR S 7E Cuy ¢S ARk
Hi) Sh I3 . BLAh, RIEHEE R (2)—(5)
AL, JCie Sb MaI R NS (43, +5) #EA fbig, H
B CutHRFH R L, BRARARIL TR EE, X T4
FL P BE S M AL AR B — 3.

A& 2(b) ST (10 10) X107 (94T S 06 s K
ATLUE H, BT RS AT S S AR iR R AH L3 )
INAE RS, % T SPS Begtk e, ) S %
KRR T WK, morfE (1) s, X 5HA S
R —F 182320 5 ¢ = 0 FERAHLE, 2= 0.005
FEAT STV ) KA BE S, X2 T HA RN F
BA2H) SbPH(0.076 nm) Ffe T Cut(0.096 nm), fff
R A AR BB A R &2 W AR (2) FiR. B o Y
Han, A G 0e /N B A RS, SO R T TR

S BYEE —AH CuSbS,, THFE T Cuy S FAR T AYHE 4
STLE, SR E MK, DL LB &y
RN (1)—(5) LR

CursS 5 CuysSi_y +yVg +20¢ ST, (1)
2Sb —55  28be + Cuys_oS1_y
0<x<0.02
+yVg + (22 +2y)e’ +yS 1, (2)
Cuz sS

xSb aSbg, + (z — a)CuSbS,

0.02<2<0.04
+ BCuy sS1—y +yVs + 20+ 2y)e’ +yS T,  (3)

C S
2Sb —2> 5 Sbg + Cup g2 S1y
0<x<0.02

+yVE + (4o + 2y)e’ +yS 1, (4)

aSb — 85 S 4 (2 — a)CuSbS,
0.02<x<0.04

+ BCursSi—y +yV§ + (dz +2y)e’ +yST.  (5)

(b)
" % A xr =0.03 k e .Mf/\é\‘\rqw
B i
2
B ho A x=0.02 N )
el i
3
E 1 A z =0.005 VJEL_\
2 i
g
< S z=0 i A i
= s~ = CuSbS,(PDF#44-1417) i
al® :|| |r .| I IR A | I PP TT !
- = = CuiaS(PDF#A7-1748) =
A T
20 25 30 35 40 45 50 55 60 31 3 33
20/(°) 20/(°)

2 Cug ,Sh,S (z = 0, 0.005, 0.02, 0.03, 0.04) He &+
FhEY XRD Eli%  (a) 20 = 20°—60°; (b) 20 = 31°— 33°
Fig. 2. XRD patterns of the Cu;g ,Sb,S bulk samples (z =
0.00, 0.005, 0.02, 0.03, 0.04) at 26 range of 20°-60° (a) and
31°-33° (b).

3.2 @mi9fm5E SEM &54f

& 3(a)—(e) A Cuy5,Sb,S (z=0,0.005, 0.02,
0.03, 0.04) HfAHE S 1) Sk RT3 A [, AR
XTI FESEM B, [B] 3(f) B i i %%
JFEFIAR XT3 LR Sb 8 4%t AR LA, & 3(a) 7]
DI, KRB 2R 03 o R 2.98 pm,
H T SPS heghiid #irh S T E 5 & T EUS R
Hl i AL AEAE W ROR AL, B Sb ot RiB4%, W
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Fig. 3. Grain size distributions of Cu; g ,Sb,S bulks with FESEM images of the fractured surfaces in the inset at (a) z = 0.00, (b) z =
0.005, (¢) z = 0.02, (d) z = 0.03, (¢) z = 0.04; (f) density and relative density.

Kl 3(b) iR, = 0.005 Ff 53 fob R s/ 2
1.59 pm, AL RGN, FHXT %R 96.83% K
£ 82.14%. X A= T Sb MBS R AAEE 1 i
B RSEI N, B TR ARTE M, i T g i A
S TR ML, 7oA Kt 3L, B 1 sk
K, R T BN AR R SE 172 2 380 2 0.02
B, A S 24 ok RO K = 3.33 pum, T RESE
oA T BRI S (551 °C) 28 M1 CuShbS,,
PR HE TR S Be 25 Al Aok AR K, H T A

CuSbS, /0, £ XRD Bl i A Gl ki 1) FLAT7 55
g, B xdE—2EH0m, WK 3(d) FE 3(e) B,
FEG I AR 3G K, P34 ok R 43 s 3 T
7.57 F1 13.37 pm, M FATH THEZH CuSbS,,
PE— AR E T RE S BRSE . I 3(F) ATLAE H, Sb
1945 22 i RE L I % BE N o = O B 1Y 5.42 g/cm?
FEARE = = 0.005 1) 4.61 g/cm?, Fifi 5 15 55 16
4.42 g/cm® M1, FHXTEEBETE « > 0.005 J5 i+
TE 79% FeAi.
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 4(a)—(c) & Cuy g ,Sb,S (=0, 0.005, 0.02,
0.03, 0.04) BRI HL T3 (o). Seebeck REL () LA
Ky K PFREIREE 2. & 4(a) 7T LA
B, A RER TR o 76 R R N S

3000
(2) Cuys—oSb,S
2500
~ 2000}
|
g
Q
@ 1500 F
~
S
1000 + —®— = =0.005
—A— 1 =0.02
—— 2 =0.03
500
—&— 1 =0.04
300 350 400 450 500 550 600 650 700 750
Temperature/K
7
X
>
2
~
s}
300 350 400 450 500 550 600 650 700 750
Temperature/K
900
C
800 -( )
700 ®—x=0
T ool —@— = =0.005
T, 500t
g
2 400
2
™~
o 300 -
Y
200
100 | &2V

0 . . . . . . . .
300 350 400 450 500 550 600 650 700 750
Temperature/K

B 4 Cuyg ,Sb,S (z = 0,0.005, 0.02, 0.03, 0.04) B A EE
RS ERE  (a) SR (b) Seebeck R AK; (c) DI
A

Fig. 4. Temperature dependence of electrical transport
properties for Cu;g ,Sb,S (z = 0, 0.005, 0.02, 0.03, 0.04)
bulks: (a) Electrical conductivity o; (b) Seebeck coefficient
a; (c) power factor PF.

KIGW/N, 16 373 K A4 4 o5, X IHPH T
Cuy ¢S NSRS r T HIFTEL. Bl Sb B4
W o Z, o BT, 323 K, 3 EH
= 0 FESLI 2210 S-em ! FEIKE 2 = 0.04 FE 1Y
1370 S-em . MRIEHFA L FE (2) A1 (3), HT CuygS
Jy p B R, ST A S A AN T, FRAK
T (200 WREE; 59—, CuSbS, 2 A
HR B2 1 A A T DA T iR S v v, BRI T
EBR (u), XWHEMEFSFET o iR H
oz = 0.03 HE MR BR BT L 2 = 0.02 4
TSR o, X ATRER A © = 0.03 Ff B Sk R
TRT 2= 00285, BAHERWLEC Mz =
0.04 B o #E—2PREIK, BRELEHTH TEZA) CuSbS,
5 A, SR AR, BEAR T a. S3Ah, T
CuSbS, HAHBAKN o, HItdt—ERE TIRRT o.

Kl 4(b) T A FEM Y Seebeck REL o YoM 1E
{8, FW Cu, s ,Sb,S HefARE s 2B p AL B AL
FRHE. AR EEEEN, 2= 0FS P
o BEE IR THE A 21 pV-K P B4n3) 95 pV-K 1,
BiE o B3I, REA Y o FEARRAS . 7F 723 K I
z = 0.005 FERBUE TR o 107 pV-KL HT
= 0 FEMER KA o (2580 S-cm ) A K JIF A B i
FEE W o 8, i 4(c) Bz, Cuy ¢S 75 723 K B3R
A THK PF R 815 pW-m LK 2.

3.4 FEIEEEESHT

 5(a) A Cuy g ,Sb,S Bk 1) 4 5 R b i i
FIARALIE . I A RR R Y ko BEDIREE i T s Jes K
JEW/N, © = 0 FERIEET A 473 K, X5 Cuy6S
P AV I 7 D R 81 v T 7 R P AR A i B 0892 —
. BE Sb B4 o RN, k BFEAT SR )
Rl AR A A E S & A CuShS, HFE T
FARAAY S JEE, il Cu Al S MILLBIRES T Cuy ¢S
B AL F, 3] DATE Cu-S AR A8 S E Sz 3],
A T Sb BB 245 I A T A5 BB . WK S AL LA
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Abstract

Cu, gS-based materials have become potential thermoelectric materials due to their rich raw material
reserves, low toxicity, and excellent electrical and thermal properties. In this study, a series of Cu; g ,Sb,S (z =
0, 0.005, 0.02, 0.03, 0.04) bulk materials is synthesized by using mechanical alloying combined with spark
plasma sintering process. This preparation method can shorten the preparation cycle of materials, and
effectively improve the research and development efficiency of thermoelectric (TE) materials due to its simple
process. The effects of different Sb doping amounts on the structure, micromorphology, and thermoelectric
transport properties of Cu;g ,Sb,S phase are investigated. The results show that when 0 < x < 0.02, the bulk
samples are single-phase Cu;gS. With the further increase of Sb doping to 0.02 < z < 0.04, the second phase
CuSbS, is formed when Sb content exceeds the solid solubility limit of z = 0.02 in Cu, &S, all Cu; g ,Sb,S bulk
samples exhibit p-type conductivity characteristics. Benefitting from the synergistic phonon scattering effect by
multiscale defects, such as point defects (Sbes, V$°*), nanopores, secondary phases (CuSbS,), and dislocations,
the thermal conductivity s declines significantly from 1.76 W-m K (2 = 0) to 0.99 W-m LK™ at 723 K for
the Cuy 74Sby .S sample. Finally, the peak dimensionless TE figure of merit (Z7T) value of 0.37 is achieved at
723 K for Cuy 77Sby 35S resulting from a low thermal conductivity of 1.11 W-m “K! combining an appropriate
power factor of 563 pW-m K 2, which is 12% higher than that (0.33) of pristine Cu;¢S. Although the Sb doped
Cu, gS-based samples have lower thermal conductivity x, the reduced power factor cannot be offset by reducing
the thermal conductivity &, so the TE figure of merit (ZT') value is not significantly improved. Therefore, there
is still much room for improving the performance of Sb doped Cu;gS-based thermoelectric material, and its
thermoelectric performance can be further optimized through nano-second phase recombination, energy band
engineering, and introducing multi-scale defects, etc. Our results suggest that the introduction of Sb into
thermoelectric materials is an effective and convenient strategy to improve ZT value by reducing thermal

conductivity k.
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