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KPRl - K 71 %6 T Cuz.05GagSbi—Ses (z = 0, 0.01, 0.02 F10.04) FEfh, RGBT T Ga 7E Sh
f5 4% CuzSbSes FHLIERE RIS, WAL SRR, DRI Gats e (z = 0.01) 7T LUA R M S 70K,
BIAAEBR, SRR S MRS, 15 GafEihE 625 K I SRR ik B K {H 10 pW/em K2, &S Ga
1] Cuz.95SbSes FE ML F T 41—, (HEHHE Ga 152K E Ik — D5, WP 30 1 I B 3 i, (R i 35
WA ERE K, SEERR AR SR T, K Ga & 2300 S m (68 & 1) P BRI AL, fE#E
1, Ga 5 7% 1] DUA RS B0 #0321 BTk, RIS 45 2% 510 N 160 s 355 g of s 0078 1A 8 e () S A
IR B iR X A A T R B B IR, R %K R 664 K I3RS 8K ZT 18 0.53, thAR$B Ga lFE WIS 1L 50%.
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PACS: 72.20.Pa, 72.10.Fk, 61.72.U-, 65.40.-b
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Ko FeAE S ALEATHI 32 F 4524

Yang 2% 221 J I3 78 Sb 745 4% Sn 7] LA %L
$2 1 CusSbSey LT H, H ZTHAE 673 K I A1k
£10.75, FL KB 44 1) CusShSey #2151 T 2%, Wei
2 1% B CugSbSey H1 i T I 2 AT B2 i 1 5 T
T = A, U@ 5 R | R R
TR E 22 [F) 20 3 v 2 X B RO &, AR R
stk IR Mt THR . Qin % Pt Sh iz
FeBidHAT THFTE, AR ZT {E7F 600 K IS IEE] T
0.7 i A5, Li %k R —4 % Sn B 2% CusSbSey [T
SERMHEAT T, B ZT ER R 1.05 A4 &Ik,
Liu %5 25 3§33 78 CusSbSey 1 Sb A7 #£4T Sn 1 Bi 3t
Bk, f£673 KINIRAG [ &k 1.26 B RAGRAR(E, 2
H BT 538 1 p B CuzShSey MBI KIS E ZT1H. It
b, Li %5 ORI Zhang % P74y G145 Sh AT 5 2% T 58
=FERITER AV In, SRAFHHRK ZT 15 715 0.58
F10.5.

TEARSCH TAES, BATH LR Gadt FlSb>+ &
TR (2 090.62 A), B Gat AT RERIA
Gy BUAR SbP, WA 24 1 CusSbSey 73 7K
Freg 5 (BhiE N a0 (2) ). A AN, Wei 2 [1928]
FE i, 7E CuzSbSey H1 5 Ni& M) Cu 2= 46745 Bh T #b
i B g I FE H Se TUR MR, [FIB Cu 2471
FINA AT CAE — 5 38 I FE i 10 25 7O B (R S
RGN (3) 2R), MM RIS S aF A B e e, PR, A
SR FH Ja ik - K 7 v T Cug.gsGagSby—»Sey
(z =0, 0.01, 0.02F10.04) B i, H REM AT Ca
B Sb Xf CuzShSey Hi . #iriz P AE I,

Gadt L2505, 300G, + Gall, + 4Ses, + 207,
(2)
0— Vg, +h. (3)

2.1 HmblE

A AW R T, & AL &L
Cus.95Ga,Sb;_;Ses (x = 0, 0.01, 0.02 F10.04) Bt
Hl Cutf (99.9%), Sb AL (99.99%), Se #} (99.99%) Al
Gak (99.9999%), I+ & T-A S h, B J5 5 A 52
IR % B TR . R )58 A S RN L
b, 8RR 1173 K (FHEFE 30 h),
FEAE ML B T PRI 10 h, BE S 212 B IR B 773 K,
FHIB K5 d LURIERE S5 504, 5 vk 43 31 Bk

ARFE dt. AW AR i 5 08 J5, £ 400 °C AT
45 MPa [ /7 N #A T e 45 i I8 R i, 25 1)
A G RG-S i B B Re k.

2.2 MRFTIE

F B oK X S AT 55 (XRD) #E4T W40 5 b,
WA NH A Z A F D/max-2200X (Cu K,) T4
1. FIF ULVAC-RIKO ZEM-3 Wl £ & () s 5
# (o) Al Seebeck 2% (S). FMMIAT HRE (o)
FIF Netzsch LFA 457 (cowan+ Jik#f12 1E ) 306 #4
SR, e (Cp) I Z =3 # & #3% (DSC,
Netzsch DSC214) #H473RAE. 5 % B (D) H ki
FOREHKE N &, ST (ko) IRIE 2
Kktor = D x Cp x a tHHAF ). FI I35 K 55 43 4
HL ¥ W% (SEM, Zeiss Gemini 300, Germany ) it
ITTUEE FIRAE. 5 A SEBR R 7> H e T il X A2k
Wk (energy-dispersive X-ray spectroscopy, EDXS)
T .
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20/(%)
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RN (c)(332) fTiHigr Ok B
Fig. 1. (color online) (a) XRD patterns for
Cuz.95GazSbi_zSes (z =0, 0.01, 0.02 and 0.04) sam-
ples and magnified peaks for (b) (112) and (c) (332)

diffraction.
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#1 Cuz2.95GazSbi_zSes (z =0, 0.01, 0.02 F10.04) £ SR FISERR B4 1 5 7 L
Table 1. Nominal and actual atomic contents for Cuz.95GazSb1—zSes (z =0, 0.01, 0.02 and 0.04) detected by EDXS.

FE b Cu : 8b: Se (% U4)) Cu: Sb: Se (SEFrMSY)
Cuz.95SbSey 2.95:1.00 : 4.00 2.87:1.00:4.175
Cuz.95Gag.015bo.99Ses 2.95:0.99 : 4.00 3.01:0.99 : 3.96
Cusz.95Gag.025bg.98Seq 2.95:0.98 : 4.00 3.00:0.98:3.95
Cuz.95Gag.04Sbg.96Sea 2.95:0.96 : 4.00 2.95:0.96 : 3.95

BT A FF i 0 s A4 25 7 38 9 DU 7 AR 1D G i 8 R
W 45 K (PDF#085-0003), =5 [H) #f N 142m. FE &
Gats R B 148 2 XRD B o IF R K I 24 H
W (%) A7 AE, [F) I %% A7 50 U 1 7 B IR A K AR
R RS (WET(b) KT (c) P (112) K (332)
FT 5 e i K ). T Gadt FISboH (1 & 1
2 M, Wk Gats NGk & W08k R 5
HEARRAA. E2() M E2(0b) 5 5N FE R
Cus.95Gag.025bg.98Ses M Cus 95Gag.04Sbo.gsSes
B BT R, "TUIATE Ga BB R 2N, i
an A TSR LU 38 20, R A 55 M. EDXS
DB PR R 5 45 B TR b 5 48 SR oy 1 R 7 L
FIFHR 1, 45850 FKW Cu, SbH Se HILIRKD 5%
SO R vl RS JE ) # T6 3R o HE TR R R AR
1k, TRIES X} Se 76 28 FAIH% 4% B B 47

B2 (a) ¥ it Cuz.95Gag.025bo.9sSes Fl (b) ¥ i
Cuz.95Gag.04Sbo.o6Ses MM BT HLF B

Fig. 2. BSE images of the samples (a) Cuz.95Gag.o2-
Sbo.98Ses and (b) Cuz.95Gag.04Sbo.gsSe4.

IZEI 3 (a) ?\J # l:llzll:l Cu2,95Gawa1_wSe4 (CC = 0,
0.01, 0.02, 0.04) [ HL T2 (o) BHIELEE AR L.
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BEIREE (T) 941k

Fig. 3. (color online) Temperature dependence of
(a) electrical conductivities (o) and (b) Seebeck coef-
ficients (S) for Cuz.95GazSbi_gSes (z = 0, 0.01, 0.02
and 0.04) samples.

IR, BEAAFE S P AETE— 2 Cu 47, AR et
DB TEIR T, (KRB A Ga ] Cug.g5SbSeq I
i PR RS AT AR LD, &R R 2928 5500 S/m, H
HL 3 28 i R 1) AR A R 2 IR BT O 2 AR AT A
Y = 0010, HEMAEER FHBSEESE T
12800 S/m. AT, ¥BANHEZL Galf, B FH Ga
15 R FE (R BG n s i ek /N B R BRA IR
R2PTH, FE S BT IR B Ga 5 & 1038 Jn i
K, BHA Gadt B S+ A it i T AR R A E
WFWREE. 55— 77, B2 7UE B 2B Ga 1B 4%
WE T T 2R B, 2 = 0.01 1), FESH T
BROLMEF 20 cm?. V- 1s™ BUR, X5 3CHR [27]
RIEH In B HE LR BRI, 2 > 0.01FER
HL 5 6 PR S R FIE R R I B A G, FRAT TR
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DS B (IR T A Seebeck R0 (LK 3) 11
ST T A RO . ARy Bl A 2 Y
I H b 8 3 S UM HLE] Dy 78 2 78 1A, T el A
A A A R & m 2929,

S
m* = 2:}:T (n/4nF1/2(n)>2/3, (5)

Xd ks, h, n, n3BINBIRZE W B H W5
W B T A 24k B oK R Gk (B oK RE R DA
kT); Fun(n) 8 mB Fermi-Dirac #14r. THHE 45 R a0
L 2PA, = 0.01 #1972 CF Ul E A KRB Ga
FEMBI 1.7 6%, BE Ga &R N, =/ U &
WK, BT R R RNR T 5 Ga kgl
NHIEREEA R A6, I 5H MR EE KA K. 54,
Cug.95SbSeq FE M AT B (Ey) 7T LAERE (6) 38 PO i
AT RS AL T

Ey = 2eSmaxTs,,.. (6)

KH Smax, Ts,... 779 NE K Seebeck RELFNE 2
FERE I BRI 2, e M LT LT B B4 30 A B
HZ1740.28 &V, 5 3CHR [19] FRIE T 0.29 eV A —FL.

S —J71H, HE 3 (b) W Hl, KB GaIFE i
H Seebeck Z H bt it FE (1) T 5 Se G K S5 o), 20
e HF 2T A MABAN T GaZ Ja, Seebeck
FHURE A IR T TG K, AR O R IR S R AT
. HEHE Mott ¢ £ (63132 Seebeck 2 T IR E;
MTFWERII, FE GaB NENH 2, FERT
BT IR BB K, Seebeck R AR IR/, SR
M, HT Ga®s 4 e /XA R & B & m, §
B Seebeck F # I 1% A BE FIR W FE B HG O T AR
HUNPE, DR R T A FE A ) Seebeck F A 4
FETE 200 uV-K—1 BLE. 53 AMERIA T3 B2 1 3 KO8

i) T ARAEBKR, Cug.g5SbSey B AR UK i FE £
430 K, x = 0.01 FIFE AR ORI T = 212
550 K, 1] Ga 75 5 5 i A ot 70 00 3l 282 0 [l P
B AR

KA NRE B Sh R K F PFREIRE AL % &,
BT A BCEIE K HL 5 28 Seebeck £ %%, AHLLT
FABKFE S, o = 0.01 FIFE & 75 B A I I Y
WA RR MR E T, HFE625 KN IEF] T4
10 pW/em-K?, Eb AR5 7% Ga 1) Cug.95SbSeq FF il
Perm TR —f. MER FIREE KK 2 = 0.02 1
0.04 FIPAFE S, H T TR ER/DN, SEHIIER
F/hT 2 =0.01 IR, BRI HN9 pW/em K2
A8 uW/em K2, (HE KT K45 Ga lFE .

BI5 (a) N FE dl A #S 2RBE R AR Ak 1 il
2. 5 (b) Nl b #5 3 BE T AR Ak 1 i 4R
i A% R R AT (ko) IR FHGE 2E
(ke = LoT) 132, B Kjattice = Fitot — LoT, FH
LA G 4. RIS 8 VAR 28 A L T
PAfE LA 2]

PF/pW-.cm~—1.K—2

300 400 500 600 700
T/K

K4 (MTIE ) FE i Cu95GazSbi_4Ses (z = 0,
0.01, 0.02 10.04) ) PF
Fig. 4. (color online) Temperature dependence of
power factors for Cug.95GazSbi_zSes (z = 0, 0.01,
0.02 and 0.04) samples.

#2 =R TFFEM Cusg5GazSby_4Seq (z = 0, 0.01, 0.02 F10.04) FKER TIKE (n) TR (u) HE R (o) LA

KA TR (m*)

Table 2. Room temperature carrier concentrations (n), Hall mobilities (1), electrical conductivities (o) and
effective masses for Cuz.95GazSb1_4Ses (z = 0, 0.01, 0.02 and 0.04) samples.

FEfh W TIRE n/cm—3 TBHR p/em2 V11 HE%R o/Sm~1 m*/mo
Cuz.955bSeq 6.8x10'8 75 5.54x103 1.09
Cuz.95Ga0.01Sbo.99Ses 3.9x10 19.7 1.26x10% 1.7
Cuz.95Gag.02Sbo.9sSes 4.2x10%9 17.4 1.18x10% 1.77
Cuz.95Gao.04Sbo.96Ses 5.6x10%9 13 1.16x10% 1.83
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2.6 T T T T T

Kot/ W-m LK1
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T T T T T
2.6 F(b) ~ ]
2.4 \*
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04f ]

1 1 1
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K/lattic/w'm_ LK1

T
=
!

5 (FIFIRA) # 4 Cua.g5GagSbi_zSes (z =0, 0.01, 0.02, 0.04) K (a) BHRFE (keot) T (b) M FE (Klagtice),
(b) PALEEEN T KR, BEFELN Cahill B THE G ISR AR MR TR

Fig. 5. (color online) Temperature dependence of (a) total thermal conductivity and (b) lattice thermal conductivity
for Cuz.95GazSbi_zSes (z = 0, 0.01, 0.02 and 0.04) samples. In Fig. (b), the red dashed line represents the

relationship of lattice thermal conductivity and T—!, and the black dashed line is the calculated lowest thermal

conductivity with the Cahill model.

ks \ * 3Fo(n) Fa(n) — 4Fi (n)?

1= (fp) FOERSEOE @

I kg, e Fl 4 B3 R 26 23 M T L L

LA KB (B BEBR UL kpT). Fo(n) Am¥r

Fermi-Dirac #3145, AT R A Kim 25 B4k —
A 1R 25 B

L(lO_8 uW -K_2) =154+exp < - 1?1,)), (8)

Hor S Seebeck REL. M diAk # T 2R IR S 1) A
A RE, AR LA T AR, Ui 32
() 75 T B ALH] AN Umklapp i3 72, (HRE7E &R T,
KB Ga bl x = 0.01 Ff 5 I kg RV 300 71 31
AR, X2 HRE S IR B S 2. BEE
B Ga Ik Rt — D38 K, SR XK #0752
HRAH, Rtz > 0.01 5 IR RSB HRE R
5TV AR AN, Wl s AR, Galis
AN HCF IR AR, X 5 SCHR [26] #OE ) AL B
TS AL, (HRTEEIR X, GatB 5] NI At
BT = S A BRI EU AR, 3035 Ga FEM
(1) e ek A A A R TR, (L T R I i A
PSR AT AR 5 5 T Zhang %5 39 38 i Cahill B
THEAF BB K B A T 205 Wm KL

IR it Cug SbSey 14 & P di Ak #0 T 200 A 13— 30 %
2 a). B 6 e R i SEM JESRE. Stk &
W, KB Ga BT R/ NECHII S, 21915 pm
A (WEG6 () FiR). MBANGaZ g, T
B RSFARR A5, fEBR kL (A L5 pm A
THBUN SR B, BT RS LI ECR IR AR
UK A, DRI i (R 6 5 5 R SO ), 390
9% Fe A7 (WFR 3 FA). Frlh, FF S RIS i3t 5
L BBV AT B SRS,

B 7 RPN ZTHE, % Gatt i ZTE¥R
F RSB Gakbdh, Kbz = 002k FEEAS
KRB, B ZT &K, 664 K Z)°40.53.
MIHRR T KK 2 = 0.01 FEf, TG R
WK, &L mRX PR EMNRES > = 0.02 15
24, 664 KIS ZT 128 0.52, LA Ga lIFE
a1 2150%. BT AT T4 SCERIR
TE S5 5l % EE R IR, Sn 52 22 % CugSbSey
PR IR E BN B3, H ZT 7675 K
BB T 5075, 1M = EICEK (AL, Ga, In) 135
¢ BRI AT R B ia PR R, (EX S R
B SR TR R A ZT B A TR

#3 B Cuz.95GazSbi_,Seq (z =0, 0.01, 0.02 F10.04) (AR
Table 3. Relative densities for Cug.95GazSbi_zSeq (z = 0, 0.01, 0.02 and 0.04) samples.

FEM (Cug.95GagSb1—xSeq) z=0 z =0.01 z = 0.02 z =0.04
AEXT 2 5 ) % 96.9 97.1 97 96.8
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6 Pl Cuz.95GazSbi—,Seq (z = 0, 0.01, 0.02, 0.04) KM SEM 51 K

Fig. 6. SEM images of fracture surfaces for Cug 95GagSb1—_zSes (x =0, 0.01, 0.02 and 0.04) samples.

0.9 T T T
osk ~ & Cu3Sbo.9755n0.0255€4(22) ]
—— CU3SbgA97A10‘03Se4[26] <
0.7 —2— CusShbg.go7Ing.o03Ses 7
0.6 " 2=0
—o—2=0.01

o5l

§os
0.4
0.3
0.2

0.1

300 400 500 600 700

E 7 (Iﬁj :HJ %2 @;) ﬁé l:ll:llrl Cu2,95Gasz1_mSe4 (il) = 0,
0.01, 0.02 f10.04) 1 ZT { 5 Cu3Sbo.9755n0.0255€4 [22],
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Abstract

The CusSbSes compound is an environmentally friendly and low-cost medium-temperature thermoelectric mate-
rial, which is featured by its low thermal conductivity. The disadvantage of this compound lies in its intrinsic poor
electrical transport property. In order to improve the electrical conductivity of CusSbSes, in this work we are to in-
crease its carrier concentration by one to two orders of magnitude though elemental doping. The sample composition of
Cuz.95Ga,zSb1_;Seys is designed to increase the hole carrier concentration by introducing Cu vacancies and substituting
Ga’t for Sb®T. The Cus.95Ga,Sbi_.Ses (z =0, 0.01, 0.02 and 0.04) samples are prepared by melting-quench method.
The X-ray diffraction analysis indicates that the obtained samples are of single-phase with the tetragonal famatinite
structure, and the energy-dispersive X-ray spectroscopy results show that the actual compositions of the samples are
very close to their nominal compositions. The effect of Ga doping on the thermoelectric performance of CuzSbSes
compound is investigated systematically by electrical and thermal transport property measurements. According to our
experimental results, the hole concentration of the sample is efficiently increased by substituting Sb with a small amount
of Ga (z = 0.01), which can not only substantially improve the electrical conductivity but also suppress the intrinsic
excitation of the sample. The maximum power factor reaches 10 pW/cm~K2 at 625 K for the Ga doped sample with
x = 0.01, which is nearly twice as much as that of the sample free of Ga. Although the carrier concentration further
increases with increasing Ga content, the hole mobility decreases dramatically with the Ga content increasing due to
the increased hole effective mass and point defect scattering. Thus, the electrical transport properties of the samples
deteriorate at higher Ga content, and the maximum power factors for the samples with x = 0.02 and 0.04 reach 9 and
8 uWw/ em-K? at 625 K, respectively. The lattice thermal conductivities of the samples basically comply with the 77!
relationship, suggesting the phonon U-process is the dominant scattering mechanism in our samples. For the samples
with = 0 and 0.01, the lattice thermal conductivities at high temperature deviate slightly from the 77! curve due to
the presence of intrinsic excitation. However, these deviations are eliminated for the samples with z = 0.02 and 0.04
because the bipolar effect is effectively suppressed with the increasing of Ga content. Thus, Ga doping can reduce the
bipolar thermal conductivity at high temperature by increasing the hole carrier concentration. Furthermore, the point
defects introduced by Ga doping can also enhance the scattering of high-frequency phonons, leading to slightly reduced
lattice thermal conductivities of Ga-doped samples at higher temperature. Finally, a maximum Z7T value of 0.53 at

664 K is achieved in Ga-doped sample, which is 50% higher than that of the sample free of Ga.

Keywords: Ga doping, CusSbSe,, thermoelectric performance

PACS: 72.20.Pa, 72.10.Fk, 61.72.U—, 65.40.-b DOI: 10.7498/aps.66.167201
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