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Morelli FAETHE AT BV IR/MA fr min (AL, min =
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Biik CusSnS, 5 CuySbSe, B Rl & % 44 5 P15 44
ZnSe®). BARX P ZHuB i e —E R
PEF T L PERE, (HA HL 2R R PR RE A i L
WA . 2Lt Z 4 otiB 22 i E LR, X
YRS X — Sk A S5 M A

BTV LHE, AR TR ME R HZ 4 tiE
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HHIE R EEAR, SR5FBL: GayTes. R GayTes
B EAT 1/3 THE T 4540 25 0 0 IN B 4574 1k
EW) (space group: F-43m)?0l $84% Ga,Tes i ]
S L TRy R e S IV L <10 D e € BN E
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H—2, AL 2E 3 CusSby oSng 1Ses 6504 il
£ Sn RS S35 45 Sb AN Se Y 1A 25 20 7E
[E 754 CuzSby oSng 1Ses 650 4 AN GayTey,
Ji (CugSbygSng1Ses6S0.4) (GayTes), (z = 0.01,
0.0125, 0.015, 0.0175) A4+, EARSZE LB Ry 5
R 5 7 F 3L CusSby ¢Sng 1 Ses ¢S 4 FX HL Cu, Sb,
Sn, Se, S ALAPELERE TR (Ll 5 N), HREER
DAAYEN. RGP T gE R 1173 K,
FHR A R 10 he AR 2S5 IR B ORI 12 h;
JE R ENE] 773 K, FEIKHEY% . (CugSb g
Sng 1Se;650.4) (GagTey), (z = 0.01, 0.0125, 0.015,
0.0175) M EHR il &5 T A KRR EAHR, BEA TR
I, M EHE UG TEE 390 K 1Bk 72 h, BRIk
GayTe; FHIIHTH 8. 1519 (CuySbyoSng 1Ses 6S0.4)
(GagTes), 75 5E 7 HUA A THTk Y 2K B2 IE B 3K S 5 h,
BREEHLESL 8 350 r/min. T4 8K A AR IO 55
B TR 45 BB (SPS-1030) a4 il He A . e gk
T B 5 i 7 850 K, Be4h K 71k 55 MPa. 2k
Archimedes HE 7K 72 0 2 He A b4 ) 25 . S0 2% 3
KAEHEE T 95%.

HiRGTA 2.5 mmx3 mmx 12 mm, ¢10 mm X
1.5 mm Al 2 mmx2 mmx7 mm?3 =Fp, 4354t
2 PCEVEREA Hall 280 (Ry) .
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PRI Seebeck %X (o) FIHET% (o) H ZEM-
3(ULVAC-RIKO, Japan) # i 1 fig il 3£ 1% 7
He PR U3, MR B R %0~ 725 K. #A9HK
Z%(\) B TC-1200 RH (ULVAC-RIKO, Japan)
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Hall i858 (u) FIEIR TWRE (nyg) Ry = |Rylo
Ml ong = 1/(eRy) VRS, e HHFHfT.
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T (CusSby gSng 15e3650.4) (GagTes), (z =
0.015) Y JC K 43 A1 A4k 2% 5 o3 B A9 il R BE (S-
4800, Hitachi, Japan) %5 & H T4 (EPMA) W
oM. WO TR E R T 97%.
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-5 (] A bR A LA R HE A o A 2 S5 B HE B e
XRD ¥ &34,

B2RJE DA R (CugSbsSess, Cuy,Sb;Sn,
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RS E (DOS) LUK I E BIIE BUBE R F % B oRi
BERE (DFT) 153 B031, S8 Bz pRsR F T Xk
FEIEL (GGA) Hi#Y Perdew-Burke-Ernzerh(PBE).
W LU R AT T R (PAW), Hift i+ H
IRES AL TP #RBRE SN 500 eVE2L THRARIAY
i 2 x 2 x 1M, A EMXCREEE L oA
DY 2 x 2 x 248 50 TR SR RS0 e/ Mk
SR 31K I AR A R R A Ok a R E A T 45 A AT
fb. ERAERA R T LA 0.02 eV/A. H
TFEEFITTARA 4 x 4 x 4k S,
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Tes), (z = 0.015) BT B H BB KSR, R
ARl MOBEUE BN & (LSRR
CuySbSe, G B 1) 95% A 47). K 1(b) My Hefk
FES W OESR.  1(c)—() NRAEAMITE (KK
H: Cu, S, Se, Te, Sb, Sn, Ga) 431 4. 24140
M5, Ga TR M MILH S Sb 0y i g2, 1
Te )5 Se £zil. i, #4> Ga FIAE di £ Sb 11
A O, (HEABEHRER (AR Cu Ao E 1) AT BETE.
1M Te N % 5 7E Se {37 B ol 18] B Az . ELAAK 5 A
1 BT AR PEIE R RE B T S gt SR — L 1 E

K 2K % i B (CusSbyoSng Se; 6S0.4)(Gay
Te,), (z = 0~0.0175) ¥ A XRD K1 81 K
&5, AR KBZAH, Fr At f g5 PDF25-
063 ArifEFR F AR, ILIE 1(a). BEBHTRIIICE Ga
Hl Te B2 % F] CusSbSe, fhikZstyrh. ks

(a) | PDF-25-0263
i ~~
~ —~ —~
@ ] 2
S < 8 3
e lgalse] 2 ©@© To
o= 28|28 =2 S = a g
S |22 =Sz T 2 I
g ) kel IS Z *
£ I x=0.0175
=R AR PR
£ A | T=0005
=1 p—
g : A T =00125
= | z =0.01
i N =0
CuzSbSey
20 40 60 80

Diffraction angle 26/(°)

0.998
()
/O
= 0.996
/O -0
O O
0.994 L L
0 0.01 0.02
z value

FHE o Fl ¢ 5 GayTey MR L TE 1(b).
HE RS & 45 B, Sn 5 7 #E Sb(2ae) i B, SHE
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WR o M cHIFRBES o (B0 A& L vE TR, Y
x> 0.01 B, W o RO 2@ W o 97AE
IR 5 2%, (RSRTE K, Bl o (E 3 KT AS /. X
SeR Y 5 T Ga £ Te B T2 48 e i 437 o7
A&, [R5 R R JE T 5 06 5 & A i A I
A KB Ga LM 42 1.26 A, A F Cu
(1.17 A) fi1 Sb (1.31 A) Z 8], Ga 5% Sb Al Cu
1B B AT REEIAF; 2 R0 Te AT {57 78 [RIBR 7
B RTREF Y 87 T S B0 [R) A S I, PRI T A
AT JR R B B A, e T BT I R B A D
ARk X AV AL UAS AT LE 3 FE AR 431 T B
TEARR, BRI R 1HE. | 1(c) MEE T U7 A &
REMIEZESH S oEHWXER. R, ok
o (HIG K IFARLPER K. (HERE K, s o (H
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1 (a) (CugSbygSngiSessS0.4)1 o(GasTes), (x = 0~0.0175) B3R XRD [ HE; (b) A& G505 £ a Fl ¢; (c) DUTTAH SR E5 1 TE

ZHn; (d) N ER LRSS LI S 4L o

Fig. 1. (a) X-ray diffraction patterns of the powders (CusSbygSng;Ses6S0.4)1 o(GayTes), (z = 0~0.0175); (b) lattice constants a and
¢; (c) tetragonal deformation parameters n; (d) internal lattice distortion parameter .
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RIS A, A AR S R e AR BRI 2 . AR R
B Ga,Tey MG 1E /T HT Y Se Ji 125 [0 A A5 (X,
Y, Z), WHE A A S 8 g
GayTey it CHR, WK 1(d), HH CuzSbyeSng
Sez 6504 (z = 0) H' Se Ji ¥ Y =5 [A] A2 3 (X =
0.2451, Y = 0.2451, Z = 0.3700) /£ N He 8 % 42
RIGE 1(d), 24 2 = 0.015 B, o B KAl i
AR s IR B AR

J T2 T4 TG AE CugSbSey T L7
0L, ST Sn Ml S ZE& A (5 ALAE LT 1 TE i hE
(Ey), BRSO 5T RREMIOCR ULIE 3. 1145 Rk
WY, TESE —F S AE LT (T T HERIR) 1Y i
RS HIE i RE e/, HAESA 0; At o5 7 /T2 L g
(Er) BIRT 0. $ T2, LIALE CuygySbeSes, 1EHN I
XS (B = 0), WWE LT =FE00T 8 B EE,
SR 1) Sn A1 S H4B 4% Cuy,SbySn;SexsSy (B
K3 s —A OB IL); 2) Ga HAZTE Sb
(CuygySb;Ga;Sesy); 3) Te (5L 7E Se fi ' H (CuyyShyg
Sesi Tep). BAK G AF L WLIE 2, HIE ARERITHE 2>

(d) 0.72 eV

B2 =FORTE & AR ORISR URE (B (a) ASE
Cuy,ShgSesy (Er = 0), fE R LB AT 45 (b) Sn Hl S 8441
Cuy,Sbh;Sn;SeqsSy; (¢) Ga i fi2 7E Sb i # (Cuy,SbyGa,Sesy);
(d) Te (507 Se fif B (Cuy,SheSey Tey). Ey {H & A X} F
AAE CuyySbgSes, I ik

Fig. 2. Formation energies () of three solid solutions with
different element occupations. (a) Pristine CuySbgSes,
(B¢ = 0) for comparidon; (b) Sn and S co-doped Cuy,Sb;Sn;
SegsSy; (¢) Ga residing at Sb site (CugSb;Ga;Sess); (d) Te
residing at Se site (Cug,SbgSes;Te;). The E; values are their
corresponding formation energies in comparison to that of

the pristine structure.

AT R
ECU24 Sb7 Sn1 Sezg S4 _ ECU24 Sb7 Sn1 Sezg S4 _ ECU24 Sbg Se32
formation — “~compound pristine

+ Esp + 4Ese — Esp — 4gs,

ECuz4Sb7Ga1 Se32 . Cu24 Sb7Gal Se_zz _ Cuz4 Sbg SC32
formation — compound pristine
+ Esp — EGa,
Cu24Sb3$engel _ Cu24Sbg SC31T61 _ Cu24Sb3$egz
formation — compound pristine
+ Ese — Frre. (1)

TSR ERW], 27 UIAE Cuy SheSesy fEH L
X%, Sn Ml S 4874 Cuy,Sb,Sn;SeqsSy X I
REf /N (B = -3.52 V), AT LIHEE Sn Al S
4350 5 7E Sb Ml Se i ; Ga fdi (i fE Sb iy ¥ )5
(CugSb;GaSeqy) H By = —0.09 eV. K, Ga &
HITE Sb A& A& AT BEMHEAR K. 4 Te HZ7E Se
i 5 (CugyShgSes Te)) H E; = 0.72 eV. iX— &
L AT 124 11 BE RS A BE AR, (BN REHERR H T B
PE. AR RW], A ITCR G AITE Se AL E, HIE K
AE— Bt M 22, s A Re i, B T i
T Ga fll Te B 5 A1TEML.

SMINTCER G OLE, R REE G 23 K AR
BT Sk, FATIHE T A EIB %5 1 BE T 2518 J
B, ARUE Cuy,SheSes, HIREMT 45 F 1E 1 LA,
LK 3(a). AMEM B BRGEREZ R 0.5 eV, KT
fRAERHBE (0.13—0.35 eV) 1=32122 [F], it
T (VBM) FIFAHE (CBM) AR RAFR S, T12038),
X5 Garcia % 2Y f1 Do 5 Mahanti 38 3158 A8 %
B, kg, Do A1 MahantiP® 11549 VBM
1 CBM WANTE S X FR A I (BAE T =R
W, MERATHE N HAWEN (K 3(a)), LB 5
Sn Ml S JEA B =H4HF, WIE 3(b). HLAb, FEEEA
XIGA G T — 5544 i . eSS Eh e v LA
R EE AT Sn M S B TR, 13X AR R
WAE Li 25 19 15319 CuyShSe, % %A HFL.
XEeLE 22 7R A5 @O R AN I R T AN ]
di A Ok, AR — 5. — 8, B TIHE SR
FHT ) BRI, (GGA), 38 T8 B 2/
TSI PO 5381, AT PORRER I O kA 2
Mo, P TS % R 2k A F Cu-Se M#LIE
ZAL TR, X 5HGE R —E P FEAAE CuyySbsSes,
B4 Ga Ji, TEESA FHE B S A2 T o0 R4,
Ml B 2, A I (WK 3(c)). 4 Te i
HITE Se (i B I, Ml B 2, W BRA 4/
UL 3(d). {5 Sn., S WTTERAEL, K EHF Ga
Hl Te WA BEDTIRAR /. I, $84% GayTes XIHE
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Energy/eV

Energy/eV

25

{3 &Rk R REAR 45 10 5 S % B (DOS)
Ga;Sesy; (d) Te doped CuyyShgSes Te; compounds

(b) 24

—— Sn

Energy/eV

— Cu
— Sb
— Se
—— Sn
— S

1} — Te

Energy/eV

— Te

(a) CugyShgSesy; (b) Sn and S co-doped Cuy,Sb;Sn;SeqgSy; (¢) Ga doped Cuy,Sb;

Fig. 3. Band structures and the density of the states (DOS) of different materials: (a) Pristine Cuy,SbgSesy; (b) Sn and S co-doped
CuyySb;Sn;SeysSy; (¢) Ga doped CuyySb;Ga;Sess; (d) Te doped CuyySbgSes Te; compounds.

SRy ALY (SYEE Ny N T B O w8732 T N D Y
4518, Sn Al S X REA 45 H9 A R DTHK. 844 Sn Al
S Ja B AL T A /N T AR SRR, BN TR
TG B g, PRI RO & T AR 280 ik
JE. Z B X RE AR 2 R A #iGE, 4
T1-PbTel*, Sn-B-As,Ses*!! K Cuy y5Iny 59Te, 2 4.
{HHA ] 19, 78 TiO, i BLAY =B g s T LAk
YL P23 KR AT, TR A T 4000 T
WEE . X Tl B T B VR LA AR B AN TR A Uik
i, 75 p-% PbTe/CdTe 4R} 38 KAt Bt 5 B 7] LA
7RG Z , HCE A R RE 4

Te Fl Ga P JCZ XF BT 4544 52 A AN K, (H X
A VR S5 4 1Y) 52 I ELAS B ST . Dk, THE T Te Al
Ga 59 5 AiAE Se F1 Sb 5 £ AL S8, 41
PR A, BARBE UL 4. 24 Te 5V 7E Se
L E 5, P4 [SeCuySb) 8 W i A8 K. 78 7] —
Jifii, Sb—Se (Cu—Se) #HL /MM 2.63 A (2.42 A)
B F) 2.79 A (2.54 A). [FmF, HH Te 567 7E Se
NE, Pif Cu—Se—Sb EEMAS/IN, WiH4 Cu—
Se—Cu BYEEAAZ K. 24 Ga (H077E Sb J5, VU4
[ShSe, ]l K Se—Sb M 2.63 A% % 2 [ J7 f7 Y
2.46 A; (HEEMAAEA K. DL LB Ui i, $4%

Ga Il Tef, HIRXSREAF G2 A K, AEX Jay i
F1% 5 R AR S T, DRLMOOS weg J T B 7S T
UEL PN

K4 Tefl Ga 5355 Ai7E Se A1 Sb AiJF I Z A [SeCu,Sb)
T [ShSe,] 4545240 (HEK A fA )

Fig. 4. Structural parameters (bond lengths and angles) of
the polyhedrons [SeCusSb] and [SbSe;] before and after
residing of Te and Ga at Se and Sb sites respectively.
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Fig. 5. (a) Hall carrier concentration (ny) as a function of GayTe; content (z value) at room temperature (RT) for
(CusSbygSng 1Ses 650.4) (GagTes), (z = 0~0.0175); (b) mobility (¢) as a function of Ga;Te; content (z value) at RT.
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Abstract

CusSbSey, one of the ternary p-type semiconductor materials with chalcopyrite structure, has aroused much
interest in thermoelectrics due to its inherent large effective mass and narrow bandgap. Therefore, many
researches have been done, which cover the single and/or multi-element doping to manipulate its band structure
and introduce the point defects. Although great achievements have been made in recent years, the mechanism
in CuzSbSe, with respect to the phonon and electronic transport properties needs further investigating.

In this work, first, Sn and S are co-doped into CuzSbSe; and then the resulting compound is alloyed with
GayTes, to improve its TE performance and understand the mechanism by calculating the band structure and
crystal structure. The calculation of band structure reveals that an impurity band is created within the bandgap
after co-doping Sn and S due to their contributions to the density of the states (DOS), which is directly
responsible for the significant improvement in carrier concentration (ng) and electrical property. Therefore, the
power factor (PF) is enhanced from 0.52 x 103 to 1.3 x 103 W-m L.K 2.

Although the effect associated with the Ga (Te) residing at Sb (Se) sites on the band structure is limited
due to the fact that both the single Ga- and single Te-doped band structure remain almost unchanged, the
structural parameters (bond lengths and angles) of the polyhedrons [SeCusSb] and [SbSey] before and after Te
and Ga residing at Se and Sb sites respectively change remarkably. This yields the significant distortion of local
lattice structure on an atomic scale. Therefore, the phonon scattering is enhanced and the lattice thermal
conductivity (k;) decreases from 1.23 to 0.81 W-Ktm! at 691 K. The reduction in k; prevents the total
thermal conductivity (k) from being enhanced rapidly. As a consequence, the highest ZT value of 0.64 is
attained, which is much higher than that of the pristine CuzSbSe, (ZT = 0.26). In addition, we not only present
a synergistic strategy to separately optimize the phonon and electronic properties, but also fully elaborate its
mechanism and better understand that this strategy is an effective way to improve the TE performance of the

CusSbSe,-based solid solutions.

Keywords: thermoelectric performance, band structure, CuzSbSe,, thermal cnductivity, crystal structure
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