) 32 % 3R Acta Phys. Sin. Vol. 73, No. 9 (2024) 097101

n & Bi, , Sb,Te; ,Se, B & HIERE L
UEEARSE= e e =1

FEZD)  FEEVI FHVYOBRHVY BkmH?
R FREAVY KEARD EHK L

1) EBHL TR F /R, dupepseg=, 3 441000)
2) (RPFET R, MORE S BR E K HE A E, :i 430070)
3) (DU TR 2= g oy, 23 430070)

(2024 4E 1 A 15 Hig#; 2024 4 3 A 1 HUEMERR)

BiyTey FEA0 4 02 H A % I B I M GE S b i A s R, (AP R B KRB R R BRIRAS 1, Bhip T2
b L PR 1 i A A0 T B, T LB A 550 R S0 R T A5 RN B SR AR A5 = M BB BigTes SR AR A1} 1 56
B AR SCRGEHMISE T IUIC 0 B Biy ,Sb,Tey  Se, FEAbG W Y b 1 Ak o A K H X Firp iz VR RE RO 2 HLAE . Sb
H1 Se 110 RIS 51 B FEL B 25 5 Fa) BB A A5 MR A B0 3 B R AR T BER AR fK, 7 Biy ,Sb,Tey 994Cly o6 B
1, Sb B [ 1 BEAR T A B Sbre, FEAE, S 7 T A BRI Sbre, , 15 AR 125 70 BE N 2.09%
10' cm 3 % 3.99x10'7 em %, " H 446 T HIERE. 7E Bi; 3Sby o Tey g4 ,Se,Cly gos FEM T, Se [ [E 7 15 Sere, + Sbe;
18 R B4 T2 JICRE SRR, 0 1 S S 5 B Sbre, F9772E , Biy gSbyg 2 Ten g9aSeq 30Clo 006 FFE it 19D BRI 25 7R FE R 2
1.49x10'6 cm3, JHBR T HXTMBHAHRMEBER &5 AR, B2 AR T T AR TR 7, ZiR FiA%] 4.49 mW/(mK?).
454 Sb Fl Se [ V5 14 38 A 4 AL BT AR AT BEAY T 3R | Bi; ¢SbyoTes 544Se9 15Clo 006 £ il 7E i F ARG 5 K 2T
8 0.98. & 5E A4 B A 5 7R 150 14 BigTey FbABL Iy sSUBRIA . 2000 1k BE Ak i e pB 4R 4k T 45 5.

KA BiyTey LAY, GG TR, PR
PACS: 71.20.Nr, 72.20.Pa

i

1 5

IR R AR AT — R R I BLEY Seebeck 2%
[ Peltier R0 52 BLARAE S B AE ELHEAH HLAZ Y
BREBEEOR , ITAER, 18 5G Ll AR ot —
A B B A ) O 2 SR S B A AV A B
AT 25 SR BEFL 1™ i I AIERE 1) 25— 2 Ot i Y
GUATE] T )N IR B SRR S

DOI: 10.7498/aps.73.20240098

BZEAT KA RHA I RETC N PUE ZT % V1A
K. Bt ZT = 20 T/ kor, S, 0, T, For 733 A
HLABHI Seebeck AL, HL T35 | 2% I B LB A4
TR H AR S R AR WA R B
HEYIREF PF = S0 AYRFGR, (HiX L
YRS A BOCHE  AH EAR G, Sh PR Aepr sk
PELPEREH R T BRIk oL

BiyTes 4 4 i 3 1 B I P BB S o A i b
B, LI H ATE—B 2 Bk A H A A AR

* [EFARBERS (S 52122108), ERE A AR @S 2018YFB0703600) FibIJtEEhscth s [ EAIHWH (e

51 202277Z-07) B BRI
T W(EVEE . E-mail: luotingting27@whut.edu.cn
T BIEVEE. E-mail: tangxf@whut.edu.cn
© 2024 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

097101-1


http://doi.org/10.7498/aps.73.20240098
mailto:luotingting27@whut.edu.cn
mailto:luotingting27@whut.edu.cn
mailto:tangxf@whut.edu.cn
mailto:tangxf@whut.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 9 (2024) 097101

R T & iR PERE Biy Teg SERHLATRHEIER L P\l
(1) & J L K41 e oy FH 5 AT B 3 110, BiyTey
AL G YIS TR, BT R3m 2SR, HA /N
AR SR EER, 2 ¢ T 1R B —Te(1)—Bi—
Te(2)—Bi—Te(1)—HJEFZH AL, BTttt
WEEsE S AR I 5 JET 2 8] AR A58 1Y
TR TCH T . SRR 1Y )2 R G5 R T B
BiyTey B:4b5 W 1Y P 0 iz e PR SR LA I I 10 4%
] S, T TP ) RS SR T IR AP 7 ) i A%
) 3—4 £, Seebeck ZREFEANTEIN F 45 m] [P 11121,
P Ty A FL BRI BR A 52, I RIS ) 075
1B 323 T R RE, IS Bam /My ) B A AR
1Y) fm i A 19

164 R 1k, KEWFFR R Y BiyTes LG W
FETER ZR MBS, AR s 2, BHE 725
A7 TE) B D~ LA R s Ao e o 4 014200, S b ke )
PR R BEANHEAT Jr U 2 EAE R A B B
W BE K A2 P RE 2 TS R A A R R 22T
n Navratil 55 28 & 314 BiyTey 5E 840 R A1 L 3Z 2]
FEEE IR AR, 236 RN S ASE I A EAE FH 2 R R B
PR RESL AU HL 2R, Shen 45 29 % ML i PR T 25
AU RO AR BiyTes 148 28 14 B 85 25 (v AR A7
BRa, UL ERR T, W R T R PR B,
1E 445 K I n % BiyTe, ;Seq - FERAIEEK 2T K
1.2, 7£ 380 K Hf p %! Bi, 4Sb, ;Tey FE i Hifg 5 A
ZTH 1.2. [EE BRI BiyTes FEM R H
iz tERE N EETFB . —, W R TR AR M AR
MR ZLRA. NS 7E Bi % Sb LUK
Te {7 [437 Se e d my HAHLPERE. XF T BiyTes ,Se,
A, BT RAOEFE R EAE, AME BiyTes fhG )
TN p BUE S B Se & B AR, BRI
%%/K&;@{%ijﬁ, 1&% BiQTeglseo,g ﬁépﬁnﬁfﬂtﬂ p-
n A8 IR Se & fE Y — LN, Seebeck FEL
REALG 0L, SR T T 2 TR, [T A T kit £ b 25 34
TR STy Bl AT RN, 2 e o v AR
PRI 2%, At & Al & A L R
PERERY BiyTes HAA MR K T E KPR, Bt
WFE FHR 78 222400 BigTey HEbFRE i A2 10 17
i B 25 A B ZH 53 ) AR SRR, R AL BigTes 5&
MR IR PERE R I T ZL 45 .

AR X G2 T — R YA Cl 52
We B URAS AR B L A as P fig, AN [R] Sby, Se 7
Y n B Biy ,Sb,Tey Se, B, SR A — M

MRS SR R G IE T S, Se [T B
SER R PERERYREIRALEE. Sb, Se YT X iy
R AR BRI | R AT 3 M. T Sbre, HYSC
PLRBETE BB T Vipe, Bire, , Vi S5 HA s B,
Sb 1 [ 5575 3 S ASLBREE Sbre, Y772, I35 H1HE
N7 ABERG T, S5 TIRHPERE. Se [
T2 Sere, + Sbpi HY BRI M LAK, I T S s
BRI RTE I, S R T AR R D R, K
BRPETE T AR AL PERE RN L PERE. AT TE A
2 M = W fa R T AR AR A
FURE i i B O AIL TR, R IRA%E BiyTes JEATRHAY
SRR R TR EE BRI T i PR A

2 LIr ik
2.1 MRMHEE

B ralifE Ry Bi (5N), Sb (5N), Te (6N), BiCl,
(4N) %54 Biy ,Sb,Tes ,Se,Cly s (z = 0, 0.05, 0.10,
0.15, 0.20; y = 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30)
fefrt i ek, IR IR AW ES B EEHIE A R
A A O B A R TR Rl
I 973 K, FEBLIREE T ORI 5 h, PR KR
MR, KRG G I B AR E T X
o B THR R 973 K, {0 20 min, #21BHE L
BN 15 mm/h HEATIXHB. XK 5 15 30 i B 1A 7E
653 K T HZSIE K 48 h.

2.2 MEEWEEARFARESERAIE

BB AE R I AR X SR AT 43 (PAN-
alytical-Empyrean; #i Ko) #1700, R A KA
WO (EPMA, JXA-8230, JEOL, HA), %% 4
H i 7 B (FESEM, Hitachi SU-8020, H
) BESh LAY FESRRC R AR AT T RAE.

2.3 PN

T BRI A 1) S TEAN BRI UL 1
LT, A ST B A P R Ik X 1 25 R )
D, W SR RN 2E DL ve R i % & (LSR-3,
Linseis, Germany) 7£ He “U N AT AR
MFHMIE £ = pDC, KRAITERE], Hb ph
MR B RE , SR BT ER A HE K AT I £ D oy
ERE A R R £, SR IO IR v 38 i g
W5 (LFA-467, Netzsch, Germany) Wl #5; C, N

097101-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 9 (2024) 097101

MEHYIAZE, SR Dulong-Petit & 5145, #
it B2 IR A Ry SRR Bl &2 R 52 (PPMS,
Quantum Design, San Diego, CA, USA) il &, %k
TR (n) MBI FIEB R (uy) 435 n =
1/(eRy) Ml py = o/ (ne) THAAHE.

3 #XR5itb
3.1 M SHEER

Kl 1(a) %5t T Biy , Sb,Tey 994Cly go6 1 Bij §Sby
T gn,Se,Clo oo FERN ) X LR ATHHFEIRE, T+
ai R R X SR AT S 6 141 5 BigTey MUARTE R A
(JOPDS# 00-015-0863) VEFL, A I %55 —AH Y
e, BEBIAE XRD B I AR FRYGFE N, B A A
s A, BEA, HF Sb, Se YRR 555/
T Bi #l Te, B4 Sb/Se & &N, HEFLE (01 5)
FAT IR ) i AR E RS, SRR RO W Sy T
— UL PR S 2 B A5 M BEHR Bi, gSbgaTes go4
Seq.3Clo oo JLAURE AT T HLFIRETH X 43 Br, 4
K 1(c) 7=, Bi, Sh, Te, Se 450 145], Jytl

(a) Bis . Sb,Te2 994Clo.oo6
(015) BirsSbo.aTez.901-ySe,Clo.oog
@ y=0.30
= N y=0.25 AN
! N Y =020 A
4 =015 A
p A =010 A
g S y=0.05
.JE} x = 0.20
a 2=0.15
g z=0.10 N
5 N x=0.05 A
. z=0 A
|Bi2Tciq EJCPDS#OU-UIS-OSGS)
T T T t T T T
10 20 30 40 50 60 70 80 26 28
20/(") 20/ (")

© T

— YA, 5 XRD 4R — 3, HSEPRd 5 4 X
N Biy §Sbg.aTey g9sSe0 5Clo oo ZEASF . 1T T
AR ER AR A T 20 4, HAT R R IR S
ik, PRIEEHR Biy gSby 2 Tey g948eq.3C1y g0 15 i 1Y
eSS AR, B 1(b) B A FE i 3 i T4
KI7 100 B A H W 3 A S e 7 B MR
AT LA HY AR S B R Y2RS5 K, DT
ab T A FEHT A K.

3.2 K[ Sb #1 Se & EX RIS ERERIFNT

€12 4 Biy_,Sb,Tey 494Cly g6 1 Bil.SSbO.2T62.994—y
Se, Cly oo FF i HL fiil iz P BE R R BE Y2 4. 5] 2(a)
FIE 2(b) 43514 Biy,Sb,Tey 904Cly gos 1 Bij sSbg o
Tey 994 ,Se,Cly oo FF it 1Y HL T B IR 19 284k, F
A RE Al B RS R B A TR A0 T v e NS
1E Biy ,Sb,Tey 094 Cly o6 FEARH, B Sb 25 2 Ay
BT, BE G B SR B R, 7E%0H F, BisTes g0
Cly.gos FEMATH F%8 1.12x10° S/m, 1 Bi; Sbg 5
Tey 994Cly gos FE il AU LT T RE R 5.79x10* S/m.
£ Bi; gSbg.aTes 994 ,S€,Cly 006 Fen b, B LS

0 NN = N

El 1 (a) DX ¥ 1 Biy_,Sb,Te.994Clo 006 M Bi1.BSbO.QTe2,994—yseyCIO.OO(S FE AR R X 4k m%@ﬁaﬁ; (b) Bi; Sbg .2 Tes 6945€0.3Clo.006
FE S TE BT O R A A W R A 3 % S R AR R A () By sSbg.aTes g04S€0.5C ) 006 FF i 31 0 1T B HE IR
(AN JE T E 43 He) A K0 X 3 Bi, Sb, Se Fl Te %570 £ 09 11 43 #i K15

Fig. 1. (a) Powder XRD patterns of Biy ,Sb,Tey g94Clg 95 and Bi; gSbyoTes 994 ,Se,Clygos samples prepared by zone melting method;

(b) field emission scanning electron microscope images of freshly fractured surfaces of the Bij gSbysTes g94S€)3Cl 06 Sample meas-

ured perpendicular to the travel direction during zone melting; (c) backscattered electron image of polished surfaces for

Bi; gSbgaTey g945€( 3Cly 096 sample and the corresponding elemental mapping images for Bi, Sb, Se and Te, respectively.
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Fig. 2. Temperature-dependent electronic transport properties for Biy ,Sb,Te; 994Clyps and Biy gSbyoTes g9 ,Se,Cly s samples: (a),

(b) Electrical conductivity; (c), (d) Seebeck coefficient; (e), (f) power factor.

# 1 Biy,Sb,Tey94Cly g M Bi, §Sbg.2Tes. 994 45€,Clo 006 R 2 A B RE S KL
Table 1. Room-temperature physic properties of Biy_,Sb,Tes g94Cly o6 and Biy §Sbg 2Tes 994, Se,Cly gos samples.

Samples o/(10* S'm™?) S/(uwV-K1) n/(10Y cm3) u/(cm?V-isl) r£/(W-m K1) m*/myg

=0 11.2 -214.0 1.06 568 1.84 0.51
z = 0.05 11.0 —209.6 0.91 750 1.75 0.45
z=0.10 9.94 -216.4 0.88 706 1.72 0.45
z=0.15 9.16 223.2 0.82 698 1.58 0.45
z=0.20 5.79 -210.0 0.64 661 1.66 0.36
y = 0.05 8.97 —223.1 1.16 481 1.42 0.57
y=0.10 8.46 -223.6 1.95 271 1.41 0.80
y=0.15 9.94 209.9 2.35 264 1.35 0.86
y=0.20 8.82 -215.8 2.57 214 1.45 0.94
y=0.25 8.68 —217.4 1.92 282 1.33 0.66
y=0.30 9.15 -207.2 1.80 318 1.30 0.70
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Fig. 3. (a), (b) Hall carrier mobility and concentration
change with respect to the Sb, Se content; (c) Seebeck coef-
ficients as a function of the charge carrier concentration at
300 K, where the colored dash lines are Pisarenko plots
based on the single parabolic band model with different ef-

fective mass.
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Fig. 4. Theoretically calculated formation energies of different point defects in (a) Biy ,Sb,Tes and (b) Biy ,Sb,Te; Se, solid solu-

tion as a function of the Fermi level under the Te-poor condition.
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Abstract

BiyTes-based compounds are thermoelectric materials with the best performance near room temperature.
The existence of a large number of complex defects makes defect engineering a core stratagem for adjusting and
improving the thermoelectric performance. Therefore, understanding and effectively controlling the existence
form and concentration of defects is crucial for achieving high-thermoelectric performance in Bi,Tes-based alloy.
Herein, a series of Cl doped n-type quaternary Bi, ,Sb,Te; ,Se, compounds is synthesized by the zone-melting
method. The correlation between defect evolution process and thermoelectric performance is systematically
investigated by first-principles calculation and experiments. Alloying Sb on Bi site and Se on Te site induce
charged structural defects, leading to a significant change in the carrier concentration. For Biy ,Sb,Tes 94Clj o6
compounds, alloying Sb on Bi site reduces the formation energy of the Sbr., antisite defect, which generates the
antisite defect Sbr., and accompanied with the increase of the minority carrier concentration from 2.09x10' to
3.99%10'" ¢cm™. The increase of the minority carrier severely deteriorates the electrical transport properties. In
contrast, alloying Se in the Bi; §SbjoTes 994 ,S€,Cly gy compound significantly lowers the formation energy of the
complex defect Sere + Sbgi, which becomes more energetically favorable and suppresses the formation of the
antisite defect Sbr.,. As a result, the concentration of minority carriers decreases to 1.46x101 c¢cm™3. This
eliminates the deterioration effect of the minority carrier on the electrical transport properties of the material
and greatly improves the power factor. A maximum power factor of 4.49 mW/(m-K?) is achieved for
Bi; §SbgsTes guaS€0.05Clo.oos  compound at room temperature. By reducing thermal conductivity through
intensifying the phonon scattering via alloying Sb and Se, the maximum Z7T value of 0.98 is attained for
Bi; §Sby s Tey gaaSeq 15Cly 006 compound at room temperature. Our finding provides an important guidance for
adjusting point defects, carrier concentrations, and thermoelectric performances in Bi,Tes-based compounds

with complex compositions.

Keywords: BiyTes-based compound, defect engineering, thermoelectric properties
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