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BHE Seebeck FREL, L FK A REFIFA R 6911,
1 Ge SR SR R IR 22 2028 70 K, AR
MESTEN KR 22 A . AL i 2 I B, 8
i Z EAHAE P TR R, T LASE B IR 25 TR
YA (12140 bl i VR ¥4 ) g A 1 ¥4 YL 2 R o ¥4 1
RERR T SA M AR SCAN, AR X B A 1) 44
FLPEREAL A 2 OCE Z MR, XTI X AR,
PEREMRAY, IR2EH, A PERE Iy 1115:10),

FIGICIR X SR T &, DFEE TR TR
22X, K P Bi,Sby_,, CsBiyTeg 2541 R B H
SR, (B E V2 B R B 0719, %)
F Bi,Sb,, #¥}, dlid Bi/Sb & A IEEE, o LR
EALA R P PR, 7E 200 K B, BiggsSbg 1o
B ZT, 294 0.32, (B ZT {EAT XA 20,
Ak, 7€ Bi, Sb —J oA, /R4 Bi, Sb RI N
SL [ AR, (H i TS S AR R Rl p, L
Bi, Sb LR MR B HUREL, MELAZRAT A )
PR, HL il & T 258 2% 08 %FF CsBiyTeg #18
Kb, AHXTHA 1) Cs TTRIEFIHR A —E M
P, R G R A R A R ) T LRI %) 7 b AL 1
. BeAP AR e P 22, FEHC R R Bl A sk [ £ A
i, S LS M AN AR e A5 ), Sk BB il 24 T HoAE
RIRL X BB AR R (21, S T S e 8 B R
AR T e PR RE AT DX A L b L

HHLLZ T, BigTes S H MR H HifE—R
PRI A AR, 7 25 L X BT R R P S 1 2
HLPERE, il T2 A i, HAE = R0R%Km, N
AR A SR |2 I PR T A7 ) S 4 22 24,
{3241k, BiyTes FEFA AT EHAAT 5T FEAE P 7R
X UL E IR P, SR R X A
Sk RE A A AR ME DL I 2 g R R AR = TR L
TR R, i HATGIR T A P RE [16.29:20],
PARMIGIR T $RH P BB A B2 T 2R MR ELAT B /N
A BRI S ATR ) 28TV R A LM BE X 7 R
TR IR HEAS 1017,

R L, A5 = B3 i A Bi, Sb A X &
ORI B IR, SR )G E— 25 7E Te (7 Se
AACA B 2RI FHEE . 7F Bi,Sby Teg A&,
B BiyTes /N T AR B, JEREAR T Sbey,
AL S50 56 ) B, ol M R A (. 22 T 3R B 1o K 3R A
B, (A E IR & i, SER RN
W IR R M ABAL e 1. Mt — LT
B IR X B P, BEH Big 4Sby ¢Tey NHEEIA, 7F

Te {32 [#% Se i Seq,+Big, B ELFATE B HE AR, #1
il T A B Sbye B AR, BRAK T MR 20 T
W, /D i Se WA A RHRE LR IR L 5 1Y) FL A i
AE, [ i B 0 1 AR U, BRI R
AR AT B A B IR DX R T TR R A AR A
fiE. Big 4Sby ¢Tey M RITE 220 K 1}, ZT 1 0.80,
1 350 K I} ZT Wik 1.17, /b Se &% By ,Sby 6
Tey g7Seq 03 FE i 76 220 K I} ZT {8 4 % 0.93, 7F
350 K i 27 WEEAE) 1.31, FHH BT T2 16%
A1 12%. A58 54k Bi/Sb H il 5 Se i,
BRI T BiyTey b RHE AR L IX 1) $A 1 B
[ o (R LA 2 T X P S A L R e, S AR S iR
SR O FHERAE T SR

2.1 MRHHEE

B rnalift) Bi(5N), Sh(5N), Te(6N), Se(6N) %
M Bi,Sby ,Te,Sey , L1t kAT AR, JTH
HEZ%HE T HA2 20 mm @94 F85 T % By
FA T T Sy h, 208 6 h IFE 1073 K,
FEULIRE TR 6 h JEHE T KB, K K5 1
AU TR Sy, 1E 673 K N AR 48 h 314%
B EE. KR KSR EERE R TE, I
it 200 H5# R, B A TE 400 °C, 50 MPa K #E47
SPS 5645 5 min, 143 HAAZ 12.7 mm, & EL4 R
18 mm WA 4E B4 . i i L K AL VTR
Wb e Rt oI, 75 2 PE AR R AF Fr e 2
HIE RN ST O .

2.2 MREEYIHEE R SR

AR X BT 8 (XRD, PANalyti-
cal-Empyrean; Cu Ko) K 70 87 41 £ A 40 48 2H 1L
SR FH L IR B A BT A R B O (EPMA,
JXA-8230, JEOL, Japan) %}HE & A9 2H A% | JE 55 A
TCR A TRIE ST HT.

2.3 FAEMERENK

£ He S 40 T A A Y # £ 15 38 i Linseis
(LSR-3, Germany) il A i ZEAGIR T (1Y HL 5 3510
Seebeck ZAL (170—400 K). B #6814
Xk = CpD HEAH]. Hih C, I EHIES, FE
i 170—400 K (YA BERL 20 mg H I F F 1M
LA, it Q2000 MAFSH. p AR,
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FHBTHARPEHRKESA TN R, D 2R AY TR
B, il LFA-457 (Netzsch, Germany) 7£ He
AR IBOCHAR S AT I . AR AR 250 K B
(B IR 2280 Ry R W BV o 0 B R 48 (PPMIS,
Quantum Design, San Diego, CA, USA) #17{ll
i, B (n) MR FEB R () BT A
K n = 1/(eRu) Ml py = o /(ne) THAFH.

3 #XR53tb
3.1 fEZEHIFNE AR

& 1(a), (b) J& Bi,Sby ,Tes (v = 0.4, 0.46, 0.49,
0.52, 0.55, 0.58) il Bij 4Sb, ¢Tes ,Se, (y = 0, 0.03,
0.06, 0.09, 0.12) %245 B 1 17 i B AF IS s B oK
X SFHEATHRE. RE 1(a), (b) ATH, Bi,Sby Te;
(z = 0.4, 0.46, 0.49, 0.52, 0.55, 0.58) Fl Biy ,Sb, 4
Tes ,Se, (y = 0, 0.03, 0.06, 0.09, 0.12) ¥ 5T 1Y
7 5 W 495 Big 5Sb, s Tes BIFREF H (JCPDS#
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0.46, 0.49, 0.52, 0.55, 0.58) EfTHiE (0 1 5) 1A%
AR, S RT3k BEE Se & & B HE K,
Biy 4Sb; ¢Tes ,Se, (y = 0, 0.03, 0.06, 0.09, 0.12) &
TTspTIEe (0 1 5) M) A BEAWES, A R e, 1A
Bi, Sb, Te, Se #J[E¥% ik A Sk, At —H 5T
i Y ZH BT 3R A0 A1 B 3 B0 0k, XA A kAT L R
B2, B 1(c) Fkb A EHEL ST (online) i
Bi.4Sby ¢ Tey 835€0.12, Big 4Sby ¢ Tes %HBiO 585D 40 Tes
21 A3 FE A BT RO L RORC R A R, 7R
U L AR R WL B W] o A 4 BE 22 5%, B, Sb,
Te, Se JLR ), RMEEEE —AHFEAE, HAE
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Fig. 1. (a) Powder X-ray diffraction patterns of the prepared Bi,Sh, ,Tes samples; (b) powder X-ray diffraction patterns of the pre-

pared Bi,Sb; gTe; ,Se, samples; (c) backscattered electron image of the surface of the Bij4Sb; ¢Te, s55€ 12 sample and the planar

distribution images of elements for Bi, Sb, Se and Te in the corresponding regions.
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3.2 [ Bi/Sb & EXT R IAHEIE R

¥l 2 4 Bi,Sb, ,Te; (z = 0.4, 0.46, 0.49, 0.52,
0.55, 0.58) A i L FAH 32 14 Al Il ik 2 119 A2 fb B A
k. & 2(a) N Bi,Shy  Tes B b i S R BE R 1)
A R M ZR, FTAT R il 1) RS R B o I R ) T
M/, RN &Rt e, BEE Bl & En
K, B FRBW N, 16 170 K i}, Big ,Sby ¢Tey
Sl 2.52%10° S/m, Biy 55Sby o Tes BE
B HL S R /NE 3.94x 101 S/m, /N T 4 84%.
&l 2(b) i Bi,Sby ,Tes Ffiil Seebeck F AN [T 1Y
A R ML, A R Seebeck FREXH R IE
i, N p LS Seebeck ZEUBH IR AU T
e KSR, BEE Bi AU K, Seebeck %
O W AH m) IGIR R F%, Big 4Sby ¢Teg £ Seebeck
ZEBOIEME IR BE 290 400 K, 1M Big 545b; 4o Tey £
il Seebeck FHUWIEEEEE TR 2 275 K, FF HBE
% Bi & = K, Seebeck W H 5o 18 K )5 FRAIK,
Bi, ,Sb; ¢Te; FEih Y Seebeck ZREXAIIE(E N 198.72
wV /K, Big 55Sby 45 Tes i 75 2] K Seebeck Z %L
WEAE, A 217.22 WV/K, B Bi & a it —2 ik
Ft, Seebeck ZEUIEIE AR, BigSby 4o Tes £ i Y

Seebeck ZEUAYIE(E N 191.34 pV /K. BRI R
AT L3 33 A1 BF Seebeck 72 %5 A4 I {1 RN XS 107 1) U
TR BEARIEATAR L, THR AN

Eg =2e ‘Smax‘ Tax, (1)

Horr e JE AN L F LA, Sy JEFE T Seebeck £
A IEAE, Tax & 3K 15 Seebeck F %W U4 H i F
2 WIRAE P B B S RIS R, AR B A R
43512k 0.168 eV, 0.154 eV, 0.151 eV, 0.128 eV,
0.116 €V, 0.113 eV, BRI B3/, 18N T2 33%.
AR AR IR R AE AR R, BT X
il Seebeck F 11 WA I B2 ] IR IR AW B2 . 14T 2(c)
4 Bi,Sby Tey F i D) 2R PR Bl I 5 1 28 A6 G & it
2. T ARSI DR PR AR B A I B T e S
SeHE KRR RER RS B Bl SR, PR
F i FRFAIK, Big,Sby ¢Tes FEMTE 240 K 152 #%
KIZRETH 4.58 mW/(m-K?2), I THSEH L
FFEAK, BigsgSby g Tes FEMMTE 240 K B Y Py 32 A
F IR 1.12 mW/(m-K?2), FFET 2 75%.
 2(d) & Bi,Sb, ,Tes (z = 0.4, 0.46, 0.49,
0.52, 0.55, 0.58) Ff i (1) el A4 5 R Bl 18 52 114 A8 AL HE
k. Hoh A AR S E 170—400 K IR X R

a2 =0.58 - =0.55 =052 v =049 ¢z =0.46 x = 0.40
30 240 6
(a) (b) ()
25 | 5t
. 200 7
TO20F = e Mgl
; X
2 st S 160 | £ 3t
5 2 %
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°r *M-'\\ké\**ﬂ.t. e e S S
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Fig. 2. Temperature-dependent electronic transport properties for Bi,Sh, ,Tes samples: (a) Electrical conductivity; (b) Seebeck coef-

(a) HL 53 (b) Seebeck ZEL; (c) IRFF; (d) BIMFRK; (o) BT R HE TR,

ficient; (c) power factor; (d) total thermal conductivity; (e) thermal conductivity & — r; (f) ZT.
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Wi U 2 AR AL R A D FE AT RHET ST (online) Hr
gyt TEARIRT, MR E T, OB GRS R
fiK, Bt R — 2D T, AR R AEARTIE R, =
OB I 1 TTER IS K, i P R B 2 TR Y T
MK, BiE Bi &R, £ THRERE
P B AR A ) I B SIS SRR 1) A0 L O
¥, Bij ,Sby ¢TesFE A 7E 400 K I 315 f [l P 3
% 0.98 W/(m-K), i Big 5Sby 45 Tes BEL7E 200 K
A ARAF AT R 0.92 W/ (m-K). A5 RHE) B3k
FRAETFIER (k). EATR (k) FOBHLH
B (k) AR R o IS R OE T
Wiedemann-Franz EFRITE, TR AN

ke = LoT, (2)
Hrr LA 2680, TE75 5305 15 5%, 4ty
SRR AR T, Lol e A0 E
53

A, kg MR ZE 2 WAL (1.38x10 % J/K), e N
JCHLTHL A (1.60x 1070 C), r AU T BEFHN
() 28 2 B A7 3 P 2 S RO, R O
T r=-1/2, NRATKEER, #id FHARTE
55 F,(n):
S
Fao = | dx. (1)

1+ex—

& 2(e) A Bi,Shy ,Teg £ i 1) A% #1 ZEHIL
W AT R SR R TR A8 A O R T 2. B R B T
=, MOBHE k) + Ry, SEREAIRE FHES. 7E Bi,Sby Tey
FEAh R, BE BiyTey VAR A K, A & LHU 1
5, FEAIY Rk 4wy DOV, (ASEFR B REE Bi
IR, FER k) + Ry RIS, HE
(E K IR IR FS, Biy ,Sby ¢Tey FEMTE 324 K 375
AL Ky + Ky, M 0.46 W/ (m-K), T Big 55Sby 4o Tes
FESMTE 299 K BRI 1y + myy 1 0.78 W/(m-K),
s T4 69%. X ] RE- 54 R A AR A C,
It AR IR T R B AR T R O & 3

F P PEE B AR RO, AR B TR E T
K, RO TR 75 2 o] A A S, X751
U SS, SRS RTE BT BRILZAE, Y Bi
Er LGRS, R HT IR N R TR B B
AN AE AR I I R A, 80T SOFp#k
SRR AR 2. [ 2(f) 24 Bi,Sby Tes
FESL IR ZT B A e G R 2. Rl
MEET =, MR ZT EeT AR, BiE Bi &
HAIOR, FEA I ZT (H 2P0 I W A R
H ZT W MRIE S, Big 4Sby ¢Tes FEhTE 350 K
RIS R ZT K 1.17, i BigseSby o Tes FF 5
TE 270 K By 3815 ZT{H M 0.31. 7E 220 K 19K IR
T, Biy 4Sby ¢Tey #Efh ZT{EM 0.80, Bij 55Sby 4o Tes
FEdh ZT R 0.51.

3.3 [ Se E=XTEINEIZH) M0

M 3.2 Al A, 5 A AR E, Big4Sby gTes
FE i AR B A i XA 2R 3 A S i i PR B, 7
350 K RIS K ZTH 1.17, 2 1 i —242 T}
BB AR VERE, A5 2B Bi 4Sby ¢Tes FE 5L
A, sl B A Se kit — AL HAR AL MERE. 8] 3
4 Big4Sby ¢Tes ,Se, (y = 0, 0.03, 0.06, 0.09, 0.12)
FE it HL A PR REBER RE A2 AL LA L. 14 3(a)
M Big 4Sby ¢ Tey ,Se, FF fil HL 5 Z2 B IR BE 1) 728 160G
FMZR, BT AR B L A B T B T o T
N, R NGB TRE, g Se SRR, B
SR B TR TE 170 K I, Big ,SbyeTes FE MY
HL RN 2,47 x 10° S/m, Bij4Sb; ¢Tes gsSeq 12 FE
fn B HL SR /N R 1.54x10° S/m. [#] 3(b) 2N Bigy
Sby gTe; ,Se, Fiil Seebeck Z2 &bl B2 HYAE AL OC 5
MLk, FTARESL Y Seebeck REXHI N IEME, I A
p UL 'S, Seebeck Z2 %Wt L E B T =i K. Bl
i Se FrE IR, FEAI Seebeck I BMWHE A
By, £E 300 K Bf, Big 4,SbygTe; #E i A Seebeck
ZHh 184.81 nV/K, Biy4Sby gTes ss5eq 1 T Al )
Seebeck ZEUHZ 200.68 pV/K. & 3(c) 7 Biy4Sby ¢
Tey ,Se, i RN FHERIE A C RN, BT
AR it Y Bh 3R PR R I RS 1 T e S B e
KIGHWUN RS i Se [ & wE AR, U
DR B AR AR S, Bi 4Sby ¢ Tes FEAMTE 240 K
TR KIPREFHN 4.58 mW/(m-K?), HTH
EF%;E@E%F%{EE, Bi0_4Sb1,6Teg.8gseo_12 *—E'él:!l__liz E‘J%%
T F%ZE 3.68 mW/(m-K?2).
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Fig. 4. (a), (b) Hall carrier mobility and concentration change with respect to the Bi, Se content; (c¢) Seebeck coefficients as a func-

tion of the charge carrier concentration at 250 K; (d) the carrier mobility as a function of the charge carrier concentration at 250 K.
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Low-temperature thermoelectric properties of p-type
Bi,Sb, ,Te; ,Se,based materials’
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Abstract

BiyTes-based compounds are the thermoelectric materials available only commercially, but the research on
their low-temperature performances below 300 K are still insufficient. The influences of Bi/Sb ratio modulation
and Se substitution on the electrical and thermal transport properties of Bi,Sby ,Tes and Bi;,Sby ¢Te; ,Se,
materials are systematically investigated in this work, aiming to optimize their thermoelectric performance in
cryogenic regions through combined bandgap tuning and defect engineering. Materials are synthesized using a
melt-quenching and spark plasma sintering process, and then phase analysis is conducted via X-ray diffraction
and microstructural characterization by electron probe microanalysis. First-principles calculations and Hall
effect measurements are used to investigate their defect formation mechanisms and carrier transport behaviors.
In the Bi,Sby ,Te; system, the increase of Bi content reduces the bandgap from 0.168 eV for Bij,Sb; ¢Tes to
0.113 eV for BijsgSby 4oTe3, shifting the peak ZT temperature to lower ranges. However, the enhancement of
alloy scattering leads the carrier mobility to decrease from 332 to 109 ¢cm?/(V-s) and power factor to fall from
4.58 to 1.12 mW/(m-K?). To solve this problem, Se is substituted for the Te lattice of Bi,,Sb,¢Te;. First-
principles calculations reveal that the Se substitution reduces the formation energy of Ser, + Big, complex, thus
effectively suppressing Sbr, antisite defects. This will result in the carrier concentration decreasing from 3.32x10%
to 2.64x10" cm® while maintaining high mobility at 279 cm?/(V-s). Concurrently, Se-induced point defects
enhance phonon scattering, reducing lattice thermal conductivity from 0.46 to 0.38 W/(m-K), a decrease of
17%. Big4Sby ¢Tes975€q 03 sample achieves a ZT value of 0.93 at 220 K, which is 16% higher than the pristine
Biy 4Sby ¢Tes sample with a ZT value of 0.80. The peak ZT increases from 1.17 to 1.31 at 350 K, an increase of
12%. These improvements arise from the synergistic effects of band engineering, where flattened valence band
edges increase effective mass, and defect engineering, where antisite defects and strengthens phonon scattering
are suppressed. This work provides a dual optimization strategy for BiSbTe-based materials, i.e. balancing
bandgap reduction by controlling defects to improve cryogenic performance. The findings are particularly
significant for the applications of BiSbTe-based materials in infrared detectors and multistage thermoelectric
cooling systems.

Keywords: BiyTes-based compounds, low-temperature thermoelectric properties, band engineering, defect engineering
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