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Abstract: PbTe-based compositions are considered as excellent thermoelectric materials for the mid-temperature.
However, the toxicity of lead limits its wide application. SnTe compounds, an analogue of PbTe, has attracted much
attention. However, its ultrahigh carrier concentration and the large lattice thermal conductivity leads to a low ZT value
of SnTe. In this work, the thermoelectric performance of SnTe is synergistically enhanced by introduction of Sn and
SnO, from the disproportionation of SnO in the process of the hot press sintering. On the one hand, Sn can compensate
the Sn vacancies and decrease the carrier concentration of SnTe, leading to a simultaneous enhancement on resistivity
and the Seebeck coefficient. For instance, compared with the pristine SnTe, resistivity and the Seebeck coefficient in-
creases from 6.5 pQm to 10.5 pQm and from 105 uV-K ' to 146 uV-K', respectively, for the sample of
SnTe-6mol% SnO at 873 K. On the other hand, in-situ generated SnO, nanoparticles are dispersedly distributed on the
grain boundaries, leading to the multiscale phonon scattering and the reduced lattice thermal conductivity. The mini-
mum lattice thermal conductivity value is 0.6 W-m K" for the sample SnTe-6mol% SnO at 873 K, which is ~33%

reduction compared with that of the pristine SnTe. As a result, the maximum Z7 value of 0.96 (~100% enhancement,
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compared with that of the pristine SnTe) at 873 K is achieved for the sample SnTe-6mol% SnO.

Key words: SnTe; disproportionation; thermoelectric performance
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Fig. 2 XRD patterns of SnTe-xmol%SnO (x=0, 2, 4, 6) sam-

ples (a) and high angle peak position comparison between dif-

ferent samples (b)
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Fig. 3 High magnification cross-sectional FESEM image of
(a) SnTe and (b) SnTe-6mol%SnO sample, (c) EDS composi-
tion analysis results for the spot marked in Fig. 3(b), low mag-
nification cross-sectional FESEM image of SnTe-6mol%SnO
sample (d)

YL My SnO,, X 5HTIL XRD 7 Hr 45 Rl —
. SnTe-6mol%SnO ¥ it A A% T 3 1 4% R
(1 3(d)) T AR5 3 SnO, 3 — AR &) 4r AT 7E i FLAL,
HAEMNLTELEHKRAZE.
2.2 EBHEIERE

AT HEFL SnO, 55 —AH B MU SnTe HL iz 14 R
IF2, 7 26 4 RN SnO,(55 SnO & & A X )
] SnTe ¥ &, FHLFH % A1 Seebeck RN 4 Fiw
v R it P F, EL 23 350 o il 1 o v T K

[FII, SnO, 1E A5 —AH 2 X 4800 & i = AL 4
AN, 5 EURE R R A B 1, A
A K, Seebeck REFEA EAZ SnO, & HEAMN,
[RIREIR o AR, SnO, 35 —AHXF SnTe 1) Hfi2 14
AE 0 BH T 52

IR, SnO AE Jy B AR HEAT Ak s [R] I
HEAT Sn M H B4 A1 SnO, M E &, FE SnTe H A&
HA R e PERE R AR T B AR 4k, SnTe 1A &R 11
HFH A B8 SnO 2 B3 i A2 K (B 5(a) ) - 4 5(b)
Firs, FF b IR B TR FERE SnO ¥ I & 14 K
BEREC. XU SnO B BT H ) Sn BRSNS
SnTe AT T AMBIA B A, Sn ALK E K,
FEp MBIR FIREREIC. TR

K 5(c) & A AR b 1) Seebeck F Bl 1 A2 4L
Bk, HIMR R E: 600 K LLFBE SnO 78 i & 1
KIMFEAR, 600 K PA_L MBS SnO #n& 34 K It



318 T Bl Mok R o534 4
@ a0 19 5%: SnTe A7 7E 35 AE A5 ARt a1,
e [FIR BT Seebeck AOMIE, i FA 1 ST K%

! tho SR F, B BOERTIREERE Sn 15 AT

3 4l AR, PoKRESE |, M SRR, A R

E 5L EA/N, A MFAEXT Seebeck FE MM K T2,

L MFIREAAL X Seebeck RETIFZM, KRR IR

[ Bt, FEALHT Seebeck REBH SnO VRN BEAC; 7E w5

T B, RES T HREME SBES S 5 hmis™)

T/K TER T AN E A # 2 5 s S 0L T, A 1A AL

120 ® =50 JoT B A L A e B AR B, R B R TR R PR AIC

| eyl S5 Seebeck REUKE SnO NI EIE Iy 36 K. 600 K

100 a2 NAFE S EGR FIRE 5B R EM R R XS Seebeck

ol 77 S 5

S K 5(d)E 7~ T SnTe-xmol%SnO £ & ) T K [A] 1

oer BB IL 09 F . 3T Seebeck % Hb SnO N

40 b = IR FE A AL, R Y D R AR AR R B b

20' e SnO ¥ W FFE, 750 K PL_ERE SnO &=

300400 500 o 700 800500 11T S T o 24 SnO VR IR 4mol % RE 5 Ty

B 4 SuTeomol%SnOs (=0, 1.2, 3)Efh i hH % @fn TP T 873 K TFIAH) 2123 mWem “K, HLLIEMK
Secbeck 78 (b)MHLIE R (11K 5 (1708 mW-m " K5+ T 24.3%.

Fig. 4 Temperature dependence of (a) electrical resisitivity
and (b) Seebeck coefficient of SnTe-ymol%SnO, (y=0, 1, 2, 3)

samples

i, X5 SnTe BB Sn JCER KM RHT FLfk FF
WA, X FILRITAE S SnTe KR RE T 45

(@ —=x0
10| —o—x=2 y
—A— x=4 A
8 —v—x=6 /V/
G v
g ¢ A .
2 o %
= = 1
Q4 Xﬁ./
e
2r 'a‘?‘e‘;
0 1 1 L L L 1
300 400 500 600 700 800 900
T/K
150 | (c) —a— x=0
—o— x=2
125 1 —A— x=4
—v— x=6
£100 -
M
ZI5¢
Y 50k
25+
0 1 1 1 1 1 1
300 400 500 600 700 800 900
T/K

n/(x10%, cm™)

2.3 AIETERE

K 6 45T SnTe-xmol%SnO K i [ i #1525
L A 5 R i A T 3 R B IR P A A A, e
HL - #4053 26t 47 2 - 3F 2% 2% (Wiedemann-Franz) &

Hr=LoT I, Hh LR EEE, o N FE,

70
21 G .
104 \ / 160 T
L [ ] | -
1 @
8 NE
I 150 &
°r /- -\ \1
A m 40
1 1 1 1
0 2 4 6
X
300 400 500 600 700 800 900
T/K

5 SnTe-xmol%SnO H ft: (1] LB 3 (a), IR B TR L AL #(b), Seebeck F H(c) ML A P ¥ (d) il I L AR AL 1 5% &
Fig. 5 Temperature dependence of (a) electrical resisitivity, (b) Seebeck coefficient, (¢) power factor of SnTe-xmol%SnO,
(x=0, 2,4,6) samples, (d) carrier concentration (n) and carrier mobility (m) at room temperature of the samples



H3W

BHEN, 4F: SnO M B4k I N X SnTe #4 LI RE I 1L 319

—a—x=0
—o—x=2
—A— x=4
—v—x=6

x/ (W-m K™
N w B W =)} 2
T T T T T T T T T

1 1 1 1 1 1 1
300 400 500 600 700 800 900
T/K

L () —a—x=0
—o—x=2
—h— x=4
—v—x=6

N
T

K./ (W-m™-K™)
— N w £ WK
T v T v T v T

0 1 n 1 1 1 n 1 1 1 n 1 1 1
300 400 500 600 700 800 900
T/K
3.0

L (© —m— =0

25+ —o—x=2

—_ —A— x=4

v 2.0 v x=6
IE I
= 1.5+
E 7l
3100
k .
05

300 400 500 600 700 800 900
T/K

Kl 6 SnTe-xmol%SnO # i i) (a) #4324, (b)F T T H ()

e R A R R B AL R R AR

Fig. 6 Temperature dependence of (a) thermal conductivity,

(b) carrier thermal conductivity and (c) lattice thermal conduc-

tivity of SnTe-xmol%SnO samples

TRNAXHR S, X B L 4% 18 g AT Seebeck R AT
FAGRPY S RGBTSR NSRS
#, Pei ZEUSIAN Tan S HRGE (11K SnTe 1 S kg #
SR RZ09 1.7 Wom K (@850 K)FI 1.5 Wo-m K
(@873 K), Hiill#& T2 M- R e 45/SPS. Ak
K344 SnTe 76 873 K EAT BRI s 4 F %,
X 53R 1B B 2O M —BR B -3 R 85 K,
B ER B Jo ORI AN, 1 BE A K R A R R R R,
R S5 A M S R B 1R CULRAE, X T U AR
14358 . Zhang 24520V 15 25480 77 VR 1) 4 SnTe FEAK ) i
BHGEHR -1 Wm "K' (@873 K))54A& T/ SnTe
ORI s AT R A M

50 SnO BH B FRIK 1 SnTe £ 1 S 2V F 2%, i
3.2 Wem K BEEE] 1.8 Wem K (@873 K). T

100
| ——x=2
0.8 4 x=4
| —»—x=6
06
g |
04}
02}

0F

300 400 500 600 700 800 900
T/K

7 SnTe-xmol%SnO Ff i (¥ ZT {i i il 2 A2 K 1) 5% 5

Fig. 7 Temperature dependence of Z7 values of SnTe-xmol%SnO

samples

Bl 4 M5 3, SnO, 55 XS b 1Y) L s 14 e
BEFZ, R 6(b)FF i L # T 2 1 B AIR 3 2L
KIRT SnO BB FE Sn BB 28, i T#HG
FH 23 Wm K BEIKE 1.2 Wem K (@873 K).
T Sn & E/DIEARALXT SnTe ) A G R JLFTL
ST BRI A P R PR EE R AT SnO
Ak S N AT HE ) SnO, B AR X S 7 I B o
TE 3 o #ritie, B ST H ) SnO, Rk &) 7R
B A TE SnTe & Ak H R~ A+ 21 50H 99K
5, TR RO B F U b, AT 2 R A RE
SR SR, A TG REB 09 Wm LK
BEA%E] 0.6 W-m K '(@873 K).

24 FTEPNHRBMEET)

Kl 7 & SnTe FES I ZT 18 BEIRFE A A 1 ih 28,
B SnO ¥R hne pysEin, BT Bk s SAT Y Sn
JRRT SnO, 4 K AR XL & H #AT IS 1 e I AR R 5 T
FEen, PRSI B ZT B E K. 24 SnO i
ANEH 6mol%Hf, SnTe HA Mk &K ZT {4
X% 0.96(@873 K), LT IAK(~0.47)FEH T —1£%
KA

3 Zig

SnO 7E FH i F2 v 2 R AR Ak e B2, 2B A S H
JFi FH SnOy o AW T HI FH 1% & M. B 4% 2 A SnO 1 SnTe
WAk, ERJERELE T SnO JRAL 2 RS2l Sn 1
HB 28 SnO, YKAHM FEE A . Hrh Sn 1 H B
T WE PR FIRE KRBT RSFE, JHEmD)
KA F AT H ) SnO, 44K B 43 B &) Hh 4y
AAAE SnTe fmAtAb, XF 75 FSCBLlZ ROBEBUR, A 2800%
KA FE . 2 SnO HINEA 6mol%Hhf, SnTe 1]
ZT {Hi% 0.96(@873 K), LIRS —F5 A f . XAp



320

WL MR

i ¥ 345

Bk e N E 7, B — e i EtE, |
TS Ha] LU — 2 203 & SnTe. (BiSb),Te;
F1 SnSe 5 TR R A ERE

2 % 3k

(1]

(2]

[10]

[11]

[12]

RERZE, BT I, p-FeSi, MM RHOTERR AL STy 7. 4
BB S TR, 1999(4): 55-59.

ZHU T J, CAO Y Q, ZHANG Q, et al. Bulk nanostructured ther-
moelectric materials: preparation, structure and properties. Journal
of Electronic Materials, 2010, 39(9): 1990-1995.

YU C, ZHU T J, SHI R Z, et al. High-performance half-heusler
thermoelectric materials Hf} . Zr,NiSn,,Sb, prepared by levitation
melting and spark plasma sintering. Acta Materialia, 2009, 57(9):
2757-2764.

XIE H H, WANG H, PEI Y Z, et al. Beneficial contribution of al-
loy disorder to electron and phonon transport in half-Heusler
thermoelectric materials. Advanced Functional Materials, 2013,
23(41): 5123-5130.

CHEN Z W, ZHANG X Y, PEI Y Z, et al. Manipulation of phonon
transport in thermoelectrics. Advanced Materials, 2018, 30(17):
1705617-1-12.

MOSHWAN R, YANG L, ZOU J, et al. Eco-friendly SnTe ther-
moelectric materials: progress and future challenges. Advanced
Functional Materials, 2017, 27(43): 1703278-1-18.

AL RAHAL AL ORABI R, MECHOLSKY N A, HWANG J, et al.
Band degeneracy, low thermal conductivity, and high thermoelec-
tric figure of merit in SnTe-CaTe alloys. Chemistry of Materials,
2016, 28(1): 376-384.

TAN X F, LIU G Q, XU J T, et al. Thermoelectric properties of
In-Hg co-doping in SnTe: energy band engineering. Journal of
Materiomics, 2018, 4(1): 62—67.

JIANG Q H, YANG J Y, LIU Y, et al. Microstructure tailoring in
nanostructured thermoelectric materials. Journal of Advanced Di-
electrics, 2016, 6(1): 1630002—1-16.

BISWAS K, HE J Q, WANG GY, et al. High thermoelectric figure
of merit in nanostructured p-type PbTe-MTe (M=Ca, Ba). Energy
& Environmental Science, 2011, 4(11): 4675-4684.

HERMAN F, KORTUM R, ORTENBURGER 1, et al. Relativistic
band structure of GeTe, SnTe, PbTe, PbSe, and PbS. Journal de
Physique Colloques, 1968, 29(C4): C4—62—-C64-77.

BREBRICK R F. Deviations from stoichiometry and electrical
properties in SnTe. Journal of Physics and Chemistry of Solids,
1963, 24(1): 27-36.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[24]

[25]

[26]

BREBRICK R F, STRAUSS A J. Anomalous thermoelectric power
as evidence for two-valence bands in SnTe. Physical Review, 1963,
131(1): 104-110.

CROCKER A J, ROGERS L M. Interpretation of the Hall coeffi-
cient, electrical resistivity and seebeck coefficient of p-type lead
telluride. British Journal of Applied Physics, 1967, 18(5): 563.
VEDENEEV V P, KRIVORUCHKO S P, SABO E P. Tin telluride
based thermoelectrical alloys. Semiconductors, 1998, 32(3): 241—
244.

ZHAO L D, ZHANG X, WU H J, et al. Enhanced thermoelectric
properties in the counter-doped SnTe system with strained endo-
taxial SrTe. Journal of the American Chemical Society, 2016,
138(7): 2366-2373.

TAN G J, ZHAO L D, SHI F Y, et al. High thermoelectric per-
formance of p-type SnTe via a synergistic band engineering and
nanostructuring approach. Journal of the American Chemical Soci-
ety, 2014, 136(19): 7006-7017.

PELY Z, ZHENG L L, LI W, et al. Interstitial point defect scatter-
ing contributing to high thermoelectric performance in SnTe. Ad-
vanced Electronic Materials, 2016, 2(6): 1600019.

ZHOU Z W, YANG J Y, JIANG Q H, et al. Multiple effects of Bi
doping in enhancing the thermoelectric properties of SnTe. Journal
of Materials Chemistry A, 2016, 4(34): 13171-13175.

ZHENG L L, LI W, LIN S Q, ef al. Interstitial defects improving
thermoelectric SnTe in addition to band convergence. ACS Energy
Letters, 2017, 2(3): 563-568.

M7, M. A8 Bl IE SR 3)) ) A0 — S A B SR AL
. PEA G EER, 1998(1): 129-133.

PEIY Z, SHI X Y, LALONDE A, et al. Convergence of electronic
bands for high performance bulk thermoelectrics. Nature, 2011,
473(7345): 66.

LITTLEWOOD P B, MIHAILA B, SCHULZE R K, et al. Band
structure of SnTe studied by photoemission spectroscopy. Physical
Review Letters, 2010, 105(8): 086404—1-4.

LIU W S, ZHANG Q Y, LAN Y C, et al. Thermoelectric property
studies on Cu-doped n-type Cu,Bi,Te,;Seq; nanocomposites. Ad-
vanced Energy Materials, 2011, 1(4): 577-587.

TAN G J, SHI F Y, HAO S H, et al. Codoping in SnTe: enhance-
ment of thermoelectric performance through synergy of resonance
levels and band convergence. Journal of the American Chemical
Society, 2015, 137(15): 5100-5112.

ZHANG Q, LIAO B L, LAN Y C, et al. High thermoelectric per-
formance by resonant dopant indium in nanostructured SnTe. Pro-
ceedings of the National Academy of Sciences, 2013, 110(33):
13261-13266.



