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The Mechanism Behind the High z7 of SnSe, Added SnSe at High Temperatures
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Abstract: SnSe is a promising thermoelectric material due to its low toxicity, low thermal conductivity, and
multiple valence band structures, which are ideal for high electronic transport properties. The multiple valence
band structure has attracted many attempts to engineer the carrier concentration of the SnSe via doping, to
place its fermi level at a position where the maximum number of valence bands can participate in the electronic
transport. Up until now, ~5 x 10'® cm™ was the highest carrier concentration achieved in SnSe via doping.
Recently, introducing SnSe, into SnSe was found to effectively increase the carrier concentration as high as ~6.5
x 10 cm™® (at 300 K) due to the generated Sn vacancies. This high carrier concentration at 300 K, combined
with the reduction in lattice thermal conductivity due to SnSe, micro-domains formed within the SnSe lattice,
improved the thermoelectric performance (z7) of SnSe — xSnSe, as high as ~2.2 at 773 K. Here, we analyzed
the changes in the electronic band parameters of SnSe as a function of temperature with varying SnSe, content
using the Single Parabolic Band (SPB) model. According to the SPB model, the calculated density-of-states
effective mass and the fermi level are changed with temperature in such a way that the Hall carrier
concentration (ng) of the SnSe — xSnSe, samples at 773 K coincides with the optimum ng where the theoretically
maximum 27 is predicted. To optimize the ngy at high temperatures for the highest zT, it is essential to tune
the 300 K ny and the rate of ny change with increasing temperature via doping.
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Fig. 1. (a) Experimental (symbols) and calculated (lines) S-
dependent log;o(n) at 300K [24]. (b) Calculated my" as a function of
SnSe, content (x) at 300K. (c) Calculated m," as a function of T,

wzolth 28 1ol wEH xo] F7ks pf] 27 T
oWISHERl nel F7HE ms W g WS B4 Tisiop

1bye 28 1@l =&3 x Wl e m,/
W3S Hoqfv} my= x=34 ® HAZ2.02 m)S 2t
aL FHNAN TA] ashe AR ALEA
-3 A&%«l mi2.02 my’t x=5 BEL] m(1.98 my)
Oiv] E2oll = B3l x=3 A1Z9] n(7.6 x 10" cm™)°]
x=5 AZ2] n(7.7x10" cm?) Hr} ¥ ol x=3
A0 w7t x=5 AE9 » Bt A7) wjizolt.

a9 1(c)e &0 WE m, e WsE BT gl

R

2L FA(T > 650 KA m,
7V 3A adke RS #FEE 5 Aok Qin ef alZ Y
2o MFEE 700 K F27HA] F7FsIE S= 700 K ©]d]
SElA ZFAska, 700 K7HA ZAashd ngs 700 K ©)
o] oM Tl F7kshe ARE ZE x ABA #
2k ATkl BUEIATE [24]. WA 2 o]/fE AL
24 o E& W= (valence band)7} 715 G543
7198t7] wZolgtal silek. FLsAl 2# 1(c)elA 2
NAL] m, A TS A71H FEEA 7dse e

Qin et alol U=
my= AREIT o] wf AREH AR ofef o} Ztt

811', kB 23
3eh2 7(37) )
9 w4 ZH G ART m/F AVT 5 9
= o=z dEA A S %@%l'_i 0H7]6h:]—ﬂj s7+
150 pv K vlerd wf SPB 2@l AN A3} tiH] 9F7t
10 % "1l my 'S A = Aok AR, w9t g3l

o] A2 S7F A 180 pv K ol A9 (2E 1(a)),
2 (9F olgsto] A m ek SPB RS o8-8l 7
A mg ZF Ael7E F 5 Slvk 2™ 1blxeh 2ol
SPB =d Aot BE FH oM FARE m (&7
10% PlThHE AR 5 e A ()3 ALgste] Alxkst
Az, x=2 ME] e mi= oF 202 m=E A 9F
AL 1.9 my tH] oF 6 % T A ARFEUT Ao
B 45§ gkl AWM A (92 ARl ALk
mg®l Q5= B 7IAA "ot mebk 4 (9)F ol8-sto]
2 AZ m/ e < 700 K7 my ~
1.9 mg= %X]é}—c HHE, A 2 (DE ol8ste] gst
A A x=2 AZ m,/= 525 KA A m,

T 773 KoM 1.6 m7HA 7HAske=
AR AN wEh, oy ZEgt 4 (D)2 Aldks)
e oM m, 7t Qin et alo] EILZF m, iy

Y
>
>
’ SL'
}11
F}O
H

3.2 HIZE| 0| = (o) Al
% 2(a)= SnSe + xSnSe, (x=1, 2, 3, 504 x ¥
st e g4y 2 nel W3S UERAT) Filled AE2] 7
%, Qin et al°] EFOA B FFZES YT
[24]. AX9 %, A 34 W m/oll 2™ 20 2=
Ak, YA 4,2 ZA3k(flled ALyl FEate] A
Ak zh xoll tlgshs AAEC] S83U(filled AE) ol

le



v SPB Exp SnSe+xSnSe,

100
19 192 194 196 198 20
log[ny (cm™3)]
230
300 K (b)
SPB o
~210 .
>
£ 190 s
S
pe O x=1
3170 | © x2 v
A
\"4
150

0 1 2 3 4 5 6
X in SnSe+xSnSe,

0 1 1 1 1 1
250 350 450 550 650 750 850
Temperature(K)

Fig. 2. (a) Experimental (symbols) and calculated (lines) -
dependent y; at 300K [24]. (b) Calculated uy as a function of SnSe,
content (x) at 300K. (c) Calculated x, as a function of 7.

S - X
gk x > 29 A% SnSe, =T ZAILE 47t 7
ashs As AFEY F Utk dE =, o 194 22
Z7VAN e 4% Z7FHATE (156 — 162 em® V!
s, x7F 2014 52 S7F W e 22 % HAEITH
(162 = 126 cm?® V! s1). SnSe W =Y¥ SnSe,= T}
Ut AL (e AAYRE wlo]az 2A|Y)e] A

- Yinglu Tang - AL4A - FA1$ - A - 295 - 743

)

4 861

RRE7] W] 7t SUVEFE e A E
a9 2= 28 2a)ellA A3t filled AE 7&94 )
g Al ARSE gy ARRES xoll gl &
S5 Aeolx Aste] olsxE ©
Aol Had W A W At X*oPFOl %ﬂ *J‘
285 Wgske M= QlAkelrh. 300KoA x=2 A&
ﬂoﬂ 2 x OH] 7P =2 RS I St (2164
s wt PBRVHRAR oF ARFE wt S
T oA ddhe AEE BRItk HuHd x=2 AE
HwEhH HAH x=5 AZ I u7b F 25 % B
IRt (2164 — 169.9 cm® V! §). ui= Ak} 2
7re) 245 A4-S Yehle deformation ZEIA(Z)0l Whi)
dsted x 2 2 G w7t FHA Bashe A
2o 543 Skt Aol Stk &b 2 A, dsket
Xi=7le] AsALo] AX Al 0]FLS ¥izo] HlFsl=
Zo)7] Wl upe s "ok wEbA, SnSeyo] 5%

2wl Wske HofErh
2% St et pt ke ol w7t TPl k]
371 wl&Eolth. 773 KoM= x=2 A= w7t 7P
= (31.9cm? V! s, x=5 AZ9 uyt P He A
2y Ak (24 Tem? V-1 s). ol5 Fal 129

3.3718 OIS = (uy) AlLt

2% 3(ay= SnSe + xSnSe, (x=1, 2, 3, 504 x ¥
soll e e w0 WSHE YeNIT pE F R

HoZ A = Aok AUA WHS m ot wE 2
T3 &, A (s ol&dtq Alteks WRioltt. o] A,
my & ps Z4ZF kAl olE Al 2 (7)ol tisdsiof st
= WMAZRgEC] Aot 7 WA e S % o SAHUES A
(60 tiisted AHAo= p, 5

HogRy 4,2 HiE 7&1]43L T 917
=] r,Hl:]] J%ao].\:]._; o];ﬂo]

Hé—i J—Etf_} e JJ?} A %ﬂﬂ
o2 Zlew oA vt [35].
a9 3(a)el YERA p= follA o
o] g3t ALFEIATE Qin et alo] H
2o FuE 4 (6 U

I}ox=2 4 9 g



ol

862 g=E - As

d

700
300 K (@)
SPB
~600 |
N
(2]
c 500 .
()
‘; o x=1
X400 } O 2
A X
300

0 1 2 3 4 5 6
X in SnSe+xSnSe,

(b)

D
o
T

N
o

Power factor (Wcm™'K-2)
N
o

v SPB Exp SnSe+xSnSe,

o

19 19.5 20 205 21
log[n;; (cm™)]

750 ©
c

< 600 | © -0 x=1
2 & -0~ x=2
€ 450 | BN .
O \g\ !
30 Ay

150 Pgmp

o 1 1 1 1 1
250 350 450 550 650 750 850
Temperature(K)

Fig. 3 (a) calculated g, at 300 K. (b) Experimental (symbols) and
calculated (lines) ny-dependent power factor (PF) at 300K [24]. (c)
Temperature-dependent y,, varying with different x.

(603 cm®* V' ). x=24 W] 7t FZH =T &
b 7R Wt p b aske AR 28 2(b)ellAd
S xZ 7 mE yy W3k ANF FARBIE 2] (7)01A
St 7ol piz st m e Fo= AE F e, x
> 2 FrNA x STl WE m, e WS}y, HSE i
A 7] Wl ua= p B B LH IS
W Qo ARG 5 o2 seluE gl 44
Aoz H|F sl Wi n/b HAOoZ g F AstlA
x=29] & A} WAL e AE ol b B
Ao Z o &Ht}

F31 2] A61d A11E (2023 119)

2% 3(by= 2 3(a)els] ARt f‘& = 0183t mel
ol Akt o] Sl (HA) B Qin et alo] Bl
o 9E S %k (filled AE)S VERATE [24]. 18 3(a)ll
Al BQl xoll W p, W3t N S8kl 23 3(b) W
_.*4—04.\7)1151 5;<47L oa}\] x=2 /«uzoﬂ,q 7}%} oy OJ_,JJEi
ZAZH53.7 pW em'KHS Btk 2 F x > 2
A b F7VERE IRy SAgte] fasle ﬁ:% %ﬁL

_4

=
g otk 9N AFE AAY, p= o2 A S99
Blg} Halat W A Rl 48 e x=2 AF

T8 3(a) Fx)] ol Hdl FHHWE(56.5 pW cm'K?)
TS T2 AEE ol Hu I g =2 A&
golsk 4= gtk 2¥ 3yl wEH A x=2 AZ9
nye 72x10° em3E AT A, oF 5 %o I
MAEsE 71 = Aotk (53.7 — 56.5 uW em'K?).

IJUEE iAo 714 5A4S o=t SnSe &
Al A4, x=2 2] SnSe, s =UT A, mS e wy

o) SUiskE Qg W9IgEe] S/t HAEUT. SnSe,7t
x=20r} Bo] E9E A5, ojg 2AQY Ao s
w7t FERAIT ol T S9ITE Y 7ae AdET

3.4 B-factor |4t
I 4@ 28 3(a)°lA A4ESE SnSe + xSnSe,
x=1, 2, 3, 5 AZE u, A 2 300 K x; 4

A" 4= A (8) tdstd =Z3F B-factors
ERATE 2] (8)ell €l8HH, B-factors w, /i Y&l vH Sk
= 2% & F Atk 28 4(b)= Qin er alo] BT
& WE K SRS YERIT [24]. 300 Ko 7
¥} F7V8<= SnSe, =Y 2] thket AL A
SR wt AAske e 3EE 4 lth 300 KoM=
x=1(1.02 W m! K" x=2 #Z0.97W m' K') 7]
K, AFol7F AR 300 K Bt} &2 &%oA x=13

=2 AEE 7] i Alole A e AE & F Urh
-rr/‘POP'ﬂ x=3% x=5 MEE 719 K Z =
A e JolM A gkt aix w x=
x=3, 5 MEE 7] K Aol= AT > 650 K)yS A9
sl BE 2o Fouldk xlols Bl ol x

> 2 AZA x < 2 MBoflA A2E Sn A3 ¥ SnSe,
o] AR THQl F=rF FA St Wil A= 4
AT [24]. 2F 4b)elM ek 7ol 300 KellA x F7tel
w}t kb AEH R oSN x STkl WE K A
O] x S e g0 Aol duiFes o A
7] wjzell B-factore] x W3l w2 NP (2 4(a)) I+
W2 x Hstel] mE PG @E ) AR AS Sl

N rbi

FF

K

[e)
=2
°|

1,

A
mln
il
Xy

2



+

dZ B9, 74 & B-factor IS 2= x=2
Z %, B-factor= 1.25 2 AEE g
=%k

I9 4= ¥ 4(aolA ALk B-factors 7|REOE
=3} 300 KolAQ] ol WhE o] & T W3S HojFEr)
AA). BEo] Qin et al.o] B3 27 SRS filled 2
22 FAEIA 29 4(c)0l tEWE, x=2 HZ9] ;T =
AZH~0.93) I x=3 W= T 23ZH~0.92)°] A
AL 2 ¢ ok &A%, SPB RHS o]&ale] A4k
o2 H = x=2 AZ9 o2 Y z7(~1.08) 7}

et
o 7
t}.

[l

1.5
300K (a)
SPB
125 o} A
P
Q v
S o
Ry 1
(o]
O x=1
0.75 F O x=2
A =3
\'4
0.5

0 1 2 3 4 5 6
X in SnSe+xSnSe,
1.2

1.0 |

08 |

06 |

K (Wm-K-1)

04|

Exp SnSe+xSnSe,

0.2
250 350 450 550 650 750 850

Temperature(K)

1.2

SPB Exp 300K (©)
—_ x=1
—_0 x=2

09

zT

06

03 7. N s M M
18 18.5 19 19.5 20
logo[nu(cm™)]

20.5

Fig. 4 (a) Calculated B-factor (b) experimental temperature-
dependent x; [24] and (c) experimental (filled symbol) and
calculated (solid lines) z7 all at 300K

- Yinglu Tang - A1 441 -

A G ADE - AT

)

2 863

x=3 AZ9 o2 HU zI(~1.02) tH] °F 59 % =&
Aoz AXMET webr, x=3 MES] nyE 3.2x 107
emZ Aot oF 59 %] T TU7t 7HeE RAoe=
of At}

3.512 zTO&
A=) S(a)l: EoR = ]

\——1:

£ SnSe + xSnSez (x:1 2, 3,
5 A 227 $7F
St w2} F7 FO‘]'T: 73 s EOPEH] o= B—factor7} 7572
o mlEEt7] wZolth (2] (8)). 773 KollA= 300 KellA]
o} &@¢] x=3 AMZ9] B-factor(4.08)7} x=2 AZ(3.85)
ol =2 AS & T Utk 2% F7el| e B-factor
7k &% Skl wWE ol Al T T71= oloixith
a8 5b-e) x=1 - 5 AFES] T4 nell W2 o]&
TS YRt &332 AEE ZAET). 29
5(a)2] &% Z7lo] W} B-factor =719t R IAE 29
5(b-e)°l ol& Hth 17k xok FHSHA T 7l wet &
F F7¥lE Ae B 7 AUtk 773 KA 7P =2 B-
factors ZH= x=3 AE(4.08)2] 773 KollAe] o2 Huj
2T ~2.2 o 773 KoMl A8 77k 9A] ~22 QAL

U:H ‘r‘7} —L-o w\ol %11:— %‘7}01] tq’ y ul n tﬂg}

ﬂﬂ% S
T AUTh dE S0, x=2 AE9 imﬂ e 4
ny WSk *bmﬂ% 300 KoM 6.3 x 10" em™o]
E 41x10° em®2 oF 35% 74
o] f, o]& A 75 ES F U= FHAY
Ny *ﬂ 773 KoM 3.7 x10° ecm™2 =% 07| wjEol
-JEH o]2 7o} FARSE AE 7= F71HEQ & glo] o

T AT

N
~
O

30 oo o Hu m
2y o
ﬂlq'

rot
U
H:
5%
2\1
P |
(98]
~
é
_t

=

Qm et al-2 SnSe, =Y 53l Sn A% T=E
7INZ O ZM SnSe2] 300 K ny= ~6.5 x 10" cm?
F7}A =71 71 Aol SnSe + xSnSe, AA|ANA T ~
22 (773 K)9 &2 45 d& 8% olf 5 3t
vhetar Z%H‘s}iiv‘r 6‘}11‘3 SPB =4l AF A3, 773 K

oM F=2 T2 48 T UME ol F shvk= 773 K

oA 1% oy zT—E— Tdete HA e APHoE A
71 wiZelth. 300 KellA 773 KOZ %7} S57FsHA
Hlshs nyol 25 S7tol mE AR =3 d4 5
TYshs Ao TRl wet gepd Zo= o4t

. Qin et al®] 735, SnSe, 2% =Yl wE 300 KollA
o ny S7F W= AAe] W3k W SnSe, A¥e| =4
JeelM AR 2% Z7kl WE m, 2 g 83 Jx(=
ng W3h7E 773 KollA o] Hu 72 A4z d&

1 ol

rlo



864 et A5 8He] X A61dE A 113 (2023 119)

I

30‘1
SnSe+SnSe;
25 —— SPB

B factor

0 1 1 1 1 L
250 350 450 550 650 750 850
Temperature(K)

30
SnSe+2SnSe,

5] ——SPB
° Exp

SnSe+3SnSe, (d)

SnSe+55nSe; (e)

Fig. 5. (a) Calculated temperature-dependent B-factor. Experimental (symbol) [24], and calculated z7 (solid line) as functions of ny and T’
for(b)x=1,(c)x=2,(d)x=3,(e)x=5.

F ANY golow BHT) Atk w9 A3t Ak 2 AFollAE SnSe, =
ol w2 SnSe¢] AEIUE Fadm,), VIFE °ls%
54 E (o), 7V% °18=(u,) 2 B-factor H3}S SPB 49z}

SPB Edlof| 7|Rkst 7hcdslt A8 o] 83te] AlLbSHATh

SnSe W SnSe,E =T 7%, Sn A% % SnSe, "l FEHEAY HIH EAFS U= 4, B olE HU 2T
olaz Asgk Ao R A3 Aslsert oA, A & o UHI AFe] = B-factor EF 300 KA SnSe
ARyt Bagezx 773 Kol ol 2T ~ 225 — 2SnSe, (x=2) AZ0] 74 =94t} AT, 773 KollA



A% v - ur

Ir

2L u, D ox FFOFE SnSe — 3SnSe, (x=3) A=
o] B-factor’} 7FF H& Aoz AU (4.08). x=3

Z9] B-factor®2 AlAHE o]2 HU 719} AY = 2R
~ 22 ot} 300 Ko S, x=3 MZe] o2 H 19}
A3 T 47 ~1.02 2 ~0.922 HAstsZ(ny) s
32x10Y em™2 ZA2AE A9, F 11 %o T St
7Fed AR AR SHAIRE 773 Ko AF, x=3
AZO] ny ZHZLe] olv] ol AU vt FHEE ngst
Ax)517] W&ol H 2T ~ 225 A¥Hog AL 4 9
th Ao w 2nvt SHUFE pt Phde A
£ SnSe &A) W =3 A&/AAe] FF ¥ =] w
g} 22t Zlo=z oA} SnSe, =Yl wWE 300 Kol
A9 ny T7F 2 SnSe; =YUOE AS 2o wWE py
Hel A (=0 w2 m, 9 H=2n] £ ¥st A=yt
SnSe — xSnSe, &AH7} 773 KolA EL 1= 7HE &
ANH Yolog BAFT

= o

r 32

aAlel 2

This work was supported by the Basic Study and
Interdisciplinary R&D Foundation Fund of the University of
Seoul (2022) for Hyun-Sik Kim. This work was also financially
supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by
the Ministry of Education (NRF-2019R1A6A1A 11055660,
NRF-2015R1A6A1A03031833) for Won-Seon Seo and
Heesun Yang. This work was also supported by the
Technology Innovation Program RS-2022-00154720 funded
by the Ministry of Trade, Industry & Energy (MOTIE,
Korea) for Weon Ho Shin.

REFERENCES

1. B. Zohuri and P. McDaniel, Application of Compact Heat
Exchangers For Combined Cycle Driven Efficiency In Next
Generation Nuclear Power Plants: A Novel Approach,
pp.17-35, Springer, Cham. (2016).

2. C. Formann, I. K. Muritala, R. Pardemann and B. Meyer,
Renew. Sust. Energ. Rev. 57, 1568 (2016).

3. G. D. Mahan and J. O. Sofo, Proc. Natl. Acad. Sci. U.S.A.
93, 7436 (1996).

4. G.]J. Snyder and E. S. Toberer, Nat. Mater. 7, 105 (2008).

5. M. Heo, S. H. Kwon, S. I. Kim, H. Park, K. H. Lee and H.
S. Kim, J. Alloys Compd. 954, 170144 (2023).

- Yinglu Tang - A%

6.

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

CRAS - FHA- 095 AR

865

‘

W. Li, L. Zheng, B. Ge, S. Lin, X. Zhang, Z. Chen, Y.
Chang and Y. Pei, Adv. Mater. 29, 1605887 (2017).

. M. Hong, Z. G. Chen, Y. Pei, L. Yang and J. Zou, Phys. Rev.

B. 94, 161201 (2016).

. U. S. Shenoy and D. K. Bhat, J mater. Chem. C. 8, 2036

(2020).

. Y. Wang, W. D. Liu, H. Gao, L. J. Wang, M. Li, X. L. Shi,

M. Hong, H. Wang, J. Zou and Z. G. Chen, ACS Appl.
Mater. Interfaces. 11,31237 (2019).

T. Xing, C. Zhu, Q. Song, H. Huang, J. Xiao, D. Ren, M.
Shi, P. Qiu, X. Shi, F. Xu and L. Chen, Adv. Mater. 33,
2008773 (2021).

Z. Ding, Q. X. Pei, J. W. Jiang and Y. W. Zhang, J. Phys.
Chem. C. 119, 16358 (2015).

L. D. Zhao, S. H. Lo, Y. Zhang, H. Sun, G. Tan, C. Uher, C.
Wolverton, V. P. Dravid and M. G. Kanatzidis, Nature. 508,
373 (2014).

L. D. Zhao, G. Tan, S. Hao, J. He, Y. Pei, H. Chi, H. Wang,
S. Gong, H. Xu and M. G. Kanatzidis, Science. 351,141
(2015).

N. K. Singh, S. Bathula, B. Gahtori, K. Tyagi, D. Haranath
and A. Dhar, J. Alloys Compd. 668, 152 (2016).

C. Lin, W. Cheng, Z. Guo, G. Chai and H. Zhang, Phys.
Chem. Chem. Phys. 19, 23247 (2017).

S. Chandra, U. Bhat, P. Dutta, A. Bhardwaj, R. Datta and K.
Biswas, Adv. Mater. 34(40), 2203725 (2022).

M. J. Jung and B. J. Choi, J. Powder Mater. 29(2), 152
(2022).

. K. Biswas, J. He, I. D. Blum, C. I. Wu, T. P. Hogan, D. N.

Seidman, V. P. Dravid and M. G. Kanatzidis, Nature. 489,
414 (2012).

S. Siddique, Y. Gong, G. Abbas, M. M. Yaqoob, S. Li, S.
Zulkifal, Q. Zhang, Y. Hou, G. Chen and G. Tang, ACS Appl.
Mater. Interfaces. 14, 4091 (2022).

A. T. Duong, V. Q. Nguyen, G. Duvjir, V. T. Duong, S.
Kwon, J. Y. Song, J. K. Lee, J. E. Lee, S.D. Park, T. Min, J.
Lee, J. Kim and S. Cho, Nat. Commun. 7, 13713 (2016).

Z. H. Ge, D. Song, X. Chong, F. Zheng, L. Jin, X. Qian, L.
Zheng, R. E. Dunin-Borkowski, P. Qin, J. Feng and L. D.
Zhao, J. Am. Chem. Soc. 139, 9714 (2017).

C. L. Chen, H. Wang, Y. Y. Chen, T. Daya and G. J. Snyder,
J. Mater. Chem. A. 2, 11171 (2014).

F. Q. Wang, Shunhong Zhang, Jiabing Yuc and Qian Wang,
Nanoscale. 7, 15962 (2015).

B. Qin, Y. Zhang, D. Wang, Q. Zhao, B. Gu, H. Wu, H.
Zhang, B. Ye, S. J. Pennycook and L. D. Zhao, J. 4Am.



866

25.

26.

217.

28.

29.

30.

3L

R}
ot
a
b
2
b
o

Chem. Soc. 142, 5901 (2020).

Y. Huang, C. Wang, X. Chen, D. Zhou, J. Du, S. Wanga and
L. Ning, RSC Adv. 7,27612 (2017).

B. Qin, D. Wang, W. He, Y. Zhang, H. Wu, S. J. Pennycook
and L. D. Zhao, J. Am. Chem. Soc. 141, 1141 (2019).

Z. Wang, C. Fan, Z. Shen, C. Hua, Q. Hu, F. Sheng, Y. Lu,
H. Fang, Z. Qiu, J. Lu, Z. Liu, W. Liu, Y. Huang, Z. A. Xu,
D. W. Shen and Y. Zheng, Nat. Commun. 9, 47 (2018).

K. H. Lee, S. 1. Kim, J. C. Lim, J. Y. Cho, H. Yang and H. S.
Kim, Adv. Funct. Mater. 32, 2203852 (2022).

M. Kim, S. I. Kim,S. W. Kim, H. S. Kim and K. H.
Lee, Adv. Mater. 33,2005931 (2021).

H. Park, S. I. Kim, K. Lee, W. S. Seo and H. S. Kim,
ChemNanoMat. 8, €202200370 (2022).

S. W. Lee, O. Park, H. S. Kim, W. S. Seo and S. L
Kim, Korean J. Met. Mater. 60, 919 (2022).

32.

33.

34.

35.

36.

37.

F31 2] A61d A11E (2023 119)

S.Y.Bae, S. W. Lee, H. S. Kim, O. Park, H. Park, W. S. Seo
and S. I. Kim, Korean J. Met. Mater. 60, 912 (2022).

J. C. Lim, S. Y. Kim, W. H. Shin, S. I. Kim, J. W. Roh, H.
Yang and H. S. Kim, ACS Appl. Energy Mater. S, 4036
(2022).

A. F. May and G. J. Snyder, In Thermoelectrics and Its
Energy, Harvesting Volume 1(eds. D.M. Rowe), pp.1-18,
CRC Press, London, UK (2012).

G. J. Snyder, A. H. Snyder, M. Wood, R. Gurunathan, B. H.
Snyder and C. Niu, Adv. Mater. 25,2001537 (2020).

H. Wang, Y. Pei, A. D. LaLonde and GJ. Snyder, In
Thermoelectric Nanomaterials(eds. K. Kumoto, T. Mori),
pp-1-32, Springer, Berlin, Germany (2013).

X. Zhang, Z. Bu, X. Shi, Z. Chen, S. Lin, B. Shan, M.
Wood, A. H. Snyder, L. Chen, G.J. Snyder and Y. Pei, Sci.
Adv. 6, eabc0726 (2020).



