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Fig. 1. (a) Schematic ternary phase diagram of Ag-In-Se; (b) enlarged view of the red area in Fig.1 (a).
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Fig. 2. (a) Powder XRD pattern of (AgySe),(InySes)i09 » (¢ = 0-20); (b) backscattering electron (BSE) image of the samples with
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composition line, and the red circle is marked as single-phase composition.
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Fig. 7. Microstructure of Ag 390Ins o935es: (a) High-magnifica-
tion HAADF-STEM image along the [001]; (b) SAED pat-
tern and calculation of (a); (¢) high-magnification HAADF-
STEM image along the [010]; (d) SAED pattern and calcu-
lation of (¢); (e), (f) enlarged image of Fig.7 (c).
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Fig. 8. Temperature dependences of (a) the electrical conductivity, (b) Seebeck coefficient, and (c) power factor for the

Ag,Ing 3 5Ses (y = 0.384, 0.392, 0.400, 0.407, 0.415) samples; (d) Seebeck coefficients as a function of the charge carrier concentra-

tion at 300 K, where the dashed lines are Pisarenko plots based on the SPB model.

1 Aglngg ,sSes FER YR THIE AT
Table 1. The carrier concentration and Hall mobility of Ag,Ins 3 ,/3Ses at room temperature.

Sample y = 0.384 y = 0.392 y = 0.400 y = 0.407 y = 0.415

sy / (cm? Vst 136.42 141.21 144.80 131.40 130.69
ng /(10" cm 3) 1.88 1.70 1.68 1.93 1.85
21.2 2 N N \ o N
5= SO (R 1) UMEES, H 0BG RRIA S
3eh? 3n/ '

X, kg WBIRZESHEL, n W FUEE, m™H
IR F AT R, h WA 7T LU AR
] Seebeck RS M T E R b, BIH AR Zi
LS ITEARFRARUT T LE 1 E1Y Seebeck
B, FE SR A SR AR 0.28mg 24T, HE
H g A T LR 114 J5 A

WE 9 Bk Ag,Ing 5., /5Ses (y = 0.384, 0.392,
0.400, 0.407, 0.415) A fb (1) 4T 28l I B2 A2 1k iy
2. WA IR TR, 75 55 Z AU

RFIH BB A S, W R TR RS
J7 1) AT R B I v AT TR e ) O 1) A
SR ANTEERT y = 0.384 FEA I 5 FATRSS
F5 R, 0.9 W-m LKL, 78 873 K [ &
0.4 W-m MK L i 2 IR B T hess 0107 [ Bk
5440.95 Wom LKL 7E873 K 4 0.55 Wom LK.
AR AT R AL HE B T T R A AR A TR
#hay, H

k= ke + ki. (2)
MBI TR 0] LI 2 ) Wiedemann-
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Fig. 9. (a) The temperature-dependent of the total thermal conductivity for Ag,Inz 3 ,/3Ses; (b) the lattice thermal conductivity for
AgIngss 585, AgInSe,™, AgInTe) ™, AgIngSes™ and CulnSe,®; (c) merit ZT for AgIngs; ,3Ses, AglnSel™, AglngSeg,
Agy g3In;SesP Agy oCdy1InSeg, Agy 0oInSe,P), Ag, gInSe, 51, at 300-873 K; (d) the average ZT at 300-850 K.
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Fig. 10. (a) The relationship between Cp/T3 and T, (b) C,/T and T? of Agy 395Ing 9935€s.

%2
Table 2.

of Agg 392Ing.2035€s.

Ago_ggglno_zogse{, ﬁé r%{b@ﬁﬁi%g‘ﬁ yﬁiﬁ*ﬁﬂ*ﬁl %1&‘(5'1?‘?&‘@ E/:J%ﬁ

Parameters obtained by fitting the experimental low-temperature heat capacity data to the Debye-Einstein model

Sample 7/(mJ-mol K 2)

b/(mJ-mol LK) Ay

b1 /K 4, /K 6p/K

y = 0.392 0.02813

2.95 x 10*

13.43 40.18 57.01 82.63 164
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%3 AgyseolngapsSes, AgInSe, ™ Fil Agln;Se, ™
2 A (A i B A RSB SR 40y X Lk

Table 3. Comparisons of Elastic properties and
Griineisen parameters at room temperature between

Agy 39010 9035€5, AgInSe,*), and Agln;Segl3.

Parameter Agp 390103 5035€5 AgInSe,  AglnsSeg
u/(m-s™) 3058 3584 3778
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4 & %

ML IRAMEFESY BULES &5 I X g4k
B AT RN FREBRAE Ag-In-Se /R R &
THALEY Ag,Ing 33, 5Ses, BAATEARM Ak A
SRME A BE R, MASHE T =R,
2 [ABE R P3ml, A 4k 2R A5 M, B2 5
9 JET T E AR, J2 18] R 55 Y 5 A8 U 0T (] B,
UL R AR PRl B AR S HAT T
()45 ) S, VG AT RN IR ELRe 4 R 107 1], y =
0.384 # i 1Y &f 4% # F R AE 873 K B 43 il
0.15 W-m MK 1 #1 0.25 W-m LK L. 74T 107

m b, EEETHESERL N 4 x 10* S:'m!, Seebeck

In Se

R H-80 nV-K 1, fir K Seebeck R EUTE 800 K
F-170 uV-K1, 7E 450—800 K i Fl P 1 2R K 7
N5 uW-em VK 2 A BATEFEATE 1 N
Ag,Ing 3, 3Ses(y = 0.407) Ff fh 78 873 K ik B fi
K ZT 7 1.01, 78 300850 K HIF ZT 4 0.45. 3%
A TR VAR, UEW T Ag,Ing 33, /55€;
G b BA R RO AR RS, iX T RE
J& Ag,Ing 55, sSes AMEARARAR T RAEIE. HA
AR kS P R AN i P PERE A Ag,Ing 53, 35e;
G AL, e T B EHREA R, I8 T
FRATIAR TR AR AL T HE S %, SIAMER
_‘ﬁ%ﬁﬂg:éﬁﬂ‘ﬂq‘, ?tﬂ]gﬁ?# Agy1n3.33fy/3se5 Tj_-{;H\:
ST R A% AR A5 B 22 1) R RN .

% A

AgyIng 3z, 35e;5
= J y=0.415
= b WO ¥ I Y " N
E

. y = 0.407
£ ~L.J1.J‘ J b N
<
N y = 0.400
2 | . \
a
£ =0.392
5 -J.._,_p& ik Jj " %} A

=0.384
-..L..__,“‘m .Jl.h ZLJ 038;
20 40 60 80

20/(%) (Cu Ky)

Bl Al Aglng gy ,sSes (y = 0.384, 0.392, 0.400, 0.407,
0.415) 9 XRD 3%

Fig. Al. Powder XRD patterns of Ag,Ing 33 ,/5Se; (y = 0.384,
0.392, 0.400, 0.407, 0.415).

Bl A2 AgyIng 3 ,/5Se; (y = 0.384, 0.392, 0.400, 0.407, 0.415) I35 U Bl 150 % 1 43 7 4]
Fig. A2. Backscattering electron (BSE) image and elemental distribution map of Ag,Inzs; ,5Ses (y = 0.384, 0.392, 0.400, 0.407,

0.415).
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Abstract

In this study, we find new AgInsss ,/5Se; compounds in Ag-In-Se system by static diffusion method
combined with common X-ray diffraction and backscattering electron analysis. The crystal structure belongs to
the trilateral system with the P3ml space group, which features a two-dimensional layered structure. The unit
cell is composed of 9-atom quantum layers arranged in the sequence of Sel-Inl-Se2-In2-Se3-Ag/In3-Se4-In4d-Seb,
and in-between these layers are bonded by the weak van der Waals force. The sintered bulk samples show
highly anisotropic transport properties and have an ultra-low lattice thermal conductivity along the direction
parallel to sintering pressure about 0.15 W-m K at 873 K. The intrinsically ultra-low lattice thermal
conductivity mainly comes from low phonon velocity and the strong coupling between low frequency optical
phonon and acoustic phonons. The Ag Inss; ,/3Se; compounds behave as an n-type conduction. The electrical
conductivity is 4x10* S-m ! and the Seebeck coefficient is -80 uV-K! at room temperature. Therefore,
Ag,Ing 33 ,/35e; compounds show high electrical transport properties in a wide temperature range, and the power
factor is around 5 yW-cm K2 in a range of 450-800 K. Owing to the ultra-low lattice thermal conductivity
along the direction parallel to sintering pressure, Agg 407In319g5€5 reaches a maximum Z7T of 1.01 at 873 K and
an average ZT of 0.45 at 300-850 K. The discovery of Ag/Inss; ,35e; expands the n-type copper based

chalcogenide and lays an important foundation for the application of copper based chalcogenide.

Keywords: Ag-In-Se based compounds, two-dimensional layered structure, ultralow lattice thermal

conductivity, thermoelectric properties
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