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Fig. 1. Top (a) and side (b) views of the crystal structure of
monolayer Cu atoms and X (X = S, Se) atoms. Cu atoms
are represented as blue large spheres and X (X = S, Se)

atoms are represented as yellow small spheres.
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Table 1.  Lattice parameters a, Cu—X (X = S, Se) bond lengths I, Cu—X (X = S, Se)—Cu bond angle 0, , Cu—X (X = S,
Se)—Cu twist angle 0,, elastic tensor C};, Cy and Cgg, electron bandgap Eppp, Epgpos computed by PBE and HSEOQ6.

a/A N 61/(°) 02/(°) Ci1 (Cyp)/(N-m')  Cpy/(N-m') Cis/ (N-m'1) Epgp/eV  Byggos/eV
CuyS  5.02 2.22 70.78 21.38 34.7 2.3 19.6 0.23 1.15
CuySe  4.99 2.36 66.16 22.08 37.2 7.8 17.5 0.16 1.05
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Fig. 2. The electronic band structures and projected density of states of monolayer Cu,S (a) and CuySe (b).
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Fig. 3. Phonon dispersions and phonon density of states of the monolayer Cu,S (a) and CuySe (b).
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Fig. 4. (a) Lattice thermal conductivity as a function of the temperature; (b) lattice thermal conductivity of monolayer Cu,X (X =

S, Se) as a function of the MFP at 300 K; (c), (d) phonon lifetime as a function of the phonon frequency; (e), (f) phonon group velo-

city as a function of the phonon frequency; (g), (h) the Griineisen parameter as a function of the phonon frequency.

086301-4


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. 72, No. 8 (2023)

086301

(75 X A% T R A STk 6.4%. i AR
P =75 TR R RS 2075 A ), 300 K F
P F A SRR R WA 4(c), (d) PR,
P TR, = S R ARG R
SERRAR. BLAL, CuyS WAL S HAT HARAY 75 7
FEAH, M CuySelHR 73 = W2 S HA 5 (175 173
i, 5 CuySe LAY S P 3 AH T35 . (F A B4
SRR Z B TR AR, A 4(e), (f). &
s FACT R B IO T sk, X2 Cu,S
(CugSe), ZA, TA, LA P23 (I R 13U 53031
M 7.5 (5.7), 8.5 (3.6), 8.1 (4.1) km/s, 73 S5
SR 2D MR Ag,S (3.6, 7.2, 7.1) Fil Ag,Se
(2.3, 2.8, 3.3)BU AT, 75 A 2 THz i,
A7 P X0 T R (R DTRR AN T 28 S L2 Cu,S
HH L, CugSe HATEARAY AL L, X 7] g 5 HAAK
AR N2 ZA SCAESEIT I i R LM By A
37,
A S A P A AR N R,
JI A 7 R T BTRR R AR Slack FHIS,
An s AR 5 I | SR SRS R AR
A G, Rk B
. AMO3§*
v

1 _
H A= 6
i 14 1/7+8.3 % 107 /424’ M, 7, O,

8243 5 2 R F i i | Griineisen F 4 8RR FE 1
BE I BRI ST, R s T
i B R MY Griineisen £ AL 19 78 FF 5 5
Griineisen AT LAz it 75 - P 0 I 38 A5 A9 5
559, ERAE T IR AR Z ] 7 ¢ & B

. 1% (9wA’q
e = Wi,q ov '’ (3)

Ho Vv Flwy o AR FARBURR FAR. 768 4(g),
(h) H, XFFHZE Cu,X (X =S, Se), A X I8 1Y
PR BORAE S y TR, W IR R A
TOEIVE R, DA S804 iy o, Rk 3 A1 150,
BRI, #JZ CuySe Y TA BizUAI1 LA 504 v
TTRRAR A, T HLZ CuyS 19 =75 a2 S 80K

(2)

v XTHEEIR, B2 CuyS F1 CusSe FIFRK Griineisen
WY A 20.8 1 48.7, it KT Ag,S, Ag,Sel!)
H1 CSel) 8535 &I 2D (KT PR Rk, 22
JZ Cu,Se # KA Griineisen 2L X 4G 1) MFP
FAE T H N R (4 75 AR RN, S AR
s PR R TS R

RN A PR I — PR
A FEFER R A T 2O R T O

1 1 1 1 1
ailen e an)

Hop, BAFSSE 0 (i = ZA, TA, LA) #ito; =
hewimax /K VIEE, b il ks 53 31 2 387 B3 5 5 ORI 3% 2K
255 R BRE Cu,S Fl CuySe TEFEIREEAYT AR
B 111.7 #182.8 K, fiK T CdS (260 K) il Stanene
(198 K) SEfIk f A # R MR, 6 2 fioR. AT L
SHEWT, TR 247 Ji - o e AV 555 ) e LA
TR AT RE R A,

SR UL, 8t 5HAR 2D AR, TR K
PR A R L B D Rt P 7 - AR R A S B
CuyX (X =S, Se) HA LA T AR FH5A.

3.3 4N

T NITEREH L, iz R AL (Seebeck &
B R TR T IBUR K 2 s
PSR X T AARE, BT AR T Z 8] B
SR AR, st T8 RO RS L

- e (5)

Hrp e MRS, m R TARRE. AT
AR SAE R Ak At T4 R (R 0 FHAE Z R ) R —
Fb BT 5 1 7 1. R TR 5 Rl ad Bardeen
F1 Shockley $2 H TE AR S HR 5 1148 [44:

- eh3C2D

= kT my B2 ©)
Hr Cop M RIS B oIE AR R
B, mg BRI FA R E. I FREC,X
(X =S, Se)VBM Aty REat fai B4, X2k 11

e

H2D

® 2 ER T 2D MORHGFE R S A TEFRIREE Op MRS IA TR )

Table 2. The Debye temperature ©p and lattice thermal conductivity x; of following 2D materials at room temperature.
CuyS Cu,Se PbL,* Cds#l Stanenel Germanenel!
Op/K 111.7 82.8 69 260 198 352
k1 /(W-(m-K) ™) 3.25 1.93 0.09 0.78 5.90 2.40
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e T p BB D)3 K. X T B A R R
U, FEL5 R T R R B ST R Seebeck 2B
K. BRI, N 300 K i}, fRiBB2k i T
HZE Cu,S W p BRI n BB A B K PF 43510
1.1 mW/(m-K>)Fl 16.5 mW/(m-K?); #.JZ CuySe
1 p BUA n BB SR 1 B K PF 230 %128 6.6 mW/
(m-K2) F125.9 mW/(m-K2). fEHHER %8 T
HL ISR, TR 5 R0 e
BCE L, R 0 W B2 1 40 A R L — 2L, 7R
SCHASFAGAR.

255 HL T B s RECR T 7 i is TR
W R Cu,X (X =S, Se) AU (B BE 2R T
WEE AR WA 5(g), (h) Fin. BV, HZ Cu,S
7 300 K I} p BUFN n BB 20 W E R i) ZT 43
B2k 0.09 F1 0.75; XF T HLJZ CuySe, p BIFI n i
BRI IE T ZT 4350 0.63 F1 1.38. &l T,
H)Z CuyX (X = S, Se) Bt K ZT HI KT Seni
38 1 = PERE SR AR BipTes (0.61), GeSel*
(0.74), GaP5P (0.86). 4 & ik #] 700 K B,
JZ Cu,S Fil CuySe 78 n BURABIRIE T ZT 5
B 1.85 F1 2.82, & T p BURALIB AR L T Ay #4
HLOL(E 0.38 F11 1.7. A AHILEIURE CuySe X
b 2 ARk P AT ) R N AT s,
n BB T HRE Cu,X (X =S, Se) HAH &1
PHLPLIA.

#3 HJR CuX (X =8, Se) HYFMRIE: Cop IR TARTE m* (mo), BERFL B, B TR p MBI 7

Table 3.
tion time 7 of monolayer Cu, X (X = S, Se).

Elastic modulus Cyyp, effective mass m™* (mg), deformation potential constant F), carrier mobility 4 and relaxa-

Type Con/( Nem 1) m B /ev /(e (V-s) 1) /(1014 5)
h 8.0 1.68 4.1 1.9
Cu,S 34.7
e 0.15 2.1 7.4x10° 63.1
h 6.5 0.8 29.3 10.8
CuySe 37.2
e 0.2 1.56 8.1x10° 92.1
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Fig. 5. Seebeck coefficient ((a), (b)), conductivity ((c), (d)), power factor ((e), (f)), ZT ((g), (h)) as a function of carrier concentra-

tion for p-type and n-type doping of monolayer Cu, X (X =S, Se).
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Thermoelectric properties of monolayer Cu, X
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Abstract

Two-dimensional (2D) materials with lower lattice thermal conductivities and high figures of merit are
useful for applications in thermoelectric (TE) devices. In this work, the thermoelectric properties of monolayer
CuyS and CuySe are systematically studied through first-principles and Boltzmann transport theory. The
dynamic stability of monolayer Cu,S and Cu,Se through elastic constants and phonon dispersions are verified.
The results show that monolayer Cu,S and CuySe have small lattice constants, resulting in lower phonon
vibration modes. Phonon transport calculations confirm that monolayer Cuy,Se has lower lattice thermal
conductivity (1.93 W/(m-K)) than Cu,S (3.25 W/(m-K)) at room temperature, which is due to its small Debye
temperature and stronger anharmonicity. Moreover, the heavier atomic mass of Se atom effectively reduces the
phonon frequency, resulting in an ultra narrow phonon band gap (0.08 THz) and a lower lattice thermal
conductivity for monolayer CuySe. The band degeneracy effect at the valence band maximum (VBM) of
monolayer Cu,S and Cu,Se significantly increase their carrier effective mass, resulting in higher Seebeck
coefficients and lower conductivities under p-type doping. The electric transport calculation at room
temperature shows that the conductivity of monolayer Cu,S (CuySe) under n-type doping about 10'' cm 2 is
2.8x10* S/m (4.5x10* S/m), obviously superior to its conductivity about 2.6x10% S/m (1.6x10° S/m) under p-
type doping. At the optimum doping concentration for monolayer Cu,S (Cu,Se), the n-type power factor is
16.5 mW/(m-K?) (25.9 mW/(m-K?)), which is far higher than p-type doping 1.1 mW/m-K? (6.6 mW/(m-K?)).
Through the above results, the excellent figure of merit of monolayer Cu,S (Cu,Se) under optimal n-type doping at
700 K can approach to 1.85 (2.82), which is higher than 0.38 (1.7) under optimal p-type doping. The excellent
thermoelectric properties of monolayer Cu,S (CuySe) are comparable to those of many promising thermoelectric
materials reported recently. Especially, the figure of merit of monolayer Cu,Se is larger than that of the well-
known high-efficient thermoelectric monolayer SnSe (2.32). Therefore, monolayer Cu,S and CuySe are potential
thermoelectric materials with excellent performances and good application prospects. These results provide the
theoretical basis for the follow-up experiments to explore the practical applications of 2D thermoelectric
semiconductor materials and provide an in-depth insight into the effect of phonon thermal transport on

improvement of TE transport properties.
Keywords: first-principles, conductivity, thermal conductivity, thermoelectric
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