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1.18. {H3&F CuGaTey 1 CulnTey 4 L : f5 1K 2>
BEIRRIE. K, A0k UHAE N 7O 5,
A TSRS R, A3 m LA R R
B

MR B 5 DA B AR SE T 2 #vE
PORLEIPERE, FE S B TR — LE GRS 52 = A R
PEPERE A ORIk A S DL PhEeEs: O A
PR 1) 23 390 NER R IO 1 87K 5 44 A A
BRI B R AR

BT DL B IO S G B bR B RN 3 7K
%% 2 AR 7T CuGaTey Fll CulnTes F HL 45 P4
PR BT, M 2R R R R T TS T, R
ZAA CuGaTey M1 CulnTe, FHL I REIIRAE.

2 TEER

AR HE T2 B KBS, SR S T A
7154 CuGaTey il CulnTey ) AR ZE#). 7R
WHE, SR E W R U AL -
Perdew-Burke-Ernzerhof (GGA-PBE) &R 158 #t
KIRIZ BRI, FH R 0R #5140 B - F0 1 ) () AH
HARR. il ae EY SN, 1 ik AW se A
500 eV, ANAT 2 HLIH X[ k BB N 5x 5% 3. Cu,
Ga, In F1Te JEF M7 7201 9 Cu 3d'04s!,
Ga 3d'%4s24p', In 3d'04s24p! Fll Te 5s25pt. T
Broyden-Fletcher-Goldfarb-Shenno J7 ¥4, #id H
EIERM IERI SRR RIAR E 45 1. R &
R RERE /DT 5 x 10° eV/atom, T—NE ¥ LK)
YEFH J1/NF0.01 eV /A, JET1E i 7 1 5 37 B 1)
KALF/INT 5 x 10*A, kKB F1/8hT0.02 GPa, It
WA RIE R T BHEIEA RIS . SR g it
JG, R ARSI T H g . H WIEN2K )
A 5T CuGaTey 1 CulnTey Y HEL 25 14 12 HAH
KR, EHTEMITESEYSHRE N T:
Cu, Ga (In) M Te &+ 1 muffin-tin 4273 5l & &
2.5, 2.5 (2.5) F12.06 a.u.. ZEL Rye K nax AEHT
Ry o0, HAEHCA 8.5, @I X k s iU Sk, 28
— i FLIH X HL ke sHUCR 1000, 1T/ BEA B IATEIR
AT, BEREAIUSRMER 0.01 mRy/f.u..

FT 403k (1) Becke-Jonhson (MBJ)-GGA i/ LA
THE R RE A 4544, ] Boltzmann #4178 Wi 4 B
iy A5 R AN st PR AL T 20 5 T CuGaTeg A

CulnTe, FifricfetE. @St 5, ¥ kS fIME
B A 24000.

3 ZwEHitib
3.1 GBAEl

4 CuGaTe, 101 F1 CulnTey M [ & 4 £ 1
SEIEAE NV AR NAEL, SR J5 5 AR S Rk AT AR AL
CuGaTey 1t fb HF 45 & B 8 Bk a = 6.1125 A,
c = 122059 A, B8 KT SL¥fHa = 6.025 A,
c = 11.948 A XEH THATRAM L GCGCAR
e B A, B IE R 2 A R IR A R
CulnTey 04k (1) T 47 & 4% & B2 a = 6.3113 A,
c = 12673 A, g K T L% fHa = 6.201 A,
c = 12.379 A, {H P& K Z BN, B BT
HHIDEMIT RSB R E RGN, 5 Cu-
GaTeg Al CulnTes I & H E 2 thn = ¢/2a 77 7
72 0.9987 F11.004, & W 2 # A =& 58 56 1 DY [ 4
SER. FETARAI ks AL, R TR AT X R
MR R .

3.2 HEWLEM

NTEZ M CuGaTe, 1 CulnTe, H H T
SERRRAE, B T ILRETT SRS EE. AT
N, 5 — M R R SR 0 R 380 B ALl (LDA) A
GGA B #e S BRI LA 1 2 KR MG Al 22 S 1
REBSLME, 1M £E 2009 4E, Tran Al Blaha 2 H! 7 — fb
O3 A8 e SR ALL ¥ 7 2, i 44 8 S50k () Becke
Johnson (MBJ) # 12, MBJ %2 # K I 34 A% S5 (1)
GGA I LDA Ji UL 5 & 5 4% g it 52 3R 6 B
BRAE. AT R H GGA A1 MBJ-GGA W AT 18
kit 8 CuGaTe, 1 CulnTe, it 17 45 1, 1 545
B 1. WKL (a) AT LUE H, GGAIEL
TH 5 CuGaTe, M BERR T8 FE v 0.13 eV A I Al 218
18.0.088 eV 1M, {H 38 378 /N T H R R A0 S2 96 4
1.24 eV U5 FIXHF GGA T AT 7, MBJ-GGA it
ACLF T 5 B BEUE AN S50 B ek, AR 0.86 eV.
DAL, 6 T # HL o 1) 23 T T 2 25 T MBJ-GGA il
LA R B R IE ] BUF 3 CuGaTe, 2 H
FEREBR 2 Sk, A DA S TR AL T 1 AL Ay
M TR (R BE AT LT = 2% Re A5 ) 9 1 ke,
PR BT BB R ER, — & 2B MR RE
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NIRRT, X PR E BT RA AR T s p AL
SR A R A DL A THAR BB A A 43 Ak p Y
MR PERE R R INAE & LA E E A5, S256 |k
EIESE CuGaTey Fl CulnTey /& p Y2 FAK.
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Fig. 1. The calculated band structures of (a) Cu-
GaTez and (b) CulnTey with MBJ-GGA (solid lines)
and GGA (dash lines) potentials.

K1 (b) % T B GGA F1 MBJ-GGA it B8l it
I CulnTe, fig 5 45 M . 7T LLE 2I7E GGA iT
R, B E SR, ME T IR,
MBJ-GGA IERATHE R BERE N 0.56 eV, F1SL58
1.06 eV P2 285, CulnTey Fl CuGaTey B A K
LR REHr &5 M I, TRIRE & B R RE B 1) 2 Ak,
TO0 BT () B B FR R 2k FL AR R — SRR RE IR A
1M %

3.3 GRS M R

N iE— 25 T ik CuGaTey A1 CulnTey ) 14 i,
HETHENREESHC,, LR, EHHET P
SRR T T7 b &R, Fea v S 3R R S HL R
5E HERRAE 16

Ci1>0, C33>0, Cyu >0, Ces>0,
(C11 —Ci2) >0, (Ci1+Cs3 —2C43) >0,
[2(011 + Clz) + Cs3 + 4013] > 0. (1)

MFE 1A LLE B, CuGaTe, Al CulnTe,
P80 Oy BB 2 55 2 (1) B ALRR & VA
R 1 A AR 25 44 2 82 8 1. CuGaTeg(CulnTeg)
B 252 L i O /Cs3 = 0.996 (0.997),
Ci12/Ciz = 0.98(0.998), Cua/Cos = 0.999(0.967),
P B T 1, e A1 EA S 7 Rk 1),

Voigt A Reuss 73 7 45 t 1 #VE 28 Oy 518
Mtk B fIBI YA & G AR, 7E Voigt IEAL T,
R R By AT YRR Gy AT AR R R [

By = %(2011 + Cs3 + 2C12 + 4C43),
1
Gy = T5(2011 + Cs3 — C12 — 2C13
+ 6044 + 3066)- (2)

7E Reuss AT, RIS Br AIBY VIR E GR
Al LAFRIR N

_ (C11 + C12)C33 — 2C%,
T Ol 4 Cra + 2033 — 4Ch5”
GR = 15/(8811 + 4833 — 4812 — 8813

X 46544 + 3566)- (3)
Hop s = O RSB EIE . HILIZL T 14k
PSRRI B )

B:@, G:@. (4)

#1 CuGaTey fil CulnTey [FHESHL C;,, AFIEE B FIBIUIE G(HAL: GPa), LAEE p(HAL: g/cm?)
Table 1. The elastic constants (Cj;), bulk modulus (B) and shear modulus (G) all expressed in GPa, density

(p) in g/cm3 for CuGaTez and CulnTes.

C11 Cs3 Cuy Ces C12 C13 B G p
69.40 69.64 35.71 35.74 36.87 37.63 48.07 2591  5.67
CuGaTez . .
82.61171 954017  35[17] 31.817 516017 60417 51503 51018 5.89 13]
CulnT 60.48 60.67 30.35 31.54 35.14 35.19 43.63 21.55  5.71
PREE 0607 9311171 341017 31017 51.61171 60407 45[18] 6.10 [18]
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Hill 3L (AR AR A% & B AN BT 1A & G 31 T
1. CuGaTe, 1 CulnTe, P & KA TR & B #S
KTEIUIfiE G, RPREmEREENSEE
DIt G, HAR SR S50, Wiffs t o, Zener %
PR T A, B IREER Y 7IRR N

_1B-2/3G
2B +1/3G’
2044
Ao
" G+3B (5)

HEERHNF 2%, CuGaTes Al CulnTe, K
THFAEL 23 518 0.272 F10.288, 23T T 4 )@+ B A
FAEL 0.33 U Witk &b 7 2 1) A R 7 5 A
BrEEON Y. WE K Zener % 1) PR 2 RN

2.195 F12.396, i KT 1, ‘EAITH A 1R 58 09 3P 57
PE. CuGaTey I # A8 5 KT CulnTe, HI 4% IR
&, R CuGaTey I NI EEAHXT R, BILER— 7]
TERR, RAESVEIZ BN,

- P S AN R U R O T R R A
PIESEAR T NS5, S LR s E B Al
BIPRE G, TNawer 2t 5, 231 ] DL+ 4K R

T[] vg AN vy P
o \f /3B+4G ©

p NERINFEE. 751 1T L v
1
3
U1

o= 50+ )

]7% @

# 2 CuGaTes fll CulnTes HITAMALL v, AR T A, HIKEBE Y (H471: GPa), 7T W REE v Hh A3

v I E vs (BT km/s) DLRBEFRRE Th (47 K)

Table 2. Poisson ratio (v), Zener anisotropy factor (A), Young’s modulus (Y), transverse (vt), longitudinal

(v1) mean sound velocity (vs) in km/s Debye temperature (1Tp) in K for CuGaTez and CulnTes.

v A Y v vy Vs >
CuGaTey 0.272 2.195 65.892 2.138 3.818 2.380 232.017
2.072 3] 3.817 031 229 [3]
CulnTes 0.288 2.396 55.519 1.943 3.559 2.166 204.154
191 [22]
5B B3 T, IR E R R N RIS, BRI A ERHE 2 B R

h [3n (Nap 1/3
T S5
il ()] o

T b A kg 43 0] 2 3 BA e ORI B R 2% 2 A
N A2BTARAMAE S 82, n 20 FHrE 5, M
A FE. R 29HFIH T CuGaTey Fl CulnTe,
R F BB ) T o, DA vy, PR
vs LR ABFEIR B T, CuGaTes N ) A4 [ Y
) B 1 4H 43 ) /& 2.138 km/s A13.818 km/s, W K
F K4 2.072 km/s f13.817 km/s Pl CuGaTey
7 TR IR B T E S 2 232.017 K IS K T 92868
229 K B R4 EAA Y BB A0, 751 1 3
EFRE S, SRS RB SR, mit, @
FE 1 25 T8 R RN A IR R AR A A T T R 4y
Hr m A% AT R BB L. AT CuGaTe 1A R,
CulnTeo 446 AHXTEL/N 1 7 3 B IR FFIR T, &
Wk CulnTe, B # T W & /N T CuGaTe, 1,
ATER S TR F 5 T A Sz 45 R — 3 54,

TFRR T P i 240,

(T/TD)9R<;];> /OTD/T(feg) de, (9)

R = Nkp HAMHE R, € = hw/kgT. B2HBHT
CuGaTey A1 CulnTey 14 £ F 18 FE 425 Oy B i 2
BRI R FR. MNEIH AT LUE H, R RS A
FIE Cy A SLIR S5 B A — 3, iIX R
BB FF R IE & T U R AR R IR,
IR BT 100 KB, #SAE Cy B0 A0 45 & #4
BAECp SERAETT SR, MAE &R X, 5 Zou
S DR A — Mk R S 4 R — 8, BRE
SEOGAE fe i T AR PR, X B T S AR
Cy MEE RIS Cy BRI 51 R, FEAE
Cp CLIE S AR AL PR 43, o B DTk 3 40
e TR R, THEIR TR 2R T
BRA IS — 8B 43, iR R = T AR IR B I, A4 2R ) 4
FEI T AR R IR VA 2 AH Cy = 3nR.
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20 B
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|
S 60 .
z
iy
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3 40 B
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2 HEFEHECy  (a) CuGaTes; (b) CulnTes
Fig. 2. The Debye heat capacity of (a) CuGaTes and
(b) CulnTes.

3.4 MIEHRSE
RS E R A = SO =
%&wi@%%&ﬁ@@%%%.%ﬁﬁﬁw
(Matthiessen rules) W\ 4 i 4 H 2% B H5CSR AL 28 0t
A T4 6 ) 5 R T 52 T A B LR 9 18 T
2R, = S e R X SR [

() DT R, ot TR B TR AN B 45 32 SO s A Umk-
lapp 75 ¥ B o X PR EB 7. 32 S ECH A R R
AR, gt = ve/d. 4R FE T R A
Umklapp #5157k 5 F S A7, Umklapp S

I%E%%Eﬁ%ﬁy:_3%§2

parameter). 75T [P & M CL AR BT A 5%,

%mvfagq.ﬁﬁﬁ%%%ﬂEﬁEWJ%
T A TR 5 S, LS T
X4 S TR, I e 4 5T ey 29
MT36
,72N2/3T’

(Griienisen

Rl = A (10)

A=31x10"C 2 EMMEEE, M2
TSR, HAESE T 78 M BREL> T
JEFHIAEom; 63 ZoRBA T HF AR, N2
JEH R BT R AR NIRRT R ks 1
AR WK™t i~ 5 & M R LA T
JRENEAL 6 LA NN X T CuGaTey 14 5,
P A T RN Ky o 2869.96/T. K 3 (a) filiik T Cu-
GaTe, I da S P R BEIRZ IR R, REIETS
T A S VA Ak T 2wy, RS
4t Rl o 2888.53/T. W LU FIFE it 45 A1 H
IO E A 145 RARE, X EE T 7E 400800 K
T BESE A, R S R T R SRS T A T U
B DTk, M 1S X2 P Umklapp S5 A .
TR = &, CuGaTe 1 & 1 i A% #1 F F0N
6.7 W-m™ LK1, KT HAMR) Te FA4EL, 40 BigTes
(~1 W-m~ LK) BT PhTe(~2 Wem LK 1) 8],

10 . , : :
| ®m  Experiment values(3
s Linear fit N
0
i 4
D
g
3 -
=
<
(a) ]
0 1 1
1 2 3 4
1000/ T/K~
10 . , : :
®  Experiment valuesl4
8 |- Linear fit .
7
% of .
7
g
S 1
=
©
2 — —
(®) ]
0 . 1 . 1 .
1 2 3 4
1000/ T/K -1

3 RS RMEREENIKR, (a) CuGaTes Bl
(b) CulnTes M, =0 TF 75 TRAR RS2 U, 2R FR
A2

Fig. 3. The lattice thermal conductivity with temper-
ature, where black square represents the experimental
value of (a) CuGaTez in Ref. [3] and (b) CulnTes in
Ref. [4], the red line represents the linear fitting results.
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CuGaTey ] f A% TR AT RN k) = 2869.96/T
—2.86. J@IE LT 2 M7 AT AN, CuGaTeq [ A% #4
SRMEZ UK, EERET m R .

B 3 (b) 53R B2 CulnTeo I kS 24 5 R B IR
FEAL IR R, BEIE LI Y, gt
PEIL A S R Rl o 2366.46/T, 5 LI EA A
i B AHIE. CulnTey M df k% #4528 B IR B2 R0 1
a4 R CuGaTe, HUAHML. JT LT A WHE, K
CuGaTey Al CulnTey B il AT KA =, BT PA
A DL i PR ARG A A% A 3 BRI AR ok e i R A
PERE.

3.5 HFHIEMR

Kl 4 (a)—(c) 7 MR T CuGaTeq 7 #5 & i
JET = 300 K, 700 K A11000 K F [ %€ Ul 7 & %
S, SR B A o/7 DL IR F il
i8] S20 /7 BEAL 23 B G R, FTLLE W, 76
IR BE KI5 2% X3, S B 248 o {3 TV 38 Ok, (H 2
p A B R 1) S BE K K T n B K B R
FE R, S HE K TR R N, SR T 3G K,
S 1) 2 XA 3G 0 B B KAE S 88N,
—0.4389 < p < 0.3678 i, XFF[F—NBIRIKSE, S
{10 & 0} A il A I PR T R T e/ 4 < —0.4389
Al > 0.3678 i, S & X B 25 15 B ) 1 s T 14
K, HIE S CEMB/NT, XEWRERIKES
WA 5 A R T HE 5 CuGaTes 28 DL vw 2255

MEL 4 (b) F 0] LA B 2 g0 48 0HE 1 738 K
o/T WHE K, FFALRETE |u| > 0.5 KEREW, o/7
R IR PR . X RAE R p ML £n
MBI R K o/, mkES &G R T 5 Cu-
GaTey IHL T2,

BT SHo/r%E MBS, T3 CuGaTe,
R S%0 /7B p B R W 4 () BT7R. p
BRI n B X P M5 A A8 DL T 1 S20 /7 # 42 Bi o X
B 38 K3 K, BN, HMEET = 300 K
i, CuGaTey 1) S%0 /7 7 M fEpn = —0.5392 eV
Mp = 0.7526 eV &bk 3| & KAE, X B K
855 % H1.69 x 1017 WK~ tm 2.5 1 F11.31 x
108 W-K—tm=2.s71) 13X R B0 A0 30R T 1R &
REE 1035 CuGaTes 14 R 1 HL2EHIE MR RE, JF Hop 2
B RIIEE KT o 4B 6101, X Fp sk,
TP iy, B K T 2R IR 756 IO P A 2 3 v s R JEE X

A%, T o BB g, BRI AR 7 B AL
RIS X S 7%

2000 —
F(a) ——T=300K ]
1500 - o T=700K ]
1000 T=1000 K
Lo 500
Y ok
a L
—500
—1000
—1500 | .
—2000 L L !
-1.0 —0.5 0 0.5 1.0
2
=
G
>
i
=
~
b
12 T T T T T T
. (c) — 300 K
T --- 700 K
N 1000 K
v 8 ]
g .
B
o L \\ ‘\ ’\“
S 4aF S N PR
N / v / \“
~ ! o / Y
S ! \ s v
0 ,/ ‘\ . ,/ \‘\‘
/ N 4
0 LN Ny e
-1.0 —0.5 0 0.5 1.0
n/eV

K4 CuGaTe; MIEZH (a) HEINFLREG (b) HEH
LEah IZN A]; (c) ThEe B 7 L b g &

Fig. 4. The calculated transport coefficients CuGaTes
at 3 given temperature cases (7' = 300, 700, 1000 K):
(a) Seebeck coefficients S; (b) electrical conductivity
divided by scattering time o/7; (c) power factor di-

vided by scattering time S2o /7.

Kl 5 (a)—(c) 7 A HHIAR T CulnTe, 7 F8 2 I E
T =300 K, 700 K#11000 K F S, o/7 LA} S%0 /7
BE p A O R, BEAE p 4GB B 3SR, S B 24800
B e 1E R, X BNEE, B/, (H2 PN I I A
IR, p BB 1) S WEAE S R T n . K5 (b)
Al LLE B, o/7 JLT =2 B o 4a X5 5 1 3 KT
R, BT u < —0.8525 4. AT CuGaTe, 14
%, CulnTey 1 S%0 /7 1 FT 75 JE (M AL 2= A Y L N

156301-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 15 (2016) 156301

AP IEAE, JF Hp BB Rk R I E K F o
BRI

1500
1000
; 500
v
~
(/J 0
—500
—1000 . ! . ! . ! .
~1.0 —0.5 0 0.5 1.0
n/eV
2]
B
e
2
(e}
—
=
X
(3]
12 T T T T T T
() —— 300 K
= --- 700 K
2 I EE 1000 K
| - -
L8
g
3
S SN
~ 4 L \ -
& L \ AT
"/ \
Nb '/ \ / \
T / \
! \ 7 \
R
L //

0.5 1.0
n/eV

K5 CulnTe; #izZ% (a) EINAREG (b) HEFL
SR 8] (c) DHERE T L b IR )

Fig. 5. The calculated transport coefficients CulnTea
at 3 given temperature cases (7" = 300, 700, 1000 K):
(a) Seebeck coefficients S; (b) electrical conductivity
divided by scattering time o/7; (c) power factor di-

vided by scattering time S2o /7.

BT UL EWFTE, PLCuGaTey J i, #F 78 3 44
B ZT. {7 = 700 Ki, %t FpHis 4,
(820 /T)max = 5.6 x 101 W/(m-K—2-s). ihFH[H]
7 =AT /320 Kb r T, n 3 Hlbls, K, cm® A
BT, ARAESEIGE P A B T = 2 x 1071, IhER
K1 K208 S%0 = 1.12 m-W/mK 2. i fafk# G

Kl = 2869.96/T —2.86 = 1.24 W-m~ K1 i
fET = 700 K i}, CuGaTey ML ZT = 0.63,
KT BigTes [ 2T 18 P71,

4 %2 W

BT IR, ARSCHEAL T B A
CuGaTey A1 CulnTey B HL-F 454 3PS 4. #42
FRPE S A LIS PR, 930 A AL

1) W 5 T CuGaTey F1 CulnTe, [ BE T 45 #4).
PR AE s T A (9 B A #1842 Eh 6 B R T TR AT
B, A BT AR IR, ERE B R R B
MBJ-GGA bt GGA I LA BE B K i M Al S5 2 1) R
BeA.

2) B R B SH, R T T,
W TSR WS FUEW T 7E 300800 K 1)
BEVEEN, CuGaTey M1 CulnTes B fm g #VFH F
BERVR T 75 TR, A O 2 B Umklapp
B 9 3. CuGaTey Ml CulnTes 1 df g #4 T 82
. B, AT PR A A S R — D R R R
{10 A R

3) W 7t T CuGaTey A1 CulnTe, F # L P 57,
48 SR B I 5 2% U T R TR T DU — P R
ek R B3R R 7, 4R R B B 1 DR R T

U A TR R K SRR SR AL T B S

Sk

[1] Charoenphakdee A, Kurosaki K, Muta H, Uno M, Ya-
manaka S 2009 Mater. Trans. 50 1603

[2] Yusufu A, Kurosaki K, Kosuga A, Sugahara T, Ohishi Y,
Muta H, Yamanaka S 2011 Appl. Phys. Lett. 99 061902

[3] Plirdpring T, Kurosaki K, Kosuga A, Day T, Firdosy S,
Ravi V, Muta H 2012 Adv. Mater. 24 3622

[4] LiuR, Xi L, Liu H, Shi X, Zhang W, Chen L 2012 Chem.
Commun. 48 3818

[5] Zhu Y, Zhang X Y, Zhang S H, Ma M Z, Liu R P, Tian
H Y 2015 Acta Phys. Sin. 64 77103 (in Chinese) %k,
TH T, KR, LI, X HF, HEH 2015 WK 64
77103]

[6] Sun Z, Chen S P, Yang J F, Meng Q S, Cui J L 2014
Acta Phys. Sin. 63 057201 (in Chinese) [fMEL, B/ T,
WML, T KRR, 8k 2014 Y75 63 057201]

[7] Xue L, Xu B, Yi L 2014 Chin. Phys. B 23 037103

[8] Blaha P Schwarz K, Madsen G K H Kvasnicka D, Luitz
J 2001 WIEN2K, An Augmented Plane Wave+ Local
Orbitals Pro-gram for Calculating Crystal Properties
(Wien, Austria: K Schwarz, Tech. Univ.)

156301-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.2320/matertrans.E-M2009810
http://dx.doi.org/10.1063/1.3617458
http://dx.doi.org/10.1002/adma.v24.27
http://dx.doi.org/10.1039/c2cc30318c
http://dx.doi.org/10.1039/c2cc30318c
http://dx.doi.org/10.7498/aps.64.077103
http://dx.doi.org/10.7498/aps.63.057201
http://dx.doi.org/10.7498/aps.63.057201
http://dx.doi.org/10.1088/1674-1056/23/3/037103

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 15 (2016) 156301

Madsen G K H, Singh D J 2006 Comput. Phys. Com-
mun. 175 67

Bodnar I V, Orlova N S 1986 Cryst. Res. Technol. 21
109

Avon J E Yoodee K, Woolley J C 1984 J. Appl. Phys.
55 524

Johnson E R, Becke A D 2006 J. Chem. Phys. 124
174104

Zhang X Z, Shen K S, Jiao Z Y, Huang X F 2013 Com-
put. Theor. Chem. 1010 67

Jaffe J E, Zunger A 1983 Phys. Rev. B 28 5822

Singh D J, Mazin 111997 Phys. Rev. B 56 R1650

Tao X, Jund P, Colinet C, Tedenac J C 2009 Phys. Rewv.
B 80 104103

Verma A S, Sharma S, Bhandari R, Sarkar B K, Jindal
V K 2012 Mater. Chem. Phys. 132 416

Bachmann K J, Hsu F S L, Thiel F A, Kasper H M 1977
J. Electron. Mater. 6 431

Kumar V, Tripathy S K 2014 J. Alloys Compd. 582 101
Shao D Y, Hui Q, Li X, Chen J J, Li C M, Cheng N
P 2015 Acta Phys. Sin. 64 207102 (in Chinese) [fl#5k

21]

22]

23]

24]

[25]

[26]

27]

156301-8

, BB, B BRELA,
207102]
Ouahrani T, Otero-de-la-Roza A, Reshak A H, Khenata
R, Faraoun H I, Amrani B, Luana V 2010 Physica B
405 3658
Verma A S, Bhardwaj S R 2006 Phys. Stat. Sol. 243
4025
Schreiber E, Orson L 1974 Elastic Constants and their
Measurement (Mishawaka: Better World Books)
Huang K, Han L Q 1998 Solid-state Physics (Beijing:
Higher Education Press) p125 (in Chinese) [#% R, #iik
¥y 1988 [EAEY: (AbE: mSEHE HMR) 28 125 1]
Zou D F Xie SH, Liu Y'Y, Lin J G, Li J Y 2013 J.
Alloys Compd. 570 150
Leibfried G, Schlomann E 1954 Nachr. Akad. Wiss. Got-
tingen Math-physik Kl. 2a 4 71
Tang X F, Xie W J, Li H, Zhao W Y, Zhang Q J 2007
Appl. Phys. Lett. 90 12102
LaLonde A D, Pei Y, Wang H, Snyder G J 2011 Mater.
Today 14 526
Ong K P, Singh D J Wu P 2011 Phys. Rev. B 83 115110

A, PR B 2015 WFLEIR 64


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.cpc.2006.03.007
http://dx.doi.org/10.1016/j.cpc.2006.03.007
http://dx.doi.org/10.1063/1.333058
http://dx.doi.org/10.1063/1.333058
http://dx.doi.org/10.1063/1.2190220
http://dx.doi.org/10.1063/1.2190220
http://dx.doi.org/10.1016/j.comptc.2013.02.002
http://dx.doi.org/10.1016/j.comptc.2013.02.002
http://dx.doi.org/10.1103/PhysRevB.28.5822
http://dx.doi.org/10.1103/PhysRevB.56.R1650
http://dx.doi.org/10.1103/PhysRevB.80.104103
http://dx.doi.org/10.1103/PhysRevB.80.104103
http://dx.doi.org/10.1016/j.matchemphys.2011.11.047
http://dx.doi.org/10.1007/BF02660497
http://dx.doi.org/10.1007/BF02660497
http://dx.doi.org/10.1016/j.jallcom.2013.08.025
http://dx.doi.org/10.1016/j.physb.2010.05.061
http://dx.doi.org/10.1016/j.physb.2010.05.061
http://dx.doi.org/10.1002/(ISSN)1521-3951
http://dx.doi.org/10.1002/(ISSN)1521-3951
http://dx.doi.org/10.1016/j.jallcom.2013.03.174
http://dx.doi.org/10.1016/j.jallcom.2013.03.174
http://dx.doi.org/10.1063/1.2425007
http://dx.doi.org/10.1063/1.2425007
http://dx.doi.org/10.1016/S1369-7021(11)70278-4
http://dx.doi.org/10.1016/S1369-7021(11)70278-4
http://dx.doi.org/10.1103/PhysRevB.83.115110

) I8 % 48 Acta Phys. Sin. Vol. 65, No. 15 (2016) 156301

The first-principles study of electrical and
thermoelectric properties of CuGaTe; and CulnTey”

Xue Li'  Ren Yi-Ming

(School of Electronic and Information Engineering, Hubei University of Science and Technology, Xianning 437000, China)
( Received 23 March 2016; revised manuscript received 31 May 2016 )

Abstract

The thermoelectric material is a kind of new functional material, which can convert industrial waste heat and auto-
mobile exhaust into the available electric energy by the interaction of carriers. It is widely used in energy, environment,
national defense and other fields. For the research of thermoelectric materials, it is the most important to improve the
conversion efficiency now. Due to their unique structural properties, the ternary chalcopyrite semiconductors I-III-IV,
(I=Ag, Cu; III=Al, Ga, In; IV=S, Se, Te) display the better thermoelectric performances at high temperature. Many
studies show that there are many ways to improve their performances. In order to optimize their thermoelectric efficien-
cies the structural, elastic and thermoelectric properties of CuGaTes; and CulnTey are studied by employing the density
function theory and semi-classical Boltzmann transport theory within the constant time approximation. The electronic
band structures are calculated using the Tran-Blaha modified Becke-Johnson potential (MBJ-GGA) and the generalized
gradient approximation (GGA). The calculated band gaps with MBJ-GGA of CuGaTezand CulnTe; are 0.86 and 0.56 eV,
which are more accurate than the calculated values with GGA. The shear modulus, and Young’s modulus and sound
velocities are determined from the obtained elastic constants. The constant-volume heat capacity is estimated based on
the quasi-harmonic Debye model. The calculated temperature dependence of heat capacity agrees very well with the
experimental result. Below room temperature, the heat capacity increases quickly with the increasing of temperature.
Above room temperature, the heat capacity approaches to the Dulong-Petit limit. In paper, we assume that the lattice
thermal conductivities of CuGaTes and CulnTes are mainly from the phonon scattering. And the phonon scattering is
dominated by Umklapp scattering. The calculated lattice thermal conductivities can fit the form ki = A/T — B in the
temperature range of 300-800 K. For CuGaTes, A = 2869.96 and B = 2.86. The fitting result well approaches to the
experimental values and other theoretical results. Based on the calculated band structures with mBJ-GGA potential,
the transport properties of CuGaTez and CulnTez each as a function of chemical potential at various temperatures are
investigated. The values of Seebeck coefficientS first increase and then decrease for n-type and p-type doping at low
carrier concentrations, which are consistent with the previous results. Electrical conductivity divided by scattering time,
i.e. o/7 increases monotonically with chemical potential increasing. The power factor divided by scattering time, i.e.
5% /7 first increases and then decreases with chemical potential increasing. The magnitude of S%o/7 increases with
temperature increasing. Besides, it is found that the value of S?0/7 for p-type doping is larger than that for n-type
doping. These results show that optimizing the carrier concentration can improve their thermoelectric performances.
In order to calculate the electrical conductivity, in this paper we estimate the scattering time 7 from the experiments
of Ref. [3]. The CuGaTez at 700 K possesses a figure of merit 0.63. These calculated results show that CuGaTez and
CulnTe, both are good thermoelectric materials with p-type doping.

Keywords: chalcopyrite semiconductors, thermoelectric materials, Boltzmann theory, first-principle
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