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VAR, =0 451 (RIS & NIH 45
1) 2 FARTF IG5 AR Tz %k, Hom A nr
LA BT (- 3y ML 1y g 1) Vo, FeH BAYEIAT Cu(Ag)
GaTey, AgIn(Ga) Sey 25 [19-23] X HL{ T, T11, VI 4>
AR DRI AT VIR G, CulnTeq & H 1)
—Fp, 5 H AL = SO BT A — BUN R, X MR
A B BH 25 5 BB T (Ingf +2VEL ) (DADPs), (H
Hi InZ FoR In J& 1 98 7E Cu R 107 B 1) IR 4544
Beb, 2VET Fon 2 A Cu i 723 6r) B4 R,
F DADPs #1523 2VE T At 3 In2 2 18] (¥4 B
L, E 5 BRI T e A 2920 S8 CulnTe, H
BT IR AR R, W26 S5 ] BT E CulnTe,
o3 I BN 2% 5 T 2 Zn A LR 45 R Tk
FE, B[R K T Cu—Te B (dow o) KAFH T
In—Te 880 (din o), BILZE/N T BT FHPHES T2
] AR 2 (deu e — dinme). X ERE fA%HL
2 AR DN, S WA AR e, BRIl 75 1
iz Re S e,

# 2 3 Mn [ H 7HE (1.55) /8T Zn(1.65), i
In ) B A P (1.78) /N T Cu(1.90). R b7EF i |,
*47E CulnTe, 1 I Mn JC % 5, Mo AT 5 47
fE Cu i B, i Al & AL AE In Bz B 1 & 52 32 B G
Mny,. &k, A8 2 £ VI IR E N &g
e 12800 A A TR 3 Cug-Tey, Z 18] HIHE ST 714 2
Pk 12410 T 51 A AR 4 4 B4R 44 R Seebeck
AEPL P, Mn 5 6L 7E Cufr B G, & AT g
2 97 )5 Cu—Te B BH (dey—me) B K In—Te B HH
(din—e ), XA P XS BH BH 25 - 2 [A] Fr) Bk 2 22 38 K,
e A HLH R IR, M T 60 7 s e

MRHE L A8, ATt —FP 3T Cu HiB 4%
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2 Mn & B EAKE, Mn e &5 G0 In 7 & H
2 Mn S EINE 2 = 0.1, Mn 7] [ 5 6727E In
M CufrE. HIT Mn 5O HLEE Mn & 810 2
AR R G TE R — 5 Mn & &, MRS R TR
A& S SHOE TS BT, IS T AR
A PERE.

2.1 HmblE

NERAE R Mo 5 ALE Cuf B, B AT
TR T Cuy_,InMn, Tey (2 = 0.02, 0.05,

0.1, 0.2, 0.3). 4z TR =FIcE (Cu, In Al
Te) LA K3 & ) MnTe(20 B #4176 5 N LL_E) 4 51l 3
PAEATE T, SRIGTE R SR 1373 K NI HRE Ak
24 h. &G MRN8V #2650 K R 240 h,
RIS FRAEN B =R, X PG BT 20T DL OR 3RS
BRI S5 R R 120,
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S8, R AR, & RPN SH (Uiso) P
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810 K. ¥/ 1% B i Archimedes VAN = 3K, R
W15 1 %85 B2 | B IR ORI LE Bt A AR A2
WMFE (k). BT IFE (k) I Wiedemann-
Franz ®&# ko = LooT %5, IX B Ly /2 Lorenz
WA, BUE Ly = 2.0 x 1078 W-Q-K2BU, ¥4
AN [FIFE i 3 2 MR B

3 ERERSiTH
3.1 Lot

K1 8% Mn J5 & A8 Cuy_ . InMn, Tey (z =
0.02, 0.05, 0.1, 0.2) {1 XRD 2 #r i . 1 & AT
B, fEx <02CF A, MR B A SR 451
CulnTey (PDF: 65-0245), i B Mn & A [ % 2
STy ARTY ST

—

[a\}
E CulnTey
PDF: 65-0245
2 )
h=] x
E T S
. + = — 0 © 0 © o
USSR IRE
S SN S z=0.2
B
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1 L JL J\ A A A — 3
< L J‘ z =0.05
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0.2) {1 XRD ik
Fig. 1. XRD patterns of the Cuj_zInMn;Tez (z =0,
0.02, 0.05, 0.1, 0.2) powders.

N iE— BRI Mn [ F 52, 95 AR T
TE B 25, TATR G TE (XPS) 7047 7 %7t
FIEAS REe. IR EOR RIS B, R4
FEREAHT T 7 Mn &= & R (Cug.7InMng 3Tes)
f¥)Mn 2p3/2, Cu 2p3/2, In 3ds /o Fl Te 3ds o 4
4B (BE), 35 K45 4% CulnTe, [f) BE{H P73t 4T
LLEE o0 41, BEE 2 HT iR ZE 2978 £0.01 eV, &5 5 I
# 1. Cug7InMng 3Tey 5 AAME CulnTe, ) XPS it
FILE 1. BT Mn 2pg o S B HLBAR, R XPS
T P 0 45 1 LR, (BB 2 T DA M 2ps 5 (19
BE {8 H1#.J5i Mn [ 638.8 eV 321 BN 7 641.1 eV,
X5 MnO & MnS H Mn [145 4 8 (~641.0 V) 122
BB, U Mn &2 B ThHE BB & A
gifh, JHE MDY, 5 Mn 5 Cu 2ps o i B
(L A et N S N v 22 1 W (ER S
73 M, Cu 2ps ) KIBEE 4 932.5 eV, #iL T Cu'
(932.6—932.8 eV) 331 1 XPS 3% & v % 47 H 8L T
Biug, vfUELE S SF HA Cut. B TERS
Mn #1145 Mn J5 BIFE 5 7 Cu 2p3 - (K BE B %A
TR, Y Cu-Te 2 M [ 45 & 5 % 72 B 0B A
K. {HIBZAT )G In Fl Te (045 G REH R AE T AN AR
& B AR Ak, Horh Te BRI N . 5 2% B Te 11
L5EHEN5T2.6 eV, 8445 Te 3ds o Fl Te 3dz/5 ¥
BT XU, 5 R miRe T MR8 Bl IX &
T Te s &R 5 H AP RBAR I Mn G 3 s 550
Te 3ds /o F1Te 3dg o = A FAALFE BT 2L, RIS 4158
B Mn L2 598 AE In 80E Culi B 5 Te i &R
JlE. 515, B2 Mn J5 In 3ds o (11454 RE S A 1Y
1, M 444.6 eV B3 445.1 eV, £ T In3t 1 BE
{H (444.9 V) BH3L AT LIS Mn J&, In fll Te #§
TCR ML G R FE A it .

#1 CulnTez M Cup.7InMng.3Tez i Mn 2p3/5, Cu 2p32, In 3ds /o M Te 3d5 /o HILFHE
Table 1. Binding energies from the Mn 2p3/3, Cu 2p3/2, In 3ds5/2, and Te 3ds5,3 core-level photoelectron

spectra for the CulnTez and Cug.7InMng 3Te2 compounds.

Compound Mn 2p3/5/eV Cu 2p3/p/eV In 3d5,2/eV Te 3d5/2/eV
CulnTeq 932.5 444.6 572.6
Cug.7InMng3 Tea 641.1 932.5 445.1 576.6

I 2oL AR 6 IR A 2R IO T SR B 9 SR
Eq {43, 5 Mn JEPRHKDGRGE JE %A W1 2
AR ARG By 76.0.70—0.78 eV [, $iHi#5 Mn
JEEE R BRAK, AR 2.
il 3d XPS 43 1 % B Mn & 4 [ % 3 CulnTe,

(A%, SRR In A Te UG R Z B 45 S REH
BT R E, HE B A 345 Mn i 58 BRI 5 A2 (E B
Nt — 5 1 E Mn 9 o5 71 3 (SOFs), & AR B
Mn J& B XRD #3547 Rietveld 45 K9k5 5. % &3
TEAAE CulnTey 15 K& In J& 7 (HAL7E Cu i B IE
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85 A e B Tyt (1 = s 29260 33 B Cu R K AT
RE A AE In o7 B PRI ERATT R S — Fhoh A
wr:
Model: (Cu, In, Mn)y,(In, Mn)yp(Teo_s)sq
EZR Y, 4a A7 E 5370 B Cu, In A1 Mn (54,
1M1} 4b 17 & In 1 Mn 745, &P

SOF(Cu),, + SOF(In),, + SOF(Mn),, = 1, (1)
SOF(In), + SOF(Mn),, = 1, (2)
SOF(Mn),, + SOF(Mn),, = 0.02,0.05,0.1. (3)

e R FR2., @I Hr A, 2 Mo
BHEACH (z = 0.02, 0.05), Mn 7 In {7 ) 5 A7 &
(SOF(In)) =T Cu iz E. ¥iHH Mn fi5e S A7 7E
Inf7 . {H24Mn&EH K/ (2 = 0.1), MnfE Cu
AL E K A (SOF(Cu) = 0.0589) B & 5T Infir
B AR (SOF(In) = 0.0498). b4k, MR 2,
MA/DEIn HECUILE. KRBAME MnEN
x = 0.05 BRI BHORAZ 5 LA LA 3.

#2 Cui_InMngTes MIFEBL R R SHL
Table 2. Structural parameters and refinement de-
tails for Cups-poor compounds (Cuj—zInMny Tes) ob-

tained by rietveld refinements.

Parameters x = 0.02 z = 0.05 z=0.1
Cation 4a
SOF(Cu) 0.9800 0.9500 0.9000
SOF(In) 0.0904 0.0646 0.0411
SOF(Mn) —0.0704 0.0146 0.0589
100 Uiso (A2) 2.085 1.360 2.436
Cation 4b
SOF(In) 0.9044 0.9097 0.9502
SOF(Cu) 0.0000 0.0000 0.0000
SOF(Mn) 0.0956 0.0903 0.0498
100 Uiso(A2) 2.533 2.005 1.955
Anion 8d
SOF(Te) 0.9835 0.9857 0.9942
100 Uiso (A?) 2.025 2.291 2.056
TTe 0.229317  0.229686  0.228712
Reliability factors
X2 1.612 1.841 1.991
WRp 0.0913 0.0994 0.0975
Ry 0.0711 0.0786 0.0743

3.2 WIS

B2 MR AR IR R R, HFE AR
fiE CulnTe, M FAHEPERE M LLEL. TEARMERE DL T, W
IR HRE IR HIAE 720 K BAR. 4 I0iR & T
720 K I FE S AR T, J5L IR o AE 4k 2R R
FH 1 2 41 8L 1) Seebeck R (o) ¥4 IEAH, 1B 22
p-B Sk Bk BB, o iR Mo & &R N5t
KGR M2 = 0.05Q443.0 K o ik 5 %
KB 353.8 pV-K~!. fEmEll R 810 K o &
9229.0 uV-K—1, 5 HAWM R AT, WA 2 (a).
B2 (a) H 4G BN TE B X R T8O L. B2 (b)
MR SR (o) BIRERRR. EREKTY
720.0 K I, T A4 BHE o 18 25 6 i B T s i 48k
R SRR, (E 9IRS T4 720.0 KB, &
Mn BB FE MR (2 = 0.1, 0.2) 2 o (I RHE
22 FE e RIRFE 810 K I, 2 = 0.05 (#4klH:
o fHN2.3 x 10* Q~1m™Y), Hz = 0.1 KATEHEIE
718.0 K i o {HiA i KME 2.13x 101 Q~1m~1). 4
z < 010, SAPRHE S A% T 2 E (k) JLT- 3B
R IR, W2 (c). HEET > 760.0 K i,
B Mn BB S EHE ko, (SR TBARAEHE o, (A
Biltnx = 0.1 81 0.2 A8, 7E 810 K I H kr, 7351 4
0.94 f10.78 W-K~'m~!, 1fj z = 0.02F10.05 [{J#f
Kl Hokp H80.67 710.69 WK Lm=. 2 (c)H
104 B D A e Tk XN e, (B FRTBOR . 1B 4 9 e
SRk HBRENXR, c SREMXRMES kL
FHIF], UL SR A% #A T R A AL P B e 3 AR A

gia B =2 8000 o i, J-A1E E
B ZT 5iREZ MR E (K 2(d)). B ET &,
FME ZT 33K, iz = 0.05 44 kL
£ 810.0 K I 15 2 fr KfH 0.84. X —MEREA 2K
% 2% CulnTe, () 25 2750 W 45 Zn 5 1 ZT 14
(0.69) 27K 0.15.

Ntk — PR E S Mn Ja MR RE 5 A
BT His 2 T BB R, AT T PR Hall &
 (Ry), FFTHRE MBI TR (n) FULFEE (1), 45
RWA3. AT K, nfE BE Mn & 5 53 g
K. Mo =01 HEKnEH1.0 x 10** m=3, 1=
x> 01K nEHIFE T MRNEER (1) &
WIEAR G ER TR, XAZLE 2 = 0.05 K3k
BT RKpE (1.50 x 1072 m2.V-1s™1)., 7k
FER P25 Mo 0 A5 LA 8. 24 Mn & ERUK
B (2 = 0.02, 0.05), Mn Je &5 5 A7 7E In A7 B P
2 F BRI Mng, (R2). B Mn & 835, 52 E 6k
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B Mg, WK, BRGA AL N 30 16 n fB (25 73R
TIREE) I K. (B Mo & E#— P KE
(x = 0.1), Mn 7] [0} 546776 In 1 Cufz &, BLE,
B 7 R] A 87 B Ming, A, 38 R R A i BB
Mng, . T AR A B 28 2 7= AR
AR A 3R TR B 3G K /B %, R = 0.1/
BB T HRKME. S Mo F RPN AE, BT
F Mng, WK, SEERTREnE TR X
BARTEx = 0.05, 0.1 K3k 7 K5 R 1 R A,
R TR BE AR AT AN BE fif R Seebeck FREUTH
BAHEE. FOAEREICT 2600 KK 2 = 0.05 1)
¥} Seebeck REUR K, TFEz = 0.2 Seebeck %
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- (a) 2
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2 (MTIEM) Cui—zInMngTes (x = 0, 0.02, 0.05, 0.1, 0.2) f# M RE

E AR REER /N, X B BR T B TR X — A
FULAMEA MR 2=, 0 i A 8Un =55, 3t
[) 5 M A4 ) (1) Seebeck REL. 4% T 700 K /5,
MR o [HAR A K, HZRIPAZE R Z IR Z A,
— e, Y = TR AR S5 AR R R G B BH
51 1A PR B A AR, B Rew e = Rin—me, FE
GERBRE S B u = 025, n = 1. (Hil1 T Rk 45
Wy A% B, AN AR BH B 1] 1 R B AN AH 5%, R
Rou—Te # Rin—1e, FIB, ISEL (u, n) 22
IEHAE, Blu # 0.25, n # 1. KR 45/ B2
0 (u, n) BEFAHE FEPEEE Ry 1e — Rou e
e AT VPAN = JC B A S R DR A S PR R AR

2.5
| Cu;_,InMn,Te,
20F—®—2x=0
0 | —@— x=0.02
§ ,5L—A—2=005
7 | —v—z=0.1
G —4—z=0.2
S 1.0
el
~
b
0.5 -
0 (b)
[N NI RN BRI R
300 400 500 600 700 800
T/K
Cu;_,InMn,Tes
0.8 —a—x=0
§ —@— 2 =0.02
£ 067 —A—5=005
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5 g4l ~—E—z=02
g L
=
o0
= 0.2
(d)
() Lo

300 400 500 600 700 800
T/K

(a) Seebeck R (), i ZETE S

R RIBORE; (b) T3 (0); (c) @EHRER (), HHER MR THRBORE; (d) #BMmE (27)
Fig. 2. (color online) Thermoelectric properties of the Cui_gInMnzTes (z = 0, 0.02, 0.05, 0.1, 0.2) com-

pounds: (a) Seebeck coefficients (), inset is the magnified plot at high temperatures; (b) electrical con-

ductivities (o), (c) lattice thermal conductivities (kr,), insert is the magnified plot at high temperatures;

(d) thermoelectric figure of merit (Z7)).
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Fig. 3. (color online) Mn content (z) versus mean
cation-Te distance derived from rietveld refinements

using X-ray powder diffraction experiment.
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Table 3. Solid state parameters of solid solutions of the Cuj_;InMngzTes compounds measured at RT.
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Abstract

In thermoelectric (TE) semiconductors, there are three physical parameters that govern the TE performance (i.e.
Seebeck coefficient (), electrical conductivity (o), and thermal conductivity (x)); they are interrelated, hence it is hard
to optimize them simultaneously. In order to improve the TE performance, we need to further explore new materials.

Ternary chalcopyrite (diamond-like) I-IT1I-VI; semiconductors (E; = 1.02 V) are new materials of the TE family,
which have potential in conversion between heat and electricity. Since in the ternary chalcopyrite structure, such as
Cu(Ag) MTes, there is an inherent Coulomb attraction between charged defects Mzct( Ag) and 2V6u( Ag)
pair, i.e. , metal M-on-Cu or Ag antisites and two Cu or Ag vacancies), hence the electronic and structural properties

(a native defect

can easily be tailored if these two defects, along with the creation of other defects, are modified through the introduciton
of foreign elements. Besides, the ternary I-III-VI; compounds often show tetragonal distortion because u # 0.25,
n = c¢/2a # 1 (here v and n are the anion position displacement parameters, and a and c¢ are the lattice parameters),
and the cation—anion distances are not equal (dcy—Te # din—1e). Any occupation by foreign elements in the cation sites
of [-1II-VI, will cause the redistribution of bond charges between I-VI and III-VI, thus leading to a tiny adjustment of
the crystal structure and altering the phonon scattering behavior.

In this work, we substitute Mn for Cu in the chalcopyrite CulnTes and prepare the Cu-poor Cuj_zInMn,Tes
semiconductors. Investigations of Z-ray patterns after Rietveld refinement reveal that Mn prefers In to Cu lattice sites
for low Mn content (z < 0.1), thus creating Mn;, as an active acceptor, and improving the carrier concentration (n)
and electrical conductivity as Mn content increases. However, Mn can either occupy In or Cu sites simultaneously
when = > 0.1, and generate both the donor defect MnjCLu and the acceptor defect Mn;, . In this case, annihilation may
occur between these two defects, allowing the reduction in both the defect and carrier concentrations. Because of the
annihilation between the two defects, two values (|Au| = |u — 0.25] and |An| = |n — 1.0]) reduce, this only yields a
subtle change in the difference between mean cation-anion distance (Rim—re — RouTe), indicating a small distortion
tendency in lattice structure as Mn content increases. Because of this, there is a limited enhancement in lattice thermal
conductivity (k1) at high temperatures. As a consequence, we attain an optimal TE performance at a certain Mn content
(z = 0.05) with the dimensionless figure of merit ZT = 0.84 @ 810.0 K, which is about twice as much as that of Mn-free
CulnTes.

Keywords: thermoelectric performance, ternary chalcopyrite semiconductors, CulnTes, defects
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