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B2 HL, T 0 T2 H R e ) BHAR AR A 5 R
K17 eV A, TG E (CdMnTe) 8 BEATBHE K

BH G 8 9 FL PN A e AR e i TR PR RE
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Al Ak T HOG HL R 3 B8OR B 2 e, R IAE 390—
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B G HL PERE . 2019 4, Chander Fil Dhakal't! 5%
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R T = CH BRI T & SRR K T2 %
4. 2020 4F, Olusola 45 U SR HX ALl AR B AR TE
AN TA) BA A F A R il 25t op AR n AU S LAY
CdMnTe R, 525 LRI, NG R EAL
A K CdMnTe HARAEIR K530 p BT HL, X
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IRZE. AH LT IR A R S, B Ty T A B 6 DL
i, Jf H R X R MR AR B BT
2014 4F, Shafaay? SRH) LRI, (GGA-PBE)
HIEXF CdS # H 2 Es i T iiil, It
A TERE N 2.66 eV. 2016 4E, Gueddim %5 231 @ i
VT KPS AT CdMnTe WIZ AL F-45H0 556
VERTHEAT TS, HEIE 0T TR Mo & &
) CdMnTe g A BE 45445 SO TE . 2020 47,
Ichuk 45 P4 FEEARELL N, #4171 CdMnTe 30 )
PSS, ISR T RS, 456 Kramers-
Kronig J7#2, 193] 7 5 5250 B AHAT 194 LG =
FRESHHEECS RO

CdS/CdMnTe 5 it 45 i) L 1 HL B A X4 2
= CdMnTe A FHAE A th Y PERE B H L, (H
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WF5E. A SCH#E CdS/CdMnTe S35t 45 FL i J5 14

AHEAE A, 55—t SR R s, RS
CdS, CdMnTe T A K 5 57 45 5t T 1 G2 vk o
34T CdS/CdMnTe FTH A . Mulliken Hfif F1 2543
HLfT S LA PE T, IR PR I e BT A A ) 5 S
S BRI H B A0SR, % CdS/CdMnTe
B B CHL R RE A IR AR T f#, X2 CdMnTe
PRI 22 F L 8 DG L A OR AT Pl
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CdMnTe & Mn Ji 3 5r BUfX CdTe 4
1) Cd MIE ) = oG, 78 d vy 3R TR A X
CdTe 1 CdS W fA& S5 HHEAT T AH5E, TR0
AR H BN 1 BT AL X HE R T B T LA
ARSI T 5 ORGSR 21 £5 B30T

# 1 CdTe fl CdS s SEMALE R
Table 1.  Optimal lattice parameters of CdTe and CdS.

CdTe CdS *CdTel! *CdSPsl #CdTel8 #CdSk7)

a/A 6.642 4.214 6.646 4212 6481  4.140
b/A 6.642 4214 6.646 4212 6481  4.140
c /A 6.642 6.850 6.646 6.858 6.481 6.720
TE: CHHIB(E, # TR .

K BF 5% 1 35 T % JE 37 6 i (DET) (9
Material Studio k1) CASTEP #3171 8E.
PR AR R O SN-F m i (PAW) J5 548
SRS 250, P BT (GGA-PBE) i i
JE S I RE B, S T Ik A0 Lk BB B A
400 eV, 1 B K X 1) Monkhorst-Pack W& 1% &~
4 x 4 x 1. T Mo TR, RSP %
BT HIEFUER S (SOC) W P frg i 742k
H Broyden-Fletcher-Goldfarb-Shanno (BFGS) J7
B AT LA, RS T ERE TN T
0.02 eV/A, BREEAL/NT 1.0 x 106 eV.

3 ZXR5iw
3.1 CdS (002) #1 CdMnTe (111) 3 M #
VRN e F %R

3.1.1  CdS(002) #= CdMnTe(111) & @A
VIR A K S 5 R B 9391, CdMnTe 7 I8 K FH

AE LAY CdS AT CdMnTe B9 £ 45 4= K 1 4351 0

(002) 1 (111) FhTd, BIIHE P ER (2 x 2)-CdS

(002) FEif (WA 1(a) Fi7R) fl (V3 x V3)-CdMn-
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Te (111) F 1 (A& 1(b) FE 1(c) FiR) #E4TIC
Be. BTN BRI, ZE8E S, CdMnTe 3R i
RIRR T PP Mn S0 & AR, B Mn J7F
B Rm)Z (Layer 1) 1Y Cd I FIE A A, 1
RUR Mn JEFEe 8] )2 (Layer 2) 1 Cd JEF
JE R By B PRSI Mn & &30 EFH
I3 6.67%, FF G M A: 4 S g rh SR Y Mn 5 i
BOR. R A 28 Y 8 B LUBTIL AR
P, CdS (002), CdMnTe (111)-A, Fil By i Y
P 5 RURF)Z. P REMZ AR, T
T = J2 IR TR 45 AR H R, JF8n 20 Al
FL23 JRA DI R A PRI SR A5 (0 3R TS AR 4 52 )
S5 5t %5 B CdS (002) FI CdMnTe (111)
FETH R o7 B AR e an E 2 FrR. B 2(a)
H CdS (002) MY Cd R F U 25w LR sl T
0.035 A, S T 2 fhia F&3h T 0.052 AL & 2(b)
H CdMnTe (111)-A; KR Cd JE 545 25l T
Boh 7 0.021 A, Te Y 2 4l 1430 T 0.013 A.
Kl 2(c) Hh By REMEAIAY Cd JFH 25l TR )

(a)

T 0.073 A, Te iU 28lim E# 31 T 0.040 A,
J2 (B) FE 2 I /IN R 2 () B 25 A A Y 11350 235 2R LR 2.
MR 2T LA N, B EH 12558
22, 82255 3 EZRMETEK S 2
AEELEE 3R 55 4 2, 4255 5 )22
AR, UL JZ A sl ok 8 L AR AR R T, N
BRI TR 5 )2 (R B S AR R ANAE.

# 2 BiBJS CdMnTe (111) F1 CdS (002) T

JZ R B A AL
Table 2. Variations of interlayer spacing of CdM-
nTe (111) and CdS (002) surfaces after relaxation.

Surface items  dio/A dyg/A dyy/A dys/A

CdMnTe-A; deare 2.829 2.837 2.831 2.831
e 2.605

Ad 0.138 0.089 0.000 0.000

CdMnTe-B; deate 2.791  2.841 2.831 2.831

dytn-Te 2.697
Ad 0.182  0.093 0.000 0.000
CdS deqs 2534 2538 2.536  2.536

Ad 0.120  0.109  0.000  0.000

Layer 1 s e ~ f==--- Layer 1
Layer 2 -1—- ‘ CH Layer 2
©Cd
Layer 3 --- e © Mn --- Layer 3
| Te
Layer 4 --- &gz e : S ~ Layer 4
Z
Layer 5 --- W ......................................... Layer 5 Y'—T

B 1 EWBEMRES  (a) CdS (002) £ (b) CdMnTe (111)-A; F WA (c) CdMnTe (111)-B;
Fig. 1. Building of the surface models: (a) Model of the CdS (002) surface; (b) A; surface model of CdMnTe (111); (c¢) B, surface

model of CdMnTe (111).
(a) Surface (b)
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By KL

Fig. 2. Variations of atomic positions and interlayer spacing after relaxation: (a) Model of the CdS (002) surface; (b) A; surface

model of CdMnTe (111); (¢) B, surface model of CdMnTe (111).
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3.1.2  CdS (002) #= CdMnTe (111) % &
EA A e W

CdS (002) 1 CdMnTe (111) 2 i #5584 (1) B
BN 128 5 )20 RS % K 3
fiizs. 18 3(a) iR B9 CdS (002) 5 1B R 25 %
JE TP SOR BB T B T B TR, Bk
A, NS 1JZAEE 5 200 R B B AT, R
AFERMH CdS #1512+ S-3p, Cd-4p, Cd-
5s BB, 25 5 )2 TR B R, Z30%
TS A /0N, e Hh A R AR R . SRTET A
PR A = B P P 2 v BT R 1 R S 1 S R

a) 20
0 |

CdS-layer 1 1

5W l
|M

A

I

|

=
o

—

ot
(=) en)

FTotal

cd
Cd-4p
" m
0 1 1

Energy/eV

; CdMnTe-layer 1
5 A/\W
|
0

CdM ;

M
|
|

0 T
30 FTotal I Mn-3d

DOS/(eletrons-eV—1)

—~
o
=
=
(=)

DOS/(eletrons-eV—1)

0 ! ! ! ! ! 1 ! ! ! !
-6 -5-4-3-2-10 1 2 3 4 5
Energy/eV

20
15
10 |
5H
20
15
10 |
5F
0
40
30
20
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—~
(e}
N

DOS/(eletrons-eV—1)

0 1 1 1 1 1 1 1 1 1

-6 -5-4-3-2-10 1 2 3 4 5
Energy/eV

3 REBEGEEENE LZLE 5 EREEE

& (a)CdS (002); (b) CdMnTe (111)-A; (c) CdMnTe (111)-B;

Fig. 3. Total density of states and the local density of states

of the first layer and the fifth layer: (a) CdS (002); (b) A,
of CdMnTe (111); (¢) By of CdMnTe (111).

R AEIE BUBLNT AL 17T S50 F 28 B A . 3k 25
[T LTS X CdS R G A e 2 A —Em
L.

K 3(b) 4% T CdMnTe (111)-A, 3 i #5 A
() A2 B RS, RSB h 2ok RS
BRI B T TR R RS, %R AR H CdMnTe
I 1 )2 Mn-3d #l Te-5p 51, LR H T
PIEBAE SRR BB I AT T 2. 18] 3(c)
7R By 2 AR A i 25 8 1 2 K BE R
WP T S 1 )2 Mn-3d 1 Te-5p Bl 51 A £
TS, E (B AT

3.2 CdS/CdMnTe & REEREIFNE FER
3.2.1  CdS/CdMnTe 5 /it 2542 &

i CdS (002) Fil CdMnTe (111) 3 [ 152 Y 44
@) CdS/CdMnTe SR 45 RGN E 4 B, FERL
Ay i Mn i+ TH1)Z (Layer 1) 1Y 5 B 4545
KL (Mn J7F07 & [F AL A)), By & Mn J&F07 F
a2 (Layer 2) B9 57 BT 4588 (Mn J5i-1137 & [F]
R B)). S Bas s 77 R, A2EEUh HyS g
Cdg,MnTe,s, FESEH a = b= 8.15 A, Itk
BLEZ R 3.5%. RIREFESE 5 J2AMA N 20 A HL2s
J2 DA R M R S A T S B S B AU A 5], SR
&R 5k e A2 R B R DO/ R A
XS RS L . T Ah, AR A 1, 2 JR
TZAmMmE, 5% 3—5 PR EE. RAMGRE
IR R AIE R SR RS, WA 5 B,
AILVE Y, Y AERE B 2.26 AR, R Ay REE
SARB LIRS AU B 2.55 AR, BAL B, R
SN SNTIcAR g (A

K H BEGS J5 343 i X6} P R U 4 7 25 4
1k, Pk Ja AR AN R 6 frs. & 6(a) F1IEL 6(b)
O3RN AERL Ay i IR S SRS AR Ak, A
Ay st B e A E R KR dog e = 2.902—
2.994 A (G 2.871 A), dypy 1o = 2.740—2.720 A
(R AT 2.651 A), dog g = 2.531—2.666 A(5h#
A 2.497 A); FRBHE R TR dog 1o = 2.841—
2.852 A(BbFEAT 2.969 A), dog g = 2.502—2.547 A
(Sth AT 2.542 A), 3 BT Ak i SR B R A B
FEARLREFFARAE . E 6(c) AT 6(d) 43 1) 2 7 15 Y
B, i B AT E R A AR, st T4 S A R
THEKN deg 1o = 2.871—2.942 A(ShF5RT 2.832 A),
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© Te
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Kl 4 CdS/CdMnTe 5 BiZ5HA  (a) Mn J5F 00 T SEHZ 0 57 B E5 A (B A,); (b) Mn JFF00 T RIZ Y 5 B4 AR (K57 B,)
Fig. 4. CdS/CdMnTe heterojunction models: (a) Mn atom being in the interface layer (model A,); (b) Mn atom in the internal lay-

er (model By).
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Fig. 5. Variation of total energy dependent on the interface distance of the models A, and B,, respectively.

deg g = 2.541—2.579 A(5th AT 2.503 A); Ftvm b
TR N dog 1o = 2.813—2.814 A(GhHE
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T T A P JE R N7 Bt AR N E

sth T4 T S A T B A AR S AL T Ak
Ji - (R IS R G R 1) 2 5 i AR . AE P R T 2
BRI IR B, 5t T S R AR
(R E PR, BAAARAY B, S TV E I 4K,
B R R ES A IR e, T a5 TR R e 1 A

H4E CdS/CdMnTe 5 [t 25 A1 45 A B 1 K
/NET LA L Z5 A RS E P, i & Reh e, W

S RASHARRE R, H A BB AR i 5901,
TS A RERTT R AN
Eas(eV/ AQ) = [Ecds/camnte (€V) — Ecgs (eV)
—Ecavmte (€V)] /25

Hr, Ecasjcavmre 2 MBUG R EEM A RE T, Ecgs
Fl Bogvmre 2545 CdS (002) Al CdMnTe (111)
FMMWERER. THE R BN, B A, 255 hE
J-0.51 J/m2, iR B, BY45AfEN-0.53 J/m?, R
it 170 (B A RAR E Sfe I, BEHY B,y (8 2544 T AR
JE, X —Z5Ie SRR B, U5 IS 928 1k
KI5 e—3.
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Fig. 7. Total density of states and local density of states of the CdS/CdMnTe heterojunction: (a) Model Ay; (b) model B,.
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Abstract

CdS/CdMnTe heterojunction is the core of photoelectric conversion of CdMnTe film solar cells, whose
interface properties have an important influence on the cell efficiency. In this study, the first-principles
calculation method based on density functional theory is used to build the surface model for each of the CdS
(002) and the CdMnTe (111) and the model of CdS/CdMnTe heterojunction with Mn atoms occupying
different positions, and to analyze their electronic properties and optical properties. The results show that the
lattice mismatch of the CdS/CdMnTe heterojunction is about 3.5%, the atomic positions and bond lengths of
the interface change slightly after relaxation. The density of states shows that there is no interface state near
the Fermi level in CdS/CdMnTe interface. Besides, the atoms at CdS/CdMnTe interface are hybridized, which
can enhance the interface bonding. The differential charge density analyses indicate that the charge transfer
mainly occurs at the interface, and electrons transfer from CdMnTe to CdS. The optical analysis shows that
CdS/CdMnTe heterojunction mainly absorbs ultraviolet light, and the absorption coefficient can reach 10° cm .
However, the optical properties of heterojunctions with different Mn atom positions are slightly different. In a
range of 200—250 nm, the absorption coefficient of the heterojunction with Mn atom in the middle layer is
larger, but in a range of 250-900 nm, the absorption peak of the heterojunction with Mn atom in the interface
layer is higher. The results in this paper can provide some references for improving the photoelectric conversion
efficiency of stacked solar cells through the reasonable construction of the heterojunction model and the analysis
of the interface photoelectric performance, which is beneficial to the experimental research of multi-band gap

heterojunction.
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