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Fig. 1. Crystal structure and atomic positions of CuGaSe,

and CulnSe, with the space group 142d .
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(a) (b) The filtered spectrum
AM 1.5G 1 sun by the top cell
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Energy/eV
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Fig. 2. (a) Initial top cell configuration; (b) bottom cell configuration; (c) energy band alignment of all materials.

F 1 HTHEAIRILG 45 CGS Rl CIS K FHRE AL M2 AR A S HL. i A BOR [1 275 SCHR LA — P S B T3 A

(F IRy SR AA T )
Table 1.  Input parameters for each material in the initial single-junction CGS and CIS device simulations. Parameters are
obtained from references and first principles calculations (highlighted in bold).
ZH CulnSe,/5! CuGaSe,/50 8] CdSPe59) ZnQP6:60] AL:ZnOo1
JZH /nm 3000 2000 50 70 200
WL eV 1.04 1.70 2.40 3.30 3.30
ML TR AIRE /eV 4.5 3.9 4.2 4.6 4.6
SR 13.6 10.6 10.0 9.0 9.0
SUHUASEE /(10" cm®) 2.20 1.31 2.20 2.20 2.20
MRS /(108 cm ?) 18.00 9.14 18.00 18.00 18.00
HFEBE/(cm Vist) 10 100 100 100 100
ZHNFBRE/ (cm-V s ) 10 25 25 25 25
Jits A /(1017 cm ) 0 0 1 10 1000
Z WS /(10 cm?) 2 TR 0 0 0
el i TR i i H3ZF(-/0)
AR /(1017 cm?) 10000 1 1 100 100
22 URFARIE /(1071 em?) 1 1 1000 1000 1
AT B H— B B B
BUfRER B 5% FTREMTRER BTESMFER S TREMITRE S TRESNIER ST R ER
AXT TS H BRI RE R /eV 0.6 TR 0.6 0.6 0.6
BRI /(10" cm ®) 1 - 100 100 10

(CBM) i e KAE (VBM) #7E = AR S TS
I, KW CGS N HEAT B FRMORL. BT I
S RE F A S DB T A, TR R
FRAR A I ISZE , PR T DATE R R b R A A
A, ARG T2 X E A, i e
BT A . 454 CGS REHFE5 M | AR
(TDOS) #1543 % 45 % £ (PDOS) (&l 3(b)) AJ 1,
CGS 19 VBM K gt 3 P22, BES BN R,
BRI T HAE R IR A Cu-d R Se-p FIILIE 51 #ik T
|, OCBM FEkK H Ga-s fHEHE Tk H A B L.
L E 3(a) BYREAT BRI/ N AT DL ECH I

1 CBM B )25 R RUBUHRBOR, 3t R R I Y
LA TR BV,

3.2 CuGaSe, HBEMREMEUSEE
R T AT R R VP A0 B0 TAE RS SR bR
SR T BB, XEGR AR L 0 HL I B 7
LA A . e AL 0 B A i T £
By RIS, T A58 A B B T =
ANTrIE - ATROTCR, HHEL AT T R 4
B, 015 A SR AR 1 R — BT A
ARSCHGTEE, 76 CBM BT e T 2T i e L
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*2 RMBEAERA S

Table 2.  Input parameters for interface defects.

SR CuGaSe,/CdS[6261 CulnSe,/CdS!
Tepp 2 i bk
B FIPARMIA /(10718 em?) 8.1 1.0
22 AR /(10718 cm?) 8.1 1.0
[ vt B B
BREGRES E, 5% = T Ml BE R = T T REL
AHXT FEHZReH A BE L /e V 0.2 0.2
B EE /(10 cm ) 10 1

#£ 3  &F ETL (W ASE

Table 3. Input parameters for various ETLs.

%{%{ TiOQ[GG*ﬁS] Sn02[40,69,70] Znse[67,71772]
R /nm 30 50 50
Wik JeV 3.20 3.60 2.67
BRI /eV 3.90 4.00 4.09
PIGENGEA 9.0 9.0 8.6
PR /(1017 cm®) 10000 2.2 22
M ARG B /(1017 cm ?) 2000 2.2 180
L FER R/ (cm-V s 1) 20 200 400
2R EBFE/(cm-V s ) 10 30 110
it FEHE /(10" em ?) 1 1 1
Z B /em™ 0 0 0
i ieRgi ok el el
LRI /(101 em?) 1 1 1
25 ARAARIE /(1015 cm?) 1 1 1
(i o] o o H—
BREERES E, 5% = TR AT BB = TR AT BB = TR AT BB
X T2 REH AR /eV 0.6 0.6 0.6
BB /(101 cm ?) 1 1 1
b) 80
(=) (m) — TDOS
8 v -/\«\/\)/\)q}‘)\ M
& A~
0 T T T T ¥
0 — Cu-s — Cu-p — Cu-d
> Q 30t
) 0 — Ga-s — Ga-p — Ga-d
g o)
- 2 /WAM M
= 0 . ‘A”.“\J\““ . , ;
8 — Se-s —— Se-p — Se-d
S NM}M
0 . A AN e o
—6 —4 -2 0 2 4 6

Energy/eV

Kl 3 (a) CuGaSe, BB 45 H14; (b) CuGaSe, BA% B Ml Cu, Ga F1 Se [ 533 A% %
Fig. 3. (a) Band structure of CuGaSe,; (b) total state density of CuGaSe, and partial state density of Cu, Ga and Se atom, respect-

ively.
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A, XS B EY Ga-s PUE TTEA S H S
& 3(a) H N A —2. 55— 5, VBM Ffirss
TN A R 1 R A% ) Sk BVAE — A )
(001) by ora8 /0N, AE AP J5 0] b i 5 45
K, X5 VBM HKFE TR Cu-d 25 Se-p 54
x. CuGaSe, BHLFFAHMTE N 0.14m,, 257X
S BTN 0.51m,, 5 44 1K BHBE R bt
KL CdTe i 0.10m, HLF 44 %05 5 Al 0.40m, 457X
AR R AE 2 170 108 B M R A AR T
it CGS WAt A VE R GAR ot A IR A Ak

F4 R TAEHSIHAG R [74] AR CuGaSe,

LT RIS AT RUT R (B m,)

Table 4.  Effective masses of electrons and holes in
CuGaSe, from this work and Ref. [74] (unit: m,).

R ARTAE SCHR[74]
m*wo, m*olu 0.15 0.10
T X
m 001 0.13 0.09
L PR R 0.14 0.09
. 100, M 010 0.62 0.77
239K X
m 901 0.15 0.10
VG B R ELI s 0.51 0.63

BRCREEE S SCAPS-1D i A S5z —,
AR LI CR 1

*kgTn\ */?
N2(m B "> : (10)

212

Hrp, N F o 7R SCIRASE B, m A ok
BNA MR, kg ARG 2 WA, THIRE, h
S A TR B MRE (10) 28, AT SCAPS-1D
BAUSHOT BT 77 0 A RS A% B R U 2
. T CuGaSe, WIUZIE # 22 bk}, itk
ARICRHPHA R, RIS B ST A
B R AU A A B4 3 1.31x10'8 cm ™ Fil
9.14x10% cm 3.

3.3 CuGaSe, FARIEFRPEF R BEITE

ARAE SR B St 1B B RE R PR it A TR, ey 2
FASHITHE 7
AFE¢(a, q) = B, q) — E (perfect)

+ > na(Aa+pa) +9(By + Ex + AV), (1)

B B, q) A BRIGEE MU BB ; B (perfect)
FEOR NI R B 8 3% AR 1 BV RB 1 ng FRTE K

SR B R R R R AR e B, oo, =
1 FoRmpE P INA—DREF, ny = 1 FRRHE
MR — T g, SEETTICER A AT
TR B Cu, Ga 1 Se FIBE RS 2. Ap, £
7B 0 22 7 52 50 1) A8 PR T A X B IS A A X
g, oA AR B, I S 06 1 A PR R AR AT A 2,
HIRZENE. By M4l CuGaSe, FIUHT T, 11 Ep
AR T oK BR G M, Hb A8 i, ARk
FEILAN O I BRE. 5 S8 583 ik S EkAE A R 2Z H)
FAEXT PN 2 i 34 A AR Ak, REHGHEAT TIEIE, &
TEAEAV Ay 76 5 B 10 S 1 PN 2 i L 30t S5 (EL
(7] Fsf AT % 7 PR SR B AT T B AR F A A I T
Lany Fll Zunger!™ X} 47 B, B[ A9 TE B BEFE4T T UK
SN, & BE H 2y 64 RO T, 5%
JEFHL SR SRS B AT B T, TT LASE AR AT
sk,
J T ORUE CGS fAs g e P, &0 Z AT
(=S NATYEE
Apcy+Apca+2Ause = AH (CuGaSey) = —2.65 eV .
(12)
SR8 BB AT R AR AL 2R SN N T 35
TE:
Ay <0, Agy <0, Ase <0, (13)

TLER B AL et 52 B H Al 52 AL & MY
BRA, LABT IR 28 BARBIIE . 75 CGS Hh, #I0ER K
FARP A2 BB I LT 261

Apicy + Apse < AH(CuSe) = —0.44 eV,  (14)
2Apcy + Apse < AH(CuzSe) = —0.49¢eV,  (15)

3Aucy + 2Ause < AH(CusSes) = —1.20 ¢V, (16)

Apica +20pise < AH(CuSes) = —0.39eV,  (17)
Agica + 20 p1Ge < AH(CuGas) = —0.33 eV,  (18)
9Aice + 4Apge < AH(CugGay) = —2.17eV, (19)
Apga + Apse < AH(GaSe) = —1.42 eV, (20)

2A4Ga + 3Ause < AH(GaySes) = —3.58eV . (21)

BT FIRAH, CGS P& TT R AR E )
FEVFE FANTEL 4(a) H A K @ X 7R . 7R I X 8
W, BIET 7T A (BRI A—G), MR T A
[ B S0 R, XTI B Ay, Atga, Ause B
BARBUE AR R 4(a) 22T A1
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(—2.65,0) — CuSe
— CusSe > > >
—— CugSey () () )
—0.5 — CuSe, ; ; ;
CuCay & & &
CuyG ] g p
—1.0} uyGay
% — GagSes g g g
~ — GaSe ° 2 £
£ 15 z = =
< —Lor Apcy Apca  Apse
< A: 0, —0.54, —1.05 é é é
B: —0.12, —0.30, —1.12 S L L
—2.0 FC: —0.50, —0.68, —0.74 £ = 2
D: —0.86, —1.78, 0 2 ] 8
E: —0.44, —2.20, 0 o} g o}
9 F —0.33, —2.10, —0.22 A . A —1r ) A )
—-2.5 el 0, —1.45, —0.60  (0,—2. A-point B-point ! C-point
1 ' ' ' ' _ ' - | s _ M ' s _ Il ' ' s
—2.5 —-2.0 -1.5 —-1.0 —-0.5 O 0 0.4 08 1.2 1.6 0 0.4 08 1.2 1.6 0 0.4 08 1.2 1.6
Apcu/eV E¢/eV E¢/eV E¢/eV
6 6 ‘
(¢) (8) | ..
5F | Ga 5L P Ga
4 § Se; Gac

!
i Cuca
!

Defect formation energy/eV
Defect formation energy/eV
Defect formation energy/eV
Defect formation energy/eV

‘ D-point ; E-point ; F-point ‘ G-point
20 04 08 12 16 "0 04 08 1.2 1.6 20 04 08 12 16 2001 08 12 16
Ef/eV Ef/eV Ef/eV Ef/eV
B 4 (a) R E CuGaSe, T F0 i/ (A XAk 340 [l (K (A IX 98%), A—G 854 B R 7 4R AL 2 30 BR &4 (b)—(h) R

LSS T CuGaSe, 145 A S 19 TE B RE

Fig. 4. (a) Allowable relative chemical potential range (gray area) for a stable CuGaSe,, and the A—G points represent seven differ-
ent relative chemical potential conditions; (b)—(h) formation energies of intrinsic defects in CuGaSe, under different relative chem-

ical potential conditions.

& 4(b)—(f) ik T AR 2RSS T & A
BB BB IE CRE, A% R 7 Al S B A
Kl A—G. fEEK S B. DA E ST, Auge, Micy
F Apg, 530 BA T/ INEBUE, PRI — A~ 43 5]
REFET T Se. $1 Cu FIF% Ga ARG, AL
BXTT CGS, FEARATAER LM T p BB G Cu =
B (Veu) BIHEABARMIE BLRE, 225 7 8im 11
FEHRMALE M) BfE Cu Bl Ga(Cug,) FEAEK S
E, FHA G b BA SARRYIE CRE, [RIFEAD RE A% 8 ik
F R BRI s MR . p BB Ve, HA AT
IR BRI REL, BRITRESR (0/—, B Cu =il
0 M A&HEAZ -1 M 38) 4 0.07 eV, RENS A R 2
FF R H AL A 7L S Ah—A p BIBLEG Cug, 1Y
BRIEREDL (0/-) F1 (—/2—, B Cu B4t Ga i9-1 11
DA Ry -2 0 28) 415120 0.16 eV Fi1 0.43 eV, %
PR — AR TR R L R BB . A BT i fig
B n B GG R Cu Bl B (Cw) A M Ga Bt Cu
(Gacy), BB A M AMEZ /. Cy 7 E Cu
& AR, BRUK G EABIRMIERE, T HAE
BT BRGNS SR BRI, AR F -2

AU IIVER. T Gag, 16 C 1 EBA BARHTE
RE, BRATREGL (2+/+) A (+/0) 435I A 7E CBM
PIF 0.59 eV Fl 0.47 eV, tHIEIRAESBERSS. TREAEHK
Bl B AT RE R AR BRI A A s, TR A B
B B VR EEROR, B0 K BHBE F Pk g ™ A=
AFNFZ . B, 24 CGS FIAE A FHAER )2
N 2R TS = WS Cug, A1 Gac, B PRES.

HBEREMENIKENITE

FEAS AT B v e v 8 A 28 0 v
T EENSE, A T iF—2HE SCAPS-1D #
PR BRI, TR R BREIE e Z 5, Al 7E
— AR IRE T B VA KA A Ty R e v
PR AR A S e i v B A3 IR A SCGE R
R BRFEIE L AE, R DASP B2 B2 gk — 3548
S5 R B RN BRI IR

WG o B LR g, HOP AR vk B
AR Ny 53]

n(a, Q) = Nsitesgqexp[_AEf/kBTL

=/,
)57

3.4

(22)
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HE N I o AL LR AT E 22 5 A
RrB i H s AECRTE 3.3 45 B3 10 B TE
B, 0T RV B B R R
B . 7E TR , SOKAESLAT IR
P R

pot Y lawn (a0 = not+ Y [—een(a,a)], ()

a,q>0 a,q<0
Horbr po Fl ng SRy FORHL 38000 T, HLIEAE 3%
IRZ5 553 A1 9);

STEFOR ARG AT B Y BCREAH X RAIK (R ik
FERR) B9 4 FEEE (Ve Cug,, Gagy, Fl Cuy) 1
SR R B LA B R I A R TR B, AT 5 TR,

&l 4(b)—(h) B E R LR R TAEIREE
A 300 K B 28K RELL, BOKBERAEERK S D
B VBM i, N 0.24 eV, EHH AR p M S
AR S ATPSREES RS, i VBM DL
0.67 eV, RILH AL p B TR, frf fe2gsivk
K5 7E 300 K TARREE FIFORAEHARSEL VBM,
R CGS FEARATA KA BT il 55 AR R AE p 72

po = Ny -e /BT, (24) =
IR, SR S Z AT . K] 5(a)—(d)
np = Np-o™ (Be—Fo) /kaT (25) K A, B, ORI D B p BUEGR: Ve,

Ho Bp NYKRBED, N, F N, 735l g A F Sty
(A RS

E SRR R T AR, RS Pk
B K BN —ANEAR A T AR IR B0l Ay s BUE K
LR A 600—1000 K, TAEIEEE A 300 K, 5525
AR A R AR CGS ZEA b2 3 S Y
TOKREDL . BLFA M MR Pk . Bait B4

BRBEH ER/NESI A D > € > B> A, X5 Ve,
FEIX 4 2R K S IR LR I I/ NI AH .
S 87 e I A A R R B I, AR IR B Ry
600 K I, A4 p A &b B e e B Fe /DN, AR K
D Kb ) i B vie B Je K, 43 51 R 4.50x 10 em 3 Al
1.96x10'8 cm 3. 7EiX 4 MK G, FRATIr M
EAER I Cug, Il Gag, BIBAIEAEE KA A

1021 1021
(a) — Vou — Cuga
Cui — Gaca

1019 1019 |

Defect concentration/cm—3

(b) — Veu — Cuga
Cuy; — Gacu

107 / 107 /
1015 1015 /

1021 1021
(c) — Veu — Cuga (d)

Cu; — Gac 1019 //

1017 1017 f
101 f 108 f

101

|

1013 1013 1013 | 1013
1011 | 1011 | 1011 | 1011
— Vgoy — Cug
1091 100 109 109 Cur — Gacy
A-point B-point C-point D-point
7 . . h 107 . . h 107 . . h 107 . . h
600 700 800 900 1000 600 700 800 900 1000 600 700 800 900 1000 600 700 800 900 1000
Temperature/K Temperature/K Temperature/K Temperature/K
102! 102! 1071 102!
(e) E— ch — CuGa (f) — ch — Cu(;vd (g) E— ch E— Cuc,a (h) CuGaSez
- L Cui — Gaca ol Cu; — Gacu L Cu; — Gacu L
? 1019 1019 1019 1019 /
§
? 1017 | 1017 b 1017 + 1017 /
2
h=4 &
g 1015t 1015 F 100 1015 F
g —— A-point
g 1013 | 1013 F 1013 F 1013 | —— B-point
IS —— C-point
B 10 10| 101 | 101 — D-point
&g —— E-point
A 109+ 109 109 b 109+ F-point
E-point F-point G-point — G-point
107 . . h 107 . . h 107 . . h 107 . . .
600 700 800 900 1000 600 700 800 900 1000 600 700 800 900 1000 600 700 800 900 1000
Temperature/K Temperature/K Temperature/K Temperature/K

Bl 5  (a)—(g) CuGaSe, fE A—G 15[ FEZEFE W ; (h) CuGaSe, 7 A—G mi 25 SO B, THE I 28 /O BE T i 8 19 TR IR B
o4 300 K
Fig. 5. (a)-(g) Defect concentration of major defects in CuGaSe, at A-G point; (h) hole concentrations in CuGaSe, at A-G point,

and the operating temperature for the calculations on hole concentration is set as 300 K.
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Hr/, YA IR 600 K I, TEAE S Bk e
Z AR 1.50x 101 cm 3. FEE 5(e)—(g) 1, A
E, FH G PIRAESL Cug, MBRFE M fOK,
F A — P IRAEL B Gacy, IR RES BB ik
Z AT Cug, FIBIAHE. Cug, RIBIATRE1E
AR Gk, RIS 600 K BHR/N, 2 3.20%
10 em 3, F8 K FA A AT A Ab BR8P BRI e A
/ME 1.50x 10 em 3. R EA R A KR E T, 4
K A PRERRES B Cug, M Gag, FUMREEIRZ
T HAb AL 223 KL A KRy 600 K I,
Ve I Cuy A 8RB Ve BE 3 51 4.50x 10 cm 3 il
2.86x10" cm % YA KR FE A 1000 K B, Vi,
HI Cuy FBRFAE 535120 3.05x 1017 cm 3 Fil 2.68x
10'% cm 3. Cuy MY HLFE R BEAR T Ve, B EFE IR,
XULIITEA R A A RIS Cuy 72 A L X
Vo A2 7OMEAE B/, n BUEREEG Cu; W28
TR BE LM AN 1881, 42 Ok BE AR KR S R
Bl 5(h) Fis, i fh2s i K s i 23 ok B AT Bl
A R ()2 T o, B R A K TR R Y
BN, fEAERK AT AL, AKIRE R 600 K

I, 23870 4.47 %10 cm 3, A= KR 1000 K
I, 28 7R 2.20% 1017 cm 3. a3 A K 4
4, FTLAS Choi 55 B9 iz 35 = 450K FH E FE b 119 25 7T
I F I X AR 1.0x103—1.0x 10 cm ™ AT
Bic. B, 7EAE K A A(H Cu. & Ga. 31 Se) &4
1, REAERE SR AR m VR FE I DR RE LBk G, TR B2
B R, 20l CGS #EAE N KA RE
LA IR AT 1) — B i 4.

4  KPHEE# SCAPS-1D # )l

41 HERKBEMNEL CGS BRI

AT T AN A 2 3 A A D B A R
X CGS K W BE FRL it ¥ S0, 356458 AN ) SCRRAR A 1
S 9% i 45 U B 600—1000 K X [1] BLoss g 1)
100 K g [] B 2428 A2 A I BE AT 18 3B 3.4 95
B e i) 4 Rk B2 fee i (K BRI (18] 5), 4 EATINS
BRI B 25 /U B2 i A 1| SCAPS-1D #EAUH5E
Hi. I R R BN A R R A, A
RN 6 .

[J1600 K [J700 K [ 800 K [ 900 K [ 1000 K
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6 AU [ A 2 3 A K R AR K TR R X B4 CuGaSe, KFHAERLMIIFEM  (a) V.o (b) Ji; (¢) FF; (d) PCE

Fig. 6. Influences of single-junction CuGaSe, solar cells under different chemical potential growth points and growth temperatures:

(a) Vo (b) Jii; (c) FF; (d) PCE.
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e B B i A SCAPS-1D R E AT R4, I 551 F
Jo. . POE BEL45 W 7 frR, 4z &
FERT 2000 nm B, CGS A BHAE L 1Y 24 R Bifi )5
FE O A IS, LR AT 34, CGS KIFH
fiE FEL Tth 14 V52 B O AR B AE 2000 nm Z2 Ay, XA TT LA
FERCRANSA Z A 3RAG -1

20

—a— PCE

10

PCE/%

0 1000 2000 3000 4000
Thickness/nm

7 4 CuGaSe, X FHBE H T 2505 BB W Wi 2 78 Ak i 2
Fig. 7. PCE of single-junction CuGaSe, as a function of

thickness.

4.3 HFEHEXNEL CGS Wi

R T BRAR AR BARE FEL PR RE, R 2 R
#WHT ETL. A5 H, 4 H TiO,, SnO,
ZnSe 55 TCH MY L AR5 E ARV A B2 19 CdS
B2, DBRIARTRA) ETL X545 CGS KB
REHL I A2, A RE R IRh B e R k. BB 8
Bl (F 2(c)) Bon T RAMEE ETL F)hs CGS K
FHEEF R REA HES, Horf ETL 5 CGS W)z 2
] {9 45 22 S B (CBO). #7 CBO fH A fit
{8, WP DA PR A Gy bt ) ETLI,
M 2(c) FT LI Y, 3 ik ETL #4859 CBO
0 SGE, EATER AT RE R ETL HE LA . B
Lk B E 8 frax, X CdS #5481 BT F i) H Ath
ETL ¥&4m CGS KIHBER A V., FF F1 PCE,
XF Jy BISEIRA K. = CdS 1 ETL fiff CGS
KIHBER MV, B e ik E &
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CdS, ETL AW R S b &A1 5 22 1 i i 4
WA 2, FECT BB B, H ZnSe B A it im
() LIRS S RS T i 1)V, 10892 X i
A ETL, ZnSe H A & & 1 Ve, Jo. Bl FF, 453 5
h1.06 eV, 20.58 mA /cm? i1 85.63%. #th (7) =X,
KH ZnSe 1E 0 ETL W25 HA 18.63% 11 5 =i
PCE.

4.4 JK#B CulnSe, KPHBEER ) SCAPS-

1D 3l
X 2R T CTS WG il 1 ) B2 s Atk AT T 4
R, IS5 (E PO AT T Heg, 25Nk 5
Jr g, CIS w4 )2 B B R 3000 nm, CdS &R
A 50 nm, ZnO JZJEE K 70 nm, AZO BYJE N

1.2

(a)

Voo/V
o
>

CdSs TiO, SnO, ZnSe

100
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FF/%

CdS TiO, SnO, ZnSe

200 nm, 15 Feurer 55 B FHFFEAH— 2. #5240
SRR, CTS FAA5K FHAE H Tt AR H (B 5
B I o FE 22 5 AR /. XU T FAT TR
i CIS LTt LD R, O Jim 2 19 2 J2 K BH fiE
HL L AR i T AT

4.5 2T B CuGaSe,/CulnSe, & = K [H
BE BB A {7 B AR L

HITH © 2 G A3 F 4T AL S, 2T 3
& 2 K PH g B T AR Y 6 A A 45 2 Tl A B
ZWEFE NG R OCTE. AEAR TR, Wit CGS 1Y
AR Bl B RN AR T v B, PR T S O B A 2
SCAPS-1D B, R HAEE Cu. & Ga.
% Se YA K HEE Iz 600—900 K A4 A= K 75 B T 4l

24
(b)
i
E
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< 12t
£
3
~
0
cds TiO, SnoO, ZnSe
24
(d)
X
o~
e o12f
O
=W
0
cds TiO, SnO, ZnSe

Kl 8 AR ETL (CdS, TiO,, SnO, fil ZnSe) Xt CuGaSe, KFHEEH LN (a) V. (b) Jy; (c) FF; (d) PCE
Fig. 8. Influences of CuGaSe, solar cell by different ETL (CdS, TiO,, SnO, and ZnSe): (a) V,; (b) Ji; (¢) FF; (d) PCE.

# 5 CulnSe, L MERESEUSIELRSL IR B0 AT Z A9 7 73t 22 5%

Table 5.
between them.

Simulated and experimental® ! performance parameters of CulnSe, solar cell and the percentage difference

HL PERESHL  ATAE(SCAPS- 1D o fEl BUtBE S B2/ % SHE BHtEdE 50 EM 2R/ %

Voe/V 0.61 0.61
Jyof/ (mA-cm 2 41.98 42.30
CulnSe, ol )
FF/% 77.54 74.60
PCE/% 19.90 19.20

0 0.60 1.67
-0.76 39.70 5.74
3.94 72.90 6.36
3.65 17.30 15.03
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# g CGS KIHRE# AR A i PCE, fix
Jaiid ETL Ak T CGS KFHAEH b AEHFHES, 42
& Voo I PCE. AT, /5% & Cu. & Ga, 3%
Se MAEKIE T, AARKIRE R 600—900 K T il %
Y B HE B A 1 CGS K FH AE F Tt HE AT 4D
FE5EER CIS A BH AR HL th HE 17 HRL I DE L. 7RS4
W, RRTE 2T B 5 CGS/CIS & 2 K BH fig B it
FAT AR R BRI G, 78 T ARG i 2 (] AT
BEL 55 0 24 451 KE 5194, 2T B CGS/CIS & JZ K FH
AEHL M Y TARJE IR A0 R 9(a) Fras. K BH G IR 5 2
CGS THHRA PHBE LI, #53 K AR TS CGS K
PHBE FL b W s, T F=2E FLOAL, o5 — B4 KPR OGB
1 TER CGS K BHRE HL b ik I &R CIS K BHBE

fth, B CIS MR SZ RIS 7= A= L. 7E 2T B i
WREER T, . 323 F Y S5/ 1) - F Sl ) PR A
> TS R 0 R b EL A A A AR AR AL Y L R
B, BRI R ., ROATIE A HL R VE B 1991, 5
T 19 it e 2 A O B PR Tt R 3 DG R ) 9 196907 23
SN AT . T RIS R, BRI
Joor TEAFPAF R AT . X TG
TR A2 SRR, S5 (9) IR IE— B S
TEIE T PRSI0 . 7R R A KR R T

T VE L I A 25 30 T 3 6. BB L R I, R H
CIS KPFHAEH LAY J, A KT I CGS KFHAE
LY J,,, PRIE T ZE082> CTS Wi JZ 5L Sk DT i 15

PR e XF HEHA AR AR B, AR
700 K i}, THFRH I CGS WS )Z B A 2000 nm,
JIEER HL Y CIS WSR2 S 1336 nm I, J,, 155
—F, N 19.99 mA /em?, 2T B fr CGS/CIS & )2
K PHAEHL AR K, o 28.91%, T 545 CGS
Fl CIS KPHAEH HsscR. A TAEAL T CGS 72T
PR BHAE FL It rh B R, I BT N LR T X4
UGS )2 K PR RE R b A A5 B

n-AZO (~200 nm)

n-ZnO (~70 nm)

|

n-AZO (~200 nm)

n-ZnO (~70 nm)

|

B9 mAMAER 2T 85 & )2 K BH A8 HL it 2544
Fig. 9. Final optimized configuration of the 2T monolithic

tandem solar cell.

F 6 AEAAKRETHRBLES CGS WHHM (£ AM 1.5G 1 sun G U . CIS IHF M (& CGS Hth /5 1)

TG TR & 2T B &R AR RDLIRVERES £

Table 6. Photovoltaic performance parameters of CGS top cell (irradiated at AM 1.5G 1 sun), CIS bottom cell (irradiated
at the transmission spectrum after CGS cell) and 2T monolithic tandem solar cell after current matching at different growth

temperatures.
it mign iy SRR e e v
A-600 K-CGSTHs it 2000 1.06 20.58 85.63 18.63
CIS/IEHHA 1820 0.59 20.58 77.59 9.42
2TH & 7K FHREFL I — 1.65 20.58 82.60 28.05
A-700 K-CGSTHFHSHi, iy 2000 1.16 19.99 86.04 19.92
CIS/IEHH Hh 1336 0.58 19.99 76.68 8.99
2T By & JZ K B BE LI — 1.74 19.99 83.12 28.91
A-800 K-CGSTHBH1 it 2000 1.22 19.39 86.40 20.35
CISIIEHSHA h 1050 0.57 19.39 75.81 8.38
2TH & 2 K FHAE f — 1.79 19.39 82.78 28.73
A-900 K-CGSTHBH i 2000 1.03 17.68 82.60 15.07
CISHIE I H 636 0.55 17.68 73.33 7.13
2TH 7 & 7K FHREFL I — 1.58 17.68 79.47 22.20
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IR BE . KT AR B B AT RS R | B
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WAL AR & —E 25, FATEH ZnSe £
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Abstract

Solar cells have attracted much attention, for they can convert solar energy directly into electric energy,
and have been widely utilized in manufacturing industry and people’s daily life. Although the power conversion
efficiency (PCE) of single-junction solar cells has gradually improved in recent years, its maximum efficiency is
still limited by the Shockley-Queisser (SQ) limit of single-junction solar cells. To exceed the SQ limit and
further obtain high-efficiency solar cells, the concept of tandem solar cells has been proposed. In this work, the
chalcopyrite CuGaSe,/CulnSe, tandem solar cells are studied systematically in theory by combining first-
principle calculations and SCAPS-1D device simulations. Firstly, the electronic structure, defect properties and
corresponding macroscopic performance parameters of CuGaSe, (CGS) are obtained by first-principles
calculations, and are used as input parameters for subsequent device simulations of CGS solar cells. Then, the
single-junction CGS and CulnSe, (CIS) solar cells are simulated by using SCAPS-1D software, respectively. The
simulation results for the single junction CIS solar cells are in good agreement with the experimental values. For
single-junction CGS cells, the device simulations reveal that the CGS single-junction solar cells have the highest

short-circuit current (J,.) and PCE under the Cu-rich, Ga-rich and Se-poor chemical growth condition. Further

optimization in the growth environment with the highest short circuit current (Ji.) shows that the open-circuit
voltage (V,.) and PCE of CGS solar cells can be improved by replacing the electron transport layer (ETL) with
ZnSe. Finally, after the optimized CGS and CIS solar cells are connected in series with two-terminal (2T)
monolithic tandem solar cell, the device simulation results show that under the growth temperature of 700 K
and the growth environment of Cu-rich, Ga-rich, and Se-poor, with ZnSe serving as the ETL, the CGS
thickness of 2000 nm and the CIS thickness of 1336 nm, the PCE of 2T monolithic CGS/CIS tandem solar cell
can reach 28.91%, which is higher than the ever-recorded efficiency of the current single-junction solar cells, and

shows that this solar cell has a good application prospect.

Keywords: first-principles calculations, SCAPS-1D, p-type absorber CuGaSe,, tandem solar cells
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