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Abstract: Antimony selenosulfide (Sb,(S, Se),) thin film solar cells have become a research hot spot in recent years
due to their simple preparation method, abundant raw materials, low toxicity, stable performance, etc. Their power
conversion efficiencies have exceeded 10%, showing the potential for industrialization. The research focus on Sb, (S,
Se), solar cells is to improve the quality of the absorption layer and optimize the device structure. Firstly, the main-

stream growth process of Sb, (S, Se), thin film is systematically introduced. Secondly, the selection of each functional
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layer and the gradient bandgap structure of Sb, (S, Se), solar cells are analyzed. Finally, the large-scale preparation of

Sb, (S, Se), solar cells and their application potential in antimony-based multi-junction solar cells are further prospected

to provide a feasible reference for promoting the industrialization of Sb,(S, Se), solar cells.

Key words: Sb,(S,Se), solar cell, preparation methods, carrier transport layer, gradient bandgap
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Fig. 3 Schematic of the hydrothermal deposition method of Sb,(S, Se); thin films: (a) position of the substrate in the autoclave,

(b) schematic of carrier transport in (Sb,S(e),), ribbons with different orientations (after Ref. [46]), (c¢) EDTA in precursor solu-
tion (after Ref. [47]), (d) NaF-SPT treatment on Sb,(S, Se), thin films, (e) J-V curves of control and SPT-based Sb, (S, Se),

thin films (after Ref. [22])
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Fig. 4 Schematic of closed-space sublimation method of Sb,(S, Se ), thin films: (a) one temperature zone horizontal tube furnace
(after Ref. [48]), (b) a mixture of Sb,S, and Sb,Se, powder as the evaporation source (after Ref. [49]), (¢) closed-space subli-
mation system using tungsten halogen lamp heating (after Ref. [50]), (d) dual-plane-source structure, (e) asymptotic distribu-
tion of selenium content in the Sb,(S, Se ), thin films (after Ref. [51]), schematic of vapor transport deposition of Sb,(S, Se ), thin
films: (f) dual temperature zone evaporation system with Sb,S, and Sb,Se, powder as the evaporation source (after Ref. [54]),
(g) evaporation system with independent regulation of evaporation source-substrate distance and evaporation temperature, (h) con-
ditions of deposition corresponding to the onset of evaporation time for different sulfur sources (after Ref. [55]), (i) double Sb,
(S, Se), evaporation source structure, (j) J-V characteristic curves of devices prepared with different evaporation source-to-sub-
strate distances (after Ref. [56]), (k) schematics of the pulsed laser deposition system (after Ref. [57])
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Fig. 5 Sb,(S,Se), solar cell with double electron transport layer (ETL) : (a) structure diagram of solar cell device (after Ref.
[76]), (b) energy band alignment diagram of different layers (after Ref. [77]), (c-f) J-V curves of sz(S, Se)3 solar cells with
different ETLs (after Ref. [50,76-78]), (g) external quantum efficiency spectra of Zn(0O, S)/CdS ETL-based Sb, (S, Se), solar
cell devices with different CdS deposition times, (h) transmittance spectra of CdS, Zn(0,S)/CdS, and Zn(O,S) ETLs during Cd-

Cl, treatment (after Ref. [85])
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Fig. 6 (a) J-V curves of W/O hole transport layer (HTL), Spiro-OMeTAD, and DTPThMe-ThTPA devices (after Ref. [89]),
Sb, (S, Se), solar cell with perovskite quantum dots (QDs) HTL, TEM images of (b) MAPbBr, QDs and (¢) CsPbBr, QDs, (d)
energy level diagram of the device, (e) stability test for the devices (after Ref. [90]), Sb,(S,Se), solar cell with MnS HTL: (f) a
cross-sectional SEM image of the device, (g) J-V curves of the Sb,(S, Se), solar cells based on Spiro-OMeTAD HTL and the MnS
HTL with or without annealing in air, (h) the corresponding normalized power conversion efficiency of the device measured after
storage in ambient air for 45 days (after Ref. [91])
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Fig. 7 Sb,(S,Se), solar cell device with carbon back electrode: (a) the schematic diagram of the device, (b) the band alignment

diagram of the device (after Ref. [84]), Sb,(S, Se), solar cells with MXene back electrode: (c) the schematic diagram of spray-

ing deposition MXene, (d) the schematic diagram of the connection between Sb,(S, Se), layer and MXene layer (after Ref. [92])

ERI B GZ T X R RERR T AR AR T 2T
N HAE T Z2 B0 R BH H 2 R 254 1 T E b, IRl e
P RERFE T R E Ak .

FESZ TG T X s g B, A g Ak 1 B A B
A F) T Sh, (S, Se) , I HL 1% i J22 1 A fif (141 8
()™, Ml A AL AL DB H & B e 2
h CAS B, B TSR % R OB AT AR 458 5 A 78K
JEJ7, CAd-S #2455 F1 9%, o LATig v &b & S 19 S, (S,
Se), 5 CdS T B 1) 57 5 45 B 10 Ab 1) S 980T A 4%
Hi 238 CdS/Sh,Se, 46 1) 5t 12, [W) S 2 6% 4170 i) 55 10 42
A RO R R AR RV, FE R Ak 1 A8
B RE S I TE G T M N, [R] BT LA A5 S, (S, Se),
523 5B 2 B M EUCED A R TS U i, e
2 ] A 8 (h) R,

Wang %5 A fiff FH /K #4325 1 4% Sb, (S, Se ) , Wi,
TEIR KCZHTHS Sb, (S, Se ) , 18 i 15 Y0 7 iU A0 B 7 v
A DL3E 2 i 2= 5 0% B Sb, (S, Se ) , 2 1 4 Uk,
15 Sh, (S, Se) , W S J22 Hy A6 BE s AR TR AN, 528 A%
2R AV, NTT4R 7N T Sh, (S, Se) , JIE R 2]
TN E AT HI T EWOC R 2 UL i )=
Z ARz, R 8 (¢) s H 2 S i RE A &

ANAE TV AR BRAE T S R S 2R 3 A B
FEAE 3 {45 mi s A0 s o B B m L Y, g
A BT R o B 0 O TR I, I
AR TFEE,

AL wx—AMPS # X6 HA #i AR5 B Y Sh,
(S,Se), KA MFEAT U5 HAFIE . 45 R W, iy ik
U235 ¥ T T B %) B m #L37 e % 2 i 2 X s il
1525 iz 5 F s ST A DT 0 1 B
MG A8 BT E 7 BRI Sb, (S, Se) , K FH L L, 7T
PIAS B & 1Y Jo A FF B R 0R A Tt
W 8(d) Frnt . e H AW 2 i i AN AR 19 i
P28 B A B = AR Y FF 3 AR W] LU
TS 2 KRS (K 8(e)) o Wiy Bsh
14 Sh, (S, Se ) , H 1] #1149 13z H AT DAAT 24045 =5 Sb,S,/
Sh, (S, Se) /Sh,Se, & 2 K FH HL i i #8 4F EfE . 7R AR
UE T 454> 7 H Jth HL 8 U JE A9 [R5 32 FH T Sb,S./Sh,
(S,Se),/Sh,Se, =455 )2 KHE A FF, AR LIS ) =
g5 K PH H O 1 % 4 3R B 17.34% B2 E R
19.519%"",

TE L5 TR BH H 3t S 50 v, R8CEEAE A o AN AR
IE LT B i 408 W AR A B 2 A S — R A AL



322

AN/ RS9 S g o

42 %

HIPEAE TBe o 77220 B 45 A8 R 8 1A O 2 N R
W2 Tz 5, A S = J O FF. O Sb,(S, Se), K
BH FEL Tt 07 FH 7E — 45 23 it v, R G BT 8 )
B, T LI 25 5 ik i 7 R S =2 [ ) L 92 DG
It FLAFI 37 780 B4 9 A8 7 BR 25 40 , e (i 145 1 i b
B FF A TE, PR S AR ] 28 = A B I 2
K FH L, 1285 T 2R 25 A (R AR AL R 2 A mf
ie

3 FitERE

23 JUAR I R SR A 98 N SR ST 5% 7, B 3k
BB A YOS TR KRR, BIHT R
1F, Sb,S,.Sh,Se, .Sh, (S, Se ), A BH FE, i 114 ' B 5% 458
FASEE SR 8% . 10. 12% F1 10. 7% , 35308 T4 8¢
BB K PH Tt Y IE SRR (12, 6% ) . KREBEAL
Rk B TR S R Sl R S B PRI BT R (A Y
70% , T V. 5 BSAE A LA T 509%™ . fifke
TAE 1 )Z/Sh, (S, Se) , BT , HL & 4 J2/Sh, (S, Se)
S REA X FF 0] LLpsib v, B 5 A, s Rl 2 Y
HL & 50 )2 MR AR GE 1) CdS ™ Sl a2
BIm R g Bl nT DR &V, K
V, FRFE 2 BHL RS0 AL o A0 T R 2, 9T LA A sk /)

V, SRFESE T — A 5% 10 R

7 )25 K PH P b BB 6% T A A5Hb TR M K PHOYE 3, 42
e o F R RE L T A5 %O B 98 8 4 B2 25 Shockley—
Queisser Hl BR A AT HE FEEpIE =455 2 K
HL 3, Sh, (S, Se) , A BH L L R 51 HAE D & 2
b 1% T ] - H L, DL B AT R A RE s AT AT 45 5
iy S IR S J2 K BH F b P 4% L L A B R DE B . FR
11K AST] Se/(S+Se) ) Sh, (S, Se ), A BH HEL jitb o7 FH #1]
TERIL A E R b, R A T B G A 1 BRAR
LT, {8 Se/(S+Se) k1 30% 1 Sh, (S, Se ), H 1] HL
1, Sh,S,/Sh, (S, Se) ,/Sh,Se, & J2 A BH Ha, b BE % 52 B
32.98% 1 BRI O L B i 8 (V,=3.44 V, =
11. 08 mA/em’, FF=86. 49%) . T Sh,S,.Sh,(S,Se),
1 Sb,Se, B (14 il 2 T 20AHARL, BT LB 3 5 2 K FH
P YL P ) 25 25 2 SE BRI R JR , iR T ARk R R Y
Wi,

T Sb,(S, Se ), A BH H b ZE 7™ M Ak T T A afE—
A R, BV EF Nair SR 48 HKE B A TR
0.5 emx2 cm B9 F I HL R B — MR pg >
TCRE AR e a4k 22 HR B T AR AT AR ) 26. 8 em?, 3K
1T 4. 4% WFEHBCR . BRGIREA BT

=
3 3 FTO
emsemm——
25 Etched
2 1‘ ~ - \i"a“ Unet sz(S.Se)s
0 o SV CdS  shy(S,
-_ oy iy iy ﬁi
. Y
654 ) Py Ev
ed o SeONAD © Qo
1 o - s Sb,S; Se-rich Sby(S,.Se,); o
. i- B 95‘\&/
(a) () (c)
e ' 1 1 1
1 | 1 front-gradient 1 1
B | : :
> 2] ' B 0% 50% | |1 "
© L] : -2.20 : ‘l [Se}i([S]*{Se]) -z.zo: 2.20:
° 1 1 = 1 1
5 4] 4w BW S0 an 1200 ST aa 1400 4pa 404 :
w2y i p 240 B8 1 sa0 sz B 524524 811 84
1 1 |
%D -6 : 1 v}. . !
S a4 Fr0' g ! 720 g ! 720 = |
a : 3 3 :5 2 A
1 1 q 1 =11
o I &l e Sbsse it Sb,Sey g
0] Head! | : ' L} L
' Sb,S;top-cell ! SbSSe mid-cell Sb,Se, bot-cell

& 8

(e)

(a-b) Sb,S,/Sb,(S,Se), #F AIRELLIE], 51 H SCHK[45, 98], () kT A ZI i A1 20 1 A 5 1) Sb, (S, Se)  #s FRYREZLIA, 51 A

SCHRL99], (d) Se &3 Y Sb, (S, Se), K FHHL AR ZEIET, 51 A SCHR 100 ], (o) i A2y Bl 5 HL it 5 44 B i 2B J2 AC B L b i

B, 51 H k[ 101]
Fig. 8

(a-b) The band alignment diagram of the Sb,S,/Sb,(S,Se), device (after Ref. [45, 98]), (c) energy level diagram for Sb,

(S,Se), devices based on unetched and etched samples (after Ref. [99]), (d) the schematic diagram of the Sb,(S, Se), solar cell

with an increasing selenium content (after Ref. [100]), (e) energy level diagram of triple-junction solar cell with gradient Sb,(S,

Se), mid-cell (after Ref. [101])
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