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Abstract

Antimony sulfide (Sb2S3), as a low-cost, environmentally friendly photovoltaic material with tuna-
ble bandgap (1.7~1.8 eV), exhibits significant potential in thin-film solar cells. However, its efficiency
is limited by low carrier mobility, interfacial recombination losses, and energy-level mismatch. This
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study proposes a band engineering strategy based on post-selenization treatment, where selenium
(Se) in situ substitutes sulfur (S) to form a gradient alloying layer, thereby optimizing the band
structure and interfacial properties of Sb2Ss. Sb2Ss thin films were prepared via hydrothermal dep-
osition using potassium antimony tartrate hemihydrate and sodium thiosulfate pentahydrate as
precursors, followed by selenization annealing (350°C) for band structure modulation. Experi-
mental results showed that post-selenization reduced the bandgap of Sb2S3 from 1.7 eV to 1.65 eV
and decreased the conduction band offset by 0.05 eV, significantly improving energy-level align-
ment with the electron transport layer (ETL) and suppressing interfacial recombination. The opti-
mized devices achieved an open-circuit voltage (Voc) of 0.64 V (vs. 0.57 V for the control), afill factor
(FF) 0f 44.81% (vs. 41.06%), a short-circuit current density (Jsc) of 12.49 mA-cm2 (vs. 10.97 mA-cm-2),
and a photoelectric conversion efficiency (PCE) of 3.60%, representing a nearly 40% improvement
over the untreated group. EQE spectra demonstrated enhanced photoresponse in the 400~700 nm
wavelength range. This work innovatively realizes band engineering through a doping-free post-
selenization process, providing a novel approach for developing low-cost, high-efficiency Sbh2S3 so-
lar cells and laying the foundation for chalcogenide compounds in tandem cells and flexible photo-
voltaics.
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1. 518

A BRAEIR G A8 1) R RF SR 0 AR, HEZ) W] A RRVR B R 21 A0 i MR A 2 — . 38
[E PrAEJRE (IEA)SGL T, thAT REJRHAE TR 1 4Bk 75% A bR = SARHER 1], 10 K PHBEAE il &L T
B XA 2 ISV REUR, AL SE IR A H AR AR O BE AT . AR FAE I 1 AR AR ' 28R 52
UK FHAERAL, HRSEM RSB Ok B 25 =40 3B —0Ra k(I PERC. TOPCon) 5 #5113
FHLAL(2023 AT (5 F > 95%) [2], (H 52 BRI Al FE AL A 5 52 kil 4% T2 B8 AR Ha it (40 CIGS.
CdTe) Tt P RLRI 28 51 F it e PR DR SR A0 5 oAt 0 A, o s IE 0% ©L 980 23% [3], X1 CIGS
TN K (Ga) B B R SR (M 7e F B2 2351 5 0.1 ppm A1 18 ppm) [4], LA CdTe HIRIZEIE(H N IARC
1 KEUEY) [5], MRS MR 26 =SB (S 5K A HLGAR) AR S w v R B
LR e (B AR M B )2 FRIB AL 33.7%) [6], ARV T I 2 P 0 5 1 A F2 8 MEAS /2 (T80 < 1000 h) %%
E[7]. Bk, FFRIEITCRERFE S AR e ROt EMERL,  BORHESN AR F A T RE
SRR RS .

AR, MAMEWHR I GFEMEEE U RE N KICR) KBS R R,
PRI 32 RIE8]. Hor, BRALEA(SboSa) M A B3 B 34 (Eg = 1.7~1.8 eV), KIH 5HEHES )2 dith T
T HE A BR AR B VT BC P (IR R > 40%) [9]. =TI R E(>105 om ™) AL AR IR il £ e 45 1 (<350°C)
[10], #EA0 B FLiE: 1k ds Rl . [ Dognes T 1950 4E & A B SboSs dh A LK [11],  H etk B F A 7T
2% W BER M : 2016 4F, XU A T 7K 0220 ShoSs Mk ) AT 2 45 [12]; 2017 4E, Phillips 8 A
HIHE A (A THE R S & ShoSs i1 /2 HEl , R 25 F AR IRTT 2 6.6% [13]; 2020 4, PR IRAALE T Se/S
GEHEEREEH, HR8CRREE 10% [10]; 2021 45, Capistran-Martinez 5 A R A5 Bh 5 itk 1.2,
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HIETE R Sha(S,Se)s 4y B 25 A K e H IRt %5 B ER T 30% [14]. ik, MET SboSsHLith [ & s 3%
(~8%) VAL T BB ) PR (~30%), EEZIR T HIE AL HA B EM(<102em?V s ) KFEg R
T &5 S B ) /[ 15]

Bt ER Bk, Be TRRRAIE S AL ShoSs JeR I RE A 2T B 11, Zhang 55 A\ (2021)id@ 1 Bi**
BRI L.7eV B2 1.5eV, W% il Mg FI[16]; M4 415\ (2022) K F #0892 1 Ja Ab 34
A, EIE R AL SRR, ARSI T & 12.6% [17]. SRTIT, BUE 15 2% T 2% AL B Sk s
SIS BRBEAS TGN, TR 2SS W T RESI N TR A5 . Rk, T R e L o e 2 5 1 Sl 3 P 1
e PR SR, ATD R 1% U R UM A

AT — M BB R R A Be A TAR SRS, DAY /K A R B 87 (CeHaK2012Sb2- 0.5H,0) Fll 117K
B AR R M (Na2S203-5H20) A HT R4, Ji i K FADTAR S5 S 1L 1R /K (350°C) -5, 3N, ShoSs B (15 5
Hestt. SEER M, SelS JEAHURIE N Sha(S,Se)s it % 2 il R LA H B (1.7—1.65 e V). S mts
(P& 0.05eV) 5 A B G HHE, A1 8% (PCE)IA ] 3.60%, HOxtHRA1HE T 40%. % L
VENTFR B R IRBE A UFI ShoSs A PHEE FE L BE (it 1 T A o 07 &

2. SEOER

TERIE IR R, B 20K T — R VRS B (T DD SR AR DR IEAR 135 1 2 . K & B e AL
BGI(FTO) MBI MR IRAE L BTk B ST RER SRR AT B 5 I 0E, BB AbEE 40 20%h, DAIR
LRI AN G HAAT o BEJS , f8H Z BT, BRI 15 7B iR Ab R SLAEUAL BE, 1E— 25444k FTO
PR, B2 AF 2% BT FTO B4k .

B, BB TTR(CBD) A% T CdS Zrh)Z, HIEFEFEHITE 70~80 9K 2 0], B AR#EE(E
N EHUE B R RN EOKIE R, RIKBINEMR R I ik . BEE IONBRIRIE R, PRoEfH: 30
FoIa, FRIMEBAK AL, B2 TR ST AT IR IR . X — AT SRRV VRS N SCE CIE T 1 FTO
SIS, B TR A TR, SERL CdS MR, DIRSERUE , AR K
FHAKFITE K CEEMPEE, FRHASWRT, 8 TIn#ER g7 n#sb .

NT BRI SRR MR, TEBRAL R AR R IR T SR I AR . EUARE D KA A 3000
By R R IR TE 30 B, ARJEAEASh T 400°C HmBh bRk 10 43, DA THE R ) 45 A R
HE o

BEJS, RHAKRGTRNERI4 T ShoSs . B, Kl BB AN FOK BRI RN I% — & LLBlR &
T T EAK, oA e AR, TR IRAEER . K CAS/FTO 4B 50 ZTH R IUM
K5 PO AT AN i K B R L 38, 3 S BRIV BN T F1) e ) R A T VR o 5 A7 PR K ARG TN B A PR AT
R RIBLGERUG, BUH/KIAGE BARA AR =R . R TAR AR 21 AR H e Al K FTG /K ZRErn, &
AWRFSE, BTFEMPT 100°ChI#R Eins 2 28l  DUEE— 5 Fa il i 45 44

N TSk SboSe TR PERE, AT T REA TARARER . K TR Y BEAT AT LA 3000 /o)
P RS 178 1) ShoS i b 30 B, SRJRTE 350°C NIE K 10 23h,  DAERE T BRI BRI R 1 45 5 -

Ben, IR BRTERR M EZEPE T 80 nm FIA(Au)FE M), ZEHEIE S HI7E 5x 107 pa. #RFRE
T4 0.09 cm?,

3. BRE5VE

K1 B R 1 RE T TRE SRS AE SbaSs 4544, E1H 2 v, il — R E A RS R, 155
ShoSs BEHT A4 o X — B FE B e T 540 - T RSO %, 1207 30 I B AR AN RSO
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WRHSCIEIEE R T VR TF S AR BR(EG) o 3K — SRHE S MO T B AR SboSs KO HIMERE R R 2L, B iksE
TR E ISR IR o FERfE 12 e, BRI A 22 AR5 IR 1 Mott-Schottky 4],
AR € 1 AL IF FR s el AL B X — P B M se B R B I SC B — 3, BN T R T
FHSERER H A E . £E QT A BN AT R 58 P2 AR A b, JEE R PR AR B B, A SO AT LR R
AN AL B, AT e R T RER AT I RORE . (AR RE, IR TR, ShoSs MRSl 1A
Afite. MIEIGEH) 1.7 eV %% 1.65eV, X—RUNIAALAIXI ARG L RE P E TIRIZHIRE M. fE
W LRERISIN, (675 SboSs 5 Au S 2 A I RE R ARSI NGB, AR 17— E KL, X
ARG R 1R T RS R, AR AT T I T (Jsc) FE 78 TR (FF) S5 S B ' LR RESR
PRfFE] 7RISR T BeAh, mI T PORBER IR HEE A, — AN A LR S LUE . X — 45
R AT X SR O A B AL 1 SO IS, P9 TRPRHD iR . [, A
RIS E] TR, AR ER T R R N R, W sE— 257t 1SS 1 (FF) RI{E .

CdS
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Figure 1. Structure diagram of Sh2Ss-based photovoltaic device based on energy band engineering
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Figure 2. Energy band diagram of Sh2Ss-based photovoltaic device based on energy band engineering

& 2. BT TI2M0 ShoSs AR B[ HAEETHE

N TIRNIRTURE H TREXT SboSa AKFH AE F bk BE A EL AR, BETHIF St 7 — 41T Flskls . fEIX S
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Figure 3. J-V curves of Sh2Ss-based photovoltaic devices based on energy band engineering
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Figure 4. EQE spectra of Sh2Ss-based photovoltaic devices based on energy band engineering
4. BT TR ShoSs BN EQE Kk

1 VRAHBIH T SbaSs AFH RE FL L A S AL I 254 M S HIMGe it oAl . IR EEHE SR 1O T it
gk, PERELLARSHUMG AR S, 95 SRR EEA T B8 1 RS A

s 3 Bk -V 2, T LS A B 2l G TAZALER A A8 0F S0 IR SRR R L R
HAoRYE, 2t feit TR S RILL 138w (L i H R (PCE), 1A% 1 2.58%. SutfFAn, H
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FFE& HLE (Voc)~ H5 2 L L 2 (Jsc) FHIE 78 IR (FR) .23 B 32 12 7 0.57 V. 10.97 mA-cm™2 Fil 41.06%. iX
— R E MR TT EEATh T Jsc A FF 130

EAE R AL, TR TRE SRS AL N, Jsc A FF 23 B S2BL 7 MATEAE 2] 12.49 mA-cm2 fi1 44.81%
PIRIRIE T o X — 3T AUAIIERUE b, BAESEbRR ok T RE PR GE . N T IRUF Jsc BN
HARME, DN T AN E TR (EQE) K, Wil 4 B, EQE MIGEE R Jsc Mtk 55 4 —
B, HrPH EQE Sui it AR Jsc M 12.03 mA-cm2, #E—BIFSE 1 AE A TR0 F G B 1 4 20
P

BEA, e TREAN IG5 T Al AL 245 2F 400~700 nm K30 B Y R LR WA S, 38 38 3 46 /N B4 v
T EIRT IR X — RS 5 2 (0 T Re 88 A RO WSO i A A F iR, ATTER T T H it R R A M R
AR, BeT TR oK T B B FBH Re 1 FEARAN 200 L BH Ren PO IN, X — 840G )98 /0 FRLIE A4 2
Perm IR SRR, A4 FF A 41.06 % F 7t 44.81%.

ZE LRI, @ik of b SIS R VEAN AR A A, TTDABA A R 20 s RERT LAR SRS XS TR T ShoSs K
FHEE VB PERE A B . X — SRS AR AL T 28R 451, B4R & TR FE 7 R 745
FARVEREFRPR, A SboSs ABHfE HL I (1 52 b N A T B J1 03 F5

Table 1. Photovoltaic performance table of Sbh2Ss-based photovoltaic devices based on energy band engineering

= 1. BT R TIEM ShoSs AR EBFHHI LR IERER

Samples VOC [V] Jsc [MA-cm™?] FF[%] PCE[%] Rs[Q-cm?  Rsn[Q-cm?]
Control 0.57 10.97 41.06 2.58 87.30 350.97
Energy band engineering 0.64 12.49 4481 3.60 57.02 419.85
4. 45ig

A SO AR TRERIS, RAWEFL T BB (SboSs) K BH AE b PR R LA AL . SEEGRIH, &SR
TR ) NS C R M ATHE T, 8 I 0 (Se) B AL HURER (S)TE b 5 & &40 2, B350 T ShoSs Wi i fe
ARSI S FUERRE, R AR SR G TR R PR AR . GBI BT AR, SheSs I BRI 1.7 eV 1%
£ 1.65eV, S RAZIEAIC0.05eV, LI 15 R Z(ETL)WERBEHRILA. X0 2E @D 77
MEEHK, HEEFFEEEMoc) M 0.57 V #2F-%E 0.64 V, HFEKTF(FF)M 41.06%38 = £ 44.81%, &
LI R (PCE)IA F] 3.60%, HARAI N FRALIETHIE 40%. AW FCil I g T TAESRIE Ny ShoSs K FH
AEHIB I PERE R A TR E T RS, FUIRROAR . PR R B 0 — OB R AR AT RE 4 R &
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