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Abstract: In recent years, Sby(S,Se); has been considered a promising photovoltaic material due to its excellent
photovoltaic properties. However, the highest reported photoelectric conversion efficiency (PCE) of Sb,(S,Se); solar
cells still lags far behind its theoretical PCE limit, partly due to severe carrier recombination in Sb,(S,Se); films. In

this study, a process additive, formamidinesulfinic acid (FSA), was introduced into the precursor solution of

Sb,(S,Se); by hydrothermal deposition method. The additive FSA not only optimizes (211) and (221) orientations as
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well as Se/S atomic ratio of Sb,(S,Se); films, but also reduces Sb,O; content of carrier recombination center in the

films. The dark saturation current density (J;) and recombination resistance (R,..) values of the solar cell with FSA

are 1.10x10° mA-cm > and 3147 Q-cm 2, respectively, which are significantly better than those of reference device

(5.17x10° mA-cm > and 974.3 Q-cm %), indicating that the carrier recombination loss of Sby(S,Se); solar cell is

restricted. Under AM 1.5G, the mean values of open circuit voltage (Voc), short circuit current density (Jsc), fill

factor (FF), and PCE for the solar cell with FSA are 0.69 V, 18.46 mA-cm 2, 63.60%, and 8.04%, respectively,

showing significant improvement compared to reference device (0.67 V, 17.82 mA c¢cm °, 62.27%, and 7.70%). The

best device contributes the highest PCE of 8.21%, and this unpackaged device maintains 82.1% of its initial

efficiency after a 120 d aging test in air.
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Fig. 1

Crystal structure and chemical states of Sb,(S,Se); films

(a) XRD spectra; (b) Texture coefficients; (c) Raman spectra; (d-f) XPS spectra. Colorful figures are available on website



%5 4 3]

ey, &5 HPREAEER A N7 FE T Sbay(S,Se), Whfis 57 & X Hu AR 1t e 375

S AL T 16174 160.5 1 159.2 eV. FSA ¥bNFA
18 B IX e 2 A BRI K AR m RS 1 IR (R & FSA BE
A HEN Sba(S,Se)s duktr, WAAFLE T E B P
Ik, AHEET FSA-0, FSA B R FEAK T SbyOs XF B[ Sb
PRI RER EE (B 1(D), #E— 3R] Sb,0; A K32 B4
fil, ] T Sba(S,Se)s W EIM T HIEZ & H L.

{8 F FESEM Z&AIE Sby(S,Se)s ¥ i ) 2 [ A1 48 [T
TR, Wil 2 fis. MR EA I ERPUR
Z LS. MET FSA-0 (460 nm), FSA-0.1 #
JIEE B 7 2 8 kL R ) (488 nm) B K H. b A /b
(B 2(a~d)F1& S2). #l FESEM [ (B 2(e, ),
Wi B UG R (Z) 450 nm), {H FSA-0.1 i
(PRI R > g — P8 R ) B e &= 5
BT Sba(S,Se)s i M5 (1) FH ¥ FZ (B S3), FSA-0 #
FSA-0.1 #2577 HERRE 2 23 704 39.9 F123.9 nm,
H—BR W] FSA-0.1 ¥R M E NP . KRR
~Eo B D I ORI EE SR (e R ORI T e
W2 5 2 AR B 2 ) Ak o i R AR OB AR 22 0T, A
[[TE PR g A A A

FIIFH L A0-17 WA Y66 BE TSR AE FSA-0 2 FSA-0.1
TS 1 6 IR WSORA ' 2 7 B (] S4)» 7 500~900 nm %
KGN, FSA-0.1 #EHL FSA-0 OB Wi Re 7758
g, HOEEWBR(ED N 1.65 eV, B FSA-0 Ff il
(Eg=1.66 eV)/INo Eg Jli/NA T34 98 25 44 1 6 i
fE A1 XA FSA I SE Se/s JE T LL 4l
Ko HbAh, FSA A s 5 3508 1Y) [R] it ] 3 g
FE IR U RE:

KA B T BE IR (UPS) R AEA A Sba(S,Se)s
HIRRETT AL B . FSA-0 & FSA-0.1 R R
TAUEL 258 16.82 F116.80 eV(E 3(a)), XLE(E
X L) B K BE R (ER) 53 0 —4.40 F1-4.37 eV; M
T (Evem) 7 9 N-5.78 F1-5.58 eV, S JE (Ecam) 7>
il N—-4.12 M1-3.93 eV, Evpw 1 Ep Z [0 1) BE & 72 73 5

@) FSA-0.1

Intensity / (a.u.)
Intensity / (a.u.)

20 19 18 17 16 1530 20 10 0 -1.0
Binding energy / eV Binding energy / eV

9 1.38 F1 1.21 eV o MRAESCHR HH4RIE B A S HU R, L
B CdS/Sby(S,Se)y/Spiro-OMeTAD % /= W RE i B
(E 3(b)). 5 FSA-0 Lk, FSA ¥ hns—J7 i ff
Sba(S,Se); ¥ ik 5 CdS i 2 [7] (1) R = 35 22 ek /S, TE
2 BEHE S (Cascade alignment), {33 HE 7 23T H
W Z T G ek 2 AR A PO S — T T, RN T
Sby(S,Se); M Evpwm 5 Spiro-OMeTAD MIREL %,
XA F|F Spiro-OMeTAD i B 57,
2.2 Sby(S,Se); KPHEE R MR AE

4(a~d)ELEE T FSA-0 5 FSA-0.1 KBHAE it
PG H RS 8, MRS B 4(e)fim. #%
fF TAEJR LA Sba(S,Se)s BT, BHFMN
Sba(S,Se)s M5 M R 22 T, 774 -8 O,
CdS F1 Spiro-OMeTAD JZ 45 7l 3% F P Hh A% 4 H2 -1 Al

”

©) FSA-0

(f) FSA-0.1

K 2 Sby(S,Se); HifE ) FESEM M F
Fig. 2 FESEM images of Sby(S,Se); films

(a-d) Surface; (e, f) Cross-section
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Fig. 3 Energy-level characterizations of Sby(S,Se); films
(a) UPS spectra; (b) Schematic diagram of energy levels. Colorful figures are available on website
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Fig. 4 Photovoltaic properties of FSA-0 and FSA-0.1 solar cells
(a-d) Statistical distributions of photovoltaic parameters; (¢) Schematic diagram of the device structure;
(f) Normalized PCE. Colorful figures are available on website
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Fig. 5 Photovoltaic properties and defect analysis for the best devices of FSA-0 and FSA-0.1
(a) J-V curves; (b) EQE spectra; (c) Dark J-V curves; (d) EIS plots; (e) C—V curves; (f) Ncy curves
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Fig. S1

Fourier transform infrared spectra of Sby(S,Se); thin films (FSA-0 and FSA-0.1) and FSA powder

Partial enlargements of (b) N—H and (c) S=O characteristic peaks
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