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Sby(S,Se)s KPHHL ML EF45H9 FTO/CdS/
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TGEREE (uy,) A 0.1 ecm?V Ls; Shy(S,Se); WOt
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Solar rays

FTO coated glass substrate

Sby(S,Se)s

Spiro-OMeTAD

Kl 1 Sby(S,Se)s A FH HiL ith 114 25 #4) 7 2 A
Fig. 1. Schematic diagram of the Sby(S,Se); solar cell struc-

ture.
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Fig. 2. Sby(S,Se); solar cells with narrowing and constant band gap structure: (a) J-V curves; (b) energy band diagram; (c) energy

band scheme of constant band gap Sby(S,Se); solar cell; (d) energy band scheme of narrowing band gap Sby(S,Se); solar cell.
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%2 KAl 1 Sby(S,Se) 12 I8 AE B4k #4 A FH H

B PERESEL
Table 2.  Photovoltaic performance of the narrow-

ing band gap structure Sby(S,Se)3 solar cell with dif-

ferent u,.

ﬂe/(cmz'vil'sil) Voc/v Jst:/(mA'Cmiz) FF/% PCE/%

0.1 0.93 20.00 52.50  9.74
0.25 0.87 21.77 63.39  12.05
1 0.83 22.77 73.44 13.89
5 0.82 22.95 7718 14.46
10 0.81 22.95 7772 1451
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1T Shy(S,Se)s WOLZM ARG T, B 1T —
Tnea 3. XA R 2045 A B TR A2 R
FEWS, 25 /T A2 Fa e B RGO, RS T A
LT I aa T R 12 WS . TR R S U
AL R Y R E RRAIC R TEAS BE, el
FHERXEAMIEERRE (K 2(d)), 5
T IE RS R ) AR AR T, R AR AR T
1) PCE. H FRATIA A #7722 i B i 1 FH R )23
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WA REBR LA AR R BE A N AEDLIE, R T AR
T FIE R R IR BERRL Sby(S,Se)s A FHHLIB AGPERE.
Bl 34 T A u, 0.1 cm?Vis! #EE
10 cm? V-l ! (SRR RER Sbo(S,Se)s A BH HL it HF
PEE, BARMRES N 2 g, TEiB e R 25
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(a) A ETIRED; (b) BT EERM; (c) J-VHIE; (d) HETRCRMZ

Fig. 3. Narrowing band gap structure Sby(S,Se); solar cells with different u.: (a) Free electron concentration distribution; (b) recom-

bination rate distribution; (¢) J-V curves; (d) quantum efficiency curves.
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o LT 1L sz 2] T .l E 3(a) AElu, T
Sby(S,Se)s 1 H HHL TR E T LLE £, BEi [
TAEWOEZE 0.2 2 0.5 pm Ab B AT f i i, Ut
A Fh T R R AR MERR, SRR SR
TEMZNE, B ESRENERTE A
R NE 3(b) Fizn. SEETHLEY J, 1 FF 5AIK, AL
H 9.74% 1) PCE. ZHHECR/N T 50% 18 E REFR
(1) Sby(S,Se)s A FHHL it , 35 52 PR R 24 ol 2 v e,
5, AT, SRR B ST 2308 R AR
P Ak, 2R F s 2815 AN, 16 iAW s BE
BRZE R FEANTE F T A B L R v

BfE u, WOAETE, A M s R W il T
73 B BT 7 A %) BRI R 37 06 L i I R
M), 5 22 et R it = 2B 6 AE H i TR LS
i FAEH 2. L, W 3(a) Fias, ik GE B
Sby(S,Se) s W25 8B 1 A H YR bl
Ue ML R FRAG, AR XA BRI T H A F
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M S A5 28 358 12031, St fliAs gl 20.00 mA-cm 2
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RS FF il 52.5% &2 1 77.72%. i#
i FARAHT R AL, AR RE B A I E S T BT
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0.1 cm®V 1s ! u, K 0.25 cm?V-4ts ! (5 G F 5k
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i 32 W U B0 B D RE PR A M B R M. N
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TEIC LR k2N u, 2 10 em?V-1s ! H P
REAA T s B8 . X1 I s D e B T = A e
Y tVE e, N 5 cm?V Ls L I gl RE % K 5 188
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FPFEREM BRI 2, L, 51 A8 08 A8 B LA i
PR s A bR R RE 1A AT B

H i 7E 52 56 F 55, X TS R Se & &2 1Y
Shy(S,Se)s HBEM T {3 B 1A WA 1 2 2516 1920 (A g
BEHT L B 1 AN [ 75 2 X A8 RE R A FH 7= A 5
M 2 — T BRI A ) . Ry Sy T R A
— Bl Sby(S,Se)s T4 BE Se & i AR{LAE 3.7 Fl

4.04 eVZ [RIZMEAE Tk ; 55 —Fh A Sby(S,Se); -5
B Setr ARk — EF B TE 3.7 eV. WiFhBENT
3 E Sby(S,Se)s A FH HL b 19 1 B 25 F A 4 7.
S E [ E 5 AN E Sby(S,Se)s A BH HE It Y
PCE 4350 14.56% 1 14.42%. Wi# PCE 3:AH
], 2] Sby(S,Se)s Fair (i B I A2t e 377
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Fig. 4. Narrowing band gap Sby(S,Se)s solar cells with different conduction band positions: (a) J-V curves; (b) energy band diagram;

(¢) energy band scheme of Fermi level alignment.
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Fig. 6. (a) Relative PCE of constant band gap and narrowing band gap Sby(S,Se)s solar cells with different thicknesses. Here, the
relative PCE refers to the PCE ratio calculated by applying the PCE of Sby(S,Se); solar cell with 0.25 pm thick as the denominator;
(b) the carrier recombination rate distribution of constant band gap and narrowing band gap Sby(S,Se); solar cells with different
thicknesses; (c¢) the relative PCE of constant band gap and narrowing band gap Sby(S,Se); solar cells with different defect densities.
Here, the relative PCE refers to the PCE ratio calculated by applying the PCE of Sby(S,Se)s solar cell with the defect density of
10 e¢m™® as the denominator; (d) the carrier recombination rate distribution of constant band gap and narrowing band gap
Sby(S,Se) solar cells with different defect densities.
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Abstract

Sby(S,Se); thin film solar cells have been developed rapidly in recent years due to their abundant raw
materials, simple preparation method, stable performance, etc. In this study, based on the characteristic of
tunable band gap of Sby(S,Se); light absorption layer, wx-AMPS software is used to simulate and design the
Sby(S,Se)s solar cell with narrowing band gap structure, and compared with the Sb,(S,Se); solar cell with
constant band gap (50% selenium content). The results show that the additional electric field formed by the
narrowing band gap can promote the holes’ transport and inhibit the carrier’s recombination. Compared with
the constant band gap structure, the narrowing band gap structure can increase the short-circuit current
density of Sby(S,Se)s solar cells from 19.34 to 22.94 mA-cm 2, the filling factor from 64.34% to 77.04%, and the
photoelectric conversion efficiency from 12.03% to 14.42%. Then, the effect of electron mobility on the
performance of Sby(S,Se); solar cells with narrowing band gap is studied. It is found that when the hole
mobility is 0.1 ecm?V1s! the advantage of narrowing band gap can gradually appear after the electron
mobility is higher than 0.25 ¢cm2V s 1. The performance of Sbhy(S,Se); solar cell is enhanced with the electron

1 the device

mobility further increasing. However, when the electron mobility is higher than 5 cm?V s
performance is saturated. Moreover, we demonstrate that the degradation caused by thick or high defect state
of Sby(S,Se)5 solar cell can be effectively alleviated by applying the narrowing band gap due to the suppression
of the carrier recombination. When the thickness is 1.5 um and the defect density is 10'® cm 3, the photoelectric
conversion efficiency of Sby(S,Se)s solar cell with narrowing band gap is 6.34% higher than that of the constant
bandgap. Our results demonstrate that the band gap engineering of the light absorption layer is one of the
effective technical routes to optimizing the performance of Sby(S,Se)s solar cells. Since the photo-absorption
material such as amorphous/microcrystalline silicon germanium, Copper indium gallium selenide and perovskite
have the characteristic of tunable band gap. The design of the gradient band gap structure can also be applied

to the optimization of the above alloy or compound solar cells.

Keywords: Sby(S,Se)s, narrowing band gap structure, solar cell, wx-AMPS
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