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Antimony selenosulfides (Sb2(S, Se)s) has garnered significant attention due to its exceptional optoelec-
tronic properties. The quality of the Sba(S, Se)s thin film is pivotal for its role as the light-absorbing
layer in solar cells and directly impacts device performance. This study depicts for the first time the use
of N, N-dimethylformamide as an assisting solvent in the hydrothermal deposition process for producing
semitransparent solar cells based on Sbo(S, Se)s thin films. Comparative analysis with the traditional
hydrothermal deposition method using water as the sole solvent reveals a substantial reduction in surface
pinholes of the Sba(S, Se)s thin film, thereby mitigating current leakage resulting from direct contact
between the electron transport layer and electrode. X-ray diffraction characterization demonstrates en-
hanced crystallinity with [021] orientation in the improved Sba(S, Se)s thin film, facilitating improved
carrier transport. Furthermore, the dark J-V curve reveals that the reverse saturation current of the
Sba(S, Se)s solar cell with the traditional hydrothermal method is 3.45 x 107 mA /cm?, whereas for
the enhanced Sba(S, Se)s solar cell, it is 4.65 x 1077 mA/cm?, indicating reduced carrier trapping by
defects. These findings reveal that the fill factor of devices obtained through solvent-assisted hydrother-
mal deposition method with N, N-dimethylformamide as an assisting solvent increased from 35.06%
to 40.96% and achieved the power conversion efficiency of 3.23%, representing a 50% improvement of
the power conversion efficiency over those obtained through traditional hydrothermal deposition with-
out any assisting solvent. The average visible light transmittance was about 9.17%.
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1. Introduction

The advent of industrialization has led to the pro-
liferation of glass skyscrapers, which is expected
to increase energy consumption within buildings.
Photovoltaic technology directly converts sunlight
energy into electric energy [1]. Therefore, the de-
velopment of transparent photovoltaics (TPVs) of-
fers an effective solution for balancing energy
conversion and lighting requirements within ar-
chitectural structures [2]. Antimony selenosulfides
(Sba(S, Se)s), including antimony selenide (SbhoSes)
and antimony sulfide (SbaS3), have attracted signif-
icant attention due to their excellent optoelectronic
properties, such as high carrier mobility, high light
absorption coefficient (> 10° cm™1!), and long-term
stability [3, 4]. On the one hand, SboS3 and SbaSes
(shortly written SbeS(e)s or Sba(S, Se)s) possess
a one-dimensional (1D) crystal structure composed
of infinite (Sb4S(e)g), ribbons connected by strong
covalent Sb—S(e) bonds along the [001] direction
and weak van der Waals forces along the [010]
and [100] directions [5, 6]. This results in highly
anisotropic carrier transport within the SboS(e)s
crystal, with electrical conductivity along the [hkl]
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direction being 100 times higher than that along the
[hkO] direction, and even 1000 times higher along
the [001] direction [7]. Therefore, the devices are
expected to yield outstanding performance if the
growth orientation of the SbaS(e)s crystal is along
the advantageous [hk1] direction [8]. On the other
hand, owing to similar crystal structures between
SbySs and SboSes, the band gap of Sbo(S1_.Se,)s
(0 < z < 1) can be continuously tuned from 1.7
to 1.1 eV by varying the Se/S atomic ration [9],
thereby facilitating gradient band gap design to ef-
fectively enhance device performance [10-12]. With
these distinctive characteristics, Sba(S, Se)s holds
promise for advancement in semitransparent pho-
tovoltaic (ST-PV) applications [4].

The quality of the Sba(S, Se)s thin film as
the absorber layer is crucial for device perfor-
mance. Conditions conducive to enhancing device
efficiency include favorable crystal orientation, high
crystallinity, and well-defined morphology [9, 13].
Huang et al. [14] employed (NHy4)2S to facilitate hy-
drothermal sulfidation, thereby improving the crys-
tallinity of SboSs thin films and yielding an effi-
ciency of 6.92%. Tang et al. [9] utilized potassium
antimony tartrate (KSbC4H407), sodium thiosul-
fate (NaS203), and selenourea (SeC(NHgz)z) as
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sources of Sh, S, and Se, respectively, to prepare
precursor solutions and achieved a photoconversion
efficiency exceeding 10% via hydrothermal method,
marking a significant milestone in the development
of Sbo(S, Se)s film solar cells. Based on this work,
Chen et al. [15] introduced ethanol as an assist-
ing solvent, which improved the morphology and
crystalline quality of the films while reducing de-
fect density. This method led to an increase in
the power conversion efficiency (PCE) of 10.75%.
However, the majority of high-performance de-
vices [16-19] incorporating the aforementioned
technologies utilize relatively thick gold (~ 100 nm)
as the counter electrode, and the cost of vac-
uum deposition for gold electrodes is substantial
(~ 100 USD/m?). Consequently, Kumar et al. [13]
used carbon/silver electrodes as the counter elec-
trode, with an FTO/TiO2/SbyS5/CuSCN/C/Ag
structure (FTO — fluorine-doped tin oxide) to
achieve an efficiency of 1.95% along with an av-
erage visible light transmittance (AVT) of 26.7%.
Building upon this, they employed ultrathin Au
layers (~ 10 nm) as counter electrodes along-
side CdS as an electron transport layer (ETL)
that have achieved efficiencies up to 2.13% with
an AVT at 13% [4]. Furthermore, Lee et al. [20]
employed the atomic layer deposition (ALD) pro-
cess for fabricating semitransparent SbsS3 so-
lar cells (ITO/ALD-TiOy/ALD-SbyS3/P3HT/Au-
10 nm), achieving PCE of 3.44% and AVT of 13%,
respectively. Zhang et al. [21] employed graphene
as the counter electrode, using the structure of
FTO/CdS/SbsS3/Spiro-OMeTAD/ graphene, and
achieved a PCE value of 2.18%. In addition to
the above methods, there is still room to further
optimize solar cells by using interface engineering
and modifying the structure to create cells that are
able to harvest the light better [22]. However, the
certified PCE of perovskite solar cells (PSCs) has
reached 26.7% [23]; compared to this, the PCE of
semitransparent Sba(S, Se)s (ST-Sho(S, Se)s) solar
cells remains relatively low. Therefore, optimizing
the quality of the Sbo(S, Se)s films and enhancing
device performance are still the focus of current re-
search.

This paper introduces for the first time
a mnovel approach for the production of
Sbo(S, Se)s thin films through the utilization
of N, N-dimethylformamide (DMF) as an assisting
solvent in a solvent-assisted hydrothermal deposi-
tion (SHD) process. DMF exhibits a lower capacity
to dissolve KSbC4H4O7 compared to water. Dur-
ing the hydrothermal process, the solubility of
KSbC4H4O7 in the solvent gradually increases
with the rise in temperature, and the deposition of
Sho(S, Se)s films occurs in the process of maintain-
ing or reducing the temperature of the solution.
Hence, the solubility gap of the solute within the
solution dictates the deposition rate of the thin film
onto the substrate. When water is the sole solvent,
the hydrothermal deposition rate in water-based
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solution is relatively faster due to its stronger
ability to dissolve KSbC,H,O7 compared to DMF.
Conversely, the use of DMF as the solvent results in
a relatively slower rate of hydrothermal deposition,
which is useful for crystallization. Based on the
structure of FTO/CdS/Sba(S, Se)s/Au (~ 10 nm),
KSbC,4H407, NasS203, and sodium selenosulfate
(NaySeSO3) are used as sources of Sb, S, and Se,
respectively. This method not only enhances the
crystallinity of Sba(S, Se)s but also reduces the
number of pinholes on the film surface, thereby
improving the quality of the film. The champion
photovoltaic device efficiency reaches 3.23%, which
is 50% higher than that achieved by the traditional
hydrothermal deposition (HD) process without
using any assisting solvents. Additionally, it has
an AVT value of 9.17% and a fill factor (FF) that
increases from 35.06% to 40.96%.

2. Experimental setup

Preparation of NaySeSOj3: 5.042 g of anhydrous
sodium sulfite (Na2SOgs) (98.0%, Macklin) and
0.632 g of selenium powder (Se) (99.9%, Aladdin)
are weighed and then 80 mL of deionized water are
added. The mixture is stirred with a stirring rod
for 10 min, and the contents are transferred into a
tightly sealed 100 mL autoclave Teflon tank. The
sealed reaction vessel is placed in a 135°C oven and
heated for 5 h. It is allowed to cool naturally, and
then the autoclave Teflon tank is opened. The com-
plete dissolution of selenium powder results in a col-
orless, clear, and transparent solution. The solution
is transferred to an amber glass bottle and stored
in a dark place. The concentration of the obtained
sodium selenite solution is 0.1 M.

Preparation of semitransparent Sby(S, Se)s thin
films by SHD: Water serves as the primary sol-
vent, while DMF (> 99.5%, Tianjin Beichen
Fangzheng Reagent Factory) acts as an assist-
ing solvent. The Sbo(S, Se)s thin films are hy-
drothermally deposited on a CdS electron trans-
port layer. The sources of Sb, S, and Se are
KSbC4H407 - 0.5H,0 (> 99.0%, Sinopharm Group
Chemical Reagent Co., Ltd.), NasS;0j3-5H0
(99%, Aladdin), and NaySeSOj3, respectively.
Firstly, 50 mM KSbC,H4O7 - 0.5H50 is dissolved
in 40 mL deionized water and stirred until com-
plete dissolution. Then, 100 mM NayS503-5H50 is
added and stirred until complete dissolution. Sub-
sequently, 2 mL of the above NaySeSOgs solution
is added with stirring until the solution turns pale
yellow. During the SHD process, the total volume
of solvent remains at 40 mL, with DMF being
added last, accounting for 25%, 50%, and 75% of
the total volume, respectively. The fluorine-doped
tin oxide (FTO) glass substrate coated with CdS
is then tilted and immersed into the Teflon tank
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The SHD preparation process for solar cells based on Sbs (S, Se)s films. During the solution deposition

process, DMF is used as an assisting solvent, KSbC4H4O7 - 0.5H20 (APT), Na2S203 - 56H2O (STS), and
NazSeSO3 are used as sources of Sb, S, and Se, respectively.

containing the precursor solution and placed in a
120°C oven for 150 min. Following this step, the
thin film is recrystallized, and the substrate coated
with Sbo(S, Se)s thin film is placed in an Ny at-
mosphere and annealed at 350°C for 10 min. For
convenience, the prepared thin films are marked as
HD-Sby(S, Se)s and SHD-Sby(S, Se)s thin films.

Device preparation: All devices are deposited onto
fluorine-doped tin oxide (sheet resistance 14 £,
transmittance 83%) glass substrates provided by
Guluo Glass Company and undergo ultrasonic
cleaning with deionized water, acetone, isopropanol,
and ethanol for 40 min each. Hereafter, the FTO is
cleaned with a plasma cleaning machine for 15 min.
The device adopts an FTO/CdS/Sby(S, Se)s/Au
(~ 10 nm) configuration, where the CdS layer is
chemically deposited at 70°C for 20 min to achieve
a thickness of ~ 80 nm as ETL. Post-treatment
of CdS buffer layer with CdCls: (i) Applying a
CdCly (99%, Aladdin) anhydrous methanol satu-
rated solution (=~ 20 mg/ml) onto the CdS layer us-
ing spin-coating, followed by rinsing with methanol;
(ii) Placing the treated CdS layer on a hot plate
at 400°C and baking in air for 10 min. Subsequently,
a 10 nm-thick Au electrode is deposited on the sub-
strate through thermal evaporation, and the effec-
tive device area is determined by the aperture of a
mask with a diameter of 0.3 cm?.

Characterization: The external quantum efficiency
(EQE) is measured using the QE system QE-R3011
from Enlitech. The surface and cross-sectional mor-
phology of the Shy(S, Se)s film are characterized us-
ing a scanning electron microscope (SEM, TESCAN
MIRA LMS). The transmission rate of Sba(S, Se)s
thin films was tested using a UV-visiblenear-
infrared spectrophotometer (Hitachi, UH4150). The
crystal structure of the Shy(S, Se)s film is analyzed
using an X-ray diffractometer (XRD, Bruker D8
ADVANCE). Under AM1.5 simulation light (AM
refers to atmospheric optical quality, 100 mW /cm?),
a solar simulator (Newport, Oriel Sol3A) and a
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source meter (Keithley 2400) are used to detect
solar cell parameters. Electrochemical impedance
spectroscopy measurements use a CHI760E elec-
trochemical station from Shanghai Chenhua Instru-
ments Company, which is set to an initial potential
of 0 V and a frequency range of 1 to 1 x 10° Hz.

3. Results and discussion

3.1. Synthesis and characterization of devices

The solution growth deposit method always uses
water as the sole solvent, but as a reaction medium,
the solvent plays a crucial role. In this study, for
the first time, we use water as the main solvent
and DMF as the assisting solvent in the hydrother-
mal process to prepare Sho(S, Se)s films, aiming to
improve the surface pinholes of Sho(S, Se)s films
and optimize the orientation of Shy(S, Se)s crys-
tals. Figure 1 describes the flowchart of prepar-
ing Sba(S, Se)s solar cells using this SHD method.
More precisely, we use the chemical bath deposition
(CBD) method to prepare CdS as the electronic
transport layer, which is then spin-coated with a
CdCl; methanol solution and annealed to mitigate
defects. Subsequently, through the SHD method, we
fabricate the Sbo(S, Se)s absorber layer, and after
that, we conduct thermal annealing in Ns. Finally,
we use the thermal evaporation method to deposit
Au (10 nm) as the counter electrode.

To investigate the optimal amount of assisting
solvent in the SHD process, four precursor solutions
were formulated by varying the DMF-to-water ratio
from 0% (HD) to 25%, 50%, and 75%, while main-
taining a constant total solvent volume of 40 mL.
To compare the performance of Sba(S, Se)s solar
cells prepared with different precursor solutions, we
prepared 30 solar cells with an area of 0.3 cm?
and different precursor solution concentrations,
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Fig. 2. Characteristics of Sba(S, Se)s thin-film solar cells. (a) EQE spectra and the relevant J,. curves of the

champion Sbhz(S, Se)s solar cells in each case. (b) J-V curves of the champion Sb(S, Se)s solar cells in each
case. (c) PCE, (d) Js, (e) FF, and (f) V,. statistical boxplots of Sba(S, Se)s solar cells with different amounts
of DMF. (g) Energy level diagram of the Sba(S, Se)s solar cell.

respectively, and measured their external quantum
efficiency (EQE) and photocurrent density—voltage
(J-V) curves (as shown in Fig. 2a-b). Further-
more, the statistical distribution of solar cell pa-
rameters for all cells under standard AM 1.5G illu-
mination was analyzed and is presented in Fig. 2c—.
The champion efficiency appears in the sample
with 25% DMF, as indicated in Table I, where
the open circuit voltage (V,.), short-circuit cur-
rent density (Js.), and FF are respectively 0.39 V,
20.20 mA/cm?, and 40.96%, resulting in a PCE
of 3.23%. In addition, the boxplot of PCE values
for the champion device, as depicted in Fig. 2c, re-
veals that PCE is distributed within a narrow range
of 2.5-3.5%, which speaks of the repeatability of the
device [24]. When water is used as the only solvent
for solar cells, the values of V,., Js., and FF of the
solar cell are 0.34 V, 17.51 mA /cm?, and 35.06%,
respectively. The PCE of the device is measured
to be 2.09%. The addition of DMF enhances the
overall performance of the device, primarily due to
the contributions of J,. and FF (see Fig. 2d-e).
Compared to traditional hydrothermal deposition
of Sby(S, Se)s devices, when the percentage of DMF
is 25%, Ry, increases from 120.61 to 289.50 €2, which
may be due to the reduced number of film pinholes
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TABLE I

Photovoltaic parameters of devices based on different
DMF content.

[ Vae| Jee | FF [PCE[ R. | Run

Device | vy | zay | @ | %) | (2] | (2
HD 0.34(17.51(35.06| 2.09 | 27.16 | 120.61
SHD-25% [0.39|20.20|40.96 | 3.23 | 30.99 | 289.50
SHD-50% [ 0.44 | 9.14 | 35.76 | 1.47 | 42.85 | 183.96
SHD-75% [ 0.28 | 8.25 |24.79| 0.58 | 173.91 | 200.80

after improvement, leading to less leakage. This will
be discussed in detail later, and the increase in Ry,
leads to an increase in FF from 35.06% to 40.96%
(Table I) [25], where the enlargement of the FF is
one of the main reasons for the enhancement of
PCE.

Specifically, when the DMF percentage in the so-
lution reaches 25%, J,. of the test device increases
to 20.20 mA /cm? (Fig. 2b), while the value calcu-
lated based on the EQE result is 18.73 mA /cm?
(Fig. 2a). The reason for the minor differ-
ence between the EQE calculation result and
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SEM images (top view) of Sb2(S, Se)s films based on HD and SHD, respectively. (d) Transmission spectrum
of the semitransparent device. (e) XRD spectrum and (f) magnified XRD spectrum of Sba(S, Se)s films.

the PCE test result lies in the fact that the EQE
test measures only a small region of the active area
(0.01 cm?), while the PCE test assesses the aver-
age effect across the entire active area (0.3 c¢m?).
EQE results show that Shy(S, Se)s solar cells with
a SHD-25% composition exhibit a higher quan-
tum production rate within the mid to long wave
range (450-850 nm) compared to those fabricated
using traditional hydrothermal deposition methods,
for instance, at a wavelength of 560 nm, the EQE
quantum yield of SHD-25% Sha(S, Se)s is 76.07%,
while that of HD-Sbo(S, Se)s at the same posi-
tion is only 62.17%. This suggests that the SHD
process enhances interface contact [26], leading to
better electron-hole separation at the interface,
which is also the reason for the J,. value improve-
ment [27]. As shown in Fig. 2g, at the interface be-
tween CdS and Sba (S, Se)s, the separation of elec-
trons and holes is facilitated by the built-in electric
field, which is beneficial to the transport of elec-
trons along the energy band towards the CdS direc-
tion, which is also the reason for the improvement
of Je.

Considering that the optimal DMF content
is 10 ml, for ease of description, the defaulted vol-
ume of DMF in the “SHD” experimental groups
is 10 ml, and it is 0 in the “HD” control group.

3.2. Analysis of the properties of Sbo(S, Se)s films

In order to gain a deeper understanding of
the impact of DMF on Sbs(S, Se)s films, solar
cells were fabricated using the SHD process and
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subsequently subjected to scanning electron mi-
croscope (SEM) analysis for their sectional struc-
ture (as depicted in Fig. 3a). The respective film
thicknesses of CdS and Sbo(S, Se); are 80 nm
and 220 nm. Figure 3d illustrates the transmittance
curve of the device (FTO/CdS/Sba(S, Se)s/Au),
with HD-Sba(S, Se)s and SHD-Sby(S, Se)s ex-
hibiting AVT values of 9.17% and 4.07%, respec-
tively. PCE and AVT are mostly inversely related.
The SHD-Shy(S, Se)s solar cell exhibits a 50%
higher efficiency (PCE = 3.23%) compared to the
HD-Sbs(S, Se)s solar cell (PCE = 2.09%). Subse-
quently, SEM surface morphology tests were con-
ducted on Sbs(S, Se)s films produced by both HD
and SHD methods. It is evident from the SEM
images that there are noticeable pinholes in the
HD-Sby(S, Se)s film (Fig. 3b), which is destruc-
tive for the device performance and stability, pos-
sibly leading to current loss and ultimately reduc-
ing the performance of the device [27]. In contrast,
the surface morphology of the SHD-Sbs(S, Se)s film
was enhanced (Fig. 3c), exhibiting a more compact
and uniformly distributed structure, leading to a
decrease in the occurrence of pinholes on the sur-
face. The reduction in the occurrence of pinholes
serves to mitigate potential current leakage aris-
ing from direct contact between the ETL and the
electrode [28]. Consequently, the current loss is re-
duced, and J,. is increased. The short-circuit cur-
rent density (Js.) of the SHD-Sbo(S, Se)s sample
is 20.20 mA /cm?, while that of HD-Sbo(S, Se)s is
only 17.51 mA /ecm?. We believe that the reduction
in the number of pinholes is one of the main reasons
for the enhancement of J,. in the SHD-Sby (S, Se)s
solar cell.
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X-ray diffraction (XRD) was employed to analyze
the crystal structures of Sho(S, Se)s thin films de-
posited by HD and SHD processes (Fig. 3e—f). From
the XRD pattern (Fig. 3e), it is evident that the in-
tensity of the peak at [021] for the SHD-Sbo(S, Se)s
crystal structure is significantly stronger than that
of the HD-Sbo (S, Se)s crystal structure, indicating
an enhancement in film crystallinity [29]. The en-
hancement of crystallinity in the [021] orientation
is believed to be favorable for carrier transmission
because the grains in the [021] orientation are com-
posed of tilted one-dimensional (Sb4S(e)s),, ribbon
structures, where carriers move within the cova-
lent bonds (SbsS(e)g), during transmission. In con-
trast, the grains in the [hkOQ] orientation are made
up of horizontal stacks of (Sbs4S(e)s)n ribbon struc-
tures, requiring carriers to jump between ribbons.
Therefore, the [021] orientation is considered be-
nign, and the optimization of crystal orientation
helps to improve carrier transportation [9], which
is also an important reason for the increase in J.
and FF [6, 24]. Furthermore, fitting peak sections
(Fig. 3f) at the [021] position (§ = 27.77°) revealed
a full width at half maximum (FWHM) value of 0.19
for HD-Sby(S, Se)s and 0.09 for SHD-Sby(S, Se)s
films, respectively, suggesting a higher degree of
crystallization in SHD-prepared films.

To get more information about the microstruc-
ture of the films, we have calculated the average
crystallite size (D) of the grains in the films, which
we estimated from the broadening of the (021)
prominent peak with the help of Scherrer’s equa-
tion

_ 60.9)\ ’ (1)
cos(0)
where A is the X-ray wavelength, ( is the full width
at half maximum of the diffraction peaks under con-
sideration, and @ is the Bragg angle.

By substituting the FWHM (Fig. 3f) of both
peaks into the equation, it can be obtained that
the grain size of SHD-Sby (S, Se)s is larger than
that of HD-Sba(S, Se)s. The increased crystallinity
and grain size are believed to be able to improve
the charge transport [30].

The preferential orientation of crystals is favor-
able for improving the quality of Shy(S, Se)s films,
making them less defective and of better qual-
ity [29].

3.3. Photoelectric performance analysis

To understand the reasons for the enhancement
of solar cell performance, we have carried out de-
vice tests on carrier transport and combination, as
shown in Fig. 4a. The dark J-V curves of both HD-
Sba(S, Se)s and SHD-Sby(S, Se)s devices were ex-
amined, and the values of reverse saturation cur-
rent densities (Jg) were extracted from the inter-
cepts of these curves [27]. It is known that the
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Fig. 4. Carrier transport. (a) The semi-

logarithmic dark J-V curve and (b) the Nyquist
plot of Sba(S, Se)s films (inset shows the equivalent
circuit diagram).

value of Jy is determined by internal charge re-
combination within the device, and its magnitude
serves as an indicator for assessing improvements
in device performance [31]. The reverse satura-
tion current densities (Jp) of HD-Sba(S, Se)s and
SHD-Shy(S, Se)s devices are 3.45 x 10~% mA /cm?
and 4.65 x 10~7 mA /cm?, respectively. Generally, a
lower Jy value indicates that there are more car-
riers in transit and fewer are being captured by
the defects [32]. Therefore, the reduction in the Jy
value of Sho(S, Se)s films prepared by the SHD
process indicates that SHD plays a positive role
in inhibiting carrier recombination, and the in-
crease in V,. can be attributed to the decrease
in Jy [25, 31]. To explore the underlying mecha-
nisms driving the enhanced solar cell performance
resulting from the novel strategy proposed in this
study, Fig. 4b illustrates the results of the electro-
chemical impedance spectroscopy (EIS) results of
an Sbo(S, Se)s solar cell, in which R, and R,.. de-
note the charge transfer resistance (R;) and recom-
bination resistance (R,..), respectively. The value
of R,.. corresponds to the recombination resistance
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TABLE II
EIS parameters of HD and SHD-Sb.(S, Se)s devices.

Samples R, [Q] Rrec [9]
HD 29.61 3752.73
SHD 27.40 5071.90

at the interfaces in the device, which is deter-
mined by the diameter of the semicircle in the
EIS [24]. The charge transfer resistance (R;) of the
SHD-Sb»(S, Se)s device exhibits no significant dif-
ference compared to that of the HD-Sby(S, Se)s
device. However, R,.. of the SHD-Sba(S, Se)s de-
vice measures 5071.90 2, surpassing that of the
HD-Sby(S, Se)s device at 3752.73 Q (Table II).
It indicates that our proposed SHD method may
decrease the defects of Sbo(S, Se)s film, because
greater R,.. indicates the effective inhibition of
charge recombination [33].

As shown in Table II, this observation indicates
that there are fewer recombinations of carriers at
the interface of the SHD-Sbs(S, Se)s solar cell, pro-
moting effective current formation and transport.
Consequently, employing the SHD process can ef-
fectively reduce the charge transfer barrier to pro-
mote the separation and migration of charge carri-
ers, thereby enhancing V,., FF, and PCE [24].

4. Conclusions

In summary, for the first time, we developed a
SHD method using DMF as an assisting solvent
to fabricate Sba(S, Se)s thin films. This method
is advantageous for promoting the crystallinity of
Sba(S, Se)s crystals along the [021] orientation, op-
timizing crystal orientation, reducing the density of
pinholes on the surface of Sby(S, Se)s thin films,
improving film morphology, and achieving a record
device efficiency of 3.23%. This study presents a
novel approach for the fabrication of semitranspar-
ent Sbo(S, Se)s solar cells using the SHD method.
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