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Abstract: All-inorganic CsPbX3 perovskites have significant potential for applications in
the photovoltaic field. However, during their preparation, the slow evaporation rate of
the precursor solution limits the extent of solution supersaturation, leading to porous
perovskite films that substantially impair device performance. Anti-solvent engineering,
which introduces a secondary solvent to modulate the crystallization process, is a well
established technique in perovskite photovoltaic research. This study systematically exam-
ines the effects of four different anti-solvents on perovskite films and corresponding devices.
It also investigates the optimal dipping-time of (trifluoromethyl)benzene as an anti-solvent,
as well as the impact of varying amounts of anti-solvent additive perfluorinated acid. The
optimized devices achieved a maximum power conversion efficiency of 12.68%.
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1. Introduction

In recent years, perovskite materials have garnered significant attention due to their
unique characteristics, including long carrier diffusion lengths and low exciton binding en-
ergies. Among them, all-inorganic CsPbX3 perovskites stand out for their superior stability,
enhanced efficiency, simpler fabrication processes, advanced optical modulation capabil-
ities, and better environmental compatibility compared with organic-inorganic hybrid
perovskites [1-4]. To date, the power conversion efficiencies (PCEs) of pure CsPbl; per-
ovskite solar cells have reached 21.8% [5]. These advantages render them highly promising
for applications in optoelectronic devices [6].

Despite their rapid rise in the solar cell industry for high efficiency and cost-
effectiveness [7], perovskite solar cells still face major challenges, particularly in achieving
long-term stability and reliability—critical factors for commercial viability [8-11]. In parallel
with efforts to optimize material design and device architecture, increasing attention has been
paid to fabrication process engineering, especially thin film processing techniques [12-15].

Among these, anti-solvent treatment has emerged as a key step for improving the
quality and stability of perovskite thin films [16,17]. This method involves introducing
a secondary solvent (anti-solvent) to control the crystallization behavior of perovskite
precursors during film formation [18,19]. The anti-solvent lowers solute solubility, leading
to supersaturation and nucleation, and plays a decisive role in defining crystal size, shape,
and film uniformity [20-28]. In spin-coating processes, anti-solvent engineering facilitates
dense and uniform film formation. Furthermore, by tuning the type of anti-solvent and
processing parameters such as volume, dripping time, and temperature, researchers can
effectively tailor the film morphology and improve optoelectronic properties including
light absorption, charge carrier mobility, and device performance [29-34].
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In this work, we investigate the effect of different anti-solvent treatments on the perfor-
mance of all-inorganic CsPbl; gBr; » perovskite solar cells. Four anti-solvents—chlorobenzene
(CB), isopropanol (IPA), ethyl acetate (EA), and (trifluoromethyl)benzene (TFT)—were
selected for a comparative study. Among them, TFT yielded the highest optical and structural
film quality, resulting in the best photovoltaic conversion efficiency. Further optimization was
conducted by incorporating trifluoroacetic acid (PFA) as an additive into the TFT anti-solvent
system, ultimately achieving a maximum PCE of 12.68% for the optimized device.

2. Experimental Section
2.1. Materials and Reagents

Lead(Il) iodide (Pbl,), lead(Il) bromide (PbBry), and Cesium iodide (Csl) were brought
from Xi’an Polymer Light Technology Corp. The titanium dioxide (TiO;) slurry was sup-
plied by Kaitou New Energy Co., Ltd., Huai An, China. The low-temperature carbon
paste (doctor blading/screen printing) was purchased from Beijing Huamin New Mate-
rials Co., Ltd., Beijing, China. The rest of the materials, including ethanol (ET, 99.5%),
isopropanol (IPA, 99.5%), chlorobenzene (CB, 99.5%), ethyl acetate (EA, 99.5%), (trifluo-
romethyl)benzene (TFT), and trifluoroacetic acid (PFA), were purchased from Aladdin
(Shanghai, China). All materials were used without further purification.

2.2. Fabrication of Carbon-Based CsPbl; gBry, PSCs

In our previous study, we detailed the cleaning process for fluorine-doped tin oxide
(FTO) substrates, as well as the fabrication procedures for a compact titanium dioxide
(c-TiO,) layer and a mesoporous titanium dioxide (m-TiO,) layer. These steps are critical
for ensuring the high-quality preparation of subsequent layers in the device structure [35].

The CsPbl; gBry ; film was fabricated using a one-step spin-coating method. Csl, PbBry,
and Pbl, were weighed according to their stoichiometric ratios and dissolved in dimethyl
sulfoxide (DMSO). For example, 311.77 mg of Csl, 264.25 mg of PbBr,, and 221.28 mg of
Pbl, were added to 1 mL of DMSO. The precursor solution was obtained by stirring the
mixture at 70 °C for several hours. The solution was then spin-coated onto the substrate,
followed by 60 °C for 5 min and 200 °C for 20 min annealing to form the perovskite thin film.
Finally, carbon paste was used as the electrode material and printed through a 100-mesh screen
template. After printing the carbon paste, the device underwent low-temperature annealing
at 120 °C for 15 min, resulting in the fabrication of CsPbl; gBr; » perovskite solar cells.

2.3. Characterization of Perovskite Solar Cells

Under one-sun illumination provided by a solar simulator (scs10-X150-DZ), device
performance was tested by applying an external bias to obtain the open-circuit voltage
(Voc) and short-circuit current density (Jsc). The experimental data were processed using
Origin software to calculate the power conversion efficiency (PCE) and fill factor (FF) of
the perovskite solar cells. The electrical performance data were further correlated with
material characterization, including X-ray diffraction (XRD, Rigaku D/MAX-2500, Tokyo,
Japan), scanning electron microscopy (SEM, Hitachi S-4800, Tokyo, Japan), steady-state
photoluminescence (PL), transient photoluminescence (TRPL), and UV-visible absorption
spectroscopy (Cary 5000 UV-vis spectrophotometer, Agilent, Santa Clara, CA, USA). These
techniques were used to analyze the composition, phase distribution, morphology, and
crystallinity of the fabricated perovskite thin films, providing comprehensive insights into
their structural and material properties. These analyses facilitated the derivation of general
guidelines for improving device efficiency and stability, paving the way for innovative
strategies in fabricating high-performance perovskite solar cells.
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3. Results and Discussion

The scanning electron microscope (SEM) images of perovskite films treated with IPA,
CB, EA, and TFT as anti-solvents and the control group (CONT) are shown in Figure 1.
The morphology of the perovskite film prepared with TFT (Figure le) appears optimal,
showing uniform grain growth and an absence of visible pores. In contrast, SEM images
of the CONT group are shown in Figure 1a where no anti-solvent was used, revealing
uneven grain growth. This is attributed to the high boiling point and slow evaporation
rate of dimethyl sulfoxide (DMSO), which is the solvent used in preparing the perovskite
precursor solution. Limited supersaturation in the solution led to low nucleation density
and rapid crystal growth, causing solutes to precipitate quickly in high surface energy areas.
The imbalance between nucleation and growth rates led to the observed uneven growth in
the perovskite thin films prepared without anti-solvent. In SEM images of the perovskite
thin films prepared using chlorobenzene (CB) as the anti-solvent (Figure 1b), uneven grain
growth is observed. Some areas exhibit well-developed grains, while others show poor
or even absent grain growth. This disparity may stem from the mismatch between the
volatility of chlorobenzene and the diffusion rate of the perovskite precursor solution.
Rapid evaporation or improper diffusion rate of CB could lead to uneven deposition of
precursor materials on the substrate surface, thus resulting in the observed phenomena.
In SEM images of perovskite thin films treated with ethyl acetate (EA) as the anti-solvent
(Figure 1d), uneven grain growth, cracks, and pores were observed. This is attributed
to the relatively rapid evaporation rate of ethyl acetate (boiling point 77.1 °C). During
the spin-coating process, the quick evaporation of EA causes the solvent to evaporate
rapidly from the film. If EA evaporates too quickly, the solution within the film may not
achieve uniform grain formation, resulting in rapid crystallization during evaporation
and leading to uneven grain size and distribution. The rapid evaporation of EA during
the spin-coating process can induce internal stress variations in the film. Uneven stress
can lead to the formation of cracks or pores during drying, thereby affecting the overall
structural integrity of the film. When using isopropanol (IPA) as the anti-solvent for film
treatment, SEM images (Figure 1c) revealed uneven grain growth where some grains were
excessively large while others were very small. This phenomenon parallels the explanation
for the SEM image characteristics observed with EA, and IPA, with its lower boiling
point of 82.6 °C, evaporates more rapidly, compared with DMSO, potentially resulting in
localized oversizing of grains. Interestingly, although chlorobenzene (CB) has the highest
boiling point among the anti-solvents tested, the perovskite films treated with CB exhibited
irregular morphology and uneven crystal distribution. In contrast, the TFT-treated films
showed superior uniformity, full surface coverage, and minimal voids, as observed in the
SEM images (Figure 1b). This suggests that the boiling point alone is not the determining
factor in film quality. The superior performance of TFT can be attributed to its unique
physicochemical properties. TFT is a fluorinated aromatic compound with low polarity and
poor miscibility with DMSO. These properties promote a rapid supersaturation during the
spin-coating process, resulting in uniform and simultaneous nucleation throughout the film.
In addition, its low surface energy may facilitate better wetting and crystallization dynamics
on the substrate surface. This rapid and homogeneous nucleation process contributes to the
formation of compact, pinhole-free films with smaller and more uniform grain sizes, which
are beneficial for enhancing charge transport and reducing non-radiative recombination
in the devices. Therefore, the morphology and subsequent device performance are more
strongly influenced by the miscibility and polarity of the anti-solvent, rather than solely by
its volatility.
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Figure 1. Top view SEM images of CsPbl; gBrj » films prepared by using (a) CONT, (b) CB, (c) IPA,
(d) EA, and (e) TFT as anti-solvents.

The X-ray diffraction (XRD) patterns of perovskite films prepared on FTO with differ-
ent anti-solvent treatments are shown in Figure 2a. The diffraction peaks at 14.6° and 29.6°
correspond to the (100) and (200) crystal planes of the perovskite, respectively. Obviously,
the films treated with EA and TFT as anti-solvents exhibit significantly enhanced diffrac-
tion peak intensities, suggesting excellent oriented growth in the <100> crystal orientation.
When EA and TFT are used as anti-solvents, the diffraction peak intensities are markedly
improved compared with the CONT group, indicating that EA and TFT can enhance the
crystallographic orientation of the perovskite and significantly increase the crystallinity of
the perovskite films. In contrast, when CB and IPA are used as anti-solvents, there is no
significant change in the diffraction peaks compared to the CONT group, indicating that
CB and IPA do not improve the perovskite crystallization.

As illustrated in Figure 2b, UV-vis absorption tests were performed. The spectral
curves obtained after anti-solvent treatment show a consistent upward shift compared to
the CONT group across the observed wavelength range, indicating an increase in the optical
absorption intensity of the thin films prepared with anti-solvent treatment. This suggests that
the anti-solvent treatment enhances the optical quality of the perovskite film, allowing it to
absorb more light in both the ultraviolet and visible spectra. Thus, anti-solvent treatment can
significantly improve the optical quality of perovskite films, and the film treated with TFT
exhibits the highest level of light absorption due to its superior crystallinity.

To examine the optical emission characteristics of perovskite films, steady-state pho-
toluminescence (PL) measurements were performed. When crystal defects or inhomo-
geneities in the perovskite films are reduced, near-band edge energy levels associated with
defects are decreased, which can lead to an increase in the bandgap and a blue shift in the
emission peak. An increase in PL peak intensity typically indicates an improvement in the
material’s optical quality. This enhancement is due to improved crystal quality, which sup-
press non-radiative recombination and increase photoluminescence efficiency. Additionally,
the increased PL intensity suggests a reduction in defects within the film, allowing for more
efficient recombination of excited-state electrons and holes, resulting in stronger emission.
As shown in Figure 2¢, after anti-solvent treatment, the PL peaks of the perovskite films
exhibit both a blue shift and increased intensity. This indicates that anti-solvent treatment
improves the crystal quality of the perovskite films, reduces crystal defects, and suppresses
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non-radiative recombination. Notably, the TFT-treated films exhibit the highest PL intensity,
with the PL peak shifting from 654 nm (the CONT group) to 648 nm.
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Figure 2. (a) XRD spectra and (b) UV-vis spectra and (c) PL spectra and (d) TRPL curves of
CsPbl; gBr; ; perovskite film prepared with different anti-solvents.

To investigate the dynamic behavior of charge carriers in perovskite films, time-
resolved photoluminescence (TRPL) measurements were performed. The TRPL spectra
(Figure 2d) reveal that anti-solvent treatment extends the carrier lifetime in perovskite
films to varying extents. Among the anti-solvents tested, the film treated with TFT as the
anti-solvent showed the slowest decay rate and the longest carrier lifetime. An increase
in carrier lifetime typically indicates improved material quality and a reduction in non-
radiative recombination. This observation is consistent with the results obtained from
steady-state photoluminescence (PL) measurements.

To evaluate the influence of different anti-solvents on device performance, carbon-
based perovskite solar cells without a hole transport layer were fabricated under ambient
conditions. The device architecture is FTO/c-TiO, /m-TiO, /CsPbl; gBry , /Carbon. The
J-V characteristic curves of the optimized devices treated with various anti-solvents are
depicted in Figure 3, and detailed photovoltaic parameters are provided in Table 1. An
analysis of the J-V curves reveals that using TFT as the anti-solvent for film treatment results
in the highest photovoltaic performance. Specifically, after TFT treatment, the maximum
power conversion efficiency increased from 8.62% for the CONT group to 10.89%. Among
the photovoltaic parameters, Jsc exhibited the most significant enhancement, rising from
12.52 mA cm~2 for the CONT group to 15.06 mA cm 2.
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Figure 3. J-V cures of CsPbl, gBry ; perovskite devices prepared by different anti-solvents.

Table 1. Photovoltaic parameters of PSCs prepared by different anti-solvents.

Anti-Solvent Jsc Voc FF PCE
Type (mA cm—2) V) (%) (%)
CONT 12.52 1.19 57.9 8.62
IPA 13.08 1.3 60.9 10.36

CB 13.11 1.07 56.0 7.85

EA 12.92 1.11 54.2 7.78
TFT 15.06 1.2 60.3 10.89

It is worth noting that the influence of anti-solvents on perovskite film quality and
device performance does not follow a strictly consistent trend across all characterization
metrics. For instance, the TFT-treated films exhibit the highest XRD intensity (Figure 2a),
strongest PL emission (Figure 2¢), and the longest carrier lifetime (Figure 2d), which
correlate well with their superior device performance (Figure 3). However, in the UV-Vis
absorption spectra (Figure 2b), the absorption intensity of CB is comparable to that of
TFT, despite the relatively lower PCE of CB-based devices. Similarly, IPA-treated films
show moderate crystallinity yet possess a relatively long carrier lifetime and high PCE,
suggesting effective defect passivation despite suboptimal crystal orientation.

These discrepancies can be attributed to the complex and multifaceted effects of anti-
solvents on film formation. Each anti-solvent not only affects the crystallization kinetics
but also influences the film thickness, surface roughness, grain boundary passivation, and
interface contact with adjacent layers. As such, different characterization results may reflect
different dominant mechanisms at play. This highlights the importance of comprehensive
evaluation across multiple dimensions, rather than relying solely on one or two individual
metrics to predict device performance.
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To verify the reproducibility of the aforementioned experiments, we repeated the
experimental procedure and fabricated 50 devices under ambient air conditions. These
devices were subjected to J-V testing, and Figure 4 illustrates the photovoltaic statistics of
the perovskite solar cells treated with different anti-solvents. Clearly, devices treated with
TFT as an anti-solvent showed improvements in all parameters. The statistical data also
demonstrate the reproducibility of the above experiments.
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Figure 4. Photovoltaic parameter statistics of PSCs after treatment with different anti-solvents: (a) Jsc;
(b) Voc; (c) PCE; (d) FE

Based on previous experimental results, we found that devices treated with TFT after
spin-coating showed the highest photovoltaic efficiency. To further explore its optimal
dropping timing, we dropped TFT as anti-solvent on the film during the spinning step at
intervals of 0s, 5, 10 s, and 15 s, respectively. The J-V tests of the devices under different
TFT dropping time are illustrated in Figure 5, with detailed photovoltaic parameters shown
in Table 2. From the J-V curves, it is evident that dropping TFT at 10 s after the spin-coating
of perovskite film yielded the highest photovoltaic performance. The maximum power
conversion efficiency increased from 8.81% for the control group to 11.21%.

Table 2. Optimizing photovoltaic parameters of perovskite devices through different TFT dropping times.

Application Jsc Voc FF PCE
Timing (mA cm~—2) V) (%) (%)
CONT 13.12 1.14 58.9 8.81

0s 15.06 1.2 60.3 10.89
5s 13.71 1.24 63.5 10.79
10s 13.97 1.21 66.3 11.21

15s 13.84 1.09 60.5 9.13
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Figure 5. ]—V cures of CsPbI1.8Br1.2 PSCs prepared with different TFT dropping times.

Tim at all [34] proposed a simplified method for depositing multidimensional per-
ovskite thin films. In their study, pheneythylammonium chloride (PEACI) was added to
the anti-solvent during the formation of 3D perovskites, enabling simultaneous deposition
and passivation. This approach effectively reduced the number of synthesis steps and
significantly improved preparation efficiency.

Previous studies have demonstrated that C=O groups can effectively passivate lead
vacancies in perovskite thin films [36], while C-F groups enhance the film’s moisture
resistance due to their hydrophobic properties [32]. Building on this understanding, we
propose using perfluoroacetic acid (PFA) in the anti-solvent to further passivate film defects
and enhance moisture resistance, aiming to achieve superior film quality and stability. PFA
was introduced at concentrations of 0.5%, 1%, 2%, 4%, and 8%. Specifically, for a 1% PFA
concentration, 10 pL of PFA was added to 1 mL of the TFT solution. The timing of the
co-solvent addition adhered to the optimized conditions determined in the aforementioned
experiments. The J-V characteristics of the most optimal devices prepared under each
condition are depicted in Figure 6, with detailed photovoltaic parameters provided in
Table 3. From the J-V curves, it was observed that the incorporation of 2% PFA yielded the
highest photovoltaic performance, improving the maximum power conversion efficiency
from 10.88% to 12.68%.

Table 3. Optimizing photovoltaic parameters of PSCs different PFA additive quantities.

Additive JSC VOC FF PCE
Quantity (mA cm—2) V) (%) (%)
0% 13.63 1.23 64.9 10.88
0.5% 14.42 1.23 65.3 11.58
1% 14.77 1.24 65.7 12.04
2% 15.53 1.26 64.8 12.68
4% 14.76 1.31 62.5 12.09

8% 14.34 1.3 60.6 11.29
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Figure 6. J-V cures of CsPbl; gBrj  PSCs with different PFA additive quantities.

To further evaluate the performance of the device under optimized conditions in the
aforementioned experiment, dark J-V tests were conducted on carbon-based CsPbl; gBr »
perovskite solar cells using TFT mixed with 2% PFA as the anti-solvent additive. The
specific results are shown in Figure 7a. After optimization, a decrease in dark current
indicates reduced internal diffusion current, minimized non-radiative recombination, as
well as diminished internal defects and detrimental impurities within the device. These
findings are consistent with previous J-V tests.
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Figure 7. (a) Dark J-V cures, (b) SCLC measurement of CONT and optimal CsPbl; gBr; ; PSCs with
structure: FTO/c-TiO, /m-TiO, /with or without TFT(PFA) CsPbl, gBry 5 /carbon.

In dark J-V measurements, at lower voltages, the current increases linearly with the
voltage, primarily due to the material’s resistance and charge carriers. As the voltage
is further increased, trap states within the material become filled, and the current growth
rate then aligns with the Space Charge Limited Current (SCLC) model, where the current is
proportional to the square of the voltage. This point is known as the Trap-Filling Limit Voltage
(VTFL). As illustrated in Figure 7b, the VTFL initially measured at 1.13 V decreased to 0.92 V
after optimization, indicating a reduction in the density of defect states within the device.

Figure 8a presents the EQE spectra of the control group and the optimized CsPbl; gBr »
perovskite solar cells. Compared to the control group, the optimized CsPbl; gBrj » solar
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cells exhibit superior photoelectronic response across the [300 nm—700 nm] wavelength
range, which is consistent with the UV-vis absorption results obtained earlier. Addition-
ally, the integrated photocurrent densities (Jsc) of the control and optimized devices are
13.49 mA /cm? and 15.13 mA /cm?, respectively, aligning well with the Jsc values derived
from the J-V curves. This improvement highlights the effectiveness of the optimization in
enhancing the device’s photovoltaic performance. Light response tests were conducted
on the optimized devices and control groups. The results are shown in Figure 8b, with
significantly faster light response in the optimized devices indicating a reduction in the
hysteresis effect of the perovskite solar cells. This improvement was attributed to the
decreased density of defect states in the perovskite films achieved through optimization.
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Figure 8. (a) IPCE spectra, (b) transient Voc curve of CONT and optimal CsPbl; gBr; , PSCs.

Following optimization treatment, the water contact angle of the perovskite film
increased from 49.1° to 58.4°, as shown in inset of Figure 9. A higher water contact angle
on the surface of the perovskite film indicates that surface tension causes water droplets
to form spherical shapes more readily rather than spreading out, suggesting enhanced
surface hydrophobicity.
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Figure 9. Long-term stability and water contact angle test of CONT and optimal PSCs.
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In long-term stability experiments illustrated in Figure 9, the untreated CONT group
experienced a rapid decline, reaching 5% of its initial efficiency after 30 days and continuing
to degrade over 90 days under ambient conditions (25 °C, RH: 20-30%). In contrast, under
identical conditions, the optimized, unencapsulated devices retained 56.9% of their initial
efficiency after 90 days in ambient atmosphere. This underscores that treating the perovskite
film with TFT as an anti-solvent and using perfluorinated acid as an anti-solvent additive
can significantly improve the long-term stability of carbon-based all-inorganic perovskite
solar cells.

4. Conclusions

To sum up, TFT as an anti-solvent during the treatment of perovskite films results in
the formation of pore-free films with uniform grain growth. Subsequently, the timing of TFT
application is optimized, and PFA is used as an additive to the anti-solvent. The perovskite
solar cells, based on the pore-free and uniform perovskite layer, achieve a maximum power
conversion efficiency of 12.68%. After 90 days of exposure to ambient conditions, the
optimized, unencapsulated devices retain 60% of their initial efficiency.
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