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ABSTRACT: Semi-transparent perovskite solar cells (ST-PSCs) have
shown great potential in building-integrated photovoltaics. However, the
performance of ST-PSCs is still far from achieving their true potential.
Herein, a functional additive, [4-(trifluoromethyl)phenyl] sulfonyl
chloride (TFBSC), is incorporated into the perovskite precursor solution
to regulate the crystallization process and reduce defects in the perovskite
films. The addition of TFBSC improves the perovskite film morphology
and increases the charge carrier lifetime and photoluminescence quantum
efficiency, compared with the control perovskite films. As a result, the
champion device modified with TFBSC shows a power conversion
efficiency (PCE) of 14.75% with a light utilization efficiency (LUE) of
3.92%, whereas the control device shows PCE and LUE values of 10.71%
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and 2.96%, respectively. Moreover, the unencapsulated TFBSC-modified device retains ~90% of its initial PCE after 1500 h of
storage under ambient conditions (relative humidity of ~30%—40%). These findings could provide new avenues to develop

high performance ST-PSCs for smart building applications.

sumption and 26% of total carbon emissions,' whereas

they account for 33% of the national energy
consumption and 20% of the overall carbon emissions in
India.” This proportion will continue to increase as living
standards are rising. Building integrated photovoltaic (BIPV)
technology offers an exciting opportunity to integrate photo-
voltaics directly into the building envelope and help to achieve
net-zero-emission goals." Semi-transparent photovoltaics
(STPV) technology has therefore become popular in modern
building architecture as the buildings includes glass as a key
element for making windows, facades, and skylights.‘?”4 STPV
technology is beneficial over conventional silicon (Si)
technology because it can generate electricity and allow
natural light inside the building.”® Furthermore, it helps with
regard to managing heat dispersion, providing a pleasant and
sustainable environment for building architecture.””” STPVs
require an optimum balance between average visible trans-
mittance (AVT) and power conversion efficiency (PCE) for
BIPV applications, which can be achieved by reducing the
active layer thickness or using wide band-gap photoactive
materials.'”"" Therefore, light utilization efficiency (LUE), a
multiplication of PCE and AVT, is used to assess the overall
performance, which balances the contradictory requirements of
PCE and AVT in STPVs.'>"

B uildings contribute to 30% of global energy con-
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To date, various semiconducting materials has been explored
to fabricate semi-transparent solar cells including amorphous Si
(a-Si), crystalline Si (c-Si), organic photovoltaics, cadmium
telluride, dye-sensitized solar cells, perovskite solar cells
(PSCs), etc."*™"7 PSCs have received considerable attention
because of their straightforward fabrication process, availability
of resources, lightweight, band gap tunability, flexibility and
high photovoltaic performance, compared to the conventional
thin film semi-transparent solar cells.'*~*' In order to meet the
aesthetic demand of semi-transparent perovskite solar cells
(ST-PSCs), the minimum AVT value must be around 25%.>
Reducing the absorber thickness by lowering precursor
concentration can help in achieving required AVT values,
but this led to various defects in perovskite layer due to rapid
nucleation. As previously reported, it is due to the fast solvent
evaporation during annealing process which quickly shift the
system toward higher supersaturation states, resulting in an
accelerated nucleation rate.”*>® Therefore, it is necessary to
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Figure 1. (a) XRD pattern of the perovskite films with or without TFBSC; (b) full-range 1 NMR spectra of TFBSC with Csl, FAI, Pbl,, and
PbBr, (inset shows the molecular structure of TFBSC); (c, d) core-level XPS spectra of Pb 4f and I 3d.

regulate the crystallization process to reduce undesired
recombination and achieve high-quality perovskite thin films.
The most effective method is additive engineering to passivate
the defects by achieving a better morphology of perovskite thin
films. Generally, small organic molecules and polymers with
different functional atoms (such as S, O, N, F) are used for
additive engineering.”” ' The presence of lone pair electrons
on these functional molecules can effectively coordinate with
defect sites at grain boundaries and reduce density of defects
by regulating the crystallization process during the growth of
perovskite thin film.”> Although additive engineering strategies
have made substantial advances in traditional perovskite solar
cells, understanding of the impact of relevant additives on the
performance of ST-PSCs is still limited.

In this study, a small organic molecule [4-(trifluoromethyl)-
phenyl] sulfonyl chloride (TFBSC) was used as an additive in
a perovskite precursor solution to regulate the perovskite
crystallinity. TFBSC contains R-SO, and CF; functional
groups, where S and F may interact with undercoordinated
I” or PbI*" antisites and Pb** or FA" via hydrogen bonding,
respectively. This interaction possibly inhibits the formation of
these negatively and positively charged defects, thereby
resulting in high-quality perovskite thin films. Additionally,
our findings also indicate that the introduction of TFBSC
molecules into the perovskite precursor effectively enhances
the photoluminescence quantum efficiency (PLQE), charge
carrier lifetime, and charge carrier mobility of perovskite films,
which consequently enhances the performance of our ST-
PSCs. Moreover, the TFBSC molecule exhibits a hydrophobic
nature due to the presence of the F group, which enhances the
moisture tolerance and long-term stability of ST-PSCs.

X-ray diffraction (XRD) patterns of control and modified
perovskite films at different concentrations of TFBSC are
presented in Figure la, to determine the effect of TFBSC on
their crystallinity and structure. The prominent diffraction
peaks at 14.17° and 32.03° respectively correspond to the
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(100) and (201) lattice planes of the perovskite, while the peak
at 12.8° is attributed to residual Pbl,. The incorporation of
TFBSC into the precursor solution increases the intensity of
the prominent (100) peak without any shift, suggesting that
the incorporation of this molecule does not change the crystal
structure of the host lattice. In addition to that, the residual
Pbl, phase was suppressed with the addition of 2 mg/mL
TFBSC molecules into the precursor, indicating its effective
participation in the crystallization process. The ratio of the
(100) peak to Pbl, peak is calculated at each concentration,
which yields values of 2.40, 4.05, 5.49, and 2.62 for control, 1,
2, and 3 mg/mL TFBSC, respectively. These results further
confirm that the optimum concentration of 2 mg/mL leads to
the highest (100)/Pbl, peak ratio, indicating the effective
suppression of Pbl, and improved perovskite crystallinity.
However, the excess concentration of TFBSC (3 mg/mL)
perturbs the crystallization kinetics, which leads to poor film
quality, as previously reported.33

Field emission scanning electron microscopy (FESEM) is
carried out to investigate the surface morphology of the semi-
transparent perovskite films with and without modifications.
Figure S1 shows the FESEM images of control and TFBSC-
modified semitransparent perovskite films, where the incorpo-
ration of TFBSC into the perovskite solution is found to
significantly increase the average grain size from 156 nm to 214
nm. This enhancement in the grain size is direct evidence of
the improved crystallinity and surface morphology of the semi-
transparent perovskite films after the modification.

Nuclear magnetic resonance (NMR) measurements were
performed to gain insights into the effect of incorporating
TFBSC on the local chemical environment of the host
perovskite material. Figure 1b (inset) illustrates the molecular
structure of TFBSC. This molecule contains two functional
groups such as the R-SO, and CF; group. Here, sulfur (S)
atom acts as an electron acceptor due to the presence of
electronegative chlorine (Cl) atoms, which withdraw electrons
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Figure 2. (a) PL spectra of control and TFBSC-modified perovskite films; (b) PLQE of control and TFBSC-modified perovskite thin films
after excitation by 405 nm laser with l-sun intensity; (c) TRPL spectra of control and TFBSC-modified perovskite films; (d)
monoexponential lifetime and extracted long-range electron—hole mobility of control and TFBSC-modified perovskite films; KPFM
measurements of (e) the control and (f) TFBSC-modified semitransparent perovskite films.

from the S atom with a partial positive charge on it. Similarly,
the carbon (C) atom in the CF; group will act as an electron
acceptor as the highly electronegative fluorine (F) atoms
withdraw electrons from the C atom and leave a partial
negative charge on F atoms. As illustrated in Figure 1b, the
TFBSC peak appearing at —60.89 ppm shows an upfield shift
with all perovskite components, which could be attributed to
hydrogen bonds formed between the CF; group and the Pb**
or FA" ions, and the coordination bonds formed between the S
atom and undercoordinated I~ ions.”* This could be further
corroborated from the *C NMR spectra of TEBSC and other
perovskite precursors, as shown in Figure S2. Two prompt
peaks appearing at 125.47 and 126.85 ppm correspond to C*
(carbon at the para position, with respect to the SO,Cl group)
and C** (carbon at the ortho and meta positions, with respect
to the SO,Cl group). These results reveal that TFBSC interacts
with the perovskite through its functional groups and
effectively reduces defects such as uncoordinated Pb** ions
and cation vacancies.

X-ray photoelectron spectroscopy (XPS) characterizations
were performed to further understand the interaction between
the perovskite and the TFBSC molecule. The survey XPS
spectra of control and TFBSC-modified perovskite films is
shown in Figure $3(a). As shown in Figures 1c and 1d, the Pb
4f and I 3d peaks in the perovskite film exhibit a lower binding
energy shift after TFBSC modification, compared with
unmodified films. The binding energies of Pb 4f,, and Pb
4f;,, peaks for unmodified perovskite films were observed at
138.5 and 143.4 eV, which shift to 138.0 and 142.8 eV,
respectively, after the modifications. Similarly, the binding
energies of I 3ds;, and I 3d;,, peaks in the TFBSC-modified
perovskite films shift from 619.2 and 630.7 eV to 618.5 and
630 eV, respectively. These peak shifts are possibly due to the
interaction of S and CF; group with undercoordinated I" and
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Pb** ions, respectively, which helps in stabilizing the Pbl,
octahedra in the perovskite structure.”® Figure S3(b) shows the
XPS spectra of Cls with C—C and C—N peaks at 284.8 and
288.2 eV, respectively, in both the modified and unmodified
perovskite films. The peak observed at 293 eV, which is absent
in the unmodified films, corresponds to the CF; (7—x) group,
as verified from reported literature.’® Figures S4(a) and S4(b)
show the deconvoluted XPS spectra of S 2p and F 1s. The S 2p
peak observed at 168 eV is associated with the higher oxidation
state of the —SO,— group.”” The deconvolution of these S 2p
peaks yields components at 168.02 and 169.41 eV,
corresponding to S 2ps, and S 2p; 5, respectively.’**” These
deconvolution of these peaks reveals distinct chemical shifts,
which we can attribute to the proposed interactions with the
undercoordinated Pb** and I~ sites. Moreover, the F s peak is
observed at 688.7 eV in the TFBSC-modified films. The results
from this analysis reveals that these characteristic peaks are
absent in the control perovskite film, which supports the
successful incorporation of S and F atoms into the TFBSC-
modified perovskite films.*’

Next, the impact of TFBSC-modification on the charge
carrier recombination in perovskite films was studied by using
steady-state photoluminescence (PL). Figure 2a illustrates the
PL spectra of the control and TFBSC-modified perovskite
films. A higher PL intensity and a slight blue shift (4 nm) was
observed in passivated films, indicating reduced shallow defect
density after TFBSC modification. This trend is further
corroborated by an increase of the average photoluminescence
quantum efficiency (PLQE) of control perovskite films from
0.37% to 0.67% after modification by TFBSC (Figure 2b).

Moreover, time-resolved photoluminescence (TRPL) spec-
tra were collected to determine the charge carrier lifetimes of
control and passivated perovskite thin films. As displayed in
Figure 2¢, TEBSC-modified perovskite films exhibit two decay
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Figure 3. (a) Cross-sectional FESEM of the TFBSC-modified device, (b) light absorbance and transmittance spectra, (c) J—V curves, (d)
EQE spectra, (e) EIS spectra with an equivalent circuit (inset), and (f) Mott—Schottky plots for control and TFBSC-modified ST-PSCs.

components T, and T,, corresponding to the trap-assisted
nonradiative recombination and radiative recombination of
free carriers, respectively.*’ Corresponding values of T, T,,
and T, are displayed in Table S1. Equation S1 was used to
calculate average charge carrier lifetime (T,,.) of perovskite
thin films and found to be 154.52 ns for control and 189.57 ns
for TEBSC-modified films. This enhancement in average
lifetime is mainly due to the reduced nonradiative recombi-
nation losses after TFBSC modification. Finally, the long-range
mobility of charge carriers in our perovskite films was
measured using transient photoconductivity (TPC) measure-
ments.”” As shown in Figures SSa and SS5b, we observe
photoconductivity traces with peak conductivities between
1072 and 107* S/cm for both the control and TFBSC-modified
perovskite films. The estimated monoexponential decay
lifetime increases from ~96 ns to ~110 ns after TFBSC
modification (Figure 2d), which is in agreement with the
TRPL results discussed above. By accounting for the early time
recombination during the photoexcitation pulse (with a few-
nanosecond pulse width), we extract the total (electron +
hole) lateral carrier mobility in the perovskite films and present
them as a function of the excited carrier density in Figure S6.
At the lowest carrier density of 9.4 X 10" cm™ (closest to the
excitation density under standard 1-sun illumination), the
mobility increases from 0.009 cm?/(V s) for control to 0.011
cm?/(V s) for modified perovskite films (Figure 2d).
Furthermore, ultraviolet photoelectron spectroscopy (UPS)
was utilized to explore the effect of TFBSC incorporation on
the energy levels of semi-transparent perovskite films (Figure
S7). The conduction band (Ecp) and valence band (Eyp)
positions of both control and TFBSC-modified perovskite
films were calculated using Equation S2 The results show that
control perovskite films have Eqz and Eyp values of 3.93 and
5.70 eV, respectively, whereas a slight shift is observed in
TFBSC-modified perovskite films, with Ecg = 3.96 eV and Eyg
= 5.73 eV. Figure S8a illustrates the energy level alignment for
each layer of the corresponding ST-PSC. It can be noted that
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the TFBSC-modified perovskite film exhibits a significant
improvement in energy level alignment with the carrier
transport layers, compared to control film, resulting in a
reduction in energy loss in ST-PSCs. The incorporation of
TFBSC in the perovskite solution significantly reduces the
energy losses and enhance the collection efficiency of
photogenerated carriers in ST-PSCs.*’ In addition, Kelvin
probe force microscopy (KPFM) measurements were carried
out to examine the surface contact potential (Vpp) and the
work function difference between the perovskite surface and
the KPFM tip. Equation S3 was used to calculate the work
function of control and TFBSC-modified perovskite films, and
corresponding values are presented in Table S2. Control semi-
transparent perovskite film shows average Vpp value of 72.58
mV while the TFBSC-modified film shows an average Vcpp
value of 45 mV (see Figures 2e and 2f). Such a decrease in
Vepp confirms the passivation effect achieved by the
incorporation of TEBSC into the perovskite solution.**
Figure S8b demonstrates the complete p-i-n architecture of
ST-PSCs used in our work: FTO/NiO,/perovskite (with or
without TFBSC)/C4/BCP/Ag/MoO;. The cross-sectional
FESEM image of the device is demonstrated in Figure 3a,
showing each layer present in the device. Here, a dielectric-
metal-dielectric (DMD) structure with configuration of BCP(8
nm)/Ag(20 nm)/MoO;(5 nm) is used as a top semi-
transparent electrode. This DMD configuration demonstrated
high transparency, which makes it suitable for BIPV
applications.” In order to analyze the AVT of the devices
with and without TFBSC modification, UV-vis absorption
spectroscopy was conducted. Figure 3b shows the absorbance
and transmittance spectra of the ST-PSCs, which remain
almost the same after the TFBSC modification. The AVT of
the devices were calculated using eq S4, and the values were
found to be 27.69 and 26.58% for control and modified
devices, respectively. This shows that the incorporation of the
TFBSC molecule in the perovskite precursor does not affect
the AVT of the devices. The band gap of the fabricated ST-
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Figure 4. Light-intensity-dependent variation of (a) V,; (b) J in ST-PSCs; (c) PCE variation of control and TFBSC-modified ST-PSCs
stored at room temperature, 30% RH for 1500 h; and (d) comparison of our work with recently reported literature in PCE versus AVT.

PSCs with transparent electrode is extracted using Figure S9
and found to be 1.77 eV. This value of band gap is higher than
observed in PL emission (~1.66 eV), which can be attributed
to the defect-mediated recombination and the presence of
band-tail states near the band edge, enabling radiative
recombination at energies below the actual band edge.46_48
In order to determine the optimal concentration of TFBSC
modification in ST-PSCs, devices were fabricated by using
concentrations of 1, 2, and 3 mg/mL. Figure S10 illustrates the
J—V curves for the control and different TFBSC concen-
trations under AM 1.5 irradiation. The unmodified device
showed a maximum PCE of 10.71% with a V_of 1.04 V, ] of
15.17 mA/cm?, and fill factor (FF) of 67.5%, whereas the
device treated with 2 mg/mL TFBSC achieved a maximum
PCE of 14.75%, accompanied by a V. of 1.15 V, J_ of 16.43
mA/cm?, and FF of 78.2%. Table S3 summarizes the detailed
photovoltaic parameters of ST-PSCs with varying TFBSC
concentrations. The J—V curves of devices under forward and
reverse scan conditions are illustrated in Figure 3¢, and the
corresponding parameters are summarized in Table S4.
Moreover, the external quantum efficiency (EQE) spectrum
was recorded for both the control and modified ST-PSC
devices (Figure 3d). Integrated J,. values obtained from the
EQE spectrum are closely aligned with the J,. values
determined by J—V curve measurements. Figure S11 shows
the operational stability of the ST-PSCs under continuous
illumination at maximum power points (MPPs). The
champion device exhibits a steady-state output PCE of
14.96% with a stable ] of 16.30 mA/cm? at MPPs, which
closely aligns with the values calculated by the J—V curves. By
combining the PCE and AVT values, we calculate the LUE for
the control and TFBSC-modified devices as 2.96% and 3.92%,
respectively, thereby indicating higher performance for BIPV
applications. Figure S12 shows the statistical distribution of
performance parameters for control and TFBSC-modified (15
devices) devices to examine the reproducibility of ST-PSCs. It
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was observed that the TFBSC-modified devices exhibit
significantly lower deviations in PCE, V, ], FF, AVT, and
LUE, compared to control devices.

The interfacial charge carrier recombination dynamics
within the ST-PSCs were also investigated by using electro-
chemical impedance spectroscopy (EIS). Figure 3e shows the
Nyquist plots and corresponding equivalent circuit diagrams
for control and TFBSC-modified devices. The series resistance
(R,) and recombination resistance (R,..) were calculated by
fitting the Nyquist plots, and their values are listed in Table SS.
A significant increase in R, was observed after TFBSC
modification. The control device shows the R, value of 19.18
KQ, whereas the value increased to 40.16 KQ after the
modification, indicating reduced nonradiative recombination
losses in the modified devices.*” Moreover, the R, values for
the control and TFBSC-modified devices were 0.602 and 0.481
K, respectively. The decrease in R value may be attributed to
reduced contact resistance and enhanced charge collection
after the TFBSC passivation, which ultimately increases the FF
of the solar cells.

Furthermore, capacitance—voltage (C—V) measurements
were carried out to investigate the mechanism responsible
for the improvements in V. and FF with the introduction of
TFBSC. The values of built-in potential (V};) were calculated
using Equation SS5. As illustrated in the Mott—Schottky plots
(Figure 3f), the V; value for the TFBSC-modified device is
1.14 V, which is greater than that of the control device (1.02
V). A higher V; value led to an improved driving force for the
separation of photoexcited charge carriers, which ultimately
results in better photovoltaic performance in TFBSC-modified
devices.

Figures 4a and 4b) displayed the J—V characteristics of ST-
PSCs under varied light intensity. Equations S6 and S7 show
the linear relationship of . and V,_ with light intensity, which
further clarifies the charge-carrier recombination mechanism in

ST-PSCs. Here,

nkgT

q

is the value obtained by the slope in

https://doi.org/10.1021/acsenergylett.5c02494
ACS Energy Lett. 2025, 10, 5265—5272


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c02494/suppl_file/nz5c02494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c02494/suppl_file/nz5c02494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c02494/suppl_file/nz5c02494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c02494/suppl_file/nz5c02494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c02494/suppl_file/nz5c02494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c02494/suppl_file/nz5c02494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c02494/suppl_file/nz5c02494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c02494/suppl_file/nz5c02494_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.5c02494/suppl_file/nz5c02494_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c02494?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c02494?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c02494?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.5c02494?fig=fig4&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.5c02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

Figure 4a, where n is the ideality factor attributed to the defect-
assisted recombination.”® Usually, an n value close to 1
indicates less defect-aided recombination.”’ TFBSC-modified
device exhibits a significantly lower value of n (1.23),
compared to the control device (1.50), indicating effective
suppression of nonradiative recombination losses in ST-PSCs.
Figure 4b illustrates the linear relationship of J. with the light
intensity. The value of  is closer to 1 for TFBSC, compared to
unmodified devices, indicating that bimolecular recombination
has been suppressed, which promotes efficient transfer of the
charge carriers to the charge-transport layer.”” Furthermore,
dark J—V measurements were performed to evaluate charge
carrier shunting caused by defects in ST-PSCs. As shown in
Figure S13, the control device exhibited a higher leakage
current, whereas devices modified with TFBSC showed a
significantly reduced leakage current, indicating less trap
density. This results in greater charge extraction efliciency
and less trap-assisted recombination, which led to improved
V,..>* Moreover, the unencapsulated TFBSC-modified devices
retain almost 90% of their initial PCE after 1500 h of storage in
a relative humidity of 30%—40%, whereas the control device
decreases to 70% (Figure 4c). This enhancement in ambient
stability could be attributed to the hydrophobic nature of the
TFBSC additives, where the measured water contact angle of
the control perovskite film increases from 33.36° to 51.69°
after the incorporation of TFBSC in the perovskite precursor
solution (Figure S14). Figure 4d shows the PCE versus AVT
plot of the ST-PSCs, demonstrating a comparison of our work
with recent literatures. A detailed comparison of all of the
performance parameters was shown in Table S6, reflecting one
of the highest LUE values reported.

In conclusion, a novel small organic molecule TFBSC has
been used as an additive into the perovskite precursor solution,
which regulates the perovskite crystallization, resulting in high-
quality films with reduced defect density. This is manifested in
the increased PLQE, charge carrier lifetime, and long-range
mobility as observed in the perovskite film after modification
by TFBSC. Consequently, TFBSC-modified devices showed
an improved PCE and LUE of 14.75% and 3.92%, which are
significantly higher than the values for the control devices
(10.71% and 2.96% respectively). Furthermore, the TFBSC-
modified devices exhibited improved ambient stability,
compared to the control devices, due to the hydrophobic
nature and superior quality of TFBSC-modified perovskite thin
films. This work provides new insights into the influence of
additive engineering on the crystallization process and defect
suppression for developing high-efficiency and stable ST-PSCs
for BIPV applications.
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