
EES Solar

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 1

1/
4/

20
25

 1
:5

0:
54

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A hydrophobic o
aSchool of Mechanical and Materials En

Technology (IIT) Mandi, Mandi, Himachal

iitmandi.ac.in
bAdvanced Energy Conversion Laboratory (A

Mandi, Mandi, Himachal Pradesh, 175005,
cSchool of Computing and Electrical En

Technology (IIT) Mandi, Mandi, Himachal P

† Electronic supplementary informa
https://doi.org/10.1039/d5el00034c

Cite this: EES Sol., 2025, 1, 356

Received 13th March 2025
Accepted 19th April 2025

DOI: 10.1039/d5el00034c

rsc.li/EESSolar

356 | EES Sol., 2025, 1, 356–365
rganic spacer cation for improving
moisture resistance and efficiency in mixed-
dimensional perovskite solar cells†

Prasun Kumar,ab Satinder Kumar Sharmac and Ranbir Singh *ab

Mixed-dimensional perovskite structures containing two-dimensional (2D) bulky organic cations offer

enhanced stability but suffer from lower efficiency compared to their three-dimensional (3D)

counterparts. To overcome the stability limitations while maintaining high efficiency, we introduce

a hydrophobic sulfoxonium cation for mixed-dimensional perovskite solar cells (MxD-PSCs). Herein, we

employ a novel triple organic cation comprising methylammonium iodide (MAI), formamidinium iodide

(FAI), and trimethylsulfoxonium chloride (TMSCl) to formulate MAFA(TMS)xPbI3−xClx perovskites. The

incorporation of TMSCl enhances moisture resistance due to its superior hydrophobicity, while also

improving charge transfer and reducing non-radiative recombination as confirmed by optical,

morphological, and electrical characterizations. The optimized MxD-PSCs achieve a remarkable power

conversion efficiency (PCE) of 21.43%, VOC of 1.10 V, and JSC of 24.82 mA cm−2, with FF being enhanced

to 78.5% under one-sun illumination (AM 1.5G). Moreover, optimized MxD-PSCs also perform

exceptionally with a PCE of 34.18% under indoor lighting (1000 lux). Furthermore, the devices exhibit

outstanding stability, retaining 85% of their initial efficiency after 90 days in an inert environment and

84% after 1000 hours under ambient conditions. These findings highlight the potential of the TMSCl

cation for enhancing both the stability and PCE of MxD-PSCs, offering a promising pathway for the

development of long-lasting and high-performance PSCs.
Broader context

Perovskite solar cells (PSCs) offer high efficiency but face stability issues, especially under moisture exposure. Mixed-dimensional perovskites combine 2D and
3D structures to enhance stability, though efficiency can be compromised. Introducing hydrophobic spacer cations, like trimethylsulfoxonium chloride, can
improve both moisture resistance and performance. This research highlights a promising approach for developing durable and efficient PSCs.
Introduction

Hybrid metal halide perovskites represent the most promising
next-generation photovoltaic (PV) materials, exhibiting excep-
tional optoelectronic characteristics, including a high photon
absorption coefficient, extensive charge-carrier diffusion
length, high charge-carrier mobility, and effective photo-
generated exciton dissociation with low fabrication cost.1–5

The power conversion efficiency (PCE) of perovskite solar cells
(PSCs) has signicantly risen from 3.8% to more than 26%
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tion (ESI) available. See DOI:
under one-sun illumination, matching that of crystalline silicon
(c-Si) and other inorganic thin-lm PVs.6 Various groupings of
A, B, and X categories provide distinct types of perovskite
materials for PSC applications, each exhibiting a unique crystal
structure and optoelectronic capabilities. Specically, methyl-
ammonium lead iodide (MAPbI3) is extensively utilized as an
effective perovskite material in PSCs.7 However, this kind of
perovskite is not stable and deteriorates when subjected to heat,
oxygen, moisture, and light.8 Conversely, formamidinium lead
iodide (FAPbI3) serves as a viable alternative to MAPbI3 for
enhancing the stability of PSCs. This perovskite demonstrates
an enhanced performance with an absorption onset at the near-
infrared (NIR) region at approximately 840 nm, approaching the
Shockley–Queisser limit. It also exhibits superior thermal
stability, reduced volatility of FA+ relative to MA+, and more
robust hydrogen bonding between FA+ and PbI6 compared to
MA+ and PbI6.9,10 But, the application of FAPbI3 in PSCs is
hampered by the supercial phase transitions of a-FAPbI3 to d-
FAPbI3 at room temperature (RT).11 Hence, numerous strategies
© 2025 The Author(s). Published by the Royal Society of Chemistry
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have been explored for the commercial implementation of
PSCs, with sequential deposition methods and compositional
engineering for developing mixed-cation perovskites by
different research groups. Grätzel et al. initially introduced the
idea of mixed perovskites by integrating FA+ and MA+ at the A
site to formulate (MA)x(FA)1−xPbI3 perovskite.12 The results
indicated that d-phase FAPbI3 can be entirely eliminated in
(MA)x(FA)1−xPbI3 perovskite, with the resulting PSCs attaining
a PCE of 14.9% by the sequential deposition approach with
better stability. Furthermore, Saliba et al. reported FA+, MA+,
and Cs+ MxD perovskites that effectively stabilize a-FAPbI3.13

This facilitates more reproducible PSC performances, achieving
a steady power output of 21.1% and maintaining 18% aer
250 h under operative conditions. Still, the triple mixed perov-
skite layers minimally impede defects between the grains and
fail to ensure prolonged stability. Similarly, various research
groups have investigated large organic ammonium cations such
as guanidinium (GA+), phenethylammonium (PEA+), benzyl
ammonium (BA+), etc. in MxD-PSCs, which demonstrated
enhanced stability relative to pure MAPbI3 and FAPbI3-based
PSCs.14–16 However, the long-term stability of these larger
organic ammonium cation mixed hybrid PSCs has not been
comprehensively effective, as amines are prone to react in the
presence of moisture through hydrogen bonding.17 In recent
years, sulfur-based cations are garnering increasing interest
compared to organic ammonium cations for the development
of moisture-stable PSCs, specically 2-thiophene-methylamine
(TMA+), 2-thiopheneethylamine (TEA+), butyldimethylsulfo-
nium (BDMS+), trimethylsulfoxonium (TMS+) etc.18,19 The
stability mostly arises from the absence of hydrogen bonding
between the sulfur-based cations and H2O molecules, along
with the robust electrostatic interactions between these cations
and the PbI6. Amongst these, it has been shown that the novel
sulfur-based TMS+ cation may interact with metal halides to
create stable perovskites. Kaltzoglou et al. synthesized trime-
thylsulfonium iodide and examined its structural and opto-
electronic characteristics, demonstrating remarkable stability
under humid air conditions and at temperatures up to 200 °C
for the rst time.20 Furthermore, Parashar et al. demonstrated
the integration of TMS+ cations into MAPbI3, resulting in the
formation of mixed-dimensional perovskites (TMSPbI3)x(-
MAPbI3)100−x, which exhibit improved moisture resistance and
a power conversion efficiency equivalent to pristine MAPbI3.21

Recent studies have explored the incorporation of several
iodine-based organic cations and chloride-based cations, such
as MACl and FACl, to improve the stability and performance of
PSCs. Chloride-based cations provide several advantages over
iodine-based organic cations, including the suppression of ion
migration, enhancement of lm crystallinity, defect passiv-
ation, long electron/hole diffusion length, carrier lifetime,
strain alleviation, acceleration of low-dimensional stable phase
formation, and are also advantageous for indoor light condi-
tions with facile bandgap tuning.22–25 However, organic cations
containing sulfur and chlorine have not been explored much
due to several factors such as solubility, boiling point, and
larger size; also it is quite challenging to replace Cl− with I− in
perovskites.26
© 2025 The Author(s). Published by the Royal Society of Chemistry
In this work, we have reported a novel organic triple-cation
MxD-PSC that consists of MA+, FA+, and TMS+, forming
a stable MAFA(TMS)xPbI3−xClx perovskite. The optimized
incorporation of TMSCl stabilized the perovskite phase,
enhanced crystallinity, and facilitated the formation of a defect-
free and compact morphology compared to the pristine perov-
skite (PVK). Subsequently, the optimized MAFA(TMS)xPbI3−x-
Clx-based MxD-PSCs showed a PCE of 21.43% compared to
17.82% for the reference device under AM 1.5G (1 sun) condi-
tions. Moreover, MxD-PSCs also demonstrated a promising
performance with a PCE of 34.18% under indoor light condi-
tions (1000 lux). The unencapsulated MxD-PSC also showed
enhanced stability, retaining 85% of its initial performance
aer 90 days in an inert atmosphere and 84% aer 1000 hours
under ambient conditions.

Results and discussion

To elucidate the inuence of the TMSCl salt, MxD perovskite
wasmade both with and without the addition of this salt. Fig. 1a
illustrates the development of an organic triple cation perov-
skite, dened by the formula MAFA(TMS)xPbI3−xClx for stable
MxD-PSCs. The SnO2 layer was deposited on the ITO glass
substrate with a spin coater, and then an MxD-perovskite layer
was deposited on the top of the ITO/SnO2 by a one-step solution
processing method using antisolvent engineering methodology
inside an N2-lled glovebox as shown in Fig. 1b.

The inuence of TMSCl addition on the optical characteris-
tics of MxD perovskite lms was investigated using a UV-vis
absorption spectrum, as seen in Fig. 2a. The perovskite lm
doping with 1 mg TMSCl displays an inclusive enhancement in
absorbance compared to that of the doping with 0.5 mg TMSCl
and pristine perovskite (PVK) lm. The enhanced absorption
property of 1 mg doped lm is attributed to homogeneous
crystal formation and superior perovskite lm quality, while
perovskite lms with increased TMSCl concentrations (2 mg,
4 mg and 8 mg) exhibit reduced absorbance due to inadequate
lm covering and many voids (Fig. S1†).

Steady-state PL has been employed to examine the charge
dynamics in PVK and doping with varying amounts of TMSCl
additive in PVK as presented in Fig. 2b. The intensities of the PL
peaks signicantly increased with TMSCl doping from 0.5 mg to
1 mg, accompanied by a slight blue shi in the emission peak
that followed the incorporation of TMSCl with the perovskite
lattice. The enhanced PL intensities indicate a high crystal
quality and improved charge transfer within the active layer.27,28

In contrast, perovskite lms with increased TMSCl concentra-
tions (2 mg, 4 mg, and 8 mg) exhibit low intensities with red
shi due to a decrease in the quality of lms (Fig. S2†). Addi-
tionally, the time resolved PL (TRPL) analysis shows that the
photogenerated carriers have longer lifetime (5.58 ns) in case of
the 1 mg TMSCl doped lm which is notably greater than that of
the PVK lm (1.46 ns) as shown in Fig. 2c. The carrier lifetime
study for varying TMSCl doping amounts in PVK was further
investigated (Fig. S3†). It appears that the 1 mg TMSCl doped
lm is appropriate for reducing defects and promotes improved
perovskite crystallization and development because a further
EES Sol., 2025, 1, 356–365 | 357
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Fig. 1 (a) Schematic representation of the MxD perovskite structure incorporating triple organic cations, depicting the arrangement of cations
within the perovskite lattice. (b) Illustration of the fabrication process of MxD perovskite films, showing the sequential steps involved in film
deposition, including precursor preparation, spin coating, annealing, and crystallization to achieve high-quality perovskite films.
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increase in the TMSCl concentration (2, 4, and 8 mg) did not
prolong the carrier decay time. The TRPL data has been tted
with the biexponential decay function (the tting results have
Fig. 2 Schematic of (a) the UV-vis absorption spectrum, (b) steady state P
(d) XRD graph, (e) enlargement of XRD graphs at lower angles, and (f
concentrations of TMSCl.

358 | EES Sol., 2025, 1, 356–365
been summarized in Table S1†).29 The longer carrier lifetime
indicates low nonradiative recombination as a result of reduced
trap states in the perovskite layer and facilitated charge
L spectra, (c) TRPL graphs of perovskites with or without TMSCl doping,
) raman spectrum of the perovskite layer and doping with different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transport and these TRPL ndings correlate with the steady
state PL as well.30,31 The crystal structures of pristine and TMSCl
doped perovskite lms were examined using X-ray diffraction
(XRD), with the resultant XRD patterns illustrated in Fig. 2d.
The XRD patterns indicate that the 1 mg doped TMSCl lm has
a high intensity at 14.58°, representing perovskite lms,
compared to the 0.5 mg (14.52°) and pristine (14.52°) samples.
Moreover, the associated PbI2 peaks at 13.14° progressively
diminish subsequent doping with the TMSCl. As shown in
Fig. 2e, under the conditions of 0.5 mg and 1 mg doping
amounts of TMSCl, new diffraction peaks from 6° to 12° are
observed in XRD patterns that might be related to the formation
of a typical low dimensional perovskite via integration of TMSCl
within the perovskite lattice.32,33 The XRD results demonstrate
that an appropriate amount (1 mg) of TMSCl doping improves
the crystallinity and lm quality of the pristine perovskite lm,
corroborating the absorption and PL data. Opportunely, we
discovered that the MxD-perovskite, when subjected to higher
concentration doping, displays distinctive diffraction peaks at
low angles (11.28° & 9.28°) with greater intensities compared to
the peak at 14.86°, indicating the formation of a unique MxD-
perovskite, MAFA(TMS)xPbI3−xClx (Fig. S4†). It is noted that
when concentration increases, the associated peak of the
perovskite shis to higher values, namely 1 mg (14.58°) and
8 mg (14.86°). Moreover, the absorption spectra and the XRD
graph of (TMS)xPbI2−xClx are illustrated in Fig. S5.† This nding
conrmed that the interaction of TMSCl cations with PVK is
responsible for the peaks at low angles. The vibrational modes
of the perovskite lms doped with different concentrations of
the TMSCl cation were analysed using Raman spectroscopy with
532 nm laser excitation. To achieve adequate roughness for
perovskite crystal growth, perovskite lms were fabricated on
ITO/SnO2 substrates rather than glass, leading to reduced
spectral intensity owing to the quenching effect of the SnO2

layer.34 The raman peak of the pristine lm appears at
∼95.23 cm−1 and the peaks of lms doped with 0.5mg and 1mg
TMSCl are slightly shied to lower wave numbers at
∼91.58 cm−1 and ∼88.58 cm−1, respectively. A transition to
lower wavenumbers indicates a reduction in bond stiffness,
likely due to the elongation of the Pb–I bond by Cl substitu-
tion.35 This change may signify the emergence of more stable or
extended phases with modied halide compositions.36 The
interactions of the TMSCl doped in PVK (0.5, 1, 2, 4 and 8 mg)
and (TMS)xPbI2−xClx were examined using Fourier transform
infrared spectroscopy (FTIR), depicted in Fig. S6.† For the
TMSCl doped perovskite, we found that N–H stretching peaks
arise between 3000 and 3300 cm−1 and at 3402 cm−1 while there
is no N–H peak for (TMS)xPbI2−xClx.37 Consequently, S]O
stretching peaks occur at 1027 cm−1 and 1235 cm−1 for doped
TMSCl lms.38,39 These peaks evenly reduce from (TMS)x-
PbI2−xClx to 0.5 mg for the TMSCl doped lm and disappear in
pure PVK. These alterations are attributed to the robust inter-
action between TMSCl cations in PVK.

Top-view scanning electron microscopy (SEM) images were
recorded to examine the inuence of the TMSCl addition on
perovskite lm crystallization and grain size. Fig. 3a–c display
the SEM images and respective grain distribution graphs of PVK
© 2025 The Author(s). Published by the Royal Society of Chemistry
and with 0.5 mg and 1 mg of TMSCl as an additive. It can be
observed that the grain size of PVK is relatively smaller with an
average grain size of 450 nm having a large number of grain
boundaries with various cracks. In addition, the 0.5 mg and
1 mg TMSCl-doped PVK lms exhibit grain sizes of 500 nm and
600 nm, respectively, which are larger than that of the PVK lm.
Nevertheless, defects/pinholes existed in the 0.5 mg TMSCl
doped PVK lm which were substantially removed aer the
doping amount of TMSCl was increased to 1 mg in PVK. The
morphology of the optimized 1 mg doped lm was also
improved, showing a grain size as large as 1 mm and demon-
strating stick type grains. Further overdosing of TMSCl (2, 4,
and 8 mg) resulted in disrupted perovskite grain growth with
disadvantageous formation of grains having more pinholes and
a texture-like non-uniform surface as shown in Fig. S7.† The
excessive use of additives in perovskite precursors inuences
the nucleation kinetics, hence altering the grain size and
development.40 Moreover, a high concentration of the additive
may inuence the solubility of particular intermediates in the
homogeneous solution, potentially leading to the precipitation
of perovskite crystals and variations in grain sizes.41 Another
potential cause may be the alteration in surface energy due to
the excessive treatment with TMSCl, which affected the texture
of the resultant lm. The variations in surface energy may alter
the interaction between the perovskite layer and substrate,
resulting in distinct roughness or morphologies.42 These results
demonstrate that the optimal amount of TMSCl in PVK not only
regulates crystallization and grain formation but also aids in
reducing Pb, which limits charge generation and extraction
abilities in MxD-PSCs.43 Furthermore, detection of chlorine
incorporation in PVK has been demonstrated by energy
dispersive X-ray spectroscopy (EDS). It helps in ascertaining if
chlorine has been effectively incorporated into the crystal lattice
or is only present on the surface or grain boundaries. This
indicates that chlorine is evenly distributed and concentrated at
grain boundaries as the doping amount of TMSCl in PVK
increases (Fig. S8†). Additionally, the surface morphology and
potential of perovskites were examined before and aer TMSCl
doping using atomic force microscopy (AFM) and kelvin probe
force microscopy (KPFM) as shown in Fig. 3d–g. Doping with
1 mg TMSCl in PVK directed to a reduction in the root-mean-
square surface roughness from 72 nm in the PVK lm to
61.4 nm. The reducing surface roughness signies that the
doping with TMSCl effectively passivates the defects at the grain
boundary and inside the grains.39 Additionally, KPFM was used
to analyse the potential of perovskite lms and their surface
work function in order to demonstrate the surface trap state.
Here, contact potential difference (CPD) and surface work

function can be derived from CPD ¼ 4tip � 4sample

e
; where 4tip

and 4sample are the work function of the tip and perovskite lms,
and e is elementary charge.44 As per KPFM, the average CPD of
PVK and doping with 1 mg TMSCl in PVK lms are−144± 5 mV
and 28± 5 mV, respectively. Also, surface work functions of PVK
and 1 mg TMSCl doped PVK are calculated to be 4.844 eV and
4.672 eV for PVK, respectively. It can be observed that the TMSCl
doped lm has a lower work function, indicating a low density
EES Sol., 2025, 1, 356–365 | 359
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Fig. 3 (a)–(c) Top-view SEM pictures of PVK and with different amounts of TMSCl cation and alongside statistical distribution of the grain sizes
for corresponding SEM images, AFM and KPFM images of (d) and (e) PVK film, (f) and (g) 1 mg TMSCl doping in PVK, and (h) line profile graph of
KPFM (for interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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of electron trap states. This can inhibit the recombination of
free holes and trapped electrons.45 Furthermore, the line prole
graphs of PVK and TMSCl doped lms signify that the lm
surface of doped PVK has a lower CPD change and a superior
lm quality as shown in Fig. 3h. To evaluate the variation in
surface potential, KPFM line proles were extracted across
multiple grains and grain boundaries for both pristine and
TMSCl-doped perovskite lms. In the pristine perovskite,
pronounced CPD dips were observed at the grain boundaries,
indicating signicant band bending due to charged defect
states. This suggests the presence of strong local electric elds,
which could act as non-radiative recombination centers. In
contrast, the TMSCl-doped lm exhibited a much atter CPD
prole, with minimal potential variation across grain bound-
aries. This attening of potential reveals reduced trap densities
and improved electronic uniformity, conrming the effective-
ness of TMSCl in mitigating bulk defect states.46,47

The fabrication methodology of our MxD-PSCs is broadly
discussed in the experimental section of the ESI.† We have
fabricated n-i-p based ITO/SnO2/PVK/spiro-OMeTAD/Au struc-
tured devices with doping of various amounts (0.5 mg, 1 mg,
2 mg, 4 mg and 8mg) of TMSCl. Fig. 4a showed the optimized J–V
curves with or without TMSCl additive doping, the PVK exhibited
a PCE of 17.82% with a VOC of 1.02 V, a JSC of 24.46mA cm−2, and
a ll factor (FF) of 71.60%. For the 1 mg TMSCl doped device, the
champion PCE increased to 21.43% with a VOC of 1.10 V, JSC of
360 | EES Sol., 2025, 1, 356–365
24.82 mA cm−2, and enhanced FF of 78.5%, where a remarkable
improvement in FF was observed under one sun conditions.
However, doping with TMSCl also displayed remarkable perfor-
mance under indoor light conditions compared to PVK as shown
in Fig. 4b. The PVK device showed a PCE of 29.85% with a JSC of
162.98 mA cm−2, a VOC of 0.916 V, and FF of 74.20%; the 1 mg
TMSCl doped device exhibited a PCE of 34.18%, a JSC of 182.15 mA
cm−2, a VOC of 0.927 V, and 75.1% FF under 1000 lux LED illu-
mination. Additionally, we have performed the J–Vmeasurements
with different doping amounts of TMSCl in PVK under both
indoor and outdoor conditions (Fig. S9, S10, Tables S2 and S3†). It
is observed that excessive doping of TMSCl cations disrupts the
overall performance of the device which results in adverse
effects.48 Fig. 4c displays the dark I–V curves of devices, and the
dark current aer 1 mg TMSCl doping is one order of magnitude
lower than that of the PVK device. Dark current is associated with
charge recombination and the lower dark current shows sup-
pressed charge recombination by TMSCl doping.49 Furthermore,
to comprehend the charge carrier recombination mechanism in
PVK andwith 1mg doping in PVK, the dependency of the JSC with
light intensity (JSC f Ia) was considered under light intensity
ranging from 10 to 100 mW cm−2. JSC versus light intensity
displays a linear relationship in dual-log scale, as shown in
Fig. 4d. The tted a values of PVK (0.93) and with 1 mg TMSCl
doping (0.95) indicate low bimolecular recombination in the
TMSCl doping assisted device, that can be attributed to the high-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The current density–voltage (J–V) curves for PVK and TMSCl doped PVK under (a) one sun conditions (the inset figure shows the
fabricated n-i-p PSC structure, ETL – SnO2 and HTL – spiro-OMeTAD), (b) indoor lighting conditions, and (c) dark conditions. (d) Short circuit
current density (JSC) versus light intensity plot under one sun conditions, (e) open-circuit voltage (VOC) versus light intensity plot under one sun
conditions, and (f) the EIS spectra with an equivalent circuit diagram for PVK and 1 mg doped PVK devices.
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quality lms with lower grain boundary defects.50,51 The semi-log
plot of VOC as a function of light intensity for both the PSCs and
the slopes results from the lines linearly tted to the values as
shown in Fig. 4e. The PVK demonstrates an effective dependency
of VOC on the light intensity, with a slope of 2.40 KT/q, where K is
Boltzmann constant, q is elementary charge, and T is absolute
temperature. The device doped with 1 mg TMSCl displays a lower
slope value of 1.90 KT/q, representing reduced trap-assisted
Shockley–Read–Hall recombination, that is attributed to the
improved crystallinity of the lm with decreased trap defect sites
as well as hindered ionmigration due to the integration of TMSCl
cations.37 Similarly, PVK with 1 mg doped TMSCl shows lower
bimolecular and Shockley–Read–Hall recombination under
indoor light intensities ranging from 250 to 1500 lux as shown in
Fig. S11.† The electrical parameters, including J–V characteristics
and intensity dependency analysis of devices, are summarized in
Table 1. We quantitatively determined the respective resistances
and recombinational phenomenon of devices with different
TMSCl doping amounts using electrochemical impedance spec-
troscopy (EIS) in order to conrm the enhanced PV performance
Table 1 PV parameters of the PVK and 1 mg doping of TMSCl in PVK fo

Light source Device VOC (V) JSC (m

Outdoor (AM1.5G) PVK 1.02 24.46
PVK + TMSCl (1 mg) 1.10 24.82

Indoor (1000 lux) PVK 0.91 162.98
PVK + TMSCl (1 mg) 0.93 182.15

a a and b are related to bimolecular recombination & trap-assisted recom

© 2025 The Author(s). Published by the Royal Society of Chemistry
through the charge transfer process under a dark environment
and short circuit conditions. The Nyquist plots of the device
without and with 1 mg TMSCl doping and the curves are tted by
the equivalent circuit as shown in Fig. 4f. The PVK shows a series
resistance (RSe) of 2.24 U cm2, a charge transfer resistance (Rct) of
3144U cm2, and the device with 1 mg TMSCl shows RSe and Rct of
1.91 U cm2 and 1625 U cm2, respectively. The reduced Rct indi-
cates that TMSCl doping effectively suppresses charge recombi-
nation in the device. The corresponding device parameters with
variation of TMSCl doping are summarized in Fig. S12 and Table
S4.† It has been observed that the high amount of TMSCl cation
led to recombination which limited the charge transport process,
subsequently increasing the Rct.52

We studied the long-term stability of the unencapsulated PSCs
under the inert and ambient conditions (RH 50%± 7%) as shown
in Fig. 5a and b. It was found that PVKwith TMSCl doping unveils
signicantly improved stability compared to the PVK device. The
aforementioned investigations provide support for these results,
which demonstrate that TMSCl-doped PVK is usually more stable
than pristine PVK due to several kinds of physicochemical
r outdoor and indoor environments

A cm−2 mA−1 cm−2) FF (%) PCE (%) aa ba

71.26 17.82 0.93 2.40
78.50 21.43 0.95 1.57
73.90 29.85 0.78 1.91
75.10 34.18 0.80 1.52

bination as discussed in the text.
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Fig. 5 Stability analysis for unencapsulated PVK and TMSCl-doped devices (a) under inert conditions (devices were kept in a desiccator after each
measurement), (b) under ambient conditions (RH 50% ± 7%), (c) schematic images of contact angles of a water droplet on PVK and 1 mg doped
TMSCl films, and (d) contact angle vs. time graph of PVK and 1 mg TMSCl doped PVK films.
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interactions that enhance its structural, chemical, and environ-
mental resilience. Furthermore, as the hydrophobic nature of the
perovskite plays a signicant role in their moisture stability, the
water dampening performance of different perovskite lms was
examined in Fig. 5c. The 1 mg TMSCl cation incorporated PVK
lm displays a contact angle of 85°, which is larger than that of
the PVK lm (73°), demonstrating that the doped PVK is more
hydrophobic. Fig. 5d depicts the contact angles of the water drop
on PVK and doped PVK lms with different loading times. When
the water loading time increased to 60 s, the doped PVK lm still
maintained a high contact angle of 58°, which is higher than that
of the PVK lm (45°) (Fig. S13†). Furthermore, we tested the
hydrophobicity of MAFA, TMSCl, and (TMS)xPbI2−xClx lms on
Table 2 Summary of device stability and time-dependent contact angle

Device

Drop in PCE (D

Inert condition

PVK 46.2
PVK + TMSCl (1 mg) 13.5
Various deposited lms Change in cont
ITO/SnO2/MAFA 50
ITO/SnO2/TMSCl 11.8
ITO/SnO2/PVK 17.8
ITO/SnO2/PVK + TMSCl (1 mg) 2.4
ITO/SnO2/(TMS)xPbI2−xClX 3.6

362 | EES Sol., 2025, 1, 356–365
the ITO/SnO2 substrate as shown in Fig. S14 and S15.† We
observed that the TMSCl (51°) is more hydrophobic than MAFA
(18°). Interestingly, (TMS)xPbI2−xClx displayed super hydropho-
bicity with a contact angle of 95.5°. The results suggest that the
PVK with TMSCl doping could be more efficient in protecting the
perovskite lm from moisture and improving the stability. The
percentage drop in PCE (inert and ambient conditions) and
contact angle (0 to 5 s) is illustrated in Table 2. Additionally, we
performed contact angle measurements at different doping
amounts of TMSCl (0.5, 2, 4, and 8 mg) in PVK (Fig. S16†).

In this work, we investigated how mixing the TMSCl in PVK
improves the optical, structural, chemical, and electrical prop-
erties in devices with the variation of doping amount. It has
measurements for various deposited films

h%)

s for 90 days Ambient conditions for 1000 h

39.1
12.9

act angle aer 5 seconds (Dq%)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) EDS image of TMSCl doped PVK with chlorine (Cl) weight percentage at grain boundaries, (b) graph of chlorine weight percent with the
variation of TMSCl doping amount, and (c) schematic of (Cl) distribution within the PVK film morphology after TMSCl doping.
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been observed that aer doping of TMSCl, the Cl atoms
distributed more at grain boundaries rather than inside grains
as depicted in Fig. 6a. This indicates that Cl atoms at grain
boundaries mitigate defects, enhance crystallinity, and stabilize
the lattice, which collectively reduce recombination, improve
charge transport, and increase the operational stability of
PSCs.53,54 To further verify this hypothesis, we performed EDS
point mapping of PVK lms with different concentrations of
TMSCl cations and we found that the weight percentage of Cl
atoms is more at the grain boundary region as compared to
inside grains (Fig. S17†). Upon increasing the amount of TMSCl
from 0.5 mg to 8 mg, the Cl weight percentage varied as
depicted in Fig. 6b. At the highest amount of TMSCl doping, the
Cl atoms are distributed uniformly at grain boundaries and
throughout grains, in contrast to the optimum doping amount.
Fig. 6c illustrates the generalized depiction of TMSCl doping in
PVK, conrming experimentally that an increased number of Cl
atoms assists in passivating the grain boundaries in PVK lms.

Conclusions

In summary, we investigated the role of TMSCl in the
morphology and optoelectronics properties of a novel triple
cation MxD-PSC. We nd that the optimized doping amount of
TMSCl in PVK leads to the formation of perovskite lms with
© 2025 The Author(s). Published by the Royal Society of Chemistry
larger grains, high quality of lms with high optoelectronic
characteristics, and better stability than the PVK device.
Furthermore, MxD-PSCs demonstrated a PCE of 21.43%, under
AM 1.5G and also performed exceptionally under indoor
conditions (1000 lux) with a PCE of 34.18%. The MxD-PSCs also
displayed enhanced stability, maintaining 85% of the initial
value aer 90 days (inert conditions) and 84% of the initial
values aer 1000 hours under an ambient environment (RH
50% ± 7%). The TMSCl assisted PVK device unveiled excellent
hydrophobicity by displaying extraordinary moisture resistance
without any kind of encapsulation. Our investigations indicate
that the use of TMSCl doping in PVK precursors provides
favorable results for the advancement of highly efficient and
durable PSCs, facilitating the commercialization of this
technology.
Data availability
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