
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
N

ov
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 4

/2
5/

20
26

 5
:3

7:
45

 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
Dual-functional
aGraduate School of Energy Science and T

University, Daejeon, 34134, Republic of Kor
bDepartment of Materials Science and Engi

Daejeon 34134, Republic of Korea
cDepartment of Polymer-Nano Science a

Convergence Engineering, Jeonbuk Nationa

Korea

† These authors contributed equal.

Cite this: RSC Sustainability, 2026, 4,
304

Received 27th June 2025
Accepted 31st October 2025

DOI: 10.1039/d5su00499c

rsc.li/rscsus

304 | RSC Sustainability, 2026, 4, 30
additives for stable perovskite thin
films
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Organic–inorganic lead halide perovskites have emerged as frontrunners in next-generation

optoelectronic technologies due to their exceptional optoelectronic properties. Despite remarkable

advancements, their commercialization is hindered by their poor intrinsic stability and suboptimal

charge-carrier dynamics. In this work, we introduced thionate-based additives, 1-butyl-3-

methylimidazolium thiocyanate (BMIM-SCN) and 1-butyl-3-methylimidazolium lead thiocyanate (BMIM-

Pb(SCN)3), as effective chemical modulators to simultaneously enhance the crystallinity, surface quality,

and environmental resilience of hybrid perovskite films. The incorporation of these additives facilitates

the formation of dense, uniform crystal grains with improved surface coverage and significantly reduced

surficial and interfacial trap states. The modified films exhibit superior charge transport behavior and

demonstrate remarkable resilience under humid, thermal, and light stress, outperforming their pristine

counterparts. Specifically, BMIM-Pb(SCN)3 is proven to be particularly effective, synergistically enhancing

both the charge-carrier mobility and long-term film stability. This dual-functional additive strategy not

only passivates defects but also regulates the structural evolution of the perovskite layer, leading to an

improved optoelectronic performance. These findings present a viable route for stabilizing hybrid

perovskites and advancing their practical deployment in photovoltaic and optoelectronic applications.
Sustainability spotlight

Perovskite solar cells (PSCs) have attracted signicant attention as next-generation photovoltaics due to their high efficiency and cost-effective fabrication. Their
exceptional performance is primarily inuenced by manipulating interfacial phenomena, which is crucial for achieving a high power conversion efficiency and
stability. This study presents a comprehensive investigation into the structural, optical, and electrical stability properties of perovskite thin lms employing
thionate-based dual-functional additives. We elucidate their degradation properties under humid and thermal conditions using controlled and environmental
conditions to gain a deeper understanding of the stability of perovskite thin lms with additives, offering valuable implications for advancing optoelectronic
applications. This aligns with the UN's Sustainable Development Goals, particularly Goal 7 (Affordable and Clean Energy), promoting renewable energy
adoption.
1 Introduction

Since the discovery of organic-metal-halide perovskites, they
have attracted widespread interest owing to their remarkable
optoelectronic characteristics.1–6 The advantages of perovskite
materials include solution processability, band gap tunability,
and low exciton binding energies. Moreover, perovskite mate-
rials are superior because of their long charge carrier diffusion
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4–314
lengths and high charge carrier mobility compared to their
organic semiconductor counterparts.7,8 Due to these advan-
tages, perovskite solar cells (PSCs) have presented a certied
power conversion efficiency of more than 26% in a single
junction and 34% in tandem devices.9–11

Despite the signicant strides in their performance, the
stability of perovskites remains a concern, hindering their
commercialization. In particular, surface defects in perovskites
serve as active sites for degradation, where exposure to the
external environment accelerates the formation of reactive
species, induces trap states, and promotes structural decom-
position of the perovskite lattice. Especially, humidity, heat,
and light stress are responsible for the structural deformation
of perovskites, resulting in the deterioration of the perovskite
lm phase from the photoactive to non-active phase because of
crystal lattice distortion.12–16
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Various strategies and material modulation have been
applied thus far to improve the performance and stability of
PSCs. The representative strategy is the introduction of addi-
tives, dopants, or capping layers consisting of organic small
molecules or polymeric materials.17–19 Among them, the incor-
poration of additives is particularly attractive, as it represents
one of the simplest and most mass production-compatible
methods to enhance both the performance and stability of
PSCs. In addition, additives contribute to the immobilization of
toxic Pb2+ ions, which is one of the crucial issues in the
sustainability of PSCs.20,21 In this regard, previous reports have
adopted additives to passivate the surface defects in perov-
skites, thereby improving their photovoltaic performance and
stability. For instance, Zhu et al. employed zinc thiocyanate
(Zn(SCN)2) or lead(II) thiocyanate (Pb(SCN)2) additives. They
reported that SCN− ions effectively enhance the optical prop-
erties and stability compared to the non-SCN-treated perov-
skite.22,23 Peterozza et al. and Liu et al. also employed Pb(SCN)2
additives.24,25 They explained that the thiocyanate ion (SCN−)
passivates the surface and grain boundary defects.

Besides these studies using inorganic salt-type additives,
recent efforts have focused on functional organic cations to
enhance the structural stability of perovskites further. In
particular, 1-butyl-3-methylimidazolium ion (BMIM+) has
attracted attention for its ability to stabilize the perovskite
lattice and passivate defect sites by suppressing ion migration.
For example, Snaith et al. introduced BMIM+ ions into perov-
skite and showed that the BMIM+ ions preferentially localize at
the grain boundaries. BMIM+ ions act as a barrier to degrada-
tion due to oxygen or moisture adsorption, thereby passivating
grain boundaries, and effectively alleviating ion migration.6 As
a result, BMIM+ ions help retard the degradation of perovskite
even at high temperature.26,27 Based on these previous studies,
we hypothesized that the integration of BMIM+ and SCN− could
exhibit a synergistic effect, not only in passivating defects but
also in enhancing the structural stability of perovskite lms.

Herein, we employed SCN−-based additives, 1-butyl-3-
methylimidazolium thiocyanate (BMIM-SCN) and 1-butyl-3-
methylimidazolium lead thiocyanate (BMIM-Pb(SCN)3), to
enhance the performance and stability of perovskite lms by
passivating their surface defect sites. In the latter, Pb(SCN)2 is
combined with BMIM-SCN, which helps improve the perovskite
lm quality and lattice stability by combining lead ions with
uncoordinated anions in the perovskite crystal.3 The insertion
of additional SCN− ions may assist in minimizing the defect
density by lling the halide vacancies within the perovskite
crystal lattice, helping to suppress charge-carrier recombination
and elongating the photoluminescence lifetime. Furthermore,
we performed a series of structural, optical, and electrical
analyses to elucidate the correlation among incorporated SCN−-
based additives, lm homogeneity, and charge carrier
dynamics. The results revealed that BMIM-SCN and BMIM-
Pb(SCN)3 enhanced the crystallinity of the perovskite lms,
suppressed trap formation, and signicantly improved the
charge carrier mobility, leading to remarkable resistance
against air exposure and heat-induced degradation. It is
particularly noteworthy that BMIM-Pb(SCN)3 demonstrated
© 2026 The Author(s). Published by the Royal Society of Chemistry
a superior performance by passivating the surface and interfa-
cial defects in the perovskite. Therefore, its charge-transporting
behaviour is enhanced, which leads to an improved device
performance and lm stability.

2 Results and discussion
2.1 As-deposited perovskite lm properties and PSC
performance

The perovskite thin lms were fabricated via a one-step solution
deposition method. To ensure a consistent and reliable evalu-
ation of the additive effects, we employed a compositionally
optimized lead halide perovskite, Cs0.17FA0.83Pb(I0.77Br0.23)3,
known for its enhanced structural and environmental
stability.6,28 This composition was specically chosen to mini-
mize the inuence of rapid material degradation, thereby
isolating the role of the thionate-based additives in modulating
the crystallization behavior and performance characteristics of
the lm. A schematic illustration of the process for the depo-
sition of the perovskite lm is shown in Fig. 1. We demonstrate
more details about the lm fabrication procedure in the SI.

The modication of the crystallinity of the perovskite owing
to the additives was measured using scanning electron
microscopy (SEM) and X-ray diffraction (XRD). Fig. S1(a–c)
illustrate the morphology of the perovskite thin lms without
and with additives on glass substrates. Moreover, Fig. S1(d)
displays a histogram of the grain size of the corresponding
lms. The average grain size of the control sample is 0.284 ±

0.08 mm, that of the lm with BMIM-SCN additive is 0.465 ±

0.14 mm, and the lm with BMIM-Pb(SCN)3 additive is 0.654 ±

0.16 mm. These results clarify that employing additives effec-
tively increases the grain size relative to the perovskite without
additives. This might be attributed to the interaction between
the additives and perovskite.3,27,29

Fig. S2(a and b) present the XRD results, indicating that the
incorporation of BMIM-SCN and BMIM-Pb(SCN)3 additives
enhances the crystallinity of the perovskite thin lms. The
control lm shows a distinct PbI2 peak at the 2q value of around
12.5°, suggesting the presence of residual PbI2. However,
employing BMIM-SCN and BMIM-Pb(SCN)3, the intensity of the
PbI2 peak is reduced, indicating the suppressed formation of
PbI2, and thus improved phase purity of the perovskite lms.
Furthermore, the intensity of the main perovskite (100) peak
increases with the incorporation of the additives.30

Moreover, X-ray photoelectron spectroscopy (XPS) analysis
was performed to evaluate the change in chemical bonding
within the perovskite by interaction with the additives, as di-
splayed in Fig. S2(c and d). On the as-prepared surface of the
perovskite, a shi in the Pb 4f signals was detected with a slight
increase in binding energy upon the incorporation of BMIM-
SCN and BMIM-Pb(SCN)3. In detail, the Pb 4f7/2 and Pb 4f5/2
peaks of the control perovskite lms were positioned at 137.90
and 142.65 eV, respectively. The corresponding peaks were
located at 137.95 and 142.70 eV for the BMIM-SCN-based lm
and 138.00 and 142.75 eV for the BMIM-Pb(SCN)3 lm, respec-
tively. These peak shis imply the strong chemical interaction
between Pb2+ ions and the additives, leading to the effective
RSC Sustainability, 2026, 4, 304–314 | 305
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Fig. 1 Schematic of the procedure for the fabrication of the perovskite thin films without and with additives.
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immobilization of Pb2+ ions at the perovskite surface. This
effect contributed to the passivation of the dangling bonds of
Pb2+ ions by the incorporation of additives.3,29

With the incorporation of the additives, the binding energy
of I slightly decreased, as shown in Fig. S2(d). In the case of the
control lm, the I 3d5/2 and I 3d3/2 peaks were located at 617.90
and 629.40 eV, respectively. By added BMIM-SCN to the perov-
skite thin lm, these peaks slightly shied to a lower binding
energy at 617.80 and 629.35 eV, respectively, which can be
attributed to the generation of uncoordinated I− ions on the
surface during the interaction with BMIM-SCN. Meanwhile,
upon treatment with BMIM-Pb(SCN)3, the peaks slightly shied
to a higher binding energy (617.85 and 629.40 eV), indicating
that the additional Pb2+ ions provided by BMIM-Pb(SCN)3
effectively coordinate with the halides, respectively. These
results suggest that additives cause the grain growth in the
perovskite to be more uniform, forming highly crystalline
perovskite lms.30–32

In short, comparing the average grain size, crystallinity, and
binding energy between the lms with additives, BMIM-
Pb(SCN)3 contributed to improved crystalline grain growth
compared to BMIM-SCN. When BMIM-SCN is incorporated into
the perovskite, BMIM+ ions might occupy the cation vacancies
on the surface, interacting with lead and halide ions. In
contrast, SCN− ions penetrate the perovskite lattice and coor-
dinate with anion vacancies, thereby passivating defects. In this
case, the excessive lead ions in BMIM-Pb(SCN)3 might facilitate
coordination with residual unbound anions generated during
the interaction between perovskite and BMIM-SCN, thereby
facilitating more effective crystalline grain growth.3

We characterized the current density–voltage (J–V) curves of
the as-prepared PSCs to demonstrate the effect of the additives
on the photovoltaic performance. The procedure for the fabri-
cation of the devices is presented in the SI. The performances of
the PSCs without and with additives are tabulated in Table S1,
and the related J–V traces and PSC characteristics are displayed
in Fig. S3(a–e). The open-circuit voltage (Voc) of the additive-
306 | RSC Sustainability, 2026, 4, 304–314
treated PSCs was higher than that of the control. In the
reverse sweep measurement, the Voc of the control sample was
measured to be 1.11 V, and the value for the BMIM-SCN-treated
lms was 1.15 V and 1.16 V for BMIM-Pb(SCN)3. Furthermore,
the short-circuit current-density (Jsc) was measured to be 20.01
mA cm−2 for the control, 20.18 mA cm−2 for BMIM-SCN, and
20.21 mA cm−2 for BMIM-Pb(SCN)3, as shown in Fig. S3(c). The
incorporation of additives increased the Jsc. This might result
from the enhanced charge extraction due to the incorporation
of the additive, which facilitates better crystalline grain growth.
A similar trend was also observed in the ll factor (FF). Conse-
quently, these enhancements contributed to the improved
device performance, as displayed in Fig. S3(e). The best device
performance of 17.65% was achieved in the BMIM-Pb(SCN)3-
treated device. This is due to the additive-induced improvement
in the overall lm quality, including enhanced crystallinity,
which results in a better photovoltaic performance.16,29,33–35
2.2 Perovskite thin lm performance under degraded
ambient air conditions

To investigate the impact of additives on the stability of the
perovskite lm, we monitored the perovskite lms without and
with additives, upon storage for 120 h under ambient air
conditions. The lms were kept without encapsulation in
a controlled environment at 22°C± 3 °C and 20%± 5% RH. We
measured the charge carrier properties at a constant interval of
24 h. In addition, from 72 h of storage, thermal treatments were
conducted at a constant interval of 24 h at 100 °C for 30 min to
induce the redistribution of ions in the perovskite lms.

To evaluate the change in optical properties during degra-
dation under ambient air conditions, we measured steady-state
photoluminescence (SSPL). Furthermore, we analyzed the time-
resolved photoluminescence (TRPL) to investigate the charge
carrier recombination dynamics. The corresponding data are
presented in Fig. S4; the charge carrier lifetime tting values are
summarized in Table S2. We compared the SSPL intensities of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the as-prepared and aging lms under ambient air conditions,
as shown in Fig. S4(a–c). The SSPL intensities of the as-prepared
perovskite lms were highest in the order of BMIM-Pb(SCN)3 >
BMIM-SCN > control. A higher SSPL intensity reects reduced
non-radiative recombination, which is typically associated with
defect states in the perovskite. Therefore, the results imply that
the perovskite lms treated with additives effectively passivate
defects in the perovskite lms; the effect is more pronounced in
the BMIM-Pb(SCN)3-treated lms, as reected by their superior
SSPL intensity. In relation to this, the reduced grain boundaries
observed in Fig. S1 contribute to the enhanced SSPL intensity of
the additive-treated perovskite lms.16,29,31,34,36

More importantly, the presence and type of additives led to
distinct variations in the SSPL intensity over storage time,
highlighting their inuence on the stability of the perovskite
lms. As displayed in Fig. 2(a), the SSPL intensities of all the
samples gradually decreased over time during ambient air
storage. However, the degree of reduction varied depending on
the sample. Aer 48 h, the SSPL intensity was reduced by
34.72%, 23.20%, and 11.36% for the control, BMIM-SCN, and
BMIM-Pb(SCN)3 samples, respectively. Furthermore, when we
applied thermal treatments aer 72 h of storage, the SSPL
intensity of the control sample continued to decrease over time,
whereas the degradation trend was mitigated in the BMIM-SCN-
treated perovskite lm. Notably, the SSPL intensity of the
BMIM-Pb(SCN)3-treated sample remained nearly unchanged.
These ndings indicate that defect passivation by additives
reduces environmental (e.g., moisture)-related degradation by
coordination at the defect sites. In short, it can be inferred that
the additives not only passivate defects in the as-prepared
perovskite lms but also enhance their stability against
ambient air. Ultimately, aer 120 h of storage, the SSPL inten-
sity was reduced by approximately 68.54%, 58.48%, and 37.66%
for the control, BMIM-SCN, and BMIM-Pb(SCN)3 samples,
respectively, as shown in Fig. 2(a).

In addition, we investigated the charge carrier lifetimes of
the perovskite lms using TRPL measurements to understand
their carrier transport and recombination behaviors (Fig. S4(d
and f)). To investigate the recombination rate, we applied the
stretched mode instead of the mono decay mode to calculate
Fig. 2 Single charge carrier performance without and with additives ove

© 2026 The Author(s). Published by the Royal Society of Chemistry
the charge carrier lifetimes. The stretched mode allows for the
estimation of the trap density, which inuences the charge
carrier lifetime. Near the lm surface, exciton generation by
incident light is immediately followed by charge carrier trap-
ping, and the subsequent diffusion of charge carriers is delayed
due to the rapid trapping process, as described by the following
equation:37

IðtÞ ¼ A exp

�
�
�t
s

�b
�

(1)

where I(t) is the photoluminescence (PL) intensity, t is time, A
means amplitude for each value, s denotes the calculated
charge carrier lifetime, and b is the stretched exponential.37 The
results are summarized in Table S2 and depicted in Fig. 2(b).
Among the as-prepared lm samples, the lm with BMIM-
Pb(SCN)3 additive presents the most extended charge carrier
lifetime of 376.98 ns, followed by the lm with BMIM-SCN with
a value of 321.33 ns, and the control sample of 306.35 ns. Aer
48 h aging, the charge carrier lifetimes were reduced by 22.44%,
22.70%, and 39.00% for BMIM-Pb(SCN)3, BMIM-SCN, and the
control sample, respectively. Remarkably, when we applied
additional heat treatment to the sample aer 72 h of storage,
the charge carrier lifetime exhibited recovery compared to the
values at 48 h, which was more pronounced in the lms with
additives. Aer 120 h, the charge carrier lifetime was reduced by
38.56%, 50.46%, and 58.49% of the initial value for BMIM-
Pb(SCN)3, BMIM-SCN, and the control sample, respectively.
This result implies that the perovskite lm with additive effec-
tively retards the degradation compared to the control lm
under ambient air. Moreover, the lm employing BMIM-
Pb(SCN)3 is more effective for retarding degradation than the
lm employing BMIM-SCN additive. This behavior can be
explained by the different interaction mechanisms between the
additives and the perovskite. In the of case BMIM-SCN additive,
SCN− ions can penetrate into the lattice and substitute for
halide sites, contributing to defect passivation. However, this
process leaves residual uncoordinated halide ions in the lms,
which can act as trap sites. In contrast, the BMIM-Pb(SCN)3
additive has excess Pb2+ ions, which can effectively coordinate
with these unbound halide ions, thereby further stabilizing the
r storage time: (a) PL intensity and (b) charge carrier lifetime.

RSC Sustainability, 2026, 4, 304–314 | 307
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perovskite structure.3 As a result, the lms treated with BMIM-
Pb(SCN)3 present excellent resistance to ambient air-induced
degradation.

Furthermore, we employed the pulsed voltage space charge
limited current (PV-SCLC) method to investigate the defect
passivation effect of the additives in perovskites. PV-SCLC
introduces pulsed voltage, unlike conventional SCLC, which
applies bias continuously. Therefore, this method is advanta-
geous in separating ionic and electronic contributions inmixed-
conducting perovskites, which allows more accurate evaluation
of their intrinsic electronic properties.38,39 We observed the
vertical charge carrier transport properties and defect densities
of the lms.38,39 As shown in Fig. S5, all the lms showed
a transparent Ohmic region (J f V1) at low voltage, where the
conductivity (s) could be determined by following the
equation.40

s ¼ L

A

1

R
(2)

where L is the lm thickness, A is the area, and R is the resis-
tance. Furthermore, as the applied voltage increases, the
current shis into the space charge limited current (SCLC)
regime, where J f V2. Here, we could calculate the electron
mobility using the Mott–Gurney square law, as follows:41,42

J ¼ 8303rmV
2

9L3
(3)

where J presents the current density, 30 is the permittivity of free
space (8.85× 1014 C V−1 cm−1), and 3r is the relative permittivity
of the material.43 In addition, m is the mobility of the charge
carriers and V is the applied voltage. Subsequently, when the
voltage applied exceeds the SCLC region, the system reaches the
trap-lling limited (TFL) region (Jf V3). The cross-point voltage
of the SCLC and TFL is dened as VTFL, and we could evaluate
the total trap density in the perovskite lm through the
following equation:42

Nt ¼ 2VTFL330

eL2
(4)

where Nt is the trap density and e is the electric charge of an
electron. The result demonstrated that the electric properties
under ambient air degradation varied depending on the addi-
tives, as illustrated in Fig. S5(a–c). The electric properties are
summarized in Table S3 and Fig. 3(a–c).

The as-prepared control sample exhibited the lowest elec-
trical performance, with a conductivity of 4.88 ± 0.25 ×

10−9 S cm−1 and an electron mobility of 1.92 ± 0.30 × 10−4 cm2

V−1 s−1. Its corresponding trap density was calculated to be 7.42
± 0.51 × 1015 cm−3. In contrast, the perovskite lms with
BMIM-SCN presented higher conductivity of 2.90 ± 0.26 ×

10−8 S cm−1 and electron mobility of 9.09 ± 0.33 × 10−4 cm2

V−1 s−1 with a lower trap density of 6.57± 0.29× 1015 cm−3. The
BMIM-Pb(SCN)3-treated lm exhibited the highest perfor-
mance, with a conductivity of 4.68 ± 0.69 × 10−8 S cm−1, elec-
tron mobility of 1.25 ± 0.50 × 10−3 cm2 V−1 s−1, and trap
density of 5.47 ± 0.20 × 1015 cm−3. Therefore, we could
conclude that the additives passivate the defects in perovskite.
308 | RSC Sustainability, 2026, 4, 304–314
Furthermore, the passivation by BMIM-Pb(SCN)3 is better than
that by BMIM-SCN, and they both have enhanced electrical
properties.

Aer 48 h storage under ambient air conditions, the lms
were aged, and the conductivities of the lms decreased by
around 97.25%, 83.65%, and 78.91% for the control, BMIM-
SCN, and BMIM-Pb(SCN)3 treated samples, respectively
(Fig. 3(a)). By 120 h, the degradation progressed further, with
conductivity reduction of 94.49%, 90.55%, and 86.37% for each
corresponding sample, respectively. Notably, when thermal
treatment was applied aer storage for 72 h, the conductivity of
the lms with additives increased signicantly compared to the
48 h condition. This tendency corresponds well with the earlier
results for the charge carrier lifetime and implies that the lms
containing additives experienced less severe degradation under
exposure to ambient air.

Similarly, the electron mobility showed an analogous
decreasing trend to the conductivity. Aer 48 h of storage, the
electron mobility of the control, BMIM-SCN, and BMIM-
Pb(SCN)3 samples decreased by 59.37%, 58.64%, and 52.56%,
respectively. Finally, aer 120 h of storage, the mobility
decreased by 93.75%, 92.93%, and 92.16% for the correspond-
ing samples. Aer 72 h of storage, the recovery of electron
mobility following thermal treatment was also more
pronounced in the lms containing additives. It can be seen
that in the case of both characteristics, degradation of the lms
is retarded due to the introduction of the additives.

The calculated trap density provides a comprehensive
representation of the observed electronic properties. Although
the trap densities of all the samples increased aer 48 h of
storage, the extent of this increase varied depending on the
presence and type of additive. In detail, aer 48 h of storage, the
trap density increased by 32.34%, 28.61%, and 24.68% for
control, BMIM-SCN, and BMIM-Pb(SCN)3 samples, respectively.
In addition, aer 120 h, the trap density increased to 232.88%,
198.33%, and 128.52%, respectively. Remarkably, the control
sample showed a rapid trap increment aer the rst thermal
treatment at 72 h. This behavior demonstrates that thermal
stress could cause defect formation in the intrinsic perovskite.
In contrast, the perovskite lms with additives displayed
a retarded increase in trap densities compared to the control
lm. In particular, the BMIM-Pb(SCN)3-treated lm showed the
lowest trap density throughout the degradation process, indi-
cating more effective defect passivation compared to the other
samples.

Fig. 3(d–f) represent a schematic of the perovskite lm
without and with additives, respectively. According to the SEM
images (Fig. S1(a–c)), PL and the SCLC analysis, the results
indicate that the incorporation of additives plays a role in
forming not only a larger grain size but also in passivating the
defects. Therefore, the control sample exhibits a higher level of
grain boundaries compared to the additive-treated lms, as
illustrated in Fig. 3(d). When BMIM-SCN is introduced into the
perovskite, the SCN− ions help passivate the defect sites;
however, some uncoordinated I− ions may remain on the
surface.3 In contrast, BMIM-Pb(SCN)3 not only allows SCN

− ions
to participate in defect passivation but also provides additional
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00499c


Fig. 3 The electrical properties over storage time: (a) conductivity, (b) electron mobility, and (c) the trap density. Schematic perovskite film (d)
without, with (e) BMIM-SCN, and with (f) BMIM-Pb(SCN)3 additives.
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Pb2+ ions, which coordinate with unbound I− anions, leading to
more complete defect passivation within the lattice. As a result,
the BMIM-Pb(SCN)3-treated perovskite lm exhibits improved
optoelectronic properties.44–46

We conducted transient photoconductivity (TPC) measure-
ments to investigate the in-plane charge carrier mobility under
illumination conditions.8 The TPC method suggests the accu-
rate free charge carrier density under varying laser intensities,
accounting for recombination and excitation carrier density.
For the TPC measurements, the samples were fabricated with
a conguration of glass/perovskite/Au. Photo-conductivity was
calculated using the following equation:

sphoto ¼
�

VR

RRðVAPP � VRÞ
��

l

w� L

�
(5)

where sphoto is the photo-conductivity, VR is the monitored
voltage, RR is the applied resistor, VAPP is the applied voltage, l is
the channel-to-channel length, w is the channel width, and L is
the length. In addition, we calculated the charge mobility using
photo-conductivity (sphoto) and the following equation:

sphoto = eItotF
P

m (6)

where F
P

m represents the sum of the mobility of electrons and
holes and Itot is the total excitation charge carrier density. As
shown in Fig. 4(a) and S6(a–c), we calculated the photo-
conductivities and mobility without and with additives by
varying the light intensity and storage time. Furthermore, we
represent the measured data in Fig. S7–S9. In addition, we
tabulated the calculated photo-conductivity and mobility values
© 2026 The Author(s). Published by the Royal Society of Chemistry
in Table S4. The photo-conductivity of the as-prepared lms
increased in the order of control < BMIM-SCN < BMIM-
Pb(SCN)3, with the corresponding values of 1.28 ± 0.09 ×

10−2 S cm−1, 2.30 ± 0.25 × 10−2 S cm−1, and 2.52 ± 0.15 ×

10−2 S cm−1 at the free charge carrier density of 3.47 × 1017,
respectively (Fig. 4(a)). Aer 120 h of storage, the perovskite
lms showed degradation of 85.88%, 74.65%, and 58.75% for
the control, BMIM-SCN, and BMIM-Pb(SCN)3, respectively. The
mobility of the as-prepared lms also followed the same trend
as the photo-conductivity, showing higher values with the
introduction of additives (control: 2.50 ± 0.22 × 10−1 cm2 V−1

s−1, BMIM-SCN: 3.97 ± 0.15 × 10−1 cm2 V−1 s−1, and BMIM-
Pb(SCN)3: 4.36 ± 0.37 × 10−1 cm2 V−1 s−1), respectively. The
decrease in mobility over the storage was the most pronounced
in the control sample (88.90%), while the sample containing
BMIM-Pb(SCN)3 (58.84%) exhibited the most moderate decline.
The mobility in the BMIM-SCN-treated perovskite lm
decreased by 74.65%. The improved stability of photo-
conductivity and mobility in the lms containing BMIM-SCN
and BMIM-Pb(SCN)3 is likely due to their larger grain size and
more efficient passivation of defect sites at their grain
boundaries.35,47

Fig. 4(b) presents a schematic illustration of the charge
carrier behavior upon laser illumination in the perovskite lms.
Both the PV-SCLC and TPC results reveal that in the control
lm, the presence of a high density of trap states signicantly
impedes the diffusion of charge carriers, leading to limited
mobility and conductivity. This limitation is attributed to the
presence of defects, which act as recombination centers,
restricting effective charge transport. In contrast, the
RSC Sustainability, 2026, 4, 304–314 | 309
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Fig. 4 The charge carrier properties of in-plane perovskite filmwith TPCmeasurement. (a) The calculatedmobility and photo-conductivity using
the TPC method and (b) schematic of the perovskite films with and without additives and the charge carrier mobility inside the film.
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introduction of additives effectively enhances the charge carrier
mobility by passivating trap states. The BMIM-SCN additive
improves the charge carrier mobility, with the support of
a larger grain size, which reduces the grain boundaries. BMIM-
Pb(SCN)3 exhibits themost pronounced enhancement in charge
transport, which can be attributed to its additional functionality
in the perovskite lm. The excessive Pb2+ ions in BMIM-
Pb(SCN)3 facilitate coordination with residual unbound anions
that are produced from the interaction between BMIM-SCN and
the perovskite, leading to more effective passivation of the trap
states and crystalline grain growth. As a result, non-radiative
recombination was suppressed, and carrier mobility and
conductivity were further improved.
2.3 Structure degradation by thermal stress

We elucidate the impact of additives on the thermal degrada-
tion of perovskite lms. The lm samples without or with
additives were annealed at 150 °C for 16 h in an ambient air
atmosphere. Fig. 5(a) shows the images of the perovskite lm
without and with additives, varying the heat exposure time.
Hybrid perovskites are known to decompose under thermal
stress conditions to form lead-halide and cation-halide.48

Especially, upon annealing, degradation of the lms occurs
owing to the release of the formamidinium ion (FA+) and iodine
ion (I−).49 Therefore, over time, the perovskite lms decom-
posed and turned yellow, showing the reduction of the a-
phase.50

Notably, the lms with additives showed retarded structural
degradation. It is assumed that incorporating additives
310 | RSC Sustainability, 2026, 4, 304–314
contributes to the accumulation of BMIM+ ions at the grain
boundaries of the perovskite. These ions might inhibit halide
migration, particularly the release of I− ions, thereby contrib-
uting to enhanced thermal stability.32 As a result, when the
perovskite lms were exposed to high temperature at 150 °C, the
samples with BMIM-SCN and BMIM-Pb(SCN)3 additive di-
splayed better lm stability.

To further investigate the thermal stability of the perovskite
lms, we observed their optical properties using photo-
luminescence and ultraviolet-visible absorption spectroscopy
(UV-vis) at 4 h intervals, as shown in Fig. 5(b) and (c) and S10(a–
f). We traced the PL maximum peak wavelength shi, as di-
splayed in Fig. 5(b). The control lm exhibited an initial PL peak
at 740 nm, which shied to 700 nm aer 16 h of heat treatment
(40 nm shi). In the case of the BMIM-SCN-treated lm, the
peak shied from 737 to 717 nm (20 nm shi), whereas for the
BMIM-Pb(SCN)3-treated lm, it shied from 738 to 720 nm
(18 nm shi). This blue shi in the PL peak is attributed to the
thermal degradation of the perovskite structure, especially
owing to the change in the halide composition.51 In detail,
thermal stress tends to cleave the weak Pb–I bonds to form Br−-
rich domains because Pb–Br bonds are shorter and stronger
than Pb–I bonds.49,52,53 As a result, a blue shi in the PL emis-
sion is observed upon prolonged heat exposure.

Along with the observed PL blue shi, the bandgap of the
perovskite also increased under sustained thermal stress.
Fig. 5(c) presents the Tauc plots for extrapolating the optical
bandgap obtained from UV-vis absorption of perovskite lms,
without and with additives. The band gaps of all the samples
gradually increased when the perovskite lms were exposed to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Morphological change in the perovskite films without and with additives during thermal treatment (annealing at 150 °C for 16 h in
ambient air). (b) PL maximum peak position and (c) optical band gap, both derived from the corresponding samples shown in (a).
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150 °C conditions. In the case of the as-prepared lms, all the
perovskites showed a band gap of 1.67 eV. When the lms were
aged under heat treatment, their band gaps exhibited distinct
changes depending on the sample. The control sample showed
a rapid increase in band gap from 1.67 to 1.73 eV; on the other
hand, the BMIM-Pb(SCN)3-treated sample presented the lowest
increase in bandgap from 1.67 to 1.69 eV. The bandgap of the
lm with BMIM-SCN increased from 1.67 to 1.70 eV. In
conclusion, the control sample showed rapid structural degra-
dation due to thermal stress. Conversely, the introduction of
additives hindered the structural distortion. Following the
thermal stress analysis, the results suggest that the introduction
of additives enhances not only the air stability but also the
thermal stability by defect passivation and prevention of the
breakdown of Pb–I bonds. In particular, the BMIM-Pb(SCN)3
additive was more effective in preventing the degradation of
perovskite from outside air and thermally stressed conditions.

2.4 Structure degradation by light stress

To elucidate the light-induced stability of the perovskite lms
without and with additives, we employed time-resolved photo-
luminescence quantum yield (PLQY). PLQYmeasurements were
conducted at 5-min intervals for 1 h under continuous 532 nm
laser exposure. The corresponding data are presented in
Fig. S11. We calculated PLQY using the following equation.54

PLQYðhÞ ¼ Pd � ð1� AÞPc

LbA
(7)
© 2026 The Author(s). Published by the Royal Society of Chemistry
A ¼ 1� Ld

Lc

(8)

where Lb is the integrated intensity of the laser signal without
the sample. Lc is the integrated intensity for the laser signal with
the sample located obliquely and Ld is the integrated intensity
for the laser signal with the sample located as upright. Pc is the
photoemission signal from the indirect sample and Pd is the
photoemission signal from the direct sample.

The PL maximum peak position of all the as-prepared lm
samples was initially observed at 753 nm, as shown in Fig. 6(a)
and S11. Aer 1 h of illumination, this peak exhibited a red shi
for the control sample, BMIM-SCN and BMIM-Pb(SCN)3 to 768,
764, and 760 nm, respectively. The control sample exhibits the
largest peak shi to longer wavelengths, which is characteristic
of phase segregation, where the PL emission originates from I-
rich domains.55 In contrast, the smaller peak shis observed for
the additive-treated lms indicate that both BMIM-SCN and
BMIM-Pb(SCN)3 effectively suppress photo-induced phase
segregation, thereby retarding photodegradation.56

Moreover, as shown in Fig. 6(b) and (c), the lm with BMIM-
Pb(SCN)3 additive represents the highest peak intensity and
PLQY compared to BMIM-SCN and the control lm, respec-
tively. Under the preparation conditions, BMIM-Pb(SCN)3
shows the highest PLQY of 0.69%, followed by the BMIM-SCN
lm with 0.51%, and the control sample with 0.21%. This
result suggests that employing additives effectively passivates
defects and suppresses charge recombination.
RSC Sustainability, 2026, 4, 304–314 | 311
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Fig. 6 Change in optical properties under light illumination over time. (a) PL maximum peak position, (b) PL maximum peak intensity, (c)
calculated time-resolved PLQY, and (d) normalized PCE of PSCs without and with additives obtained fromMPPmeasurement of unencapsulated
PSCs at RT.
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Upon 1 h of continuous illumination, a notable increase in
PL intensity was observed across all samples. The PL intensity of
the control sample increased by 76.23%, while that of the
BMIM-SCN sample increased by 73.34%. Among them, BMIM-
Pb(SCN)3 sample showed a more moderate increase of 37.13%
in PL intensity under the same illumination conditions. Simi-
larly, the change in PLQY was investigated during 1 h of illu-
mination for all the samples. The PLQY of the control sample
increased by 75.24%, that of the BMIM-SCN treated sample by
72.94%, while the BMIM-Pb(SCN)3 treated sample show an
increase in PLQY of 34.79%.

Under illumination conditions, the control sample might
have undergone pronounced phase segregation, as explained
earlier, leading to the formation of an I−-rich phase. This
compositional change resulted in the most signicant increase
in peak intensity compared to the additive-treated samples, as
I−-rich domains are known to possess higher radiative effi-
ciency due to photogenerated carriers relaxing into lower energy
states, which promotes enhanced radiative electron–hole
recombination.57 Conversely, the BMIM-SCN- and BMIM-
Pb(SCN)3-treated samples successfully suppressed phase
segregation compared to the control sample under illumina-
tion, as depicted in Fig. 6(a). Consequently, the moderate
increase in both peak intensity and PLQY of the additive-treated
samples indicate their contribution to enhancing light-phase
stability and suppressing recombination.58,59

Furthermore, the operational durability of the devices was
elucidated by maximum power point (MPP) tracking under 1
312 | RSC Sustainability, 2026, 4, 304–314
Sun (AM 1.5G) illumination (Fig. S12). In addition, the
normalized MPP-tracked PCEs of the PSCs are displayed in
Fig. 6(d). The control devices experienced a rapid decrease in
stabilized power output, with performance retention falling
below 60% within just half an hour. In contrast, the PSCs
incorporating BMIM-SCN maintained its performance above
60% for up to 7 h. Furthermore, the devices with BMIM-
Pb(SCN)3 sustained their performance for as long as 27 h. The
efficient passivation of defect sites employing BMIM-SCN and
BMIM-Pb(SCN)3 additives results in enhanced light and opera-
tional stability. Consequently, BMIM-SCN, and more signi-
cantly the BMIM-Pb(SCN)3 additive tend to sustain the
perovskite quality under ambient air, thermal, and light stress
conditions.

3 Conclusion

In conclusion, we elucidated the impact of BMIM-SCN or
BMIM-Pb(SCN)3 additive in enhancing the performances and
stability of Cs0.17FA0.83Pb(I0.77Br0.23)3 perovskite thin lm
devices. Through a variety of structural, optical, and optoelec-
tronic analyses, we found that the incorporation of the additives
signicantly improved the crystallinity and uniformity of the
perovskite lms, thereby enhancing their photovoltaic perfor-
mance and stability. When exposed to air, we specically
monitored the photoluminescence intensity, charge-carrier
lifetime, mobility, and trap density to investigate the effects of
additives on suppressing degradation. Notably, BMIM-Pb(SCN)3
exhibited a superior performance in retarding air stress-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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induced degradation. This is attributed to its dual functionality,
where the SCN− ions compensate for halide vacancies and
excess Pb2+ ions coordinate with residual halide ions. Transient
photoconductivity measurements further conrmed the effect
of the incorporation of the additives, presenting the enhanced
photoconductivity and charge carrier mobility of the additive-
treated lms. Additionally, the structural degradation of the
lms under thermal stress was evaluated by monitoring their PL
spectra and bandgap changes. The smaller spectral shis
observed in the additive-treated perovskite lms indicate the
suppression of Pb–I bond cleavage in the lattice, suggesting
effective retardation of thermal decomposition. Furthermore,
the additives retarded phase segregation during the light illu-
mination. This work not only highlights the potential of these
additives in enhancing the performance of perovskites but also
paves the way for the fabrication of highly stable perovskite thin
lms, showing the possibility of the commercialization of PSCs.
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