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1. Introduction

In recent years, the rapid expansion of
the internet of things (IoT) has driven an
increasing demand for autonomous
wireless sensors and low-power electronic
devices.[1] These devices require reliable
power sources to ensure stand-alone oper-
ation. Indoor photovoltaics (IPVs), which
convert low-intensity indoor light into
electrical energy, have emerged as one of
the most promising solutions for powering
electronic devices in IoT ecosystems.
Various thin-film photovoltaics (PVs),
such as organic PVs,[2] dye-sensitized solar
cells,[3] Cu2ZnSn(S, Se)4 solar cells,[4] and
organic-inorganic hybrid perovskite solar
cells (PSCs), have been explored as
potential candidates for efficient IPV
applications.[5] Among them, PSCs have
garnered significant attention due to their
tunable bandgap, high absorption coeffi-
cient in the visible spectrum, and long
carrier diffusion length, making them par-
ticularly suitable for IPV applications.[6]

Thanks to these advantageous properties,
PSCs have achieved impressive power conversion efficiencies
(PCEs), reaching up to 27.0% under standard 1 SUN
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Metal halide perovskites show great potential for indoor photovoltaics, but
their application is limited by significant nonradiative recombination under low-
intensity indoor light due to defects. In this work, alkali iodides are used as an
effective passivator to simultaneously mitigate defects at the buried interface,
bulk lattice, and surface of the perovskite film. The alkali iodide promotes uniform
morphology with large grains and phase stability. Specifically, the diffusion of
rubidium iodide (RbI) into perovskite suppresses defects at both the interfaces
and the bulk of the perovskite film. Consequently, the optimum use of RbI
improves power conversion efficiencies of perovskite solar cells (PSCs) from
20.08% to 21.53% under 1 SUN, and from 31.41% to 37.09% under 1000 lux
light-emitting diode (LED) illumination. Furthermore, the RbI-treated devices
maintain 90% of their initial efficiency after 1000 h under 1000 lux LED illumi-
nation without encapsulation, demonstrating excellent operational stability.
Furthermore, self-powered internet of things (IoT) sensors driven by RbI-treated
PSCs under indoor lighting are demonstrated, validating the practical viability of
this approach. This work provides a comprehensive understanding of the role of
alkali iodides in perovskite, and offers a viable pathway for developing highly
efficient and stable indoor PSCs, paving the way for their integration into
self-powered IoT applications.
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illumination[7] and 44.72% under low-intensity indoor lighting
illumination.[8]

Generally, mixed-halide perovskites incorporating bromine
(Br) and iodine (I), have been widely used in IPV due to their
light absorption spectra, aligning well with the photon flux spec-
tra of indoor light sources in 380–780 nm. Despite these merits,
the potential of perovskites is hindered by losses in open-circuit
voltage (VOC) and fill factor (FF) caused by trap-induced nonra-
diative recombination resulting from defects. These losses pre-
vent indoor power conversion efficiency (iPCE) from reaching
its theoretical value up to 52–57%.[1,9] Moreover, mixed-halide
perovskite films are inherently susceptible to photoinduced
phase segregation under illumination. This occurs because I-rich
and Br-rich phases tend to form more easily than the homoge-
neous mixed-halide state due to their thermodynamic prefer-
ence,[10] leading to severe ion migration, vacancy defects, and
lattice distortion, which are major factors contributing to
additional iPCE losses.[11]

To improve both the efficiency and operational stability of
PSCs, extensive efforts have been widely devoted to developing
various defect passivation strategies.[12] Such approaches are par-
ticularly critical under low-intensity light conditions, where the
number of photogenerated charge carriers is significantly lower
than under 1 SUN illumination, making the PSCs more vulner-
able to defects within the bulk and at interfaces of the perovskite
film.[11] This underscores the critical importance of defect passiv-
ation and lattice distortion mitigation in optimizing the iPCE of
PSCs.

To address these issues, various strategies have been devel-
oped to suppress trap-assisted nonradiative recombination in
perovskite films under low-intensity light illumination. For
example, Jen et al. utilized phenethyl ammonium halides
(PEAX, X=Cl, Br, or I) to passivate residual surface defects
at grain boundaries, forming a graded 2D–3D structure that
effectively reduced nonradiative recombination in wide-bandgap
perovskites. This approach also mitigated phase segregation,
while preserving VOC and FF even at low-intensity light condi-
tions.[13] Similarly, Liu et al. introduced a dual-passivation
strategy by incorporating guanidinium (GA) into the perovskite
bulk to passivate grain boundary defects while applying 2-(4-
methoxyphenyl)ethylamine hydrobromide (CH3O-PEABr) for
surface passivation. This synergistic approach significantly
diminished trap states, suppressed nonradiative recombination,
and preserved VOC and FF even under low-intensity light condi-
tions.[14] In addition, Jo et al. employed an ionic liquid-mediated
surface reconstruction strategy for perovskite PVs using
1-butylmethylimidazolium hexafluorophosphate (BMIMPF6),
which effectively passivated uncoordinated Pb2þ and A-site/
X-site vacancies at the perovskite/hole transport layer interface,
leading to suppressed nonradiative recombination and improved
energy level alignment for more efficient hole extraction in low-
intensity light environments.[15]

However, previous studies have primarily focused on defects
in either the bulk or the top surface of the perovskite film, while
comprehensive characterizations of defects across the buried
interface, bulk, and surface remain unexplored.[13–16] The buried
interface, in particular, plays a critical role in PSC performance,
as its morphology directly affects the physical contact between
the charge transport and the perovskite layers.[17] Defects at this

interface can exacerbate charge recombination, significantly
affecting both the overall efficiency and stability of PSCs.[13,14]

Furthermore, since perovskite crystallization and film quality
are strongly influenced by the buried interface, this layer can
impact the carrier transport of the device. Thus, an integrated
passivation of defects at the bulk, surface, and buried interface
is essential for achieving high-efficiency indoor PSCs.

For this study, we employed alkali iodide salts that momentar-
ily dissolve upon perovskite precursor deposition and participate
in the crystallization at the electron transport layer/perovskite
interface. We found that redistribution of rubidium iodide
(RbI) during perovskite deposition and crystallization processes
enables defect passivation across the buried interface, bulk, and
surface of perovskite films. Attributed to effective defect passiv-
ation, the incorporation of RbI led to a substantial improvement
in PCE and iPCE, increasing from 20.08% to 21.53%, and
31.41% to 37.09% under 1 SUN and 1000 lux light-emitting
diode (LED) light conditions, respectively, while also enhancing
operational stability. Furthermore, using high power output
from RbI-employed PSC mini-modules, we successfully demon-
strated proof of concept self-powered IoT sensors under indoor
light illumination. Our findings highlight the importance of
overall defect passivation within PSCs to achieve high PCEs in
various illumination conditions, and RbI interface treatment is
a simple yet very effective approach for this purpose.

2. Results and Discussion

For this study, we prepared perovskite layers on alkali iodide-
treated substrates (RbI/PVSK, CsI/PVSK, and KI/PVSK) and
untreated substrates (reference) (Figure S1, Supporting
Information). To investigate the influence of the alkali iodide
interlayer on film morphology, we conducted scanning electron
microscopy (SEM) measurements on both the top and bottom
surfaces of the perovskite films. As shown in Figure 1a, alkali
iodide treatment increased grain size and improved surface uni-
formity. This enhancement is due to the improved wettability of
the perovskite precursor solutions on the SnO2/alkali iodide
layer. A lower contact angle of the perovskite precursor solution
on the alkali iodide layer indicates a higher surface energy and
enhanced wettability, facilitating the uniform film formation
(Figure S2, Supporting Information).[18] To further analyze the
morphology at the buried interface (bottom surface), we peeled
off the perovskite films using an epoxy encapsulant (Figure S3,
Supporting Information). As shown in Figure 1b, the bottom
surface of the reference film exhibited numerous pinholes
and inhomogeneous grain structures, which can act as major
recombination centers. In contrast, the bottom surface of the
alkali iodide/PVSK films displayed uniform and pinhole-free
morphology. Among them, the RbI/PVSK films showed the
most homogeneous structure with the largest grain size
(Figure S4, Supporting Information).[11,19] Then, to evaluate
the optical stability of the films, we monitored their photolumi-
nescence (PL) spectral changes under continuous LED illumina-
tion (380–760 nm with 100mW cm�2) for 60min (Figure 1c).
The initial PL peak wavelength of the reference film (764 nm)
shifted to a longer wavelength (769 nm) during illumination,
indicating photoinduced phase segregation due to halide ion
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migration, which accelerates the formation of vacancy defects
and residual strain.[11,20] In contrast, the alkali iodide/PVSK films
exhibited negligible PL spectral shifts under the same conditions,
implying that the alkali iodide treatment effectively suppresses
ion migration and photoinduced phase segregation in the
mixed-halide perovskite.[16,21] To further investigate the effect
of alkali iodides on the improvement of phase stability of perov-
skite films, we performed 2D time-of-flight secondary ion mass
spectrometry (TOF-SIMS) mapping for FAþ, Csþ, and I� before
and after illumination (1 SUN/1 h), and studied halide migration
and cation segregation behaviors of the films. Figure S5,
Supporting Information, shows 2D mapping images and inten-
sity distribution for each ion. After light illumination, the refer-
ence film showed increased inhomogeneity in distributions of
FAþ, Csþ, and I� domains. The extracted full width at half maxi-
mum (FWHM) values for ion distribution increased from 14.24
to 15.77 (10.74% increase) for FAþ, 9.46–9.96 (5.28% increase)
for Csþ, and 13.74–19.07 (38.79% increase) for I�, respectively.
These results indicate that photoinduced phase segregation
occurred due to both halide ion migration and cation segrega-
tion.[22] In contrast, alkali iodide/PVSK films exhibited a much
more uniform distribution for these ions after illumination,
suggesting suppressed photoinduced phase segregation. In the
CsI/PVSK film, the FWHM values changed from 12.09 to
12.75 (5.45% increase) for FAþ, from 8.33 to 8.71 (4.56%
increase) for Csþ, and from 10.03 to 11.65 (16.15% increase)
for I�. In the KI/PVSK film, the values changed from 9.93 to
10.62 (6.95% increase) for FAþ, from 8.35 to 8.62 (3.23%
increase) for Csþ, and from 8.90 to 9.29 (4.38% increase) for

I�. The RbI/PVSK film exhibited the most homogeneous distri-
bution, with negligible changes in FWHM: from 9.67 to 10.07
(4.13% increase) for FAþ, from 7.43 to 7.45 (0.27% increase)
for Csþ, and from 7.40 to 7.54 (1.89% increase) for I�, respec-
tively. This clearly demonstrates that our strategy effectively sup-
presses ion migration and mitigates photoinduced halide
segregation. This clearly demonstrates that our strategy effec-
tively suppresses ion migration and mitigates photoinduced
halide segregation. These results suggest that alkali iodide pas-
sivation, particularly RbI, not only improves the morphological
quality of perovskite films but also enhances optical stability
under illumination.

To further explore the effect of alkali iodide treatment on the
photovoltaic (PV) performance, we fabricated planar PSC devices
with the architecture FTO/SnO2/alkali iodide/perovskite/Spiro-
OMeTAD/Au and evaluated their performance under both 1
SUN and LED 1000 lux illumination conditions (Figure 2a).
The emission spectrum of the LED light source and the inte-
grated current density spectrum are shown in Figure S6,
Supporting Information. PV properties depending on concentra-
tions of alkali iodides are summarized in Figure S7, Supporting
Information. In addition, the corresponding morphological
improvements coincident with the optimized device perfor-
mance, suggesting that 15 μmol of RbI provides the optimal pas-
sivation condition (Figure S8–S10, Supporting Information).

The current density (J)�voltage (V ) curves of optimized
RbI/PVSK, CsI/PVSK, and KI/PVSK-based PSCs are shown
in Figure S11, Supporting Information, with their PV properties
summarized in Table S1, Supporting Information. The reference

Figure 1. SEM images of perovskite films: a) top surface, b) bottom surface. c) In situ time-dependent PL spectra of the reference and alkali iodide/PVSK
films under continuous illumination.
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PSCs exhibited a PCE of 20.08% with a VOC of 1.16 V, short cir-
cuit current density ( JSC) of 21.91mA cm�2, and FF of 0.79.
Incorporation of alkali iodides enhanced PV properties, leading
to a notable increase of VOC and FF along with reduced hystere-
sis. The CsI/PVSK-based PSCs showed a PCE of 20.84%, with an
improved VOC of 1.20 V, JSC of 21.99mA cm�2, and FF of 0.79,
while KI/PVSK-based PSCs achieved a PCE of 21.20% with VOC

of 1.22 V, JSC of 22.00mA cm�2 and FF of 0.79. Among the eval-
uated PSCs, RbI/PVSK-based PSCs exhibited the highest PCE up
to 21.53%, with VOC of 1.22 V, JSC of 22.06mA cm�2, and FF of
0.80 (Figure 2b). As shown in Figure S12, Supporting
Information, the integrated current densities (Jcal) from external
quantum efficiency (EQE) spectra were consistent (deviation:
<3.2%) with the JSC values obtained from J�V curves.
Interestingly, the NaI/PVSK- and LiI/PVSK-based PSCs exhib-
ited inferior performance compared to the reference device, as
shown in Figure S13 and S14, Supporting Information. This
is likely due to the smaller ionic radii of Liþ and Naþ, which lead
to lattice distortion and insufficient defect passivation, thereby
increasing nonradiative recombination and compromising
device stability.[23] Additionally, stabilized power output (SPO)
measurements demonstrate the reliability and operational stabil-
ity of the PV performance of all examined devices under constant
1 SUN illumination at their respective maximum power points
(Figure S15, Supporting Information).

Under low-intensity LED illumination, PV properties followed
a similar trend to those observed under 1 SUN illumination
(Figure S16 and Table S2, Supporting Information). The refer-
ence PSCs exhibited an iPCE of 31.41% with Voc of 0.95 V,
Jsc of 136.96 μA cm�2, and FF of 0.74. In contrast, the
RbI/PVSK-based PSCs demonstrated a significant improvement,

achieving an iPCE up to 37.09%, with Voc of 1.01 V Jsc of
137.28 μA cm�2 and FF of 0.82 (Figure 2c). We note that the
PCE enhancement was more pronounced under LED illumina-
tion than 1 SUN conditions, as evidenced by the statistical
distributions of photovoltaic parameters shown in Figure 2d
and S17, Supporting Information. These results demonstrate
the higher effectiveness of RbI treatment in low-intensity light
environments, where fewer photogenerated carriers are gener-
ated and a higher fraction of carriers are susceptible to trapping.
Furthermore, the minimal VOC deficit (VOC,S�Q�VOC, where
S�Q is the Shockley–Queisser limit) observed in RbI/PVSK-
based PSCs under indoor-light conditions (1000 lux LED condi-
tion, Eg: 1.59 eV) compared to previously reported indoor VOC

values, indicating effective defect passivation and significant
reduction in nonradiative recombination through RbI treatment
(Figure 2e and Table S3, Supporting Information). Furthermore,
the unencapsulated RbI/PVSK-based PSCs exhibited improved
long-term stability, maintaining 90% of their initial PCE and
iPCE after�700 and 1000 h of storage under ambient conditions
(25� 5 °C and 30� 5% RH), as shown in Figure 2f,g. In contrast,
the unencapsulated reference PSCs retained only 76% and 69%
of their initial PCE and iPCE, respectively, after the same storage
period. To further evaluate the effect of the RbI treatment on the
stability of PSCs, we performed maximum power point tracking
and damp heat tests using encapsulated PSCs. As shown in
Figure S18, Supporting Information, compared to the reference
devices, the RbI/PVSK-based PSCs exhibited significantly improved
both operational and environmental stability. These results sug-
gest that RbI treatment contributed to the operational stability
of PSCs by mitigating defects, ion migration, and phase segrega-
tion within perovskite films, which will be further discussed later.

Figure 2. a) Schematic of the device architecture of planar PSCs. J�V curves under b) 1 SUN and c) under 1000 lux LED illumination conditions.
d) Statistical distribution of PCE (under 1 SUN, left) and iPCE (under 1000 lux LED, right) for reference and RbI/PVSK-based PSCs based on 10 devices
for each. e) Comparison of VOC values from this work and reported indoor PSCs with various perovskite bandgaps, plotted with VOC values based on the
S�Q limit (black line) and optical bandgaps (black dashed line). Stability of PCE for reference and RbI/PVSK-based PSCs under f ) 1 SUN, g) 1000 lux LED
environments without encapsulation.
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To investigate the distribution of the Rb ions after the deposi-
tion of perovskite films on the RbI layer, we analyzed their com-
positional changes using TOF-SIMS. As shown in Figure 3a,
strong Rb signals were detected for the first 160 s, with the high-
est intensity observed at the SnO2 interface, indicating partial dif-
fusion of Rb ions into the perovskite lattice and their uniform
distribution within the film. The relatively small ionic radius
of Rb (1.52 Å), compared to FA (2.79 Å) and MA (2.70 Å), com-
bined with the good solubility of RbI in solvents (DMF and
DMSO) used for perovskite precursors,[24] infers that Rb ions
can diffuse into the bulk perovskite lattice during film deposition
and crystallization.[17] These Rb ions effectively passivate A-site
vacancies and occupy interstitial positions within the perovskite
crystal structure.[11,25]

Next, to further study the interactions of Rb ions with perov-
skite, we conducted X-ray photoelectron spectroscopy (XPS)
measurements on both the buried interface (bottom surface)
and top surface of RbI/PVSK films. The presence of Rb 3d peaks

on the perovskite surface (Figure S19, Supporting Information)
is consistent with TOF-SIMS results, confirming the effective dif-
fusion of Rb throughout the film. In addition, the Pb 4f and I 3d
peaks in RbI/PVSK films shifted to lower binding energies com-
pared to the reference films at both the bottom and top surfaces.
This shift is primarily attributed to the interaction of I� ions with
uncoordinated Pb2þ sites and halide vacancies. Meanwhile, the
incorporation of Rbþ into the perovskite lattice contributes to lat-
tice stabilization and suppression of halide vacancy formation
(Figure 3b and S20, Supporting Information).[16,25] These results
are consistent with the reduced defects and stabilized phases
in perovskite films as observed. Furthermore, in contrast to
reference films, the reduced metallic lead (Pb0) peaks in the
RbI/PVSK film confirm that deep traps associated with Pb0 were
passivated by RbI treatment.[26]

We also probed RbI-induced crystalline structural changes of
perovskite layers through X-ray diffraction (XRD) measure-
ments. First, the formation of PbI2 was suppressed at both

Figure 3. a) TOF-SIMS depth profile of the perovskite film deposited on FTO/SnO2/RbI. b) XPS spectra of Pb 4f for the bottom and top surfaces of the
reference and RbI/PVSK films. c) Magnified XRD patterns of the (100) plane for the bottom and top surfaces of perovskite films (inset: XRD pole figures of
reference and RbI/PVSK films). d) Depth-dependent GIXRD patterns for reference and RbI/PVSK films for the bottom and top surface. e) d-spacing values
of the (100) plane as a function of incidence angle. f ) The mapping of peak PL wavelength for the bottom and top surface for reference and RbI/PVSK film.
g) KPFM images (inset: CPD distribution spectra) for reference and RbI/PVSK films. h) Schematic illustration of lattice structural changes in perovskite
films deposited on SnO2 and SnO2/RbI.
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the bottom and top surfaces of the RbI/PVSK films, compared to
the reference film (Figure S21, Supporting Information), indicat-
ing that RbI treatment facilitated a more stable perovskite phase
formation. Additionally, a higher intensity (100) peak in RbI/
PVSK films with a preferential (100) orientation (inset of
Figure 3c), suggests enhanced crystallinity and vertically aligned
growth induced by RbI treatment.[16] We note that a slight shift of
the (100) peak after RbI treatment suggests lattice expansion due
to the diffusion of Rb ions, as Rb ions occupy A-site vacancies
and interstitial positions within the perovskite crystal structures,
which could increase the ion migration barrier.[25]

Then, to further investigate the distribution of residual strain
along the perovskite film depth, we carried out angle-dependent
grazing incidence X-ray diffraction (GIXRD) measurements.

As shown in Figure 3d, the diffraction peaks of the reference
film shift distinctly toward higher angles at the bottom surface
and lower angles at the top surface as the incident angle increases
from 1° to 4°. This result indicates the presence of gradient ten-
sile strain in the perovskite film, which affects the stability of the
crystal structure by promoting iodine ion loss and vacancy defect
formation.[16] As a result, the d-spacing for the (100) plane in the
reference film gradually decreases from the bottom to the top
surface (Figure 3e), with a more pronounced variation at the bot-
tom surface, suggesting higher residual strain at the buried inter-
face (bottom side). In contrast, the RbI/PVSK film exhibited
negligible peak shifts at the same incident angles, indicating
released tensile strain. As a result, the d-spacing of the
RbI/PVSK film remained nearly constant and uniform across
the entire film depth. Based on these observations, it can be con-
cluded that the reduction of residual strain through RbI treat-
ment facilitated the formation of uniformly crystalline
perovskite grains at both the top and bottom surfaces, thereby
enhancing structural stability.

Additionally, time-resolved PL (TRPL) measurements revealed
longer carrier lifetimes in RbI/PVSK films (Figure S22 and Table
S4, Supporting Information). Both the fast decay component (τ1)
of carrier lifetime, corresponding to surface/interface nonradia-
tive recombination, and the slow decay component (τ2) of carrier
lifetime, associated with radiative recombination within the
perovskite bulk layer, were significantly increased upon RbI pas-
sivation. This result indicates effective defect mitigation at both
the buried interface and in the bulk.[14,27] Consequently, the aver-
age carrier lifetime was significantly extended (buried interface:
544.97 ns; top surface: 680.42 ns) compared to the reference film
(buried interface: 445.12 ns; top surface: 339.37 ns), implying a
reduction in nonradiative recombination, which ultimately con-
tributed to the enhancement of photovoltaic device performance.

The reduction of trap states in the RbI/PVSK film led to a nar-
rower distribution of PL wavelengths at both the bottom and top
surfaces compared to the reference film, as revealed by peak PL
wavelength mapping (Figure 3f ), indicating improved homoge-
neity of halide distribution, which is beneficial for suppressing
recombination-active centers. Furthermore, contact potential dif-
ference (CPD) mapping using Kelvin probe force microscopy
(KPFM) measurements demonstrated improved surface
potential uniformity in the RbI/PVSK film, indicating reduced
energy disorder and minimized intrinsic defects, as shown in
Figure 3g.[28]

In summary, these results suggest that the incorporation of
RbI not only passivates overall defects in perovskite films but
also enhances structural stability by alleviating lattice strain, as
depicted in Figure 3h. This, in turn, contributes to the significant
improvement of the photovoltaic performance of RbI/PVSK-
based PSCs.

To further investigate the impacts of RbI-induced structural
improvements on charge transport and recombination, we ana-
lyzed the electrical properties of the PSCs. First, to gain insight
into the trap distribution, the characterization of energetic distri-
bution for the trap density of states (tDOS) was conducted using
thermal admittance spectroscopy (TAS). The trap states energy
levels (Et), which represent the depth of defect states
relative to the perovskite energy band, were determined from
Arrhenius plots obtained through capacitance–frequency–
temperature (C–f–T) characterization (Figure S23, Supporting
Information).[29] Both reference and RbI/PVSK-based PSCs
exhibited two distinct defect states (Et1 and Et2), as shown in
Figure S23, Supporting Information. In RbI/PVSK-based
PSCs, these states shifted closer to the band edges (i.e., became
shallower), indicating effective defect passivation. Specifically,
Et1 and Et2 values of reference PSCs (0.234 and 0.309 eV) shifted
to 0.156 and 0.277 eV in RbI/PVSK-based PSCs (Figure 4a and
S23c, Supporting Information), reducing the probability of car-
rier trapping and enhancing charge transport properties.

The corresponding trap densities (Nt1 and Nt2) were extracted
from the tDOS distribution (Figure 4a).[30] We found that RbI
treatment effectively reduced the overall trap densities, with
Nt1 decreasing from 2.05� 1017 to 8.98� 1016 cm�3, and Nt2

decreasing from 6.94� 1016 to 5.98� 1016 cm�3. This passiv-
ation not only reduced trap energy depth and density but also
contributed to a decrease in energy disorder, as confirmed by
the reduction in Urbach energy (Figure S24, Supporting
Information). In addition, space-charge-limited current charac-
terizations using electron- and hole-only devices further sup-
ported this trend and revealed a reduction in both electron
and hole traps (Figure S25 and Table S5, Supporting
Information). These findings provide quantitative evidence that
RbI incorporation effectively reduces trap state density through
multisite defect passivation, thereby improving overall photovol-
taic properties. Furthermore, the substantial reduction of hyster-
esis in RbI/PVSK-based PSCs, especially under low-intensity
light conditions, indicates effectively suppressed ion migration
and trap-assisted recombination due to reduced defects
(Figure 2b,c). To further investigate the effect of RbI passivation
on carrier recombination, we evaluated the ideality factor (n)
based on the light-intensity dependence of VOC (Figure 4b).[31]

Under 1 SUN illumination, the n value in reference PSCs
decreased from 1.31 to 1.11 after RbI treatment. Similarly, under
LED illumination, it decreased from 1.72 to 1.20, indicating effi-
cient suppression of trap-assisted recombination, particularly
under low-intensity light conditions. This trend was further
confirmed by transient photovoltage (TPV) measurements
(Figure S26, Supporting Information), where RbI/PVSK-based
PSCs exhibited a longer carrier recombination lifetime (τTPV)
under various excitation powers compared to the reference.[32]

Additionally, to evaluate the impact of defect passivation on
charge transport, the built-in potential (Vbi) was determined from
Mott–Schottky analysis based on capacitance–voltage (C–V )
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measurements (Figure 4c). A higher Vbi (0.96 V) of RbI/PVSK-
based PSCs, compared to the reference PSCs (0.93 V), facilitates
the extraction of photogenerated carriers and reduces charge
accumulation at the interface, which is well consistent with
the results of trap-assisted recombination (Figure 4b).[33]

Subsequently, electrochemical impedance spectroscopy (EIS)
measurements were conducted under 1 SUN illumination, with
the resulting Nyquist plots fitted using an equivalent circuit
model (Figure 4d). The RbI/PVSK-based PSCs showed lower
charge transport resistance (Rct= 145Ω) and higher recombina-
tion resistance (Rrec= 118Ω) compared to the reference PSC
(Rct= 191Ω and Rrec= 99Ω).[34] Furthermore, dark J�V curves
revealed that RbI/PVSK-based PSCs exhibited lower leakage cur-
rent and higher shunt resistance than the reference PSCs
(Figure 4e). To gain a deeper understanding of how trap-induced

recombination affects FF loss, we decoupled the contributions
from the S–Q limit under both 1 SUN and LED conditions
(Figure 4f ). The calculated ideal FFSQ and FFmax including non-
radiative recombination loss while excluding charge transport
losses, for each condition, are summarized in Table S6,
Supporting Information (Derivation details are provided in the
Supplementary note).[35] The increased FFmax in the RbI/PVSK-
based PSCs suggests a reduction in trap-assisted recombination
losses, while higher FFmeasured (experimentally obtained values
including nonradiative recombination and charge transport
losses) of RbI/PVSK PSCs indicates improved interfacial trans-
port loss by RbI treatment in both LED and 1 SUN illumination
conditions. All these observations demonstrate that RbI treat-
ment effectively reduces recombination and leakage currents
through comprehensive defect passivation across the perovskite

Figure 4. a) Trap density of states spectra were measured at PSCs without and with RbI. b) Dependence of VOC as a function of different light intensities
(left: LED light, right: 1 SUN). c) Mott–Schottky spectra. d) Nyquist plots. e) The dark J�V curves of the reference and the RbI/PVSK-based PSCs.
f ) Comparison of FF loss portions of the reference and RbI/PVSK-based PSCs under LED and 1 SUN illumination conditions.

Figure 5. a) I�V curves of PSCs mini-module under various halogen illumination conditions. b) SPO measured using 1000 lux halogen illumination
(inset: Photograph of IoT temperature and humidity sensor application).
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film, from the buried interface, bulk to the top surface.
Consequently, these beneficial effects lead to notable enhance-
ments in VOC and FF, ultimately improving the overall PV
performance under various illumination conditions.

To explore the practical applicability, we fabricated a mini-
module composed of nine RbI/PSCs connected in parallel.
The maximum power outputs under halogen illumination at
200, 400, 800, and 1000 lux were 645.52, 1128.67, 2182.69,
and 2780.95 μW, respectively (Figure 5a and S27, Supporting
Information). These values are substantial for powering IoT elec-
tronic devices such as RFID, IoT backscattering, passive Wi-Fi,
and BLE devices.[36] In addition, SPO measurement confirmed
the operational stability of the mini-module (Figure 5b).
Taking advantage of these properties, we successfully demon-
strated temperature and humidity sensors powered by the
mini-module in an indoor halogen light environment, with data
displayed on a smartphone via a custom-made application (inset
Figure 5b). Measurement details are described in the Supporting
Information (Figure S28, Supporting Information).[5] These
results highlight the potential of RbI/PVSK-based PSCs as a
power source for indoor stand-alone IoT sensors, enabled
through an effective defect passivation strategy.

3. Conclusion

This study demonstrates the effectiveness of alkali iodide salts,
particularly rubidium iodide (RbI), as multifunctional passivators
in perovskite films. Incorporating RbI between SnO2 and perov-
skite layer promotes a uniform and pinhole-free film morphol-
ogy, ensuring structural stability without phase segregation. In
particular, the diffusion of RbI into the perovskite lattice
improves its crystallinity and structural ordering by mitigating
defects across the buried interface, within the bulk, and at the
surface of the perovskite film. As a result, the RbI/PVSK-based
PSCs exhibit significant performance improvements, with a PCE
increasing from 20.08% to 21.53% under 1 SUN, and from
31.41% to 37.09% under 1000 lux LED conditions, compared
to the reference PSCs. These devices also demonstrate remark-
able operational stability, retaining 90% of their initial efficiency
for 1000 h. This work highlights the potential of RbI treatment
for improving the performance and durability of indoor perov-
skite PVs, paving the way for their application in self-powered
IoT systems.

4. Experimental Section

Materials: All chemicals and solvents were commercially purchased
and used without further purification. SnO2 colloid precursor (tin (iv)
oxide, 15% in H2O colloidal dispersion) was obtained from Alfa Aesar.
Lead(II) iodide (PbI2, 99.999%) was purchased from TCI.
Formamidinium iodide (FAI), methylammonium bromide (MABr) were
purchased from Greatcell Solar. Rubidium iodide (RbI, 99.9%), Cesium
iodide (CsI, 99.9%), Potassium iodide (KI, 99.9%) chlorobenzene (CB,
99%), dimethyl sulfoxide (DMSO, 99.9%), N,N-dimethylformamide
(DMF, 99.8%) diethylether (DEE, >99%), chlorobenzene (CB, 99%),
dimethyl sulfoxide (DMSO, 99.9%), N,N-dimethylformamide (99.8%),
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 99.8%), acetonitrile
(ACN, 99.999%), and 4-tert-butylpyridine (tBP, 96%) were purcha-
sed from Sigma–Aldrich. 2,2 0,7,7 0-tetrakis[N,N-di(4-methoxyphenyl)

amino)-9,9 0-spirobifluorene (Spiro-OMeTAD,>99%) was purchased from
LUMTEC. The perovskite (CsI0.05(FAPbI3)0.85(MAPbBr3)0.15)0.95) precur-
sor solution was prepared in a glove box by dissolving 189.9mg FAI,
560.3mg PbI2, 21.8mg MABr, 71.6 mg PbBr2 and 19.5mg CsI in
1.0 mL in DMF:DMSO (v/v= 4:1) cosolvent. The Spiro-OMeTAD was pre-
pared by mixing Spiro-OMeTAD solution (90mgmL�1 in CB) with the
addition of LiTFSI (20.9 μL of 520mgmL�1 in ACN) and 4-tBP (35.4 μL).

Device Fabrication: The glass/FTO substrates were sequentially cleaned
with detergent in deionized water, acetone, and isopropyl alcohol under an
ultrasonic bath each for 15min, respectively. Then, the substrates were
dried by nitrogen flow and treated with UV-ozone for 20min. The
SnO2 (SnO2/water= 1:4 v/v) layer was deposited on FTO at 3000 rpm
for 30 s and then annealed at 150 °C for 30min in air. After cooling,
the FTO substrates were treated with UV-ozone treatment for
15min. Then alkali iodide aqueous solution (RbI 3.2 mgmL�1, CsI
3.9mgmL�1, and KI 2.5 mgmL�1 in DW) spin coated on the SnO2 layer
at 3000 rpm for 30 s. After that, the substrates were annealed at 100 °C for
20min in air. After cooling down, the FTO substrates were transferred into
the glove box. The perovskite precursor solution was spin coated on the
substrates with a two-step coating process at 2000 rpm for 5 s and
6000 rpm for 15 s using DEE as an anti-solvent. DEE was dropped on
the spinning substrate 7 s before the end of the procedure. The substrates
were annealed on the hot plate at 110 °C for 30 min. After cooling down to
room temperature, Spiro-OMeTAD solution was spin coated onto the
perovskite layer at 4000 rpm for 30 s. Finally, the 100 nm-thick Au was
deposited by thermal vacuum evaporation under <10�6 Torr.

Measurement Characterization: Surface images of the PSCs were
observed by field-emission scanning electron microscopy (FE-SEM,
S-4800, Hitachi) with an acceleration voltage of 15 kV.

Steady PL and TRPL measurements were obtained using a fluorescence
spectrophotometer (Edinburgh Instruments FS5). PL mapping was mea-
sured using an Accent RPM 2000 system with a 405 nm laser as the exci-
tation source. The J�V curves of devices were measured with a
potentiostat (Compactstat, IVIUM) under AM1.5G (100mW cm�2) irradi-
ation condition using a solar simulator (Oriel LCS-100, 94011A, Newport).
The light intensity was calibrated using a Si solar cell (91150V, Newport).
The low-intensity light J�V measurements were conducted with a source
meter (Keithley 4200) using a LED lamp and a halogen. The indoor light
source characteristics were measured using a luxmeter (GL Spectrolux
meter, GL Optic). EQE spectra were measured by using an incident-
photon-to-current conversion efficiency setup with a power source
(450W Xenon lamp, Newport) and monochromator which was calibrated
using a reference Silicon photovoltaic cell. EIS (near VOC bias voltage,
10 Hz–1MHZ under 1 SUN conditions) and Mott–Schottky (The
tested frequency was 10 000 Hz) carried out using a potentiostat
(Compactstat, IVIUM). TAS analyses were conducted using a potentiostat
(CompactStat, IVIUM) at various temperatures (T= 160–210 K) in the
dark. The measurements were performed over a frequency range of
10 Hz to 1000 kHz with an applied AC voltage of 10mV. Space-
chargelimited current (SCLC) characteristics of the electron- only transport
devices and hole-only transport devices were measured using a Keithley
4200 with a scan step 0.01 V under dark. The contact angle images are
measured on a Phoenix150 contact angle analysis instrument.

The TOF-SIMS (time-of-flight (TOF)-SIMS5ION-TOF) measurements
were carried out to analyze the depth profile. A primary beam (Bi3þ) at
30 kV and a sputter beam (Csþ) at 1 kV were used for analyzing positive
and negative polarities. The TOF-SIMS (time-of-flight (TOF)-ION-TOR,
M6) measurements were carried out to analyze the 2D ion distribution
mapping. A primary beam (Bi3þ) at 60 kV and a sputter beam (Csþ) at
1 kV were used for analyzing positive and negative polarities.

XPS was conducted by X-ray photoelectron spectrometer system
(K-alpha plus, Thermo Fisher Scientific). XRD and GIXRD measurements
were performed using X-ray diffractometer (SmartLab (9kw), Rigaku).
Subsequently, the (100) plane was identified from the XRD data and used
to generate the pole figure. A receiving slit of 3� 8mm2 was employed to
measure the (100) pole figure with background subtraction. Defocusing
errors and pole-figure data were corrected and processed, respectively,
using the X’Pert Texture software (version 1.1a) from PANalytical B.V.
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KPFM measurements were performed in an ambient atmosphere
using Park NX10. The data were collected with an HA_NC/Au probe
(TipsNano), which has a tip radius of curvature of 106 nm, at a scan rate
of 0.4 Hz. TPV was performed by an organic semiconductor parameter
system (T400, Mc science). The light intensity of TPV excitation was
controlled by using a neutral density (ND) filter.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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