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Perovskite indoor photovoltaics (PIPVs) are emerging as a transformative technology for low-light
intensity energy harvesting, owing to their high-power conversion efficiencies (PCEs), low-cost fabrication,
solution-processability, and compositionally tunable band gaps. In this work, methylammonium-free
Cs,FA;_Pbl(l;_,Br,)s perovskite absorbers were compositionally engineered to achieve band gaps of 1.55, 1.72,
and 1.88 eV, enabling matching of the spectral photoresponse with indoor lighting. Devices based on a
scalable mesoscopic n—i—p architecture were systematically evaluated under white LED illumination across
correlated color temperatures (3000-5500 K) and light intensities from 250 to 1000 lux with an active area
of 1 cm?. The 1.72 eV composition exhibited the most promising performance across different light intensities
and colors, achieving PCEs of 35.04% at 1000 lux and 36.6% at 250 lux, with a stable device operation of over
2000 hours. On the other hand, the 1.88 eV band-gap variant reached a peak PCE of 37.4% under 250 lux
(5500 K); however, performance trade-offs were observed across different color light LEDs. Our combined
experimental and theoretical optical—electrical simulations suggest that decreasing trap-assisted

Received 9th October 2025, recombination in wide-bandgap compositions may further improve PIPV performance across the
Accepted 12th March 2026 different illumination conditions. In contrast, devices with 1.55 eV band gap underperformed in such
DOI: 10.1039/d5ma01159k conditions due to suboptimal spectral overlap and utilization. These findings establish bandgap
optimization and device architecture as key design principles for high-efficiency, stable PIPVs, advancing
rsc.li/materials-advances their integration into self-powered electronic systems and innovative indoor environments.
Introduction substantial interest due to their impressive advancement in

power conversion efficiency (PCE), which has reached 27%
Perovskite solar cells (PSCs) are emerging as a transforma- under standard outdoor solar illumination."” Beyond outdoor
tive technology within the field of photovoltaics, attracting applications, PSCs are increasingly recognized as a viable
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candidate for indoor photovoltaics (IPVs), owing to their tunable
energy bandgap (E,), high specific power output, and exception-
ally high absorption coefficients.>* This adaptability enables
effective energy harvesting under various indoor lighting condi-
tions, including light-emitting diode (LED) lamps and compact
fluorescent lamps (CFLs).>® Nevertheless, it is essential to note
that the Shockley-Queisser (SQ) limit applicable under indoor
lighting conditions diverges from the outdoor limit of approxi-
mately 33% for a bandgap of 1.34 eV. For IPVs, the SQ limit
exceeds 50%, requiring E, in the range of 1.7-2.0 eV to align with
the narrowband emission spectrum (400-700 nm), a charac-
teristic of indoor lighting.” Perovskite indoor photovoltaics
(PIPVs) due to their high PCE in such illumination conditions
offer opportunities for a wide range of applications, including
powering internet of things (IoT) devices, wireless sensors,
wearable health monitors, and smart home actuators.'®'! One
promising strategy for achieving an optimal E, of 1.7-2.0 eV is
compositional engineering, specifically through the manipula-
tion of the X-site in the ABX; perovskite structure.'®> Numerous
studies have focused on varying the bromide content (i.e., the
iodide-to-bromide ratio in the perovskite composition), resulting
in a PCE of 27% with an E, of 1.61 eV and a PCE of 33% with an
Ey of 1.77 eV under indoor LED illumination at 1000 lux."*™*
Another practical approach involves interface engineering,
aimed at reducing defects through surface and bulk passivation
methods, leading to reported PCEs exceeding 40%. Specifically, a
PCE of 44.72% with an E; of 1.71 eV represents the highest value
reported to date in perovskite IPVs.'®>" However, such excep-
tional PCE results have been achieved using small-area devices
(0.09-0.1 cm?),>* thus emphasizing the necessity of scaling to
larger active areas (=1 cm®) for practical IPV applications, which
would provide sufficient power input to drive external devices
effectively. Furthermore, most of the previously reported
research involves perovskites that incorporate highly volatile
A-cations (including the aforementioned), such as methylammo-
nium, while facilitating a wider material E;, compromising
device stability.>*> Additionally, it is noteworthy that the sub-
stantial majority of existing literature on PIPVs is centered
on the p-i-n device configuration, which has demonstrated
high and stable certified PCEs under both outdoor and indoor
illumination.”>*” However, there is a lack of robust evidence
suggesting that this configuration (p-i-n) presents a scalable
solution for the industrialization of PIPVs, particularly when
contrasting with the proven scalability of the n-i-p device
configuration, which involves the use of a scalable, cost-effective
and eco-friendly fluorine-doped tin oxide (FTO) transparent
electrode and titanium dioxide (TiO,) electron transporting
layer. In contrast, the p-i-n devices employ indium tin oxide
(ITO) despite the various limitations associated with it, includ-
ing cost, thermal stability, and indium toxicity.>®*° Moreover,
the extensive characterization and testing of perovskite IPVs
in prior studies have predominantly employed warm white
LED (WLED) light (3000 K)."®*° At the same time, indoor
environments often encompass a diverse array of lighting
conditions.*®*® Therefore, it is crucial to assess the performance
of PIPVs under various color temperatures to ensure consistent
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operational efficacy for indoor settings. White LEDs are widely
utilized as the primary indoor lighting source, principally due to
their efficiency and longevity.>>" Their color temperature (CT)
ranges from warm (2700-3500 K) to neutral (35004500 K) and
cool (above 4500 K). Warm light tends to exhibit a redshift, in
contrast to the blue shift associated with cool light. These spectral
variations inherently influence the performance of any photovol-
taic device, including perovskite IPVs.'®

Herein, this study investigates the influence of varying E,
(1.55 eV, 1.72 eV, and 1.88 eV) of metal halide perovskite
materials, specifically through the modulation of the iodide-
to-bromide (I/Br) ratio within the perovskite composition, on
photovoltaic performance under indoor lighting conditions.
To enhance stability and avoid the use of volatile A-cations,
a methylammonium (MA)-free perovskite formulation incor-
porating cesium (Cs) and formamidinium (FA) as A-cations
was optimized.>>>® This approach has not been previously
employed for PIPV applications, although it has demonstrated
promising results for stable PSCs under outdoor solar illumi-
nation. The investigation further encompassed the use of
WLED illumination at correlated CTs of 3000 K, 4000 K, and
5500 K, across varying light intensities, to explore the effects of
incident light spectrum and perovskite E,. A theoretical frame-
work was established through comprehensive optical full-wave
electromagnetic simulations, electrical drift-diffusion model-
ing, and detailed analysis based on the Shockley—Queisser limit
across a spectrum of E,, CTs, and light intensities. This multi-
faceted approach provided essential insights into the physical
mechanisms that constrain the indoor PCE of PIPV under
diverse lighting conditions. The combined experimental and
simulation results underscore the need to optimize PSC design
for consistently high PCEs across various indoor environments.
By adjusting the perovskite E, to 1.88 eV through precise I/Br
ratio manipulation, a stable indoor PCE of 37.4% was obtained
under illumination of 250 lux and a CT of 5500 K utilizing a
scalable and stable n-i-p device configuration, which remains
largely unexplored in the context of IPVs. Additionally, a series
of characterization techniques was employed to elucidate the
critical morphological, compositional, electrical, and optical
properties of the optimized materials and devices.

Results and discussion

To establish a robust baseline for perovskite composition and
device configuration with a focus on long-term stability and
upscaling potential, the present study concentrates on the long-
term stable formamidinium-cesium-based perovskite composi-
tion and the n-i-p mesoscopic PSCs (i.e. FTO/c-TiO,/m-TiO,/
Cs,FA;_,Pb(I;_,Br,);/SpiroOMeTAD/Au, where x = 0.10-0.15
and y = 0.02-0.85). The emission spectra of white light-
emitting diodes (LEDs) featuring various CTs and intensities,
as well as the spectral power irradiance utilized in this inves-
tigation, are depicted in Fig. S1 and S2.

Photoluminescence (PL) spectra were systematically col-
lected and analyzed to determine the resulting E; of those

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

mixed halide perovskites by varying the I/Br ratio. As illustrated
in Fig. 1a, the film, FA( 9oCS¢.10Pb(I0.08Br0.02)3, exhibited a peak
emission wavelength around 800 nm, corresponding to an Eg
of 1.55 eV. As the bromine concentration increased, the films
FAg.55CS0.15Pb(I9.55Bro.45); and FAq g5Csg.15Pb(Io.15Bro.g5); dis-
played emission peaks at 720 nm and 662 nm, yielding band-
gaps of 1.72 eV and 1.88 eV, respectively. Thus, these results
confirm the successful identification of three distinct Eg
(1.55 eV, 1.72 eV, and 1.88 eV).**>**** Furthermore, the UV-vis
absorption (Fig. S5) confirms our band gaps with absorbance
shifting to shorter wavelengths from 805 nm to 730 nm and
666 nm, and therefore wider E, energy.

Subsequent X-ray diffraction (XRD) measurements were
performed to elucidate the impact of the I/Br ratio on crystal-
linity and phase purity across different films. Fig. 1b shows a
minor peak at 11.6° for samples with 2% and 45% Br, which is
associated with the &-phase perovskite of FAPbI;.2627°%5°
Furthermore, another weak peak at 12.6° in the 2% Br and
45% Br films corresponds to the Pbl, peak. In contrast, the
d-phase and Pbl, peak are absent in the 85% Br film, indicating
a fully reacted final composition with no double phase
coexistence.’*>*°” The very small intensity of the 5-phase and
PbI, peaks in the 2% and 45% Br-content perovskite films and
also their absence in the 85% Br-content perovskite film

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) PL spectra, (b) XRD patterns, (c)—(e) SEM images, and (f)—(h) AFM images of perovskite films.

indicate successful incorporation of Br in the perovskite lattice,
which did not negatively affect the purity and stability of the
crystal. A noticeable peak shift is observed from 13.8° for the
2% Br film to 14.1° and 14.3° for the 45% and 85% Br films,
respectively, and the associated (Bragg law d = n//2 sin 0) lattice
parameter reduction from 6.40 to 6.17 A over the entire
compositional range under study implying a ¢rans formation
of the crystal structure from a tetragonal to a cubic phase.>®°
Additionally, different peaks at 20°, 28°, and 32° in the 45%
Br and 85% Br films suggest increased Br content in the
perovskite-based composition.’*%%!

To further assess and investigate the influence of the I/Br
ratio on the morphology of the perovskite films, top-view
scanning electron microscopy (SEM) images were obtained
for films with Br contents of 2%, 45%, and 85% (Fig. 1c-e).
The SEM analysis reveals that all films maintain a compact,
pinhole-free morphology, which is crucial for the fabrication
of high-performance solar cells. Notably, as the Br content
increases, a corresponding decrease in grain size is observed,
implying that higher bromide content may enhance the rate
of crystallization.®> These morphological observations are corro-
borated by electrical simulations presented in the “Optical-
Electrical modeling” section of the SI, which indicate a reduction
in carrier lifetime at elevated bromide concentrations, an effect
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anticipated to limit the maximum attainable indoor PCE. Addi-
tionally, atomic force microscopy (AFM) measurements for the
perovskite films (Fig. 1f-h) show surface roughness (R,) values of
7.3, 8.4, and 10.2 nm for the samples with 2%, 45%, and 85%
Br content, respectively. A rougher absorber layer is beneficial for
light trapping and minimizing reflectance losses; however, it may
also adversely affect device performance due to the presence of
Voids.56,63,64

The thickness of the perovskite active layer, primarily
governed by the concentration of the precursor solution,®>®°
was investigated to determine the optimal parameters for
PIPV devices. Specifically, devices utilizing the composition
FA.90CS0.10Pb(Io.08Br0.02)3 (Eg Of 1.55 V) were fabricated with
precursor concentrations varying from 0.9 to 1.4 M. As detailed
in Table S1, the PCE values were recorded as follows: 25.85%
for 0.9 M, 27.07% for 1.1 M, 26.98% for 1.2 M, 30.05% for 1.3 M,
and 29.46% for 1.4 M, measured at an illumination level
of 1000 lux. The highest PCE of 30.05% was achieved at a
precursor concentration of 1.3 M, which corresponded to a
short-circuit current density (Js) of 121.4 pA cm 2, an open
circuit voltage (V,) of 0.897 V, and a fill factor (FF) of 76.73%
under illumination at 3000 K. The optimal layer thickness was
determined to be within the range of 300-400 nm,*”™*° as
depicted in Fig. 2a-c, which is consistent with the simulation
results illustrated in Fig. S3.

After determining the optimal perovskite precursor concen-
tration corresponding to film thickness, a constant concen-
tration of 1.3 M was utilized for 1.55 eV E,, along with other
compositions featuring E, of 1.72 eV and 1.88 eV. Subsequently,
the solar cells were evaluated under various CTs of 3000 K,
4000 K, and 5500 K, as well as under light intensities of 1000,
500, and 250 lux, as depicted in Fig. S2.

The devices with a 1.55 eV bandgap (Fig. 2d-f and Table S3)
demonstrated V,. ranging from 0.82 to 0.90 V, with the J,.
exhibiting a linear relationship with light intensity. At an
illumination level of 1000 lux, J,. was 128.1 pA cm 2, while it
decreased to 31.9 pA cm > under dim lighting at 250 lux,
indicating efficient current scaling. Among the varying color
temperatures, the highest J,. was recorded under 4000 X illu-
mination, corresponding to a greater irradiance of 3.05 W m 2.
In comparison, reduced values were observed at both 3000 K
and 5500 K due to diminished spectral overlap. The FF
remained relatively constant, ranging from 75.0% to 79.7%,
resulting in PCEs of 30% at 1000 lux (3000 K) and 31.3% at 250
lux (3000 K with an irradiance of 68 W m™~?). The PCEs were
approximately 28% under both 4000 K and 5500 K conditions.
Although the intermediate data at 500 lux followed similar
trends (Table S3), the lower V,,. limited efficiencies compared to
higher bandgap devices. This outcome corroborates previous
findings suggesting that lower band gaps are suboptimal for
indoor conditions.*™*® For the devices with a 1.72 eV bandgap
(Fig. 2g-i and Table S4), higher current and voltage were
observed. The V. values varied from 0.92 to 1.01 V, with J
reaching 132.1 pA cm™> under 1000 lux (4000 K), reducing to
33.5 pA cm 2 under 250 lux. The FF remained almost constant,
ranging from 74.6% to 78.5%. At 1000 lux, the efficiencies
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ranged from 32.2% to 35.0%, with a peak PCE of 35.04%
achieved at 3000 K. At the level of 250 lux, the devices reached
even higher efficiencies, achieving a PCE of 36.6% at 5500 K.
The efficiency data at 500 lux mirrored these trends, maintaining
values between 33.5% and 34.6% across all CTs. This bandgap
(1.72 eV) exhibited reliable high efficiencies under various CTs
and intensities, aligning with predictions that band gaps within
the range of 1.70-1.80 eV are optimal for indoor photovoltaic
applications®*™® and consistent with reports indicating efficien-
cies exceeding 40% under LED lighting following passivation and
compositional adjustments.>*°

The 1.88 eV devices (Fig. 2j-1 and Table S5) displayed the
highest V,. values, ranging from 0.96 to 1.04 V. However,
the current densities remained relatively low, peaking below
126 pA cm 2, attributed to the reduced absorption of red
photons. This phenomenon was most pronounced under
3000 K light, which contains a higher proportion of red
wavelengths; however, it was less evident under 4000 K to
5500 K light, which is richer in blue photons.*® The FF values
for this bandgap were recorded between 67.4% and 74.9%. The
PCE varied from 29.20% (3000 K, 1000 lux) to 37.44% (5500 K,
250 lux); this PCE is competitive with the highest values
reported for perovskite indoor PVs of similar active area. Under
lower illumination conditions of 250 lux (irradiance between
68 and 76 W m™?), they presented superior performance under
cooler white lighting, supporting findings from studies focused
on optimizing perovskites for high CT light sources.*'

To further explore these observations and understand prac-
tical constraints on PIPV performance, we conducted quantita-
tive device simulations using optical full-wave electromagnetic
modeling and electrical drift-diffusion modeling based on the
finite element method (see “Optical-Electrical modeling” section
in the SI).”%”7® Optical simulations provided spatially resolved
charge-carrier generation profiles for various WLED CTs
(3000, 4000, and 5500 K), illumination intensities (1000, 500,
and 250 lux), and perovskite bandgaps (1.55, 1.72, and 1.88 eV).
These generation profiles were input into the electrical model
to solve the steady-state Poisson and continuity equations,
yielding the simulated j-V curves in Fig. 2d-1.

To ensure quantitative agreement with experimental data, the
model incorporated Shockley-Read-Hall trap-assisted recom-
bination,””””® where carrier lifetimes were calibrated against
experimental data for each bandgap,®*®* yielding values ran-
ging from 20 to 55 ns. These values align with several theore-
tical and experimental studies on IPVs.”®3%%% Moreover, the
simulated J-V curves (dashed) show good agreement with
experimental data (solid), with modeled Jsc, Voc, FF, and
maximum power output following the experimental trends as
a function of CT and illumination level.

Slight underestimation of Jsc in the simulations is primarily
due to the abrupt absorption cutoff at the bandgap wavelength
(used to avoid inconsistencies in sub-bandgap optical data
across materials). Additionally, the rougher surfaces observed
in the experimental devices (Fig. 2a-c) also enhance absorption
compared to the idealized planar interfaces assumed in the
model.** Importantly, the extracted carrier lifetime for the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

(a)—(c) Cross-sectional SEM images of the corresponding cells with different bandgaps. (d)—(l) Experimental (solid) and simulated (dashed) J-V

curves of perovskite solar cells with bandgaps of 1.55, 1.72, and 1.88 eV under 3000 K, 4000 K, and 5500 K indoor light (250-1000 lux).

1.88 eV devices was approximately 20 ns, compared to ~50 ns
for the 1.55 and 1.72 eV cases, leading to a reduction in
maximum attainable Vo, which produces higher V,. deficits.
This shorter lifetime correlates with the smaller grain sizes
observed at higher bromide content (see Fig. 1), indicating
reduced carrier lifetime as a key limiting factor in the maxi-
mum attainable performance of wide-bandgap PIPVs. One way
to overcome such problems and further improve indoor PCEs
in the future might be to try optimizing and increasing the
grain size of wide band gap perovskites. This could lead to
indoor PCEs close to the efficiency limit.

Overall, the simulations predict higher indoor PCEs for
the 1.72 eV devices, in agreement with experimental results.

© 2026 The Author(s). Published by the Royal Society of Chemistry

This behavior is attributed to (i) efficient spectral matching,
arising from both efficient optical absorption within the inci-
dent photon spectral range (Fig. S5a and b), yielding ~94%
of the SQ-limit Jsc (Fig. S4b), and a wider band gap than the
1.55-eV device (higher output voltage), combined with (ii) lower
Voc deficits than the 1.88-eV device (Fig. S5c¢).

Importantly, the extracted carrier lifetime for the 1.88 eV
devices was approximately 20 ns, compared to ~50 ns for the
1.55 and 1.72 eV cases, leading to a reduction in maximum
attainable Voc, which produces higher Vo deficits.®>%¢
Comparisons of experimental and simulated Voc with SQ-
limit calculations (Fig. S6¢c and d) show that while both the
SQ-limit and experimental/simulated Vo increase from 1.55 to
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1.72 eV, the increase from 1.72 to 1.88 eV is ~8.5% smaller in
the experimental/simulated cases (Fig. S6c). Simulations
assuming equal carrier lifetimes (~50 ns) for all band gap
cases follow the SQ-limit trend (~12% improvement from 1.72
to 1.88 eV; Fig. S6c¢), confirming the important role of carrier
lifetime. Varying the carrier mobilities (2-200 em™> V™' s7)
shows no substantial effect on Voc (< ~3%; Fig. S6d), indicat-
ing that the reduced PCE at higher band gaps is primarily
due to increased nonradiative recombination rather than
charge-transport limitations. This conclusion is further sup-
ported by the smaller grain sizes observed at higher bromide
content (see Fig. 1), indicating reduced carrier lifetime as a key
limiting factor in the maximum attainable performance of
wide-bandgap PIPVs.
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Statistical analysis of the device performance reveals signifi-
cant differences among the three examined band gaps. The data
for each bandgap device incorporate performance metrics mea-
sured under all three WLED spectra. The devices with a bandgap
of 1.55 eV (Fig. 3a) exhibited photocurrents of 123.9 + 5.4 pA cm ™2
at 1000 lux, alongside fill factors of 76.6 + 1.5% and a V,. of
0.87 £ 0.02 V. The corresponding efficiencies recorded were
28.7 + 1.5% at 1000 lux, 28.5 + 1.2% at 500 lux, and 31.2 +
1.0% at lower illumination levels (250 lux). In contrast, the devices
with a 1.72 eV bandgap (Fig. 3b) demonstrated a superior
performance profile, achieving a higher V,. of 0.99 + 0.02, a Js.
of 123.5 + 4.5 pA cm 2 at 1000 lux, and a consistent FF of 76.0 &
2.0%. This configuration resulted in efficiencies of 32.8 &= 1.2% at
1000 lux, 31.8 £ 3.2% at 500 lux, and 33.7 £ 1.9% at 250 lux.
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Fig. 4 The stability of the devices with (a) 1.55, (b) 1.72, and (c) 1.88 eV.

Conversely, the 1.88 eV absorber attained the highest V,., with
efficiencies recorded at 27 + 2.9% (1000 lux), 30.8 £+ 2.9%
(500 lux), and peaking at 33.3 + 4.5% (250 lux). Overall, the
findings substantiate the conclusion that the 1.72 eV composition
provides a more reproducible performance across varying light
conditions, while the 1.88 eV band gap variant provided the highest
indoor efficiency of ~37% at low light intensity conditions.
Finally, stability assessments were conducted at an ambient
temperature of 25 + 5 °C, under relative humidity conditions of
30 £ 5%, and with illumination at 1000 lux, as depicted
in Fig. 4a. The performance of the FAj g5CSo.15Pb(Io.55BT0.45)3
(1.72 eV) device demonstrated notable improvements over a
period exceeding 600 hours. Specifically, the PCE increased
from 30.31% to 35.04%, accompanied by an enhancement in
Voe from 0.954 V to 0.999 V. The FF remained stable within the
range of 77% to 78.5%, while the J. stabilized at approximately
124 pA cm 2. In parallel, the FAq g5CS.15Pb(Io.45BTo.55)3 (1.88 eV)
composition, illustrated in Fig. 4c, exhibited a similar perfor-
mance trajectory over 2000 hours, with its PCE increasing from
25% to 29%, V. rising from 0.94 V to 1.04 V, J,. improving from
114 to 124 pA cm > and FF increasing from 58% to 68%. The
improved stability of the 1.72 eV and 1.88 eV devices is believed
to arise from photo-induced defect passivation and halide
redistribution under illumination, which reduced nonradiative
recombination.®” In the case of the 1.88 eV device, further

© 2026 The Author(s). Published by the Royal Society of Chemistry

enhancement is attributed to the gradual oxidation of Spiro-
OMeTAD under illumination, which improves hole transport
and fill factor.**™*® Conversely, the FAg0CSo.10Pb(Ip.0sBr0.02)3
(1.55 eV) device, as shown in Fig. 4a, maintained stable
performance throughout the 2000-hour duration, sustaining a
PCE in the range of 29% to 30%. The observed stability of the
1.72 eV and 1.88 eV compositions presents an encouraging
prospect for their application in indoor lighting.

Conclusion

This study investigated the compositional engineering of
formamidinium-cesium-based perovskite Cs,FA,_;Pb(I;_,Bry);
for IPV applications. Through photoluminescence (PL) spectro-
scopy, three targeted bandgap energies of 1.55, 1.72, and
1.88 eV were successfully realized. Meanwhile, X-ray diffraction
(XRD) revealed the effective incorporation of bromine into the
crystal lattice, which surprisingly presented a suppressed
d-phase and Pbl, impurities, which are reported systematically
for indoor solar cell applications. Morphological analysis using
scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM) revealed the formation of dense, pinhole-free
films. However, a higher bromine content led to a reduced
grain size and increased surface roughness due to rapid
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crystallization. On one hand, this helped the devices to achieve
high J,., but on the other hand it was identified (from simula-
tions) as a limiting factor towards attaining the maximum
possible indoor PCE. An optimal active layer thickness of
300-400 nm was established by using a precursor concen-
tration of 1.3 M. Performance tests under different light inten-
sities from white light-emitting diodes (WLEDs) revealed that
among the wide band gap devices, the 1.72 eV bandgap
composition had the highest Ji., while the 1.88 eV band gap
presented the highest V,.. The device with a 1.88 eV bandgap
achieved a notable indoor PCE of 37.4% at low light intensity
(250 lux), surpassing the performance of other compositions.
The 1.72 eV device, characterized by high values of J., open
circuit voltage (V,.), and fill factor (FF), achieved PCEs of 36.6%
under 250 lux and 35.04% under 1000 lux, establishing it as the
optimal candidate for indoor energy harvesting applications
over different indoor illumination conditions (intensity and
color temperature).

Experimental and methods
Materials

All chemicals and materials used in this study were of analytical
grade and used as received without further purification.

For the electron transport layer (ETL), titanium diisopropoxide
bis(acetylacetonate) solution (75% in 2-propanol) and ethanol
>99.8% were purchased from Sigma Aldrich and mesoporous
TiO, paste (30NRD) from Greatcell Solar Materials Pty Ltd.

The perovskite layer material solvents are dimethylforma-
mide >99.8% (DMF) and dimethyl sulfoxide >99.8% (DMSO)
from Sigma Aldrich. Methylammonium chloride >99.99%
(MAC]) and formamidinium iodide >99.99% (FAI) were pur-
chased from Greatcell Solar Materials Pty Ltd. Cesium iodide
99.999% (CsI) and lead iodide 99.999% (Pbl,), and lead bro-
mide 99.999% (PbBr,) were purchased from Alfa Acer.

Hole transport layer (HTL) SpiroOMe-TAD >99.8% was
purchased from Xi’an Polymer Light Technology Corp. Acetoni-
trile and isopropanol and lithium bis(trifluoromethane) sulfo-
nimide >99.9% were purchased from Sigma Aldrich.

Electrode material gold 99.999% (Au) was purchased from
Plasmaterials, Inc.

Device fabrication

A TiO, compact solution was prepared with titanium diisoprop-
oxide bis(acetylacetonate) solution (75% in 2-propanol) (600 pL
and 400 pL acetylacetone) in 9000 pL ethanol and the meso-
porous TiO, layer is diluted to a paste in ethanol (1:6 weight
ratio) and spun at a rotation speed of 5000 rpm for 15 seconds,
and subsequently sintered at 450 °C for 30 minutes in a dry
atmosphere.

The perovskite layer was prepared with 1.3 M composition in
0.5 mL DMF:DMSO 4:1.

Three mixed-halide perovskite compositions were prepared
with varying iodide-bromide ratios to study the effect of halide
content on film quality and device performance. The compositions
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were FA g5Cso.15Pb(Io.15-Bro.ss5)3, FAg.g5CS0.15Pb(Io55-Bro.as); and
FAy.00C80.10Pb(Io.05~Bro.02)3.

For the FA(.99CS0.10Pb(Io.0s-Bro.02)3 composition, the precur-
sor solution contained 14 mg of methylammonium chloride
(MACI), 16.9 mg of cesium iodide (CsI), 4.8 mg of lead(u)
bromide (PbBr,), 96.9 mg of formamidinium iodide (FAI),
and 299.3 mg of lead(un) iodide (Pbl,). For the FA;g5Cso.1s5-
PDb(Iy.55-Bro.45)3 composition, 14 mg of MACI, 25.3 mg of CsI,
107.2 mg of PbBr,, 96.9 mg of FAI, and 168.1 mg of Pbl, were
used. Finally, for the FA, g5Csg.15Pb(Iy.15-Bro.gs)3 composition,
14 mg of MACI, 25.3 mg of Csl, 202.8 mg of PbBr,, 96.9 mg of
FAI, and 45.8 mg of Pbl, were used in 0.5 mL of solvent.

In all cases, the precursor solutions were stirred overnight to
ensure complete dissolution and filtered with a 0.45 pm filter
before film deposition at a speed of 5000 rpm for 40 seconds.

Passivation layer: 3 mg of n-octyl ammonium iodide (OAI) in
1 mL of isopropanol at a speed of 4000 rpm for 30 seconds.

The spiroOMe-TAD was doped with bis(trifluoromethyl-
sulfonyl)imide lithium salt (24 pL of a solution of 520 mg of
LiTFSI in 1 mL of acetonitrile) and 28.8 pL of 4-tert-butyl-
pyridine in 1 mL of chlorobenzene and it was applied by spin-
coating at 4000 rpm for 25 seconds.

Finally, an approximately 80-100 nm layer of gold (Au) was
deposited by thermal evaporation, completing the device
fabrication.

Scanning electron microscopy (SEM)

The morphological characteristics of the perovskite samples were
investigated using a field-emission scanning electron microscope
(JSM-6010PLUS/LV, JEOL Ltd) at an operating voltage of 10 keV.

Atomic force microscopy (AFM)

The surface morphology was studied using the Bruker dimen-
sion ICON AFM system.

X-ray diffraction (XRD)

The crystal structure was evaluated using X-ray diffraction with a
Rigaku Mini Flex apparatus, with a scanning range set from 10° to 50°.

Steady-state photoluminescence (PL)

Spectra were acquired using a Horiba FL3C-222 system, with
excitation at a wavelength of 450 nm.

The current-voltage (J-V) characteristics

J-V measurements of indoor PVK cells were recorded under
indoor light using the ILS-30 standard spectrum simulator
(Enlitech Technology). LEDs were stabilized for 30 min before
recording the measurements. The devices were measured at
3000, 4000, and 5000 K under 1000 lux, 500 lux, and 250 lux.
The aperture mask area was 1 cm®.
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