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ABSTRACT

Perovskite photovoltaics (PPV), due to their compatibility with a flexible substrate, low cost, and high indoor performance compared to
existing inorganic and organic photovoltaic technologies, are emerging as a potential candidate to power the internet of things (IOT). Dual-
cation and mixed halide [FA0.8Cs0.2Pb(I0.62Br0.38)3] (FACsPbIBr) based wide bandgap perovskite composition’s long-term stability and
energy bandgap made them ideal for indoor applications. In this work, we have developed the PPV devices using flexible substrate based on
FACsPbIBr perovskite composition for indoor application. PPV were also fabricated on rigid substrate as control devices. The flexible and
rigid substrate-based PPV devices delivered power conversion efficiency (PCE) of 17.02 (36.33)% and 18.90 (37.25)%, respectively, under
AM1.5G (LED 2700K, 1000 lux). Remarkably, flexible-PPV devices delivered open-circuit voltage (VOCÞ of 1.11V under indoor light
(1000 lux). The study suggests the potential of flexible substrate-wide bandgap perovskite-based PPV for futuristic IOT applications.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0284313

Indoor photovoltaics (IPV) have emerged as a promising energy
source to replace or achieve sufficient battery life for powering the inter-
net of things (IOT), an interconnected network of tiny, micropowered
electronics devices.1,2 Among various photovoltaics (PV), perovskite
photovoltaics (PPV) have received significant attention due to their
exceptional optical and electrical properties, such as tunable bandgap
(tune absorption) and high absorption coefficient. Their compatibility
with low-cost fabrication methods and flexible substrates also opens
new opportunities to easily integrate with ambient electronics and
power them in smart homes, offices, and industries.3–6 With the
advancements in the composition of perovskite materials, interface
layers, passivation techniques, and device structures over the last
decade, the power conversion efficiencies (PCEs) of PPV have been up
to 26.1% and 44.70% under AM 1.5G and indoor light illumination,
respectively.7–10 However, the PPV reported with the highest PCE
showed a low open-circuit voltage (VOC) under indoor light illumina-
tion.8,11 A higher VOC is advantageous in reducing the number of cells
in a module to get required voltage to drive indoor gadgets.12 A triple-
anion CH3NH3PbI2�xBrClx perovskite PPV delivered PCE of 36.2%
with a VOC of 1.02V under 1000 lux.13 Zhang et al. demonstrated PPV

using a series of wide bandgap perovskites (Cs0.17FA0.83PbI3�xBrx) by
varying Br contents (0.6� x� 1.6) and the champion device shown
VOC and PCE of 1.05V and 34.60% under 1000 lux, respectively.14 Ma
et al. introduced poly(amidoamine) as a passivation layer, and the
device based on the CsPbI2Br perovskite film has achieved VOC and
PCE of 1.06V and 35.71%, respectively, under 1000 lux.15 The hybrid
halide perovskites (MAPbI3�nBrn) with stoichiometry (n¼ 0, 1, 2,
and 3) reached VOC up to 1.15V under indoor light, whereas the PCEs
were low (19.94%).16 Li et al. and Ma et al. demonstrated the highest
PCE up to 42.12% and 44.72% under 1000 lux, whereas the devices
delivered VOC up to 0.89 and 1.06V, respectively.10,17 Research is less
focused on achieving both high VOC and high PCE. Flexible-PPV is
also necessary for indoor application. Skafi et al. presented Cs0.08(FA0.78

MA0.16) Pb (I0.84Brx)3 perovskite-based PPV using flexible substrate,
and the devices delivered PCE up to 32.5% with the VOC of 0.957V.18

The highest PCE and VOC reported for flexible-PPV are 41.33% and
0.979V, respectively.19 The research focus needs to be given to achieving
highVOC and PCE for flexible-PPV under indoor light illumination.

In this work, we have presented the dual-cation and mixed halide
(FA0.8Cs0.2Pb(I0.62Br0.38)3) (FACsPbIBr) perovskite-based PPV for
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indoor application, delivering balance between high VOC and PCE
(under 1000 lux). The indoor photovoltaic performance of devices fab-
ricated using flexible and rigid substrates has been studied. The light
intensity-dependent measurement was also conducted.

The material and device fabrication details are provided in the
supplementary material (Sec. 1). For simplicity, the devices fabricated
on flexible and rigid substrates are mentioned as flexible-PPV and
rigid-PPV, respectively, throughout this paper. Figure 1(a) shows the
device structure fabricated on rigid and flexible substrates. The AAA
class Newport simulator (Model No: 94023A), equipped with Keithley
2400, was used to measure current density–voltage (J–V) characteris-
tics under AM 1.5G (1 Sun). The light intensity was calibrated using
standard reference silicon cell. External quantum efficiency (EQE) was
measured using in-house-made systems, and chopper frequency of
71Hz was used without bias illumination. The indoor measurements
were conducted using in-house-made light emitting diode (LED-

2700K, spectrum is shown in Fig. S6) based system, equipped with a
2200 keithley. Optical transmittance, reflectance, and absorptance
measurements were carried out in a Lambda 950 ultraviolet-visible
spectrophotometer.

Figure 1(b) shows absorptance spectra (transmittance and reflec-
tance spectra are given in the supplementary material, Fig. S1) of film
coated on PET/ITO/NiO/SAM/Perovskite (flexible) and glass/ITO/
NiO/SAM/Perovskite (glass). The glass-coated perovskite film had
higher absorption due to substrate’s low transmission loss [Fig. 1(c)].
The energy bandgap calculated (Fig. S2, supplementary material) for
perovskite film coated on rigid and flexible substrates was 1.760 and
1.758 eV, respectively. Figures 2(a) and 2(b) show the J–V characteris-
tics (reverse and forward scan) of the flexible and rigid-PPV devices
measured under AM1.5G (100mW/cm2), and the summary of the
device parameters is shown in Table I. The presented outcome is the
average of eight devices. Flexible-PPV devices delivered VOC , short-

FIG. 1. (a) Device structure, (b) absorptance spectra (measured from substrate side) of perovskite film coated on top of rigid and flexible substrates (inserted the film structure),
and (c) transmittance spectra of glass (PET)/ITO substrates.

FIG. 2. J–V characteristics (AM 1.5G) of
(a) flexible-PPV and (b) rigid-PPV. EQE
(AM 1.5G) spectra of (c) flexible-PPV and
(d) rigid-PPV.
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circuit current (JSCÞ, fill factor (FF), and PCE of 1.303V, 17.10
mA/cm2, 77.38%, and 17.02%, respectively, under forward scan. In
reverse scan, the PCE was 17.24%, which shows low hysteresis,
whereas rigid-PPV devices delivered VOC , JSC , FF, and PCE of 1.317V,
18.21mA/cm2, 78.75%, and 18.90%, respectively, under forward scan.
Devices showed a similar outcome in reverse scan (PCE � 18.20%),
which shows low hysteresis. In both devices, the integrated current
density (JEQE) calculated using EQE was under 5% differences from
JSC, as shown by the EQE plots in Figs. 2(c) and 2(d). The lower PCE
(�17.02%) of flexible-PPV than that of rigid-PPV (�18.90%) is
mainly due to the lower transmittance of flexible substrates (compared
to glass substrates) [Fig. 1(c)] which leads to lower JSC and causes low
performance.

The indoor performance of the flexible-PPV and rigid-PPV devi-
ces was measured using a 2700K LED under 1000 lux. Figures 3(a)
and 3(b) show J–V characteristic of flexible and rigid-PPV measured
under 1000 lux, and the summary of the devices is shown in Table II.
Flexible-PPV devices showed VOC , JSC , FF, and PCE of 1.117V,
125.59lA/cm2, 80.22%, and 36.33%, respectively, measured under
1000 lux. The devices show low hysteresis [Fig. 3(a)] measured in for-
ward and reverse scan under 1000 lux illumination. Rigid-PPV devices
delivered VOC , JSC , FF, and PCE of 1.111V, 129.29lA/cm2, 80.33%,
and 37.25% under 1000 lux (forward scan). The devices show low hys-
teresis in forward and reverse scan under 1000 lux [Fig. 3(b)]. Indoor
measurement’s reliability depends on the closeness of JSC with JEQE cal-
culated using 1000 lux illumination spectrum. Flexible and rigid-PPV

TABLE I. Device parameters of flexible-PPV and rigid-PPV measured under AM1.5 G (1 Sun).

Device Scan VOC (V) JSC (mA/cm2) JEQE (mA/cm2) FF (%) PCE (%)

Flexible-PPV Forward 1.303 17.10 16.88 77.38 17.02
Reverse 1.305 17.06 78.44 17.24

Rigid-PPV Forward 1.317 18.21 18.20 78.75 18.90
Reverse 1.306 18.04 77.75 18.20

FIG. 3. J–V characteristics (under
1000 lux) of (a) flexible-PPV and (b) rigid-
PPV. EQE (1000 lux) spectra of (c)
flexible-PPV and (d) rigid-PPV.

TABLE II. Device parameters of flexible-PPV and rigid-PPV measured under indoor lights (1000 lux).

Device Scan VOC (V) JSC (lA/cm2) JEQE (lA/cm
2) FF (%) PCE (%)

Flexible-PPV Forward 1.117 125.59 119.47 80.22 36.33
Reverse 1.116 125.98 79.89 36.26

Rigid-PPV Forward 1.111 129.29 125.82 80.33 37.25
Reverse 1.107 129.15 79.95 36.93
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devices JEQE were 119.47 and 125.82lA/cm2, respectively, under 5%
for comparison with both device’s corresponding JSC. Figures 3(c) and
3(d) show EQE spectra and integrated JEQE for 1000 lux. The flexible-
PPV devices delivered similar VOC to rigid-PPV while measuring them
under indoor light. Furthermore, the flexible-PPV devices achieved
higher VOC than reported in the literature (for flexible devices), and
their comparisons are summarized in Table III. The high bandgap
(1.76 eV) perovskite material contributes to achieving high VOC . The
steady-state current density measurements show stable photocurrent
under continuous illumination (1000 lux) up to 180 s, as shown in Fig.
S5 (supplementary material).

The light-dependent VOC and JSC were measured under different
light intensities (100–1mW/cm2), achieved using a series of neutral
density filters. The recombination parameter (a) for rigid-PPV and
flexible-PPV devices was calculated according to JSC / Ialight , where
Ilight is incident light intensity, and the fitted plot is shown in
Fig. 4(a).22 The values of a were 0.952 and 0.943 for flexible-PPV and
rigid-PPV devices, respectively. Both devices’ a values imply the pres-
ence of bimolecular recombination at short-circuit current.6 Figure
4(b) shows a light intensity-dependent VOC plot, and the slope (KT/q)
is calculated using a fitted curve accordingly VOC ¼ nKT

q Ilight , where n,
kB, T, and q are the ideality factor, Boltzmann constant, temperature
(in Kelvin), and elementary charge, respectively.23 The slope deviation
from 1 KT/q shows trap-assisted recombination at open circuit condi-
tion.24 Flexible and rigid-PPV devices showed the slopes of 1.63 KT/q
and 1.57 KT/q [Fig. 4(b)], respectively, suggesting that trap-assisted
recombination was present in both types of devices.

In conclusion, we studied wide bandgap PPV for indoor applica-
tion using dual-cation and mixed halide [FA0.8Cs0.2Pb(I0.62Br0.38)3]
perovskite film-based devices fabricated on flexible and rigid sub-
strates. Under AM1.5G (1 Sun) irradiation, the flexible-PPV and rigid-

PPV delivered PCE of 17.02% and 18.90%, respectively. The flexible-
PPV showed lower PCE mainly due to lower JSC , which was attributed
to the lower optical transmission of the flexible substrate. Flexible-PPV
and rigid-PPV devices showed PCE of 36.33% and 37.25%, respec-
tively, under 1000 lux LED light illumination. Interestingly, both
flexible-PPV and rigid-PPV devices delivered VOC up to �1.11 under
indoor light (1000 lux). Notably, the flexible-PPV devices showed high
VOC under low light. The light-dependent open-circuit voltage and
short-circuit current density analysis suggested similar trap-assisted
recombination (a) for both devices. The high VOC of flexible-PPV
devices can help to provide a low number of cell connections in series
to generate the required voltage for powering IOT devices.

See the supplementary material for the device fabrication proce-
dure, optical properties of the perovskite layer, and supporting data
tables.
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TABLE III. A summary of reported high performance PPV (flexible) for indoor applications.

Illumination (lux) Perovskite Bandgap (eV) Voc (V) Jsc (lA/cm
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FIG. 4. (a) JSC vs light intensity and (b)
VOC vs light intensity plots of rigid-PPV
and flexible-PPV.
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