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In this work, emerging perovskite-inspired Cu,AgBilg (CABI) solar cells were successfully fabricated
on flexible substrates, demonstrating that the transition from rigid to flexible materials does not
compromise device performance. This underscores the versatility of CABI on two different kinds of
substrates. Additionally, to optimize charge extraction, we selected a polymeric hole-transport
material (HTM), PPDT2FBT, whose energy levels align with CABI. The PPDT2FBT-based devices
outperformed those using the well-known poly(3-hexylthiophene) (P3HT), leading to power
conversion efficiencies as high as approximately 0.8%. These results suggest that PPDT2FBT may
hold promise as a HTM for use in low-toxicity, perovskite-inspired photovoltaic systems, such as
those based on CABI. Furthermore, roll-to-roll processing techniques, crucial for scalable production,
were tested. However, controlling the morphology of the active layer remains a significant challenge.
These findings represent critical steps toward the large-scale manufacturing and commercialization of

flexible, PIM-based solar cells.

The rapid development of photovoltaic (PV) technology has gained sig-
nificant attention in recent years due to its potential to revolutionize the
renewable energy landscape. Among the various PV technologies, lead
halide perovskites (LHPs) have emerged as promising candidates, offering
high efficiency, low-cost fabrication, and versatility in a wide range of
optoelectronic applications' . However, the inclusion of lead in traditional
perovskite formulations raises environmental and health concerns, espe-
cially in indoor environments, necessitating the exploration of lead-free and
low-toxicity alternatives™. In response to these concerns, researchers have
turned their focus towards lead-free perovskite-inspired materials (PIMs),
with the aim of developing environmentally friendly PV technologies®™. Tin
(Sn)- and germanium (Ge)-based perovskites and double perovskites, which
substitute lead with non-toxic elements such as bismuth (Bi) or silver (Ag),
are promising candidates due to their similar electronic properties to lead-
based perovskite but with lower toxicity. These materials offer improved
stability and environmental safety while retaining desirable optoelectronic
properties, making them potential candidates for applications like solar cells
and photodetectors. Among the PIMs, Sn-based perovskites have gained
particular prominence, achieving power conversion efficiencies (PCE)
exceeding 14%°. However, these perovskites face significant instability in air.
For instance, MASnI; decomposes within seconds due to the undesirable
oxidation of Sn** to Sn*"'°""% In contrast, bismuth (Bi)- and antimony (Sb)-

based pnictohalide compounds are generally air-stable due to the intrinsic
oxidative stability of the pnictogen 3+ cations”"”. In addition, pnictohalide
compounds have band gaps within the optimal range of 1.9-2.0eV for
indoor PVs (IPVs), making them highly suitable candidates for IPV
applications®. In our lifecycle assessment study of various pnictohalide
PIMs, we demonstrated that these perovskite-inspired absorbers are not only
environmentally friendly at the material level but also have the potential to be
a sustainable IPV technology'’. Research on pnictohalide PIMs for IPVs has
just begun and only a few materials have been studied for IPVs. Among
them, Cu, AgBils (CABI) has garnered considerable amount of interest. The
initial PCE of CABI has improved from 0.43° to 2.39%"* under 1 sun illu-
mination and reached 5.52%’ under 1000 lux by optimizing the mesoporous
TiO, layer. Alloying Sb*" with Bi** in CABI further reduced defect density,
achieving a PCE of 9.53%' at 1000 lux illumination, nearly doubling the
performance of unalloyed devices. Additionally, the wide bandgap of CABI
makes it suitable for tandem PV applications as a top cell, with predicted
PCEs reaching up to 30%". With excellent stability under air and sunlight
soaking®’, and the potential to achieve high PCEs in both single- and mul-
tijunction PV applications**’, CABI is positioned to be an attractive low-
toxicity absorber. So far, the well-known hole-transport materials (HTMs)
used in high-performing LHP solar cells have also been directly adopted for
lead-free PIM devices'’. However, the ad-hoc selection of the HTLs with
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Fig. 1 | Structural and optical characterizations of
CABI thin films. a XRD patterns and b UV-vis
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absorption spectra of the CABI thin film samples
prepared on glass and flexible PET substrates.
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respect to the absorber is necessary to guarantee effective charge extraction
and transport, thereby maximizing overall device performance. Yet, this
aspect is largely overlooked in the literature. Polymers such as poly(3-hex-
ylthiophene) (P3HT), poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine
(PTAA), poly(N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine) (poly-
TPD) are often used in LHP solar cells and are the promising candidates due
to their favorable electronic properties, solution processability at low tem-
peratures, and mechanical flexibility'**’. However, the optimized HTMs for
LHP devices are not necessarily ideal for lead-free PIMs.

In this study, we chose two polymeric HTMs for CABI-based PVs,
namely poly[(2,5-bis(2-hexyldecyloxy) phenylene)-alt-(5,6-difluoro-4,7-
di(thiophen-2-yl)benzo[c]-"**thiadiazole (PPDT2FBT) and P3HT. While
P3HT has been earlier employed in CABI and other PIM devices™,
PPDT2FBT has never been tested in the context of PIM solar cells but only
for organic™® and lead-based perovskite solar cells”***. One of the key
benefits of PPDT2FBT over commonly used polymer-based HTMs such as
P3HT, PTAA, and poly TPD is its high hole mobility”*, which facilitates
efficient charge extraction from the active layer. This high mobility enhances
charge extraction process, thereby improving overall performance of the
device.

So far, CABI films have been deposited only on rigid substrate via spin
coating or thermal evaporation®”'****". The properties of this material allow
for solution processing, opening avenue for the use of flexible substrates and
scalable deposition techniques which have not been studied before. The use
of flexible substrate is particularly useful for Internet of Things (IoT)
applications, where lightweight, bendable, and durable electronics are
required“*”. Fabricating CABI films on flexible substrates could enable the
development of wearable or portable energy-harvesting devices, con-
tributing to the growth of self-powered IoT systems. These flexible solar cells
can be incorporated into various surfaces and products, making them ideal
for emerging IoT technologies that demand adaptable and scalable energy
solutions™.

Considering the advantages of CABI for PV applications, processing
through large-scale fabrication is an essential step to achieve industrial
goals, just as with any PV technology™. As far as halide PIMs are con-
cerned, to our knowledge, only one report exists. Xu et al. recently
demonstrated solar module fabrication for an organic-inorganic antimony
halide PIM by joining a few individual cells’. However, the module, which
was a few square centimeters in size, was fabricated on rigid glass sub-
strates. No large-scale PIM solar cell device fabrication or PIM layer pro-
cessing using scalable techniques on flexible substrates has been achieved.

Solution processing methods, such as slot-die coating and gravure printing,
offer scalability and compatibility with flexible substrates, making them
attractive for large-scale production®’. It should be noted that achieving
continuous, pinhole-free film morphologies for PIMs through simple
solution processes like spin-coating is quite challenging. This difficulty
arises primarily from uncontrolled crystallization dynamics, which have
not been as thoroughly addressed as in the case of LHPs”. Therefore,
achieving uniform film coverage and controlling crystallization dynamics
during the large-scale solution processing poses additional challenges.
These challenges lead to variations in film morphology and consequently
the device performance.

In this study, we successfully apply various lab-scale and large-scale
solution processing deposition techniques, including spin coating, slot-die
coating, and gravure printing for fabricating CABI thin films with area of
8 cm’” and devices of 25 mm’. Our primary focus is on their impact on the
film morphology and the device performance of CABI. As seen in previous
studies, the crystallization of CABI is a sensitive process™*'*'>”", which leads
to variations in film quality between different methods. Further develop-
ment of the ink is necessary to improve film quality and achieve higher cell
efficiencies. In this study, for the first time, CABI devices are fabricated on
flexible substrate, and it was observed that the efficiency remained almost
the same compared to conventional rigid substrates. Notably, PPDT2FBT—
a polymer-based hole transport material—has been applied to lead-free
CABI solar cells, achieving marginally higher efficiency than the typically
employed P3HT. This choice was driven by its energy level compatibility
with CABI, ensuring improved charge extraction performance.

Results

CuxAgBilg film preparation on glass and PET substrates

In order to investigate the feasibility of deposition on flexible substrates,
CARBI films were prepared on two different substrates, glass and PET, using
spin coating as the deposition method. The film thicknesses were controlled
by using the same spin coating method to ensure comparability. The as-
prepared films were examined using XRD, UV-Vis spectroscopy, and
scanning electron microscopy (SEM).

Figure 1a shows the experimental XRD pattern of CABI samples on
both glass and rigid substrates. The XRD patterns were assigned to the R3-m
space group based on comparison with standard diffraction patterns pre-
viously published for Cu,AgBils*’. Diffraction peaks at approximately 12.7°,
24.5° 25.3°, 29.4°, and 41.7° matched the (003), (101), (012), (104), and
(110) planes reported in these references (Fig. 1a). These suggest that CABI
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Fig. 2 | Morphology inspection of CABI thin films.
SEM images of the CABI films deposited on a glass
and b PET.

Fig. 3 | Photovoltaic performance of CABI-based a)
devices. a The planar device architecture employed

in this study and b J-V curves in both forward and

reverse directions with scan rate of 0.02 V/s for the

CABI devices fabricated on glass (black curve) and

PET (red curve) substrates.
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samples with high phase purity crystallized in the R3-m space group, fea-
turing a complex structure of alternating layers that form a network of
octahedral and tetrahedral sites, created by the cubic close-packed iodide
sublattice’.

However, we observed slight shifts—about +0.5°—in the peaks at
higher diffraction angles (>42°) compared to the reference pattern, while the
lower-angle peaks (10-40°) align well with the standard. The cause of these
high-angle shifts is not yet fully understood. One likely explanation is the
presence of local crystal strain*, potentially arising from a high density of
point defects found in wide-bandgap CABI'*”. A more detailed investiga-
tion using advanced XRD techniques and complementary structural ana-
lyses will be necessary to clarify this behavior.

The absorption spectra were recorded using a UV-Vis spectro-
photometer over the wavelength range of 400-800 nm. The baseline cor-
rection was performed to account for the substrate contributions. The UV-
Vis absorption spectra of CABI films demonstrate similar absorption fea-
tures and are in line with what has been reported earlier for polycrystalline
CABI films™". Both films show strong absorption in the visible region. For
the film on glass (Fig. 1b), the absorption onset around 670 nm and two
peaks appear at around 415 and 580 nm. The peak at 415-420 nm, which is
typically found in CABI thin film samples, has been assigned to either Agl,
Bil3, Cu,Bils, or Cul-rich impurities™" or the source of carrier self-trapping
in CABI"**. The PET-based film exhibited a similar absorption profile,
albeit with slightly lower absolute absorbance across the spectrum. This may
suggest minor variations in the thickness, crystallinity, or surface roughness
between the two films. The optical bandgap energies of the CABI samples
were determined using Tauc plots, as shown in Fig. S1. The bandgap
energies were estimated by extrapolating the linear region of the (ahv)"
versus hv plots, with 7 = 2 corresponding to a direct bandgap’. The calcu-
lated bandgap energies were 1.94 eV and 1.97 eV for spin-coated CABI films
on glass/ITO/SnO, and PET/ITO/SnO, substrates, respectively. These
bandgap energies are in close agreement with previous reports™.

The morphology of the CABI films was characterized using SEM, while
surface roughness was quantified using white light interferometry. Figure 2
presents SEM images that closely examine the surface morphology of CABI
films on various substrates, revealing features that directly correlate with

their solar cell performance. The thicknesses obtained were 250 + 11 nm
and 250 + 14 nm on rigid and flexible subsrates, respectively. General issue
with CABI is morphology due to low crystallinity and phase heterogeneity
that hinders the device performance®”"”. SEM images reveal that both CABI
films deposited on glass and PET substrates exhibit a non-continuous
surface morphology with pinholes and notable surface roughness as shown
in Fig. 2a, b, respectively. The CABI film on the glass substrate shows a
relatively uneven surface with roughness of 30 + 4 nm as the crystal domains
are not fully connected. The surface inspection suggest that the films remain
rough and porous throughout the film. Despite these imperfections, the
overall film coverage is more uniform compared to the PET-based film. The
CABI film on the PET substrate exhibits a less uniform or less favorable
surface morphology compared to the one on glass substrate. The surface is
highly irregular, exhibiting two distinct structural features, which result in
higher surface roughness of 60 + 18 nm compared to 30 +4 nm for the
glass/CABI samples. While darker area looks dense and uniform, the gray
area appeared to be porous. This heterogeneous appearance contributes to a
less compact film structure. The surface roughness for various CABI sam-
ples presented in this study are presented in Table S1. While both substrates
result in CABI films with moderate surface morphology, the glass-based
sample demonstrates slightly better film quality. The more uniform surface
contributes to a somewhat denser and more coherent film structure on glass.
One possible reason for the lower film quality on the flexible substrate is that
the substrate was slightly bent and did not have uniform contact with the hot
plate during annealing. As a result, heat transfer was uneven, leading to
inconsistent solvent evaporation and CABI crystallization, which ultimately
resulted in slightly reduced film quality.

Rigid and flexible CABI solar cells

To investigate whether the differences in film morphology of CABI samples
on glass and flexible substrates affect their PV performance, we fabricated
corresponding devices with a device architecture of glass or PET/ITO/SnO,/
CABI/PPDT2FBT/Au. The device architectures are illustrated in Fig. 3a. We
ensured the same fabrication conditions for both types of devices. The
current density-voltage (J-V)-curves for CABI devices on both substrates
were measured under simulated sunlight (AM 1.5 G), and those of the best
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Table 1 | Photovoltaic parameters in forward direction with scan rate of 0.02 V/s of the champion devices

Sample PCE [%] Voc V1 Jsc [mA/cm?] FF [%]
Glass 0.77 (0.62 £ 0.16) 0.46 (0.43 £ 0.09) 3.1(2.8+0.8) 52.3 (49.9 + 0.09)
PET 0.76 (0.63 £ 0.09) 0.46 (0.45 +0.02) 2.9(2.6+04) 57.7 (53.8 + 0.03)
The average parameters of 32 devices are given in brackets.
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Fig. 4 | Effect of the hole transporting materials on photovoltaic performance. The molecule structure of polymer HTMs a P3HT and b PPDT2FBT. ¢ UV-vis absorption
spectra of PPDT2FBT and P3HT thin films and d the J-V curves in both directions with scan rate of 0.02 V/s of the devices made using PPDT2FBT and P3HT as HTM.

Table 2 | Photovoltaic parameters in forward direction with scan rate of 0.02 V/s of the devices

Sample PCE [%] Voc [V] Jsc [mA/cm?] FF [%]
P3HT 0.71(0.55+0.12) 0.46 (0.45 + 0.04) 29(2.5+0.3) 52.6 (49.7 + 0.05)
PPDT2FBT 0.77 (0.62 +0.16) 0.46 (0.43 +0.09) 3.1(2.8+0.8) 52.3 (49.9 + 0.06)

The average parameters of 32 devices are presented in brackets.

performing devices are shown in Fig. 3b. The key parameters derived from
the J-V curves, such as open-circuit voltage (Voc), short-circuit current
density (Jsc), fill factor (FF), and power conversion efficiency (PCE), are
summarized in Table 1.

The forward J-V-curves indicate that CABI devices fabricated on PET
and glass substrates exhibit nearly identical solar cell performance. The
statistical distributions of PV parameters are shown in Fig. S2. The cham-
pion devices yielded a PCE of approximately 0.8%. Although the PCE of
0.77% (champion device) achieved in this work is lower than the record PCE
of 2.39% reported for CABI solar cells”, those higher efficiencies were
obtained using mesoscopic architectures with high-temperature-processed
TiO,, which are incompatible with flexible substrates. In contrast, our
planar, low-temperature SnO,-based devices achieve efficiencies that are
comparable to, or slightly higher than, existing reports using similar con-
figurations, where PCEs as low as 0.55% have been observed™*.

The J-V characteristics (Fig. 3b) exhibit noticeable hysteresis
between the forward and reverse scans, which is attributed to ion
mobility and interfacial carrier trapping at the CABI-transport layer
interface””, consistent with previous reports on planar CABI solar
cells*>**, Figure S3 presents the stabilized power output (SPO) trends,
which were used to derive the stabilized PCEs—reaching up to 0.6%.
While the Vs are the same for both the devices, the marginally lower
Jsc of the PET-CABI devices compared to the glass-CABI This may be
attributed to differences in film morphology and surface roughness of
CABI layer between the rigid and flexible devices. Although the FF is
higher for PET-CABI devices, the overall device performance of CABI
is retained when transitioning from a rigid glass substrate to a flexible
PET substrate. This encouraged us the use of roll-to-roll (R2R)
deposition methods such as slot-die coating and gravure printing for
constructing CABI devices on flexible substrates.

Hole transporting material comparison: PPDT2FBT vs. P3HT
This study investigates two polymeric HTMs, PPDT2FBT and P3HT, in the
context of lead-free solar cells. The molecular structures of P3HT and
PPDT2FBT are shown in Fig. 4a, b, respectively. The fabrication process of
PPDT2FBT and P3HT involved spin coating for the deposition. Both
materials were tested in the device architecture Glass/ITO/SnO,/CABI/
HTM/Au under standard 1 sun illumination. The thicknesses of the
PPDT2FBT and P3HT films are 30 + 8 and 60 + 12 nm, respectively. We
first conducted UV-Vis absorption measurement. P3HT has strong
absorption 400-650 nm, while PPDT2FBT exhibits two absorption regions
from 350 to 450 nm and 450 to 720 nm as shown in Fig. 4c.

We compare the use of both P3HT and PPDT2FBT as HTMs in CABI-
based devices. The forward and reverse J-V scans are presented in Fig. 4d.
Solar cells incorporating PPDT2FBT as the HT'M exhibited a slightly higher
PCE and Jsc than those using P3HT (see Table 2 and Fig. S4). Although the
observed performance differences between device configurations are
modest, they nonetheless indicate clear and reproducible trends that high-
light the suitability of the selected HTL in flexible device architectures.

This slight enhancement is attributed in part to the better energy level
alignment of PPDT2FBT with CABL Specifically, the HOMO level of
PPDT2FBT (—5.28 eV) lies approximately 30 meV below the valence band
of CABI (—5.25 eV), while P3HT shows a larger offset at —5.00 eV (Fig. S5).
Although this alignment suggests more favorable hole extraction for
PPDT2FBT, with the small 30 meV barrier is not expected to significantly
hinder charge transfer under operational conditions. It also does not lead to
an observable Voc improvement, likely due to non-ideal interface quality
and interfacial recombination dominating Voc behavior in both cases.
Consistent with this, both devices exhibit comparable Vs (0.46 V).
Additionally, the higher hole mobility of PPDT2FBT (7.3 x 10> cm?/V s)”’
compared to P3HT (1.0 x 10~* cm*/V 5)* may contribute to the slightly

npj Flexible Electronics| (2026)10:6


www.nature.com/npjflexelectron

https://doi.org/10.1038/s41528-025-00505-5

Article

Fig. 5 | Structural and optical characterization of a)
CABI thin films. a XRD patterns and b UV-vis

absorption spectra of the CABI thin film samples

prepared on PET/ITO/SnO,-substrate using differ-

ent deposition techniques; spin coating (red curve), LA
slot-die coating (blue curve), and gravure printing :
(orange curve).
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increased Jsc. Overall, the similar performance metrics suggest that while
PPDT2FBT is a promising HTM for CABI devices, the observed differences
are modest. Accordingly, PPDT2FBT was used for the remainder of the
device studies presented in this work.

Since both PPDT2FBT and P3HT are relatively strong absorbers in the
visible range (Fig. 4c), and the overall device photocurrents and efficiencies
are modest, we examined whether the HTMs might contribute to photo-
current generation. To assess this, we compared the normalized external
quantum efficiency (EQE) spectra of devices using each HTM with the
absorption spectrum of the CABI layer (Fig. S6). Despite their distinct
absorption profiles, the EQE spectra for both devices are nearly identical and
closely follow the shape of the CABI absorption spectrum across the
400-650 nm range. Notably, the characteristic peak near 420 nm—a sig-
nature of CABI—is faithfully reproduced in both EQE curves. If either HTM
contributed significantly to the photocurrent, differences in the EQE spectra
would be expected to reflect their individual absorption features. The
absence of such differences strongly supports the conclusion that the pho-
tocurrent originates predominantly from the CABI layer, with negligible
contribution from the HTMs.

The near-identical EQE traces of PPDT2FBT- and P3HT-based cells
(Fig. S6) confirm that photocurrent generation is dominated by the CABI
layer. However, it is worth noting that both PPDT2FBT and P3HT inher-
ently exhibit a finite absorption extending beyond 600 nm, potentially
causing a minor parasitic optical loss of photons near the band edge
(650-700 nm), where CABI’s absorption coefficient decreases significantly.
Keeping the polymer HTL thin (30 nm for PPDT2FBT) ensures that this
parasitic absorption remains negligible, consistent with established practice
in perovskite-based PVs®.

Deposition method comparison: Lab-scale vs. large-scale

As demonstrated above, CABI can be fabricated on a flexible substrate
without compromising the efficiency of the cells. This opens up the possi-
bility of using industrially applicable deposition methods such as slot-die
coating and gravure printing. The following section examines the impact of
these methods on the quality of the CABI layer and the efficiency of the cells.
The CABI films deposited via the three mentioned methods have similar
XRD patterns, as shown in Fig. 5a. The XRD patterns with glass/ITO/SnO,
and PET/ITO/SnO, substrates are shown in Fig. S7. The absorption spectra
of CABI films deposited via spin-coating, slot-die coating, and gravure
printing on PET are shown in Fig. 5b. When comparing all the methods, it is
evident that the deposition technique influences the sharpness and intensity

of the absorption features. However, the extracted optical bandgaps remain
largely consistent. For devices fabricated on PET/ITO/SnO; substrates, the
calculated bandgap energies were 1.97 eV (spin coating), 1.93 eV (slot-die
coating), and 1.97 eV (gravure printing), as shown in Fig. S1. The minimal
variation (<0.05 eV) indicates that the fundamental optical properties of
CABI are well preserved regardless of the deposition method.

The film thicknesses for spin coating, slot-die coating, and gravure
printing were 250 + 14, 270 + 50, 280 + 86 nm, respectively. All fabricated
samples exhibit a typical absorption spectrum for CABIL. However, there is a
peak at 415 nm in all spectra, which is associated with Agl, Bils, Cu,Bils, or
Cul-rich impurities™”'. The variations in absorbance can be attributed to
differences in film morphology and thickness variation to each deposition
technique. Spin-coating typically produces more uniform and dense films,
leading to sharp absorption onset around 675 nm (Fig. 5b). Slot-die coating,
while also producing continuous films, may result in variations in crystal-
linity, film thickness and uniformity affecting the absorption spectra (Fig.
5b). Gravure printing, although advantageous for large-scale and patterned
film deposition, results in greater thickness variations and defects, dis-
playing the highest intensity from 400 to 600 nm and a broader absorption
onset around 750 nm (Fig. 5b). Despite differences, all methods produce
films with similar absorption characteristics.

SEM was used to examine the surface morphology of the films pre-
pared. The SEM image of the spin-coated CABI film (Fig. 6a) revealed the
most uniform morphology among the samples with surface roughness of
60 + 18 nm. However, the film exhibited a non-uniform structure. The SEM
analysis of the slot-die coated film (Fig. 6b) displayed a slightly inferior
morphology compared to the spin-coated samples. The film has more
uneven surface, crystals which are not fully connected, and the surface
coverage is lower and surface roughness is higher (185 + 42 nm) compared
to spin coated film. Despite these imperfections, the slot-die coated film still
maintained a reasonable degree of uniformity and coverage, making this
method a viable option for large-area deposition, albeit with somewhat
reduced film quality compared to spin coating. In contrast, the SEM images
of the gravure-printed CABI film (Fig. 6¢) exhibited similar film quality as
the slot die coated one but still the poorest morphology among the three
methods. The gravure printed film was less homogeneous than the coating
methods, including more pronounced smaller crystal and lower surface
coverage leading to the highest roughness of 217 £ 44 nm (Table S1).
Gravure printing, despite its high throughput capability, would require
further ink formulation to improve the film uniformity and to reduce defects
to be considered as a competitive deposition technique for high-quality
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Fig. 6 | Impact of the deposition method on film morphology. SEM images of the CABI films deposited on PET/ITO/SnO,-substrate via a spin coating, b slot-die coating,

and ¢ gravure printing.

Fig. 7 | Photovoltaic performance of CABI-based a)
devices. a The device architectures and b forward

(solid lines) and reverse (dashed lines) J-V curves

with scan rate of 0.02 V/s of the CABI devices in

which the CABI thin film was prepared on two dif-

ferent substrates using different methods; spin

coated on glass substrate (black curve), spin coated

on PET (red curve), slot-die coated on PET (blue

curve), and gravure printed on PET (orange curve).
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Table 3 | Summarized photovoltaic parameters in forward direction with scan rate of 0.02 V/s of the cells made in this study,

measured under 1-Sun (AM 1.5 G) illumination

Sample PCE [%] Voc V1 Jsc [mA/cm?] FF [%]

Glass/Spin-coating 0.77 (0.62 + 0.16) 0.46 (0.43 +0.09) 3.1(2.8+0.3) 52.3 (49.9 + 0.06)
PET/Spin-coating 0.76 (0.63 + 0.09) 0.46 (0.45+0.02) 29(2.6+0.4) 57.7 (53.8 £ 0.03)
PET/Slot-die coating 0.47 (0.37 £ 0.10) 0.39 (0.38 +0.04) 24(2.0+0.2) 50.3 (46.9 + 0.07)
PET/Gravure printing 0.45 (0.36 + 0.08) 0.42 (0.39 + 0.04) 2.0(1.9+0.1) 47.7 (45.0 £ 0.06)

The average parameters of 32 devices are presented in brackets.

CABI films. Ink formulation for higher viscosity can be achieved using
additives like biopolymers such as starch’**, which enhance the rheological
properties without compromising film quality. Alternatively, solvent engi-
neering by selecting solvents or solvent mixtures with tailored evaporation
rates and viscosities—can also effectively increase the ink’s viscosity, opti-
mizing it for specific deposition technique'>'***,

Solar cell performance

After morphology examination, CABI-based devices (PET/ITO/SnO,/
CABI/PPDT2FBT/Au) were fabricated and their performance was evaluated
under 1 sun illumination conditions (AM 1.5 G, 100 mW/cm?). The device
architecture and J-V scans are shown in Fig. 7a, b, respectively. The highest
PCE was observed for the spin-coated CABI devices, with a champion PCE
0f0.76%. The higher performance of these cells can be attributed to the better
film quality produced by spin coating, which exhibits fewer defects and more
uniform structure. This enhanced film quality contributes to more effective
charge transport and reduced recombination, leading to improvements in
Jso» Voo, and FF. Among other methods tested, slot-die coated devices
demonstrated a moderate PCE of 0.47% in the best case, reflecting the
slightly lower film quality compared to the devices employing spin-coated

CABI layers. Gravure printed cells had a slightly lower PCE of 0.45% in the
best case, which is very much comparable to the slot-die coated case.
However, the SPOs of the champion devices (Fig. S3) show stabilized PCEs of
0.43% and 0.36% for slot-die coating and gravure printing, respectively. The
relatively low device performance of the gravure printed device is primarily
due to suboptimal CABI layer quality, including very low surface coverage.
The device parameters are summarized in Table 3. Furthermore, the closely
comparable EQE spectra of devices fabricated on flexible PET substrates
using spin coating, slot-die coating, or gravure printing (Fig. S8) further
confirm that the observed photocurrent—and consequently the device PCE
—originates from the absorber material, that is, CABI

The deposition method significantly affects the morphology and film
quality of CABI, and therefore, its solar cell performance. Spin coating yields
the smoothest and highest-quality CABI films, resulting in the best device
efficiency. In contrast, films produced via gravure printing and slot-die
coating exhibit significantly higher surface roughness—approximately 4-6
times greater than that of spin-coated films (see Table S1). This trend is
further supported by white light interferometry measurements, which show
average roughness of 60 nm, 185 nm, and 217 nm for spin-coated, slot-die-
coated, and gravure-printed films on PET/ITO/SnO,, respectively. The
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increased surface irregularity correlates with a decrease in PCE, from 0.76
(spin coating) to 0.45% (gravure printing). These findings highlight the
critical role of deposition techniques in optimizing the efficiency of CABI-
based solar cells and underline the importance of controlling film mor-
phology to enhance device performance.

Summary and outlook

In this study, we explored the processing of the emerging PIM, CABI, with a
special focus on its applicability in flexible and lead-free PVs. One of the
most significant achievements of this work is the successful fabrication of
CABI-based devices on a flexible substrate. To our knowledge, this study
represents the first demonstration of such devices, marking a crucial step in
the development of flexible PIM solar cells. Remarkably, our results
demonstrated that the devices on both rigid and flexible substrates exhibited
almost identical performance, indicating that the shift to flexible materials
does not compromise the efficiency of this type of solar cells.

Additionally, we introduced a polymer HTM, PPDT2FBT, which has
not been tested before in lead-free CABI solar cells. The performance of
devices using PPDT2FBT as the HTM was found to moderately surpass that
of devices employing the well-known HTM, P3HT. This finding suggests
that PPDT2FBT is a suitable alternative to traditional materials and can help
improve device efficiency, making it a promising candidate for future per-
ovskite and PIM solar cell applications.

Moreover, we explored roll-to-roll compatible processing methods,
which are crucial for the scalable production of flexible PV devices. How-
ever, our experiments highlighted that while these methods are applicable,
controlling the morphology of the active layers remains a significant chal-
lenge, as seen in other studies.

In summary, this study has laid the groundwork for the development of
flexible CABI-based solar cells, demonstrating both the feasibility and
challenges associated with their production. The identical performance of
devices on both rigid and flexible substrates, combined with the notable
performance of the novel HTM, PPDT2FBT, underscores the potential of
these materials in next-generation, low-toxicity PV technologies. While the
current PCE of approximately 0.8% is modest, it should be viewed in the
context of a relatively unoptimized material system. Even on rigid substrates
using small-scale methods such as spin-coating, CABI and other Bi- and Sb-
based PIMs are still in the early stages of performance development. Thus,
the primary aim of this study was to demonstrate feasibility and establish a
foundational platform integrating scalable processing, mechanical flex-
ibility, and environmentally benign materials.

Overall, the results highlight opportunities for realizing flexible PIM
solar cells for commercially viable applications. However, future efforts
should focus on both film-level control and device-level engineering—
including the use of other solution-processable electron transport layers,
interlayers, and thin interfacial passivation layers—to refine interface
quality, boost performance, and fully unlock the potential of perovskite-
inspired PV for both indoor and outdoor energy harvesting applications. In
this context, recent advances such as the use of hypophosphorous acid
additives to enhance CABI film quality on SnO, and device efficiency fur-
ther underscore the opportunities for performance enhancement through
targeted material and interface engineering.

Future work, building upon this foundational proof-of-concept, will
involve detailed optimization strategies to unlock the full potential of flexible
perovskite-inspired PVs for both indoor and outdoor applications.

Methods

Chemicals: Bismuth iodide (Bil;), copper iodide (Cul), dimethylformamide
anhydrous (DMF), dimethyl sulfoxide anhydrous (DMSO), hydroiodic acid
57% EMPLURA® (HI), chlorobenzene anhydrous, and 1,2-dichlor-
obenzene anhydrous were purchased from Sigma Aldrich. Silver iodide
(Agl) and Tin (IV) oxide nanoparticle dispersion (15% in H,0) were
acquired from Alfa Aesar. Poly(3-hexylthiophene) (P3HT) (4002-E) and
poly[(2,5-bis(2-hexyldecyloxy)  phenylene)-alt-(5,6-difluoro-4,7-di(thio-
phen-2-yl)benzo[c]-"**thiadiazole)] (PPDT2FBT) were purchased from

Rieke Metals and Brilliant Matters, respectively. All the chemicals were used
as received without any further purification.

CuxAgBilg thin film preparation

CABI ink was prepared by dissolving metal iodide precursors (0.2381 g of
Agl, 0.5172 g of Bil;, and 0.2418 g of Cul) in 2 mL of DMSO-DMEF (3:1 v/v)
solvent mixture at 150 °C for 40 min. The hot precursor solution was then
filtered with a 0.22 pm PTEE filter. Next day 15 ul of HI was added to 1 ml of
solution and mixed for 1 h at room temperature. The solution was heated to
75 °C prior to deposition. Three deposition techniques (spin coating, slot-
die coating, and gravure printing) were used to deposit CABI films on glass
and flexible substrates in ambient environment. The as-deposited films were
annealed in the air first at 50°C for 60 min and then at 130 °C for 5 min.

An O, plasma treatment (Tepla 440-G) at 300 W for 5 min was per-
formed on Glass/ITO/SnO, and PET/ITO/SnO, to improve the wettability
of the CABI ink.

The CABI precursor solution was spin-coated onto glass/ITO/SnO,
and PET/ITO/SnO, substrates with a speed of 3000 rpm for 60s with
3000 rpm/s acceleration. The PET/ITO/SnO, substrate was attached to a
piece of glass with an adhesive surface to ensure it remained flat and to
prevent bending during spin coating. A research laboratory slot die coater
from infinityPV (Denmark) was used to deposit CABI on PET/ITO/SnO,
substrate. For coating, the slot head with a meniscus guide and width of 1 cm
was used together with a pump flow rate of 0.01 ml/min and a coating speed
of 7mm/s. The gravure printing was done by using a table-top gravure-
printing machine (Labratester, Norbert Schlafli Maschinen). 0.3 mL of the
CABI solution was applied on the printing plate with an engraved pattern
having a line density of 120 lines cm ™, then printed at a speed of 18 m/min.

It should be noted that while the optimization strategy for spin-coated
CABI films was based on the methodology reported by Grandhi et al.’, the
slot-die coating and gravure printing processes were independently opti-
mized, as described in the Supplementary Note 1.

Solar cell fabrication

Indium tin oxide (ITO) coated glass slide was used as a rigid substrate. ITO
was partially etched by immersing the substrate in the heated (65 °C)
mixture of HNO5:HCI:H,O (1:15:10 volume ratio) solution for 60 s. The
etched substrates were then cleaned by keeping the substrates 10 min in
household detergent solution, 10 min in isopropanol, and 10 min in deio-
nized water in ultrasonic bath. The substrates were rinsed with deionized
water when changing the solution. Finally, the substrates were kept at 80 °C
overnight. ITO covered polyethylene terephthalate (PET) (Eastman Flexvue
OC50) was used as a flexible substrate, and the desired ITO pattern was
realized by rotary screen printing of an etching paste (HiEP-300; P & P
Solution Co., Ltd). SnO, nanoparticles 15 wt% in water was diluted to 5 wt%
in deionized water and spin coated on rigid and flexible substrates. CABI
layers were prepared as explained in the Cu,AgBil; thin film deposition
section. After annealing, the hole-transporting layer was spin-coated on the
CABI layer. The P3HT solution was prepared by dissolving 20 mg of P3HT
in 1 ml of anhydrous chlorobenzene. This solution was deposited by spin-
coating 100 pl at 3000 rpm, 2000 rpm/s for 30 s. The PPDT2FBT ink was
prepared by dissolving 10 mg of PPDT2FBT in 1 ml of anhydrous 1,2-
dichlorobenzene. The solution was deposited by spin-coating 100 ul at
1200 rpm, 1000 rpm/s for 35s. Finally, a 100 nm thick gold layer was
thermally evaporated under a high vacuum (5 x 10~ mbar) on top of the
hole-transporting layer to form the back contact. The active area of cells was
controlled to be 25 mm? by using a specific evaporation mask.

It should be noted that the active area of all solar cell devices was
defined by the region covered by the thermally evaporated back-contact
electrode, patterned using a shadow mask. For all device types—including
those fabricated by spin coating, slot-die coating, and gravure printing—the
active area was consistently maintained at 25 mm?. Although the printed
CABI films (in slot-die and gravure-printed devices) extended over larger
areas (8 cm?), the masked electrode area determined the effective device area
for PV measurements.
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Characterization techniques

High-resolution XRD patterns of the CABI thin film samples on glass and
PET substrates were collected using Cu K, radiation with A = 1.5406 A on a
Malvern Panalytical Empyrean Alpha 1 high-resolution X-Ray dif-
fractometer (Malvern, UK). UV-Vis absorption spectra were recorded using
an Agilent Technologies Cary 5000 UV-Vis-NIR spectrophotometer in the
range of 400-800 nm. Baseline corrections were applied using a clean
substrate of each type. The SEM images of the CABI films were recorded
using a field emission scanning electron microscope Carl Zeiss Ultra 55
(operation was at 3kV). The J-V characteristics of the solar cells were
recorded under the AM1.5 solar simulator (SolarTest 1200, Atlas, USA),
calibrated to 100 mW/cm? (Si-reference cell filtered with a KG5 filter). The
measurements were done with the Keithley 3706 A System Switch Multi-
meter in nitrogen atmosphere. The following measurement parameters
were used: range of —0.2-0.6 V, voltage step 0.01 V, positive to negative and
back, current compliance 20 mA, scan rate 0.02 V/s, and settling delay
200 ms. The surface roughness of the thin film samples were measured with
Bruker ContourX-1000 white light interferometer.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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