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arge selectivity enables efficient
Cs2AgBi2I9 indoor photovoltaics under ambient
office lighting
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Lead-free perovskite-inspired materials are promising absorbers for indoor photovoltaics (IPVs), yet their

performance is often limited by interfacial recombination, leakage currents, and non-ideal charge-

selective contacts. Here, we demonstrate that the efficiency of Cs2AgBi2I9 IPVs is governed by hole-

transport-layer (HTL) selectivity rather than by intrinsic hole-injection kinetics alone. Mesoscopic n–i–p

devices employing doped Spiro-OMeTAD, P3HT, PCPDTBT, and PPDT2FBT as HTLs were systematically

compared under AM 1.5G and white light-emitting diode (WLED) illumination. The PPDT2FBT-based

device achieves a power conversion efficiency of 8.50% (8.30% stabilized) under 6500 K, 1000 lux WLED

illumination, among the highest reported for wide-bandgap Bi-based IPVs under comparable conditions.

By correlating photovoltaic performance with transient photocurrent/photovoltage, electrochemical

impedance spectroscopy, dark current–voltage analysis, and interfacial electronic-coupling calculations,

we show that faster hole-transfer kinetics alone do not determine device efficiency. Instead, the

dominant factor under low-light operation is back-contact selectivity, which governs electron leakage,

interfacial recombination, and voltage loss. PPDT2FBT provides the most selective contact,

simultaneously enabling efficient charge extraction, suppressed leakage currents, and enhanced

recombination resistance, leading to improved open-circuit voltage and fill factor. Finally, proof-of-

concept measurements under mixed office illumination, with simultaneous spectral irradiance

monitoring at the device plane, confirm stable photovoltaic operation under realistic indoor lighting

conditions. These results identify HTL selectivity as a key design parameter for minimizing voltage losses

in wide-bandgap perovskite-inspired photovoltaics and establish a general strategy for advancing low-

toxicity IPVs toward practical indoor energy harvesting.
1 Introduction

Indoor photovoltaics (IPVs) are emerging as a key enabling
technology for powering electronic devices such as wireless
sensor networks and distributed Internet of Things (IoT)
systems by harvesting readily available ambient light from
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indoor environments.1–3 Unlike outdoor photovoltaics, IPVs
operate under weak and spectrally structured illumination,
typically provided by articial light sources such as white light-
emitting diodes (WLEDs) and uorescent lamps, as well as
diffuse daylight.1,4,5 Under these low-light conditions, device
performance is highly sensitive to non-idealities such as leakage
currents, shunt pathways, trap-assisted recombination, and
imperfect charge-selective contacts, which can dominate
voltage losses and reduce overall efficiency.1–7 As a result,
maximizing IPV performance requires not only suitable
absorbers (with appropriate bandgaps, electronic structures,
and spectral overlap with indoor light sources) but also careful
control of device-level charge selectivity and recombination
pathways.

Lead halide perovskites have demonstrated outstanding
power conversion efficiencies (PCEs) under indoor illumina-
tion, with reported PCEs reaching z44% at 1000 lux.2–4,8

However, concerns related to Pb toxicity remain a signicant
J. Mater. Chem. A
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barrier for their widespread deployment in indoor applications,
particularly in homes, offices, and wearable electronics.1,2 This
has motivated the development of Pb-free perovskite-inspired
materials (PIMs), particularly Bi- and Sb-based compounds, as
safer alternatives for indoor energy harvesting.9–12 Among these,
Cs2AgBi2I9 has emerged as a promising wide-bandgap absorber
due to its suitable optoelectronic properties, chemical stability,
and straightforward solution processing.13,14 While recent
studies have demonstrated encouraging indoor efficiencies in
Bi-based PIMs,2,13,15 their performance remains limited by
substantial voltage losses and incomplete understanding of the
governing device physics.1,2,13 In wide-bandgap PIM-based IPVs,
intrinsic material properties such as exciton binding energy,
defect formation energy, and electron–phonon coupling set an
upper limit to attainable indoor PCE.1,16 However, approaching
this limit critically depends on minimizing device-level losses,
particularly those associated with interfacial recombination,
leakage currents, and non-ideal charge-selective contacts. In
mesoscopic n–i–p architectures, the hole-transporting layer
(HTL) forms the back charge-selective contact and therefore
plays a central role in determining device performance.6,10,13,17

Beyond charge selectivity, the HTL can also inuence perovskite
nucleation, crystallization, morphology, and carrier dynamics
when the absorber is deposited directly onto it, particularly in
inverted p–i–n architectures.18,19 An effective HTL must extract
photogenerated holes while simultaneously blocking electron
leakage toward the metal electrode.4,5,10,17,20 This selectivity
becomes especially important under low-light operation, where
the generated photocurrent is small and even weak leakage or
recombination pathways can signicantly reduce the open-
circuit voltage (VOC) and ll factor (FF).4,5,10,17,20 Previous
studies on Bi- and Sb-based IPVs, including (Cu)–Ag–Bi–I and
mixed Sb/Bi systems, have shown that HTL selection strongly
inuences indoor PCE,10–13 with doped Spiro-OMeTAD (2,2,7,7-
tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobiuorene)
frequently providing competitive performance (e.g., PCE values
exceeding 10% under 1000 lux illumination10 in mixed Sb/Bi
PIM systems). Nevertheless, substantial VOC losses remain,
motivating the search for alternative HTLs that offer improved
charge selectivity and lower recombination losses. Polymeric
HTLs have also emerged as promising alternatives due to their
tunable energetics and potentially improved interfacial prop-
erties. In our recent work, the polymeric HTL poly[(2,5-bis(2-
hexyldecyloxy)-phenylene)-alt-(5,6-diuoro-4,7-di(thiophen-2-yl)
benzo[c]-[1,2,5]-thiadiazole)] (PPDT2FBT) enabled enhanced
performance in Cs2AgBi2I9 devices under both AM 1.5G and
indoor illumination across different WLED intensities and
colour temperatures,13 mainly through gains in VOC. However,
the physical origin of this improvement remains unclear. In
particular, it is not yet established whether device performance
is governed primarily by intrinsic hole-transfer kinetics, ener-
getic alignment, interfacial electronic coupling, or by macro-
scopic factors such as recombination and leakage-current
suppression.

Here, we address this question by systematically investi-
gating the role of HTL-dependent back-contact charge selec-
tivity in Cs2AgBi2I9 photovoltaics. Mesoscopic n–i–p devices
J. Mater. Chem. A
employing doped Spiro-OMeTAD, poly(3-hexylthiophene)
(P3HT), poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b0]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT),
and PPDT2FBT HTLs were compared under AM 1.5G (1-Sun),
indoor WLED, and mixed office-light conditions. By combining
photovoltaic statistics and external quantum efficiency (EQE)
with transient photocurrent (TPC), transient photovoltage
(TPV), electrochemical impedance spectroscopy (EIS), dark
current–voltage analysis, and interfacial electronic-coupling
calculations, we disentangle the contributions of charge-
extraction kinetics, recombination, and leakage current. We
show that device performance is not governed by hole-injection
kinetics alone, but rather by the degree of back-contact selec-
tivity, which controls electron leakage, interfacial recombina-
tion, and voltage loss. The optimized PPDT2FBT-based device
achieves a PCE of 8.50% under 6500 K, 1000 lux WLED illumi-
nation. Finally, motivated by the need to move beyond idealized
laboratory conditions, the optimized Cs2AgBi2I9/PPDT2FBT
device is evaluated under realistic office-light conditions
(composed of mixed WLED lighting and diffuse daylight),4,5

with simultaneous measurement of spectral irradiance at the
device plane. These measurements provide a proof-of-concept
assessment of device operation under realistic indoor light
elds. Overall, this work establishes charge-selective back
contacts as a key design principle for reducing voltage losses in
wide-bandgap PIM-based IPVs and provides a mechanistic
framework for advancing low-toxicity IPVs toward practical
indoor energy harvesting.

2 Results and discussion

Cs2AgBi2I9 absorber lms were prepared using the solution-
processing procedure described in the Experimental section.
Structural, compositional, morphological, optical, and photo-
physical characterization is summarized in Fig. S1–S6, SI. The
XRD pattern and Raman mapping support the formation and
lateral uniformity of crystalline Cs2AgBi2I9, while XPS and EDS
conrm the incorporation of Cs, Ag, Bi, and I with near-
stoichiometric composition. AFM and SEM images show
compact lm coverage, and optical absorption measurements
give a bandgap of approximately 1.8 eV, consistent with the
spectral requirements for WLED-based IPVs. Transient-
absorption measurements on bare Cs2AgBi2I9 lms reveal
photoinduced features in the 450–520 nm region, with sub-
picosecond carrier cooling followed by longer-lived relaxation
components, consistent with previous reports.13,14 Because
these measurements probe the intrinsic absorber dynamics
without an HTL, the following discussion focuses on HTL-
dependent back-contact charge selectivity, recombination,
leakage current, and voltage retention in complete devices.

The veried Cs2AgBi2I9 lms were then incorporated into
mesoscopic n–i–p photovoltaic devices with the architecture
glass/patterned FTO/compact TiO2/mesoporous TiO2/Cs2AgBi2-
I9/HTL/Au, as illustrated in Fig. 1a. The cross-sectional SEM
image of a representative device, presented in Fig. S7 of the SI,
veries the formation of the multilayer device stack, where the
FTO, compact TiO2, mesoporous TiO2/Cs2AgBi2I9, PPDT2FBT,
This journal is © The Royal Society of Chemistry 2026



Fig. 1 HTL-dependent device architecture, energy alignment, and indoor photovoltaic performance of Cs2AgBi2I9 devices: (a) schematic
illustration of the mesoscopic n–i–p device architecture: glass/patterned FTO/compact TiO2/mesoporous TiO2/Cs2AgBi2I9/HTL/Au. (b) Energy-
level diagram of Cs2AgBi2I9 devices employing different hole-transporting layers, including PPDT2FBT, PCPDTBT, P3HT, and doped Spiro-
OMeTAD. (c) Statistical distribution of power conversion efficiency (h) of Cs2AgBi2I9 devices with different HTLs under indoor WLED illumination.
(d) Current density–voltage (J–V) curves (arrows indicate the reverse and forward scan directions) of the champion PPDT2FBT-based Cs2AgBi2I9
indoor photovoltaic device measured under WLED illumination at 6500 K and 1000 lux, corresponding to an incident power density of 330 mW
cm−2. (e) Stabilized power output measured at the maximum power point, giving an SPO of 8.3%.

Paper Journal of Materials Chemistry A
and Au electrode layers can be distinguished. To isolate the role
of the back hole contact, all devices were fabricated using the
same absorber-processing route and mesoscopic n–i–p archi-
tecture, while only the HTL was varied. Doped Spiro-OMeTAD,
P3HT, PCPDTBT, and PPDT2FBT were selected to compare
a conventional molecular HTL with conjugated polymeric HTLs
having different energetic alignment, molecular geometry, and
interfacial electronic coupling with Cs2AgBi2I9. This design
allows the HTL-dependent changes in photovoltaic output to be
linked primarily to the Cs2AgBi2I9/HTL back interface. Because
Cs2AgBi2I9 was deposited and annealed before HTL coating, the
HTLs were not involved in its initial nucleation or bulk crys-
tallization. The observed differences are therefore attributed
primarily to the subsequently formed Cs2AgBi2I9/HTL interface,
although local surface modications during HTL deposition
cannot be excluded.

The literature-derived energy-level diagram in Fig. 1b places
the CBM and VBM of Cs2AgBi2I9 at approximately −4.62 and
−6.50 eV, respectively. PPDT2FBT has reported LUMO and
HOMO levels of approximately −3.69 and −5.45 eV, with
a frontier-orbital separation of approximately 1.76 eV.13,21,22

Among the investigated HTLs, PPDT2FBT therefore provides
the smallest nominal HOMO-VBM offset of approximately
1.05 eV while retaining an electron-blocking offset of approxi-
mately 0.93 eV. Nevertheless, energy-level alignment alone does
not determine HTL suitability; the superior performance of
This journal is © The Royal Society of Chemistry 2026
PPDT2FBT reects the combined effects of energetic alignment,
interfacial coupling, charge extraction, recombination
suppression, and leakage-current control. Therefore, the
photovoltaic response was rst compared statistically under
both AM 1.5G and indoor WLED illumination before analysing
the underlying charge-extraction and recombination processes.

The photovoltaic performance of Cs2AgBi2I9 devices
employing different HTLs was initially assessed under simu-
lated AM 1.5G, 100 mW cm−2 illumination. As summarized in
Fig. S8 and S9 of the SI, the choice of HTL has a pronounced
effect on the photovoltaic performance, including JSC, VOC, FF,
and PCE. Among the investigated HTLs, PPDT2FBT yields the
best average device performance, with a PCE of 3.44 ± 0.22%,
JSC of 6.27 ± 0.45 mA cm−2, VOC of 0.77 ± 0.016 V, and FF of
68.01 ± 1.88%. By comparison, devices based on PCPDTBT,
P3HT, and doped Spiro-OMeTAD exhibit lower average PCEs of
2.37 ± 0.15%, 1.90 ± 0.125%, and 1.51 ± 0.219%, respectively.
The same trend is observed for the champion devices, where the
PPDT2FBT-based device reaches a PCE of 3.70%, exceeding
those of PCPDTBT, P3HT, and doped Spiro-OMeTAD devices,
which deliver champion PCEs of 2.69%, 2.21%, and 2.26%,
respectively. The champion current density–voltage (J–V) char-
acteristics shown in Fig. S10a are consistent with the statistical
results in Fig. S9 (Table S1 in SI), further demonstrating the
HTL-dependent nature of the Cs2AgBi2I9 photovoltaic perfor-
mance. The improved performance of the PPDT2FBT-based
J. Mater. Chem. A
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devices is reected in simultaneous enhancement of JSC, VOC,
and FF, suggesting more efficient charge collection and reduced
interfacial recombination at the Cs2AgBi2I9/PPDT2FBT inter-
face. The EQE spectra in Fig. S10b show that the PPDT2FBT-
based device provides the strongest photoresponse in the
visible region. Stabilized power output (SPO) measurements
were then performed to evaluate steady-state device operation
under continuous illumination. As shown in Fig. S11 of the SI,
all devices exhibit a rapid increase in output, followed by
stabilized SPO plateaus. The PPDT2FBT-based device maintains
the highest stabilized output among the investigated HTLs,
indicating that its excellent performance is not an artifact of
transient J–V scan behaviour but reects improved steady-state
operation.

To place the 1-Sun performance of the present devices in
context, the champion photovoltaic parameters were compared
with those reported for representative Bi-based perovskite-
inspired photovoltaic devices in the literature, as summarized
in Table S2 of the SI. The PPDT2FBT-based Cs2AgBi2I9 device
delivers a champion PCE of 3.70%, with a JSC = 7 mA cm−2, VOC
= 0.792 V, and FF = 67%. This PCE value is comparable to or
higher than many existing Bi-PIMs, including AgBiI4, Ag2BiI5,
Ag3BiI6, Cu2AgBiI6 (Table S2, SI). The EQE-integrated JSC of ∼8
mA cm−2 is consistent with the JSC used to calculate the
champion 1-Sun PCE, supporting reasonable agreement
between EQE and J–V measurements.

A clear HTL-dependent behaviour is observed under indoor
WLED illumination at 6500 K and 1000 lux (Fig. 1c), corre-
sponding to an incident power density of 330 mW cm−2. As
shown in Fig. S8, the PPDT2FBT-based device achieves the
highest indoor PCE of 8.50%, outperforming the doped Spiro-
OMeTAD, P3HT, and PCPDTBT-based devices, which deliver
PCEs of 5.90%, 5.10%, and 5.06%, respectively. Although the
performance ranking between the HTLs differs slightly between
AM 1.5G and indoor WLED operation, PPDT2FBT consistently
enables the highest efficiency under both illumination condi-
tions. The statistical distributions of the IPV parameters ob-
tained from 50 devices, shown in Fig. 1c and Fig. S12, support
the reproducibility of this trend. The champion indoor J–V
curves measured under 1000 lux illumination (Fig. 1d) further
demonstrate the superior low-light response of the PPDT2FBT-
based device, while the steady-state PCE reaches 8.30% (Fig. 1e),
supporting stable indoor operation under continuous WLED
illumination. The indoor PCE of 8.50% is slightly higher than
the 7.60% reported in our previous Cs2AgBi2I9 IPV study under
comparable WLED conditions.13 This small performance
enhancement should be primarily attributed to matured device-
fabrication reproducibility, which guarantees a highly reliable
baseline for this work. The present study investigates why
PPDT2FBT provides the most effective back contact by corre-
lating device performance with charge extraction, recombina-
tion suppression, leakage reduction, and voltage retention,
thereby establishing interfacial charge selectivity as a key design
principle for wide-bandgap perovskite-inspired IPVs.

The EQE-integrated JSC under the WLED photon-ux spec-
trum is 62.46 mA cm−2, which agrees well with the J–V derived
JSC of 63.80 mA cm−2, with a deviation of less than 3% (Fig. S13).
J. Mater. Chem. A
This close agreement is particularly important for IPV
measurements, where current overestimation can occur if the
incident spectrum or power density is not accurately deter-
mined. The 8.30% stabilized indoor PCE corresponds to
a maximum output power density of approximately 27.4 mW
cm−2 under 330 mW cm−2 incident power density, or 2.74 mW
total output power for the 10 mm2 masked device area. The
device had overall dimensions of 10 × 10 mm2. Aer 10 days of
storage, the PPDT2FBT-based device showed closely over-
lapping J–V curves under identical 6500 K, 1000 lux WLED
measurement conditions, indicating good short-term stability
under the tested conditions (Fig. S14, SI). The champion device
also retains relatively stable performance across differentWLED
colour temperatures, with PCEs of 8.50%, 7.80%, and 7.45%
under 6500, 5000, and 4000 K illumination, respectively. The
higher PCE values obtained under 1000 lux indoor illumination
compared with 1-Sun operation can be associated with the
favourable optical response and recombination behaviour of
Cs2AgBi2I9 under low-light conditions. Its optical bandgap of
approximately 1.8 eV enables efficient harvesting of the indoor
light emission.13 Moreover, the lower photogenerated carrier
density under indoor illumination can reduce bimolecular or
carrier-density-dependent recombination losses and help
maintain a high ll factor, enabling higher efficiency under
weak indoor light despite the lower absolute current
density.2,13,23 In contrast, under 1-Sun (AM 1.5G) illumination,
the higher photon ux can promote carrier accumulation and
interfacial recombination, particularly at the Cs2AgBi2I9/HTL
and TiO2/Cs2AgBi2I9 interfaces. Overall, these results show that
HTL strongly inuences Cs2AgBi2I9 device performance under
both AM 1.5G and indoor WLED operating conditions, moti-
vating a deeper analysis of charge extraction, recombination,
and leakage current at the Cs2AgBi2I9/HTL interface.

To understand the origin of the HTL-dependent photovoltaic
behaviour, charge-extraction kinetics and interfacial electronic
coupling were examined (Fig. 2). The statistical distribution of
JSC values for Cs2AgBi2I9 devices employing doped Spiro-
OMeTAD, P3HT, PCPDTBT, and PPDT2FBT as HTLs under
indoor WLED illumination is presented in Fig. 2a. The JSC
follows the order PPDT2FBT > PCPDTBT > P3HT > doped Spiro-
OMeTAD, showing that PPDT2FBT enables the most effective
photocurrent generation among the investigated back contacts.
This trend is consistent with the higher output of PPDT2FBT-
based devices and suggests improved charge collection and/or
reduced recombination losses at the Cs2AgBi2I9/HTL interface.
TPC measurements were then carried out to probe the charge-
extraction dynamics in the devices with the four HTLs. Unlike
the bare-lm transient-absorption measurements, these
complete-device TPC measurements directly probe HTL-
dependent charge-extraction dynamics. As shown in Fig. 2b,
devices employing polymeric HTLs exhibit faster normalized
photocurrent decay than the doped Spiro-OMeTAD-based
device, indicating more efficient charge extraction and
a shorter carrier residence time. Among the investigated HTLs,
the PPDT2FBT-based device shows the most rapid TPC decay,
supporting rapid device-level extraction of photogenerated
holes across the Cs2AgBi2I9/HTL interface. By contrast, the
This journal is © The Royal Society of Chemistry 2026



Fig. 2 Charge extraction and interfacial electronic-coupling analysis of Cs2AgBi2I9 devices with different HTLs: (a) statistical distributions of the
short-circuit current density, JSC, of Cs2AgBi2I9 IPV devices (measured under 6500 K, 1000 lux WLED illumination) employing doped Spiro-
OMeTAD, P3HT, PCPDTBT, and PPDT2FBT as hole-transporting layers. (b) Normalized transient photocurrent (TPC) decay profiles of Cs2AgBi2I9
devices with different HTLs. Calculated interfacial electronic coupling strength, jVadj, and spectral distribution, G(E), for Cs2AgBi2I9 interfacedwith
(c) doped Spiro-OMeTAD, (d) P3HT, (e) PCPDTBT, and (f) PPDT2FBT.

Paper Journal of Materials Chemistry A
slower decay observed for doped Spiro-OMeTAD indicates
a slower charge extraction, which may increase carrier accu-
mulation and recombination at the absorber/back-contact
interface.

To complement the experimental charge-extraction analysis,
idealized Cs2AgBi2I9/HTL interfacemodels were evaluated using
projected density of states and projection-operator di-
abatization (POD) calculations (Fig. 2c–f)). Details of the slab
construction, adhesion and binding-energy denitions, pDOS
analysis, and POD formalism, which have been successfully
employed in other works,24–26 are provided in SI Note 2 and
Fig. S15–S17 of the SI. The calculations show that all investi-
gated HTLs possess frontier states suitably positioned for hole
transfer from Cs2AgBi2I9 to the HTL. However, the calculated
interfacial properties also show that neither adhesion strength
nor intrinsic hole-injection time alone explains the device-
performance trend. Spiro-OMeTAD shows the strongest calcu-
lated adhesion energy of −3.90 eV but the slowest calculated
hole-injection time of 12.22 fs, indicating that strong interfacial
adhesion does not necessarily lead to efficient hole transfer. In
contrast, the polymeric HTLs show substantially faster calcu-
lated injection times of between 1.83–4.79 fs (1.83 fs for P3HT,
3.26 fs for PCPDTBT, and 4.79 fs for PPDT2FBT, Table S3 in SI).
The faster calculated injection times for the polymeric HTLs are
broadly consistent with their faster TPC decay compared with
doped Spiro-OMeTAD (Fig. 2b). However, because P3HT
exhibits the shortest calculated injection time without deliv-
ering the best device performance, injection kinetics alone
cannot explain the observed device trend. Instead, efficient
Cs2AgBi2I9 device operation requires a balanced interfacial
This journal is © The Royal Society of Chemistry 2026
electronic coupling, favourable energetic alignment, effective
charge selectivity, and suppression of recombination and
leakage losses. Among the investigated HTLs, PPDT2FBT
provides the best overall balance of these factors: it exhibits
rapid device-level TPC response, suitable molecular-level
coupling, and the highest JSC and PCE in complete devices.
Therefore, the superior performance of PPDT2FBT-based Cs2-
AgBi2I9 devices cannot be assigned simply to faster hole injec-
tion. Rather, it arises from sufficiently efficient charge
extraction combined with reduced recombination and
improved back-contact selectivity. This conclusion motivates
the following analysis of HTL-dependent voltage loss, recom-
bination resistance, leakage current, and electron-blocking
behaviour.

Building on the charge-extraction analysis in Fig. 2, we next
examined how the HTL governs voltage retention, recombina-
tion, leakage current, and back-contact charge selectivity in
Cs2AgBi2I9 photovoltaic devices. While efficient hole extraction
is essential for enhancing photocurrent generation, the nal
VOC and FF are also strongly affected by recombination at the
Cs2AgBi2I9/HTL interface, parasitic leakage pathways, shunt
behaviour, and the ability of the HTL to block electron leakage
toward the Au electrode.27–30 Therefore, VOC statistics, electro-
chemical impedance spectroscopy (EIS), dark current analysis,
differential resistance measurements, and transient photo-
voltage (TPV) measurements were used together to elucidate the
origin of HTL-dependent voltage losses. As shown in Fig. 3a, the
VOC distribution is strongly HTL-dependent. The PPDT2FBT-
based device delivers the highest VOC among the investigated
devices, indicating lower voltage loss at the Cs2AgBi2I9/HTL
J. Mater. Chem. A



Fig. 3 HTL-dependent voltage retention, recombination resistance, leakage suppression, and proposed back-contact mechanism in Cs2AgBi2I9
indoor photovoltaic devices: (a) statistical distribution of open-circuit voltage, VOC, for Cs2AgBi2I9 devices employing different HTLs. (b) Nyquist
plots obtained from electrochemical impedance spectroscopy, showing HTL-dependent recombination and charge-transfer resistance. (c) Dark
current–voltage characteristics of Cs2AgBi2I9 devices with different HTLs, highlighting leakage-current suppression and rectification behaviour.
(d) Schematic illustration of the proposed HTL-dependent interfacial mechanism: a selective HTL supports hole extraction while suppressing
electron leakage and interfacial recombination, whereas a less selective HTL allows electron leakage, enhanced interfacial recombination, and
increased voltage loss.

Journal of Materials Chemistry A Paper
interface. This behaviour indicates that PPDT2FBT forms
a more selective back contact that promotes hole collection
while suppressing electron leakage and recombination near the
Au electrode. By contrast, the lower VOC values obtained for
doped Spiro-OMeTAD, P3HT, and PCPDTBT indicate larger
back-interfacial losses and less effective charge selectivity. The
EIS Nyquist plots in Fig. 3b provide comparative insight into
HTL-dependent recombination behaviour. The extracted
parameters are summarized in Table S4 of the SI. The
PPDT2FBT-based device exhibits the largest recombination
resistance, Rrec, of 36.24 kU, followed by PCPDTBT, P3HT, and
doped Spiro-OMeTAD with values of 28.20, 22.80, and 8.37 kU,
respectively. Since a higher Rrec corresponds to slower recom-
bination, the recombination tendency follows the order doped
Spiro-OMeTAD > P3HT > PCPDTBT > PPDT2FBT. Thus, the EIS
results support reduced recombination losses in the PPDT2FBT-
based device, consistent with its higher VOC and improved
device performance. The EIS-derived series resistance, Rs, also
depends on the HTL. PCPDTBT shows the lowest Rs of 9.2 U,
J. Mater. Chem. A
followed by P3HT, PPDT2FBT, and doped Spiro-OMeTAD with
values of 12.5, 17.5, and 23.9 U, respectively. Although
PCPDTBT exhibits the lowest series resistance (Rs), its overall
device efficiency remains lower than that of PPDT2FBT. This
indicates that reducing Rs alone is not sufficient to maximize
the device performance. Instead, suppression of recombination
and leakage losses is more important for maximizing Cs2-
AgBi2I9 device output, particularly under low-light indoor
conditions.1,31,32

The dark current–voltage curves in Fig. 3c provide additional
insight into leakage behavior and diode quality. The PPDT2FBT-
based device shows the lowest ideality factor of 1.74, the lowest
saturation current of 6.74 × 10−12 A, the highest shunt resis-
tance of 1.69 MU, and the lowest series resistance of 160 U

compared with the other HTL-based devices. These parameters
are consistent with reduced trap-assisted recombination, sup-
pressed leakage pathways, and improved charge-selective
transport (Table S5 in SI). In comparison, the doped Spiro-
OMeTAD-based device exhibits a higher ideality factor of 2.55,
This journal is © The Royal Society of Chemistry 2026
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a larger saturation current of 1.54 × 10−9 A, a lower shunt
resistance of 0.69 MU, and a higher series resistance of 561 U,
consistent with stronger recombination and less effective
leakage suppression. The approximately two-order-of-
magnitude reduction in saturation current in the case of
PPDT2FBT HTL compared with doped Spiro-OMeTAD is
particularly important for IPVs, where the photocurrent is low
and dark leakage can strongly limit VOC and FF.13,33,34 The
differential resistance curves in Fig. S18 of the SI supports the
same conclusion. A higher differential resistance in the reverse-
bias and low-bias regions reects more effective suppression of
leakage current and shunt pathways, which is benecial for
maintaining high VOC under low-light operation.

The PPDT2FBT-based device shows improved resistance
behaviour compared with the other HTLs, suggesting reduced
parasitic current ow and improved voltage retention at the
back contact. TPV measurements, shown in Fig. S19 and
summarized in Table S4 of the SI, further support the HTL-
dependent recombination behavior. The PPDT2FBT-based
device exhibits the longest recombination lifetime of 10.9 ms,
closely followed by PCPDTBT with 10.5 ms. Doped Spiro-
OMeTAD and P3HT show shorter lifetimes of 8.14 ms and 4.04
ms, respectively.

Although the PPDT2FBT- and PCPDTBT-based devices show
comparable TPV lifetimes of 10.9 and 10.5 ms, respectively, this
similarity does not necessarily imply identical steady-state
recombination losses or identical VOC values. TPV probes the
relaxation of a small photovoltage perturbation around the
open-circuit operating point and may be inuenced by carrier
density, differential resistance, and device capacitance.35–38

Therefore, lifetime should be interpreted together with
complementary electrical measurements. Compared with the
PPDT2FBT-based device, the PCPDTBT-based device exhibits
a lower recombination resistance, an approximately 11.6-fold
higher dark saturation current, a higher ideality factor, and
a slightly lower shunt resistance (Tables S4 and S5). The higher
dark saturation current is particularly relevant because VOC
depends logarithmically on the balance between photogene-
rated current and recombination or dark current. These
differences indicate larger steady-state recombination and
leakage losses in the PCPDTBT-based device, explaining its
lower VOC despite the similar TPV decay time. Overall, the TPC
and TPV results demonstrate that HTL selection inuences both
charge-extraction and recombination dynamics.

Based on these combined electrical measurements, we
propose an interfacial recombinationmechanism, as illustrated
in Fig. 3d. An effective HTL should enable selective hole
extraction while suppressing electron transfer toward the Au
electrode. It should also reduce interfacial recombination and
minimize voltage loss at the Cs2AgBi2I9/HTL contact. Among
the investigated HTLs, PPDT2FBT best satises these require-
ments. Its favourable interfacial energetics and electron-
blocking ability, i.e., back-contact selectivity, promote selective
hole transport while reducing electron leakage and recombi-
nation at the rear electrode. This suppresses charge accumu-
lation, lowers recombination at the back interface, and reduces
voltage loss.13,39,40 In contrast, less selective HTLs can introduce
This journal is © The Royal Society of Chemistry 2026
larger energetic offsets or weaker electron-blocking behaviour,
resulting in enhanced electron leakage, stronger recombina-
tion, and diminished VOC and FF. Under indoor illumination at
1000 lux, all devices exhibit higher PCEs than under 1-Sun
illumination, which can be partly attributed to reduced carrier-
density-dependent recombination at lower photogenerated
carrier densities. The indoor PCE follows the order PPDT2FBT >
doped Spiro-OMeTAD > P3HT > PCPDTBT. Although doped
Spiro-OMeTAD exhibited relatively low recombination resis-
tance in the EIS analysis, its improved response under indoor
illumination suggests that recombination losses become less
pronounced at reduced carrier densities. In comparison,
PPDT2FBT delivered the highest efficiency under both 1-Sun
and indoor conditions, conrming its effectiveness across
different illumination regimes. This improvement is attributed
to efficient device-level charge extraction, reduced electron
leakage, suppressed interfacial recombination, and improved
voltage retention. The combination of the highest recombina-
tion resistance, longest TPV lifetime, lowest saturation current,
and highest shunt resistance further indicates that PPDT2FBT
provides the most effective charge-selective back contact among
the investigated HTLs. These results indicate that optimizing
HTLs for Cs2AgBi2I9 photovoltaics requires simultaneous
control of charge extraction, electron leakage, interfacial
recombination, and voltage loss.

Based on these ndings, a representative Cs2AgBi2I9/
PPDT2FBT device was further evaluated under mixed office-
light illumination, as shown in Fig. 4, as a proof-of-concept
assessment of low-light operation under practical indoor
lighting conditions. Recent IPV metrology studies have
emphasized the need to evaluate devices under device-plane
mixed illumination conditions, rather than relying solely on
idealized single-source lighting.4,5,7 The office-light test was
performed under ambient indoor illumination, as shown in
Fig. 4a. Unlike calibrated WLED measurements, the office
environment provides a mixed, spatially non-uniform, and
time-dependent light eld composed of articial room lighting,
local workspace illumination, and diffuse daylight contribu-
tions. This setting approximates practical operating conditions
for low-power electronics and IoT nodes. The spectral irradi-
ance proles recorded simultaneously with the photovoltaic
measurements at different times of the day are shown in Fig. 4b
and compared with a reference WLED spectrum measured at
1000 lux. Because the measured office-light correlated colour
temperature varied between approximately 4100 and 4500 K
during the measurement period, a 4000 K, 1000 lux WLED
spectrum was used as the closest controlled reference for this
proof-of-concept mixed-light comparison. The 6500 K, 1000 lux
WLED measurements discussed above remain the controlled
benchmark condition used for the champion indoor device
performance. The office-light spectra exhibit visible emission
with a blue component around 430–470 nm and a broad visible
band, while both spectral composition and incident power
density vary with time due to changing daylight contributions.
To reduce photocurrent overestimation, the office-light J–V
measurements were performed using the same 10 mm2 aper-
ture mask as used for the controlled indoor measurements. The
J. Mater. Chem. A



Fig. 4 Proof-of-concept mixed office-light operation of a representative Cs2AgBi2I9/PPDT2FBT device. (a) Photograph of the office environ-
ment used for mixed indoor-light testing. (b) Spectral irradiance profiles of ambient office illumination recorded simultaneously with the
photovoltaic measurements at different times of the day during office working hours. A 4000 K, 1000 lux WLED spectrum is included as
a controlled reference because the measured office-light correlated colour temperature varied between approximately 4110 and 4524 K during
the measurement period. (c) PCE of a representative Cs2AgBi2I9/PPDT2FBT device under the 4000 K, 1000 lux WLED reference condition and
mixed office-light conditions.
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PCE values were calculated using the simultaneously measured
spectral irradiance at the device plane. Under these non-
standard and uctuating illumination conditions, the Cs2-
AgBi2I9/PPDT2FBT device retains measurable low-light photo-
voltaic output. As shown in Fig. 4c, the device delivers a PCE of
approximately 7.5% under the controlled indoor WLED refer-
ence condition and retains a PCE close to 7% under mixed
office-light illumination measured at different times of the day.
The variation in PCE is attributed to changes in incident power
density, spectral composition, and spatial illumination unifor-
mity. These measurements should therefore be regarded as
a proof-of-concept evaluation of mixed-light operation in Bi-
based PIM IPVs rather than a full quantitative assessment of
deployment-relevant performance.
3 Conclusion

In summary, we have demonstrated that the performance of
Cs2AgBi2I9-based photovoltaic devices is strongly governed by
HTL-dependent back-contact charge selectivity under both AM
1.5G and indoor WLED illumination. Mesoscopic n–i–p devices
employing doped Spiro-OMeTAD, P3HT, PCPDTBT, and
PPDT2FBT as HTLs showed clear differences in photocurrent
generation, voltage retention, recombination, and leakage
behavior. Among these HTLs, PPDT2FBT delivered the best
performance, reaching a PCE of 3.70% under AM 1.5G illumi-
nation and 8.50% under 6500 K, 1000 lux WLED illumination.
The combined TPC, TPV, EIS, dark current–voltage, and inter-
facial electronic-coupling analyses indicate that the superior
performance of the PPDT2FBT-based device is not determined
by intrinsic hole-injection kinetics alone. In fact, PPDT2FBT
provides the best overall balance of charge extraction, recom-
bination suppression, leakage-current reduction, and voltage
retention at the Cs2AgBi2I9/HTL back interface.

As an initial step toward practical indoor evaluation,
a representative Cs2AgBi2I9/PPDT2FBT device was assessed
under mixed office-light illumination. Under these proof-of-
J. Mater. Chem. A
concept conditions, the device retained stable photovoltaic
output under ambient indoor illumination composed of WLED
light and diffuse daylight. Future studies should include angle-
dependent response and position-dependent irradiance
mapping under mixed indoor light. Overall, this work estab-
lishes back-contact charge selectivity as a key interfacial design
principle for advancing low-toxicity, wide-bandgap perovskite-
inspired photovoltaics toward practical indoor energy
harvesting.
4 Experimental details
4.1 Materials and preparation of Cs2AgBi2I9 lms

Bismuth iodide (BiI3, 99.99%), cesium iodide (CsI, 99.99%),
silver iodide (AgI, 99.99%), hydroiodic acid (HI, 57%), chloro-
benzene (CB, extra dry, 99.8%), acetonitrile (99.9%), 4-tert-
butylpyridine (4-tBP), lithium bis(triuoromethanesulfonyl)
imide (Li-TFSI, 99.95%), titanium diisopropoxide bi-
s(acetylacetonate) solution (75 wt% in 2-propanol), and anhy-
drous 2-propanol (99.5%) were obtained from Sigma-Aldrich.
Tris[2-(1H-pyrazol-1-yl)-4-tert-butylpyridine]cobalt(III) tris[bi-
s(triuoromethanesulfonyl)imide] (FK209 Co(III), >98%) was
supplied by Dyenamo. Anhydrous N,N-dimethylformamide
(DMF, 99.8%) and anhydrous dimethyl sulfoxide (DMSO,
99.8%) were obtained from Alfa Aesar. Spiro-OMeTAD was
sourced from Lumtec, PCPDTBT from Brilliant Matters, poly(3-
hexylthiophene-2,5-diyl) (P3HT, electronic grade, regioregular)
was purchased from Rieke Metals, PPDT2FBT from 1-Material,
and 30 NR-D TiO2 nanoparticle paste from Greatcell Solar
Materials. All reagents were used directly without additional
purication.

Cs2AgBi2I9 thin lms were prepared using a procedure
adapted from our previous work.13 The precursor solution was
prepared by dissolving CsI, AgI, and BiI3 in 1 mL of DMF :
DMSO mixed solvent, 4 : 1 by volume, using a molar ratio of 2 :
1 : 2. HI, 2 vol%, was added to aid complete dissolution of the
precursors and compensate for possible iodine loss during
This journal is © The Royal Society of Chemistry 2026
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thermal processing. The solution was stirred magnetically at
600 rpm overnight, approximately 12 h, at room temperature
inside a nitrogen-lled glovebox.

For lm deposition, 60 mL of the Cs2AgBi2I9 precursor solu-
tion was cast onto glass or mesoporous TiO2-coated substrates
and spin-coated at 4000 rpm for 20 s. Aer 6 s of spinning, 150
mL of chlorobenzene was introduced as an antisolvent to assist
uniform lm formation. The as-deposited precursor lms were
then treated using a two-step annealing process: rst at 130 °C
for 5 min, followed by a second annealing step at 225 °C for
3 min. Aer annealing, the lms were used for structural,
morphological, compositional, optical, photophysical, and
photovoltaic analyses.
4.2 Thin-lm characterization

4.2.1 X-ray photoelectron spectroscopy (XPS). X-ray photo-
electron spectroscopy (XPS) was used to analyze the surface
composition and chemical states of the Cs2AgBi2I9 lms. The
lms were prepared on indium tin oxide (ITO)-coated glass
substrates and kept overnight in a vacuum desiccator to remove
residual volatile species before being transferred into the
ultrahigh-vacuum (UHV) analysis chamber. Spectra were
recorded using non-monochromatized Al Ka1,2 radiation with
a photon energy of 1486.6 eV from a twin-anode X-ray source
(8025 Twin Anode, V. G. Microtech). The emitted photoelec-
trons were detected using a hemispherical electron energy
analyser (CLAM4 MCD LNo5, V. G. Microtech). The acquired
spectra were processed and tted using CasaXPS soware,
version 2.3.25 PR1.0. Before peak tting, a Shirley background
was subtracted, and the core-level components were tted using
Gaussian–Lorentzian line shapes. The binding energy scale was
calibrated using the C 1s C–C peak at 284.8 eV.

4.2.2 Atomic force microscopy studies (AFM). Atomic force
microscopy studies (AFM) were performed using a Bruker
Dimension Icon microscope under ambient conditions at room
temperature. High-resolution surface topography was rst ob-
tained in Peak Force tapping mode using a Bruker SCANASYST-
AIR probe. The samples were scanned over areas ranging from
0.5 to 5 mm2 with scan rates between 0.5 and 1 Hz. The force
setpoint was automatically optimized by the instrument and
typically remained within 1–4 nN. The li height was generally
maintained between 140 and 150 nm. Aer probe-sample
contact, the feedback gain and setpoint were automatically
adjusted by the instrument. No external electrical bias or
additional illumination were applied during themeasurements.
The lms were deposited on conductive glass substrates
(uorine-doped tin oxide coated glass slides). Analysis of AFM
images were conducted with the freely available Gwyddion
soware suite (version 2.64).41

4.2.3 Raman mapping and spectroscopic analysis. Raman
mapping was carried out to examine the lateral uniformity and
phase distribution of the Cs2AgBi2I9 thin lm. Measurements
were performed using a Renishaw inVia Qontor confocal Raman
microscope equipped with a 785 nm excitation laser, a high-
resolution grating monochromator, and a charge-coupled
device detector. During data acquisition, the laser power was
This journal is © The Royal Society of Chemistry 2026
limited to 5% to reduce local heating and avoid possible laser-
induced changes in the lm. The laser was focused on the
lm surface through a 50× objective lens. Spectra were acquired
sequentially from individual points within the selected rectan-
gular mapping area, which corresponds to the optical micro-
graph shown with a 20 mm scale bar. The Raman intensity of
a representative vibrational band was then used to generate the
false-color intensity map.

4.2.4 Scanning electron microscopy (SEM). The surface
morphology of Cs2AgBi2I9 lms deposited on FTO/compact
TiO2/mesoporous TiO2 substrates was examined by top-view
scanning electron microscopy (SEM). Before imaging, the
samples were coated with a 5 nm carbon layer to reduce
charging effects. SEM images were acquired using a Zeiss Ultra
Plus eld-emission scanning electron microscope operated in
secondary electron mode. Additional SEM images of Cs2AgBi2I9
lms deposited on FTO and compact TiO2 substrates were also
collected using the same Zeiss Ultra Plus eld-emission scan-
ning electron microscope. The measurements were performed
at an acceleration voltage of 5 kV. Elemental analysis of the
lms was performed by EDS using an Oxford Instruments X-
MaxN 80 detector attached to a Zeiss Ultra Plus FE-SEM at an
acceleration voltage of 15 kV.

4.2.5 UV-vis-NIR absorption spectroscopy. The optical
absorption spectra of Cs2AgBi2I9 thin lms were measured
using a Shimadzu UV-3600 spectrophotometer. The spectrum
was recorded with a wavelength interval of 0.5 nm, and the
monochromator slit width was set to 1 nm.

4.2.6 Transient absorption spectroscopy. Time-resolved
transient absorption measurements were carried out on Cs2-
AgBi2I9 thin lms deposited on glass substrates using a pump–
probe setup operated in transmission mode. Femtosecond laser
pulses at 800 nm, with a pulse duration of 100 fs and a repeti-
tion rate of 1 kHz, were generated using a Libra F laser system
(Coherent Inc.). The laser output was directed into a TOPAS-C
optical parametric amplier (Light Conversion Ltd) to
generate excitation pulses at 400 nm. The excitation beam was
modulated to 500 Hz using an optical chopper. The excitation
power was adjusted to minimize photodegradation during data
acquisition, typically within the range of approximately 100–500
mW. A white-light continuum probe was generated by focusing
part of the laser beam into a water-lled cuvette. Transient
absorption spectra were collected over the UV-visible region
using an ExiPro spectrometer (CDP Inc.). The temporal window
of the measurement was limited by the laser pulse width and
delay-line range, allowing spectra to be recorded from approx-
imately 0.2 ps to 6 ns. Global ts of kinetic traces were obtained
using in-house multiexponential tting soware.

4.2.7 X-ray diffraction (XRD. X-ray diffraction (XRD
patterns of the Cs2AgBi2I9 lms were collected using Cu Ka

radiation on an Empyrean Alpha 1 high-resolution X-ray
diffractometer, Malvern Panalytical.
4.3 Device fabrication and characterization

4.3.1 Photovoltaic device fabrication. Pre-patterned FTO-
coated glass substrates, TEC15, 2.2 mm thick, OPV Tech.,
J. Mater. Chem. A
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were employed as the front transparent electrodes. Prior to lm
deposition, the substrates were brushed with 2% mucasol
solution and rinsed thoroughly with ultrapure water. They were
subsequently cleaned by ultrasonication for 15 min each in
ultrapure water, acetone, and 2-propanol. The cleaned
substrates were dried under a stream of nitrogen. The compact
TiO2 electron-transport layer was prepared by spray pyrolysis at
450 °C. The spray solution was obtained by diluting 1.15 mL of
titanium diisopropoxide bis(acetylacetonate), 75 wt% in 2-
propanol, with 4.95 mL of 2-propanol. Deposition was carried
out using 13 spray cycles, with a 20 s interval between each
cycle. The substrates were then kept at 450 °C for 45 min to
complete the formation of the compact TiO2 layer. A meso-
porous TiO2 scaffold was deposited from a 150 mg mL−1

dispersion of 30 NR-D titania paste in ethanol. For each
substrate, 80 mL of the dispersion was spin-coated at 4000 rpm
for 30 s using an acceleration of 2000 rpm s−1. The lms were
briey heated at 100 °C and then calcined at 450 °C for 1 h with
a 45 min temperature ramp. Aer calcination, the substrates
were allowed to cool to 200 °C before being transferred into
a nitrogen-lled glovebox for Cs2AgBi2I9 deposition. The Cs2-
AgBi2I9 absorber layer was formed by casting 60 mL of precursor
solution onto each substrate and spin-coating at 4000 rpm for
20 s, with the acceleration completed within 5 s. Aer 6 s of
spinning, 200 mL of chlorobenzene was introduced as an anti-
solvent. The lms were then annealed using a two-step thermal
treatment: 130 °C for 5 min followed by 225 °C for 3 min. This
annealing sequence was used to promote controlled solvent
removal, nucleation, crystallization, and grain growth.

The effect of different HTMs on device performance was
investigated using PPDT2FBT, PCPDTBT, doped Spiro-
OMeTAD, and P3HT. PPDT2FBT and PCPDTBT were sepa-
rately dissolved in 1,2-dichlorobenzene at a concentration of
10 mg mL−1 by stirring overnight at 60 °C. Each polymer solu-
tion, 70 mL, was dynamically spin-coated at 2500 rpm for 30 s,
followed by thermal annealing at 80 °C for 10 min. Spiro-
OMeTAD was dissolved in chlorobenzene at a concentration
of 36.2 mg mL−1 and doped with 4-tert-butylpyridine (tBP), Li-
TFSI solution (520 mg mL−1 in acetonitrile), and FK209 Co(III)
solution (300 mg mL−1 in acetonitrile). For 1000 mL of Spiro-
OMeTAD solution, 14.4 mL of tBP, 8.8 mL of Li-TFSI solution,
and 14.5 mL of FK209 Co(III) solution were added. The doped
Spiro-OMeTAD layer was deposited by dynamically spin-coating
80 mL of solution at 1800 rpm for 30 s. For P3HT-based devices,
P3HT was dissolved in chlorobenzene at a concentration of
10 mg mL−1 by stirring for 2 h at 80 °C. The P3HT solution, 80
mL, was dynamically spin-coated at 2500 rpm for 30 s and then
annealed at 80 °C for 10 min. Finally, the devices were
completed by thermally evaporating 100 nm Au electrodes
under a vacuum of 6 × 10−6 mbar.

4.3.2 Photovoltaic device characterization. The photovol-
taic performance of the fabricated devices was evaluated under
simulated AM 1.5G illumination using an A+ A+ A+ SINUS-70
LED solar simulator from Wavelabs. Current density–voltage
(J–V) characteristics and stabilized power output measurements
were recorded under ambient conditions using a Litos Lite
parallel J–V system from Fluxim. Stabilized power output was
J. Mater. Chem. A
obtained by maximum power point tracking. J–V scans were
recorded at a scan rate of 50 mV s−1, and the device active area
was dened using 10 mm2 aperture masks.

Indoor photovoltaic measurements were performed under
controlled illumination using an adjustable Philips HUE white
LED bulb operated through the Philips Hue Essential App. The
devices were placed inside a black box under ambient condi-
tions to minimize stray-light reections. Before each measure-
ment, the WLED source was allowed to stabilize, and the
spectral irradiance, illuminance, incident power density, and
correlated colour temperature (CCT) were measured at the
device plane using a BTS256-WF spectroradiometer from
Gigahertz-Optik. The incident power density was obtained by
integrating the measured spectral irradiance over the relevant
wavelength range. Indoor J–V characteristics were recorded
using a Keithley 2450 source-measure unit in a four-wire
conguration at a scan rate of 50 mV s−1. The active area was
dened using the same 10 mm2, 400 mm-thick aperture mask
for all controlled indoor measurements to minimize photo-
current overestimation arising from edge effects, scattered
light, or illumination of inactive regions.

Indoor measurements were carried out under 6500 K, 1000
lux WLED illumination for the main device comparison, with
additional measurements at other WLED colour temperatures
where specied. For maximum-power-point measurements
under indoor illumination, the device was held at the
maximum-power voltage, and the stabilized power output was
recorded under continuous WLED illumination. The reported
stabilized indoor PCE values were calculated using the
measured incident power density at the device plane.

Mixed office-light measurements were performed as a proof-
of-concept assessment of device operation under practical
indoor illumination. A representative Cs2AgBi2I9/PPDT2FBT
device was measured in an office environment under ambient
mixed lighting composed of room WLED illumination, local
workspace lighting, and diffuse daylight. For each office-light
measurement, the device-plane spectral irradiance, illumi-
nance, incident power density, and CCT were recorded simul-
taneously with the photovoltaic measurement using the
BTS256-WF spectroradiometer. The same 10 mm2 aperture
mask used for the controlled indoor measurements was used
during the office-light J–V measurements, which were recorded
at a scan rate of 50 mV s−1.

External quantum efficiency measurements were performed
in the dark using a QuantX-300 system from Newport. The
integrated short-circuit current density values were calculated
by integrating the measured EQE spectra with the incident
photon ux of either the AM 1.5G spectrum or the corre-
sponding indoor light spectra recorded using the BTS256-WF
spectroradiometer.

4.3.3 Transient photovoltage and electrochemical imped-
ance spectroscopy measurements. EIS measurements were
performed using an Ivuum Electrochemical Workstation at 0 V
applied bias in room light. In EIS, an AC amplitude of 20 mV
was applied, and the frequency range was varied from 0.5 MHz
to 5 Hz to measure the impedance of the devices. The EIS data
were tted with Zview soware. To assess the recombination
This journal is © The Royal Society of Chemistry 2026
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time constant of the devices, we conducted TPV measurements
using a homemade setup with a white light source at an
intensity of 1-Sun. The transient photovoltage decays were tted
with a mono-exponential decay function.

4.3.4 Transient photocurrent measurements. Transient
photocurrent (TPC) measurements were performed using the
PAIOS characterization system (Fluxim AG). The devices were
measured under short-circuit conditions using a white light
pulse with a duration of 1.5 ms as the excitation source. The
decay of the transient photocurrent generated aer the light
pulse was monitored to investigate the charge extraction and
carrier transport dynamics of the devices.

5 Computational details

We carried out density functional theory calculations with
periodic boundary conditions (PBC) employing the light-tier1
basis set of numerical atom-centered orbitals (NAO)42 for each
atom for geometry optimization and the electrons are described
by the zero-order regular approximation (atomic ZORA)43 as
implemented in the Fritz Haber Institute ab initio molecular
simulations (FHI-aims) code.44 A self-consistency threshold of 1
× 10−6 eV is set for the total energy. We use the Perdew–Burke–
Erzenhof (PBE) exchange correlation functional45,46 for all
geometry optimizations, including the Tkatchenko–Scheffler
(TS) correction47 to take into account the van der Waals
dispersion forces. Our fully relaxed structures present
maximum forces acting on each atom below 0.02 eV Å−1. To
investigate the electronic properties, we employ the HSE06 level
of theory, because it is fundamental to reproduce the experi-
mental gap values. We use a 3 × 3 × 1 k-point sampling for the
slab models.

We compute the donor–acceptor couplings at HSE06 level of
theory, as implemented in CP2K.48 Charge transfer calculations
were performed considering all the atoms of the interfaces.
Double-z basis sets with one set of polarization functions
(double-z valence polarized, DZVP) were employed, along with
a plane wave cutoff of 300 Ry. The Goedecker–Teter–Hutter
(GTH) pseudopotentials were used to represent the core
electrons.
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