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ed Cu2AgBiI6 for mesoscopic
indoor photovoltaics under realistic low-light
intensity conditions†

G. Krishnamurthy Grandhi,a Sami Toikkonen,a Basheer Al-Anesi, a

Vincenzo Pecunia b and Paola Vivo *a

The considerable potential of perovskite-inspired Cu2AgBiI6 (CABI) photovoltaics under both solar and

artificial lighting has been recently highlighted. However, to realistically ensure the suitability of CABI-

based indoor photovoltaics (IPVs) to power the Internet of Things (IoT) ecosystem, it is necessary to

study how the device performance is affected by very low-light intensity conditions (200–50 lux

illumination). In this work, we find that the fine-tuning of the mesoporous TiO2 (mp-TiO2) layer thickness

is crucial to maximize the performance of mesoporous CABI-based IPVs at both high and very-low

artificial light intensity as it directly affects the charge extraction and non-radiative charge recombination

in the devices. An optimal mp-TiO2 thickness of ∼200 nm leads to an indoor power conversion

efficiency (PCE(i)) of 5.52% and a fill factor of 69%, which are the highest values for perovskite-inspired

based IPVs under 1000 lux white light-emitting diode lighting. Importantly, the devices keep a high fill

factor also at very low-light intensity. This guarantees a noteworthy PCE(i) value of 4.64% at 200 lux and

an open-circuit voltage (VOC) of 0.38 V even at 50 lux. Our work suggests that, upon further

improvements in the short-circuit current and VOC values, low-toxicity mesoscopic CABI-based IPVs

may approach their theoretical PCE(i) values of 50–60% even under very low-light intensity conditions.
Introduction

The demand for self-powered wireless sensors for the Internet
of things (IoT) has been exponentially increasing over the last
few years.1–3 Many of these devices are installed or used indoors,
which make them particularly attractive to harvest articial
lighting via indoor photovoltaics (IPVs) for being sustainably
powered.3–5 Given the limited power density emitted by
common indoor light sources (in tens to a few hundred mW
cm−2, i.e., orders of magnitude lower than outdoor terrestrial
sunlight), it is crucial to develop IPVs that can efficiently func-
tion under such low-light conditions to be able to reliably power
IoT devices. Moreover, typical articial light sources, such as
white light-emitting diodes (WLEDs), emit solely in the visible
range, leading to the need for photovoltaic absorbers with
a bandgap in the range of 1.9–2.0 eV for maximum IPV effi-
ciency.4,6 Among emerging IPV light-harvesters, lead halide
perovskites (LHPs) are advantageous because of their low-cost,
solution processability, and favourable optoelectronic
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properties, which have recently led to the highest ever indoor
power conversion efficiency (PCE(i)) of 40.1%.7 However, the
lead in LHP devices raises toxicity concerns, which overshadow
their impressive performance.8,9 Lead release from IPVs
embedded within IoT devices represents a signicant health
risk since the devices are close to the human end-user, unlike
the case of solar cells installed on rooops or in solar farms.
This calls for the design and development of IPVs based on lead-
free halide perovskites and perovskite-inspired materials
(PIMs).3,10 Amongst this broad family of lead-free
compounds,3,11,12 pnictohalide-based embodiments (i.e.,
compounds comprising Bi or Sb alongside halide anions) are
typically air-stable due to the inherent stability of the pnictogen
3+ cations.13–16 This property represents an added value for
practical applications compared to the popular tin (Sn)-based
halide perovskites, which, by contrast, suffer from the rapid
oxidation of Sn2+.17 Furthermore, the bandgaps of pnictohalide-
based PIMs oen lie in the range of the optimum bandgap (1.9–
2.0 eV) for IPVs, which could ultimately lead to a PCE(i) up to
y60% in the radiative limit.3,10 Yet, the eld is in its early
infancy and only a few pnictohalides-based PIMs have been
investigated for use in IPVs, such as antimony (Sb)-based PIMs
and silver iodobismuthates.5,10,18 Notably, the IPV efficiencies of
pnictohalides-based PIMs reported to date have been up to
5%,5,10,18 which is already in the range of mainstream
commercial IPV based on amorphous silicon. Given the
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) XRD patterns of CABI films deposited on FTOjc-TiO2 and
FTOjc-TiO2jmp-TiO2 along with the reference pattern of CABI (CCDC
code: 2 013 668). (b) Tauc plot of the CABI films. (c) PL spectra (which
were obtained by dividing the corresponding as-measured PL spectra
with the absorbance values at the excitation wavelength of 405 nm)
with the x-axes on both wavelength (bottom) and energy (top) units
and (d) TRPL decay curves of the CABI films. SEM top view images of
CABI films deposited on (e) FTOjc-TiO2 and on (f) FTOjc-TiO2jmp-
TiO2.
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considerably higher maximum efficiency, these results prompt
the investigation of materials and device engineering strategies
to bridge the gap to their ultimate theoretical IPV efficiencies.

For any IPV technology to serve the purpose of powering IoT
sensor nodes, it is crucial to ensure that it functions efficiently
under real-world conditions. Dening realistic indoor lighting
conditions for IPV characterization is not trivial as indoor illu-
mination may be direct or diffuse. Thomas et al. estimated that
an IoT device could be illuminated by indoor light levels down
to 100–150 lux.19 Importantly, reports on PIMs-based IPVs to
date, as well as a wide number of other emerging IPV technol-
ogies, typically refer to their characterization at 1000 lux,
thereby preventing a complete assessment of their realistic
potential for powering IoT devices.

Cu2AgBiI6 (CABI) is a newly proposed PIM with favorable
optoelectronic properties that has rapidly received great interest
from the solar cell community.18,20–25 Very recently, we success-
fully improved the lm morphology and increased the surface
coverage of CABI lms.18 As a result of the reduced interfacial
recombination, we achieved IPVs with a promising PCE(i) of
4.7% under 1000 lux WLED illumination, which is already
approaching that of commercially available a-Si:H IPVs.18

Nevertheless, the potential of CABI under very low illuminance,
i.e., lower than 1000 lux, has not yet been evaluated.

Mesoscopic architectures of PIM-based devices have enabled
superior charge extraction, in turn leading to the highest power
conversion efficiencies compared to their planar
counterparts.25–29 Herein, we investigate IPVs with mesoscopic
architecture containing a CABI light-harvesting layer. We nd
that the thickness optimization of the mp-TiO2 layer is critical
to maximize the PCE (1.26%) of hysteresis-free mesoscopic
CABI solar cells under 1-sun illumination and the PCE(i)
(5.52%) under 1000 lux, which is the highest reported to date for
PIM-based IPVs. Importantly, we show that the introduction of
a mp-TiO2 layer with an optimal thickness, by signicantly
reducing the shunt pathways, results in an unchanged ll factor
(FF) also under very low-light intensity conditions (50–200 lux).
Our study suggests that identifying ad hoc processing protocols
and device architectures is paramount to fully exploit the
potential of new PIMs under realistic low-light intensity
conditions.

Results and discussion

CABI thin lms were rst deposited on c-TiO2 and mp-TiO2

surfaces in an inert environment and then heated in air by
following an established two-step annealing process at 50 and
200 °C.18,20 The X-ray diffraction (XRD) patterns of the lms
(Fig. 1a) indicate the formation of CABI as the dominant phase,
along with a small fraction of an impurity phase, in agreement
with earlier ndings.20 Detailed information on the crystal
structure of CABI can be found in the rst study by Sansom et al.
on this layered material.20 Scanning electron microscopy-energy
dispersive X-ray spectroscopy (SEM-EDS) analysis shows that
CABI lms on FTOjc-TiO2 and FTOjc-TiO2jmp-TiO2 substrates
have average bulk compositions of Cu1.9AgBi0.7I4 and Cu2-
AgBi0.7I4, respectively. The lower bismuth and iodine
This journal is © The Royal Society of Chemistry 2023
compositional values can be partially attributed to the presence
of Cu2BiI5 impurities (Fig. 1a) and the possible evaporation of
iodine under strong electron beam exposure.18 The optical
absorption spectra of the CABI lms show a peak related to
CABI at ∼580 nm and an unassigned peak at 420 nm (Fig. S1 of
the ESI†).18 The lms have a direct band gap of 1.91 eV, as
extracted from their absorption edges in the Tauc plots of
Fig. 1b. The examination of the emission properties of the lms
reveals their weak and broad photoluminescence (PL) signal
that peaks at 715 nm (Fig. 1c). The emission appears only when
the excitation energy is above 420 nm, and its origin is still
unclear, as discussed in our previous work on CABI.18 One
would expect PL quenching for CABI lms on TiO2 due to the
electron transfer from the CABI layer to TiO2, although the PL
intensity is highest for the CABI lm when deposited on mp-
TiO2 than on c-TiO2 or glass. The time-resolved PL (TRPL) decay
curves of the three samples of Fig. 1d are tted with a bi-
exponential function and the corresponding parameters are
presented in Table S1.† All the three samples exhibit a relatively
long radiative lifetime of 51 to 70 ns. The contribution of radi-
ative component (Arad (%)) is considerably higher for mp-TiO2-
jCABI than the other two samples (see Table S1†). Furthermore,
the distribution coefficient (b) (obtained by tting the decay
curve using a stretched exponential function) value of 0.62 is
also higher for the CABI lm on mp-TiO2 compared to the other
samples (b = 0.46 and 0.49), which indicates a reduced
heterogeneity (the number of the decay channels) of the excited
Sustainable Energy Fuels, 2023, 7, 66–73 | 67

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2se00995a


Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
24

/2
02

5 
5:

32
:5

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
state decay or the enhanced radiative recombination (Table
S1†). Therefore, the improved radiative recombination (or high
PL intensity) may be attributed to the formation of a high-
quality CABI lm on the mp-TiO2 surface with a reduced
number of surface defects at mp-TiO2jCABI, which dominates
the PL quenching effect.

SEM top-view images in Fig. 1e and f present the morphology
of the CABI lms. The lm on the c-TiO2 layer has micron-sized
CABI domains separated by gaps (large pin holes). In the case of
the lm deposited on mp-TiO2, most of the CABI layer is inl-
trated into the mesoporous layer; however, a thin CABI layer is
still present outside the mesoporous structure (Fig. 1f and S2†).
This capping layer is thick enough to prevent the direct contact
between the TiO2 ETL and the hole-transport layer (HTL), as
shown in the SEM cross-sectional image of the FTOjc-TiO2jmp-
TiO2jCABIjSpiro-OMeTADjAu (referred to as CABI-Meso in the
following) solar cell shown in Fig. 2a. The same gure also
contains the cross-sectional view of the FTOjc-TiO2CABIjSpiro-
OMeTADjAu (referred to as CABI-Planar in the following) device.

To maximize the performance of CABI-based IPV cells, we
have optimized the thickness of the mp-TiO2 layer (from 0 to
600 nm) by simply controlling its precursor solution concen-
tration in the range from 0.05 g mL−1 to 0.45 g mL−1 prior to the
spin-coating of the layer. Complete details of the device fabri-
cation can be found in the Experimental section. We rst
studied the device characteristics of mesoscopic CABI devices
under AM 1.5 G 1-sun illumination to compare their perfor-
mance with that of state-of-the-art CABI solar cells. The average
power conversion efficiency (PCE) of the CABI solar cells grad-
ually increases from 0.37% to 0.86% when the mp-TiO2 layer
thickness varies from zero to 190 nm, and a further increase in
Fig. 2 (a) Cross-sectional SEM images of CABI-Meso (left) and CABI-
Planar (right) photovoltaic cells. (b) Statistical distributions of the
photovoltaic parameters of CABI devices as a function of mp-TiO2

layer thickness, under 1-sun illumination.

68 | Sustainable Energy Fuels, 2023, 7, 66–73
the thickness value to 210 nm raises the average PCE to the
highest value of 1% (Fig. 2b and Table S2†). Further increase in
the thickness reduces the PCE of the devices. Therefore, 190–
210 nm is the optimized thickness for the mp-TiO2 layer for the
CABI devices fabricated in this work. The champion CABI-Meso
device delivers a PCE of 1.26%, which is comparable with the
highest PCE values reported for the CABI-planar and meso-
scopic solar cells fabricated with the same metal electrode (i.e.,
Au).18,24,25 The FF value of 72% of the CABI-Meso device (Fig. 2b)
is markedly the highest FF ever achieved for a CABI solar cell
fabricated with the same metal electrode.18,20,24,25 The external
quantum efficiency (EQE) values of this device are ∼29% and
18% at 370 nm and 580 nm, respectively (Fig. S3†), which are
comparable to the values reported earlier for CABI.18,24 The
short-circuit current density (JSC) value (from current density
(J)–voltage (V) scans) of 3.0 mA cm−2 of the champion device
closely matches the value extracted from its EQE spectrum (2.9
mA cm−2). While a signicant hysteresis between the reverse
and forward J–V scans is quite typical of pristine CABI-Planar
devices,18,20,24 when adopting a mesoscopic architecture, the
hysteresis is nearly suppressed (see Fig. 3a for the comparison).
The minimization of J–V hysteresis by employing a mp-TiO2

layer has been already observed in the case of lead halide
perovskite solar cells, and the reduction of mobile ion density or
carrier trapping at the interface of the absorber layer of the
device was provided as one of the plausible explanations for the
hysteresis alleviation.30,31 The hysteresis of the CABI-Planar
devices and the devices with a thicker or thinner mp-TiO2

layer than the optimized one gradually increases when lowering
the light intensity (0.1–1.2 suns), as shown in Fig. S4.† This may
be attributed to a pronounced ion migration or charge trapping
effects at low-intensity illuminations.32 Yet, the best CABI-Meso
devices exhibit negligible J–V hysteresis regardless of the illu-
mination intensity.

More than two-fold improvement in the PCE of the CABI-
Meso devices compared to that of their CABI-Planar counter-
parts is due to the increase in all three photovoltaic parameters
(FF, JSC, and, open-circuit voltage (VOC)). The slope (in a semi-log
Fig. 3 (a) J–V curves (reverse and forward bias scans) of the CABI-
Meso and CABI-Planar champion cells. (b) Variation of the slope of
VOC-suns (i.e., ideality factor) with the mp-TiO2 layer thickness. (c)
Log–log plot of JSC versus 1-sun intensity for the devices. (d) FF vari-
ation with 1-sun intensity.

This journal is © The Royal Society of Chemistry 2023
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plot) of VOC trend as a function of light intensity (0.1 to 1.2 suns)
is equal to nIDkBT/q, where nID is the ideality factor (and kB, T
and q are Boltzmann's constant, temperature, and elementary
charge, respectively). The lower nID values (∼1.0) of the high-
performing CABI-Meso device compared to the CABI-Planar
device (nID = 1.6) or devices with a thinner mp-TiO2 layer
suggests a reduced trap-assisted recombination under open-
circuit conditions (see Fig. 3b).33,34 This can be supported by
the high PL intensity and enhanced radiative recombination of
mp-TiO2jCABI (Fig. 1c and d). Furthermore, the log–log plot of
JSC vs. light intensity (I) (see Fig. 3c) determines the value of the
exponent, a, as JSC f Ia. The value of a z 1 for the CABI-Meso
device indicates a xed number of carrier trapping centers
through which the recombination takes place.26 On the other
hand, 0.5< a < 1 in the CABI-Planar device species a broad (i.e.,
energy-dependent) distribution of defect states within the
forbidden gap (Rose–Bube's one-center model).26 In other
words, the trap-assisted recombination is higher in CABI-Planar
devices under short-circuit conditions. Therefore, the
enhancement in JSC and VOC in the high-performing CABI-Meso
devices can be attributed to a lowered non-radiative charge-
carrier recombination alongside the enhanced charge extrac-
tion inherent in mesoporous architecture. The high FF of the
champion devices (Fig. 2b) indicates that themp-TiO2 layer with
an optimized thickness extracts the charges efficiently, thus
minimizing the charge transport losses.35 This is consistent
with the near linear growth of JSC with the 1-sun intensity
(Fig. 3c). The FF values are reduced for the devices with thicker
mp-TiO2 layers (>210 nm). These devices have the CABI layer
completely inltrated into the mp-TiO2 layer, enabling direct
contact between the mp-TiO2 layer and the HTL, as shown in
Fig. S5.† This leads to additional recombination pathways, and
the non-linear (or dual-slope nature) JSC trend suggests the
same (see Fig. S6†). The reduced amount of CABI in contact with
the HTL also increases the recombination probability and
hampers the photogenerated hole extraction to the HTL. A high
FF of the devices with optimized mp-TiO2 thicknesses can also
be partially ascribed to lower series resistance values (20 ± 4 U

cm2) compared to CABI-Planar devices (51 ± 14 U cm2).
However, the resistance values in both cases are still high
enough to cause a gradual loss in the FF with 1-sun light
intensity (Fig. 3d).34

The stability of an unencapsulated CABI-Meso device (stored
in dry air with 15% RH at 25 °C) has been monitored for more
than a month as shown in Fig. S7.† During this period, the
device retains 99% of its initial PCE. At the beginning, a 6%
drop in the PCE value is noted due to a loss in JSC. However, the
small and gradual growth of VOC and the FF aerward
compensates for the initial JSC loss, in turn guaranteeing
a nearly unchanged PCE value aer 35 days of air storage.

The good match between the EQE spectrum of CABI solar
cells and the emission spectrum of a white light-emitting diode
(WLED) (Fig. S8†) hints at a higher PCE under the WLED illu-
mination.18 The statistical distributions of photovoltaics
parameters of the optimized CABI-Meso devices obtained from
the J–V scans recorded under WLED (1000 lux) illumination are
shown in Fig. 4a. The champion device delivers a FF= 67%, VOC
This journal is © The Royal Society of Chemistry 2023
= 0.53 V, JSC = 72 mA cm−2, and a corresponding hysteresis-free
indoor PCE (PCE(i)) of 5.52% (see Fig. 4b), which is the highest
value ever reported for PIM-based photovoltaics under the same
illumination conditions (1000 lux).5,10,18 On the other hand,
CABI-Planar devices achieve a maximum PCE(i) of just 2.27%,
closely matching with the value obtained in a previous work.18

The integrated JSC of 66 mA cm−2 of the champion device (see
Fig. 4c) obtained based on its EQE spectrum and irradiance
curve of the WLED is close to the value from the J–V measure-
ment (JJ–VSC = 72 mA cm−2), thus validating our indoor photovol-
taic measurements. CABI-Meso devices delivered an average FF
of 65%, with the highest FF approaching 69%. These values are
higher than those of the CABI-Planar devices (Table 1).18 The
high FF, the linear trend of JSC with light intensity (see Fig. 3c),
and the high radiative lifetime of the absorber layer (Fig. 1d)
suggest better charge extraction and transport in CABI-Meso
devices, which leads to the record PCE(i) among the PIM-
based IPVs. A similar positive role of the mp-TiO2 layer under
indoor illumination has been demonstrated previously for
LHPs.36,37

Typically, in the literature the PCE(i)s of PIM-based devices
have been mostly reported under 1000 lux light illumina-
tion,5,10,18 except for the PCE(i)s of 4.75% (reverse bias scan) and
4.25% (forward bias scan) at 500 lux reported for silver iodo-
bismuthates.5 However, the illuminance levels of typical indoor
light sources lie in the 200–700 lux range.6 In this study, we have
recorded the J–V curves of the champion CABI-Meso device also
under very low WLED illuminations, i.e., down to 50 lux
(Fig. 4b), to target realistic low-light intensity conditions of
buildings.19 The device generates a PCE(i) of 4.64% under 200
lux illumination (see Table 2). Notably, VOC values of 0.48 and
0.44 V are obtained at 200 and 100 lux illuminations, respec-
tively (see Table 2). Importantly, the VOC is 0.38 V (∼60% of its
value under 1-sun) even when the illuminance is as low as 50
lux. As a result, the device can generate a reasonable power
output even at 50 lux (see Table 2 and Fig. 4b). By contrast, the
CABI-Planar device failed to generate any VOC or photocurrent at
the illumination of 50 lux (Fig. S9†). A big drop in VOC values
under such dim light conditions is usually unavoidable as the
ratio between the number of charge carriers generated to the
number of traps in the bulk of the material is small.38 In our
case, the ideality factor value of the Meso device increases to
only 1.5 (Fig. 4d) from 1.0 (Fig. 3b) even when the illumination
intensities vary from very high (10 to 120 mW cm−2) to very low
(0.046 to 0.46mW cm−2). This suggests that the increase in trap-
assisted recombination in CABI-Meso is small when lowering
the light intensity, and thus the corresponding VOC drop is
minimal. CABI IPV devices, compared to those based on other
common PIMs (e.g. Sb- and Bi-based), exhibit a relatively stable
trend of the VOC vs. indoor light intensity in the 100–1000 lux
range.10 This is one of the requirements for effective low-light
intensity harvesting.

A high and stable FF variation (in the 100–1000 lux range) is
crucial for the IPV devices to produce comparable PCE(i) values
at high (1000 lux) and low (100 to 200 lux) intensity illumina-
tions. This is what takes place, for instance, in high-performing
LHP and organic IPVs, where the difference in FF values
Sustainable Energy Fuels, 2023, 7, 66–73 | 69

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2se00995a


Fig. 4 (a) The statistical distribution of the photovoltaic parameters of CABI-Meso and CABI-Planar devices under 1000 lux (WLED) illumination.
(b) Reverse bias (solid curve) and forward bias (dotted curve) J–V curves (reverse bias scans) of the champion CABI-Meso device under varying
WLED illumination (50 to 1000 lux). (c) EQE spectrum of the CABI-Meso device and its integrated JSC spectrum over the 4000 KWLED (1000 lux).
(d) VOC-WLED light intensity trend for the CABI-Meso device. (e) FF variation with WLED light intensity for CABI-Meso and CABI-Planar devices.

Table 1 Average device parameters of CABI devices with varying mp-TiO2 layer thickness under WLED (4000 K; 1000 lux) illumination. The
parameters of the champion devices are also given in brackets

Devices PCE(i) % FF % JSC mA cm−2 VOC V

CABI-Planar 1.44 � 0.23 (2.27) 62 � 0.9 (63) 23 � 4 (36) 0.48 � 0.01 (0.49)
CABI-Meso 5.00 � 0.36 (5.52) 65 � 0.9 (69) 67 � 3 (73) 0.52 � 0.01 (0.54)
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between the high-light (1-sun or 1000 lux) and low-light inten-
sity illuminations (200 lux) is small.39 The CABI-Meso device
exhibits a stable FF trend as a function of light intensity, as
shown in Fig. 4e. The shunt resistance is one of the key factors
that affect the FF under low-intensity illuminations.40 The shunt
resistance values are higher for the CABI-Meso devices (average
= 8 ± 2 kU cm2; highest = 12 kU cm2) compared to the CABI-
Planar ones (average = 5 ± 1 kU cm2; highest = 6 kU cm2).
This suggests a low number of shunt paths across the CABI-
Meso device that induce a minimal effect on the FF under low
light conditions. On the other hand, the CABI-Planar device
(Fig. 4e) and other reported PIM-based devices show a typical
gradual drop in the FF when lowering the light intensity.10,18 The
large pin holes observed from the SEM image of Fig. 1e can
bring the ETL and HTL in direct contact in those areas of the
CABI-Planar device and cause a shunting effect, which agrees
with its low shunt resistance values. Increased trap-assisted
recombination (as nID = 2.3 in this case as shown in Fig. 4d)
also contributes to the observed gradual FF loss in the Planar
devices.41 The stable FF trend of the CABI-Meso device, along
with the variation of VOC with minimal losses in the typical
indoor light intensity regime (100–1000 lux), precludes a sharp
drop of its PCE(i) value at very low light intensities. This makes
70 | Sustainable Energy Fuels, 2023, 7, 66–73
CABI a highly promising material among PIMs for indoor light
harvesting.

The device exhibits negligible hysteresis in the 200–1000 lux
intensity range, similar to its stable hysteresis behavior as
a function of 1-sun intensity (Fig. S4†). However, the device at
100 lux illumination delivers PCE(i)s of 5.07% and 3.68% under
reverse and forward J–V scans, respectively (see Table 2), sug-
gesting some hysteresis for the device at this extremely low
illumination. Ion migration in halide perovskite solar cells
typically causes J–V hysteresis by modifying the electric eld
within the cells. The observed hysteresis at very low-light
intensity illumination might be due to a change in the electric
eld screening behavior of the ions since the number of pho-
togenerated charge carriers reduced (due to low-light intensity)
compared to the number of ions that migrate under the applied
voltage. Nevertheless, measurement artifacts associated with
measuring very small photocurrents cannot be ruled out. A
dedicated follow-up study will be necessary to investigate the
origin of the observed hysteresis of CABI devices at 100 lux. The
Meso device exhibits good FF values under both 1-sun and
WLED illuminations; however, the corresponding VOC values
(obtained herein and in earlier works)18,20,24 are very far from
their theoretical maximum value (typically slightly less than the
band gap value of 1.91 eV).42 The indoor JSC values are lower, for
This journal is © The Royal Society of Chemistry 2023
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Table 2 The CABI-Meso device parameters under varying white light-
emitting diode (WLED) (4000 K) illumination intensities

Light intensity
J–V
scan direction PCE(i) % FF % JSC mA cm−2 VOC V

1000 lux Reverse 5.52 67 72 0.53
Forward 5.51 66 71 0.54

800 lux Reverse 4.73 69 49 0.52
Forward 4.57 65 49 0.53

600 lux Reverse 4.71 69 37 0.51
Forward 4.48 65 37 0.52

400 lux Reverse 4.66 71 25 0.49
Forward 4.30 65 24 0.50

200 lux Reverse 4.64 69 13 0.47
Forward 4.20 63 13 0.48

100 lux Reverse 5.07 74 7 0.45
Forward 3.68 57 7 0.44

50 lux Reverse 1.50 49 2 0.38
Forward 1.00 40 2 0.34
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example, compared to those of Sb-based PIMs under similar
indoor light intensity,10 despite the direct band gap nature and
the large thickness (∼300 nm) of the CABI absorber layer.
Nevertheless, we have achieved a very high indoor FF for CABI-
based devices, compared to Sb-based (40%), Bi-based (40%),
and silver iodobismuthates (56%) PIMs,5,10 with the help of an
optimized mp-TiO2 layer thickness in the device. Therefore,
signicant improvements in both JSC and VOC are necessary for
CABI to realize its PCE(i) limit of 50–60% at 100–1000 lux illu-
minations.18 The nature of the interface between the absorber
and the charge transport layers is very crucial under low-
intensity illuminations.43 Further engineering of the CABIjETL
interface aimed at decreasing the number of interfacial traps
may be the key to enhancing the PCE(i) of the devices.
Experimental
Materials

Bismuth iodide (BiI3), copper iodide (CuI), chlorobenzene (extra
dry, 99.8%), acetonitrile (99.9%), 4-tert-butyilpyridine (4-tBP),
dimethylsulfoxide (DMSO), titanium diisopropoxide bis(acety-
lacetonate) 75 wt% in isopropanol, and bis(triuoromethane)
sulfonimide lithium salt (Li-TFSI, 99.95%) were purchased from
Sigma-Aldrich. Alfa Aesar delivered silver iodide (AgI) and
dimethylformamide (DMF). Dyenamo and Greatcell Solar
Materials provided tris[2-(1H-pyrazol-1-yl)-4-tert-butylpyridine]
cobalt(III)tri[bis-(triuoromethane)sulfonimide] (FK209 Co(III),
>98%) and TiO2 nanoparticle paste (30NRD, used for mp-TiO2

layer). All the chemicals were used without additional
purication.
CABI photovoltaic cell fabrication and characterization

Pre-etched FTO glass substrates (OPV Tech) of 2 cm × 2 cm
dimensions were cleaned by sonicating them in an aqueous
solution of Mucasol (2% v/v), deionized water, acetone, and 2-
propanol for 15 min in each step, successively. A 70 nm thick c-
TiO2 layer was deposited on the UV-ozone-treated (for 10 min)
This journal is © The Royal Society of Chemistry 2023
FTO substrates by spray pyrolysis of titanium di-isopropoxide
bis(acetylacetonate) solution (0.38 M) at 450 °C.14 The lms
were sintered in air at 450 °C for 1 h and were then allowed to
cool down to room temperature. The mesoporous TiO2 (mp-
TiO2) layers of varying thicknesses were fabricated by spin-
coating (4000 rpm per 10 s) varying concentrations of the
30NRD TiO2 nanoparticle paste/ethanol solution. The lms
were calcinated at 450 °C for 30 min in air. The mp-TiO2-coated
substrates were immediately transferred into a N2-lled glove
box when they were at 150 °C. CABI absorber layers were
deposited on mp-TiO2 by spin-coating (at 3000 rpm for 60 s)
inside the glove box and then annealed in air.18 The doped
spiro-OMeTAD (28 mM) layer was deposited on CABI at
1800 rpm per 30 s.18 A 80–100 nm thick gold layer (back contact)
was thermally evaporated (under 10−6 mbar) on top of the spiro-
OMeTAD layer the next day (devices were stored overnight in
a dry air atmosphere).

A Keithley 4250 source-monitor unit measured the reverse
and forward bias J–V sweeps. The air mass (AM) 1.5 G simulated
sunlight (100 mW cm−2 irradiance) was illuminated by an AAA-
solar simulator (SINUS-70 LED simulator from Wavelabs). The
device position to 1-sun intensity was calibrated using a KG5
silicon reference cell. EQE spectra were collected using
a quantum efficiency measurement device (QuantX-300, New-
port). A Philips HUE WLED bulb with adjustable color
temperature illuminated the CABI devices for their indoor PV
characterization. Illuminance levels of 50 to 1000 lux from the
WLED bulb were monitored using a lux meter (PeakTech 5065),
which is equipped with automatic zero-point calibration and
a silicon photodiode sensor. No additional calibration was
conducted on the lux meter. A combination of an optical power
measurement conducted with a Thorlabs S130VC and an optical
spectrometer allowed us to determine the corresponding power
density (e.g., 0.46 mW cm−2 at 1000 lux) on the photovoltaic
device surface.44 Specically, we employed the lux meter to
achieve the desired illuminance. We then utilized a calibrated
silicon cell (Thorlabs S130VC) to measure the intensity of the
light source at a number of wavelengths within the responsivity
range of the cell. Relying on the calibrated responsivity curve of
the silicon cell, we could thus derive the total power of the
indoor light source under the illumination conditions of
interest. The WLED illuminates the device with a power density
of 0.46 mW cm−2 under a 1000 lux illumination. Variable-light
intensity (both under WLED and 1-sun) measurements of the
PV parameters were conducted by changing the intensity of the
illumination sources.
Characterization of CABI lms

High-resolution XRD patterns (Cu Ka radiation and l = 1.5406
Å) of the CABI lms on various substrates were collected on
a Malvern Panalytical Empyrean Alpha 1 high-resolution X-ray
diffractometer (Malvern, UK). SEM images of the CABI lms
were obtained using a eld emission scanning electron micro-
scope (Carl Zeiss Ultra 55) operated at 5 kV. Energy dispersive X-
ray (EDS) spectroscopy (Oxford Instruments X-MaxN 80 EDS)
combined with Zeiss UltraPlus FE-SEM determined the
Sustainable Energy Fuels, 2023, 7, 66–73 | 71
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elemental composition. UV-vis absorption and PL spectra were
measured on a dual-beam grating Shimadzu UV-1800 absorp-
tion spectrometer (Shimadzu Corporation, Kyoto, Japan) and an
FLS1000 spectrouorometer (Edinburgh Instruments, Living-
ston, UK), respectively. Time-correlated single-photon counting
measurements for collecting the TRPL decay curves were per-
formed on an apparatus equipped with a Picoharp 300
controller. A PDL 800-B driver and a Hamamatsu R3809U-50
microchannel plate photomultiplier (instrument response
time is 60 ps) were used for the excitation of the CABI lms and
detection (at 90°) of the signal, respectively.
Conclusions

To summarize, we have developedmesoporous IPVs with a CABI
light-harvester and ne-tuned the thickness of the mp-TiO2

layer therein. The optimal thickness ∼200 nm leads to
hysteresis-free devices with a PCE up to 1.26% under 1-sun
illumination and a PCE(i) of 5.52% under 1000 lux WLED illu-
minance. This PCE(i) is the highest reported to date for PIM-
based IPVs. At very low-light intensity illumination, the meso-
porous IPV device still produces a remarkable PCE(i) of 4.64%
(200 lux WLED lighting), and it delivers a VOC of 0.38 V even
under an extremely low light illumination of 50 lux. This is
ascribed to a better charge collection efficiency, a linear varia-
tion of photocurrent with the light intensity, and unaffected
trap-assisted recombination at very low-light intensity illumi-
nations. The FF of 69% under WLED (1000 lux) illumination is
the highest value ever achieved for PIM-based IPV cells.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work made use of Tampere Microscopy Center facilities at
Tampere University. P. V. acknowledges the nancial support of
the Jane and Aatos Erkko Foundation (project SOL-TECH). This
work is part of the Academy of Finland Flagship Programme,
Photonics Research and Innovation (PREIN), Decision No.
320165.
Notes and references

1 M. Li, C. Zhao, Z. Wang, C. Zhang, H. K. H. Lee, A. Pockett,
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