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Lead halide perovskite (LHP) photovoltaics deliver high voltages even under low-light illumination
intensities, thus emerging as a promising indoor photovoltaic (IPV) technology. The doping of the
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamino)-9,9'-spirobifluorene (Spiro-OMeTAD) hole-transport
layer (HTL) is the most widely adopted strategy for high-performance LHP-based solar cells. Yet, the
importance of Spiro-OMeTAD doping is unclear in the context of indoor photovoltaics. In this report, we
examine the role of the traditional Spiro-OMeTAD dopants on the performance of LHP-based IPVs. The
diminished influence of the series resistance under indoor lighting leads to an improved fill factor of
IPV devices even in the absence of the dopants. The pristine (dopant-free) Spiro-OMeTAD HTL ensures
a power conversion efficiency (PCE) as high as 25.6% at 1,000 lux, comparable to that of 29.7% in
the presence of the dopants, and an open-circuit voltage of ~0.65 V even at 50 lux. The undoped
Spiro-OMeTAD-containing devices exhibit a ~25% gain in their PCE under long-term and continuous
white light illumination at the maximum power point, thus leading to the PCE values on par or higher
than those of employing doped Spiro-OMeTAD. Furthermore, the current-voltage hysteresis behavior
of the undoped Spiro-OMeTAD-containing devices remains unchanged in the 100 to 1,000 lux light-
intensity range, unlike the case of doped Spiro-OMeTAD HTL. Our findings suggest that the dopants
in Spiro-OMeTAD HTL are not required to achieve efficient, stable, and reliable IPV performance,
and the optimization of the various device constituents for outdoor solar cell applications may not
necessarily lead to the best performance for indoor photovoltaics.
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Introduction

Lead halide perovskites (LHPs) are attractive semiconductors
for the next-generation solar cells, achieving record-breaking
power conversion efficiency (PCE) values above 26% [1]. The
exceptional performance of LHP photovoltaics is mainly attrib-
uted to the high defect tolerance and self-healing of LHP absorb-
ers [2] and the optimal design and engineering of the other device
constituents, especially the charge-transport layers. Among the
many hole-transport materials that have been screened over
the years, 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamino)-
9,9"-spirobifluorene (Spiro-OMeTAD) still remains the preferred
choice for efficient LHP-based solar cells [3,4]. It is, however,
well-established that, to ensure high hole mobility and electrical
conductivity of Spiro-OMeTAD and favorable energy band
alignment with the perovskite layer, it is necessary to dope the
Spiro-OMeTAD hole-transport layer (HTL) with molecular addi-
tives, typically 4-tert-butylpyridine (tBP), bis(trifluoromethane)
sulfonimide lithium salt (Li-TFSI), and tris[2-(1H-pyrazol-1-yl)-
4-tert-butylpyridine]cobalt(III)tri[bis-trifluoromethane)
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sulfonimide] (FK209 Co(III)). A doped Spiro-OMeTAD HTL
is essential to suppress the voltage losses in LHP-based solar
cells and enable high PCE, which would otherwise be limited
to <10% for devices with a pristine (undoped) Spiro-OMeTAD
layer [5-7]. Nevertheless, under operational conditions (solar
illumination, bias, and heat), dopants are known to cause device
degradation by deteriorating the perovskite and other device
layers through pinhole formation facilitated by Li* migration
or evaporation of tBP [7-10]. Therefore, it is widely acknowl-
edged that the use of dopant-free HTLs, which would not det-
rimentally affect the device efficiency, is the optimal choice for
operationally stable LHP solar cells [10].

In addition to the sunlight, LHPs have proved to also harvest
the artificial indoor light very efficiently, with a record indoor
power conversion efficiency (PCE(i)) in indoor photovoltaics
(IPVs) of ~41% [11,12]. There is a growing interest on IPVs,
motivated by the need of finding a sustainable solution to power
the rapidly growing number of battery-free, low-cost, and wire-
less sensors requiring micro- to milliwatt power within the
Internet of Things (IoT) ecosystem [13]. Most LHP-based IPVs

202 ‘Pz aunt uo AlsleAlun aledwe ] 1e 610'e0usios [ds//:sdny Wo. ) papeo umod


https://doi.org/10.34133/adi.0048
mailto:paola.vivo@tuni.fi
https://doi.org/10.34133/adi.0048
https://doi.org/10.34133/adi.0048
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.34133%2Fadi.0048&domain=pdf&date_stamp=2024-06-05

Advanced Devices & Instrumentation

reported to date also use doped Spiro-OMeTAD as the HTL
[11,14,15]. This choice is primarily due to the ability of the
dopants to suppress the resistive losses, thereby improving the
PCE of solar cells. This is the case even though the intensity of
indoor lighting is 2 orders of magnitude lower than that of the
simulated sunlight (air mass [AM] 1.5G, 100 mW cm”~ %), com-
monly referred to as 1-Sun illumination. However, no study
has so far revealed the impact of the dopants on the figures of
merits of LHP-based IPVs. Indeed, the performance under
1-Sun illumination does not necessarily translate to low-intensity
lighting, as proved for other photovoltaic technologies like
copper indium gallium selenide and silicon [16].

The IPV field is still in its early stages, with the primary focus
being on enhancing PCE(i) and the operational stability aspects
often overlooked. However, understanding the real-world sta-
bility patterns of IPVs, backed by comprehensive stability data-
sets, is crucial for assessing the market potential of LHP-based
IPVs, especially considering the multi-year life expectancy of
IPV-powered IoT sensors. Therefore, it is important to inves-
tigate the operational stability of IPV devices containing doped
Spiro-OMeTAD. This will help determine if doping Spiro-
OMeTAD is indeed the best strategy for LHP-based IPV devices,
in terms of both performance and stability.

In this study, we examine how dopants in the Spiro-OMeTAD
HTL affect the efficiency and stability of LHP-based photovoltaic
devices under conditions of simulated sunlight (1-Sun) or arti-
ficial white light-emitting diode (WLED) indoor lighting.
Despite the modest expected PCE of the devices using undoped
Spiro-OMeTAD compared to their doped Spiro-OMeTAD
counterparts, the former show substantially improved perfor-
mance at low-light intensities, with their PCE(i) nearing that of
the cells using doped Spiro-OMeTAD. We delve into the factors
contributing to this notable efficiency increase in IPV devices
using the undoped HTL. Beyond the typical 1,000 lux indoor
illumination, we also explore the influence of doped and undoped
Spiro-OMeTAD HTLs on the performance and current density
(J)-voltage (V) hysteresis of LHP devices under extremely low-
light WLED intensities, going as low as 50 lux. Lastly, we discuss
the indoor operational stability of LHP devices, comparing those
with and without dopants in the Spiro-OMeTAD layer.

Materials and Methods

Materials

Formamidinium iodide (FAI), methyl ammonium bromide
(MABr), and 30 NRD titanium dioxide (TiO,) paste were pur-
chased from Greatcell Solar Materials. Lead bromide (PbBr,,
>98%) and lead iodide (Pbl,, >98%) were acquired from TCI.
Cesium iodide (CsI) was purchased from abcr. Titanium diiso-
propoxide bis(acetylacetonate) stock solution (75 wt. % in
2-propanol), dimethyl sulfoxide (DMSO, anhydrous, >99.9%),
dimethyl formamide (DME, anhydrous, 99.8%), chlorobenzene
(anhydrous, 99.8%), acetonitrile (99.9%), tBP (98%), and Li-TFSI
(99.95%) were purchased from Sigma-Aldrich. Spiro-OMeTAD
(>99.5%) was purchased from Lumtec. FK209 Co(III) (>95%)
was acquired from Dyenamo. All reagents and solvents were
used as received without additional purification.

Fabrication of perovskite photovoltaic cells

The photovoltaic cells were fabricated onto pre-etched fluorine-
doped tin oxide (FTO)-coated glass substrates (OPV Tech) with
dimensions of 2.54 cm X 2.54 cm X 0.22 cm. The substrates

Toikkonen et al. 2024 | https://doi.org/10.34133/adi.0048

were cleaned by first brushing with 2 v/v % Mucasol solution
in deionized water and then kept in a sonication bath in deion-
ized water, acetone, and 2-propanol for 15 min each following
drying with N, flow. The substrates were UV-ozone-treated for
10 min prior to the next step.

A compact TiO, (c-TiO,) layer was deposited on the sub-
strates via spray pyrolysis at 450 °C followed by 45 min sintering
at 450 °C in air. The precursor solution was prepared from a
titanium diisopropoxide bis(acetylacetonate) stock solution by
diluting it with 2-propanol with typical amounts of 1.15 ml of
the stock solution per 5 ml of 2- propanol A mesoporous TiO,
(m-TiO,) layer was prepared by spin coating 80 ul of 30 NRD
TiO, nanoparticle paste suspension in ethanol (150 mg ml™")
at 4,000 rpm for 10 s (including 2,000 rpm s~ acceleration), fol-
lowed by annealing at 100 °C for few minutes, and then calci-
nated at 450 °C for 30 min with 45 min ramp time in heating.
The substrates were then cooled down to 200 °C and transferred
to a N, filled glove box for the further steps.

The CsMAFA-PD triple-cation perovskite (Cs; os(MA, ,,
FA 43)0.05Pb(1, 3Br( 17);) was prepared according to Saliba et al.
[17]. The perovskite precursor solution was prepared the day
prior to the film deposition by mixing FAI (0.95 M), MABr
(0.19 M), PbBr, (0.20 M), and PbL, (1.1 M) in a mixed solvent
of DMSO:DMF (1:4 volume ratio). CsI was pre-dissolved in
DMSO (1.5 M) and 40 pl of the CsI solution was added into
1 ml of the perovskite precursor solution, which was left under
stirring until it is used (=24 h). Sixty microliters of the perovskite
precursor solution was spin coated on top of FTO|c-TiO,|m-
TiO, substrate first at 1,000 rpm for 10 s and then accelerated
t0 6,000 rpm for 20 s. Chlorobenzene (100 pl) was dropped onto
the substrate 5 s before the spin coating finished (antisolvent
treatment). The perovskite films were annealed at 110 °C for
60 min. After annealing, the substrates were cooled down for a
few minutes prior to deposition of Spiro-OMeTAD HTL.
Spiro-OMeTAD solution was prepared by dlssolvmg Spiro-
OMeTAD in chlorobenzene to have 36.2 mg ml™ concentratlon
For the doped Spiro-OMeTAD solution, tBP, Li- TFSI (520mgml™"
in acetonitrile), and FK209 Co(III) (300 mg ml ™" in acetonitrile)
were added in volumes of 14.4 pl, 8.8 pl, and 14.5 pl, respectively,
into 1 ml of Spiro-OMeTAD solution. Spiro-OMeTAD solution
(80 pl; doped or undoped) was dynamically spin coated onto
the perovskite films at 1,800 rpm for 30 s. Samples were then
kept in a dry cabinet (=15% to 20% relative humidity [RH])
overnight before top electrode deposition. A gold (Au) layer (80
to 100 nm thick) was thermally evaporated onto the samples
with a OPTIvap Vacuum Deposition Tool (MBraun) to finalize
the photovoltaic cells with an active area of 12 mm?”.

Device characterization
The Litos Lite system (FLUXiM AG, Switzerland) was used to
record the J-V reverse and forward sweeps (scan rate 50 mV s~ H
and maximum power point (MPP) tracking from the pre-
pared photovoltaic cells under simulated sunlight. The AM
1.5G simulated sunlight (1-Sun, 100 mW cm™?) was obtained
with an A++A+A solar simulator (Sinus-70 LED simulator
from Wavelabs). J-V curves and stable power output (SPO)
were measured in air, while longer MPP tracking was done
under N, atmosphere. 7-mm” aperture masks were used.
MPP trackmg was performed under continuous 1-Sun
illumination.

A Philips HUE WLED bulb with adjustable color tempera-
ture was used as the lightning source for the indoor photovoltaic
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characterization set at 4,000 K color temperature. Illuminance
level of the lamp was monitored with a calibrated lux meter
(Digi-Sense). The power density of the WLED bulb at different
illuminances was determined using a Konica Minolta CL-500A
[luminance Spectrophotometer at varying illuminances. For
example, at 1, 000 lux WLED intensity, a power density of
~0.32 mW cm™> was measured on the photovoltaic cell surface.

J-V reverse and forward sweeps (scan rate 50 mV s~') and SPO
were recorded with a Keithley 4250 source-monitor unit using
a 4-wire setup Measurements were performed inside a black
box and 7-mm?” aperture masks were used. MPP tracking under
indoor lightning was performed using the Litos Lite system
under N, atmosphere either under continuous illumination
orin 8 h light- 16 h dark cycles. An intensity of 5,000 lux
(*1.60 mW cm™?) was used to acquire indoor MPP tracking
data with an adequate signal-to-noise ratio, and aperture masks
were not used in this case.

External quantum efliciency (EQE) spectra were measured
in the range of 350 to 850 nm using a quantum efficiency
measurement device (QuantX-300, Newport). Transient pho-
tovoltage and transient photocurrent measurement were car-
ried out with a characterization platform, Paios (FLUXiM AG,
Switzerland).

Results and Discussion

We adopted the conventional superstrate configuration of
glass|FTO|c-TiO,|m-TiO,+CsMAFA-Pb|Spiro-OMeTAD|Au

A B [/ avi1sc

@ EQE (Doped Spiro)

to fabricate mesoporous triple-cation LHP photovoltaic cells,
as shown in Fig. 1A. The Spiro-OMeTAD HTL was deposited
with (the corresponding devices being referred to as “Doped
Spiro”) and without (the corresponding devices being referred
to as “Undoped Spiro”) the widely used dopants, namely,
Li-TFSI, tBP, and FK209 Co(III). All the device fabrication
details can be found in Materials and Methods. The normalized
EQE spectra of the Doped Spiro and Undoped Spiro devices are
plotted along with 1-Sun spectrum (AM 1.5G) and the emission
spectrum of a WLED (4,000 K color temperature) in Fig. 1B. It
is evident from the figure that the EQE spectral distribution of
the devices covers the complete spectral range of the WLED
with a theoretical maximum PCE of 50% to 55% (for a bandgap
of 1.6 eV) [18] under a 1,000-lux intensity of 0.3 mW c¢m ™,
whereas the theoretically predicted highest PCE that can be
achieved under standard 1-Sun illumination (100 mW c¢m™2)
is ~30% [19]. We first characterized both the Doped Spiro and
Undoped Spiro devices under standard 1-Sun illumination by
recording J-V curves in both forward and reverse bias sweeping
directions. The statistical distributions of PCE values of the
2 types of devices are shown in Fig. 1C. As expected, the Doped
Spiro devices demonstrated superior performance than the
Undoped Spiro ones, with the respective average PCE values of
17.7% and 6.2%. The major performance loss factor in the latter
case is their poor fill factors (FFs) of ~30% vs. FFs of 70% to
75% in the case of Doped Spiro cells (see Fig. 1D and Table 1).
The low FF of the Undoped Spiro devices, originating from
the typical S-shaped J-V curve, can be mainly attributed to
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Fig. 1. Photovoltaic performance of Doped Spiro and Undoped Spiro devices under 1-Sun and 1,000 lux WLED illumination. (A) A representative SEM cross-sectional image of
the devices. (B) Normalized 1-Sun and WLED spectra along with the EQE spectra of the devices. Statistical distributions (20 devices) of (C) PCE, (D) FF, (E) Vi, and (F) Jg; of
the devices under 2 illuminations derived from the J-V scans in reverse and forward directions.
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Table 1. Average photovoltaic parameters (20 devices in each case) under 1-Sun and 1,000 lux WLED illuminations. Champion cell photo-
voltaic parameters are given in the brackets. H-index = (PCEgg,/PCEfoz) x 100% — 100%.

lllumination J-V'scan
Device source direction PCE (%) FF (%) Jse (mAcm™) Vo (V) H-index (%)
Doped Spiro 1-Sun Reverse 177 £0.2 75.7+0.7 20.8+0.1 112 +0.01 100+29
(18.0) (75.4) (21.1) (1.13) (94)
Forward 159+ 05 694 +1.3 207 +£0.2 111+ 0.01
(16.3) (69.2) (21.0) 112)
1,000 lux WLED Reverse 283+0.9 749 +15 0.130+0.001 0.93+0.03 100+3.0
(29.7) (77.2) (0.129) (0.95) (12.2)
Forward 258+ 04 720+11 0129+0.001 0.89+0.01
(26.4) (72.6) (0.128) (0.91)
Undoped Spiro 1-Sun Reverse 6.2+ 0.6 (77) 319+28 193+ 0.7 1.00 +£0.03 11.0+49
(36.0) (20.5) (1.04) (5.8)
Forward 55+07(72) 293+23 188 +11 0.99 + 0.04
(33.7) (20.5) (1.05)
1,000 lux WLED Reverse 234+08 678 +2.1 0129+0.001 0.86+0.02 157 +31
(25.6) (71.9) (0.129) (0.88) (14.3)
Forward 203 +10 617 +24 0.129+0.001 0.82+0.01
(22.4) (67.6) (0.129) (0.82)

the poor hole extraction and transport ability of pristine Spiro-
OMeTAD arising from the intrinsically low hole mobility (in
the order of 10™*to 10> cm® V™' s™") and the consequent high
series resistance (R;) of the devices [6,20]. Indeed, the Undoped
Spiro-OMeTAD devices exhibit an order of magnitude higher
Ry of #100 + 3 Q cm® compared to the doped counterpart (Rg =
4 + 1 Q cm?) (see Table S1). Furthermore, the average open-
circuit voltage (V) and short-circuit current density (/)
values of the Doped Spiro devices are relatively higher than
those of the undoped Spiro devices (Fig. 1E and F), which is
attributed to the dopant-induced difference in the energetics
between the 2 devices [7,21,22].

The discrepancy in the photovoltaic parameters obtained
from the reverse and forward J-V scans suggests the presence
of hysteresis (Fig. SLA), as widely reported for perovskite-based
devices [23,24]. The champion Doped Spiro device exhibits
PCE values of 18.0% and 16.3% under reverse and forward
scans, respectively. The corresponding stabilized PCE is 17.8%
under a voltage bias of 0.93 V (Fig. S1B), as obtained by con-
ducting the SPO near the MPP. The stabilized PCE value lies
between the PCE values from reverse and forward J-V scans.
The hysteresis is also present in the Undoped Spiro samples
and the champion device demonstrated a stabilized PCE of
7.7% (Fig. S1B). The average J- V hysteresis index (H-index) of
Doped and Undoped Spiro devices is around 10% (Table 1).
The H-index, while useful, is not a steady-state metric as it
overlooks extrinsic scanning factors like scan speed, range,
direction, measurement delay, light soaking, and pre-biasing.
Despite its various interpretations, it is still valuable for com-
paring hysteresis between Undoped Spiro and Doped Spiro
devices whose J-V curves were obtained under identical scan
parameters. However, we advise readers to be cautious when
using H-index values for hysteresis quantification across differ-
ent studies.
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Furthermore, both types of devices possess a peak EQE
value of *90% in the 450- to 600-nm wavelength range (Fig.
S1C), where a major portion of the emission intensity of the
WLED lies (Fig. 1B). Consequently, the devices are antici-
pated to perform efficiently under low-intensity WLED light.
We investigated the IPV performance of the 2 types of the
devices under variable ambient illuminance levels, from 1,000
lux (Fig. 2A and B) down to 50 lux (Fig. 2C and D). The J-V
curves at 1,000 lux for the champion devices of the 2 types
are displayed in Fig. 2A. The average PCE of the Doped Spiro
devices increases from 17.7% under 1-Sun (100 mW cm™?)
to 28.3% under 1,000 lux WLED illumination (0.32 mW cm ™)
with an indoor PCE (PCE(i)) of 29.7% (27.3% stabilized
PCE(i)) and a corresponding power output of 87.4 wW cm ™ for
the champion device. The PCE(i) is comparable to the value
recently reported for a planar device architecture employing
a similar triple-cation perovskite absorber and a tin oxide
electron transporting layer [25].

The highest PCE(i) at 1,000 lux for Undoped Spiro devices
(25.6%, with 23.4% being the stabilized PCE(i)) is 3 times
higher than the PCE (7.7%) of the same devices under 1-Sun
illumination. The power output of the Undoped Spiro samples
is 74.9 WW cm™ at 1,000 lux. Such a remarkable performance
jump is driven by a 2-fold FF enhancement under indoor vs.
1-Sun illumination, unlike the nearly unchanged FF values in
the case of the Doped Spiro devices (Table 1). We further
observed a continuous increase in the FF of the Undoped Spiro
devices when lowering the light intensity from 1-Sun to 0.1-Sun
(Fig. 3A). The FF enhancement indicates reduced influence of
the high series resistance of the devices at low-light intensities
[26]. In addition, the shunt resistance (Rg,) of the Undoped Spiro
devices under 1,000 lux WLED and 1-Sun illuminations, extracted
from the corresponding J-V curves, is 2 to 3 orders of magni-
tude higher under artificial indoor light (2.5 + 0.2x10° Q cm?)
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Fig. 2. PV performance of Doped and Undoped Spiro devices. (A) J-V curves and SPOs at bias voltages of 0.79 V for Doped Spiro and 0.70 V for Undoped Spiro devices at
1,000 lux. (B) Photon flux density spectrum of the WLED at 1,000 lux and the integrated Js. profiles. J-V curves in the 50 to 900 lux range for (C) Doped Spiro and

(D) Undoped Spiro devices.

than under 1-Sun illumination (0.6 + 0.1x10° Q cm?). While
a high shunt resistance is necessary for photovoltaic devices
operating under low-light intensity conditions, the influence of
the series resistance diminishes (conversely to the case of high-
light intensities) [26]. This further explains the major
improvement in FF and, thus, performance of the Undoped
Spiro device under dim light illumination. Furthermore the
photocurrent values extracted from the ] -V sweeps (Jo ") are
nearly the same (i.e., 129 to 130 pA cm™ %) for the 2 devices and
lower than the theoretical 11m1t of 140 cm™ at a fixed incidence
power density of 0.3 mW cm™ [27].

The current density value (Jo"%"), calculated using a com-
bination of their EQE spectra and the incident photon flux
density spectrum, is =128 pA cm (Frg 2B) Thls leads to a
small mismatch of <1% between Jo.*® and J5/"", in turn verify-
ing the excellent reliability in our IPV measurements.

Next, we investigated the IPV performance of the 2 cham-
pion devices under intensities lower than 1,000 lux (i.e., 50 to
900 lux), with the correspondlng incident power densities in
the 0.016 to 0.288 mW cm ™ range. The indoor light-intensity
dependent J-V curves of Doped Spiro and Undoped Spiro

Toikkonen et al. 2024 | https://doi.org/10.34133/adi.0048

devices are presented in Fig. 2C and D, respectively. It is evident
from Fig. 2C and Table 2 that the H-index of the Doped Spiro
device gradually increases with the lowering of the WLED
intensity—from 8% at 1,000 lux to 19% at 200 lux and even to
33% at 100 lux, which suggests its unreliable IPV performance
under very low-light intensities. Interestingly, the H-index of
the Undoped Spiro device remains instead in the 5% to 8%
range under the same illumination intensities (Table 2). As light
intensity diminishes, the increased hysteresis of the Doped
Spiro device contrasts with the typically observed phenomenon
where the activation energy barrier for ion migration is sup-
pressed at high-light intensities [28,29]. This suggests that ion
migration is not the main contributing factor for the observed
J-V hysteresis under low-intensity artificial indoor lighting for
the Doped Spiro devices. A recent study has shown that, under
low-intensity indoor illumination, the effects of charge trapping
and de-trapping at the interface have a prominent role in
enhanced J-V hysteresis [30]. Given that the electron transport
layer (ETL)/perovskite interface and the perovskite photoactive
layer are identical for both the Doped and Undoped Spiro
samples, the origin of these interface traps can be attributed to
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the differences in the perovskite/HTL buried interface. In the
case of Doped Spiro device, the tBP dopant is known to dete-
riorate the perovskite layer at the perovskite|Spiro-OMeTAD
interface by forming complexes with Pbl, [8,31], which leads
to the formation of defects or vacancies at the perovskite sur-
face. In addition, the bias-driven diffusion of unoxidized Li*
ions from the Li-TFSI dopant through the perovskite layer
creates additional shunt pathways and deteriorates the device
interfaces [9]. We speculate that most of these defects/traps
remain filled at high-light intensities (1-Sun and 1,000 lux) due
to the generation of a high number of charge carriers. On the
other hand, at very low-light intensities (where the photogen-
erated charge carriers are in a much lower concentration), there
is a considerable number of unfilled traps at the perovskite/
HTL interfaces. This contributes to the observed high J-V hys-
teresis in this case [32].

To support this claim, open-circuit voltage decay experi-
ments for the Doped Spiro and Undoped Spiro devices were
carried out under 2 different light intensities (=0.2-Sun and
~0.05-Sun), as shown in Fig. S2A and B. A slower voltage decay
is observed for the Undoped Spiro devices under both light
intensities but the difference in decay time between the Doped
Spiro and Undoped Spiro devices gets reduced at higher light
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intensities, indicating that Undoped Spiro devices show a
reduction in traps in comparison to their doped equivalents.
Charge extraction studies at similar light intensities (see Fig.
S2C and D) also support this inference, with the Undoped Spiro
devices exhibiting a faster charge extraction at lower light inten-
sity (0.05-Sun) compared to the Doped Spiro devices. Since the
large signal open-circuit voltage decay is considered here, the
capacitance effects cannot be completely neglected. Hence, an
in-depth study on the nature of the charged defects and theo-
retical calculations on the possible origin of traps and ion
migration dynamics in the low-light intensity regime is neces-
sary to further verify our hypothesis. These aspects will be
addressed in a future work.

We extracted the ideality factor (n,,) of the Doped Spiro
and Undoped Spiro devices by utilizing the semi-logarithmic
relation [26] between V- and incident light intensity under
2 regimes, namely, high-intensity regime (i.e., 0.1- to 1.0-Sun)
and low-intensity regime (i.e., 100 to 1,000 lux WLED). In the
high-light intensity regime (Fig. 3B), the n;, of 1.18 of the
Doped Spiro device is lower than that of the Undoped Spiro
counterpart (1,, = 1.30). This indicates suppressed non-radiative
recombination in the Doped Spiro and agrees with its superior
device performance under 1-Sun illumination, although the
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Table 2. The photovoltaic parameters of Doped Spiro and Undoped Spiro devices under varying white light-emitting diode (WLED) (4,000 K)
illumination intensities

Device Light intensity J-V scan direction PCE(i) (%) FF (%) Jso (A cm‘z) Voe (V) H-index (%)
Doped Spiro 1,000 lux Reverse 29.1 75.8 1294 0.95 8.0
Forward 26.9 721 128.6 0.93
900 lux Reverse 289 75.9 116.7 0.94 81
Forward 26.7 725 1154 0.92
800 lux Reverse 28.6 76.3 103.2 0.93 89
Forward 26.3 724 102.2 0.91
700 lux Reverse 28.0 75.1 89.8 0.93 10.1
Forward 254 71.3 88.8 0.90
600 lux Reverse 27.2 75.0 75.8 0.92 10.7
Forward 24.6 711 74.7 0.89
500 lux Reverse 270 74.6 63.6 0.91 11.2
Forward 24.3 70.3 62.8 0.88
400 lux Reverse 259 73.9 49.8 0.90 12.9
Forward 229 68.7 496 0.86
300 lux Reverse 24.1 70.9 370 0.88 14.9
Forward 21.0 66.6 36.0 0.84
200 lux Reverse 22.2 69.9 236 0.86 19.0
Forward 18.7 64.1 230 0.81
100 lux Reverse 15.8 614 10.0 0.82 329
Forward 11.9 50.6 10.0 0.75
50 lux Reverse 6.2 418 34 0.70 418
Forward 44 350 34 0.59
Undoped Spiro 1,000 lux Reverse 25.7 71.7 130.5 0.88 77
Forward 23.9 70.6 130.5 0.83
900 lux Reverse 25.0 71.2 1164 0.87 6.7
Forward 235 69.9 116.4 0.83
800 lux Reverse 24.7 71.2 102.2 0.87 6.9
Forward 231 70.7 102.2 0.82
700 lux Reverse 24.8 70.2 911 0.87 70
Forward 23.2 69.7 90.9 0.82
600 lux Reverse 23.7 69.4 771 0.85 6.0
Forward 22.3 68.5 77.3 0.81
500 lux Reverse 23.2 69.3 63.9 0.84 53
Forward 22.1 68.8 64.1 0.80
400 lux Reverse 227 68.6 51.1 0.83 5.2
Forward 216 68.8 50.9 0.79
300 lux Reverse 21.0 670 36.6 0.82 55
Forward 19.9 66.8 36.6 0.78
200 lux Reverse 19.8 65.3 24.3 0.80 6.1
Forward 18.7 66.8 238 0.75
100 lux Reverse 15.7 59.6 11.1 0.76 8.4
Forward 14.5 59.7 111 0.70
50 lux Reverse 8.6 485 43 0.67 285
Forward 6.7 43.0 40 0.62
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bimolecular recombination losses in the 2 devices are compa-
rable under short-circuit conditions as shown in the linear J -
light intensity trends in Fig. 3C. By contrast, an opposite trend
of n;,PoPedSpiro of 2,12 > n, Undoped piro of 1 98 is observed under
WLED illumination (Fig. S3). This suggests a high trap-assisted
Shockley-Read-Hall-type recombination dominated by the
bulk defects (mid-gap states) in the absorber in both the cases
in the low-light intensity regime. Yet, the recombination is
more pronounced in the Doped Spiro device, which aligns
with our previous discussion suggesting the possibility of a
relatively high number of the shunt pathways in this device (Rg; =
0.67 + 0.10x10° Q cm” vs. Rgy; = 1.21 + 0.30x10° Q cm? for
the Undoped Spiro device, as calculated from the inverse of the
slope of the dark J—V curves at around 0 V).

The Undoped Spiro device delivered a PCE(i) of ~19% at
200 lux, with the corresponding output power of =12.0 pW cm ™.
So far, the IPV performance of halide perovskites have been
mainly reported at 200, 500, and 1,000 lux [11,12,33], with no
attention given to performance at lower illuminance levels.
Nevertheless, according to several recent studies and the latest
characterization standard for IPV's [34-38], it is paramount to
report the performance at very low illuminance levels, e.g.,
50 lux, since 50 to 400 lux are the most realistic indoor light
intensities compatible with the positioning of IoT sensors, with
the illuminance levels of =50 lux measured at the corners of the
walls in the indoor environments. At 100 lux, the Undoped
Spiro device yielded PCE(i) of *14% to 15% and V) 0f 0.76 V.
The output power obtained in this case, in the range of 4.5 to
5.0 pW cm 2, is comparable to that of many state-of-the-art
devices in both emerging and existing IPV technologies [39].
The device also generated a high V, 0f 0.67 V even at 50 lux.
The notable IPV performance of the Undoped Spiro samples
under very low-light intensities down to 50 lux can be attrib-
uted to its high Rgy of 1.21 + 0.30x10° Q cm”. The Undoped
Spiro devices demonstrated superior performance at very low
illumination intensities (i.e., 50 and 100 lux), achieving PCE(i)
averages of 7.65% and 15.10% over forward and reverse J-V
scans (as shown in Table 2). This is attributed to their reduced
trap-assisted recombination and recombination losses (refer to
Fig. S2A and B and Fig. S3), as well as more efficient charge
extraction (refer to Fig. S2C and D) under reduced light inten-
sity. In comparison, the Doped Spiro devices achieved PCE(i)
averages of 5.30% and 13.85% (Table 2). Hence, a pristine
(undoped) Spiro-OMeTAD hole-transport material is the best
solution for improved and reliable performance at very low-
light indoor illuminations. Still, at 50 and 100 lux, the PCE(i)
values dropped by 40% and 65%, respectively, with respect to
the PCE(i) at 1,000 lux. This is in line with the sudden decrease
in the FF below 200 lux. Shunt resistance in the order of 10" Q cm®
or higher and low non-radiative recombination in bulk and at
the interfaces are entailed to suppress the device shunting and
boost FF and V¢, and thus the device performance, even at
very low illuminances of <50 lux [39]. This could be achieved,
for example, by reducing the number of pinholes, improving
the quality of the absorber layer, and/or employing interfacial
passivation strategies. These strategies may also minimize the
high H-index of 28.5% of the Undoped device at 50 lux and
demonstrate low-hysteresis IPV devices.

It is well-known that the conventional dopants of Spiro-
OMeTAD are hygroscopic and release ions that migrate
throughout the device layer under bias, thus accelerating the
degradation of the corresponding perovskite solar cells [6]. In
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this work, we aim at monitoring the stability of our devices
employing doped or undoped Spiro-OMeTAD hole-transport
material to see if a similar dopant-induced degradation domi-
nates also at low-light intensities. The shelf-life stability in dry
air (RH =15% to 20%) at =20 to 25 °C is monitored up to
~1,700 h, as shown in Fig. 4A. The Doped Spiro device retains
94% of the initial PCE(i) after the first 400 h owing to the loss
in its J. (Fig. S4). This may be ascribed to the partial degrada-
tion of the perovskite layer. However, no further loss in the
Doped Spiro device performance is noticed even after 1,700 h
of storage. On the other hand, the PCE(i) of Undoped Spiro
device initially increases by 4% after 700 h and then by 10%
after 1,000 to 1,700 h of storage in the same dry air conditions
(Fig. 4A). The enhancement in V- and FF (notably at the later
stage) contributes toward the PCE(i) gain (Fig. S4), which can
be attributed to self-doping of Spiro-OMeTAD improving its
hole conductivity and energy level alignment with perovskite
layer [6,40]. To gain insights into the operational stability of
the devices, we monitored their performance at the MPP under
continuous WLED illumination for 40 h in N, atmosphere.
The MPP trends normalized to 1 at the settling time of the
tracking algorithm are shown in Fig. 4B. We set the light illu-
minance value to =5,000 lux to guarantee signals with reason-
able signal-to-noise ratio. The PCE(i) of the Doped Spiro
device remains unchanged during the 40 h, which is different
from its behavior under high-intensity 1-Sun illumination
(Fig. S5). Instead, the PCE(i) of the Undoped Spiro steadily
increases during the initial few hours until it reaches a peak
value of 125% after 6 h of the tracking. The efficiency gain of
up to 35% to 40% of the initial value is also observed under
1-Sun illumination, as shown in Fig. S5A (the shape of the
MPP profile in the 0- to 40-h range is nearly the same for vari-
ous Undoped Spiro devices tested and follows that of the cur-
rent density profile). The absolute PCE (1-Sun) of the Undoped
Spiro device increases to ~10% from ~6.5% in less than an hour
(Fig. S5B). Although the stabilized PCE(i) of 23.4% of the
Undoped Spiro at 1,000 lux is lower than the corresponding
value for the Doped Spiro device (27.3%), when considering
the observed efficiency enhancement factor of 25% (Fig. 4B),
its final stabilized PCE(i) will approach a value of =29.3%.
Therefore, despite the low initial performance, the resulting
IPV efficiency of Undoped Spiro becomes comparable or even
higher than that of the Doped Spiro device at 1,000 lux. Similar
improvements may be observed even for illumination intensi-
ties below 1,000 lux. The inset of Fig. 4B displays the variation
of the bias voltage corresponding to the MPP tracking under
indoor illumination. The change in the voltage of the Undoped
Spiro sample with the tracking time follows that of the PCE(i)
and is the highest after 6 h, which indicates that the voltage
enhancement contributes to the PCE(i) gain. Light-induced
oxidation of Spiro-OMeTAD may not completely explain the high
efficiency gain under constant illumination [41]. Alternatively,
light-soaking effects (LSE) also influence the photovoltaic
device performance under illumination over time. Perovskite
solar cells under light soaking typically demonstrate efficiency
loss during the day and recovery during the night [42,43]. The
opposite effect (type-II LSE) similar to the case of Undoped
Spiro devices has also been observed in other photovoltaic
systems [42]. Very recently, Du et al. [44] investigated the evo-
lution of J-V characteristics of perovskite solar cells employing
undoped Spiro-OMeTAD (vacuum evaporated) under con-
tinuous 1-Sun illumination and bias and in the presence of
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heat. A 30- to 60-min LSE led to a transition of J-V curves
from S-shape to square shape. The efficiency of the devices was
enhanced by 10 times, mainly due to the substantial improve-
ment in FF and V. values, and hence attributed to the
increased conductivity and hole mobility of the undoped Spiro-
OMeTAD HTL, enhanced built-in potential at perovskite|Spiro-
OMeTAD interface, and suppressed non-radiative losses in the
device [44]. We assign the efficiency and voltage gain observed
from our long-term MPP tracking measurements to the LSE.
Also, the accelerated PCE saturation under 1-Sun illumination
may be attributed to its high-light intensity compared to the
low-light intensity of the indoor lighting. Furthermore, we con-
ducted indoor light cycling measurements (8 h in light and 16 h
in dark) similar to those recently proposed under 1-Sun illu-
mination [45,46]. After keeping the device in the dark for 16 h,
the efficiency gain under illumination is comparable among
the 3 light-dark cycles, but the rate at which the gain took place
is higher for the last 2 cycles (Fig. 4C). Although this suggests
that the observed LSE-based efficiency enhancement is revers-
ible in nature with degradation during the night and recovery
during the day, special attention is required to understand the
influence of the stress factors such as illumination intensity,
spectral shape, time, temperature, and electric bias on the effi-
ciency gain under the continuous and light cycle-based MPP
tracking. On the other hand, the Doped Spiro sample showed
a stable PCE trend with negligible changes under constant illu-
mination of indoor WLED light (Fig. 4B), although it degraded
under 1-Sun illumination (Fig. S5). Therefore, no LSE-based
PCE improvement took place in this case, which can be attrib-
uted to the Li* (in Li-TFSI) diffusion-driven or tBP-mediated
corrosion and degradation of the perovskite layer under applied
bias and constant illumination [8,31,44].

Conclusion

Herein, we examined the variations in performance trends of
triple-cation LHP photovoltaic cells, employing a pristine
(undoped) or doped Spiro-OMeTAD HTL, when exposed to
different light conditions, specifically under simulated solar
light (1-Sun) and low-intensity artificial WLED illuminations.
Despite the known low performance of the Undoped Spiro cells
under 1-Sun illumination, a remarkable PCE(i) up to 25.6%
is observed at 1,000 lux WLED lighting, mainly due to the
enhanced FF at low-light intensity. The diminished influence
of the series resistance (typically high for Undoped Spiro
devices) on the FF at the low-light intensity explains the
enhanced device performance of the Undoped Spiro under
indoor illumination. Although the initial PCE(i) of the Undoped
Spiro device at 1,000 lux is slightly lower than that of the Doped
Spiro device, upon constant illumination for 6 h and under
applied bias (MPP condition), the final PCE(i) value is drasti-
cally increased due to the light-soaking effect. Moreover, while
the J-V hysteresis behavior of the Doped Spiro intensifies under
very low WLED intensities, this phenomenon is not observed
in the Undoped Spiro samples. Furthermore, the Undoped
Spiro devices suffer low voltage losses with reducing light inten-
sity and deliver V. values in the 0.67 to 0.76 V range even at
50 to 100 lux. In contrast to the well-established practice of
using doped Spiro-OMeTAD HTL for high-efficiency LHP-
based solar cells, our findings suggest that dopants in Spiro-
OMeTAD HTL may not be necessary for the fabrication of
stable and efficient indoor photovoltaics.
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Our work underscores that the efficiency of LHP-based solar
cells under 1-Sun illumination does not automatically predict
their performance under the low-light intensity conditions
of artificial indoor lighting. Although a solid understanding
of optimized solar cell parameters is essential toward high-
performance LHP indoor photovoltaic devices, it is the further
refinement of various device layers and interfaces, specifically
tailored to low-intensity indoor lighting, that is pivotal to
unlocking efficient and stable indoor photovoltaics.
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