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ABSTRACT

The use of metal-halide perovskites in photovoltaic applications has become increasingly
attractive owing to their low-temperature manufacturing processes and long charge-carrier
lifetimes. High-bandgap perovskite solar cells have potential for indoor applications owing to
their efficient absorption of the LED spectrum. This study investigates the performance of
high-bandgap perovskite solar cells under a wide range of lighting conditions, including a
commercially available white LED lamp with a 5 — 40000 Ix illuminance range and a standard
1 sun reference. We compare the performance of CH3NH3sPblz based perovskite solar cells to
CH3NH3sPb(lo.g Bro2)s solar cells with varying electron transport layers (ETL), including
PCBM, PCBM:CMC, and CMC:ICBA fullerene combinations. Because the spectral response
of perovskite solar cells covers the white LED spectrum very well, the major performance
difference is related to the open-circuit voltage and fill factor (Voc and FF). The cells with the
CH3sNH3sPb(lo.g Bro.2)3 absorber layer and the CMC:ICBA electron transport layer demonstrate
superior open-circuit voltage and therefore a high efficiency above 29% at 200 — 500 Ix, typical

for indoor lighting.

INTRODUCTION

Low-temperature manufacturing processes using inexpensive solution-processing
methods ™!, combined with exceptionally long charge-carrier lifetimes [ have made metal-
halide perovskites attractive materials for photovoltaic applications. ¥ Owing to intensive

research efforts, efficiencies have increased to 25.7% [ over the course of 10 years, since the



first cells surpassed the 10% mark in 2012. Il A peculiar feature of halide perovskites is that
they achieve their best efficiencies for bandgaps that are slightly higher than ideal from the
perspective of the Shockley-Queisser model for the sunlight spectrum. 1 This has led to a
continuously increasing interest in using halide perovskites for tandem solar cells (1121 but also
offers opportunities to employ the technology for artificial lighting conditions. [*3] As the future
of lighting is in white LEDs, and because white LEDs have significantly fewer infrared (IR)
and near-infrared spectral components as compared to traditional light bulbs or the solar
spectrum, higher bandgap materials are needed for maximum efficiencies. Depending on the
spectrum and color temperature of the LEDs used, the optimum bandgaps for indoor
applications range from around 1.7 eV to 2 eV. [**l These bandgaps are significantly higher
than those of crystalline silicon (1.12 eV) and even those of the halide perovskite solar cells
(1.5 to 1.6 eV) that show the best efficiencies under one-Sun illumination. ™! Thus, there is a
need to explore perovskite solar cells with higher bandgaps (> 1.7 eV). Perovskite technology
provides sufficient flexibility to fabricate these solar cells. However, high-bandgap perovskite
cells often suffer from effects such as iodine-bromine segregation, [® 1 increased bulk
recombination 18 and a lack of suitable charge transport materials with good energy level
matching at interfaces. [19-221

Artificial indoor LED lighting is characterized by a narrower spectrum and significantly
reduced intensity with respect to the one-Sun standard test conditions. A drastic decrease in
intensity leads to an efficiency reduction 2261, At low illumination, even a low current through
the parasitic shunt resistance gains importance and reduces solar cell efficiency. 23 25271
Perovskite solar cells, however, show potential for a high shunt resistance Rs, 3 2831 making
them suitable for low-illumination applications. In addition, Kin et al. demonstrated the
exceptional efficiency of these cells when integrated with sodium-ion batteries under indoor
illumination. &2

Spectrum narrowing can be very beneficial for solar cell efficiency. [3 14 23.28-31,33] Thg
emission spectra of indoor LED light sources are often very efficiently absorbed by the
perovskite solar cells and, therefore, the losses in short-circuit current density Jsc are low.
Therefore, most optimization efforts must focus on the Voc and FF losses under indoor
illumination. In this work, we focus on maximizing the Voc of the perovskite solar cells for

indoor applications.

To explore this optimization direction, we studied the light intensity dependent performance of
CH3sNH3Pb(1,Br)3z solar cells with different | to Br ratios that have fairly high open-circuit



voltages between 1.19 and 1.33 V for bandgaps between 1.6 and 1.72 eV. We compare two
absorber compositions with (i) pure iodine (CH3NH3Pbls, Eq= 1.6 eV) and with 20% Br
(CH3NH3sPb(log Bro2)s, Eq=1.72eV). The absorbers were grown using PbAc>-based
precursors, as previously described by Liu et al. [*> 34 The solar cells are based on a pin-type
geometry, as shown in Figure 1, where the perovskite layer is sandwiched between an
ITO/PTAA anode on the illuminated front side of the device and a fullerene / bathocuproine
(BCP)/Ag cathode on the back. The fullerenes employed include [6,6]-phenyl-Ce:-butyric acid
methyl ester (PCBM), which is used for Br-free cells, and PCBM, PCBM:CMC, and
CMC:ICBA for Br-containing cells. Here, ICBA is the indene-Cgo bisadduct known for its
significantly lower electron affinity [ %] as compared to PCBM or even Ceo, Whereas CMC is
Ceo-fused N-methylpyrrolidine-m-Ci2-phenyl. The use of lower electron affinity fullerenes,
such as ICBA and CMC, is crucial for improving the energy-level alignment to higher bandgap
perovskites and minimizing losses due to interfacial recombination, which are known to
deteriorate the performance of high-bandgap perovskite solar cells. Both absorber
compositions have been previously shown to enable high open-circuit voltages 1 * owing to
their very high bulk lifetimes, negligible recombination at the perovskite-PTAA interface, and
reduced recombination at the perovskite-ETL interface. However, it has already been clear
from previous work that the perovskite-ETL interface is the performance-limiting interface that
causes significant additional recombination in the device compared to perovskite films on glass
or on PTAA. 2371 |n this work, we vary the ETL layer between the combinations of PCBM,
CMC, and ICBA fullerenes and study the performance of these cells under LED illumination
with varied irradiance and under 1 Sun illumination. Following our previous work™® 4
dedicated to achieving high 1 Sun Voc in these cells, we now focus on performance under LED
light and discuss trends in irradiance dependence that affect the indoor light harvesting

performance.



Figure 1 Schematic of the layer stacks of the perovskite solar cells used in this study. The solar
cell with the CHsNH3sPbl3z absorber layer (a) has a PCBM electron transport layer (ETL). Solar
cells with the CHaNH3Pb(lo.g Bro2)3 absorber layer (b) have electron-transport layers consisting
of different combinations of the fullerenes PCBM, CMC, and ICBA.

RESULTS AND DISCUSSION

Four types of perovskite solar cells were investigated in this work: high-bandgap
CH3NH3sPb(lo.gBro.2)s cells with CMC:ICBA, PCBM and PCBM:CMC electron-transport
layers and a reference CHsNH3Pblz cell with a PCBM electron transport layer. The
fabrication procedure for the CHsNH3Pbls cell was discussed in ref. B4, while the detailed
fabrication procedure for the CHsNH3sPb(lo.s Bro.2)s cells was presented in ref. 9, Figure 2
presents the JV-curves of these solar cells under 1 Sun and 175 Ix LED illumination (lowest
measured point close to the 200 — 500 Ix region).
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Figure 2 JV-characteristics of PSCs used in this study under 1 Sun (a) and 175 Ix LED light
(b). The solar cell with the CH3NH3Pbls absorber layer has a PCBM electron-transport layer.
Three solar cells with a CH3NH3zPb(lo.g Bro.2)3 absorber layer have PCBM, PCBM:CMC and
CMC:ICBA fullerene blends as electron-transport layers (ETL).

Table 1 presents the corresponding solar cell parameters: open-circuit voltage (Voc), short-
circuit current (Isc), short-circuit current density (Jsc), short-circuit current density calculated
from EQE (Jsc, eoe), device area (A), fill factor (FF), power at maximum-power point (Pwpp)
and efficiency (n). Jsc, eoe was calculated for two cells (with CHsNHsPb(lo.s Bro.2)s absorber and
CMC:ICBC electron transport layers and with CHsNHsPbls absorber and PCBM electron

transport layers) using EQE measured for the cells with the same composition.

Table 1 Parameters of perovskite solar cells used in this study under room conditions (175 Ix
LED) and under 1 Sun.

CH3sNHsPb(lo.s,Bro.2)s CHsNHzPb(lo.s Bro.2)s CHsNHsPb(lo.s,Bro.2)s CHsNHsPbls

CMC:ICBA PCBM:CMC PCBM PCBM

Source LED Sun LED Sun LED Sun LED Sun

Voc [V] 1.06 1.29 1.05 1.28 1.02 1.24 0.86 1.18

Isc [mA] 0.0041 2.85 0.0042 2.85 0.0043 2.90 0.0043 3.27

Jsc [mA/cm?] 0.0257 17.79 0.0264 17.82 0.0267 18.15 0.0270 20.43
Jsc, eqe [MA/cm?]  0.02560 18.68 - - - - 0.0288 20.04
A [cm?] 0.16 0.16 0.16 0.16 0.16 0.16 0.16 0.16

FF [%)] 80.82 75.87 79.86 79.58 77.97 78.22 74.11 77.65

Pmpe [MW/cm?] 0.0220 17.30 0.0222 18.20 0.0213 17.50 0.0173 18.80
n [%] 29.36 17.30 29.62 18.20 28.42 17.50 23.09 18.80



The solar cell with the CH3NH3Pbls absorber layer has a bandgap of 1.6 eV and consequently
lower Voc 0f 0.86 VV at 175 Ix LED and 1.18 V at 1 Sun. PSCs with the CHzNH3Pb(lo.s Bro2)s
(1.72 eV bandgap) absorber layer show open-circuit voltages in the range of 1.24 — 1.3 V at
1 Sunand around 1.02 — 1.06 V at 175 Ix LED illumination. Among them, the cell with a blend
of CMC and ICBA used as an electron-transport layer has the highest Voc of 1.29 V at 1 Sun
and 1.06 V at 175 Ix LED illumination. From the low illumination current — voltage curves
(Figure 2b), one can see that the shunt resistance of these cells is extremely high, ensuring a
stable and high FF (above 75% for CMC:ICBA electron transport layer cells) even at 175 Ix.
Although in this work CH3zNH3Pbls cells show considerably lower voltages than
CH3sNH3sPb(lo.s Bro2)s cells, our previous work on this cell reported an even higher Voc of
1.26 V after light soaking. 34!

Figure 3 (a, b) presents the open-circuit voltage Voc and fill factor dependences on the light
source power density for the solar cells used in this study.
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Figure 3 Open circuit voltage, Voc (a), fill factor, FF (b) and power conversion efficiency (c)
as a function of the power density of the LED and reference values measured under 1 Sun
illumination (yellow area) for different perovskite solar cells. The top x-axis corresponds to
illuminance values in lux calculated for the LED spectrum (1 Sun AML.5 spectrum
corresponds to 100 mW/cm?and approximately 10° Ix, and the position of the points is defined
by the power density value). The region marked with blue rectangle represents standard office
room conditions (200 — 500 Ix). The ideality factors of the three wide-band-gap perovskites are

labelled in (a) in their corresponding colors.

The measurement results under standard test conditions, 1 Sun illumination are highlighted in
yellow. The region of typical indoor illumination (200 — 500 Ix) is marked by a blue vertical
bar in Figure 3. The LED power density range of all points tested is 0.002 — 15.5 mW/cm? and
corresponds to approximately 5 — 40000 Ix.

For all perovskite solar cells (PSCs) a smooth quasi-linear dependence of Voc on power density
is observed on the semi-logarithmic scale. The cells closely follow the classical diode

dependence of Voc on Jsc 13839

idkT

Using equation 1, the ideality factors of these cells were determined from the data in Figure 3a.
The dashed lines representing the slopes for nig = 1 and nig = 2 are plotted for reference. The
solar cells with CH3NH3sPb(lo.s,Bro.2)s showed ideality factors between 1.6 and 1.63, while the
lower bandgap CHsNH3sPbls cell showed an ideality factor of 2.25. A lower ideality factor
corresponds to a flatter slope and a higher Voc at low irradiance. The higher-bandgap cells in
this study showed considerably more stable Voc over the entire illuminance range compared to
the cell with a lower bandgap. The Voc decreases by approximately 0.38 V in high-bandgap
cells as the illuminance decreases from 40000 to 5 Ix, while a larger Voc reduction of 0.49 V
is observed in the lower-bandgap solar cell. Simultaneously, similar Voc values are observed
for 1 Sun illumination and high-power LED illumination. Higher initial voltages of the
CH3NH3sPb(lo.gBro.2)s cells (Figure 3a) combined with lower Voc drops result in higher Voc
values at low irradiance as compared to a perovskite solar cell with a CHsNH3sPbls absorber
layer (brown squares in Figure 3a). Under indoor illumination conditions, the
CH3sNH3sPb(lo.g Bro.2)s cell with the CMC:ICBA electron-transport layer (red diamonds) shows

a Voc above 1.05V and we observe a strong difference between low-bandgap and high-bandgap

iakT
solar cells. V- = n”"Tln (]JS—C) [1
0



A special note can be given to the Voc of the CMC:ICBA cell. The Voc of this device remained
above 1.1 V under LED illumination with an irradiance of 0.3 mW/cm? and increased up to
1.3 V at 15.5 mW/cm?. Under 1 Sun illumination (100 mW/cm? AM1.5), the cell showed a Voc
of 1.29 V. These results are in agreement with those of our previous work 11, where the highest
voltage was achieved by a cell with the same structure.

The fill factor (FF) of a solar cell JV curve is defined as FF = Vwpp Juer / (Voc Jsc), where
Vmper and Jwrep are the voltage and current density at the maximum power point. It depends on
the ideality factor nig, as well as the shunt and series resistances Rsy and Rs, and is positively
correlated with the open-circuit voltage (Voc). Following the approach [“% for the case of an
ideal diode with infinitely large shunt resistance and zero series resistance, the FF dependence

on Voc can be approximated with

_ Voc—In(vy +0.72)

FFO Voc +1 ! [2]
where

_ Voc
VOC - nkT/q . [3]

As the Voc increases with the illumination intensity (Figure 3a), an increase in FF is observed
(Figure 3b) for all perovskite solar cells. Additionally, the FF strongly depends on the shunt
and series resistances of the solar cell ¥ 42, The effect of the shunt resistance is more
pronounced under low LED light power density, whereas the series resistance is important at
high illumination intensities, where the current density at the maximum power point increases
261 The series resistance of the cells leads to a drop in the FF observed under LED irradiance
above 10000 Ix. At the same time, perovskite solar cells can have a remarkably high shunt
resistance, % 28-31 which was also the case for the presented PSCs (Figure 4), demonstrating a
very stable FF at low illumination intensities.

Figure 3c presents the dependence of the cell efficiency on the LED power density and includes
the reference values under one-sun irradiance represented by the points in the yellow area.
Comparing the performance of perovskite solar cells under one-Sun and under high power
densities of white LED, higher power conversion efficiencies were observed under LED light
(34 —36.5% under LED vs 17 —19% under 1 Sun). This is related to the high-bandgap of the
perovskite absorbers and, therefore, a much better match of their EQE to the LED spectrum as
compared to the Sun spectrum (see Figure 6). In the case of LED light, both perovskite absorber
materials show external quantum efficiencies above 80% over the entire range of the LED

spectrum, except for the minor fraction of the IR region 740 — 800 nm, where the LED emission



is weak. Therefore, under LED light, both absorbers exhibited very similar Jsc values (Table
1). At the same time, the wider bandgap of CH3NH3zPb(lo.g,Bro.2)3 provides a noticeably higher
Voc, likely due to the reduction in thermalization losses even under LED light. The
thermalization loss refers to the energy loss during vibrational (thermal) relaxation of an
excited electron to the lowest available level of the conduction band ™. A high bandgap
reduces the amount of energy that an electron releases during such a process and results in a
considerably higher Voc and efficiency of the cells with the CH3NH3sPb(lo.g Bro.2)s base layer.
The cell with the highest Voc has a CMC:ICBA ETL layer and shows an efficiency of above
29% in office-lighting conditions (200-500 lux), 28.5% efficiency under a lower illuminance
of 100 Ix, while a maximum efficiency of 35.5% is observed under approximately 4000 Ix of

LED light.

Figure 4a presents the dependence of the shunt resistance (Rsn) on the LED light power density.
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Figure 4 Dependence of the shunt resistance Rsn (a) on LED light power density for different
perovskite solar cells. Dependence of the short-circuit current density and the estimated shunt
current (calculated as Voc/RsH) on LED light power density (b). The top x-axis corresponds to
illuminance values in lux. The values of Rsy and Voc/RsH with Rsy calculated from the dark JV
(RsHpark) are presented for one cell as a reference in both plots (red dashed line(a) and red

stars(b)). The region marked with blue rectangle represents standard office room conditions
(200 - 500 Ix).



The resistance was determined from the slope of the corresponding JV curve at V = 0, so any
linear term in the dependence of current on voltage was perceived as shunt. As a result, we
observe the real shunt resistance in parallel with a “photo-shunt” [+ 451 which shows a linear
dependence on the light power density. As these two effects act in parallel, the lower of the
two resistances will dominate. At high LED power density, the photo-shunt resistance
decreases, and the overall resistance shows a linear dependence on light intensity. Moving to
low irradiance, the photo-shunt resistance increases, while the total shunt resistance saturates
around the value determined from the dark JV curve (~20000 kQcm?). In the region
corresponding to room conditions (marked with blue rectangle) perovskite solar cells show
shunt resistances above 1000 kQcm?,

In the single diode model with shunt resistance, a correction term Voc/RsH appears (Equation

4), which leads to the reduction of Voc.

Voo = Tli«;kT In (]sc—V]c;c/RSH)_ [4]

The value of this correction term Voc/Rsn is compared to the magnitude of Jsc in Figure 4b
for the studied LED power density range. As the Jsc is at least one (almost two) order of

magnitude higher than Voc/RsH at irradiances corresponding to room conditions and above,
the shunt resistance has minor influence on the Voc in the Perovskite cells presented in this

study.
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Figure 5 Dependence of the output power density of PSCs on the power density delivered by
the LED light source. The blue region represents standard office room conditions
(200 — 500 Ix).

The dependencies presented in Figure 3 fully describe the performance of the studied cells, but
for potential practical indoor applications of PSCs, it is more instructive to plot the dependence
of the PSC output power density on the LED lighting power density on a linear scale as it is
presented in Figure 5. For example, the PSCs used in this study can provide a power density of
38 uW/cm? under LED illumination with 0.12 mW/cm? power density. Additionally, a power
density of 20 — 60 uW/cm? can be expected in suggested room lighting conditions (white LED
illumination of 200 — 500 Ix). This value can be used to estimate the solar cell (or module) area

required to supply power to certain electronic applications in an indoor setting.



Table 2 Comparison of the performance between the CH3NH3Pb(losBro2)s cell with

CMC:ICBA electron transport layer and other reported perovskite cells in similar

conditions.
Irradiance lluminance Cell Reference This
of LED efficiency work
0.3mW/cm? 800 Ix 40.1% [13] 32.3%
- 1000 Ix 36.2% [29] 32.6%
0.3mW/cm? 1000 Ix 27.4% (31] 32.6%
-- 400 Ix 26.9% [28] 30.9%
-- 200 Ix 25% [30] 29.4%
-- 100 Ix 22.5% [31] 28.5%

Comparing the results of this work with the literature data 3 2831 we conclude that the PSC
with the CH3NH3Pb(lo.g Bro2)s bandgap and CMC:ICBA has exceptionally good performance
under white LED illumination of 100-1000 Ix (Table 2) and stays on par with or exceeds the
best values reported in the literature, especially in the relevant for indoor application range of
200-500 Ix [13 28311

CONCLUSIONS

We studied the potential of high-bandgap perovskite solar cells (PSCs) for indoor applications
under LED light. The quantum efficiency of PSCs closely matches that of common LED lights,
thereby providing efficient absorption. Therefore, further performance improvement efforts
must focus on Voc and FF under low-intensity LED light. To achieve a high Voc under low-
light conditions, we studied PSCs with a wide-bandgap CHsNHzPb(lo.s Bro2)s absorber layer
(Eg=1.72eV) in combination with three electron-transport layers (PCBM) and two
PCBM:CMC and CMC:ICBA fullerene combinations. The high-bandgap cells were compared
to a reference cell with a CH3sNH3PDblz absorber layer (Eq=1.6 eV) and a PCBM electron
transport layer. The wide bandgap CHsNHz3Pb(lo.gBro2)s solar cells showed 1 Sun Voc of
1.24 — 1.29 V, while CH3NH3Pblz solar cell showed lower 1 Sun Voc of 1.18 V.

All solar cells were tested under LED illumination with illuminance ranging from 5 Ix to
40000 Ix. The wide-bandgap CHsNH3sPb(lo.sBro2)s cells reveal persistent Voc with flat

dependence on irradiance corresponding to an ideality factor of approximately 1.6 and a Voc



of 1V around 200 —500 Ix. The reference CH3NH3Pbls cell showed a Voc of 0.86 V at
200 — 500 Ix and a steeper Voc dependence on irradiance with ideality factor of approx. 2.25.
All studied cells show high FF under low light due to high shunt resistance above 1000 kQcm?.
However, the wide bandgap cells demonstrate a higher FF in most cases with a FF of approx.
80% at 200 — 500 Ix. With similar currents but higher Voc and FF values, the wide-bandgap
cells show a significant gain in efficiency as compared to the reference CHzNH3Pbls cell.
Efficiencies of 30 — 32% are observed in the range of 200 — 500 Ix, dropping to 28.5% at 100 Ix
for the highest Voc cell with a CH3NH3sPb(lo.g Bro.2)s absorber layer and a CMC:ICBA electron
transport layer. These results agree with the performance of the best reported perovskite solar
cells under white LED illumination 32831 and demonstrate the high potential of the PCSs for
indoor light harvesting. To facilitate the practical use of these devices, we present the
dependence of the output power density on LED light power density. We expect that light
harvesters based on PCSs will deliver approximately 20 — 60 uW/cm? under realistic room

lighting conditions.

EXPERIMENTAL

While standards for low-light LED characterization of solar cells are yet to be developed, there
are several light conditions that one can usually see in the literature. The region of 300 - 500 Ix
of “white LED” is a standard for office work.[*8l Jobs involving small objects require higher
illuminance, whereas offices and non-working areas can have lower average illumination levels
[471 Consequently, the test conditions used in the literature vary between 100 and 1000 Ix. At
the same time, the standards for illuminance are defined for working desks, while light-
harvesting devices can be installed anywhere in a room. Hence, a real room can provide an
even wider range of conditions including shaded areas with extremely low illumination. For
example, the DIN EN 12464-1 standard sets minimal illuminance of 30 — 50 Ix on ceilings and
50 — 75 Ix on walls. This paper addresses the performance of perovskite solar cells in a wide
range of possible conditions from 5 to 40000 Ix, while extending the standard range of office

conditions to the 200 — 500 Ix range.

Characterization of solar cells under 1 Sun illumination (AMZ1.5 spectrum, 100 mWcm™2) was
performed using a class-A sun simulator. A commercially available white LED lamp (Cree
XLamp CXA3050 LED with a color temperature of 3000 K) in combination with a neutral-
density ODL filter served as the light source for indoor illumination tests. The standard test

procedure involves measurements at different LED light powers, progressing from the lowest



to highest power. We chose this progression to avoid possible light soaking [“® 491 and the
influence of the measurements performed at high intensity on the measurements at low
intensity. For current—voltage characterization, both forward and backward voltage sweeps
were done with 0.01 V steps, 20 ms delay and LED light remaining between the sweeps and
changes in irradiance. All presented results correspond to the down-sweep (Voc = Jsc)

direction.
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Figure 6 Normalized spectral irradiance of the solar simulator (gray area) and the white LED
lamp (red area) used in this study. The spectra are compared with the external quantum
efficiencies of CHsNH3Pbls (black line) and CH3aNH3sPb(lo.g,Bro.2)s (blue line) perovskite solar

cells.

The power output of the LED lamp was controlled by the LED lamp current. Solar and LED
spectra were measured with a compact array spectrometer from “Instrument Systems” at a
predefined set of currents. One of the resulting normalized spectra is presented in Figure 6.
From these measurements, the dependence of the irradiance E. on the LED current was
determined and used to interpolate points that were not measured. The spectral response of the
neutral-density filter was calculated separately and multiplied by the measured LED spectrum.
The illuminance Ey of the LED lamp was calculated from the spectrum of the LED lamp with
a filter at a certain LED current and is derived as Evi = Evo * Ee1 / Eeo, Where Ee is the power

density for all other measurement points.
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