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ABSTRACT: Perovskite solar cells (PSCs) have different theoretical optimal bandgaps (Eg)
for outdoor and indoor light harvesting due to the different spectral distributions of the sun
and indoor lamps. This work focuses on understanding how both indoor and outdoor
photovoltaic (PV) performance of Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3 PSCs depend on Br−
content (x) spanning the whole 0−100% range, not only efficiency but also stability. Eg
increases linearly with x: Eg/eV = 0.75x+1.48. Cells with x = 0.17 delivered the highest
efficiency under indoor illumination, which did not correspond to the optimal theoretical
bandgap. Via in depth analysis of crystal structure, morphology, and optoelectronic properties,
we propose five key parameters and associated threshold values to be surpassed that enable
one to achieve indoor efficiencies greater than 25% (1000 lx). First, films should possess
average grain sizes greater than 300 nm (i.e., grain sizes > 70% of film thickness) and
intergrain spacing ≪ 10 nm. Additionally, On/Off dark current and shunt/series resistance
ratios should be higher than 102. Lastly the ratio between current density under indoor
illumination and recombination currents in the dark should be >10. The aging rate of cells measured indoors (a fall of 65%) was
higher than under 1 sun (41% fall), indicating that device performance is more sensitive to defects arising upon aging when
measured under low intensity indoor light. Our investigation provides key parameters that can become a useful tool for researchers
aiming to develop improved PSCs for indoor applications.
KEYWORDS: perovskite solar cells, bandgap engineering, photovoltaic cells, indoor light harvesting, compositional engineering

1. INTRODUCTION
Organic−inorganic halide perovskite solar cells (PSCs) have
attracted widespread attention because of soaring photovoltaic
(PV) performance now reaching 25.7% as well as low cost
solution-based fabrication processes utilized.1−4 In addition,
PSCs have emerged as one of the most competitive candidates
for indoor photovoltaics (IPVs) applications due to their
tunable bandgap (Eg), good mechanical flexibility, low weight,
and high power conversion efficiency (PCE), especially under
low and artificial light conditions.5−9

Currently, with the swift development of the Internet of
things (IoT), the demand for IPVs to power microelectronic
indoor devices (e.g., sensors, wearable devices, and actuators)
is high to reduce the need for batteries and connection to the
electrical grid.10−13 Extensive studies in PSCs have been
carried out under standard test conditions (i.e., 1 sun
illumination), whereas few studies have focused on indoor
PV applications. Indoor light, also known as artificial or
ambient light, is now typically generated by LEDs and
fluorescent lamps (FLs). These light sources have a narrower
wavelength range of the irradiance spectrum compared to
sunlight.9,14−16 Hence, the perovskite absorber for indoor light

conversion should have a wider Eg compared to those for
applications under natural sunlight to reduce thermalization of
photoexcited charge carriers.17−20

Recent initial studies have reported that the efficiency of
PSCs for indoor light conversion can be improved by
engineering the Eg of perovskite formulations.21−23 Theoretical
calculations by Freunek et al. have shown that the optimal Eg
of PVs for indoor light harvesting is 1.9 eV.17 Li et al.
employed (FA0.6MA0.4)0.9Cs0.1Pb (I0.6Br0.4)3 with an Eg of 1.75
eV and attained an indoor PCE (i-PCE) of 22.7% at 200 lx
under LED.16 Wu et al. adopted an MA0.85Cs0.15Pb(I1−xBrx)3
perovskite layer with i-PCEs of 24.6% at 200 lx under LED (Eg
≈ 1.66 eV).24 Feng’s group designed a CH3NH3PbI2−xBrClx
triple-anion perovskite with Eg ≈ 1.8 eV, achieving i-PCE of
36.2% at 1000 lx under FL.19 However, as far as we know, He
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et al. achieved the record efficiency of 34.8% at 200 lx and
40.1% at 824 lx based on an (FAPbI3)0.97(MAPbBr3)0.03
perovskite with a narrow Eg of 1.59.8 Therefore, in addition
to the Eg, there are other more important factors affecting the
indoor PV performance of PSCs.
To comprehensively explore the effect of Eg and perovskite

film properties on the indoor and outdoor PV performances of
PSCs, we systematically developed and investigated triple-
cation PSCs with the content of Br− ions varied over the full
0−100% range. We did not use any additives and interfacial
layers that would further improve efficiency, because these
would introduce more complex influencing factors. Our main
aim is to further understand what are the key properties of the
perovskite layer that affect efficiency, in particular under indoor
lighting. We selected cesium-containing triple-cation PSCs in
the ITO/SnO2/Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3/Spiro-
OMeTAD/Au architecture because they possess high
efficiency as well as improved thermal stability and
reproducibility.25,26 By substituting I with Br from 0 to
100%, we were able to link PV performance under both 1 sun
and indoor light conditions not only to the Eg, which varied
from 1.5 to 2.3 eV, but also, crucially, to the optoelectronic and
morphological properties of films. In fact, the latter dominate
the influence on device performance compared to the bandgap
value that would be theoretically more suitable. Importantly,
we extended the systematic study, together with XRD analyses,
to long-term stability, which is often overlooked in indoor
studies. Our investigation has enabled us to unravel operation
mechanisms in indoor PV and identify five important

parameters and the thresholds that need to be surpassed in
order to achieve high performance at low light levels. These
can become a useful tool for researchers aiming to develop
improved PSCs for indoor applications.

2. RESULTS AND DISCUSSION
2.1. Bandgap Engineering with Different Br− Content

Ratios. Figure 1a displays photographs of perovskite films
Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3 prepared with different
Br− contents (0 ≤ x ≤ 100%). Ultraviolet−visible (UV−vis)
absorption spectra show that the absorption edge blue shifts as
the Br− content increases from 0 to 100% (Figure 1b). The
values of Eg were 1.51, 1.61, 1.72, 1.83, 1.97, and 2.27 eV for x
of 0, 0.17, 0.35, 0.5, 0.7, and 1, respectively, as extracted from
the onset of the absorption spectra. A linear dependence of Eg
with Br− content was observed (Figure 1c):

= +E x/eV 0.75 1.48g (1)

We see the same behavior from the photoluminescence
(Figure 1d) and external quantum efficiency (EQE) spectra
(Figure 1e).27−29 A new sub-bandgap peak and a low energy
tail appear in the PL spectra of the Br0.7 and Br0.5 films,
respectively. These features will be discussed in Section 2.5.
2.2. Photovoltaic Performance of Perovskite Solar

Cells. ITO/SnO2/perovskite/Spiro-OMeTAD/Au architec-
tures (Supporting Information Figure S1a) with different
Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3 [0 ≤ x ≤ 100%] perov-
skite layers were investigated under both standard test

Figure 1. (a) Photographs, (b) absorption spectra, (c) linear relationship between bandgap (Eg) and Br− content (x), and (d) normalized PL
spectra of perovskite Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3 [0 ≤ x ≤ 100%] films. (e) External quantum efficiency (EQE) curves with integrated
current densities for the best performing devices.
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conditions (STC, AM1.5G, 1000 W/m2, 25 °C) and indoor
LED illumination (irradiance plotted in Figure S1b).
Figure 2a and Table S1 present the PV parameters measured

under STC. VOC monotonically increases with Br− contents,
from 0.81 ± 0.04 V at x = 0 to 1.25 ± 0.08 V at x = 1;
conversely JSC decreases, from 21.8 ± 0.4 to 5.2 ± 0.5 mA/
cm2. The monotonic increasing trend of VOC with x and thus
Eg is consistent with the general expression for VOC vs Eg:
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Photocurrent behavior is explained by a diminished
absorption of photons with increasing Eg:

31

=J q E f E EEQE( ) ( ) dSC 0 s (3)

where EQE(E) is the quantum efficiency and fs(E) is the solar
photon flux. Because EQE(E) = 0 for all photon energies E <
Eg, eq 3 can be written as

=J q E f E EEQE( ) ( ) d
ESC s

g (4)

Clearly, the smaller Eg is, and for broad EQEs spanning up
to the UV such as those delivered by PSCs, the more photons
will be harvested leading to higher generated currents, JSC.
The indoor VOC and JSC values do not show the same

monotonic trends observed at STC (Figure 2b). The reason is
that trap-state density plays a more important role under the
much lower optical power densities found indoors of 0.77−
3.85 W/m2 (200−1000 lx) compared to those found at STC
(1000 W/m2), with major effects on PCE.19 The cell with the
perovskite layer containing Br0.17 still remains the most
efficient one. However, at these lux levels, the difference
between Br0.17 and the other compositions was greatly

amplified. The average PCE at this composition was at least
50% higher than at other Br− contents at 1000 lx (Figure S2),
and the gap was even greater at the lower 200 lx (Figure 2b).
At 200 lx the best, average, and stabilized PCEs were 22.0%,
20.4%, and 21.6%, respectively, for the Br 0.17 cell. At 1000 lx
these values improved to 27.1%, 25.2%, and 26.2% (Figure S3
and Tables S2 and S3). For comparison, the champion device
delivered a PCE of 16.5% at STC. We calculated the hysteresis
index (HI), HI = (PCEBW − PCEFW)/PCEBW,

32 based on J−V
forward (FW) and backward (BW) scans (Figure S4).
Although, there still is no consensus explanation in the
literature, inverted (i.e., negative) hysteresis is likely a sign of
significant movement of anions and cations toward the
transport layers.33,34 HI varies from 0.046 to 0.253 (Table
S4). Notably, bromine-free (Br0) cell exhibits negligible
hysteresis (0.046), the Br0.17 cell shows the smallest hysteresis
(0.112) compared with other bromine-containing devices (HI
ranging from 0.126 to 0.253). This high hysteresis is notorious
in wide-bandgap Br-containing perovskites and can be limited
by interfacial or additives engineering.32,35,36

PCEs of our experimental PV cells at STC and under LED
light are plotted as a function of bandgap in Figure 3 together
with the theoretical limits for single-junction solar cells
(Shockley−Queisser limit/detailed balance limit).37,38 The
theoretical PCE at AM 1.5G shows a broad peak between 1.0
and 1.5 eV (with the maximum at 1.34 eV). Above this value
the PCE decreases steadily with Eg. Our experimental data
follow this trend above 1.6 eV due to lower photon harvesting
capabilities of larger Eg. However, the measured PCE presents
a maximum at 1.61 eV, ∼200−300 meV away from the
theoretical peaks, suggesting that there are additional critical
factors influencing performance in addition to Eg, which also
explain the gap between the maximum values of experimental
(maximum PCEs of 27.1% and 16.5% under LED and STC)

Figure 2. Photovoltaic parameters for the Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3 [0 ≤ x ≤ 100%] perovskite solar cells (PSCs) measured (a) under
standard test conditions (STC, AM1.5G, 1000 W/m2, 25 °C) and (b) under illumination from an LED lamp (OSRAM P25) at 200 lx.
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and ideal cells (maximum PCEs of 56% at 1.89 eV for LEDs
and 33% at 1.34 eV at STC).24,37

2.3. Morphologies and Properties of Perovskite
Films. Figure 4 shows the X-ray diffraction (XRD) patterns
(Figure 4a) and top-view scanning electron microscope images
(Figure 4b) and the grain size (dG) distribution of perovskite
films (Figure 4c), for each Br− content. XRD spectra (Figure
4a) show that the main peaks are displaced toward larger
values of 2θ with an increasing amount of bromide, since
smaller Br− [ionic radius (IR) = 1.96 Å] ions are substituting
the larger I− ions (IR = 2.2 Å).29,39,40 This displacement has
been attributed to changes in the crystal structure, i.e., a
gradual shift from the tetragonal phase of pure CsMAFAPbI3
to the cubic phase of pure CsMAFAPbBr3.

41,42

SEM images tell us that from x = 0 (dG = 270 ± 55 nm) to x
= 0.5 (dG = 300 ± 54 nm), it is the Br0.17 perovskite film that
has the larger average grain size (dG = 324 ± 57 nm),
explaining, together with it being more compact, its better PV
performance when used in a solar cell. For x = 0.7 (dG = 425 ±
114 nm) and 1 (dG = 454 ± 122 nm), grain sizes were the
largest. The standard deviation of over 100 nm (evaluated over
30 grains) was more than double that of grain sizes in the Br0
to Br0.5 range (∼50 ± 10 nm), indicating less reproducible
film forming morphologies for the higher Br range, and visible
gaps/cracks appeared at the grain boundaries (highlighted with
red squares in Figure 4b). These were estimated to be 28 ± 4.7
and 24 ± 2.6 nm wide (over ten measurements) for Br0.7 and
Br1 films, leading to increased charge recombination and poor
indoor PV performance (Figure 2).43 Notably, the intergrain
spacing for other perovskite films (x ≤ 0.5) are not measurable
with the software and thus well below 10 nm. In summary,
considering that the average thickness of the perovskite films
cast in all our devices was 440 ± 20 nm (Figure S5),
morphological analysis indicated that for achieving high PCEs
(>25%) under low intensity indoor light, films with average
grain sizes exceeding 300 nm, corresponding to more than 70%
of film thickness, and high compactness with intergrain spacing

≪ 10 nm (summarized in Table 1) must be obtained. These
characteristics reduce grain boundaries and limit defect sites
and shunting paths that would provide a channel for
undesirable charge recombination.44

Figure 5 in fact confirms this picture. The Off current (JOFF,
dark current densities at −1 V, 8.9 × 10−4 mA cm−2) of the
Br0.17 cell is almost an order of magnitude lower than those of
all other devices, indicating a lower charge carrier recombina-
tion in the cell (Figure 5a).45−47 Figure 5b shows clearly that
the PCE follows closely the JON/ JOFF current ratio (ratio
between the dark current densities at +1 and −1 V). This was
6.9 × 102 for the Br0.17 cell, at least an order of magnitude
greater than those in all other cases (difference mainly
determined by the respective recombination currents) (Table
S5). In this context, we calculated the ratio between JSC at 200
lx and JOFF [JSC (200 lx) /JOFF] and in Figure 5c we show that
it has a strong bearing on the PCE values obtained. In fact, it is
only the Br0.17 cell for which this ratio is greater than 10 (i.e.,
it is 35). The latter parameter, with the corresponding
threshold value that enables reaching high efficiencies indoors,
is included in Table 1 together with the others.
Series resistance (RS), shunt resistance (RSH), and RSH/RS

extracted from the J−V curves of the cells under STC are
summarized in Figure 5d and Figure S6. The Br0.17 devices
delivered the lowest Rs (6.6 ± 0.5 Ω·cm2) compared to those
with different Br− content (8.6−52.4 Ω·cm2), leading to better
FF and charge extraction (Figure S6).48,49 We also found a
strong correlation between VOC values indoors and RSH (Figure
S7). Br0.17 devices exhibited the largest RSH (0.90 ± 0.13 kΩ·
cm2) compared to other Br− content devices, which fell in the
0.43−0.72 kΩ·cm2 range. A high RSH results from a more
uniform better quality perovskite film,50,51 which is paramount
at low light levels found indoors. Figure 5d plots PCE vs RSH/
RS ratio (to combine the effect of both resistances): the
correlation between the two is very strong. Br0.17 cells were
the only devices with RSH/RS ratios (128 ± 16) greater than
100, possessing a beneficially high RSH and low RS at the same
time. The correlation is so strong that we suggest the RSH/RS
ratio as a new key parameter to identify thresholds that
determine high performance indoors and is included in Table
1.
2.4. Stabilities of the Devices. We probed the long-term

stability of unencapsulated PSCs in an ambient atmosphere in
the dark according to the ISOS-D-1 protocol (dark storage,
ambient air, 23 ± 4 °C).52,53 Figure 6a shows the evolution in
time of the PCEs measured at STC. Although there is
statistical overlap in the data for devices with different Br
composition, both the average and the best less degraded cells
belonged to Br0.17 cells. In fact, Br0.17 devices maintained
74% of the original average PCE after 50 days of storage. The
PCE of Br0.35, Br0.7, and Br1 cells had the most significant
drop (below 66% of their initial values) (Figure 6b).
Decomposition is also apparent from the color change of the
films (Figure 6d). As noted previously, the films which degrade
faster typically have smaller grain sizes and/or wider intergrain
spacing, making the films more prone to diffusion and reaction
with moisture leading to faster decomposition and degrada-
tion.54,55 XRD characterization at this time (Figure 6c) shows
that the intensity ratio of PbI2/(100) diffraction peak increased
from 2.3 to 4.1 for the Br0 film, a symptom of material
decomposition from α-phase perovskite to PbI2.

56 No PbI2
peaks were visible for other Br− compositions. The new peaks

Figure 3. Theoretically maximum limit power conversion efficiency
(PCE) for single-junction solar cells (Shockley−Queisser limit/
detailed balance limit) at standard test conditions (STC, AM1.5G,
1000 W/m2, 25 °C, red continuous line) and white LED (blue
continuous line),24,37 and the average PCE for our experimental
devices at various of Eg measured under STC (red filled circles), at
200 lx (blue filled squares), and at 1000 lx (green empty squares).
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Figure 4. (a) XRD patterns of perovskite films Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3 [0 ≤ x ≤ 100%]. (b) Top-view scanning electron microscope
images. Gaps/cracks at the grain boundaries were marked with the red square. (c) Statistical histogram distribution of crystal grain sizes of the
perovskite films Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3 [0 ≤ x ≤ 100%].

Table 1. Key Parameters and Their Threshold Values That Enabled Achievement of High [25% (1000 lx) and 20% (200 lx)]
Power Conversion Efficiency under Low Levels Indoors for Triple-Cation ITO/SnO2/Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3/
Spiro-OMeTAD/Au Solar Cells

Key parameters Average grain sizes Intergrain spacing JON/JOFF current ratio JSC (200 lx)/JOFF RSH/RS resistance ratio

Threshold values >300 nm (>70% of film thickness) ≪10 nm >100 >10 >100
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appearing at 2θ ≈ 11.2° are from the non-photoactive δH-
FAPbI3 (yellow phase).57,58

It is apparent from Figures 6b and S8 that at 200 lx PCEs of
almost all photovoltaic cells have degraded more rapidly than
when measured under 1 sun with the more durable ones being
those with Br0.17, Br0.35, and Br0.5 compositions that
maintained ∼60% of the original PCE. For the rest, the PCE
drop was of 80% or more at 200 lx. This high aging rate of the
PCE measured indoors (on average the drop was 65% for all
cells) compared to that at STC (41% fall over all the same
cells) over time is consistent with PV performance being more
sensitive to defects for the former and is in line with a previous
report on a different technology, that of dye sensitized solar
cells.12 The differential aging rate we observed when measuring
the cells under indoor illumination compared to under STC
should give impetus in giving more attention to the stability of
solar cells for indoor light harvesting in future studies.
2.5. Discussion. We have determined that grain size, grain

separation, film uniformity and quality, in relation to
recombination, and characteristic resistances play a major
role in the performance of solar cells when varying their
composition through Br integration in the perovskite semi-
conductor, even more than the bandgap. Further discussion is
warranted at this point. First, sub-bandgap emission for Br0.7
film, and to a lesser extent for Br0.5 film, found in the PL
spectra (Figure 1d) at higher wavelengths compared to the
main peak, is strongly suggestive of halide phase separation,
specifically I-rich domains with narrower energy gaps.59−62

These act as recombination centers, contributing to the poor
performance of the Br0.5 and Br0.7 cells.60,61 The fact that
phase separation (also known to be reversible) is brought
about by the incident light brings about further complexity in
the system as reported in many references focusing specifically

on this aspect.63−67 The dynamics are likely not affecting the
main focus consisting of our indoor spot J−V measurements,
especially at 200 lx with low optical powers of 0.77 W/m2 and
a single scan time less than 10 s.67 Furthermore, the
noncontinuous electron beam excitation we used for SEM
measurement has been shown to not induce any phase
separation.63,68 Dedicated systematic investigations of photo-
induced phase separation can be found in refs 59−67. A focus
of future studies could fix Br composition and vary film quality
through other methods such as solvent or processing
parameters to decouple the morphology from perovskite
chemistry. Other future studies could narrow the Br range
between 0% and 20% to pinpoint more exactly the effect of Br
in a range where light-induced phase segregation is not
significant.59,62

Going the full 0−100% range has given the opportunity to
determine some general helpful parameters in the morphology,
composition, defect, and optoelectronic properties space,
which has led to better indoor performance. These have
been summarized in Table 1. Additionally, the study has
highlighted the need of strategies that can enable a better
phase uniformity at high Br content, especially for indoor
applications. These could rely on engineering additive
compounds to be introduced in the main active materials as
a way to obtain more compact perovskite films, thus bringing
PCEs closer to the theoretical maximum.8,19

3. CONCLUSIONS
We prepared a ser ie s o f perovsk i te absorbers
[Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3, 0 ≤ x ≤ 100%]. We
found that bandgap (Eg) is linearly related to Br− content (x):
Eg/eV = 0.75x+1.48. The J−V characterizations show that the
PCE as a function of Eg displayed a different trend compared

Figure 5. (a) Tafel plot of the dark current density versus voltage. (b, c) Power conversion efficiency (PCE) of the best cells measured under
standard test conditions (STC, red filled bars) and under 200 lx (blue filled bars), (b) with JON/JOFF current ratio extracted from dark J−V
measurements at +1 V (JON) and −1 V (JOFF) (burgundy colored filled bars), and (c) JSC (200 lx)/JOFF (dark gray filled bars), where JSC is the short
circuit current measured at 200 lx under LED light and JOFF is the dark current calculated at −1 V. (d) Average PCE (red filled bars) under STC
with shunt resistance/series resistance (RSH/RS) ratios calculated from J−V curves measured at STC (dark yellow filled bars).
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to the theoretically maximum limits especially under indoor
illumination. At Br− content of x = 0.17 (Eg = 1.61 eV, instead
of the one close to the theoretical bandgap 1.9 eV) the PCE
was maximum, i.e., of 22.0% (200 lx) and 27.1% (1000 lx),
under LED illumination. Thus, film quality was shown to be
more important than Eg. Our investigation has enabled
dentification and quantification of a number of important
parameters that enable one to achieve high performance
(>25% PCE at 1000 lx) at low light levels for these types of
solar cells summarized in Table 1. Films with average grain
sizes exceeding 300 nm (>70% of film thickness) and high

compactness with intergrain spacing ≪ 10 nm are required.
Furthermore, both JON/JOFF ratio (dark current densities at
+1/at −1 V) and shunt/series resistance ratio (RSH/RS) should
be greater than 102 as well as JSC (200 lx)/JOFF should be larger
than 10. From long-term stability data, we found that the
degradation rate of the PCE measured indoors was 59% larger
than that at STC in relative terms due to the PV performance
being more sensitive to defects for the former, and linked to
grain size and intergrain spacing (i.e., grain boundary surface
areas). Overall, the systematic investigation presented here has
helped deepen the understanding of the difference in solar cell

Figure 6. Long-term stability test for Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3 [0 ≤ x ≤ 100%] perovskite solar cells without any encapsulation under
ambient conditions in the dark. (a) Evolution of normalized PCEs of devices for measurements at standard test conditions (ISOS-D-1 test). Each
average (symbol) and standard deviation (error bar) was calculated from four solar cells. (b) Ratios between the PCE of devices at day 50 and day
0 for measurements at standard test conditions (red filled bars) and at 200 lx (blue filled bars). (c) XRD patterns of perovskite films placed in air
after 50 days. (d) Photographs of perovskite solar cells at day 0 (top) and day 50 (bottom).
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efficiency and stability and of some important underlying
mechanisms, when operated under indoors illumination versus
standard test conditions (1 sun).

4. EXPERIMENTAL SECTION
4.1. Materials. Tin oxide (SnO2), 15% in H2o colloidal dispersion,

was purchased from Alfa Aesar. PbI2 and PbBr2 were purchased from
TCI Co. FAI, FABr, MAI, MABr, CsI, CsBr, dimethylformamide
(DMF) (99.8%), dimethyl sulfoxide (DMSO) (99.5%), and
chlorobenzene (99.8%) were purchased from Sigma-Aldrich. The
Spiro-OMeTAD (≥99.8%) was purchased from Borun NewMaterial
Technology Ltd. 4- t e r t -Buty lpyr id ine (tBP) and bis -
(trifluoromethylsulfonyl)amine lithium salt) (LiTFSI) were pur-
chased from Sigma-Aldrich.
4.2. Device Fabrication. At first, glass/indium tin oxide (ITO)

plates were patterned using a raster scanning laser.48 Then, the
prepared glass/ITO substrates (25 mm × 25 mm) were step-by-step
cleaned in an ultrasonic bath using deionized water, acetone,
isopropanol, and deionized water for 15 min each. Then, cleaned
substrates were dried and placed under UV−ozone treatment for 15
min. For the fabrication of ITO/SnO2/Cs0.05(MA0.17FA0.83)0.95Pb-
(I1−xBrx)3/Spiro-OMeTAD/Au devices, tin oxide (SnO2) precursor
solution was prepared by mixing SnO2 (15% in H2O colloidal
dispersion) with deionized water (1:5, v:v), which was further stirred
2 h. Then, SnO2 solution was spin coated on glass/ITO substrate at
2500 rpm for 30 s in air and annealed at 100 °C for 10 min in ambient
air.

To the deposited Cs0.05(MA0.17FA0.83)0.95Pb(I1−xBrx)3 (x = 0, 0.17,
0.35, 0.5, 0.7, and 1) perovskite layer, the perovskite precursor
solutions with different formulas containing various ions were
prepared in anhydrous DMF:DMSO (4:1, v:v) and stirred overnight
at room temperature. The perovskite precursor was spin coated on
the SnO2 layer following a two steps procedure at 1000 rpm for 10 s
and then at 6000 rpm for the next 20 s. 185 μL of chlorobenzene
(CB) was dropped on the spinning substrate 15 s before the end of
the procedure. After spinning, the substrates were immediately moved
to a hot plate and then annealed at 100 °C for 10 min in a nitrogen
filled glovebox. After the substrates were cooled to room temperature,
then a Spiro-OMeTAD precursor solution [with recipe of Spiro-
OMeTAD (72.3 mg) doped with 17.5 μL of LiTFSI solution (520
mg/mL in acetonitrile) and 28.8 μL of tBP in 1 mL of CB] was spin
coated at 4000 rpm for 30 s on the perovskite layer. Finally, 100 nm of
gold top electrode was deposited on the Spiro layer by thermal
evaporation to complete the preparation process of the PSCs.
4.3. Characterization. The ultraviolet−visible (UV−vis) absorp-

tion spectra were charactered by UV−vis 2550 Spectrophotometer
from Shimadzu. The top-view surface morphology of different Br-
containing perovskite films were measured by Hitachi SU8000
scanning electron microscope (SEM). Grain size of each different Br-
containing perovskite film was analyzed using the software of Nano
Measurer 1.2. The thicknesses of perovskite films were measured by
confocal microscope (Olympus Lext-3100). Current density−voltage
(J−V) characterizations of the devices were by a source meter
(Keithley 2400) equipped with a calibrated solar simulator (ABET
Sun 2000, class A) providing standard test conditions (AM1.5G, 1000
W/m2) at room temperature. PL, external quantum efficiency (EQE),
and dark J−V spectra were characterized by using a modular testing
platform (Arkeo-Cicci Research s.r.l.).10,69

Indoor J−V of PSCs were measured by a customized home-built
installation; a detailed description can be found in our previous
publication.12 The installation was equipped with a white LED
(Osram Parathom Classic P25) as the light source, whose emission
spectrum is shown in Figure S1b. The specific illuminance (e.g., 200,
400, 500, and 1000 lx) can be obtained by changing the distance
between devices and the LED light source. Prior to each
characterization, the illuminance was calibrated by using a luxmeter
(NIST-traceable calibrated Digisense 20250-00). For all of the J−V
characterizations, an active area (0.09 cm2) of the device was defined
using a black tape mask.
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