
www.advenergymat.de

CommuniCation

1901980 (1 of 8) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Tailoring Triple-Anion Perovskite Material for Indoor Light 
Harvesting with Restrained Halide Segregation and Record 
High Efficiency Beyond 36%

Rui Cheng, Chih-Chun Chung, Hong Zhang, Fangzhou Liu, Wei-Ting Wang,  
Zhiwen Zhou, Sijia Wang, Aleksandra B. Djurišić, and Shien-Ping Feng*
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of which the self-powered characteristic can 
reduce the use of batteries and avoid bat-
tery replacement.[1–4] Organic photovoltaics 
(OPV), dye-sensitized solar cells (DSSC), 
and III-V solar cells (III-V SC) have been 
successfully demonstrated for converting 
indoor light into electricity. Especially, 
novel device structures and absorbers have 
pushed the efficiency of OPV, DSSC, and 
III-V SC up to 28.1%, 31.8%, and 21.0% 
under indoor light condition, respec-
tively.[5–7] As a new member in the solar 
cell field, metal halide perovskite solar cells 
(PVSCs) should also be a promising candi-
date due to its high absorption coefficient, 
long carrier lifetime, low recombination 
rate, and outstanding power conversion 
efficiency (PCE).[8–11]

Indoor light, also called dim-light, ambient-light, or arti-
ficial light, has a power density with hundreds or thousands 
of times lower than 1 sun condition, which is usually defined 
as 1000 lux fluorescent or light-emitting diodes (LEDs) lights 
in the literatures as standard light source for indoor photo-
voltaic cells.[3,12,13] In such condition, the trap-control plays 
a key role in efficient indoor light harvesting. Different from 
numerous photo-generated electrons under 1 sun condition, 
the low incident power of indoor light could only generate a 
relatively small amount of electrons and therefore the trap-
state density becomes critical due to a higher ratio of trapped-
electron to photo-generated electrons. The major research 
work of PVSC has been conducted under 1 sun illumination, 
but studies focusing on indoor light harvesting are relatively 
few. Chen et al. modified the fabrication process to reduce the 
trap density at perovskite/[6,6]-phenyl-C61-butyric acid methyl 
ester (PC61BM) interface to realize an indoor PCE (i-PCE) of 
27%.[12] Similarly, Dagar et al. reduced the trap-states of SnO2/
perovskite interface by introducing a MgO interlayer to achieve 
26.9% i-PCE.[14] Furthermore, Li et al. employed 1-butyl-3-meth-
ylimidazolium tetrafluoroborate ([BMIM]BF4) as the modifica-
tion layer to pave the interface contact and passivate the sur-
face trap-states of PC61BM/Ag and realized an excellent 35.2% 
i-PCE.[15] Apart from the reduction of trap-states at interfaces, 
our previous work developed an air-knife-assisted recrystalli-
zation process with trap-healing capability, which successfully 
suppressed the trap-state density in the perovskite active layer 
and reached 27% i-PCE.[16]

Most of the abovementioned works have demonstrated 
high PCE over 18% under 1 sun condition but their i-PCE is 
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Indoor Perovskite Cells

As the power required for the electronic device (e.g., sensors, 
actuators) continues to decrease, the use of indoor photovoltaic 
cells to power billions of wireless devices to collect the big data 
for a future Internet of Things (IoT) nodes is becoming possible, 
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usually less than 30%. It is worth noting that all these works 
are based on CH3NH3PbI3 (MAPbI3, MA+ = CH3NH3

+) mate-
rial with bandgap around 1.6 eV, of which the absorption edge 
is up to ≈780 nm; therefore, it is designed for solar illumina-
tion but may not be optimized for indoor light conditions. 
As shown in Figure 1a, the spectrum of fluorescent lamps is 
cut off at ≈640 nm. The mismatch between external quantum 
efficiency (EQE) curve and fluorescent light spectrum in a 
range of 640–800 nm is nonactive and would not contribute 
to the photocurrent of the device under indoor light. Hence, 
we believe that the PVSCs used for outdoor and indoor appli-
cations should be differentiated with the proper design to 
maximize their performances; there is a room to enlarge the 
bandgap by engineering the halide compositions specialized for 
indoor light harvesting;[17–20] by which, a designed perovskite 
material with tailored bandgap and suppressed trap states can 
attain a higher i-PCE with increased open circuit voltage (Voc) 
and minimal short-circuit current (Jsc) loss.

Here, we report a stable CH3NH3PbI2−xBrClx triple-anion 
perovskite with a tailored bandgap of around 1.8 eV and ultra-
low trap-state density, achieving a record high i-PCE over 36% 
under 1000 lux fluorescent light. First, the bandgap is designed 
by adjusting the composition ratios of Br and Cl to well fit the 
indoor light spectrum; the involvement of both Br and Cl con-
tribute to an enlarged bandgap and at the same time reduced 
trap-states of perovskite active layer, leading to the prolonged 
charge carrier lifetime, the suppressed nonradiative recombi-
nation, and the improved ideality factor. Second, the introduc-
tion of Cl restrained the halide segregation of I and Br during 
aging, significantly benefiting to the long-term device stability; 

additionally, the Cl-induced progressive crystallization not only 
enhanced the crystallinity of perovskite layer but also improved 
the NiOx/perovskite interface to reduce the interfacial trap-
states. All these factors contribute to the high i-PCE with Voc 
of 1.028 V. To the best of our knowledge, this is the first study 
reported the strategy of synthesizing a I/Br/Cl triple-anion 
mixture perovskite for bandgap tuning and phase stabilizing. 
Our work paves a way in realizing a stable and high-efficiency 
indoor PVSCs to potentially fulfill a large network of self-
powered devices for IoTs.

The typical inverted planar structure ITO (indium tin oxide)/
NiOx/perovskite/PC61BM/bathocuproine(BCP)/Ag devices were 
used in this study. Low-temperature solution-combustion-based 
NiOx was used as an efficient hole transport layer.[21] Three 
different kinds of perovskite materials: MAPbI3, MAPbI2Br, 
and MAPbI2−xBrClx were synthesized by one-step anti-solvent 
method. Figure 1b shows the band alignment of the perov-
skite cells, derived from the characterization results of ultra-
violet photoelectron spectroscopy (UPS, Figure S1, Supporting 
Information) and UV-vis spectroscopy (Figure S2, Supporting 
Information). Figure 1c shows a schematic representation of 
the fabrication of perovskite layers. The perovskite mixed pre-
cursors were first dropped on NiOx-coated ITO-glass substrates, 
followed by spin-coating and drop-casting of anti-solvents. After 
that, the MAPbI3 and MAPbI2Br films were annealed imme-
diately, while an extra step of drop-casting MACl/IPA solution 
on top of the preformed MAPbI2Br films was needed to fab-
ricate MAPbI2−xBrClx films. The involvement of both bromide 
and chloride enlarged the bandgap from 1.61 eV (MAPbI3) to 
1.79 eV (MAPbI2Br) and 1.80 eV (MAPbI2−xBrClx). As observed 

Figure 1. Compositional engineering of triple-anion perovskite material. a) Spectrum of solar light (red), 2700 K fluorescent light (orange), and IPCE 
curve (black) of a common MAPbI3 perovskite device. The mismatched range (650–800 nm) between the fluorescent light spectrum and IPCE curve 
is nonactive and would not contribute to the photocurrent under indoor light, left a room to further enhance indoor PCE by enlarging the perovskite 
bandgap. b) Band alignment of the MAPbI3, MAPbI2Br, and MAPbI2−xBrClx devices. The energy level of all three perovskite materials well fit with 
the charge transport layers (NiOx and PC61BM) without charge extraction barriers. c) Schematic illustration of the fabrication process for the perovskite 
films. The MAPbI3 and MAPbI2Br films were annealed right after one-step process, while an extra step of drop-casting MACl/IPA solution on top of the 
preformed MAPbI2Br films was needed to fabricate MAPbI2−xBrClx films.
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in the band alignment, all three perovskite materials had sim-
ilar valance band positions (−5.67, −5.64, −5.64 eV), correlating 
to that of NiOx (−5.58 eV) for efficient hole extraction. However, 
the conduction band position moved to −3.85 and −3.84 eV 
due to the enlarged bandgap, which were 0.35 and 0.36 eV 
higher than the conduction band of PC61BM, facilitating the 
electron extraction.

Based on our inference, the perovskite material with a high 
PCE under 1 sun condition might not be the best choice for 
indoor light harvesting because it exists unneglectable non-
active absorption in the long-wavelength range. Instead, a 
designed perovskite layer with tailored bandgap has a poten-
tial to cut-off this range and boost-up Voc to realize a higher 
i-PCE. Here, the device performances of MAPbI3, MAPbI2Br, 
and MAPbI2−xBrClx were measured under 1 sun illumination 
and 1000 lux 2700 K fluorescent light, as shown in Figure 2a,b, 
respectively.

The power density of the 2700 K warm white fluorescent 
light used in this work was calibrated by spectrum microscope, 
luminosity function, and lux meter (Figure S3 and Note S1, 
Supporting Information); the exact integrated power density 
under 1000 lux is 275.4 µW cm−2, which is almost the same 
with the reported data.[5,15] The champion MAPbI3 device has 
an excellent PCE of 20.0% under 1 sun illumination, which is 
relatively high among the reported MA-based PVSCs, indicating 
a high quality of our device. However, it only exhibits a i-PCE of 
31.4%. In contrast, MAPbI2Br device shows a higher i-PCE of 
33.0%, and MAPbI2−xBrClx device achieves a record high i-PCE 
of 36.2%, while these two devices can only reach PCE of 13.2% 

and 14.6% under 1 sun condition, respectively. Such contrary 
tendency is resulted from the spectrum-dependent performance 
of the devices. The relatively wide absorption of MAPbI3 better 
fits the solar radiation spectrum and allows a high Jsc to realize 
a high PCE; the tailored bandgap of MAPbI2−xBrClx better fits 
the indoor light spectrum and obtains a large Voc to achieve a 
high i-PCE. It is noted that the absorption range of both devices 
completely covered the indoor light spectrum, resulting in 
comparable photocurrents under indoor condition. In detail, 
the MAPbI3 device shows Voc of 0.901 V under indoor light 
which is lower than 0.999 V of MAPbI2Br device and 1.028 V 
of MAPbI2−xBrClx device; all three groups of devices show 
similar Jsc (125.2, 120.2, 123.7 µA cm−2), evidencing that the 
improvement of Voc plays a major role to enhance the i-PCE of 
PVSCs. Hence, through bandgap engineering, our triple-anion 
perovskite material with tailored bandgap specialized for indoor 
light demonstrated a higher Voc and comparable Jsc, resulting 
a superior performance. Figure 2c shows the statistics of PCE 
for the three groups of devices under 1 sun and indoor light 
conditions, respectively, demonstrating a substantial improve-
ment of i-PCE based on our strategy. The indoor performance 
was found to be more scattered as compared with 1 sun per-
formance. During the perovskite fabrication, it is inevitable to 
have a variation of the trap-state density from one sample to 
another. Unlike 1 sun condition, the trap-state density plays a 
decisive role in PCE under indoor light condition so that the 
varied trap-state densities among samples cause a more scat-
tered PCE distribution. Figure 2d shows the J–V characteristic 
of the large area device under indoor light. The 3 × 3 cm2 device 

Figure 2. Tailored bandgap specialized for indoor light harvesting. a) J–V curves of MAPbI3, MAPbI2Br, and MAPbI2−xBrClx devices under 1 sun illu-
mination. b) J–V curves of the three groups of devices under 1000 lux indoor light (2700 K fluorescent), evidencing the necessity of tuning bandgap 
in realizing record high i-PCE; inset shows the PVSC device (1.5 × 1.5 cm2) and the test holder for 0.1 cm2 active area. c) The statistics of PCE for 
the three groups of devices under 1 sun and indoor light conditions, respectively. d) J–V curve of the large area device (3 × 3 cm2 with active area of 
1.5 × 1.5 cm2) under 1000 lux indoor light (2700 K fluorescent). e) IPCE of the three groups of devices. MAPbI2Br device has a relatively low EQE value, 
particularly the part of short wavelength in a range of 300–550 nm, attributing to the poor NiOx/perovskite interface, which is facilely improved by MACl 
post-treatment. f) SEM cross-sectional views of MAPbI2Br and MAPbI2−xBrClx films.
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with 2.25 cm2 active area also demonstrates over 30% i-PCE 
with output power of 189.8 µW. Figure 2e is the EQE curve 
from the incident photon-to-electron conversion efficiency 
(IPCE) characterization for the three groups of devices. As 
seen, the absorption edge of perovskite device was blue-shifted 
from 778 nm of MAPbI3 to 714 nm of MAPbI2Br and 705 nm 
of MAPbI2−xBrClx, indicating that the introduction of both 
Br and Cl contributes to the increased bandgap. The photo-
current was integrated based on IPCE (Figure S4, Supporting 
Information). When counting up to 800 nm, MAPbI3 device 
shows obviously higher integrated current than MAPbI2Br and 
MAPbI2−xBrClx; on the other hand, when integrating from 300 
to 640 nm, three groups of devices have comparable values. The 
result is consistent with the J–V curves shown in Figure 2a,b 
with distinguishable Jsc under 1 sun and similar Jsc under 
indoor light, respectively. MAPbI2Br device has a relatively 
low EQE value, particularly the part of short wavelength in a 
range of 300–550 nm. In Figure 2f, scanning electron micro-
scope (SEM) characterization found numbers of holes occurred 
at the NiOx/MAPbI2Br interface, which may come from the 
instantaneous crystallization of Br-contained perovskite during 
one-step fabrication and cause inefficient charge extraction 
from perovskite layer to bottom layer (Figure S5, Note S2, Sup-
porting Information). Although our strategy of bandgap engi-
neering could be simply realized by adjusting I/Br ratio to form  
MAPbI3−xBrx with tailored bandgap, the poor interfacial contact 
limits the device performance. By introducing a MACl post-
treatment on the preformed MAPbI2Br film right after one-step 
fabrication, MACl would quickly react with the preformed film 
to form intermediate phase of MAPbIaBrbCl3-a-b.[16,22–24] During 
annealing, the intermediate-phase perovskite would progres-
sively recrystallize to form highly crystalline perovskite. The 
relatively slow volume expansion can fill up the holes left by 
N,N-dimethylformamide (DMF) evaporation to construct an 
intact NiOx/MAPbI2−xBrClx interface (Figure 2f), resulting in 
the enhanced EQE value from 300 to 550 nm. SEM energy-dis-
persive X-ray spectroscopy (EDX) mapping was used to examine 
the MAPbI2−xBrClx perovskite film (Figure S6, Supporting 
Information), providing evidence that all the involved ions (e.g., 
Pb, I, Br, Cl) were uniformly distributed in the film. Although 

Cl was introduced by post-treatment from the upper surface, it 
was well diffused through the bulk film after recrystallization. 
The optimization of MACl post-treatment was done by experi-
menting the different concentrations of MACl/IPA solution 
(Figure S7 and Note S3, Supporting Information). More-
over, based on the photoluminescence (PL) characterizations 
(Figure S8, Supporting Information), the individual MAPbI2Br 
and MAPbI2−xBrClx films show comparable PL intensity; on 
the other hand, NiOx/MAPbI2−xBrClx has a lower PL intensity 
as compared with NiOx/MAPbI2Br, suggesting a better hole 
extraction performance benefiting from the improved NiOx/
perovskite interface.

Other than a high efficiency, the device long-term stability 
is essential to real applications. It has been reported that 
photo-induced and current-induced halide segregation usually 
happens in mix-halide perovskite systems, which is one of 
the major reasons for performance degradation;[25–28] such 
issue is particularly important in our triple-anion material. To 
investigate the i-PCE degradation, the MAPbI3, MAPbI2Br, and 
MAPbI2−xBrClx devices were well encapsulated to avoid external 
influences except halide segregation, and were then kept under 
continuous light soaking (1000 lux fluorescent light).[29] As 
shown in Figure 3a, the MAPbI3 devices show a typical mod-
erate degradation curve and remained 65.0% of original i-PCE 
after aging for 60 days. The MAPbI2Br devices were severely 
degraded to 38.3% of original i-PCE after 45 days and were 
collapsed after 60 days, attributing to the halide segregation.

Figure 3b shows the PL of the MAPbI2Br device before and 
after aging for 60 days. The device was immediately measured 
after taking apart from the encapsulation to avoid any other 
influences. The major PL peak was shifted from 693 to 723 nm 
after aging, while an additional small peak was occurred at 
630 nm, indicating that the photo-induced I/Br segregation 
causes the formation of I-rich domains and Br-rich domains. 
The low-lying I-rich state would serve as recombination center 
to severely degrade the device performance, as consistent 
with the reported observations.[26] As observed, the MAPbI2Br 
device followed MAPbI3 device to show a typical gentle deg-
radation in the first 500 h according to the decomposition-
dominated PCE degradation. After 500 h, the MAPbI3 device 

Figure 3. Stable triple-anion perovskite without ion segregation. a) Evolution of i-PCE as compared with the initial parameters for the encapsulated 
devices under continuous light soaking. The MAPbI3 device shows a typical moderate degradation curve; the MAPbI2Br device severely degraded due 
to the segregation of I/Br; the MAPbI2−xBrClx device sustained over 95% of original i-PCE, suggesting that the involvement of Cl ion is crucial to inhibit 
the segregation of I/Br; inset shows the encapsulated PVSC device. b) The PL shifting of the MAPbI2Br device before and after aging for 60 days, 
evidencing the photo-induced I/Br segregation.
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kept its trend but the MAPbI2Br device severely degraded to 
0, which should mainly come from the light-induced ion seg-
regation. Impressively, MAPbI2−xBrClx devices sustained over 
95% of original i-PCE after aging for 85 days without PL peak 
shifting (Figure S9, Supporting Information), suggesting that 
the involvement of Cl ion is crucial to inhibit the segregation 
of I and Br. Since Cl has a relatively small ionic radius (1.81 Å) 
compared with I (2.20 Å) and Br (1.96 Å), the involvement of 
Cl would induce a shrinkage of crystal lattice (Figure S10, Sup-
porting Information). The shrinkage not only retarded the ion 
migration of I and Br, but also contributes to the enhancement 
of Pb-I and Pb-Br binding energy,[30] resulting in the restrained 
segregation and the improved stability. A similar phenomenon 
was observed by Saliba et al. in Cs/FA/MA triple-cation perov-
skite with phase stabilizing (α-phase) effect benefited from the 
difference of ionic radius among Cs, FA, and MA.[31] To the best 
of our knowledge, this is the first time to report a long-term 
stable and high-efficiency perovskite using I/Br/Cl triple-anion 
mixture system.

Trap-control also plays a key role in efficient indoor light har-
vesting. Different from numerous photo-generated electrons 
under 1 sun condition, the low incident power of indoor light 
could only generate a relatively small amount of electrons and 
therefore the trap-state density becomes critical due to a higher 
ratio of trapped-electron to photo-generated electrons. Figure 4a 
shows X-ray diffraction (XRD) data for MAPbI3, MAPbI2Br, 
and MAPbI2−xBrClx films. All three films exhibited a typical 
perovskite (110) peak at around 14°, which shifted from 14.12° 

(MAPbI3) to 14.33° (MAPbI2Br) and 14.36° (MAPbI2−xBrClx), 
respectively. No MAPbBr3 or MAPbCl3 peaks were observed. 
According to Bragg’s law

2 sind nθ λ=  (1)

the increased θ value corresponds to the decreased d-spacing, 
correlating to the involvement of small Br and Cl ions, respec-
tively. Besides, the (110) peak intensity of MAPbI2Br film was 
almost doubled after the MACl post-treatment, demonstrating 
an enhanced crystallinity via Cl-induced progressive crystalliza-
tion and contributes to a lower trap-states.

Figure 4b is the measurement of time-resolved PL (TRPL) 
to study the carrier recombination in the perovskite layers; the 
perovskite layers were directly deposited on bare quartz glass 
substrates without charge transport layers. The TRPL data were 
fitted by bi-exponential function (Table S1, Supporting Infor-
mation), where τ1 represents the carrier diffusion lifetime (fast 
decay) and τ2 represents the radiative recombination lifetime of 
free electrons and holes (slow decay). τ1 and τ2 are the existing 
two major paths of recombination. τ1 is prolonged with the 
involvement of Br and Cl, correlating to the prolonged carrier 
diffusion length and lower trap-states; the increased τ2 indicates 
the improved crystal quality and reduced nonradiative recombi-
nation rate. The prolonged τave represents the suppressed nonra-
diative recombination channels in the perovskite films, which is 
consistent with the enhanced PCE. The average carrier lifetime 
of MAPbI3 is 141.9 ns; it increases to 455.2 ns when introducing 

Figure 4. Characteristics of charge dynamics and recombination. a) XRD patterns of the devices, indicating the involvement of Br and Cl in the films 
and the enhancement of crystallinity by MACl post-treatment. b) TRPL decay of perovskite films, implying a considerable suppression of nonradiative 
recombination through Br and Cl involvement. c) Transient photovoltage decay under open circuit condition, the prolonged charge carrier lifetime 
corroborates the reduction of trap-states and recombination. d) Voc as a function of light intensity for the calculation of ideality factor, our designed 
triple-anion device demonstrates the excellent ideality factor of 1.097.
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Br and raises up to 581.9 ns by further MACl post-treatment, 
implying a considerable suppression of nonradiative recombi-
nation for our designed perovskite material. The trap-healing 
effect of Cl was further investigated by calculating the trap-
state density of MAPbI2Br and MAPbI2−xBrClx films through 
the space-charge-limited-current (SCLC) method using the 
electron-only device configuration of ITO/SnO2/perovskite/
PC61BM/BCP/Ag (Figure S11, Supporting Information).[32] 
After involving Cl into MAPbI2Br film, the trap-state density 
was reduced from 1.04 × 1016 to 6.0 × 1015 cm−3. The charge 
carrier recombination lifetime of the perovskite device was 
measured by transient photovoltage decay under open circuit 
condition, as shown in Figure 4c. As seen, the involvement of 
Br and Br/Cl significantly prolonged the charge recombina-
tion lifetime from 0.39 to 1.22 and 1.56 ms respectively, which 
corroborates the reduction of trap-states and recombination, as 
consistent with TRPL results. In Figure 4d, we investigated the 
relationship between Voc and light intensity to calculate the ide-
ality factor (1 < n < 2) based on the equation

d

dln
ocn

q

kT

V

φ( )
=

 
(2)

providing a direct evidence to identify the dominant recombina-
tion mechanism of the devices. When n approaches to 1, the 
negligible recombination mainly comes from free electrons and 
holes; when n closes to 2, trap-assisted Shockley–Read–Hall 
(SRH) recombination is dominant.[31] Through linear fitting of 
Voc/ln(φ), the ideality factor n can be calculated as 1.269, 1.164, 
and 1.097 for MAPbI3, MAPbI2Br, and MAPbI2−xBrClx, respec-
tively. The gradual decrease of ideality factor approaching to 
1 reveals that the involvement of both Br and Cl contributes 
to the reduced trap-assisted SRH recombination. Other than 
recombination, such ideality factor with the value close to 1 
also represents the low rate of Voc loss against light intensity, 
exhibiting a high Voc under the dim indoor light. All the above-
mentioned characterizations consistently demonstrated the 
high quality and low defect level of our designed perovskite 
films. Therefore, the design concept of this work not only stra-
tegically tuned the perovskite bandgap for adapting the indoor 
light sources, but also successfully suppressed the trap-states 

of perovskite devices. All these factors together contribute to 
achieve our stable and high-efficiency indoor PVSCs.

Figure 5 and Table 1 summarize the reported indoor photo-
voltaic cells, including the representative works of OPV, DSSC, 
III-V SC, and PVSC.[5,6,12,14–16,33–45] The more detailed informa-
tion for indoor PVSCs is summarized in Table S2, Supporting 
Information. We have verified all the works listed in the table 
that most of them show comparable high EQE values; we there-
fore believe that the different photocurrent values possibly come 
from the use of diverse light sources with different power den-
sity and spectrum. Among all these works, our device exhibits 
a distinctive high Voc of 1.028 V, which is about 9.4–30% higher 
than all the other reported works. Such high Voc realizes the 
record high i-PCE of 36.2%, revealing the efficacy and necessity 
of tuning bandgap for efficient indoor light harvesting.

In summary, we have developed a stable MAPbI2−xBrClx 
triple-anion perovskite with a tailored bandgap and ultra-low 
trap-state density specialized for indoor light harvesting. The 
involvement of both Br and Cl enlarged the bandgap to better fit 
the indoor light spectrum, demonstrating a distinctive high Voc 
of 1.028 V with negligible photocurrent loss; it also suppressed 

Figure 5. Summarized indoor PCE of representative works of OPV, DSSC, 
III-V SC, and PVSC.

Table 1. Reported representative indoor photovoltaic cells (OPV, DSSC, III-V SC, and PVSC).

Indoor PV cells Light source Color  
temperature [K]

Light  
intensity [lux]

Reported  
power density  

[µW cm−2]

Jsc [µA cm−2] Voc [V] FF [%] PCE [%] Ref.

OPV Osram L18W/827 2700 1000 278.7 133.1 0.79 75.2 28.1 [5]

DSSC Osram Warm White 930 2700 1000 318.2 149.3 0.878 77.3 31.8 [6]

III-V SC Osram Warm White 827 2700 1000 354.0 99.0 0.94 80.0 21.0 [7]

PVSC Philip T5 6500K 6500 1000 310.0 137.5 0.85 77 27.4 [12]

Osram Parathom  

Classic P25 LED

6500 400 154.6 64.5 0.895 72.0 26.9 [14]

Osram L18W/827 2700 1000 278.7 150.1 0.87 75.2 35.2 [15]

Philip T5 6500K 6500 1000 310.0 129.5 0.858 75.3 27.0 [16]

Philip T5 6500K 6500 1000 310.0 139 0.91 75 30.1 [32]

Philip T2 15W E27 2700 1000 275.4 126.2 1.028 76.8 36.2 This work
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the trap-states and nonradiative recombination, contributing 
to the remarkable ideality factor of 1.097. The introduction of 
Cl effectively stabilized the perovskite film by restraining the 
ion segregation of I and Br. The device exhibits an excellent 
long-term stability with negligible i-PCE degradation under 
continuous light soaking over 2000 h. Based on this designed 
perovskite material, we realized a record high efficiency of 36.2% 
under 1000 lux fluorescent light, outperforming all the reported 
indoor photovoltaic cells. Our work leads to a new insight on 
tailoring triple-anion perovskite materials for stable and efficient 
indoor light harvesting, which paves a way to future large net-
works of connected self-powered devices for IoTs ecosystem.

Experimental Section
Materials: CH3NH3I, CH3NH3Br were purchased from Greatcell Solar 

Materials. PbI2 (99.99%) was purchased from TCI. PbCl2 (99.99%), 
BCP, 96%, DMF (anhydrous, 99.8%), chlorobenzene (CB, anhydrous, 
99.8%), 1,2-dichlorobenzene (DCB, anhydrous, 99%), and isopropanol 
(IPA, anhydrous, 99.5%) were purchased from Sigma Aldrich. PC61BM 
(99.5%) was purchased from NANO-C. All the chemicals and materials 
were purchased and used as received.

Device Fabrication: ITO-glass substrate (15 mm × 15 mm) was 
first patterned and cleaned in turn by detergent, deionized water, and 
IPA for 20 min each, followed by ozone-plasma treatment for 5 min. 
The combustion-NiOx precursor solution was prepared following the 
reported method,[21] and spin-coated on the substrate at 3000 rpm for 
45 s and annealed at 250 °C for 45 min in air. After cooling down to 
room temperature, the NiOx films were transferred to N2-filled glove box 
for the following device fabrication process without any other treatment. 
The perovskite solutions were prepared by dissolving 500 mg PbI2, 30 mg 
PbCl2, and 190 mg MAI in 1 mL DMF for MAPbI3 films; or 575 mg PbI2 
and 134 mg MABr in 1 mL DMF for MAPbI2Br and MAPbI2−xBrClx films. 
To deposit the perovskite film, the precursor solution was dropped on 
the NiOx film and then spin-coated at 5000 rpm for 25 s. 180 µL CB was 
quickly dropped onto the substrate at the 6th s. For MAPbI2−xBrClx films, 
an extra step of MACl post-treatment was realized by dropping 0.066 m 
MACl/IPA onto the substrate at the 15th s. After that, the samples were 
annealed at 100 °C for 15 min. Subsequently, 20 mg mL−1 PC61BM/DCB 
solution was spin-coated on top of perovskite at 1500 rpm for 60 s and 
annealed at 50 °C for 5 min. After cooling down to room temperature, 
0.5 mg mL−1 BCP/ethanol was spin-coated at 4000 rpm for 20 s. Finally, 
100 nm Ag electrode was deposited on top by thermal evaporation.

Measurement and Characterization: The EQE spectra were obtained 
using EQE measurement system (QE-R, Enli Technology), calibrated 
by standard single-crystal Si photovoltaic cell. The valance band 
position of the films was confirmed by UPS (ESCALAB Xi+, Thermo 
Fisher) using a He discharged lamp (He I 21.22 eV). The perovskite 
bandgap was calculated using Tauc equation based on perovskite film 
absorption curve measured by UV-vis spectroscopy (Lambda 35, Perkin 
Elmer). The J–V characteristics of PVSCs were measured with Keithley 
2400 sourcemeter under AM 1.5G solar illumination at an intensity of 
100 mW cm−2 (PECL01 solar simulator, Peccell) and device active area of 
0.1 cm2. For indoor light conditions, Philip T2 15W E27 fluorescent lamp 
(2700 K warm white) was applied as light source, and the light intensity 
was calibrated to 1000 lux by lux meter (LX-105, YSC). Spectrum of the 
indoor light source was collected using a fiberoptic spectrometer (PDA-
512USB, Control Development Inc.). The indoor light power density at 
1000 lux was obtained based on light spectrum and luminosity function 

683 ( ) ( )dv eλ λ λΦ = ∫  (Note S1, Supporting Information). SEM images 
and EDX mapping were obtained using scanning electron microscopy 
(S4800 FEG, Hitachi). The XRD measurement was carried out by X-ray 
diffractometer (Smartlab 9kw, Rigaku, Cu target λ = 1.5406 Å). The 
TRPL data were obtained by a spectrofluorometer (FLS 980, Edinburgh 
Instruments) with the exciton source of 485 nm laser, using perovskite 

film deposited directly on bare quartz substrate. For transient 
photovoltage decay, the complete perovskite device was under a double-
frequency Nd:YAG pulse laser (530 nm); the signal was captured by a 
digital oscilloscope (HP54810A). The TRPL decay curves and transient 
photovoltage decay curves were fitted by bi-exponential function

exp exp1
1

2
2

I t A t A t
τ τ( ) = −


 


 + −


 




 
(3)

Room temperature PL measurements were performed with a HeCd 
(325 nm) laser as the excitation source, and the spectra were collected 
using a fiberoptic spectrometer (PDA-512USB, Control Development 
Inc.). The trap-state density was examined by the SCLC method 
using the electron-only device configuration of ITO/SnO2/Perovskite/
P61CBM/BCP/Ag, using electrochemical workstation (CHI660, Shanghai 
Chenhua, current sensitivity 10−9 A).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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