
Solar Energy 245 (2022) 332–339

Available online 23 September 2022
0038-092X/© 2022 International Solar Energy Society. Published by Elsevier Ltd. All rights reserved.

Highly efficient quasi-cubic structured perovskite for harvesting energy 
from artificial indoor LED light source 

Ranbir Singh a,*, Vivek Kumar Shukla b, Mritunjaya Parashar c, Vikrant Sharma d, 
Satinder Kumar Sharma a 

a School of Computing and Electrical Engineering (SCEE), Indian Institute of Technology (IIT) Mandi, Mandi, Himachal Pradesh 175005, India 
b Department of Applied Physics, School of Vocational Studies and Applied Sciences, Gautam Buddha University, Greater Noida, U.P. 201312, India 
c Department of Physics, University of North Texas, Denton, TX 76207, USA 
d National Institute of Solar Energy (NISE), Gurugram, Haryana 122003, India   

A R T I C L E  I N F O   

Keywords: 
Perovskite photovoltaics 
Quasi-cubic structures 
Indoor light sources 
Artificial LED light 
Surface potential 

A B S T R A C T   

Mixed cations-based perovskites have attracted a lot of interest because of their ability to harvest light energy 
and ambient air stability. Herein, we synthesized mixed methylammonium/formamidinium cations (MA+/FA+) 
perovskite materials and explored their potential for harvesting energy from the indoor LED light source. The 
incorporation of FA+ in methylammonium lead iodide (MAPbI3) induces a transition in crystal structure from 
tetragonal to intermediate quasi-cubic, resulting in a more stable and efficient quasi-cubic perovskite structured 
morphology. The fabricated photovoltaic devices demonstrated an efficiency of 34.07% with mixed cations 
compared to the reference MAPbI3 of 28.63% under the indoor LED lamp at 1000 lx. The optimized photovoltaic 
device has displayed considerable enhancement in short circuit current density (JSC) and open-circuit voltage 
(VOC), including lower hysteresis and reduced recombination losses. Furthermore, a detailed study was con
ducted to determine the impact of quasi-cubic crystal structures on the grains and grain boundaries that exist in 
the perovskite film. The surface potential (SP), and charge carrier dynamics measurements nearby grain 
boundaries revealed a significant decrease in defects or trap states. In brief, this work comprehensively puts 
forward a prospective candidature of quasi-cubic perovskites for the development of photovoltaic technology to 
harvest indoor light energy.   

1. Introduction 

With the development of internet of things (IoTs), the demand to 
power up the small electronic gadgets such as Wi-Fi routers, calculators, 
barcode scanners, smartwatches, and headphones etc., has grown 
exponentially (Aslam et al., 2020; Dagar et al., 2018; Mathews et al., 
2016; Uslu et al., 2020). Most of the sensor nodes require the power of 
10–100 µW which can be easily fulfilled by converting the artificial in
door light to electricity. Typically, indoor light luminescence ranges 
from 200–2000 lx (0.05–0.1mW cm− 2), which is nearly a thousand 
times lower than that of one sun illumination (100 mW cm− 2), making it 
appropriate for IoTs. In the last decade, 3rd-generation perovskite 
photovoltaics (PPVs) have demonstrated excellent results for outdoor as 
well as indoor light harvesting due to their remarkable optical and 
electrical properties.(Chen et al., 2015; Dagar et al., 2018; Dong et al., 
2015; Liu et al., 2018; Nazeeruddin and Snaith, 2015; Park, 2015; Pham 

et al., 2020; Savenije et al., 2014; Singh et al., 2021; Stranks et al., 2013; 
Wetzelaer et al., 2015) The photovoltaics made with perovskite mate
rials have made significant development in terms of power conversion 
efficiencies (PCEs), increasing from 3.8% to 25.5% under one sun con
dition, and great emphasis has been paid for harvesting indoor light 
energy.(Green et al., 2021; Kawata et al., 2015; Lee et al., 2021) Owing 
to indoor light source designs, lighting energy limits its capacity to 
absorb only in the visible regions resulting in theoretical Shock
ley–Queisser (S-Q) efficiency of ~52% under white LED light at ~1000 
lx.(Venkateswararao et al., 2020) The indoor PPVs (i-PPVs) have crossed 
a PCE of 30%, outperforming all other current photovoltaic technologies 
such as silicon and thin-film technologies.(Guo et al., 2021; Lee et al., 
2021; Lim et al., 2020; Noh et al., 2020; Saranin et al., 2021) The 
strategies that focus on high PCE systems in indoor conditions include 
two major areas: tuning the absorption spectrum of the perovskite with 
the indoor light source and minimizing the open-circuit voltage (VOC) 

* Corresponding author. 
E-mail address: ranbir.iitk@gmail.com (R. Singh).  

Contents lists available at ScienceDirect 

Solar Energy 

journal homepage: www.elsevier.com/locate/solener 

https://doi.org/10.1016/j.solener.2022.09.015 
Received 20 May 2022; Accepted 9 September 2022   

mailto:ranbir.iitk@gmail.com
www.sciencedirect.com/science/journal/0038092X
https://www.elsevier.com/locate/solener
https://doi.org/10.1016/j.solener.2022.09.015
https://doi.org/10.1016/j.solener.2022.09.015
https://doi.org/10.1016/j.solener.2022.09.015
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2022.09.015&domain=pdf


Solar Energy 245 (2022) 332–339

333

loss. The high value of VOC in i-PPVs is critical since the devices tend to 
operate at lower voltages because of the higher voltage loss in com
parison to the devices operated under one sun conditions.(Lim et al., 
2020) The efficiency of i-PPVs is influenced by the energy loss at the 
bulk and interface of the perovskite/transport layers. When the number 
of charge carriers is minimal, it becomes much more difficult to recover 
trapped charges.(Chen et al., 2015) Therefore, enhancing perovskite 
film crystal quality, limiting non-radiative recombination at the inter
face, and optimizing the structure of the charge transport layers are 
anticipated to significantly improve the device efficiency even further. 
(Cheng et al., 2019; Guo et al., 2017; Muhammad et al., 2022; Ren et al., 
2020) Recently, in one of our previously published works, we examined 
the association of spectral tuning, crystal structure variation from 
tetragonal to pseudo cubic to cubic, charge carrier mobility, recombi
nation losses, and trap states over a range of methylammonium based i- 
PPVs, by changing the halide (iodide to bromide) ratio in perovskites 
namely MAPbI3, MAPbI2Br, MAPbIBr2, and MAPbBr3.(Singh et al., 
2021) It was found that even after crystal structure variation and 
bandgap tuning close to the ideal bandgap of ~1.90 eV for indoor 
photovoltaic applications, as well as taking into account higher VOC 
values in i-PPVs, the current loss was significantly higher. This under
mined the slight increase in the VOC which resulted in inferior device 
performance with the increasing bromide content. However, the trap 
densities and recombination analysis for the above-mentioned four 
systems suggested that the pure crystalline phases of perovskites have 
lower defect densities and thus lower charge carrier recombination. 
(Singh et al., 2021) Our current efforts are focused on resolving a key 
open question from the prior work: whether tweaking the ’A’-site cation 
rather than the halide has the same impact on the various crystal forms 
and their charge transport methods under indoor illumination. 

In the present work, mixed cations FA+/MA+ perovskite has been 
optimized for achieving high efficiency under indoor light conditions. 
The incorporation of FA+ in MAPbI3 perovskite was examined for the 
crystal structure transformation and their impact on the perovskite film 
morphology. The fabricated i-PPVs demonstrated a PCE of 34.07% and 

VOC of 0.92 V for mixed cations perovskite as compared to reference 
single cation MAPbI3 i-PPVs (PCE = 28.63 % and VOC = 0.83 V). In 
addition, supporting linking studies on morphology using Kelvin probe 
force microscopy (KPFM), charge carrier recombination losses, and 
operational stability of the i-PPVs have been conducted to further get a 
better mechanistic understanding of the influence of quasi-cubic 
perovskite structure on photovoltaic performances. 

2. Results and discussion 

2.1. Photophysical and morphological properties 

Different mixed cations MA/FAPbI3 perovskite were synthesized as 
per the procedure explained in the experimental section of the sup
porting information (SI). The mole percentage of the formamidinium 
(FA+) was varied between 0% and 20% in respect of methylammonium 
(MA+) in MAPbI3 perovskite. The fabricated MAPbI3, MA0.95FA0.5PbI3, 
MA0.9FA0.1PbI3, MA0.85FA0.15PbI3, and MA0.8FA0.2PbI3 films are deno
ted as MA, MA/FA (5%), MA/FA (10%), MA/FA (15%), and MA/FA 
(20%), respectively. The molecular structures of MAI and FAI with their 
cationic radii are shown in Fig. 1a. Although the ‘A’- site cation has little 
effect on band structure and it mostly serves to preserve charge 
neutrality inside the lattice, its size is critical because a bigger or smaller 
‘A’- site cation can cause the lattice to expand or shrink, resulting shift in 
the optical bandgap.(Borriello et al., 2008; He et al., 2021) When the 
tolerance factor (t) is between 0.813 and 1.107, the ideal perovskite 
structure is formed, leaving a very narrow range of permissible cationic 
radii (rA) for ‘A’-site cation in ABX3 structure.(Li et al., 2008) Previously, 
it has been found that a slight addition of larger FA+ cation (rFA

+ = 2.53 
Å) into MAPbI3 (where rMA

+ = 2.17 Å) results in a mixed-phase MA/ 
FAPbI3 perovskite which further leads to enhance structural stability 
and extended light absorption in the near IR (infrared) region of the 
solar spectrum.(Eperon et al., 2014; Mahmud et al., 2016) Fig. 1b shows 
the UV–visible absorption spectra of the produced perovskite films, 
which shows a redshift in the absorption onset and a small improvement 

Fig. 1. (a) The molecular structure of MAI and FAI with their ionic radii, (b) absorption spectra, (c) Tauc’s plot, (d) XRD patterns of all the perovskite films deposited 
on the ITO/SnO2 coated glass substrates (e) Zoomed XRD pattern showing shift in (110) peak position and (f) tolerance factor (TF) and corresponding crystal 
structure transformation from tetragonal of MAPbI3 to quasi-cubic of MA/FAPbI3. 
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in the absorption over the visible region for the FA+ treated films. The 
energy bandgaps (Eg) of all the perovskite films were determined from 
the Tauc-plot (Fig. 1c). The replacement of the ‘A’-site MA+ cation with 
a bigger FA+ cation expands the perovskite lattice, thereby decreasing 
its Eg.(Eperon et al., 2014) The Eg values of MA, MA/FA (5%), MA/FA 
(10%), MA/FA (15%), and MA/FA (20%) films have been calculated as 
1.602, 1.586, 1.572, 1.567, and 1.563 eV, respectively. The X-ray 
diffraction (XRD) results shown in Fig. 1d & 1e have provided similar 

evidence where the inclusion of FA+ cation at the ’A’-site of the 
perovskite lattice shifted the diffraction peak towards the lower angle 
side from 14.19◦ to 14.07◦. The ’a’ lattice parameter estimated from 
XRD (110) peaks was likewise shown to rise with increasing FA+ con
centrations (Fig. S1). The rising value of the lattice parameter shows 
that the crystal structure of the perovskites is transitioning from 
tetragonal (MAPbI3) to intermediate quasi-cubic (MA/FAPbI3) (Fig. 1f). 

The field emission scanning electron microscopy (FESEM) was used 

Fig. 2. (a-e) FESEM images of the MA/FAPbI3 perovskite films prepared with varying concentrations of FAI and (f) shows the photoluminescence (PL) intensity of all 
the perovskite films coated on the glass and glass/ITO/SnO2 substrates. The inset figure in (f) shows the shift in the PL peak position when PL intensity is normalized. 

Fig. 3. (a) Layered structure of the fabricated i-PPVs, (b) irradiance spectra of various light sources used in this work; LED lamp (blue color) and solar AM 1.5 G lamp 
(black color), (c) J–V characteristics of i-PPVs under LED lamp at 1000 lux, (d) incident photon conversion efficiency (IPCE) spectra of i-PPVs. (e) dark current density 
(Jd) versus voltage, (Jd-V), and (f) statistical distribution of PCE of i-PPVs for the MAPbI3 and MA/FAPbI3 for an optimum concentration of FAI. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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to investigate the influence of varying FA+ concentrations on MA/ 
FAPbI3 perovskite morphology (Fig. 2a-e). The reference MA film had 
compact morphology with smaller grains (Fig. 2a), which evolved into 
films with slightly larger grain sizes (MA/FA (5%) and MA/FA (10%)) 
due to the lattice expansion effect of the FA+ cation (Fig. 2b-c). The 
densely packed larger grains morphology of the perovskite crystal leads 
to lower traps that reduces the recombination of excitons, resulting in 
enhanced JSC of the i-PPVs.(Lim et al., 2020; Long et al., 2017; Zhang 
et al., 2017) Further increase in concentration of FA+ (15% and 20 %) 
cation resulted morphological deformation and increase in pinholes 
(Fig. 2d-e). The increase in defects/pinholes in perovskite film could 
increase the charge carrier recombination, resulting a drop in photo
voltaic performance. Overall, optimum MA/FA (10%) concentration 
had the best morphology among all, with the biggest grain size, and their 
complementary effects can be seen in the photoluminescence (PL) 
spectra (Fig. 2f). In comparison to the reference MA film, the PL spectra 
for the perovskite films measured on glass/ITO/SnO2 substrates have 
shown quenched and redshifted peaks for MA/FA perovskite films. The 
quenched PL peaks imply improved charge transfer from the perovskite 
layer to the SnO2 electron transport layer (ETL) and the redshift in PL 
peaks is also supported by the absorption of the perovskite films. 

2.2. Photovoltaic properties 

The device structure of i-PPVs was glass/ITO/SnO2/perovskite (MA/ 
FAPbI3)/spiro-MeOTAD/Au, as illustrated in Fig. 3a. Fig. S2 shows 
cross-sectional images of MA and MA/FA (10 %) based devices. Fig. 3b 
presents the irradiance spectra of LED lamp (image of custom-designed 
indoor light setup is shown in Fig. S3) and conventional solar AM 1.5 G. 
Fig. 3c depicts the current-density versus voltage (J-V) characteristics of 
all fabricated i-PPVs under an indoor LED lamp at 1000 lx (0.326 mW 
cm− 2) with their PV parameters given in Table 1. The i-PPVs with the 
optimum perovskite absorber layer (MA/FA (10%)), had the best PCE of 
34.07% along with a VOC of 0.92 V, short-circuit current density (JSC) of 
186.52 µA cm− 2, and fill factor (FF) of 74.16%, whereas i-PPVs with 
reference MAPbI3 have a maximum PCE of 28.63% along with VOC, JSC, 
and FF, values of 0.83 V, 178.46 µA cm− 2, and 72.06%, respectively. 

The incident photon conversion efficiency (IPCE) of the i-PPVs in 
Fig. 3d shows a slight enhancement over the visible region and the 
higher wavelength edge of the spectrum to redshift after the addition of 
FA+ which is in agreement with the corresponding absorption spectra 
(Fig. 1b). To further evaluate the improved VOC of the i-PPVs, the change 
in the dark current density (Jd) with applied voltage was studied. For an 
ideal indoor PV with RSh ≫ Rs and photocurrent density (JPh) (JPh = Jd) 

the relationship between Jd and VOC is given by VOC ≈
(

nkT
q

)
ln
{

JSC
Jd

}
, 

where n is the diode ideality factor, k is Boltzmann’s constant, T is the 
temperature in Kelvin, and q is the elementary charge.(Parashar et al., 
2021) This suggests that devices with a lower Jd will have a better VOC, 
as confirmed by the measured Jd–V of the optimized devices in Fig. 3e. 
Nevertheless, all of the i-PPVs showed reduced values of Jd but the most 
reduced value of Jd was observed for the MA/FA (10%) and its result was 
reflected in the VOC which was observed to be highest for this case as 
compared to other devices. Apart from VOC, the addition of FA+ had a 
significant effect on the JSC also due to lesser traps (discussed in the next 
section), enhanced absorption in the visible region, and improved 
charge transfer between SnO2 ETL and perovskite layer as seen in the PL 

Table 1 
PV parameters of the fabricated i-PPVs characterized under an artificial indoor 
LED lamp source at 1000 lx.  

Perovskite Voc (V) Jsc (µA cm¡2) FF (%) PCE (%) 

MA  0.83  178.46  72.06  28.63 
MA/FA (5%)  0.86  180.55  74.14  30.04 
MA/FA (10%)  0.92  186.52  74.16  34.07 
MA/FA (15%)  0.91  179.70  75.23  31.56 
MA/FA (20%)  0.90  175.46  73.48  31.24  

Fig. 4. Statistical distribution (a) VOC, (b) FF, (c) JSC, and (d) PCE for MA/FAPbI3based i-PPVs under LED light source (1000 lx).  
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spectra (Fig. 2f). 
Under the same experimental conditions, about 30 independent cells 

were fabricated to examine the reproducibility of the PV parameters. 
Fig. 3f shows the average PCE of 27.56 ± 1.07 for the reference structure 
of MA and 33.56 ± 0.51% for the optimum structure of MA/FA (10%). 
Fig. 4a-d shows the statistical data for the optimization of i-PPVs for PV 
parameters VOC, FF, JSC, and PCE. The constructed devices were also 
measured under conventional one-sun conditions for comparison. 
Fig. S4, Table. S1 and Fig. S5 show the J-V characteristics, PV param
eters, and statistical distribution data under one-sun conditions, 
respectively. 

2.3. Charge carrier recombination losses 

The recombination losses were explored by measuring photovoltaic 
parameters (JSC and VOC) under varying incident light intensities (I) and 
using impedance spectroscopy to investigate the variation in PV pa
rameters of the reference MAPbI3 and optimized MA/FAPbI3 i-PPVs 
(Fig. 5a-d). Light intensity-dependent JSC curves were fitted with well- 
known power-law relationship, i.e. JSC ∝ Iα, where α denotes the de
gree of bimolecular recombination (Kini et al., 2021; Koster et al., 2005). 
The α equal to 1 indicates that there is no bimolecular recombination, 
whereas ‘α’ value differs from 1 implying the existence of bimolecular 
recombination losses. Fitted data result α values of 0.997 for MA/FA 
(10%) indicate the lower bimolecular recombination rates relative to the 
0.973 of MA-based reference i-PPVs. Meanwhile, the relationship be
tween VOC and I gives information about the trap-assisted recombination 
losses which is VOC∝βkT

q ln(I) where the coefficient ‘β’ generally ranges 
between 1 and 2. The ‘β’ value equal to 1 indicates the absence of trap- 
assisted recombination, whereas β > 1 indicates the presence of trap 
states.(Sharma et al., 2021; Tress et al., 2018) Thus, results show that 
MA/FA (10%) with ‘β’ value of 1.19 has smaller trap-assisted 

recombination losses as compared to MA with ‘β’ value of 1.55. Charge 
carrier dynamics at the interfaces of i-PPVs were also investigated using 
impedance spectroscopy (IS) under dark conditions(Hailegnaw et al., 
2020), as seen in Fig. 5c, which shows Nyquist plots and Fig. 5d shows 
the equivalent circuit used to fit the IS data for MA and MA/FA (10%), 
respectively. Recombination occurs predominantly at the functional 
layer interface for PSCs, where electrons in the conduction band of the 
ETL or perovskite layer recombine with holes in the highest occupied 
molecular orbital (HOMO) energy level of the hole transport layer 
(HTL), the resistance that accounts for this is called recombination 
resistance (Rrec). It was found that the Rrec for MA/FA (106 Ω) is 2 orders 
of magnitude higher than MAPbI3 of 2.8 × 104 Ω, the higher value of Rrec 
suggests lower recombination losses in MA/FA (10%) i-PPVs (Fig. 5a-b). 
Similarly, lower values of charge transfer resistance (Rct) for MA/FA 
(896.1 Ω) compared to MAPbI3 (901.2 Ω) support the better device 
performance of mixed cations perovskite. 

2.4. Topography and defects at grain boundaries (GBs) 

To further deeply investigate the morphological properties and sur
face potential (SP) of the MA and MA/FA (10%) perovskite films, atomic 
force microscopy (AFM) and kelvin probe force microscopy (KPFM) 
were used. Fig. 6a & 6c are the AFM micrographs, where MA/FA (10%) 
sample has a much lower average roughness (Ravg) of 17.1 nm than the 
reference MA perovskite film of 32.1 nm, which indicates that mixed 
cations result in a smoother perovskite surface (Fig. S7). The SP map
ping at the same area of respective perovskites measured in the dark is 
presented in Fig. 6b & 6d. The grains and GBs can be easily differenti
ated via dark and bright portions of the obtained KPFM images, 
respectively. As defects i.e., vacancies and interstitials are more likely to 
be found at GBs leading to a significant difference in SP compared to the 
grains.(Lin et al., 2019; Tang et al., 2022; Zhang et al., 2015) In the MA/ 
FA (10%) sample, the average SP is much smaller than the MA (~22.7 

Fig. 5. (a) JSC vs light intensity and (b) VOC vs light intensity, J-V characteristics under different incident light intensity are shown in Fig. S6 and results summarize in 
Table S3, (c) Nyquist plots and (d) equivalent circuit model used for data analysis and fitting results of impedance spectroscopy. 
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mV compare to ~ 45.8 mV) and SP variation across the GBs is also less 
apparent (Fig. 6e & 6f). Therefore, it can be inferred that defect (trap
ping states) have been reduced and passivated for mixed cation perov
skite at GBs, where lower average SP barrier (ΔϕGB) and smaller 
distribution width (WGB) were found at GBs (Table 2). The transport of 
the charge carriers is obstructed at the GBs due to the ΔϕGB created by 

these defect states. Also, the reduced ΔϕGB implies an efficient charge 
transport in MA/FA (10%) perovskite film compared to MA. However, 
GBs in MA are more susceptible to defect states, which causes ion 
migration that leads to hysteresis in the J-V characteristics.(Kim et al., 
2019; Sherkar et al., 2017) The defect states in MA are mostly interstitial 
and vacancies near the GB region mostly arise due to the smaller amount 
of ion formation energy.(Yin et al., 2014) Hence, these defects facilitate 
ion migration that is mainly present at GBs rather than the bulk of the 
grain.(Shao et al., 2016) This study reveals a decrease in defect con
centration leads to insignificant hysteresis in MA/FA (10%) perovskites 
systems (Fig. S8 & Table. S2). 

Most of the nonradiative losses occur at the GBs due to the avail
ability of charge carrier defects/trap states, therefore, optical and fluo
rescent mapping of the perovskite film coated on the glass substrates 
have been performed and respective PL spectrum (Fig. S9) were recor
ded. Recorded images have displayed significant variations in PL 

Fig. 6. AFM height images and surface potential (SP) mapping at the same topography images (a, b) MA and (c, d) MAFA perovskites. Marked dotted line square 
presents the selected grain boundaries and the solid line indicates the scan lines. Scanned profile for the (e) MA and (f) MA/FA (10%) of three different GBs. ΔϕGB and 
WGB were estimated and tabulated in Table 2. 

Table 2 
GB parameters (ΔϕGB and WGB) were extracted from KPFM images of MA and 
MAFA at three randomly selected different grain boundaries.  

Perovskites Parameters Scan-1 Scan-2 Scan-3 Avg. 

MA ΔϕGB (mV)  44.82  52.26  40.28 45.8 ± 6.1 
WGB (nm)  584.6  648.5  701.4 644.8 ± 58.5 

MA/FA (10%) ΔϕGB (mV)  23.1  27.5  17.41 22.7 ± 5.1 
WGB (nm)  410.5  422.4  386.4 406 ± 18.4  
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intensity across grains and GBs. Generally, crystalline perovskite shows 
stronger emission when compared with amorphous components.(Kondo 
et al., 2010; Ummadisingu et al., 2017) Dark portion in the images in
dicates the defects or trap states at GBs and/or around the GBs. Fluo
rescent mapping of the perovskite film also supports the crystalline 
properties as well as trap-assisted recombination mechanism of the 
formulated system. 

2.5. Operational stability of i-PPVs 

The operational stability and suitability of the fabricated i-PPVs were 
investigated by recording the normalized JSC versus time (Fig. 7a) and 
VOC versus time (Fig. 7b) characteristics under a continuous illumina
tion from an LED at 1000 lx (relative humidity (RH) level of the clean
room during characterization was at 33%). The i-PPVs with MA/FA 
(10%) have shown the most stabilized trend of JSC and VOC as compared 
to other i-PPVs. The stable trend of JSC and VOC indicates that the FA+

addition in MAPbI3 stabilizes the crystal structure of the perovskite as 
well. Additionally, the operational stability of the fabricated i-PPVs was 
also studied under the standard one-sun conditions (Fig. S10) which 
confirms the same trend for JSC and VOC under the one-sun conditions as 
observed under the indoor lighting conditions for all sets of devices. 

To investigate the hydrophobicity of the perovskite layers, contact 
angles were measured between a water droplet and the fabricated 
perovskite films (Fig. 7c-d). The reference MA film had the smallest 
contact angle of 52.19◦ as compared to 54.85◦, 64.01◦, 49.64◦, and 
40.61◦ for MA/FA (5%), MA/FA (10%), MA/FA (15%), and MA/FA 
(20%), respectively. Thus, MA/FA (10%) film was the most moisture 
resistive as compared to the other perovskite films. The decrease in 
contact angles for films with more concentration of FA+ might be due to 
the rough film and pinholes in morphology which might affect the angle 
between the water droplet and the perovskite film. Overall, based on the 
above results it can be concluded that the quasi-cubic perovskite 
structure formed after the FA+ addition is much more stable in every 
aspect as compared to the pristine MAPbI3 perovskite. 

3. Conclusion 

In summary, the role of a larger FA+ cation in the MAPbI3 perovskite 
to fabricate a mixed cation quasi-cubic MA/FAPbI3 perovskite structure 
has been explored. The FA+ cation plays an important role in adjusting 
the lattice parameters of the perovskite crystal and expands the lattice 
from tetragonal (MAPbI3) to quasi-cubic structure (MA/FAPbI3). An 
optimal concentration of FA+ (10 mol %) can be used to achieve a stable 
quasi-cubic perovskite structured perovskite which delivered an 
outstanding PCE of 34.07% as compared to the reference MAPbI3 based 
i-PPVs (PCE = 28.63%) under indoor LED light source at 1000 lx. The 
effect of quasi-cubic mixed cation perovskite on the absorption, 
morphology, charge transport, and trap states was examined in detail 
and a vivid narrative has been provided on the device physics under 
indoor lighting conditions. In addition, the variation in surface potential 
and fluorescent microscopy imaging firmly confirms the lesser defects at 
grain boundaries for mixed cation-based perovskite. In comparison to 
previous research, it was observed that altering the ‘A’-site cation in i- 
PPVs to tune the crystal structure is more advantageous than changing 
the ratio of halides in the perovskite layer. Thus, the stable and efficient 
quasi-cubic structured mixed cations perovskite materials are much 
more suitable choices for indoor applications. 
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J., 2015. Trap-Assisted Non-Radiative Recombination in Organic-Inorganic 
Perovskite Solar Cells. Adv. Mater. 27 (11), 1837–1841. 

Yin, W.-J., Shi, T., Yan, Y., 2014. Unusual defect physics in CH3NH3PbI3 perovskite solar 
cell absorber. Appl. Phys. Lett. 104 (6), 063903. 

Zhang, W., Pathak, S., Sakai, N., Stergiopoulos, T., Nayak, P.K., Noel, N.K., 
Haghighirad, A.A., Burlakov, V.M., deQuilettes, D.W., Sadhanala, A., Li, W., 
Wang, L., Ginger, D.S., Friend, R.H., Snaith, H.J., 2015. Enhanced optoelectronic 
quality of perovskite thin films with hypophosphorous acid for planar heterojunction 
solar cells. Nat. Commun. 6 (1), 10030. 

Zhang, Y., Grancini, G., Feng, Y., Asiri, A.M., Nazeeruddin, M.K., 2017. Optimization of 
Stable Quasi-Cubic FAxMA1–xPbI3 Perovskite Structure for Solar Cells with Efficiency 
beyond 20%. ACS Energy Lett. 2 (4), 802–806. 

R. Singh et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.solener.2022.09.015
https://doi.org/10.1016/j.solener.2022.09.015
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0010
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0010
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0015
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0015
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0015
https://doi.org/10.1002/aenm.201901980
https://doi.org/10.1002/aenm.201901980
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0025
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0025
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0025
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0025
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0030
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0030
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0030
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0035
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0035
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0035
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0040
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0040
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0045
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0045
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0045
https://doi.org/10.1002/adfm.202103614
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0055
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0055
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0055
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0060
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0060
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0060
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0060
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0065
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0065
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0070
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0070
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0070
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0075
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0075
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0075
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0075
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0080
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0080
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0080
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0085
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0085
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0085
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0090
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0090
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0090
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0090
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0090
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0095
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0095
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0100
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0100
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0100
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0100
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0105
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0105
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0105
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0105
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0110
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0110
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0110
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0115
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0115
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0115
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0115
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0120
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0120
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0120
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0125
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0125
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0130
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0130
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0130
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0135
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0135
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0140
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0140
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0140
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0140
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0145
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0145
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0145
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0150
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0150
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0155
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0155
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0155
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0155
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0160
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0160
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0160
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0160
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0165
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0165
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0165
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0165
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0170
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0170
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0170
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0170
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0170
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0175
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0175
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0175
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0175
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0180
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0180
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0180
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0180
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0185
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0185
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0185
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0190
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0190
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0190
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0195
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0195
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0195
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0195
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0205
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0205
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0205
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0205
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0205
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0210
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0210
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0210
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0215
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0215
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0220
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0220
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0220
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0225
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0225
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0225
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0230
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0230
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0235
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0235
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0235
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0235
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0235
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0240
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0240
http://refhub.elsevier.com/S0038-092X(22)00681-8/h0240

	Highly efficient quasi-cubic structured perovskite for harvesting energy from artificial indoor LED light source
	1 Introduction
	2 Results and discussion
	2.1 Photophysical and morphological properties
	2.2 Photovoltaic properties
	2.3 Charge carrier recombination losses
	2.4 Topography and defects at grain boundaries (GBs)
	2.5 Operational stability of i-PPVs

	3 Conclusion
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


