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Abstract

Indoor photovoltaic devices have garnered profound research attention in recent years due to
their prospects of powering ‘smart’ electronics for the Internet of Things (IoT). Here it is shown
that all-inorganic Cs-based halide perovskites are promising for indoor light harvesting due to
their wide bandgap matched to the indoor light spectra. Highly crystalline and compact
CsPbIBr. perovskite based photovoltaic devices have demonstrated a power conversion
efficiency (PCE) of 14.1% under indoor illumination 0f1000 lux and 5.9% under 1 Sun. This
study revealed that a reduction in grain misorientation, as well as suppression of defects in the
form of metallic Pb in the perovskite film are crucial for maximising the photovoltaic properties
of CsPblIBr; based devices. It was demonstrated that a pinhole free CsPbIBr,/Spiro-OMeTAD
interface preserves the perovskite o phase and enhances the air stability of the CsPbIBr
devices. These devices, despite being unencapsulated, retained >55% of the maximum PCE
even when stored under 30% relative humidity for a shelf-life duration of 40 days and is one
of the best stability data reported so far for CsPbIBr» devices.
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1. Introduction

The constant decrease in energy requirements for the Internet of Things (1oT) has resulted
in immense research being focussed on self-powered wireless devices. The self-powering
feature is expected to circumvent the issues with energy storage and hence, contribute towards
the growth and sustainability of IoT technology. Many of these wireless devices are expected

to be used indoors, with minimal power requirement in the range of micro to milliwatts and
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hence, efficient, and reliable indoor photovoltaics (IPV) would serve as the suitable power
source. IPVs suitable for powering the sensors should not only have high power conversion
efficiency (PCE) but must also encompass attributes such as low cost, flexibility, robustness
and be easily processable from earth-abundant materials. Though commercial crystalline
silicon solar cells are suitable for harvesting solar radiation, the relatively narrow bandgap (1.1
eV), complex and energy-intensive fabrication requirements and high trap-assisted
recombination under low-intensity illumination limit their application as indoor photovoltaics
[1,2]. Hence the development of alternate absorber materials for IPVs is of paramount
importance to sustainably support the rapidly growing IoT technology. These absorber
materials should have wide bandgap (1.9 eV) and fewer defects since the indoor artificial light
sources such as white light emitting diodes (LEDs) and fluorescent lamps (CFLs) primarily
emit photons in the visible region (400 - 700 nm) and have lower intensity (0.1 - 1 mW cm)

compared to the 1 Sun spectrum [3-5].

Hybrid halide perovskite semiconductors are promising for many optoelectronic
applications owing to their favourable attributes of high charge carrier mobility, wide
absorption spectrum, tunable bandgap, ease of device fabrication using solution-processed and
vacuum deposition techniques and have demonstrated outstanding solar cell PCE of 25.5%
under 1 Sun [6]. Among them, all inorganic halide perovskites such as CsPbXs (where X = Cl,
Br or 1) have a tunable bandgap ranging from 1.73 eV for CsPbls to 2.3 eV for CsPbBrz and
possess high thermal stability compared to their organic counterparts [7,8]. However, CsPblz
suffers from severe phase stability issues as the photo-active perovskite a-phase is only stable
at temperatures >330°C. The CsPbBrz shows appreciable stability but the large bandgap (Eg ~
2.3 eV) does not favour absorption in the visible region, thus, limiting their PV applications.
The issues of pristine CsPbX3 perovskites can be overcome by replacing some of the I” ions

with Br~ions with amenability to tailoring of the bandgap.

CsPbIBr, with a bandgap of ~2.05 eV [9] is suitable for indoor photovoltaics, integration
in tandem devices and smart PV windows [10]. Previously, the application of CsPbIBr, has
been explored in solar cells (with PCE ranging from 5-10%), photodetectors [11-14], and light
emitting diodes [15]. Most of the reported studies on CsPblBr. perovskite photovoltaics
involved either high temperature annealing (ranging from 225°C - 360°C) of the active layer
[9,16-24] or the charge transporting layers [9,16-18,21-24] or pre-heating the substrate (40 -
80 °C) [25]. This not only makes the fabrication process complex but also incompatible with

flexible substrates and wearable technologies which are being widely explored in the IoT.
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Moreover, these devices show appreciable hysteresis (ranging from 10 - 50%) and the air
stability is often not explored. So far, the photovoltaic research on inorganic Cs-based
perovskite solar cells has been primarily optimised for 1 Sun illumination with the application
in indoor photovoltaics hardly investigated [26—-29]. But the recent explosion in the loT and
indoor photovoltaics has necessitated the development of new semiconducting materials
processable at temperatures low enough to be compatible with flexible substrates such as
polyethylene terephthalate (PET) to maximise the chances of integration while implementing
these devices as indoor light harvesters to power sensors in the 10T applications.

In this study, CsPbiBr. films with optimised surface features and crystalline properties
were developed and the corresponding indoor photovoltaic devices demonstrated a champion
PCE of 14% under white LED illumination and good air stability. These devices, without any
encapsulation, retained more than 55% of the initial PCE even after 40 days of storage in 30%
humidity. Detailed microstructural analysis using X-ray photoemission spectroscopy (XPS)
and electron backscattered diffraction (EBSD) revealed that treatment of the perovskite layer
using selected anti-solvents is not only effective in achieving the desired morphology but also
in reducing the surface defects in the form of metallic Pb and the grain misorientation. The
present study demonstrates the promising potential of all-inorganic Cs-based halide perovskites

for indoor light harvesting.

2. Methods

(@) Materials

The chemicals used to prepare the CsPbIBr2 perovskite solution [Csl and PbBrz, 99.999%
purity] were used as received from Alfa Aesar. The SnO solution (CAS 18282-10-5) for the
electron transport layer (ETL) was bought from Alfa Aesar and diluted to the volume ratio
1:6.5 in deionized (DI) water prior to spin coating. The materials used for hole transport layer
(HTL) solution preparation [2,2°,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-
spirobiflourene (Spiro-OMeTAD, >99% purity), 4-tert-butyl pyridine (tBP, 96% purity),
lithium-bis(tri-fluoromethanesulfonyl)imide (Li-TFSI, 99.95% purity) and tris(2-(1H-pyrazol-
1-yl)-4-tert-butylpyridine)cobalt(I11) tri[bis(trifluoromethane)sulfonimide] (FK 209) were
purchased from Ossila, Sigma Aldrich and Greatcellsolar Materials, respectively. Solvents
such as dimethyl sulfoxide (DMSO, anhydrous, >99.9%), chlorobenzene (anhydrous, 99.8%),
acetonitrile (anhydrous, 99.8%), and diethyl ether (anhydrous, >99.7%) were purchased from
Sigma Aldrich.



(b) Device fabrication

Patterned indium tin oxide (ITO)-coated glass substrates (glass/ITO with a sheet
resistance of 15 Q o) were sequentially cleaned with sodium dodecyl sulphate (SDS),
deionized water, acetone and isopropyl alcohol followed by plasma cleaning for 3 minutes with
oxygen plasma in a Plasma Asher. A compact hole-blocking SnO2 ETL was spin-coated using
100 pL of SnOzsolution [diluted to 1:6.5 volume ratio in DI water] at 3000 rpm for 30 seconds,
followed by thermal annealing at 150°C for 30 minutes on a hot plate in ambient conditions
inside a laminar flow fume hood. For the perovskite solution, Csl (1 M; 259.8 mg) and PbBr>
(1 M; 367.01 mg) as precursor materials were dissolved in anhydrous DMSO (1 mL) and stirred
continuously for 2 hours at room temperature to achieve the desired CsPbIBr> composition.
The CsPbIBr2 perovskite solution was spin-coated on top of the SnO, ETL using a two-step
spin-coating procedure, the first step at 1000 rpm for 15 seconds followed by a second step at
4000 rpm for 45 seconds. 90 uL of the mixed halide perovskite solution was used for spin
coating, followed by treatment with 750 pL of different anti-solvents (chlorobenzene and
diethyl ether) during the last 15" second of the second spin coating step. These films were then
annealed at 150°C on a hot plate for 15 minutes. The films turned brown immediately upon
placing them on the hot plate. For the HTL, 65 pL of a Spiro-OMeTAD solution [(72.3 mg of
Spiro-OMeTAD, 28.8 uL of tBP, 17.5 uL of a Li-TFSI solution (520 mg Li-TFSI in 1 mL
acetonitrile) and 29 pL of a FK-209 solution (300 mg FK-209 in 1 mL acetonitrile)] in 1 mL
chlorobenzene was spin coated at 4000 rpm for 30 seconds on the perovskite active layer.
Before spin coating, the individual solutions for HTL were thoroughly mixed using the vortex
mixer. The perovskite and HTL weighing, precursor solution preparation, stirring, perovskite
active layer and HTL spin coating were undertaken in a nitrogen-filled glove box with relative
humidity <15%. The glass/ITO/SnO2/perovskite/Spiro-OMeTAD structures were wrapped in
Aluminum foil and left overnight in a desiccator at room temperature for oxygen doping of
Spiro-OMeTAD. Finally, a 60 nm thick Au electrode was thermally evaporated (chamber
pressure 3x10° mbar) on top of the HTM to complete the perovskite solar cell device. An
aperture mask was employed to determine the effective active area of the device as 0.0646 cm?.

(c) Films for characterization
The CsPbIBr; films used for UV-Vis absorption spectroscopy, X-ray diffraction (XRD)
and scanning electron microscopy (SEM) characterization were prepared on non-patterned ITO

substrates (sheet resistance 15 Q o) using the same protocol for the active layer as mentioned



earlier. Prior to the perovskite spin coating, the substrates were thoroughly cleaned using the

same cleaning procedure as followed during the device fabrication.

(d) Characterization of CsPbIBr2 perovskite films and devices
The UV-Vis absorption spectra of CsPbIBr2 perovskite thin films were recorded using a

Cary 300 Bio Spectrometer over the wavelength range 300 — 800 nm.

The XRD patterns of the annealed perovskite films were collected using a Panalytical
Empyrean X-ray diffractometer operating in Bragg-Brentano geometry with Cu Kas radiation
and an X'celerator RTMS detector. Data were acquired in the range 10° - 60° with a step size
of 0.017° and a time per step of 147.955 seconds.

The surface morphology of the perovskite films was studied using a field-emission
scanning electron microscope (Hitachi S4800 equipment). Electron backscattered diffraction
(EBSD) measurements were performed in a variable pressure field emission gun scanning
electron microscope (FEI Quanta 250) using a Nordlys EBSD detector from Oxford
Instruments. The EBSD datasets from all samples were acquired at 20 kV and a sample tilt of
70° with respect to the normal of the incident electron beam. Data analysis was performed using
the freely available Matlab-based toolbox MTEX [30].

The X-ray photoelectron spectra were acquired using a monochromated Al Ka X-ray
source (1486 eV, 10 mA emission at 150 W) for surface sensitive X-ray photoelectron
spectroscopy (XPS) measurements. Charge neutralisation for insulating samples was achieved
using a low energy electron flood source as required (FS40A, PreVac). Binding energy scale
calibration was performed either using C-C in the C 1s photoelectron peak at 285 eV or using
Au 4f7; at 84 eV, else the Fermi level at 0 eV, of a clean gold reference sample. Analysis and
curve fitting were performed using Shirley backgrounds with GL(50) Voigt-approximation
peaks using CasaXPS [31].

Fourier transform infrared (FTIR) spectra were acquired using a Shimadzu IRAffinity 1S
IR Spectrometer.

The photocurrent versus voltage (J-V) characteristics of the devices were evaluated under
simulated AM 1.5G radiation (illumination intensity of 100 mW c¢m) by using a Sciencetech
solar simulator (SS150-AAA) and a source meter (Keithley 2401). The solar cells were applied
with a bias voltage sweep ranging from -0.20 V to 1.5 V, with a voltage step of 0.05 V and a
delay time of 0.200 seconds. The light intensity was calibrated using a standard silicon solar



cell (ORIEL® PV Reference Cell System; Model number 91150V, certified by NREL) before

undertaking J-V measurements.

The external quantum efficiency (EQE) of the PSCs were measured at zero bias by
illuminating the devices with a monochromatic light source using a Xenon lamp in combination
with a dual-grating monochromator from Bentham Instruments. The number of photons
incident on the samples were calculated for each wavelength using a silicon photodiode

calibrated by the National Physical Laboratory.

For the indoor measurements, four different light sources were used, namely, PRO-ELEC
daylight white light-emitting diode (LED) (11 W, 6500K, intensity 0.25 mW c¢cm2), OSRAM
cool white LED (8.5 W, 4000 K, intensity 0.25 mW cm2), OSRAM warm white LED (806 Im
Classic A 60, 8.5 W, 2700 K, intensity 0.30 mW cm), and a cool white compact fluorescent
lamp (CFL) (23 W, 4000 K, intensity 0.25 mW cm). The luminous intensity was measured

using a lux meter and all indoor lamps were set at 1000 lux illuminance.

3. Results and Discussion

(@) Photovoltaic properties

Figure 1 (a) shows the schematic of the n-i-p device architecture
[Glass/ITO/SnO2/CsPblBr2/Spiro-OMeTAD/Au] used in this study for the fabrication of the
of the CsPbIBr> devices. Depending on their location inside buildings, various types of
illumination are used indoors and hence, the photovoltaic properties of the optimised CsPbIBr;
devices were characterised under different indoor lamps, namely, daylight white LED, warm
white LED, cool white LED, and CFL. The emission spectra of the indoor illumination sources
used in this study are shown in Figure 1 (b). The maximum PCE demonstrated by the
optimised devices were 9.4%, 8.7% and 6.3% under cool white LED, CFL and warm white
LED, respectively. The photovoltaic parameters are summarised in Table S1 (Supplementary
Information). The performance was found to be best in the case of daylight white LED due to
the maximum spectral match between daylight white LED and the EQE spectra. The current
density versus voltage (J-V) characteristics of the champion devices with the photovoltaic
performance parameters measured under daylight white LED in forward and reverse scans are
shown in Figure 1 (c). These devices recorded champion photovoltaic parameters with a PCE
of 14.1%, short circuit current (Jsc), open circuit voltage (Voc) and fill factor (FF) as 0.06 mA
cm, 0.95 V and 61.6%, respectively, in reverse scan. The current density and PCE under a

steady state voltage bias of 0.7 V are shown in Figure 1 (d). A steady state PCE of 8.8% was



obtained under constant indoor light illumination of 1000 lux. Figure 1 (e) shows the
corresponding J-V characteristics of the best device under 1 Sun condition. The PCE values
were recorded as 5.3% and 5.9% in forward and reverse scans, respectively, with a very low
hysteresis index of ~10%. The corresponding photovoltaic parameters were recorded as 8.51
mA cm?, 1.01 V and 68.4% for the Jsc, Voc and FF, respectively, in reverse scan. The
stabilized current density and PCE were measured as ~4.3 mA cm and ~3.5%, respectively,
under 0.8 V bias under 1 Sun continuous illumination [Figure 1 (f)]. The longer stabilisation
time for the Jsc/PCE under indoor light as compared to 1 Sun can be attributed to the higher
hysteresis effect of these devices under low-intensity illumination as is evident from a
comparison between Figure 1 (c) and Figure 1 (e). The higher J-V hysteresis effect in halide

perovskite photodiodes under low-intensity illumination has been recently reported by Zhou et
al. [32].
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Figure 1 (a) Device architecture of the n-i-p devices used in this study. (b) Spectra of the
different indoor lamps used in this study. (¢ & e) Current density versus voltage curves for the
best performing device in forward and reverse scans along with the photovoltaic parameters
under (c) daylight white LED light and (e) 1 Sun illumination. (d & f) Steady state tracking of
the current density and PCE under (d) daylight white LED (voltage bias ~ 0.7 V) and (f) 1 Sun
condition (voltage bias ~ 0.8 V).



The performance reproducibility of the optimised CsPblBr2 devices under daylight
white LED and 1 Sun is shown in Figures 2 (a) and (b). Not only was the device performance
reproducible but also the devices showed appreciable stability under ambient conditions as will
be discussed in detail in the later sections. The external quantum efficiency (EQE) spectrum in
Figure 2 (c) shows that the light harvesting ability of the CsPbIBr, photovoltaic devices
approaches 60% in the bulk of the visible spectrum. The integrated Jsc calculated from the
EQE spectrum was 7.2 mA cm 2 which is quite consistent with the Jsc from the J-V
measurements under 1 Sun. The CsPblIBr. films with these excellent photovoltaic properties

were obtained after a series of optimisation steps as discussed in the next section.
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Figure 2 (a & b) PCE distribution of 36 and 50 devices under daylight white LED (1000 lux)
and 1 Sun illumination conditions, respectively. (c) External quantum efficiency spectrum with

the integrated short circuit current for the CsPbIBr2 perovskite devices.

(b)  Optimisation of CsPbIBr: films and photovoltaic devices

CsPbiBr. films were fabricated without and with anti-solvent treatment and
systematically characterised using scanning electron microscopy (SEM), UV-Vis
spectroscopy, X-ray diffraction (XRD), electron backscattered diffraction (EBSD) and X-ray
photoelectron spectroscopy (XPS). The selected anti-solvents were diethyl ether and
chlorobenzene. The UV-visible absorption spectra of freshly prepared CsPblBr, perovskite
films (thickness ~240 nm), irrespective of the anti-solvent treatment, show the same position
of the absorption peak [Figure 3 (a)]. The absorption onset is observed at ~600 nm
corresponding to a bandgap of ~2.09 eV and is in good agreement with previous reports [25,33—
35] [Inset of Figure 3 (a) shows the Tauc plot]. The crystallinity of the pristine, chlorobenzene
and diethyl ether treated CsPbIBr. perovskite films was investigated using XRD
measurements. As can be seen from Figure 3 (b), characteristic peaks at 15.24°, 21.52°, 30.42°,
34.14° and 37.37° corresponding to the (100), (110), (200), (210) and (211) planes of the cubic

8



a-phase CsPbIBr2 perovskite structure are observed in all three cases [10,21,36]. The intensity
of the (100) and (200) crystal planes is lowest in the case of chlorobenzene treated CsPbIBr;
films, which suggests their inferior crystalline quality compared to the pristine and diethyl ether
anti-solvent treated films. However, a closer look at the peaks shows the slight displacement
of the (100) and (200) peak positions due to the usage of different anti-solvents [Figure S1].
Diethyl ether treatment has resulted in shifting the peak positions to lower angles, thus,
suggesting an expansion of the crystal lattice. This implies the better incorporation of iodide
ions into the CsPblBr crystal lattice.

The secondary electron (SE) images of the CsPblBr; films obtained using scanning
electron microscopy are shown in Figure 3 (c). In the case of perovskite films fabricated
without any anti-solvent treatment, discrete cube-like features are observed which appears to
lack both continuity and surface coverage [Figure 3 (c) (i)]. The surface morphology becomes
dense and compact and surface coverage improves upon anti-solvent treatment as can be seen
from Figures 3 (c) (ii) and (iii), though chlorobenzene treated CsPbIBr, films show the
presence of randomly sized grain-like features ranging from 100 nm to 500 nm and the presence
of pinholes [Figure 3 (c) (ii)]. A compact perovskite film with no pinholes and with grain-like
domains ~500 nm in size is formed after diethyl ether treatment [Figure 3 (c) (iii)]. The term
grain is used with caution here, as there is wide debate regarding grain and grain boundaries in
the hybrid perovskites [37,38]. With these results from the optimisation of CsPbIBr; films, n-
i-p photovoltaic devices were fabricated using chlorobenzene and diethyl ether as anti-solvents
and characterised under both indoor artificial lights and outdoor 1 Sun spectra. Tables S2 and
S3 summarize the corresponding photovoltaic performance parameters and the detailed
description of the photovoltaic device optimization is given in the Supplementary Information.

Distribution of the photovoltaic parameters under 1 Sun for the devices fabricated
without anti-solvent and with chlorobenzene and diethyl ether treatment are shown in Figure
3 (d). Despite the incomplete surface coverage [Figure 3 (c) (i)], devices without anti-solvent
treatment demonstrated a wide range of PCE values from ~2 - 5.9%. This suggests the presence
of a thin layer of CsPblIBr. film on the surface which connects the discrete cube-like domains
observed in the secondary electron images. Devices with diethyl ether treatment demonstrated
higher PCE values with lower distribution range and best efficiency of 5.9%. Hence, the
average hysteresis index was also lower in case of the diethyl ether treated devices (~17%)
compared to those without any anti-solvent treatment (~21%). The Voc distribution was quite

wide, ranging from ~0.75 V - 1.1 V in case of devices without anti-solvent, whereas majority
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of the diethyl ether treated devices showed Voc between 0.9 V and 1.1 V. The Jsc values were
quite widespread, irrespective of sample preparation, however, the diethyl ether treated devices
recorded higher Jsc on an average. The distribution of FF during forward scan was comparable
in either case, ranging from ~40 - 58%, whereas the diethyl ether treated devices recorded
considerably higher reverse scan FF (>60 - 80%) compared to devices without anti-solvent
treatment (~55 - 70%). The comparatively better device performance with lesser variation in
PCE values for devices fabricated with diethyl ether can be attributed to the improved
perovskite crystallinity, grain size and surface coverage upon diethyl ether treatment [Figure 3
(c) (iii)]. This implies that diethyl ether anti-solvent treatment facilitates nucleation by rapidly
reducing the precursors solubility which results in better crystallization and formation of large
perovskite grains. Devices fabricated using chlorobenzene treatment recorded the lowest
photovoltaic parameters due to the combination of inferior CsPbIBr2 crystal quality and the
presence of pinholes [Figures 3 (b) and (c) (ii)]. Figures 3 (e) compares the J-V characteristics
of the best performing CsPbIBr> perovskite-based devices without anti-solvent, and with
chlorobenzene and diethyl ether treatment under 1 Sun illumination. Devices without anti-
solvent treatment showed a champion PCE of 5.9% in the reverse scan with Jsc, Voc and FF
being 7.9 mA cm?, 1.14 V and 65.1%, respectively. The Jsc and FF improved with diethyl
ether treatment, recording 8.5 mA cm and 68.1%, respectively. The inferior performance of
devices without anti-solvent treatment, coupled with their rapid degradation to the non-
perovskite phase during 1 Sun measurement may be attributed to the formation of nucleation
sites for phase segregation. Diffusion of Li* ions from Spiro-OMeTAD upon air exposure or
the interaction of mobile iodide species of the perovskite with Spiro-OMeTAD at the
perovskite/hole-selective interface may facilitate growth of the non-perovskite phase due to
the improper surface coverage which detrimentally affects the device stability [39-42].
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Figure 3 (a) Absorption spectra of pristine CsPbIBr, films with no anti-solvent wash,
chlorobenzene, and diethyl ether treatment (Inset is the Tauc plot showing the band gap of the
CsPblBr, perovskite film as 2.09 eV). (b) X-ray diffractograms of CsPbIBr, films fabricated
without anti-solvent wash, chlorobenzene, and diethyl ether treatment. (c) Morphology studied

using scanning electron microscopy of CsPbIBr, films with (i) no anti-solvent treatment, (ii)

chlorobenzene (presence of pinholes shown as yellow circles), and (iii) diethyl ether treatment.
(d) (Clockwise from top left) Distribution of photovoltaic parameters PCE (%), Voc (V), FF
(%) and Jsc (mA cm?) for devices fabricated without anti-solvent treatment, with
chlorobenzene, and diethyl ether in forward and reverse scans under 1 Sun. (e¢) Current density

vs voltage curves for the best performing devices with no anti-solvent treatment,
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chlorobenzene, and diethyl ether treatment along with the respective photovoltaic parameters

under 1 Sun in reverse scan.

For the corresponding indoor illumination performance, devices fabricated using diethyl
ether treated perovskite films showed the best efficiency under daylight white LED, recording
9.1% and 14.1% under forward and reverse scans, respectively. Though the photovoltaic
parameters of these devices were comparable to those fabricated without any anti-solvent
treatment (9.9% and 13.6% during forward and reverse scans, respectively), the latter devices
rapidly degraded to yellow, non-perovskite phase during the measurements [Figure S2 and
Table S3]. Devices fabricated using chlorobenzene treated CsPbIBr, films were not studied
under low-intensity indoor illumination since they recorded the lowest photovoltaic parameters
under 1 Sun and also degraded rapidly during measurement. Devices with diethyl ether
treatment not only demonstrated the best device performance under both 1 Sun and indoor
illumination but also enhanced air-stability compared to the other devices. Hence, the volume
optimisation for anti-solvent treatment was undertaken with diethyl ether and devices
fabricated with the optimised volume of 750 pL demonstrated the champion PCE of 5.9% with
low hysteresis, good repeatability of device performance, and improved air-stability. Details of
the optimisation process is discussed in the Supplementary Information (Figures S3 & S4 and
Table S4).

To understand the difference in photovoltaic device performance, as well as ambient
stability of the diethyl ether anti-solvent treated CsPbIBr> films, detailed microstructural and
spectroscopic characterisation using EBSD, XPS and Fourier transform infrared (FTIR)
spectroscopy were carried out on both pristine and anti-solvent treated CsPbIBr, films and
partial device heterostructures. Since the secondary electron images cannot provide any
crystallographic information, EBSD measurements were performed to accurately identify

crystalline grain properties (size, homogeneity and misorientation) [43].

(c) Microstructural and compositional analysis

Figures 4 (a)-(c) show the SE images of the areas probed using EBSD, where the three
samples (CsPbIBr; films) without anti-solvent, with chlorobenzene and diethyl ether treatment,
respectively, were tilted by 70°. The EBSD band contrast images in Figures 4 (d)-(f) already
indicate the grains present in the films, with grain boundaries giving lower contrast. Inverse
pole figure (IPF) Z maps, as displayed in Figures 4 (g)-(i), of the CsPbIBr, perovskite crystals
for the three films provide the crystallographic directions in the Z direction, which is the sample

normal. The sample without anti-solvent treatment showed a strong preference for the (100)
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plane (or [100] direction) for crystalline grain orientation [Figure 4 (g)], whereas the (100)
orientation is less dominant, with other orientations also observed in case of the films with
chlorobenzene and diethyl ether treatment [Figures 4 (h) and (i), respectively]. To investigate
this orientation relationship further, Figures 4 (j)-(I) show the pole figures of the (100) plane
for the three CsPbIBr: films (note the same scale applies to all three pole figures). For the film
without anti-solvent treatment, the majority of data points are at the centre of the hemisphere,
confirming that most grains are (100) oriented [Figure 4 (j)]. For the samples treated with anti-
solvents (chlorobenzene and diethyl ether), the spot at the centre is less dominant and additional
spots appear in the respective pole figures [Figures 4 (k) and (l), respectively], compared to the
films without anti-solvent treatment. Figure S5 shows the IPF maps for the sample X, Y and
Z directions for the three CsPbIBr» films, without and with anti-solvent treatment. Figure S6
shows the same pole figures on individual scales, showing that (100) is still the dominant

orientation for all samples. This agrees well with the XRD results in Figure 3 (b).

Previously Jariwala et al. have reported that orientational heterogeneities within the
grains enhance the non-radiative recombination [38]. To unravel any crystalline orientational
heterogeneity, the grain misorientation was calculated in terms of grain orientation spread
(GOS) and grain reference orientation deviation (GROD) angle for all the CsPbIBr, films
without and with anti-solvent treatment as seen in Figures 4 (m)-(o) and Figures 4 (p)-(r),
respectively. The GOS is the mean misorientation of a given grain, whereas the GROD angle
provides the deviation of each pixel within a grain from the mean misorientation (GOS) of that
grain. The mean GOS, calculated from all grains, decreases upon treatment with diethyl ether
(0.39+0.03% and chlorobenzene (0.47+0.06°) compared to films without any anti-solvent
treatment (0.68+0.18°). This can be seen in Figure 4 (m) for the sample without any treatment,
where more grains with a larger GOS can be observed compared to the samples treated with
anti-solvents which exhibit a more uniform GOS with fewer grains of larger misorientation
[Figure 4 (n)-(0)]. The GROD angle maps in Figures 4 (p)-(r) show an analogous behaviour.
The grains with larger mean misorientations (i.e., larger GOS) also exhibit larger GROD angle
values. This implies that grains with a large GOS also possess large misorientation within their
boundaries. This is most dominant for the CsPbIBr; film without anti-solvent treatment. The
film with diethyl ether treatment exhibits the least amount of misorientation between grains
and within a given grain compared to the other two samples. This implies that the CsPbIBr»
films without anti-solvent and with chlorobenzene treatment have the highest degrees of

crystalline orientational heterogeneity, and/or most likely, variation in local strain and hence,
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will suffer from more non-radiative recombination. This, along with the pinholes observed in
the SE images in Figure 3 (c) (ii) most likely explains the poor photovoltaic performance (Voc
and Jsc) of CsPbIBr, devices with chlorobenzene treatment as shown in Figure 3 (e). The
complete surface coverage and lowest misorientation heterogeneity of the diethyl ether treated

CsPbIBr: films can thus account for the best photovoltaic device performance.

According to the previous reports, an inhomogeneous distribution of grain size can be a
limiting factor of microscopic properties in halide perovskite films [43]. For the small number
of grains imaged by EBSD for these three samples, no significant difference in grain size was
observed. All three samples exhibit comparable mean grain sizes and grain size variability. The
mean area, mean perimeter and mean circle equivalent diameter are shown in Table S5. The
significant difference between the samples revealed by EBSD is the misorientation within the

grains.
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anti-solvent treatment (first column), with chlorobenzene (second column) and diethyl ether

(third column) treatment, respectively.

The surface elemental composition and chemical states of the CsPbIBr, perovskite films
on ITO, prepared without and with anti-solvent treatment, were probed using XPS to correlate
the compositional features with their device performance. Clear signature peaks of Cs, Pb, I,
and Br, from the CsPblIBr» films are detected with a negligible amount of carbon and without
any other impurity peak which can be regarded as indicators of compositional purity of the
samples (Figure S7) (Adventitious carbon is commonly expected in any ex-situ prepared
sample). The high-resolution Cs 3d, Pb 4f, | 3d and Br 3d core level spectra are shown in
Figure 5. The Cs 3d doublet is observed at 724.5+0.1 eV and 738.5+0.1 eV corresponding to
Cs 3ds,2 and Cs 3da2 with a spin-orbit splitting of 13.9 eV [Figure 5 (a)] whereas the peaks at
138.4+0.1 eV and 143.1+0.1 eV are attributed to Pb 4f7, and Pb 4fsp, respectively [Figure 5
(d)]. The spectra of the two halides, i.e. iodide (I 3d) and bromide (Br 3d) are observed at
619.0+0.2 eV and 630.4+0.1 eV, assigned to | 3ds;2 and | 3ds2 (splitting of 11.5 eV) [Figure 5
(b)], and at ~68.5 - 70.0 eV, respectively [Figure 5 (c)]. The peak positions and spin-orbit
splitting in all the samples are very similar to the previously reported literature [9,17]. There is
no appreciable variation in the Cs 3d and | 3d core levels because of treatment with different
anti-solvents [Figure 5 (a) and (b)]. The Br 3d spectra have been fitted with two components
corresponding to Br 3ds and Br 3ds2 at ~68.1 and 69.3 eV, respectively, and does not show
any variation due to the different anti-solvent treatment techniques followed in this study
[Figure 5 ¢ (i —iii)].

The Pb 4f spectra for all films irrespective of preparation technique, consist of two
separate contributions from 4f7;> and 4fs;> peaks with a ratio of ~1.25 and spin-orbit splitting of
4.8 eV. The primary Pb 4f7;> peak is found at 138.4+0.1 eV, consistent with the Pb 4f7> binding
energy attributed to Pb (1) in the perovskite structure [44,45]. Two smaller, yet evident peaks
are detected at ~136.9+0.2 and 141.8+0.2 eV corresponding to Pb 4fz, and Pb 4fsp,
respectively, in all samples, which can be attributed to the presence of metallic Pb (Pb°)
[Figures 5 (d) and (e)]. This component has previously been reported as defect sites and
regarded as recombination centres for the charge carriers in the perovskite film which are
detrimental to device performance [45]. Though the presence of metallic Pb is observed
irrespective of the sample preparation, the fraction of the Pb® signal shows significant variation
depending on the anti-solvent treatment [Figure 5 (e)]. A monotonic decrease in both Ph°

components (Pb° 4fz2 and Ph® 4fs) is observed from films without anti-solvent treatment
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[Figure 5 e ()] to those with chlorobenzene and diethyl ether treatment [Figures 5 (e ) (ii) and
(iii), respectively]. The quantification was performed after careful peak fitting of each
component of the Pb 4f doublet using CasaXPS with the residue ¥?<0.5. The atomic% of Ph°
is 2.07% (Pb 4fz2) and 1.20% (Pb 4fs2) for samples without anti-solvent treatment
corresponding to a Pb®/Pb?* fraction of ~0.034 which reduces to ~0.025 upon chlorobenzene
treatment. In comparison, the peak intensities of metallic Pb are strikingly reduced in the films
after diethyl ether treatment with the Pb®Pb?* ratio of ~0.010, implying a much lesser defect
concentration. This low metallic Pb content in diethyl ether treated CsPbIBr> films can explain
the better photovoltaic performance of the corresponding devices [ Table S2, Figures 3 (d) and
(e)]- The evolution of metallic Pb has been previously correlated with the loss of iodine from
the perovskite lattice [46]. Thus, the low content of metallic Pb in the diethyl ether treated
CsPbIBr films in turn suggests better incorporation of Pb and iodine into the lattice and
correlates well with the finding from the XRD analysis (better incorporation of iodide ions into

the CsPblIBr- crystal lattice).
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Figure 5 High resolution XPS core level spectra (a) Cs 3d, (b) I 3d, (c) Br 3d, and (d) Pb 4f of
CsPblIBr. films prepared (i) without anti-solvent treatment (ii) with chlorobenzene and (iii)
diethyl ether treatment, respectively. (e) Section of the Pb 4f spectra showing the metallic lead
(PbP 4f) components only.

Though the microstructural and compositional analysis of the CsPbiIBr: films prepared
without and with anti-solvent treatment revealed the reason for the enhanced photovoltaic
performance of devices with the diethyl ether treated CsPbiBr, films, the understanding of
enhanced stability was still lacking. Hence, time-dependent stability characterisation of

CsPbIBr photovoltaic devices and partial heterostructures was carried out.
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(d) Stability of CsPbIBr2 photovoltaic devices

During 1 Sun measurements, the devices without any anti-solvent and with
chlorobenzene treated CsPbiIBr. films were observed to be undergoing degradation from the
brown perovskite phase to the yellow non-perovskite phase. The X-ray diffraction patterns of
the phase-changed CsPbIBr, film and Glass/ITO/SnO2/CsPblBr2/Spiro-OMeTAD/Au device
stack due to ageing in air are shown in Figure S8. The peak at 10.24° can be assigned to the 5-
phase of CsPbIBr, [10,36,47-49]. This peak is visible in both the CsPbIBr. film and the
CsPblIBr, based device stack, clearly demonstrating that the freshly deposited a-phase of the
CsPblIBr, perovskite has degraded into the yellow non-perovskite orthorhombic &-phase after
ageing in air. Photographs of the degraded solar cell device stack without and with different
anti-solvents as observed from the Glass/ITO side are shown in Figure S9 (A/B - no anti-
solvent treatment, C/D - chlorobenzene treatment, and E/F - diethyl ether treatment).

The stability of the Glass/ITO/SnO2/CsPblIBr,/Spiro-OMeTAD partial heterostructure

was studied using FTIR spectroscopy to understand the role of the perovskite/Spiro-OMeTAD
interface in the degradation of devices since the pristine CsPbIBr; films were very stable in
ambient conditions. The degradation behaviour of the partial heterostructures was found to
follow the same pattern as that of the completed photovoltaic devices with Au top electrode;
that is, the CsPbIBr, perovskite phase transformed into the non-perovskite phase in less than 2
hours for the films without anti-solvent treatment whereas diethyl ether treated films were
stable for longer (more than 8 hours) under humidity of 33%, with the chlorobenzene treated
films in the intermediate range of hours. Previous studies have shown that the degradation
observed in hybrid perovskite devices under high humidity can be assigned to the hygroscopic
nature of the Li-TFSI dopant used for improving the hole mobility and conductivity of Spiro-
OMeTAD hole conductor which in turn facilitates moisture ingress into the perovskite layer,
thus, resulting in progressive deterioration of devices [50-52]. Detailed FTIR characterization
(Supplementary Information and Figure S10) revealed that Spiro-OMeTAD conjugation
disruption is faster in films without any anti-solvent. The rapid device degradation in devices
without anti-solvent treatment can be attributed to the aggregation of hygroscopic Li* in the
regions with thinner CsPblIBr films due to the lower surface coverage than films with diethyl
ether treatment. These localized regions of high moisture content would also be more
susceptible to the formation of nucleation sites for the non-perovskite yellow phase due to

interaction between mobile iodide species with the Spiro-OMeTAD at the hole-selective
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interface [42]. Thus, the perovskite surface coverage and Spiro-OMeTAD/perovskite interface

plays an important role in the ambient stability of CsPbIBr2/Spiro-OMeTAD devices.

The shelf-life stability of the unencapsulated completed device structure fabricated using
diethyl ether treated CsPbIBr, was investigated. The variation in normalized PCE of these
devices is shown in Figure 6 with the inset showing the images of the devices (from both Au
and Glass sides) after storage in a desiccator (humidity ~30%) for 40 days. The measurements
of these un-encapsulated devices were carried out in ambient air under relative humidity (RH)
of 33%, every couple of days for 64 days. Between measurements, the devices were stored in
the dark at RH of ~30%. The devices retained >55% of their maximum PCE after 40 days of
storage which slightly reduced to 51% after two months. This kind of stability value is one of
the best reported so far for CsPbIBr. films since most of the studies report device storage under
nitrogen and controlled humidity conditions. Hence, this study establishes the efficacy of the
anti-solvent treatment technique with diethyl ether for improving device stability by defect
passivation and reduction in grain misorientation. Preliminary attempts were made to use these
CsPbIBr devices for powering a non-inverting buffer with open-drain output under indoor
light (0.25 mW cm) as discussed in the Supplementary Information (Figure S11).
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Figure 6 Variation in normalized power conversion efficiency of the optimized CsPbIBr;
perovskite solar cells studied as a function of the number of days; inset shows the photographs
of the diethyl treated CsPbIBr based devices after 40 days storage in RH 30%.
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4, Conclusions

In summary, highly crystalline and compact CsPbIBr. perovskite based photovoltaic
devices were fabricated in n-i-p configuration with a PCE of 14.1% under indoor illumination
at 1000 lux illuminance. Detailed investigation of the surface morphology demonstrated that
the selection of anti-solvent was of critical importance in obtaining the desired dense and
compact CsPbIBr perovskite morphology with excellent surface coverage and improved air-
stability of the devices. In-depth microstructural characterisation undertaken in this study
revealed that diethyl ether anti-solvent treatment was effective in reducing the defect
concentration in the form of metallic Pb, and in suppressing the grain misorientation in
CsPblIBr, films which resulted in improved performance of the corresponding photovoltaic
devices. The optimised devices also retained >55% of the maximum PCE after storage in 30%
relative humidity for more than 40 days. The ambient stability of CsPblIBr2/Spiro-OMeTAD
devices was influenced by the perovskite surface coverage as well as the Spiro-
OMeTAD/perovskite interface. The low temperature annealed, efficient and stable all-
inorganic CsPblBr, perovskites developed in this study not only shows promise of
compatibility with flexible and wearable substrates but also for powering next-generation

electronic devices in the 1oT.
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