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ABSTRACT
Incorporation of cesium (Cs) into the perovskite layer has become a good strategy to boost the stability and power conversion efficiency
(PCE) of perovskite solar cells (PSCs). However, a suitable and scalable method of Cs incorporation in a perovskite film that does not cause
a significant increase in the optical bandgap is needed. In this paper, we introduce a thin layer of CsBr into a formamidinium (FA)-rich
mixed halide perovskite film using the thermal evaporation technique. The effects of the thickness of the CsBr layer on the microstruc-
tural, structural, and optoelectronic properties and surface chemical states of the perovskite film are then studied. The results indicate that
the CsBr layer thickness is able to tune the microstructural and optoelectronic properties of the perovskite film. Planar PSCs fabricated
with different thicknesses of CsBr layers in the perovskite absorber exhibited different photovoltaic performance characteristics. The CsBr-
modified PSC device with a 50 nm layer of CsBr in the perovskite layer showed a better PCE of 16.19% ± 0.17%, which was about 15% higher
than that of the control device, and was able to retain nearly 70% of its initial PCE value after 120 days of storage in an unencapsulated
state.
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I. INTRODUCTION
Perovskite solar cells (PSCs) are emerging solar cells with

unique optoelectronic properties and simple processing routes that
make them stand out from other photovoltaic (PV) technologies in
the pursuit of high performance and low-cost solar energy harness-
ing systems.1–3 Within a short period of time, PSCs have achieved
a remarkable progress in their power conversion efficiencies (PCEs)
and are currently almost at par with the conventional PV technolo-
gies based on crystalline silicon.4 This progress was a culmination
of many concerted efforts from researchers drawn from different
disciplines that yielded a better understanding of their structure,
optoelectronic properties, and their working principles.5,6 However,
the PSC technology is still faced with myriads of challenges, which,
among others, include non-radiative recombination power losses
and performance degradation under the real outdoor operating
conditions.7,8

Various studies that have been carried out to probe the ori-
gin of the abovementioned challenges have pointed out that they
are majorly caused by perovskite phase instability and the presence
of defects in the bulk of the active layer and at the interfaces with
the charge transport layers (CTLs).9–11 The morphology of the per-
ovskite film plays a big role in controlling the defect states in the bulk
and at the interfaces. Therefore, research efforts have been expended
to improve the morphology of the perovskite active layer through
compositional engineering,12 solvent engineering,13 optimization of
perovskite pre-cursors,14 additive engineering,15 improving deposi-
tion conditions,16 and optimization of post-treatment techniques.17

These strategies are aimed at controlling the nucleation and crystal-
lization dynamics of the perovskite film with a view of passivating
the defects at grain boundaries, which are the genesis of most prob-
lems in PSCs.18–20 The tunability of the perovskite (ABX3) structure
through elemental substitution and mixing has given rise to per-
ovskite films with mixed cations and mixed halides, which have bet-
ter morphologies and superior photophysical properties.12,21,22 The
elemental substitution/mixing also tunes the tolerance factor that
stabilizes the perovskite phase and improves its stability.23,24

In an effort to enhance PCEs and stability of PSCs, cesium (Cs)-
based mixed cation-mixed halide perovskite solar cells (PSCs) have
been explored.25–27 The Cs atom occupies the A-site in the ABX3
structure of perovskite, which is important in the formation of the
close packed structure and in improving charge carrier mobility
in perovskite films.28 The ionic radii of the A-site cations control
the B–X bond length in the perovskite structure, which dictates the
bandgap of the resulting perovskite film.29 The smaller ionic radius
of Cs+ (1.81 Å) can cause lattice contraction or octahedral tilting,
which increases the bandgap of the perovskite film.30,31 Despite this,
the presence of Cs+ in the right proportion is beneficial in stabiliz-
ing the perovskite α-phase, reducing the defect density, as well as
improving optical absorption and carrier lifetimes in the perovskite
layer, which, in turn, improves the stability, reproducibility, and PCE
of PSCs.26,27,32

Cs+ is incorporated into the perovskite film from cesium
halides (CsX, where X = I, Br, Cl), which are usually added directly
into the precursor solutions or via the interfacial interdiffusion
method.25,33,34 Recent studies have found the interfacial interdif-
fusion method to be a good strategy to incorporate Cs+ into the
perovskite absorber layer while simultaneously tuning the interface
energetics.35 The technique can allow for localized incorporation of
Cs+ within the vicinity of the interface between the perovskite layer
and the charge transport layers (CTLs), which helps mitigate the
expected blueshift in the absorption edge of the perovskite film while
boosting its crystallization dynamics. Among the Cs halides, CsBr
has been shown to be more effective in improving both the PCE
and stability of PSCs.36–38 Pang et al.39 incorporated CsBr into the
perovskite film via the interfacial interdiffusion method, and they
found that CsBr is essential in passivating the defects in perovskite
bulk, promoting charge extraction through better band alignment at
the CTL/perovskite interface and improving the asymmetric charge
transport due to gradient distribution of CsBr in the perovskite bulk.
It is, therefore, very important to have an in-depth understanding of
the effect of CsBr on the microstructural and optoelectronic proper-
ties of perovskite film as well as the long-term stability of the ensuing
PSCs. Furthermore, a suitable, low-cost, and scalable CsBr deposi-
tion approach needs to be sought since CsBr has limited solubility in
most solvents.

Herein, we present a novel Cs incorporation process where a
thin layer of CsBr is thermally evaporated between lead (II) iodide
(PbI2) and organic components. In other words, the perovskite film
is formed via a three-step process where PbI2 is first deposited fol-
lowed by thermal evaporation of CsBr and finally the organic mixed
solution (FAI, MABr, MACl). The effect of the CsBr layer thickness
on the microstructural properties, surface chemical states, and elec-
tronic structure of the perovskite film is studied. The thickness of the
CsBr layer was varied from 0 (control), 30, 50, to 100 nm, and the
different perovskite films were labeled CsBr0, CsBr30, CsBr50, and
CsBr100, respectively. We see an improvement in the crystal quality
and the surface properties of the perovskite films, with the incorpo-
ration of CsBr. The resulting PSCs based on the CsBr50 perovskite
film showed 15% improvement in PCE and were able to retain over
70% of their PCEs for over 120 days in an unencapsulated state.
The results of this study demonstrate the importance of the ther-
mally evaporated CsBr layer in improving the long-term stability
of PSCs.

II. MATERIALS AND METHODS
A. Materials

Materials used in this work were purchased from Sigma-
Aldrich, and they were used as received unless otherwise
indicated. Chemicals include lead (II) iodide (PbI2, 99.99%),
methyl ammonium bromide (MABr), methyl ammonium chlo-
ride (MACl), formamidinium iodide (FAI), cesium bromide
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(CsBr), titanium diisopropoxide bis(acetylacetonate) (75 wt. % in
isopropanol), 2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenylamine)-
9,9-spirobifluorene (Spiro-OMeTAD); Fullerene-C60, 4-tert-
butylpyridine (tBP), lithium bis-(tri-fluoromethanesulfonyl)imide
(Li-TSFI), and tin (IV) oxide nano-particle ink (2.5 wt. % in
butanol). Fluorine-doped tin oxide (FTO)-coated glass and
solvents such as acetonitrile (99.8%), acetone, isopropyl alco-
hol (IPA), N,N-dimethylformamide (DMF, 99.8%), dimethyl
sulfoxide (DMSO, 99.9%), chlorobenzene, and butanol sol-
vents were also purchased from Sigma-Aldrich, while pure
gold (99.999%, Lesker) was purchased from Kurt J. Lesker
Company.

B. Materials processing
Pre-patterned FTO-coated glass substrates were cut into

dimensions of 12.5 × 25 mm2 and sequentially cleaned in an ultra-
sonic bath using detergent, deionized water, acetone, and IPA for
15 min each. The substrates were dried in nitrogen gas before being
treated with UV ozone for 15 min to remove any residual organic
matter. A compact electron transport layer (ETL) was formed from
precursor solutions consisting of 0.15 and 0.3M solutions of TiO2 as
described elsewhere.40 However, the 0.3M TiO2 solution was modi-
fied with SnO2 nanoparticles to obtain SnO2–TiO2 mixed solutions
with a volume fraction of 0.2 before being spin coated. The per-
ovskite film was processed via a three-step deposition process where
PbI2 was first spin coated on the ETL, followed by thermal evapora-
tion of CsBr and a final spin coating of the organic components. The
PbI2 was spin coated at 1500 rpm for 30 s from a precursor solution
containing 599.3 mg of PbI2 in 1 ml of DMF: DMSO (19:1, v/v), fol-
lowed by annealing at 70 ○C for 1 min. Different thicknesses of CsBr
were then deposited onto the PbI2 thin film using a thermal evapora-
tor (Edward E306A, UK). It is important to note that the deposition
of CsBr on the PbI2 thin film was not immediate due to the wait-
ing period for high vacuum to build after loading the samples in the
thermal evaporator.

Subsequently, the organic solution containing a mixture of FAI,
MABr, and MACl (60, 6, and 6 mg) in 1 ml of IPA was spin coated
onto CsBr at 1300 rpm for 30 s. This was then annealed at 130 ○C
for 20 min to allow for the formation of perovskite crystals. A layer
of the hole transport layer (HTL) was formed by spin coating Spiro-
OMeTAD solution onto the perovskite film at 4000 rpm for 30 s.
The Spiro-OMeTAD solution was prepared by adding 30 μl of tBP
and 35 μl of a solution containing 260 mg of Li-TSFI salt in 1 ml
of acetonitrile into a solution containing 72 mg of Spiro-OMeTAD
in 1 ml of chlorobenzene. Finally, a 90 nm thick layer of gold was
thermally evaporated onto the Spiro-OMeTAD film under a high
vacuum (pressure of ∼106 Torr) at an average deposition rate of
1.1 Å/s. All depositions were done under an ambient condition (∼25
to 30 ○C, 25%–55% RH).

C. Materials characterization
The microstructural studies of the films were carried out by tak-

ing their top view images using a field emission scanning electron
microscope (SEM) (JEOL JSM-700F, Hollingsworth & Vose, MA,
USA). The structural properties were probed using an x-ray diffrac-
tometer (Malvern PANalytical, Westborough, MA, USA) under a
Cu Kα radiation source with 2θ angles from 5○–70○. The optical

properties were measured in the wavelength range of 200–1100 nm
using an Ultraviolet–Visible (UV–Vis) spectrometer (AVANTES
StarLine, Avaspec-2048), while the photoluminescence (PL) mea-
surement was done with an excitation wavelength of 450 nm using
laser light. The X-Ray Photoelectron Spectroscopy (XPS) and Ultra-
violet Photoelectron Spectroscopy (UPS) studies were carried out
using a PHI5600 XPS system following the method described in
Ref. 41. The PV performance and Electrochemical Impedance (EI)
characteristics of the fabricated PSC devices were studied under an
AM1.5G illumination of 100 mW/cm2 using a Keithley 2400 source
meter unit (Keithley, Tektronix, Newark, NJ, USA) and a potentio-
stat (SP-300, BioLogic Instrument) each connected to a solar sim-
ulator (Oriel, Newport Corporation, Irvine, CA, USA). The J–V
measurement for the PSC device was carried out on a device area of
0.1 cm2 with a voltage scan range of −0.4 to 1.2 V, while the EI stud-
ies were performed with an AC amplitude of 10 mV in the frequency
range 1 MHz–10 Hz.

III. RESULTS AND DISCUSSION
The morphology of the perovskite film is controlled by its

crystallization dynamics, which is a function of many variables,
such as perovskite stoichiometry, fabrication conditions, and post-
treatment techniques.42,43 Proper control of perovskite film mor-
phology is the best route to achieve a compact and pinhole-free
film that have better light absorption and longer charge carrier
diffusion lengths. Figures 1(a)–1(d) present the SEM images of
the perovskite films for different thicknesses of CsBr layers. We
observe a change in the morphology of perovskite films with the
incorporation of CsBr, which implies that the thickness of the
CsBr layer affected their crystallization dynamics. The top sur-
face SEM image of the CsBr0 film shows more pronounced grain
boundaries when compared to the CsBr-modified perovskite films.
The CsBr30 and CsBr50 show surfaces with no distinct bound-
aries between adjacent grains, while the CsBr100 shows some
grain boundaries, but they are not as pronounced as those of
CsBr0. This shows that the CsBr-modified perovskite films had
more compact films with well-passivated grain boundaries. This
grain boundary passivation effect of CsBr is important in address-
ing the problems in PSCs that are caused by the presence of
defects.

The structural properties of the perovskite films were also stud-
ied to gain an understanding on the possible effects of the CsBr layer
on their crystal quality. The XRD patterns of the CsBr0, CsBr30,
CsBr50, and CsBr100 perovskite films are depicted in Figs. 2(a) and
2(b). All the films showed diffraction peaks at 2θ angles around
14.0○, 19.9○, 24.4○, 28.2○, 31.5○, 40.2○, and 42.8○, showing the for-
mation of the black (alpha) perovskite phase.44 The intensities of
the main peaks at 14.0○ and 28.2○ were found to increase with
the thickness of the CsBr doping layer up to 50 nm and decreased
thereafter. The increase in peak intensities between CsBr0 and
CsBr50 shows that the CsBr layer up to 50 nm improves the crys-
tallinity of the perovskite film. Beyond 50 nm, the crystallinity
decreases slightly as seen by the reduction in the intensity of the
main peak. It is also evident from Fig. 2(b) that the major peak
at 14.0○ shifts toward higher angles as the thickness of the CsBr
layer increases, indicating a decrease in the lattice parameter. This
decrease in the lattice parameter is a confirmation that Cs, which
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FIG. 1. SEM images of perovskite films at different thicknesses of CsBr layers: (a) control, (b) 30, (c) 50, and (d) 100 nm.

has a smaller ionic radius, has successfully been incorporated into
the perovskite film. Figure 2(c) shows the variation of the position
and d-spacing of the major peak at 14.0○ with the thickness of the
CsBr layer. In agreement with the shift in the peak position to higher
angles, the d-spacing decreases as the thickness of the CsBr layer
increases. The peak seen at 12.6○ in the perovskite films CsBr0 and
CsBr30 can be indexed to the (001) plane of hexagonal lead iodide
(PbI2).45 The presence of this peak in these films shows the exis-
tence of some unreacted lead iodide. The intensity of this peak is

lower in the perovskite film CsBr30 when compared to that in the
CsBr0 film and is invisible in the films CsBr50 and CsBr100. This
shows that the presence of the CsBr layer is likely to have facil-
itated the reaction of PbI2 with the organic components to form
perovskite.

The surface chemistry of a semiconductor is quite sensitive to
the fabrication conditions and the presence of any substance that
may induce changes in the lattice discontinuities and periodicity of
chemical bonds.46 A change in the surface states of the perovskite

FIG. 2. (a) XRD patterns of the perovskite films with different CsBr layer thicknesses. (b) Zoomed-in view of the major peak. (c) Variation of peak position and d-spacing
with the thickness of the CsBr layer.
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film affects its electronic structure and its interfacial interaction with
adjacent CTLs, which influences its charge transport dynamics.47,48

To understand the influence of CsBr on the surface states of the per-
ovskite films, x-ray photoelectron spectroscopy study of the different
films was carried out. The XP results complemented the XRD results
by revealing near-interfacial concentration changes in the perovskite
films as a function of CsBr deposition thickness. For perovskites with
0, 30, 50, and 100-nm-thick initial CsBr layers, Fig. 3 presents the
high-resolution XP spectra of the Cs 3d5/2 regions that are each nor-
malized to the corresponding I 3d5/2 feature intensity. The full survey
XP spectrum for each of the studied perovskite films is presented in
Fig. S1 in the supplementary material. Figure 3 demonstrates that
thicker CsBr films yield successively increasing relative concentra-
tions of Cs+ cations in the near-interfacial region of the resulting
perovskite films. This indicates that varying the thickness of the CsBr

FIG. 3. High-resolution XP spectra of the Cs 3d5/2 and I 3d5/2 regions for perovskite
samples as a function of CsBr thickness: (a) control, (b) 30, (c) 50, and (d) 100 nm.

layer effectively regulates the amount of Cs that can diffuse toward
the surface of the perovskite film. The atomic mass ratios of differ-
ent elements at the surface of the films CsBr0, CsBr30, CsBr50, and
CsBr100 were determined from their XP core level spectra and tabu-
lated in Table S1. The atomic mass ratios of Cs to I and Cs to oxidized
Pb at the surface of the perovskite film were found to increase with
the thickness of the CsBr layer. This is a clear indication that the
concentration of Cs at the surface increased with the thickness of
the CsBr layer. We also employed the Energy Dispersive X-ray Spec-
troscopy (EDS) cross-sectional analysis to study the distribution of
Cs and Br within the bulk of the perovskite films and the underlying
components.

The EDS cross-sectional maps of the CsBr30- and CsBr100-
modified perovskite films are displayed in Fig. S2 in the supple-
mentary material. The maps reveal the presence of Cs and Br in the
bulk of the perovskite films and some traces of Cs and Br were also
detected in the components below the perovskite films, possibly due
to diffusion that occur during annealing.40

The perovskite active layer is the most important component
of PSC due to its intrinsic function of light absorption and pho-
togeneration. The light absorption capability of the perovskite film
determines the number of photons that can be absorbed to generate
the charge carriers and is usually influenced by its thickness, defect
density state, and bandgap.49,50 To understand the effects of the CsBr
layer on the photophysical properties of perovskite films, we car-
ried out UV–Vis and PL studies on the different films. Figure 4(a)
shows the light absorption spectra of the perovskite films at different
thicknesses of CsBr. We observe a small blueshift in the absorption
onset of the perovskite films as the CsBr layer thickness increases,
which signifies an increase in the optical bandgap. The bandgap of
the perovskite film at different CsBr thickness was estimated from
absorbance using the Tauc plot, as shown in Fig. 4(b). The mean
values of the bandgap were slightly blueshifted from 1.547 ± 0.015
to 1.565 ± 0.021 eV as the thickness of the CsBr layer increased from
0 to 100 nm, which is also evident in the shift in the normalized PL
peaks shown in Fig. 4(c). The shift in bandgap could be an indica-
tion of changes in the electronic band structure or reduction in the
band tail states of the perovskite films with increasing CsBr layer
thickness.

The distribution of band tail states within the bandgap of the
perovskite film can be studied by estimating the Urbach energy (Eu),
a parameter that indicates the level of structural disorder in the
film.51 The Eu values of the different perovskite films were deter-
mined from the inverse slope of a plot of ln α vs photon energy (hν)
(see Fig. S3). The calculated values of Eu were observed to decrease
from 19.24 ± 1.28 meV for CsBr0 to 16.67 ± 2.44 meV for CsBr50
but thereafter increased to 19.74 ± 1.32 meV for CsBr100 perovskite
films [Fig. 4(d)]. The lower Eu values for CsBr30 and CsBr50 films
signify a decrease in structural disorder in these perovskite films.52

The relative position of the band edges is also important in the
charge injection and extraction dynamics in PSC devices since it
controls the band offsets at the interface with the CTLs.53 To investi-
gate the impact of the CsBr layer on the electronic band structure
of perovskite films, we carried out a UPS study on the different
perovskite films. Figure S4 shows the variation of the secondary pho-
toemission cut-off energies (ESEC) for CsBr0, CsBr30, CsBr50, and
CsBr100 perovskite films. Figure S4 shows that ESEC values shifted
toward lower binding energies as the CsBr layer thickness increased
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FIG. 4. (a) Absorption spectra of perovskite films, (b) Tauc plot, (c) normalized PL curves, and (d) Eu values of the different perovskite films.

from 0 to 50 nm and shifted toward higher binding energies there-
after. This led to a slight increase in the work function (ΦWF) of
the top surface of the perovskite films from 3.95 eV for CsBr0 to
4.12 eV for CsBr50 and later decreased to 3.99 eV for CsBr100.
The increase in the ΦWF of the surface of the perovskite film sig-
nifies a downward shift in the Fermi level (Ef), which may arise
due to the reduction in the donor-type defect states, such as iodine
vacancies or Pb0, that are known to make the films exhibit n-type
conductivity.54

The electronic band edge positions were determined from the
combined UPS and UV–Vis data for the different perovskite films.
Table S2 summarizes the experimentally determined and interpreted
values of ΦWF and the band edge positions relative to the vac-
uum level (Evac). The details of how these parameters were obtained
are given in the supplementary material. From these values, we
drew the electronic band structure of the different perovskite films
as depicted in Fig. 5(a). The figure indicates that the CsBr layer
thickness played a role in tuning the band edge positions in the

perovskite film, which control the interfacial band alignment and
the charge carrier injection dynamics of the ensuing PSC structure
shown in Fig. 5(b). Higher interfacial band offsets between the per-
ovskite layer and the CTL may cause thermionic power losses that
contribute to the reduction in Voc.55 Considering the planar PSC
architecture we fabricated, the downward shift in ECBM of the per-
ovskite film with CsBr thickness leads to a reduction in the interfacial
energy barrier at the ETL/perovskite interface, which favors electron
injection.

The performance of PSC is a function of many variables that
are strongly influenced by the device fabrication conditions.56 To
understand the impacts of the thermally evaporated CsBr layer on
the PV parameters, we recorded the J–V curves of the PSCs fabri-
cated with CsBr0, CsBr30, CsBr50, and CsBr100 perovskite films as
absorber layers. Figure 6(a) compares the J–V curves of the control
and the best performing CsBr-modified PSC devices from which we
observe an improvement in both the short circuit current (Jsc) and
the open circuit voltage (Voc) in the CsBr-modified device. The J–V
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FIG. 5. (a) Band structure of perovskite films at different CsBr thicknesses and (b) schematic of the fabricated planar PSC.

FIG. 6. (a) J–V curves, (b) EQE curves, (c) Nyquist plots, and (d) Bode plots for control and best performing PSCs.
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curves for the different PSCs are depicted in Fig. S4, while their cor-
responding PV performance parameters are summarized in Table
S3. It is seen that the PV performance parameters of the different
PSCs varied with the thickness of the CsBr layer in the active layer.
The PSC device with the CsBr50 perovskite film showed a better PCE
when compared to the rest. The improved PCE for the device with
the CsBr50 perovskite film as the absorber layer can be associated
with the improved perovskite film morphology or better interface
band alignment that led to improved charge carrier collection effi-
ciency as shown by the external quantum efficiency (EQE) curves in
Fig. 6(b).

To establish the real cause of the observed PCE improvement in
the PSC device with the CsBr50 perovskite absorber, we probed the
charge transport and recombination dynamics of the device relative
to the control device using EI spectroscopy. The EI spectra for both
PSC devices were represented in the form of Nyquist and Bode plots,

as shown in Figs. 6(c) and 6(d). The plots indicate that the devices
exhibit two relaxation processes that are usually associated with
charge transport dynamics. In the Nyquist plots of Fig. 6(c), we see
two arcs, one in the low frequency regime and the other in the high
frequency regime, which are, respectively, associated with recombi-
nation and charge carrier transfer resistances within the layered PSC
structure.57 The Nyquist plots were fitted with an equivalent circuit
consisting of resistors and constant phase elements, shown in the
inset of Fig. 6(d), in order to obtain the values of the parameters
of interest, such as the series resistance (R1) and the charge trans-
fer resistance (Rct). The values of R1 were determined to be 34.12
and 33.46 Ω for the control and CsBr-modified PSC devices, respec-
tively, while the Rct values were 66.84 and 62.02 Ω. Thus, R1 and Rct
values were lower for the CsBr-modified PSC device when compared
to the control device, which led to the reduction in charge carrier
recombination.

FIG. 7. Variation in PV performance parameters of PSC with time: (a) normalized current density (Jsc), (b) normalized open circuit voltage (Voc), (c) normalized fill factor
(FF), and (d) normalized PCE.
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The long-term stability of PSCs under ambient conditions is
another important parameter for consideration in the effort to accel-
erate the commercialization of this PV technology. To understand
the role of the CsBr layer on the degradation behavior of PSCs, we
monitored the PV performance characteristics of the control and
the best performing CsBr-modified PSC devices left to age in an
unencapsulated state for a period of 4 months under ambient con-
ditions by periodically recording their J–V and EQE curves. The PV
parameters were determined from the J–V curves and normalized
to clearly show their degradation rate. The evolution of the nor-
malized PV performance parameters with time (days) is depicted in

Figs. 7(a)–7(d). The figure shows that the PV performance param-
eters of the control and best performing PSC based on the CsBr50
perovskite absorber decreased gradually with time. It is important to
note that the decrease in the PV parameters of the PSC device with
the CsBr-modified absorber layer was slower than that of the con-
trol device. The PSC with the CsBr50 perovskite film as the light
absorbing layer was able to retain over 70% of its PCE for over
120 days.

The EQE of a solar cell is a parameter that quantifies the
charge carrier collection efficiency of the device at a given wave-
length region of the solar spectrum and provides useful information

FIG. 8. EQE curves of (a) the control and (b) best performing CsBr-modified PSC at different times.

FIG. 9. SEM cross-sectional images of PSCs at different aging times: (a) freshly prepared CsBr0, (b) CsBr0 film after 2 months, (c) CsBr0 film after 4 months, (d) freshly
prepared CsBr50, (e) CsBr50 film after 2 months, and (f) CsBr50 film after 4 months.
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on the degradation behavior of PSCs.58 Figures 8(a) and 8(b) depict
the EQE curves of the control and best performing CsBr-modified
PSCs. From the figure, we observe that the EQEs of both PSC devices
decreased with the aging time and that the decrease is more pro-
nounced in the long wavelength region of the solar spectrum. The
decrease in the EQE is also seen to be faster for the control device
than that of the CsBr-modified counterpart. The faster EQE decay
in the long wavelength region is an indication that the charge car-
rier collection from the bulk and at the back surface of the devices is
impaired as they age.58,59 This means that the charge transfer proper-
ties at the perovskite/Spiro-OMeTAD interface become poor as the
devices age. To establish the real cause of this observation, we com-
pared the SEM cross-sectional images of freshly prepared devices
and those that have been aged for 2 and 4 months under ambient
conditions for both the control and the CsBr-modified PSC devices.
Figures 9(a)–9(f) show the SEM images from which we observe voids
(marked with arrows) in the Spiro-OMeTAD (HTL) in both the con-
trol and CsBr-modified devices after being aged. This shows that
the HTL undergoes degradation faster than the other components
of the device possibly because it is more exposed to the ambient
conditions when compared to the other components. The degrada-
tion in the Spiro-OMeTAD will affect the interfacial energetics at the
perovskite/HTL interface of PSC, which reduces the charge carrier
collection efficiency. The degradation of Spiro-OMeTAD will finally
expose the perovskite layer to the ambient conditions, making it to
degrade as seen in the SEM cross-sectional images after aging the
devices for a period of 4 months. The perovskite film CsBr0 appears
to be degraded more than the perovskite film CsBr50 for the CsBr-
modified device. This shows that the CsBr layer has an important
effect of suppressing the degradation of PSCs.

IV. CONCLUSION
A thermally evaporated CsBr layer of appropriate thickness in

a FA-rich perovskite film passivates the grain boundaries and modi-
fies the interfacial energetics with adjacent CTLs. This improves the
charge transport and PV performance characteristics of PSC while
simultaneously suppressing the degradation of the perovskite layer
when exposed to ambient conditions. We have shown that the incor-
poration of a 50 nm thick CsBr layer in the absorber layer helps
improve the PCE and long-term stability of PSC. The CsBr-modified
PSC showed a 15% improvement in the PCE when compared to the
control device and was able to retain about 70% of its initial PCE for
over 120 days. The improvement in PCE and stability resulted from
defect passivation and band structure modulation effects of CsBr as
revealed by the SEM and UPS studies.

SUPPLEMENTARY MATERIAL

See the supplementary material for the summary of the ele-
mental analysis, the electronic band structure parameters of the per-
ovskite films at different CsBr thicknesses, and the corresponding
PV performance parameters of the fabricated PSC devices.
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