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Highly conductive flat grains of cesium lead
bromide perovskites via additive engineering
with methylammonium bromide†

Chandra Shakher Pathak, *ab Deepak Aloysius,c Satyajit Gupta, *c

Sabyasachi Mukhopadhyayd and Eran Edri a

Perovskite solar cells made of inorganic cesium lead bromide (CsPbBr3) display unusually high open-

circuit potentials. Yet, their photovoltaic efficiency is still lagging behind that of iodide-based halide

perovskites. In this study, a multistep solution spin coating process is used to create a CsPbBr3 film. The

CsPbBr3 perovskite film consists of flat and rounded grains, and the photocurrent of each grain type is

imbalanced. Interestingly, a significant current increase in flat grains is observed when conducting atomic

force microscopy (c-AFM) at the nanoscale after the addition of methyl ammonium bromide (MABr) as an

additive. The addition of MABr results in good optoelectronic quality of perovskite films with highly

conductive grains and enables better charge transport and hence improved power conversion efficiency.

Introduction

Organic–inorganic hybrid perovskite solar cells (PSCs) have
made significant advancements in recent years, demonstrating
steady growth in their development.1–4 The main factors that
help to improve the performance of PSCs are the composition,
interface engineering, and light-harvesting characteristics of
the perovskite material.5–9 Perovskite thin films typically exhi-
bit microstructures characterized by grains and grain bound-
aries (GBs). The engineering of these films, along with
microscopic research, is essential for advancing PSCs.

It has also been demonstrated that surface and GB modifier
additives can enhance the PSC performance by affecting the
morphology and ‘surface trap’ passivation. Small molecules10–15

and potassium halide layers16,17 were adsorbed at the GBs and
surfaces to passivate surface defects, reduce non-radiative
losses, increase carrier lifetimes, and enhance the open-circuit
voltage (Voc). Polymers were incorporated into the precursor
solutions to passivate defects, thereby enhancing the perfor-
mance and extending the lifetime of PSCs.18–24

Perovskite solar cells made of inorganic cesium lead bro-
mide (CsPbBr3) have displayed unusually high open-circuit
potentials. Their photovoltaic efficiency, however, continues
to be inferior to that of iodide-based halide perovskites. To
improve the performance of CsPbBr3 PSCs, a range of additives
and interface materials have been employed.25–33 Huang et al.34

used cesium acetate (CsAc) and the ionic liquid methylammonium
acetate (MAAc) to suppress the defects and to prepare a uniform,
high-coverage CsPbBr3 film with larger crystalline grains. The
improved power conversion efficiency (PCE) of the additive is
attributable to the favorable morphology, decreased non-
radiative recombination, and increased interfacial charge transfer.
Furthermore, grains or GBs are crucial to the performance and
long-term stability of PSCs. In the case of CsPbBr3, flat grains were
normally observed28,35–41 but the electronic properties of these flat
grains have not been investigated in detail, and studies on their
impact on device performance are currently lacking. Recently we
performed the comparison between CsPbBr3 and MAPbBr3 per-
ovskites and showed that the former perovskite has higher thermal
stability.42 High-resolution studies utilizing electrical modes of
scanning probe microscopy (SPM) techniques, such as conductive
atomic force microscopy (c-AFM) and Kelvin probe force micro-
scopy (KPFM), can effectively investigate the crucial role of grains
and GBs in influencing the performance and stability of
PSCs.7,43–51 Previously, a factor of 10 increase in current caused
by thermal aging in the absorbing CsPbBr3 halide perovskite layer
was measured using c-AFM.35

Using KPFM, one can image the contact potential difference
of a material and gain important information on the grains and
GBs.7,43–47,52–55 KPFM can also be employed to demonstrate the
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shift in the Fermi level of CsPbBr3 with BiBr3 as an additive, which
facilitates the efficient separation and transport of photogenerated
charge carriers, thereby enhancing device performance.56

In this study, we used c-AFM and KPFM to investigate the
optoelectronic properties of flat grains with the addition of
methylammonium bromide (MABr) to cesium bromide (CsBr)
solution as an additive for CsPbBr3-PSCs. By doping MABr in a
CsBr/methanol solution, a high-quality CsPbBr3 perovskite
absorber layer is produced, which has a better crystalline
quality and a higher photocurrent. The addition of MABr makes
the CsPbBr3 grains more conductive, especially the flat grains
than the bare ones, and a highly significant increase in overall
current is observed. We also observed a higher surface potential
for flat grains by KPFM measurements, and the optoelectronic
quality was greatly improved. The overall increase in current
was further confirmed by macroscopic measurements of PSCs.
We successfully fabricate high optoelectronic quality CsPbBr3

grains and thus perovskite films prepared with optimized MABr
content having improved morphology, light absorbance, and
suitable energy levels for efficient charge transport.

Experimental section
Materials

Lead bromide (PbBr2, 98+%, extra pure) was purchased from
Acros Organics. Cesium bromide (CsBr, 99.9%, metal basis) and
bis(trifluoromethane)sulfonamide lithium salt (LiTFSI, 98.0+%)
were purchased from Alfa Aesar. Titanium tetrachloride (TiCl4,
99.0%) solution was purchased from Sigma-Aldrich, and tita-
nium dioxide (30NR-D TiO2) paste was purchased from Greatcell
Solar Materials. Dimethyl formamide (DMF, 99.0%), acetonitrile
(99.5+%), and chlorobenzene (99.9%) were used as purchased
from Alfa Aesar. Dimethyl sulfoxide (DMSO, 99.8%) was pur-
chased from Acros Organics. Ethanol absolute (dehydrated, AR
CAS 64-17-5), hydrochloric acid (AR 32%; CAS 7464-01-0), and
methanol were purchased from Bio-Lab Ltd, Jerusalem, Israel.
Isopropanol and 4-tert-butylpyridine (tBP, 96.0%) were purchased
from Sigma-Aldrich. PTAA (batch no. 20210512) was purchased
from Broun New Material Technology Ltd.

Fabrication of films and PSCs

Alconox detergent powder, deionized (DI) water, acetone, and 2-
propanol were used to clean fluorine-doped tin oxide (FTO)
substrates for 30 minutes each, followed by 30 minutes of UV-
ozone treatment.

Electron transport layer. For deposition of the TiO2 compact
layer, 219 ml of TiCl4 solution was mixed into 1 ml of DI water and
stirred until a transparent solution was obtained. The solution
was spin-coated on an FTO substrate at 4000 rpm with a
2000 rpm s�1 acceleration for 30 seconds, followed by annealing
at 450 1C for 30 min in air. A mesoporous TiO2 (m-TiO2) layer was
deposited using a 150 mg ml�1 solution of TiO2 paste in ethanol
spin-coated on the compact layer at 4000 rpm with a 2000 rpm s�1

acceleration for 10 seconds, followed by annealing at 125, 325, 375,
and 450 1C for 10, 5, and 30 min, respectively, in air.

Two-step deposition of perovskite films. 1 M PbBr2 in 1 ml of
DMF was stirred at 75 1C for 5 hours, and the solution was
filtered using a polyvinylidene fluoride (PVDF) filter with a pore
size of 0.45 microns before deposition. The prepared PbBr2

solution was spin-coated on a preheated mesoporous TiO2

substrate at a speed of 2000 rpm for 30 seconds and annealed
at 75 1C for one hour. 0.07 M CsBr in 1 ml of methanol was
stirred at 55 1C for 6 hours, and MABr was added into the
solution and stirred at 55 1C for 1 hour. To create a homo-
genous and dense CsPbBr3 perovskite layer, the solution was
spin-coated on a PbBr2 substrate at a speed of 2000 rpm for
30 seconds, annealed at 250 1C for 5 minutes, and the process
was repeated five times. Finally, the perovskite film was rinsed
with IPA at 2000 rpm for 30 seconds and annealed at 250 1C for
5 minutes. All fabrication processes were done in a normal
laboratory environment.

Hole transport layer and top electrode. 12 mg of PTAA in
1 ml of chlorobenzene mixed with 7.5 mL of tBP and 7.5 mL of
LiTFSI (170 mg ml�1) was spin-coated for 5 seconds at 500 rpm
followed by 40 seconds at 2000 rpm. The samples were left
overnight in an N2 environment. Au was thermally evaporated
up to 80 nm at 1 � 10�6 Torr on the top of the PTAA layer.

Perovskite film characterization. XRD measurements were
performed using a PANalytical Empyrean multi-purpose diffracto-
meter and a Bruker D8 Advance XRD machine, both employing a
copper K-a source in Bragg–Brentano geometry. The transmittance
and absorbance spectra of the films were recorded using an
Agilent Technologies Cary 5000 UV-vis-NIR spectrophotometer.
Field-emission scanning electron microscopy (FESEM, FEI Nova
NanoSEM 450) was used to capture SEM pictures. Photolumines-
cence (PL) measurements were performed using Fluorolog 3
(Horiba) with excitation at 345 nm. c-AFM and KPFM measure-
ments were performed in a typical laboratory environment utiliz-
ing an AFM (Asylum Research, Oxford Instruments) under white
light illumination and in the dark. The light was guided through
the optical system from the top. c-AFM and KPFM measurements
were performed using a conducting Pt-coated probe (MikroMasch
NSC14/Ti–Pt) with a radius of curvature less than 35 nm. XPS
measurements were carried out using an X-ray photoelectron
spectrometer (ESCALAB 250) in an ultrahigh vacuum (1 � 10�9

bar) with an Al Ka X-ray source and a monochromator.
The J–V curves of the PSCs were obtained under simulated

AM 1.5G (100 mW cm�2) illumination, produced by a Science-
Tech AAA solar simulator, and measured using an Ossila
Source-Measure Unit. The light intensity was calibrated to 100
mW cm�2 using a standard silicon reference cell certified by
the Newport Corporation.

Chronoamperometric analysis of perovskite films. The
chronoamperometric analysis was performed using a three-
electrode electrochemical setup, consisting of a working elec-
trode (the MABr doped CsPbBr3 perovskite thin film sample
coated over FTO), a reference electrode (Ag/AgCl electrode) and
a counter electrode (platinum (Pt) wire). In addition, 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF6) solution
in dichloromethane (DCM) solvent was used as the supporting
electrolyte. The analysis was conducted at 0 V applied bias. The
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thin films were illuminated using an AM 1.5G filter solar
simulator.

Results and discussion

c-AFM experiments of the glass/FTO/c-TiO2/m-TiO2/perovskite with
and without MABr were carried out to examine the impact of MABr
incorporation on the morphology and electrical characteristics at
the nanoscale. The topography and related current map of per-
ovskite films with MABr under illumination are shown in Fig. 1.
The topography image of the perovskite films shows that the
grains have flat and rounded layered surfaces, and this type of
structure is normally observed,28,35–41,57 but the investigation of
this type of grain has not been conducted previously. To gain
insight into the conduction behavior of the flat grains, nanoscale
photocurrents were mapped using c-AFM. The current is not
uniformly distributed throughout the surface for the bare film,
preferentially flowing through the flat grain sides; however, with
increasing MABr content, the current is more uniform, and GBs
also show higher currents, as shown in Fig. 1. We found the
average current for the overall area to be 1.18 pA for bare and
100.4 pA for 15 mg MABr films at 0 V, which indicates that
the current was significantly enhanced. Bias application further

enhanced the effective separation of photogenerated charge car-
riers and increased the photocurrents. The addition of MABr
significantly improved the overall homogeneity of the current
signal, which denotes a stronger electrical conductivity of the film
and, thus, improved charge transfer. This shows that the surface
trap states were effectively passivated by the MABr. It is worth
noting that the GBs exhibit a comparatively larger current flow,
which is consistent with more effective charge transfer. For the
bare film, the grains are inefficient for charge transfer, which
results in poor conductivity of the film. Charge transport across the
GBs is made more effective by MABr passivation, which lowers the
number of non-radiative recombination sites. Accordingly, MABr
can enhance the crystallinity of the perovskite layer and reduce
defects at GBs, which facilitates the charge transfer.

A very low current signal was seen in the flat grains of the
bare perovskite, indicating poor mobility and/or depleted
charge carriers in the flat region.58

The current line profile in Fig. S1 (ESI†) shows that the flat
grain exhibits a lower current than the rounded grain for the
bare perovskite. However, after the addition of MABr, the flat
grains display a higher current than the bare perovskite and
approach the current value of the rounded grains.

A lower current of flat grains compared to rounded grains
was also observed previously.35 According to the literature,

Fig. 1 Topography and the corresponding current maps of perovskite films with MABr under illumination.
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different crystallographic orientations may cause different
photoresponses.59 Here, the MABr addition to the perovskite
precursor shows that the flat grains become more conductive
and show higher photocurrent compared to the bare one. This
enhancement in current is due to the self-passivation more
likely at the flat grains, and this improvement in current is due
to the addition of MABr which helps to improve the coverage of
thin films and reduce the defects. The improved coverage is
shown by the reduced oxygen signal in the presence of MABr (as
shown in Table S1, ESI†), which implies less exposure of the
underlying meso-TiO2 layer. Increased current results from
improved surface coverage because it reduced the effect of
underlying layers on the overall electrical characteristics.

To reduce non-radiative recombination—a process in which
charge carriers recombine without producing an electrical
current—defect passivation is essential. Reduced recombination
enhances the overall charge carrier lifetime and, consequently,
the conductivity of the perovskite layer. For 15 mg MABr with and
without bias, almost all grains have a higher current as compared
to other films with increased homogeneity. The color differences
at grains in the current mapping show the magnitude of the
current values, which can be seen in the color scale.

There are still a few small low-current areas, which represent
the depletion of charge carriers in this area. MABr enhanced the
photogenerated electron transport across the whole film. Com-
pared to others, the local current signal was comparatively more
uniform, which implies that the optimal MABr value might
coordinate the surrounding perovskite grains and offer a
smooth channel for charge transfer in the films. For higher
concentrations of MABr, the current is not uniformly distribu-
ted; this might be due to the excess amount of MABr, which may
induce recombination. Film inhomogeneity and elevated GB
photocurrents were previously demonstrated for MAPI,43,44,53

while smaller GB photocurrents, compared to grain bulk, were
shown in fresh triple-cation perovskite films.47 Also, the chron-
oamperometric analysis shows a higher photocurrent response
for 15 mg MABr incorporated CsPbBr3 perovskite films in
comparison with the other films (Fig. S3, ESI†).

The surface potential of the perovskite films was investi-
gated by KPFM. The topography and associated contact
potential difference (CPD) maps in the dark and under illumi-
nation are shown in Fig. 2. Comparison measurements per-
formed in the dark and under illumination show significantly
improved photoresponse and photovoltage. We illuminated the
perovskite films from the top, and charge carriers were gener-
ated at the perovskite, subsequently followed by electron extrac-
tion into the electron transport layer (TiO2) under a built-in
electrical field,60 which significantly enhanced the overall CPD
value under illumination.

We observed the root-mean-square roughness (RMS) values
of 56.68, 62.66, 90.83, and 114.77 nm for 0 mg, 5 mg, 15 mg, and
25 mg MABr-perovskite films, respectively. For the 0 mg film,
the flat grains show a lower CPD (B40 mV) than the rounded
ones, as shown in Fig. S4 (ESI†), which implies a deeper Fermi
level than the rounder grains and a higher work function. This
shows that an upward band bending-induced potential barrier

to electron transport may exist at the flat grain. Flat grains with
a lower CPD are rarely active in the PSCs.61 Upon addition
of MABr flat grains, the CPD shows a slightly higher value
(B15 mV) as shown in Fig. S4 (ESI†), which is advantageous
for increasing the open circuit voltage of devices and is con-
sistent with the results of the J–V measurement as shown in
Table S2 (ESI†). The CPD line profile in Fig. S4 (ESI†) shows that
the bare grain has a large variation in CPD, while the 15 mg
MABr grain shows almost no change in CPD. This suggests that
the grain quality is greatly improved with the MABr addition,
which is well consistent with the c-AFM results shown in Fig. 1,
where the flat grains have a higher current.

The lowest CPD value is shown by the 0 mg film, indicating
that the bare film has a substantially higher work function than
the other films. The CPD values of perovskite films dramatically
increased after MABr addition, which implies that the work
function values of the films were reduced. The enhanced sur-
face potential leads to efficient charge collection and suppres-
sion of charge recombination. This is also advantageous for
increasing the electron transfer efficiency at the interface
between the perovskite and the electron transport layer.62 By
deducting the CPD value under light illumination from the
CPD value in the dark, we were also able to measure the
photovoltage and obtained a photovoltage of 176.4 mV for bare
and 418.13 mV for 15 mg MABr-perovskite films. This result is
in qualitative agreement with the macroscopic J–V results
shown in Table S1 (ESI†), where the 15 mg device has a higher
Voc than the bare one. The overall CPD value increase with
MABr addition revealed that the MABr modified films exhibited
self-passivation and optimized charge carrier transport beha-
vior compared with the bare film.63,64 The variation in the work
function of the sample’s local surface is reflected in the change
in the measured CPD value.65 We observed a CPD of 650 mV for
bare and 926 mV for the 15 mg MABr added CsPbBr3 perovskite in
the dark, which represents a lowering of work function for the
MABr perovskite by 0.276 eV. A lower work function means the
valence band of the MABr-perovskite moves from 5.60 eV to
5.32 eV close to the hole transport layer (HTL) poly[bis(4-phenyl)-
(2,4,6-trimethylphenyl)amine] (PTAA), as shown in Fig. S5
(ESI†),25,56 which facilitates the hole transport to PTAA, improves
the device performance and decreases surface recombination.66

Suppressing non-radiative recombination and extending the life-
span of charge carriers depend on defect passivation. Overall
perovskite layer conductivity is improved by reduced recombina-
tion. The energy levels and band alignment of the CsPbBr3

perovskite can be affected by the addition of MABr. This may
cause the valence band edge to move. Changes in the valence band
edge can have an impact on how energy levels match with nearby
charge transport layers, which can lead to better charge injection
and extraction and eventually higher conductivity.

Scanning electron microscopy (SEM) was used to examine
the effect of the MABr additive on the morphology of the
perovskite layer, as shown in Fig. 3. Bare perovskite films show
fewer pinholes, whereas the MABr addition leads to the for-
mation of uniform and compact films. The grain sizes esti-
mated from the SEM images were 580 � 53 nm, 489 � 38 nm,
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831� 65 nm, and 763� 33 nm for bare, 5, 15, and 25 mg MABr-
perovskite films, respectively. We obtained a higher average
grain size for the CsPbBr3 film with 15 mg MABr, resulting in
fewer grain boundaries. This is advantageous for obtaining a
higher open circuit voltage and short circuit current, which
supports our findings in Table S2 (ESI†). After MABr addition,
the grain size increased slightly, and the ion exchange results in
the final CsPbBr3 product with MABr being supposed to be
MAxCs1�xPbBr3 where x is 0.16, 0.47, and 0.78 for 5 mg, 15 mg,
and 25 mg MABr, respectively, which is following the shift in
peak position from XRD data (Fig. 4). Zhu et al.57 also obtained a
flat grain structure. They presented a mixed-bromide halide
exchange technique that eliminates the need for low-solubility

CsBr by converting the CsPbIBr2 intermediate phase into CsPbBr3

following spin-coating of MABr/CsBr methanol solution.
X-ray diffraction (XRD) was performed on the perovskite

samples with and without the MABr additive. The XRD pattern
of the CsPbBr3 perovskite is shown in Fig. 4 with characteristic
peaks at 15.201, 20.71, 24.11, 30.71, 34.51, and 43.81 corres-
ponding to the (100), (110), (111), (200), (210), and (220) planes
of cubic CsPbBr3, respectively.36,67 We found that there is a shift
in peaks with MABr towards a lower angle compared to the bare
film, as a partial replacement of Cs+ with larger MA+, which
represents lattice expansion. This suggests that MA+ cations are
incorporated into the perovskite crystal,33 forming an inter-
mediate phase,68 which could be ascribed to the formation of

Fig. 2 Topography and the corresponding CPD maps of perovskite films with MABr under illumination.
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an alloy phase of MAxCs1�xPbBr3 where x is 0.16, 0.47, and 0.78
for 5 mg, 15 mg, and 25 mg MABr, respectively. The diffraction
peaks at 26.41 and 37.81 represent FTO, and the peak at 11.61 is
attributed to the CsPb2Br5 phase.38 It represents the excess
amount of PbBr2 in the perovskite film, and this is generally
observed for the two-step deposition process of the CsPbBr3

perovskite film, as reported previously.69,70 The CsPb2Br5 phase

is suppressed with the addition of MABr until 15 mg, and after
that, it again increases.

Fig. 5 show the absorbance edge of perovskite films and it is
almost the same with negligible changes upon MABr addition.
Fig. 6 shows the PL spectra of CsPbBr3 films with MABr which
show that the PL peak is significantly reduced with 15 mg MABr.
This shows that, at this doping concentration, the CsPbBr3 light-
absorbing layer is more efficient for charge extraction.23

To validate the successful doping of MA+ ions in the per-
ovskite layer, X-ray photoelectron spectroscopy (XPS) was car-
ried out as shown in Fig. 7. The N 1s spectra demonstrate that
MA+ ions are present in the perovskite layer. From the XPS
spectra, a shift was observed in the peak positions of Pb 4f and
Br 3d to higher binding energies after the addition of MABr,
which is mainly attributed to the redistributed electron density
caused by the different binding interactions of the MA+ ion with
Pb and Br. Cs 3d shows obviously less shift.26,56 The atomic%
deduced from XPS is shown in Table S1 (ESI†). With the atomic
percentages of nitrogen and cesium, one can compute the ratio
of MA to Cs. The quantity of nitrogen directly indicates the
presence of MA cations because it is specific to MA cations and
it was absent in the bare perovskite.

Fig. 3 Scanning electron microscopy images of perovskite films with
different concentrations of MABr: (A) 0 mg, (B) 5 mg, (C) 15 mg, and (D)
25 mg.

Fig. 4 X-ray diffraction patterns of perovskite films with different con-
centrations of MABr: (A) 0 mg, (B) 5 mg, (C) 15 mg, and (D) 25 mg. The
bottom figure shows the zoomed-in view of the diffraction peak of
CsPb2Br5 and the (110) plane.

Fig. 5 Absorbance spectra of CsPbBr3 with MABr.

Fig. 6 PL spectra of CsPbBr3 with MABr. The inset shows the PL spectra of
the bare perovskite film.
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Under typical 1 sun conditions, the photovoltaic perfor-
mance was examined using current density–voltage (J–V) char-
acteristics. Fig. 8 shows the J–V characteristics of the best-
performing devices with varying MABr. Table S2 (ESI†) shows
the average values of the photovoltaic performance parameters
of glass/FTO/c-TiO2/m-TiO2/perovskite/PTAA/Au solar cells
without and with MABr. For the bare film, the grains are
inefficient for charge transfer as shown in Fig. 1, which results
in poor overall performance of the device, while MABr-added
devices show enhancements in all device parameters, especially
for optimized 15 mg MABr, which can be mainly attributed to
the increased conductivity of flat grains, and enhanced carrier
transport by MABr. Due to the improved charge carrier trans-
port efficiency as shown in the c-AFM current map (Fig. 1), the

efficiency of PSCs is improved. The MABr also improves hole
transfer to the PTAA, as shown in Fig. S4 (ESI†), which further
explains the improved performance of PSCs with additives. The
slight increment in Voc and FF is attributed to the inhibited
carrier recombination due to the MABr. The Jsc enhancement is
attributed to the enhanced light harvesting by the CsPbBr3

perovskite layer with MABr addition, which facilitates charge
separation and transportation, hence improving Jsc. After the
optimal addition of 15 mg MABr, the PCE starts to decrease,
which probably indicates the recombination and degradation
of crystalline quality induced by excess MABr.

Conclusions

Here, our goal was to comprehend how MABr addition affected
the electrical characteristics of perovskite grains. We suggest
that adding MABr to the precursor solution enhances the
conductivity of grains based on the results from c-AFM experi-
ments. c-AFM and KPFM measurements show that MABr addi-
tion improves the optoelectronic properties of perovskite grains
in addition to charge carrier transport and hence increases the
PCE. KPFM demonstrated that the valence band of the MABr-
perovskite moves close to the PTAA, which improves the hole
transfer from the perovskite to the PTAA layer.

We demonstrated the benefits of the incorporation of MABr
into the CsBr solution to form high optoelectronic quality
CsPbBr3 grains. The photovoltaic properties of devices were
improved with the addition of MABr to precursor solutions.
This work presents a simple method to enhance the optoelec-
tronic properties of perovskite absorber layers and thus PSCs.

Fig. 7 XPS spectra of Pb 4f, Cs 3d, Br 3d and N 1s elements of perovskite films.

Fig. 8 J–V characteristics of CsPbBr3 devices with MABr.
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