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ABSTRACT

Addressing challenges related to the structural defects, ion migration, and instability in perovskite solar cells, this
study investigates the impact of incorporating methylammonium chloride (MACI) into the perovskite precursor
solution. The optimal addition of MACI (10 mg/mL) resulted in perovskite films with grain growth improvement and
fewer grain boundaries, as observed by field emission scanning electron microscopy. Furthermore, X-ray diffraction
analysis showed an increased preferential orientation along the (001) and (002) crystal planes, while UV-Vis and
photoluminescence spectroscopy data indicated smooth surface and reduced defects induced recombination.
Consequently, the fabricated PSCs with the optimized composition achieved a power conversion efficiency of 14.56%,
representing a significant improvement over the control device (12.81%) and the sample with excess MACI (20 mg/
mL, 13.43%). This enhanced performance was attributed to improvements in all photovoltaic parameters, along
with a notable reduction in the hysteresis index, indicating suppressed ion migration. Electrochemical impedance
spectroscopy analysis further supported these improvements by revealing reduced charge transfer resistance and
enhanced recombination resistance. Importantly, the optimized devices demonstrated enhanced power output,
retaining 85% of their initial performance after 120 s light soaking. These results indicate that optimized MACI
incorporation is an effective strategy for simultaneously improving the efficiency and stability of PSCs by enhancing
crystallinity, suppressing ion migration, and promoting defect passivation.

Keywords: Perovskite solar cell, methylammonium chloride, hysteresis, ion migration, crystallinity.

1. Introduction

In recent years, the growing global energy
demand and the challenges associated with fossil
fuels have significantly increased interest in
renewable energies [1-3]. Among these, perovskite
solar cells (PSCs), have become one of the main
candidates to replace silicon solar cells due to their
unique advantages such as low manufacturing
cost, solution processing capability, and photon-
to-electricity conversion efficiency of more than
26% in a short period of time after their emergence
[4-6]. Despite the high efliciency, challenges such

as long-term stability and hysteresis behavior in
current-voltage response are the main obstacles to
the commercialization of this generation of solar
cells. The hysteresis phenomenon in the current
density-voltage (J-V) curve is characterized by
the difference in cell performance in the forward
and reverse direction of voltage scan. Hysteresis
not only causes the non-reproducibility of PSC
performance but also hinders the standardization
of measurements and is also an indication of poor
stability under long-term operating conditions

[7].
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Several studies have been conducted
to investigate the causes of hysteresis and
ion migration. In particular, migration of
methylammonium (MA*) and iodide (I") ions has
been identified as an important factor. Under the
influence of an external electric field or internal field,
these ions are able to migrate into the perovskite
absorber layer through the structural defects and
accumulate at the perovskite interface with the
charge-transporting layers. This accumulation leads
to the formation of charged regions and an increase
in non-radiative recombination of charge carriers
[8,9]. In addition to increasing hysteresis, this
phenomenon also reduces the long-term stability
of the cell. Consequently, controlling and reducing
ion migration is recognized as a key strategy for
improving the performance of PSCs [10].

One of the most effective methods is to improve
the crystallinity of the perovskite film and reduce
its associated defects, because the more regular the
crystal structure of the perovskite layer and the
fewer the grain boundaries, the more restricted
the ion migration path and the more stable the
PSC performance. Improving crystallinity also
reduces recombination centers, increases the
lifetime of charge carriers, and ultimately improves
photovoltaic performance [11].

Adding additives such as MACl to the perovskite
precursor solution is a simple and controllable
method to improve the crystallinity of perovskite
films. MACI provides suitable conditions for better
crystal orientation and more homogeneous grain
growth and plays an effective role in engineering
the perovskite layer structure and reducing ion
migration, thereby reducing hysteresis [12]. Also,
the presence of chloride in the early stages of
crystallization may reduce electronic defects and
improve the surface quality of the film and have
a positive effect on the deposition of the hole
transport layer. All of these factors have a direct
effect on reducing hysteresis and increasing the
long-term stability of PSCs [13]. However, this
additive has often been used in simple perovskite
compositions (FAPbI, and CsFAPbL) [14].

In this study, MACI] was added to the triple
cation perovskite precursor solution at different
concentrations of 0, 10, and 20 mg/mL to investigate
its effect on the crystallinity, morphology, optical,
and photoelectronic properties of the perovskite
film. The main goal of this study is to understand
the relationship between improved crystallinity,
perovskite layer quality, and reduced ion migration,
reduced hysteresis, and ultimately the enhancement
of both efficiency and operational stability in PSCs.

2. Experimental Details
PSCs with the structure FTO/c-TiO,/m-TiO,/
PSK/CIS/C were fabricated on pre-patterned
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Fluorine-doped Tin Oxide (FTO) coated glass
substrates (1.4x1.4 cm?). The FTO substrates were
sequentially cleaned by ultrasonicating for 20
minutes in soapy water, isopropyl alcohol, ethanol,
and deionized water. The substrates were then
dried under a stream of dry air.

2.1. Compact TiO, (c-TiO,) Deposition

A compact TiO, layer was deposited by spin-
coating. The precursor solution was prepared by first
dissolving 0.357 g of titanium (IV) isopropoxide
(TTIP) in 1.999 g of ethanol (Solution A) inside a
glovebox. Separately, 0.042 g of hydrochloric acid
(HCI) was dissolved in 1.999 g of ethanol (Solution
B). Solution B was then added dropwise to Solution
A, and the resulting solution was filtered through
a 0.22 um filter. Prior to deposition, the FTO
substrates were treated with UV-ozone for 30
minutes. Next, 200 pL of the filtered precursor
solution was spin-coated onto the FTO substrate at
2000 rpm for 30 seconds. Immediately after spin-
coating, the edges of the substrate were cleaned
with ethanol, and the films were finally sintered at
500 °C for 30 minutes in air.

2.2. Mesoporous TiO, (m-TiO,) Deposition

A mesoporous TiO, layer was deposited by spin-
coating a diluted commercial TiO, paste. The paste
was diluted with absolute ethanol at a weight ratio
of 5.5:1 and stirred magnetically for 24 hours. The
FTO/c-TiO, substrates were treated with UV-ozone
for 20 minutes prior to deposition. Then, 70 uL of
the diluted TiO, solution was spin-coated onto the
FTO/c-TiO, substrate at 4000 rpm for 30 seconds.
The edges were then cleaned with ethanol, and the
films were sintered at 500 °C for 30 minutes in air.

2.3. Perovskite Absorber Layer Deposition

The  triple-cation  perovskite  solution,
Cso.os(FAo,ssMAo.17)0495Pb(IoAs3Br0417)3’ was  prepared
inside a nitrogen-filled glovebox by dissolving
0.5486 g of Pbl, 0.0571 g of PbBr, 0.1789 g
of formamidinium iodide (FAI), 0.0174 g of
methylammonium bromide (MABr), 0.0270 g of
cesium iodide (Csl), and in varying amounts of
methylammonium chloride (MACI) (0.0 g, 0.01
g, and 0.02 g) in 1 mL of a dimethylformamide
(DMF):dimethyl sulfoxide (DMSO) mixture (1:4
by volume). The solution was stirred magnetically
for 30 minutes. Before deposition, the FTO/c-
TiO,/m-TiO, substrates were treated with UV-
ozone for 30 minutes. The perovskite film was
deposited using a two-step spin-coating program
at 1000 rpm for 10 seconds, followed by 6000 rpm
for 30 seconds inside the glovebox. During the last
10 seconds of the second spin-coating step, 270
uL of chlorobenzene was rapidly dispensed as an
antisolvent. The resulting films were then annealed
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on a hot plate at 100 °C for 1 hour inside the dry
box. To refer the samples based on the amount
of MACI additive, we define three sample code
including MACI-0, MACI-10, and MACI-20.

2.4. Hole Transport Layer (CIS) Deposition

The hole transport layer was deposited by spin-
coating a commercial CIS solution. 80 pL of the
CIS solution was spin-coated at 3000 rpm for 30
seconds. This process was repeated once to increase
the layer thickness. Following the deposition, the
samples were annealed at 100 °C for 10 minutes on
a hot plate.

2.5. Carbon Back Electrode Deposition

A carbon back electrode was deposited using
the Doctor Blade method. Immediately after
deposition, the devices were dried in an oven at
100 °C for 30 minutes.

2.6. Characterization

X-ray diffraction (XRD) patterns were obtained
using a PANalytical, X’Pert Pro MPD X-ray
diffractometer with Cu Ka radiation (A = 1.5406
A). The surface topography image of layers were
investigated using the field-emission scanning
electron microscopy (FESEM, TESCAN, Mira
3-XMU). The steady-state photoluminescence
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MACI-10

spectra were recorded by Avantes TEC-2048
spectrometer using the diode laser (A = 405 nm),
while the illumination and photon collection
was from the glass side. The ultraviolet—visible
(UV-vis) absorption/transmission spectra
were recorded with a PerkinElmer Lambda 25
spectrophotometer equipment. A solar simulator
(IRASOL SIM- 1020 system) withan AM 1.5G filter
was used to provide 100 mW cm™ of illumination
on the solar cells, with the intensity calibration
using a Si photodiode. The J-V characteristics were
obtained using the Palmsens potentiostat source
meter. The voltage sweep was performed from 1.2
V to -0.01 V (reverse scan), and back from -0.01
V to 1.2 V (forward scan), both at the same scan
rate of 5 mV s'. The Stabilized Power Output
(SPO) analysis was performed under standard
irradiance of AM 1.5G illumination and at the
maximum power point voltage for 120 seconds
using the Palmsens potentiostat source meter.
Incident photon-to-current efficiency (IPCE) was
measured by IPCE-020 IRASOL instrument under
short-circuit conditions. Impedance spectra were
recorded to measure charge transfer resistance
and recombination resistance. This analysis was
performed by potentiostat galvanostat-PGE
18 (IRASOL) and a white LED light source (to
prevent warming).
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Fig. 1- Top-view FE-SEM images of perovskite films prepared with different concentrations of MACI: (a) 0 mg/mL (MACI-0), (b) 10
mg/mL (MACI-10), and (c) 20 mg/mL (MACI-20). Grain size distributions derived from the corresponding FE-SEM images are shown
in (d) MACI-0, (e) MACI-10, and (f) MACI-20.
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3. Result and discussion

Figure 1 a—c show the FE-SEM images of the top
surface of the perovskite layer with different MACI
concentrations (10 and 20 mg/mL) in comparison
with MACI free layer, at a magnification of 25 kx.
As itis clear, the addition of MACI to the perovskite
precursor solution led to a significant increase in
the grain size of the perovskite layer. Based on the
analysis with the appropriate software (Image J),
the average grain sizes shown in Figure 1d-f, for
the samples without MACI, with 10, and 20 mg/
mL MACI were estimated to be 0.2, 0.7, and 1.8
um, respectively. It is expected that the increase
in grain size leads to a decrease in the density of
defects at the grain boundaries, which results in
improved charge carrier lifetime by decrease in the
recombination rate of charge carriers. This effect
is especially pronounced in the MACI-10 sample.
However, in the MACI-20 sample, although the
grain size increase significantly, voids are observed
between the grains. This phenomenon can lead
to the formation of discontinuities in the charge
transport path, an increase in the density of
boundary defects, and ultimately an increase in the
electron-hole recombination rate. As a result, the
photovoltaic performance may be reduced under
these conditions [15].

Figure 2a compares the XRD patterns related
to the additive-free perovskite samples (MACI-0)
and the MACI-10 sample. A significant change of
growth mode is observed [16]. The corresponding
Williamson-hall diagram was extracted from
XRD patterns (Figure 2b). The crystallite size was
calculated to be 53 and 91 nm for MACI-0 and
MACI-10 respectively. Furthermore, Figure 2c
shows the amount of Full Width at Half Maximum
(FWHM) and texture coefficient for MACI-0 and
MACI-10. Regarding the MACI-0 sample, the
diffraction pattern indicates the random growth
of crystals without any significant preferential
growth along the crystalline planes. In contrast,
the MACI-10 sample shows a significant increase
in the intensity of the peaks corresponding to the
(001) and (002) planes, indicating the preferential
orientation of crystal growth in these planes [1].
The preferential orientation on (001) and (002)
planes can lead to improved charge transport in the
perovskite layer, as these planes provide more direct
paths for charge carrier movement and reduce non-
radiative recombination. Furthermore, in both
samples, the peaks corresponding to the Pbl, phase
are not observed, indicating the complete inclusion
of the lead precursors to the perovskite structure. A
decrease in the FWHM value is observed for all the
diffraction peaks, particularly for the (001), (112),
and (222) planes [16].

Figure 2d shows the photoluminescence (PL)
spectra of perovskite films containing different
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amounts of MACL With the addition of 10 mg/mL
MACI, the PL peak intensity increases significantly,
indicating an improvement in crystallinity and a
decrease in non-radiative recombination centers.
This is consistent with the data obtained from
FESEM images and XRD patterns. However, at
a concentration of 20 mg/mL, the PL intensity
decreases, likely due to an increase in structural
defects in the grain boundaries and the presence of
voids between them [17].

A notable point in the PL spectra is the
observation of a shift of the photoluminescence
peak to higher photon energies (blue shift) with
increasing MACI content. This shift may be due to
structural changes and local strains in the perovskite
film, which occur as a result of the improvement of
crystal growth and film quality due to the presence
of MACIL These findings are consistent with
recent reports, such as Zhang et al., which showed
that the addition of MACI can not only improve
crystallinity but also change the optoelectronic
properties and energy bandgap of perovskite films
[18,19]. In other words, the incomplete removal
of MACI during perovskite annealing, along with
the residual methyl ammonium and chlorine in
the final perovskite composition, can lead to an
increase in the band gap.

The optical absorption of the perovskite films
was investigated using UV-Vis spectroscopy
(Figure 2e). The results showed that adding 10
mg of MACI to the perovskite precursor solution
caused the absorption edge of the perovskite film to
become sharper and shift towards higher energies
(blue shift). This behavior indicates enhanced
crystallinity and reduced defect density, which is
also consistent with the increased intensity of the
photoluminescence peak. In contrast, for the MACI-
20 sample, the absorption edge became less sharp
and the absorption intensity decreased, possibly
due to unpacked microstructure. Additionally,
similar to the PL results, a shift towards higher
energies was observed in the UV-Vis spectrum of
the MACI-20 sample [1, 20-22].

The fabricated solar cells have the FTO/c-TiO,/
m-TiO_/PSK/CIS/C configuration (Figure 3a).
To evaluate the photovoltaic performance of the
devices with perovskite absorber layers containing
different amounts of MACI additive, the J-V
measurement was performed under simulated
AM 1.5G irradiation in both forward and reverse
scan directions, using a potential sweep rate of 100
mV s (Figure 3b). The calculated photovoltaic
parameters were summarized in Table 1. The
results showed that the addition of MACI had a
significant impact on the final performance of the
devices, with the efficiency increasing from 12.81%
for the MACI-0 sample to 14.56% in the MACI-
10 sample, then decreasing to 13.43% at a higher
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Fig. 2- (a) XRD patterns of perovskite films containing 0 and 10 mg/mL MACI; (b) corresponding Williamson—Hall plots illustrating
crystallite size; (c) texture coefficient and FWHM values; (d) PL spectra measured from the glass side using a diode laser (A = 405
nm); and (e) UV—vis absorbance spectra of MACI-0, MACI-10, and MACI-20.
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concentration of MACI (MACI-20). These changes
are mainly due to the improvement of open circuit
voltage (V) and short circuit current density (J.)
in the MACI-10 sample and the decrease in these
parameters, especially fill factor (FF), in the MACI-
20 sample. The efficiency enhancement observed
in the MACI-10 sample can be directly correlated
with structural and optical analysis results. The
larger grain size and higher film density, along
with the improved crystal orientation and reduced
structural defects, contribute to more efficient
charge transport.

IPCE results showed that the samples containing
MACI exhibited higher quantum efficiency in
the red spectral region compared to the control
sample (Figure 3c¢). This enhanced optical response
is attributed to improved crystallinity and the
overall quality of the perovskite layer. Improved
crystallinity reduces recombination centers and
increases the charge carrier lifetime, thereby
leading to enhanced photon-to-electrical current
conversion, particularly in the red spectral region
(600-700 nm).

We also applied the proposed approach to
6 additional devices fabricated under the same
experimental conditions. Statistical analysis of
the J-V parameters for these 6 cells (Fig. 4a-d)
further confirmed that the addition of 10mg/
ml MACI improved all photovoltaic parameters.
A Comparison series (R_. ) and shunt (R )
resistance (Fig. 4e and f) showed that the decrease
in R, and the increase in R, in the MACI-10
sample were the main factors contributing to the
enhanced fill factor (FF), while the opposite trend
was observed in the MACI-20 sample.

One of the noteworthy findings of this study
is the significant decrease in the hysteresis index

(HI) observed in the samples containing MACI,
particularly in the MACI-10 sample (Figure 5a).
The HI in this sample is nearly half that the MACI-
0 sample, indicating a significant suppression of
hysteresis with the optimal amount of MACI. Since
the ion migration is one of the primary causes of
the hysteresis in PSCs, and given the improvement
in crystal quality and film uniformity, the decrease
in HI can be attributed to the likely decrease in
the migration of mobile ions such as MA" or I".
However, the exact mechanism requires further
investigation [23-26].

In order to evaluate the stability of solar cells
under real working conditions, the SPO analysis
was performed under standard irradiance of 1
sun and at the maximum power point voltage
for 120 seconds. As shown in Figure 5b, the
MACI-10 sample exhibited the highest stability,
maintaining 85% of its initial current density after
120 s. In contrast, the MACI-20 sample showed a
sharp decrease in output power, with only about
25% of the initial current remaining at the end
of the test. This performance aligns well with
the trends observed in previous results. Since
ion migration is a key factor contributing to the
performance instability of PSCs in SPO analysis,
the suppression of this phenomenon has played an
effective role in maintaining stable performance
observed in the MACI-10 sample. In contrast, the
MACI-20 sample which exhibited the sharp drop
in photovoltaic performance, the increase in series
resistance, and the decrease in shunt resistance,
suggests that the unpacked microstructure and
poor grain, causes the activation of ion migration
channels and rapid recombination, ultimately
leading to a sharp drop in stability in the SPO test
[27,28].

Table. 1- Photovoltaic parameters of the champion cells and average values for PSCs based on perovskite films fabricated
with MACI concentrations of 0, 10, and 20 mg/mL.

Sample Code Voc(V) Jsc(mA cm?) FF PCE (%)
Maximum value 1.08 18.90 0.63 12.81
MACI-0
Average value 1.05 18.43 0.61 11.86
Maximum value 1.09 21.93 0.61 14.56
MACI-10
Average value 1.08 21.61 0.61 14.27
Maximum value 1.04 22.15 0.58 13.43
MACI-20
Average value 1.04 21.71 0.56 12.63
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Table. 2- Fitted parameters extracted from EIS measurements of PSCs fabricated with MACI concentrations of 0, 10, and 20 mg/mL.

R, (@ cm?) Rur (Q cm?) Cur(F cm™) Rur (Q cm?) Crr (F cm™)
MACI-0 4 203 1.7E-07 760 2.0E-05
MACI- 10 4 138 2.3E-07 773 2.4E-05
MACI - 20 18 147 2.8E-07 590 1.7E-05
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In order to more accurately investigate the charge
transfer processes and the role of ion migration
in the performance of solar cells, electrochemical
impedance spectroscopy (EIS) was performed
under 0.1 Sun irradiation at a bias voltage of 0.0
V and in the frequency range from 1 MHz to 1
Hz (Figure 5¢). The Nyquist plots of all three cells
displayed two distinct arcs: the high-frequency
(HF) arc is attributed to the charge transfer process,
while the low-frequency (LF) arc is associated with
electron-hole recombination resistance [29]. The
resulting spectra were fitted using an equivalent
circuit, shown in the inset in Figure 5c, which
includes the external series resistance (Rs) and
parallel resistance-constant phase elements (R-CPE)
for each arc [30]. The EIS characteristic parameters
related to the fitted data are tabulated in Table 2. In
the MACI-10 sample, the charge transfer resistance
is reduced, indicating a significant improvement
in the charge extraction and transfer in the active
layers, thereby lowering resistive barriers in the cell
structure. Additionally, an increase in the electron-
hole recombination resistance is observed in
MACI-10 device, indicating reduced non-radiative
recombination rate. This phenomenon may be
attributed to the suppression of ion migration
in the optimal presence of MACI, resulting in
greater structural ionic stability under operating
conditions. In contrast, the MACI-20 sample
shows increased charge transfer resistance and a
decreased electron-hole recombination resistance
compared to the optimal condition, likely due to
the formation of discontinuity regions between
grains and an increase in boundary defects. This
facilitates ion migration and, as a result, increases
non-radiative recombination. These analyses
confirm that the optimal MACI incorporation
can effectively modulate the ion migration and
minimize recombination pathways [27].

4. Conclusions

The findings of this study clearly demonstrate
that adding MACI at an appropriate concentration
not only enhances the crystallinity of the perovskite
layer, but also directly contributes to suppressing
non-radiative recombination pathways and
reducing ion migration. Specifically, incorporation
of MACI at an optimal concentration of 10 mg/mL
promotes grain growth and reduces the number
of grain boundaries. XRD analysis confirmed
an increase in the preferential orientation along
the (001) and (002) crystal planes. Furthermore,
the efficiency of PSCs with the optimal MACI
concentration improved to 14.56%, compared
to 12.81% for the control sample. The optimized
device showed a significant decrease in the HI, along
with lower charge transfer resistance and higher
recombination resistance, features that collectively
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point to more effective charge extraction and better
suppression of non-radiative recombination.
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