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We introduce a pioneering strategy to enhance the environmental stability of perovskite thin films,
a critical step forward in advancing their application in optoelectronics. Through the innovative
application of matrix encapsulation techniques, we focus on the stabilization of methylammonium
lead iodide (MAPbI3) and methylammonium lead bromide (MAPbBr3) films. These films are metic-
ulously prepared via a two-step solution deposition method under controlled ambient conditions.
Our approach involves the application of poly(methyl methacrylate) (PMMA) and AZ5214 pho-
toresist layers through spin-coating, aimed at singularly encapsulating the perovskite films. This
encapsulation acts as a robust hydrophobic barrier, significantly mitigating moisture ingress and si-
multaneously addressing the challenge of pinhole presence within the perovskite structure. Through
a series of detailed characterizations—spanning scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD), and photoluminescence (PL) spectroscopy—we demonstrate that, despite the thicker
nature of the AZ5214 photoresist compared to the PMMA layer, it exhibits markedly enhanced
stability. Notably, the integrity and optical properties of the perovskite films are preserved for
extended periods of up to 960 hours under environmental exposure. This breakthrough highlights
the superior performance of AZ5214 photoresist over PMMA in prolonging the operational life of
perovskite thin films, thereby offering a promising avenue for their deployment in a wide range of
optoelectronic devices.

I. INTRODUCTION

Lead halide perovskites (LHPs) have risen to promi-
nence as exceptional optoelectronic materials, thanks
to their superior photovoltaic power conversion efficien-
cies [1, 2] and cost-effective production [3]. They exhibit
a crystalline structure similar to calcium titanium ox-
ide (CaTiO3), adopting the general formula ABX3. In
this formula, ”A” represents a cation, such as methy-
lammonium (CH3NH+

3 ), formamidinium (CH(NH2)
+
2 ),

or cesium; ”B” denotes lead (Pb); and ”X” is a halide
anion, which can be chloride (Cl−), bromide (Br−), or
iodide (I−). These compounds are part of the wider
perovskite material family, distinguished by their unique
and adaptable crystalline framework. They boast im-
pressive features, including long charge carrier diffusion
lengths [4], precise tunable bandgaps [5], high light ab-
sorption coefficients [6–8], electronic correlations and un-
usual excitonic effects [9], and exceptional defect toler-
ance [10, 11]. The exceptional photovoltaic characteris-
tics of these optoelectronic materials, as detailed in exist-
ing literature [1, 12], position them as a highly promising
foundation for the development of next-generation, high-
frequency, dynamic metasurfaces [13–16]. In addition,
LHPs are excellent candidates for creation of exciton po-
lariton at room temperature thanks to their large exciton
binding energy and quantum yield [17]. Such attributes
make LHPs particularly well-suited for the fabrication
of optoelectronic devices [18, 19], solar cells [7, 20, 21],
lasers [22], light-emitting diodes (LEDs) [12, 23], quan-
tum confinement and dielectric deconfinement [24], pho-
tovoltaic and photocatalysis applications [25], and pho-

todetectors [26].

However, despite their immense potential, LHP mate-
rials face significant challenges when exposed to exter-
nal factors such as moisture and heat, largely due to
their minimal formation energy (approximately 0.1-0.3
eV) [27–29]. Enhancing the stability of perovskite ma-
terials is therefore crucial for extending the lifespan and
performance of devices based on these materials. Vari-
ous methods have been explored to fortify LHPs against
water ingress [30–32], yet many of these approaches can
lead to the generation of surface lead ions and the forma-
tion of easily exfoliated coatings due to the presence of
fragile chemical bonds [33]. To address these challenges,
researchers have investigated the incorporation of poly
methyl methacrylate (PMMA) onto LHP nano-crystals
(NCs) [33–35]. The ester carbonyl groups of PMMA con-
tribute to the formation of high-quality composite LHP
films, characterized by pure colors and exceptional resis-
tance to both heat and water [36].

In this study, we present an exploration into enhanc-
ing the stability of perovskite structures by applying
nanostructured layers of PMMA and AZ5214 photore-
sist separately. We synthesize MAPbI3 and MAPbBr3
films with single-side ultra-thin layers of PMMA poly-
mer and AZ5214 photoresist individually. Structural and
optical properties are systematically investigated using
X-ray diffraction (XRD), photoluminescence (PL), and
scanning electron microscopy (SEM). Our findings reveal
that the utilization of the AZ5214 photoresist layer effec-
tively shields the perovskite layer against environmental
factors, demonstrating comparable performance to the
PMMA layer in this regard.
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FIG. 1. Enhancing the stability of MAPbI3 and MAPbBr3
perovskite structures by applying PMMA and AZ5214 pho-
toresist coatings.

FIG. 2. Synthesis of MAPbI3 and MAPbBr3 solutions.

II. MATERIALS AND METHODS

A. Materials

Glass slides (1×1 cm), lead iodide powder (PbI2),
methylammonium iodide powder (MAI), PMMA
powder, acetone, methylammonium bromide powder
(MABr), lead bromide powder (PbBr2), dimethyl
sulfoxide (DMSO), AZ5214 photoresist, and chloroben-
zene were sourced from Merk company and utilized
as received without additional purification. Scanning
electron microscope XL300 manufactured by Philips.
X-ray diffraction spectrometer Expert manufactured by
Philips. Photoluminescence device Noora 200.

B. Synthesis of Perovskite Solution and PMMA
Polymer

Figure 1 demonstrates a schematic representation of
the proposed solutions for enhancing the stability of
MAPbI3 and MAPbBr3 perovskite structures by apply-
ing PMMA and AZ5214 photoresist coatings. The pre-
cursor solutions for MAPbI3 and MAPbBr3 were pre-
pared by dissolving 55 mg of MAI (MABr) and 190 mg
of PbI2 (PbBr2), respectively, with a 3:1 molar ratio in
300.5 µl of DMSO at 180°C. To ensure dehumidifica-
tion, the lid of the PbI2 (PbBr2) vial (190 mg for PbI2
and 181 mg for PbBr2) was opened and placed on a
hotplate at 100°C for 10 minutes, sealed, and then al-
lowed to cool to ambient temperature. Subsequently,
300.5 µl of DMSO was added at 180°C and stirred un-
til completely dissolved. The final precursor solution for
MAPbI3 (MAPbBr3) was obtained by adding 55 mg of
MAI (MABr) to 291 µl of the above solution, followed by
chilling and continuous stirring for 5 minutes, as depicted
in Fig. 2. For the preparation of the PMMA polymer so-
lution, 25 mg of PMMA powder was dissolved in 500 µl
of acetone by stirring for 30 minutes.

C. Fabrication of Perovskite Thin Film

The glass substrates underwent a rigorous cleaning
process involving sequential immersion in water and soap,
double-distilled water, and ethanol, followed by ultrason-
ication at 70°C for 10 minutes after each step. Subse-
quently, the substrates were dried using a heat gun and
then placed in a laboratory furnace at 500°C for one hour
to ensure thorough drying.

To fabricate MAPbI3 (MAPbBr3) thin films, the spin-
coating technique, specifically the nanocrystal-pinning
(NCP) process, was employed in two steps. The cleaned
substrate was mounted on a spin-coater, and 25 µl of
MAPbI3 (MAPbBr3) precursor solution was dispensed
onto it, followed by acceleration to 1000 rpm for 10 sec-
onds and then to 4000 rpm for 30 seconds. At the 15-
second mark of the second step, 100 µl of chloroben-
zene solution was dispensed onto the spinning substrate.
Subsequent evaporation of the remaining solution facil-
itated rapid crystallization of the perovskite nanocrys-
tals (NCs). For additional annealing, the substrate was
placed on a hotplate at 100°C for 40 minutes.

Once the film had cooled, a layer of PMMA polymer
(or AZ5214 photoresist) was applied atop the perovskite
layer. The spin-coating process was repeated, with accel-
eration to 3000 rpm (6000 rpm for AZ5214 photoresist)
for 30 seconds, followed by placement on a hotplate at
100°C for 10 minutes to ensure proper adhesion and dry-
ing. Representative samples are depicted in Figs. 3 and
4.
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(a) (b) (c)

FIG. 3. Images of MAPbI3 perovskite samples: (a) Per-
ovskite, (b) Perovskite with PMMA, and (c) Perovskite with
AZ5214 photoresist.

(a) (b) (c)

FIG. 4. Images of MAPbBr3 perovskite samples: (a) Per-
ovskite, (b) Perovskite with PMMA, and (c) Perovskite with
AZ5214 photoresist.

III. RESULTS

A. Morphological Analysis of MAPbI3 Perovskite
Thin Films using SEM

The morphology of the MAPbI3 perovskite thin
layer was investigated through SEM, including top-view
(SEM-Top) and cross-sectional (SEM-Cross). Figures
5(a) to 5(c) present SEM-Top analysis results for the op-
timal perovskite layer at three different resolutions, that
is, 50 µm, 5 µm and 1 µm. Figures 6(a) and 6(b) provide
a comparative analysis of the SEM-Top images of the per-
ovskite surface, perovskite with PMMA, and perovskite
with AZ5214 photoresist. The application of PMMA and
AZ5214 photoresist does not alter the inherent structure
of the perovskite; instead, it serves to encapsulate the
perovskite material, creating a protective layer akin to
plastic. This encapsulation process enhances the stability
of the perovskite against various environmental factors.

Figures 7(a) to 7(c) show SEM-Cross analysis to check
the thickness of perovskite, PMMA and AZ5214 photore-
sist layer. Initially, a perovskite layer with a thickness of
395 nanometers was deposited. Since the AZ5214 pho-
toresist emits light in the range of 500 to 700 nanometers,
the perovskite layer was further deposited to a thickness
of 425 nanometers in order to partially shield the AZ5214
photoresist layer from this emission.

(a)

(b) (c)

FIG. 5. SEM top images of the perovskite surface at three
different resolutions. (a) 50 µm. (b) 5 µm. (c) 1 µm.

B. X-ray Diffraction (XRD) Analysis

Figure 8 presents the X-ray diffraction (XRD) analy-
sis of the perovskite phase of the MAPbI3 film at two
different time points: 24 hours and 40 days after de-
position. This analysis aims to investigate the crystal
structure and assess stability by comparing the obtained
results with the XRD pattern from Ref. [37]. In Fig-
ure 9, XRD analysis of the perovskite film, along with
AZ5214 photoresist, one day and 40 days after deposi-
tion is presented. According to the obtained diagram,
there is no change observed after 40 days. The average
grain size (D) of the MAPbI3 nanocrystals can be calcu-
lated based on the (002) peak observed at 14.2° using the
Scherrer equation. This equation relates the grain size to
the wavelength of X-rays (λ), the Bragg diffraction an-
gle (θ), the full width at half maximum (FWHM) of the
(002) diffraction peak, and a constant factor (k). Specif-
ically, the equation is expressed as D = kλ/(β cos(θ)),
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(a)

(b)

FIG. 6. SEM-Top images of the perovskite surface with (a)
PMMA, and (b) AZ5214 photoresist, in comparison with the
perovskite surface in Fig. 5.

where k is the Scherrer constant (typically 0.89) and λ is
the X-ray wavelength (0.154 nm). By applying this equa-
tion, one can accurately determine the average grain size
of the nanocrystals. The FWHM of the (002) diffrac-
tion peak is 0.41, resulting in an average grain size of
approximately 19 nanometers.

The consistent XRD patterns observed over a 40-day
period underscore the structural integrity and stability of
the MAPbI3 perovskite films, even when integrated with
AZ5214 photoresist. This stability, particularly in the

absence of any significant structural changes over time,
is indicative of a robust perovskite film. The calculated
average grain size of 19 nanometers further validates the
high-quality crystal structure of the MAPbI3 nanocrys-
tals within the film. The retention of crystal structure
and grain size over an extended period highlights the ef-
fectiveness of our matrix encapsulation approach in pre-
serving the structural attributes of the perovskite film.
Such a stable and well-defined crystal structure is crucial
for optoelectronic applications, as it directly impacts the
material’s optical and electronic properties. Therefore,
the results presented here not only demonstrate the suc-
cessful preparation of high-quality perovskite films but
also affirm their potential longevity and performance in
device applications. This alignment with the referenced
XRD pattern from the literature further corroborates the
high structural fidelity of our perovskite films, establish-
ing a solid foundation for their application in stable and
efficient optoelectronic devices.

C. PL Spectra Analysis of MAPbI3 and MAPbBr3

Figure 10 shows the experimental setup for photolu-
minescence (PL) spectroscopy. Figures 11(a) to 11(f)
depict the intensity of the PL spectra for MAPbI3
and MAPbBr3, respectively, showcasing optimized per-
ovskite, perovskite with PMMA, and AZ5214 photore-
sist. In this process, we utilized laser emission wave-
lengths ranging from 457 to 514 nanometers. The emis-
sion of MAPbI3 falls within a wavelength range of 750
to 850 nanometers, while that of MAPbBr3 occurs be-
tween 560 and 575 nanometers. This discrepancy in
wavelengths results in interference between the emissions.
In the process of PL, electrons in the sample absorb en-
ergy from incident photons with energies higher than the
bandgap of the electrons. As a result, electrons are ex-
cited to higher energy levels, and then they return to
the ground state by emitting light again. Given that
orthorhombic MAPbI3 is a direct-band-gap crystal, the
presence of multiple PL peaks signifies the involvement
of various radiative recombination centers. These may
include intrinsic defect states, extrinsic impurities, and
residual tetragonal MAPbI3 crystals. The deposition
of PMMA and AZ5214 photoresist leads to a reduction
in this red shift, which is one of the positive outcomes
of this study. Figures 11(a) to 11(f) demonstrate that
over time, the intensity of PL decreases for the opti-
mized perovskite. However, after deposition with PMMA
and AZ5214 photoresist, the decrease in PL intensity is
less pronounced, indicating the stability of the perovskite
layer.
In Figs. 12(a) to 12(d), the displacement of the peak

center for the three states depicted in Figs. 11(a) to
11(f) has been investigated for MAPbI3 and MAPbBr3
perovskites, respectively. The black curve corresponds
to the perovskite with the maximum displacement of the
peak center. One of the positive outcomes of employ-
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425 nm MAPbI3

(a)

425 nm MAPbI3

127 nm

PMMA

(b)

425 nm MAPbI3

1200 nm

(c)

FIG. 7. Thickness comparison of (a) MAPbI3 perovskite, (b) perovskite with PMMA, and (c) perovskite with AZ5214 pho-
toresist.

MAPbI3 (After 24 hours)

10 15 20 25 30 35 40 45 50
2  (degree)

MAPbI3 (After 40 days)

001

006004

042004
222
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222022
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FIG. 8. X-ray diffraction (XRD) analysis of the perovskite
film 24 hours and 40 days after deposition. Angles of 12.74◦,
14.20◦, 19.76◦, 23.32◦, 24.50◦, 28.64◦, 31.90◦, 35.20◦, and
42.90◦ correspond to the (001), (002), (022), (222), (004),
(042), (422), (044), and (006) planes, respectively. A decrease
in peak intensity is observed after 40 days.

ing PMMA and AZ5214 photoresist is the reduction of
this peak displacement towards the right. Among these
options, AZ5214 Photoresist proves to be superior to
PMMA. This superiority stems from its reduced moisture
penetration into the perovskite, thereby resulting in less
structural degradation. In fact, the absence or reduction
of a rightward shift serves as an indication of layer stabil-
ity. With the coating of AZ5214 photoresist and PMMA
on MAPbI3, the peak center shifts by approximately 4
and 6 nanometers, respectively. Additionally, the right-

 + AZ5214 Photoresist (After 24 hours)MAPbI3

10 15 20 25 30 35 40 45 50
2  (degree)

MAPbI3 + AZ5214 Photoresist (After 40 days)

FIG. 9. X-ray diffraction (XRD) analysis of the perovskite
film along with AZ5214 photoresist 24 hours and 40 days after
deposition.

ward shift of the peak center will decrease. With the
coating of these two materials on MAPbBr3 perovskite,
the peak center shifts by approximately 2 nanometers
(blue shift) and the shift amplitude is reduced. The pos-
itive results indicate that the use of AZ5214 photoresist
and PMMA prevents shift, while the results related to
AZ5214 photoresist are better than PMMA. The process
of reducing the Full Width at Half Maximum (FWHM),
the area under the curve, and the intensity with the
coating of AZ5214 photoresist and PMMA on both per-
ovskites decreases almost equally.
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FIG. 10. Experimental setup for photoluminescence (PL)
spectroscopy.
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FIG. 11. PL spectra of (a) MAPbI3 perovskite, (b) MAPbI3
perovskite with PMMA, (c) MAPbI3 perovskite with AZ5214
photoresist, (d) MAPbBr3 perovskite, (e) MAPbBr3 per-
ovskite with PMMA, and (f) MAPbBr3 perovskite with
AZ5214 photoresist.
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FIG. 12. Experimental results for peak center displacement
and peak center displacement relative to the initial spectrum,
i.e., ∆λ. (a) peak center for MAPbI3 perovskite, MAPbI3
with AZ5214 photoresist, and MAPbI3 with PMMA. (b) ∆λ
for MAPbI3 perovskite, MAPbI3 with AZ5214 photoresist,
and MAPbI3 with PMMA. (c) peak center for MAPbBr3 per-
ovskite, MAPbBr3 with AZ5214 photoresist, and MAPbBr3
with PMMA. (d) ∆λ for MAPbBr3 perovskite, MAPbBr3
with AZ5214 photoresist, and MAPbBr3 with PMMA.

IV. DISCUSSION

The synthesized perovskite solutions, MAPbI3 and
MAPbBr3, demonstrated efficient fabrication of thin
films using the nanocrystal-pinning (NCP) process.
Through SEM analysis, the morphology of the perovskite
thin layer was elucidated, indicating successful encapsu-
lation with PMMA and AZ5214 Photoresist without al-
tering the inherent structure. This encapsulation process
was further confirmed by XRD analysis, revealing en-
hanced stability of the perovskite layer, especially evident
with AZ5214 Photoresist deposition. PL spectra analysis
highlighted the sustained intensity of luminescence over
time, emphasizing the role of PMMA and AZ5214 Pho-
toresist in mitigating degradation. Importantly, the dis-
placement of peak centers in the PL spectra indicated su-
perior stability with AZ5214 Photoresist, attributable to
its reduced moisture penetration and structural integrity.
These findings underscore the novelty of utilizing AZ5214
Photoresist as a promising alternative for enhancing the
durability and performance of perovskite-based optoelec-
tronic devices.

Through our experimental investigations, we have
demonstrated the effectiveness of matrix encapsulation
in stabilizing perovskite thin films and prolonging their
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operational lifespan. Future research endeavors in this di-
rection could explore novel encapsulating materials and
deposition techniques to further enhance the performance
and durability of perovskite-based devices for a wide
range of applications in optoelectronics and beyond.

V. CONCLUSIONS

In conclusion, we have demonstrated the efficacy of
AZ5214 photoresist deposition for stabilizing perovskite

layers. Through a comparative analysis with PMMA de-
position, AZ5214 photoresist proved superior in enhanc-
ing the stability of the perovskite layer, particularly at
a thickness of 1.2 microns, surpassing the stabilization
achieved with PMMA at a thickness of 127 nanometers.
Moreover, the self-assembly properties of AZ5214 pho-
toresist confer resistance against heat and moisture, fur-
ther establishing its superiority over PMMA. These find-
ings underscore the potential of AZ5214 photoresist as
a promising candidate for enhancing the durability and
performance of perovskite-based devices in various opto-
electronic applications.
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