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Abstract. In this work, the morphological features of polycrystalline films of hybrid 
perovskites MAxMEA1−xPbI3 formed by a single-stage centrifugation method from DMF and 
DMSO solutions (4:1) have been investigated. The results of the studies showed that an increase 
in the proportion of monoethanolammonium in MAxMEA1−xPbI3 led not only to a change in 
the absorption spectra and an increase in the interplanar distances of the crystal lattice, but 
also to a significant change in the morphology of the films from elongated split crystallites to a 
uniform coating of nanocrystallites. An increase in the proportion of monoethanolammonium 
iodide in the solution also improved the wettability of solutions and the continuity of the 
coating of substrates with hybrid perovskite MAxMEA1−xPbI3 without additional surface 
activation processes. The increased band gap of MAxMEA1−xPbI3 compared to MAPbI3 makes 
these hybrid perovskites attractive for use in tandem solar cells.
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Аннотация. В работе были исследованы морфологические особенности 
поликристаллических пленок гибридных перовскитов MAxMEA1−xPbI3, сформированных 
одностадийным методом центрифугирования из растворов ДМФ и ДМСО (4:1). 
Результаты исследований показали, что увеличение доли моноэтаноламмония в 
MAxMEA1−xPbI3 приводит не только к изменению спектров поглощения и увеличению 
межплоскостных расстояний кристаллической решетки, но также к существенному 
изменению морфологии пленок от вытянутых расщепленных кристаллитов до однородного 
покрытия из нанокристаллитов. Увеличение доли моноэтаноламмония йодида в растворе 
также обеспечивает улучшение смачиваемости растворов и сплошность покрытия 
подложек гибридным перовскитом MAxMEA1−xPbI3 без дополнительных процессов 
активации их поверхности. Увеличенная ширина запрещенной зоны MAxMEA1−xPbI3, 
по сравнению с MAPbI3, делает эти гибридные перовскиты привлекательными для 
использования в тандемных солнечных элементах.
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Introduction
Materials based on hybrid perovskites are of great interest for applications in photovoltaics 

and photodetectors, due to their direct-bandgap structure, tunable band gap, high absorp-
tion coefficient, high mobility and long mean free path [1, 2]. In addition, hybrid perovskites 
are promising for creating X-ray detectors, optically-controlled memristors and light-emitting 
devices [3–5].
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A wide range of polycrystalline APbX3-based films is used to create photovoltaic structures, 
typically with varying proportions of formamidinium (FA+, CH(NH2)2

+) and methylammonium 
(MA+, CH3NH3

+) cations and I–, Br–, Cl– anions, as well as by introducing inorganic cations or 
partial substitution of lead [6–9]. A wide range of hybrid perovskite compositions is also used to 
fabricate tandem solar cells [10, 11], which is particularly attractive for further development of 
heterostructure silicon solar cells, where hybrid perovskites with a wider band gap are used. Using 
complex compositions of hybrid perovskites is aimed at improving stability while ensuring optimal 
band gap and efficiency for the solar cell [12].

A transition is currently underway from nanotechnology to nanoarchitectonics, providing a synergis-
tic effect from the contact of two nanomaterials [13]. To improve the stability of perovskite photovoltaic 
structures, molecular etching and growth of films from 3D/2D perovskites are widely used [14–17]. 
Long-chain amines are commonly used for this purpose, whose –NH2 terminal groups interact with 
uncoordinated lead ions and passivate defects on the periphery of grains, or, like some short-chain 
amines, can serve as organic binders between inorganic octahedral frameworks in quasi-2D perovskites 
[15]. However, some short-chain amines, along with formamidinium and methylammonium cations, 
can integrate into the crystal lattice of hybrid perovskite with a change in the band gap [18].

The goal of this paper is to identify the effect of the proportion of monoethanolammonium in 
MAxMEA1−xPbI3 hybrid perovskite on the crystallization, optical properties, and morphology of 
polycrystalline films produced by single-stage synthesis from solution.

Experimental

Preparation of solutions. A solution of MAxMEA1−xPbI3 hybrid perovskite was obtained by mix-
ing a solution of monoethanolammonium iodide HOCH2CH2NH3I (with the concentration of 
0.645 mol/l) and lead iodide PbI2 (with the same concentration, i.e., 0.645 mol/l) with a solution 
of hybrid perovskite MAPbI3 of equimolar concentration with 1 : 3, 1 : 1 and 3 : 1 volume ratios 
for varying proportions of the monoethanolammonium cation HOCH2CH2NH3

+ (MEA) in the 
range from 0.25 to 0.75, respectively.

A solution of dimethylformamide (DMFA) with dimethyl sulfoxide (DMSO) with a volume 
ratio of 4:1 was used as a solvent. DMSO increases the solubility limit of lead iodide [19]. The 
ratio of DMFA and DMSO was also chosen because the precipitator can be subsequently used 
successfully for one-step spin-coating [19, 20].

To obtain polycrystalline layers of MAxMEA1−xPbI3, solutions with a mass concentration of about 
400 mg/ml were deposited on glass substrates by spin-coating followed by heating on a laboratory 
hot plate at 110 °C for 10 minutes. The spin-coating rate was 3000 rpm (for 30 s) with spin-up at 
1000 rpm (10 s). Before applying the perovskite films, the glass substrates were thoroughly washed 
in soap solution, distilled water, acetone and isopropyl alcohol using an ultrasonic bath (10 minutes 
each). To confirm the formation of the crystalline structure of hybrid perovskites, samples were 
deposited on glass substrates by drop-casting followed by annealing at 110 °C to obtain thick layers.

Methods. To study the contact angle of MAxMEA1−xPbI3 solutions in DMFA and DMSO, 
solutions with a volume of about 5 µl were applied to clean glass substrates and then monitored 
using an optical microscope.

The morphology of MAxMEA1−xPbI3 polycrystalline layers was studied using optical micros-
copy (POLAM-312 polarization microscope) and atomic force microscopy (Ntegra Therma sys-
tem from NT-MDT).

Optical absorption spectra were measured using a PE-5400UF spectrophotometer. X-ray 
images were obtained using a Bruker D2 PHASER diffractometer (Bruker, USA) with a scan 
speed of 1 deg/min with a CuKα X-ray source.

Results and discussion

Results of X-ray diffraction (XRD) analysis for MAPbI3 and MA0.75MEA0.25PbI3, 
MA0.5MEA0.5PbI3, MA0.25MEA0.75PbI3 solid solutions (Fig. 1) with intense peaks that were 
attributed to the (110), (220), (310), (224), (330) planes, and minor peaks of the (200), (202), and 
(312) planes confirmed the tetragonal structure of perovskite [21]. Furthermore, with an increase 
in the proportion of monoethanolammonium in the composition of hybrid perovskites, a shift of 
peaks towards a decrease in the 2Θ angle is observed in the XRD patterns, indicating an increase 
in the interplanar distances of the crystal lattice.
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An increase in the proportion of monoethanolammonium in the composition of MAxMEA1−

xPbI3 hybrid perovskites also leads to a change in the optical absorption spectra of the films. As 
follows from the spectra in Fig. 2, an increase in the proportion of monoethanolammonium in 
the composition leads to a shift in its absorption edge to the short-wavelength region, i.e., an 
increase in the band gap.

Results obtained by XRD analysis and spectrophotometry indicate the incorporation of mon-
oethanolammonium cations into the crystal lattice, which leads to an increase in the interplanar 
distances in the crystal lattice, an increase in the optical band gap, and a change in absorp-
tion spectra with an increase in the proportion of monoethanolammonium in MAxMEA1−xPbI3 
solid solutions. The possibility of increasing the band gap with an increase in the proportion 
of monoethanolammonium makes MAxMEA1−xPbI3 solid solutions attractive for use in tandem 
solar cells.

Fig. 1. XRD patterns of obtained materials: MAPbI3 thick films and 
MA0.75MEA0.25PbI3, MA0.5MEA0.5PbI3, MA0.25MEA0.75PbI3 solid solutions

Fig. 2. Normalized optical absorption spectra of MAPbI3 perovskite films 
and MA0.75MEA0.25PbI3, MA0.5MEA0.5PbI3, MA0.25MEA0.75PbI3 solid solutions
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The measurement results for contact angles of MAPbI3, MA0.75MEA0.25PbI3, MA0.5MEA0.5PbI3, 
MA0.25MEA0.75PbI3 compounds in DMFA and DMSO solutions on the surface of glass substrates 
are shown in Fig. 3.

According to the data in Fig. 3, the MAPbI3 solution shows the largest contact angle, and the 
1 : 3 ratio of the MEAI and MAI components in the solution leads to a significant decrease in this 
angle from about 20° to 12°. Therefore, this ratio makes it possible to improve wettability without 
introducing significant distortions into the perovskite crystal lattice. A further increase in the pro-
portion of MEAI relative to MAI to a 3 : 1 ratio ensures a further decrease in the contact angle 
(to about 7.4°). Better wettability of the substrate surface with the solution typically contributes to 
more uniform coating of the substrate, at both macro and microscales.

The results of optical microscopy studies of MAxMEA1−xPbI3 perovskite films are shown in 
Fig. 4. Evidently, elongated split crystallites with a characteristic size of about 25 µm are predom-
inantly formed under these conditions for MAPbI3 film synthesized from solution in DMFA and 
DMSO (see Fig. 4,a). Crystallization of MA0.75MEA0.25PbI3 films leads to the formation of larger 
elongated split crystallites with characteristic sizes of 0.1−0.2 mm (see Fig. 4,b). Such elongated 
crystallites may be promising for applications in planar structures, for example, photodetectors or 
X-ray detectors [22], since they likely contain fewer grain boundaries in the lateral direction than 
polycrystalline films with characteristic crystallite sizes in fractions of micrometers. However, 
such a crystallization process can be critical for vertical structures, since it can be accompanied 
by discontinuities in the coating of the substrate surface, uneven thickness and microcavities 
forming under split crystallites, which can lead to efficiency loss of the device or shunting of the 
perovskite layer.

As shown in [23], the formation of large elongated crystallites in hybrid perovskites may 
be associated with homogeneous nucleation in the near-surface region of the thin film of the 
solution. Evaporation of the solvent leads to an increase in the solute concentration in the 
near-surface region, and a lower temperature at the surface of the solution layer reduces the 
solubility of perovskite, providing supersaturation and homogeneous nucleation. A small con-
centration of nuclei in the near-surface layer and a long evaporation process lead to the forma-
tion of large elongated crystallites. Another nucleation region to be considered is the interface 
on the substrate surface, since the energy barrier for heterogeneous nucleation is lower than for 
homogeneous nucleation.

c)	 d)

a)	 b)

Fig. 3. Measurements of contact angle in hybrid perovskite solutions 
in DMFA with DMSO from photographs: MAPbI3 (а), MA0.75MEA0.25PbI3 (b), 

MA0.5MEA0.5PbI3 (c), MA0.25MEA0.75PbI3 (d)



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 2

74

Analysis of AFM images of the MAPbI3 coating (Fig. 5) shows the presence of small crystal-
lites on the surface of the substrate.

For example, the observed small dark regions between large elongated crystallites in Fig. 
5,b are crystallites formed under heterogeneous nucleation. It can be seen from Fig. 5, c and d 
that the size of these crystallites is tens and hundreds of nanometers. An increase in the solute 
concentration in the near-surface region during drying of the solution also leads to solute diffu-
sion towards the substrate surface, while growth processes with homogeneous and heterogeneous 
nucleation are competing and are often observed simultaneously [23–25].

Figs. 4,a and 5 also show that the MAPbI3 film layer contains uncoated regions of the substrate 
and, in general, a smaller volume of material on the substrate, while the MA0.75MEA0.25PbI3 film 
completely covers the substrate even at the macroscale, and the elongated structures are much 
larger (see Fig. 4,b). This is probably due to poor wettability of the substrate surface with MAPbI3 
solution, which can lead to greater separation of solution droplets during spin-coating and a 
decrease in the volume of solution on the substrate [26]. Moreover, the lower wettability of the 
substrate with the solution can lead to nonuniform coating of the substrate with the formation of 
individual microdroplets during drying. On the other hand, a dramatic improvement in wettabil-
ity of MA0.75MEA0.25PbI3 solution with an almost twofold decrease in the contact angle by (from 
20° to 12°) probably leads to an increase in the volume of the solution on the substrate during 
spin-coating. Nevertheless, the difference in the sizes of elongated crystallites may be related not 
only to the available volume of the solution, but also to a different crystallization kinetics of the 
MA0.75MEA0.25PbI3 film.

As follows from the optical microscopy data for MA0.5MEA0.5PbI3 and MA0.25MEA0.75PbI3 films 
(see Fig. 4, c, d), a further decrease in the contact angle is correlated with the coating qual-
ity of the substrates with continuous and homogeneous polycrystalline layers. In this case, the 

c)	 d)

a)	 b)

Fig. 4. Micrographs of MAxMEA1–xPbI3 solid solutions obtained by one-step spin-coating 
from DMFA and DMSO solutions (1:4) on glass substrates: MAPbI3 (а), 

MA0.75MEA0.25PbI3 (b), MA0.5MEA0.5PbI3 (c), MA0.25MEA0.75PbI3 (d)
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crystallization kinetics of the layer clearly changes dramatically when heterogeneous nucleation 
prevails, and the formation of elongated crystallites is not observed.

The contact angle for the MA0.25MEA0.75PbI3 solution is also smaller than for the 
MA0.5MEA0.5PbI3 solution. Optical microscopy studies revealed no grain boundaries or roughness 
for the MA0.25MEA0.75PbI3 layer. As seen from the AFM images (Fig. 6, a, b), the MA0.5MEA0.5PbI3 
polycrystalline film demonstrates a hierarchical structure where larger grains with the approximate 
sizes of 0.5–1.0 µm consist of nanocrystallites with the characteristic sizes of about 50 nm. The 
film with a higher proportion of monoethanolammonium (MA0.25MEA0.75PbI3) is a homogeneous 
coating of nanocrystallites about 50 nm in size, without forming larger grains (Fig. 6, c, d).

It was found in [27] that an increase in the wettability of the substrate surface with the solution 
(a decrease in the contact angle) leads to an increase in the grain concentration of the polycrys-
talline hybrid perovskite film. However, the change in the morphology of the films in our work 
cannot be explained solely by the change in the wettability of the surface with the solution, since 
the obtained MA0.5MEA0.5PbI3 and MA0.25MEA0.75PbI3 films consist of nanocrystallites of similar 
sizes at the nanoscale. The concentration of monoethanolammonium obviously affects the align-
ment of nanocrystallites in the film. This phenomenon may be related to the incorporation of 
monoethanolammonium not only into the crystal lattice, but also in the region at the boundaries 
of nanocrystallites, acting as ligand molecules limiting grain growth.

Thus, we assume that the change in the morphology of MAxMEA1−xPbI3 films is due to both 
a change in the contact angle of the solutions (and, probably, the solvent evaporation and super-
saturation rates) and to mutual alignment of the nanocrystallites of the film depending on the 
concentration of monoethanolammonium at the boundaries of the nanocrystallites. Thus, con-
tinuous coating of the substrate with elongated split crystallites ensures a significant change in 
the contact angle relative to the MAPbI3 solution for the MA0.75MEA0.25bI3 film, in contrast to 

c)	 d)

a)	 b)

Fig. 5. AFM images of MAPbI3 film: its topology (a, b) and phase contrast (c, d)
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discontinuous coating for the MAPbI3 solution. However, the absence of elongated crystallites in 
MA0.5MEA0.5PbI3 and MA0.25MEA0.75PbI3 films may be due not only to violation of the conditions 
for homogeneous nucleation and growth of elongated crystallites due to a decrease in the contact 
angle, evaporation rate, and predominance of the heterogeneous nucleation mechanism, but also 
to a restriction of crystallite intergrowth during the incorporation of monoethanolammonium 
molecules at the boundaries of nanocrystallites. Nevertheless, good wettability of the substrates 
with MA0.5MEA0.5PbI3 and MA0.25MEA0.75PbI3 solutions obviously ensures good uniformity and 
continuity of the films without additional activation of the substrate surface.

	 A change in the optical absorption spectra with an increase in the band gap and a shift in 
XRD peaks clearly indicates the incorporation of monoethanolammonium cations into the crystal 
lattice in the entire range of compositions studied. Therefore, we assume that monoethanolam-
monium molecules are incorporated simultaneously both in the crystal lattice, forming a solid 
solution, and at the boundary of nanocrystallites. Notably, the MEAPbI3 film did not exhibit a 
crystalline phase of perovskite according XRD analysis. This indicates that the incorporation of 
monoethanolammonium into the crystal lattice is energetically unfavorable and indirectly con-
firms our assumption about the possible incorporation of monoethanolammonium at the bound-
aries of MA0.25MEA0.75PbI3nanocrystallites as well.

Conclusion

We considered the morphological features of polycrystalline films of hybrid perovskites 
MAxMEA1−xPbI3, prepared by one-step spin-coating from DMF and DMSO (4:1) solutions.

The experiments indicate that an increase in the proportion of monoethanolammonium in 
MAxMEA1−xPbI3 leads not only to a change in the absorption spectra with an increase in the band 
gap and interplanar distances of the crystal lattice, but also to a significant change in the mor-
phology of the films, as well as to an improvement in wettability of MAxMEA1−xPbI3 solutions. 
A decrease in the contact angle of MAxMEA1−xPbI3 solutions with an increase in the proportion 
of MEA ensures the continuity of the substrate coating without additional surface activation.

c)	 d)

a)	 b)

Fig. 6. AFM images of MA0.5MEA0.5PbI3 (a, b) and MA0.25MEA0.75PbI3 (c, d) films, 
showing their topology (a, c) and phase contrast (b, d)
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Importantly, the increased band gap of MAxMEA1−xPbI3 films, compared with MAPbI3, makes 
these hybrid perovskites attractive for use in tandem solar cells. It was found that films with 
the composition MA0.75MEA0.25PbI3 form elongated split crystallites with characteristic sizes of 
0.1–0.2 mm under these growth conditions, which promises new avenues for the creation of pho-
todetectors or X-ray detectors.

A further increase in the proportion of monoethanolammonium in MAxMEA1−xPbI3 hybrid 
perovskites leads to a change in the mechanisms of film crystallization, inhibiting the growth of 
elongated crystallites and yielding high-quality layers for use in vertical structures such as tan-
dem solar cells. We assume that the change in crystallization mechanisms is due not so much to 
a change in wettability and the predominance of heterogeneous nucleation over homogeneous 
nucleation, but rather to incorporation of part of the monoethanolammonium molecules at the 
nanocrystallite boundaries of the film.

The nature of such a phenomenon as predominant incorporation of monoethanolammonium 
molecules into the crystal lattice or on nanocrystallite boundaries in the film requires further 
research, presenting not only practical but also purely scientific interest.
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