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Abstract: In this study, we have employed a film deposition technique based on convective forces
acting at the triple air-solution—substrate contact line to tune the rate of solvent evaporation and, thus,
to exert control over the morphology of the resulting mixed lead halide perovskite CH3NH3PbI5_Cly
films. By varying the speed of film deposition while processing at two different temperatures,
perovskite crystals of various shapes and dimensions were generated upon the crystallization of
the initial perovskite precursor ink. More precisely, longer than half a millimeter 3D needle-like
perovskite crystals exhibiting sharp edges co-existing with large cross-like 3D perovskite crystals
could only be obtained upon the slow deposition of films at a low sample processing temperature of
17 °C, i.e., under conditions of low solvent evaporation rate. On the contrary, the utilization of higher
film deposition speeds and/or processing temperatures led to smaller 3D needle-like or quasi-2D
rectangular perovskite crystals that often appeared interconnected and coalesced. Moreover, as it
was revealed by the photoluminescence measurements, the emission intensity of perovskite crystals
was larger and dominated by a shorter wavelength peak, as compared to the uncrystallized material
that emitted much less light, but at a longer wavelength.

Keywords: hybrid lead halide perovskites; convective self-assembly; crystallization; emission properties

1. Introduction

A large part of the scientific community is currently looking to develop new alterna-
tive sources of renewable energy that would help in meeting the world’s future, massive
energy needs [1,2]. In this direction, perovskites are highly researched materials [3], as
their optimized microstructures can display astonishing optoelectronic properties such
as long exciton diffusion lengths, high absorption coefficients, good transport of charges,
high charge mobilities, high photoluminescence (PL) quantum yield, high defect tolerance,
narrow emission linewidths [4-11] and more (details on the investigation and characteri-
zation of the optoelectronic properties of perovskite materials can be further consulted in
a variety of comprehensive studies reported in the literature [12-16]). Thus, perovskites
are excellent photovoltaic materials [17-19], not only capable of high photovoltaic per-
formance [20], but also exhibiting tunable bandgaps [21]. Therefore, it is not surprising
that one of the most known applications of perovskite materials today is represented by
the solar cells [22-24]. Since 2009, when Kojima and coworkers fabricated the first solar
cell based on a perovskite material which delivered a power conversion efficiency of only
3.8% [25], the technology of perovskite-based solar cells has evolved in a fulminant manner,
and nowadays such solar cells have been demonstrated to achieve a power conversion
efficiency of about 26% [26-29]. This high efficiency is partly a result of the improvements
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made to the perovskite crystal structure, and it is already reaching the efficiency of classical
silicon-based solar cells [30-32].

Due to their high versatility and tunability, perovskite materials are also being used in
many other applied research fields [7-9,33-39]. For instance, in recent years, perovskite-
based light-emitting diodes (LEDs) have made tremendous progress, reaching 23.9% in
external quantum efficiencies [40]. Nonetheless, the ready-to-use perovskite-based LEDs
are still limited due to factors such as poor efficiency of blue emission [41-43]. Fortunately,
due to novel synthesis and processing methods that are being continuously designed and
developed, a significant progress could be made in this direction [10,11,44]. For exam-
ple, compositional and dimensional engineering can be employed to fabricate quasi-2D
perovskite films exhibiting reduced trap density and enhanced PL quantum yield, thus dis-
playing enhanced blue emission properties [10]. The advantages and disadvantages of such
strategies, as well as perspectives of fabricating perovskite materials capable of efficient
emission of blue light, were recently described in the literature [11]. Moreover, perovskites
have been systematically investigated with respect to their suitability in the fabrication
of innovative photodetectors for image sensing [34-36], field-effect transistors [7-9] and
memory devices [37-39]. Furthermore, perovskites proved their appropriateness in the
design of energy storage [45] and various sensor (temperature [33], humidity [46] and
light [47]) applications.

All the aforementioned perovskite-based applications owe their functionalities and
desired attributes to the microstructure adopted by the perovskite molecules in the active
layers or components of each device. By optimizing the perovskite microstructure, which
is well known to directly impact the resulting properties of perovskite materials [48-51],
the optoelectronic properties of these materials can be continuously adjusted to lead to
better and better device efficiencies. For example, according to available theoretical cal-
culations [52], a power conversion efficiency of over 30% is attainable by perovskite solar
cells. Of course, this implies a better understanding of the internal phenomena taking place
in such devices, especially with respect to the crystallization of the employed perovskite
materials [53,54].

To reach the above goal, efficient perovskite processing methods are needed. Such
methods should be able to offer unprecedented control over the resulting perovskite
microstructure in the active layers. Of course, a large variety of perovskite deposition
and processing methods were already designed and further developed over time, each
with its advantages and disadvantages [55-59]. These methods include many different
scalable deposition techniques employed to transform specific perovskite solutions into
thin films [60], such as spin coating [61], spray coating [62], inkjet printing [63] and blade
coating [64]. Here, we also include a simple yet practical method able to produce hybrid
lead halide perovskite crystals of controlled morphology from precursor ink solutions
of small volumes that were placed into open-air Teflon rings and heated to a desired
temperature in order to crystallize at controlled solvent evaporation rates [54].

In this study, we propose fabricating thin films of hybrid lead halide perovskites
of altered morphology by employing a deposition technique based on convective forces
appearing at the triple air-solution—substrate contact line, i.e., the convective self-assembly
(CSA). This technique has already proved itself efficient when self-assembling various
organic polymer systems in thin films [65-67]. More precisely, we investigate the influence
of the CSA deposition speed on the perovskite crystallization process. We further compare
the perovskite thin films prepared via CSA with their spin-coated analogs, as well as
with the perovskite crystals generated in thin films via drop casting at low temperatures.
We observe that films fabricated at low CSA deposition speeds display larger and better-
defined perovskite crystals. By varying the CSA deposition speed (or by forcing the solvent
to evaporate slowly/faster at lower/higher temperatures), we demonstrate control over
the rate of solvent evaporation and, thus, over the resulting perovskite morphology. This
enables us to exert a certain control over the crystallization process taking place in the
perovskite material and, thus, over the materials” emission properties.
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This work completes other recent approaches taken, for instance, by Liu and co-
workers, who promoted the growth of perovskite crystals for photovoltaic applications
by favoring the m—m and cation- interactions through the doping of perovskites with
a small molecule [68]. In this way, the crystallization process was optimized to deliver
larger perovskite structures that were highly suitable for solar cells. Moreover, in order
to establish control over the uniformity of CH3NH3Pbl; (Cly perovskite structures and,
thus, over the uniformity of the resulting perovskite films, Song and co-workers proposed
separating the conventional process used to fabricate perovskite films into the generation
of the MAPbI3_,Cly mixed halide perovskite powder using a heat-based process and
the deposition of MAPbI;_,Cl; mixed halide perovskite films using the spin coating
method [69]. Utilizing this approach, the team has delivered solar cells of better efficiency.
Improved photovoltaic efficiency of CH3NH3Pbls ,Cly perovskites was also reported when
adding copper bromides such as CuBr and especially CuBr; [70].

2. Materials and Methods

Hybrid lead halide 1101 perovskite precursor ink was purchased from Ossila Ltd.
(Sheffield, UK), and it was specially formulated for casting in the low-humidity (20% to
35%) air. This ink is suitable to be used in the fabrication of perovskite-based devices
such as solar cells or LEDs [54,71]. The I101 perovskite ink was composed of a mixture
of precursor materials such as methylammonium iodide (MAI) and lead chloride (PbCl,)
dissolved in dimethylformamide (DMF) in a 3:1 ratio [72] and could be coated onto a
solid or flexible substrate [73]. Moreover, when exposed to heat, the 1101 perovskite
ink would suffer chemical reactions and transform into a solid-state CH;NH3Pbl3_, Cly
perovskite material that would exhibit a specific crystal structure [74]. Thus, by changing
the annealing conditions, such as the annealing temperature and time, one could achieve a
desired crystalline microstructure in the resulting perovskite films.

Thin films of 1101 perovskite ink were prepared by spin coating at 2000 rpm for
various times ranging from 30 s to a few minutes. Although the spin coating procedure
was conducted at room temperature, the utilized perovskite solutions were priorly kept at
17 °C and 30 °C. Moreover, perovskite films of various thicknesses were further fabricated
by conducting the CSA procedure at temperatures of 17 °C and 30 °C and at deposition
speeds of 1000 um/s, 500 um/s, 100 pm/s, 50 pm/s and 10 pm/s. For all films, a regular
microscopy cover glass was used as substrate. All substrates were treated in a UV-Ozone
cleaner, for a period of 20 min, prior to any further use.

The CSA coater (schematically depicted in Figure 1) comprised a moving translational
stage that employed a linear actuator from Zaber Technologies (Zaber, Vancouver, BC,
Canada) and had the capacity to reach speeds ranging between ~ 4.7 um/s and 8 mm/s. A
cover glass acting as a blade was fixed in the near vicinity of the substrate at the desired
angle, while the perovskite solution was placed on the glass substrate, underneath and
nearby the edge of the blade. The temperature of the substrate could be regulated between
15 °C and 35 °C by employing a water-controlled system (Accel 250 LC) acquired from
Thermo Scientific (Waltham, MA, USA).

Scanning electron microscopy (SEM) images of perovskite crystals/films were ob-
tained using an FEI Quanta 3D microscope (FEI Company, Eindhoven, The Netherlands)
equipped with an EDT detector, operating in high vacuum mode and using an acceleration
voltage of 10 kV. Moreover, the optical micrographs of perovskite films were acquired
utilizing a KERN OKN-177 optical microscope (Kern & Sohn GmbH, Balingen, Germany)
working in the reflectivity mode and equipped not only with various magnification ob-
jectives, but also with a KERN ODC 825 (5 Mp) camera. The latter was further connected
to a computer via Microscope VIS software that allowed (automatic) recording of images
and movies.
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Figure 1. Schematic illustrating the CSA homemade experimental setup used to fabricate hybrid lead
halide perovskite films.

The absorption spectra of perovskite thin films were recorded using a V-530 UV-VIS
spectrophotometer from Jasco (Oklahoma City, OK, USA) and exhibiting a spectral range
of 190-1100 nm. The PL spectra were recorded using an FP-6500 spectrofluorometer from
Jasco (Oklahoma City, OK, USA), with the excitation wavelength ranging between 220 and
750 nm. All PL spectra were recorded using an excitation wavelength of 300 nm.

3. Results and Discussion

We start this section with Figure 2 where we compare thin films of hybrid lead halide
CH;3NH;3PbI;.Cly perovskites fabricated by spin coating and CSA at both high and low
deposition speeds and at two different processing temperatures (i.e., 17 °C and 30 °C; these
temperature values were chosen because we had not studied our perovskite system in
this temperature range until now; studies performed on the same perovskite system in
the 40-110 °C interval were recently published elsewhere [54]). Note here that the spin
coating procedure was actually carried out at room temperature, but using perovskite
solutions that were priorly kept at 17 °C and 30 °C (Figure 2a,d). We have observed that
10-30 pm long, needle-like perovskite crystalline structures formed during the spin coating
at 17 °C. These crystals appeared to be homogeneously, yet randomly, distributed over
the surface (Figure 2a). A somewhat similar situation was also portrayed when films
were fabricated using the CSA method at a rather high deposition speed (i.e., 1000 um/s),
with the exception that the formed needle-like perovskite crystalline structures exhibited a
larger average length of over 50 pm and appeared more interconnected (Figure 2b). This
observation could be explained by the fact that the resulting perovskite crystals could be
growing over a longer time during the CSA procedure as compared to that corresponding
to the spin coating, a process that happened faster and, thus, induced faster evaporation
of the solvent. Indeed, when slowing down the rate of solvent evaporation by utilizing
the CSA at a much lower deposition speed (i.e., 10 pm/s), both needle-like and cross-like
perovskite crystals formed (Figure 2c). Moreover, while the cross-like crystals appeared
to have sharp edges and were wider than any of the crystals shown in Figure 2a,b, the
needle-like perovskite crystals were large, with some of them well exceeding 500-600 um
in length and 35 pm in width (Figure 2c and Figure S1 in the Supplementary Materials).
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Figure 2. SEM micrographs depicting hybrid lead halide CH3NH3Pbl;_, Cly perovskite films prepared
at two different temperatures by spin coating (a,d) and CSA (b,c,e,f) at both high (i.e., 1000 um/s)
(b,e) and low (i.e., 10 um/s) (c,f) deposition speeds.

When performing the procedures of spin coating and CSA at a higher processing
temperature (i.e., 30 °C), the situation was different. The spin coating method led to less-
prominent, rather coalesced perovskite crystalline structures. In between, much fewer,
yet highly interconnected, needle-like crystals were also appearing randomly distributed
on the surface (Figure 2d). Instead, the CSA method, both at a high and a much lower
deposition speed, led to perovskite crystals of shapes resembling rectangles rather than
needles (Figure 2e,f). Nonetheless, perovskite crystals that formed at a low deposition
speed were on average much larger.

To better observe the differences that appeared between all the above-mentioned crys-
tals, we have zoomed in on some of the regions presented in Figure 2 and assembled them in
Figure 3. We could observe right away that the needle-like and cross-shaped perovskite crys-
tals that formed at 17 °C had a three-dimensional (3D) shape (see Figure 3a—c and Figure S2
in the Supplementary Materials), often with well-defined, extremely sharp edges. This
was not the case for the perovskite crystals generated at 30 °C, as such crystals exhib-
ited a more rectangular shape that was much less prominent along the vertical direction
(rather quasi-2D crystals; see Figure 3d—f and Figure S3 in the Supplementary Materials).
Moreover, the rectangular shapes of these crystals often displayed rather curved “cor-
ners” (Figures 3f and S3c), which was not the case for their analogs obtained at the lower
processing temperature.

Recently, we have succeeded in producing hybrid lead halide CH3;NH3Pbl3 ,Cly per-
ovskite crystals by injecting small volumes of the same perovskite precursor ink that we
used in this study into open-air Teflon rings and by heating the resulting ensemble to a
desired processing temperature. Experiments have shown that the morphology of per-
ovskite crystals was highly dependent on the processing temperature [54]. This information,
coupled with all data presented above, indicated that perovskite crystals could be also
generated at temperatures lower than 17 °C. Because the CSA tool is limited by design to
functioning at processing temperatures ranging only between 15 °C and 35 °C [67], we
have decided to further utilize the drop-casting technique in order to eventually produce
perovskite crystals at a lower temperature. For that, we dropped perovskite ink on two
glass substrates kept at 0 °C and 30 °C, respectively, and waited for the solvent to evaporate.
While at the latter temperature, we expected the resulting perovskite structures to be at
some extent comparable with those presented in Figure 2d, the structures that would be
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generated at the former temperature, when the rate of solvent evaporation is dramatically
reduced, were expected to be larger and eventually fewer.

As cast 1000 pm/s 10 pym/s

17°C

30°C

Figure 3. Zoomed view of the SEM micrographs shown in Figure 2 and depicting hybrid
lead halide CH3NH;3PbI3.Cly perovskite crystals obtained at two different temperatures by
spin coating (a,d) and CSA (b,c,ef) at both high (i.e., 1000 um/s) (b,e) and low (i.e., 10 um/s)
(c,f) deposition speeds.

Indeed, perovskite crystals obtained at 30 °C resembled those obtained using the spin
coating method at the same temperature (compare Figure 4a with Figure 2d). This suggested
that the spin coating process was not sufficient to induce the complete evaporation of the
solvent, and the process of perovskite crystal formation continued afterward, similarly
to the process that led to perovskite crystals in the film obtained by drop casting. This
statement was further confirmed by investigating a freshly spin-coated perovskite film
under the optical microscope (or naked eye) and by observing that it was still wet and
possibly undergoing further crystallization.

Figure 4. SEM (a,b) and OM (c,d) images of CH3NH3Pbl;_(Cly perovskite films prepared by drop
casting at 30 °C (a,c) and at 0 °C (b,d). Note that images were acquired for solid perovskite films,
once the evaporation of the solvent at 30 °C and 0 °C was completed, i.e., after about 60 and 180 min,
respectively.
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Instead, structures obtained by drop casting at 0 °C were fewer, often interconnected
and much larger, and appeared to comprise coalesced /bundled yet much smaller needle-
like perovskite crystals (Figure 4b). These aggregated crystalline structures were further
observed to be displaying elongated, but rather irregular shapes, as can be observed in
the optical microscopy (OM) image shown in Figure 4d. Moreover, such structures were
consistently separated by regions of rather “naked” substrate (note that we cannot fully
exclude the existence of a very thin perovskite layer that could not be detected under
the optical microscope after the gentle scratching of the film). In comparison, perovskite
structures generated by drop casting at 30 °C were much smaller and denser and were
covering the substrate well (only rather small “naked” regions were detected in Figure 4c).

Finally, we dedicate the last section of this study to the emission properties displayed
by the obtained hybrid lead halide CH3NH3Pbl;.,Cl, perovskite crystalline structures. In
order to infer the most appropriate excitation wavelength for such films, first we have
measured the absorption spectrum of a dried perovskite film deposited using the spin
coating method. As can be observed in Figure 5a, the perovskite film presented a clear
absorption peak at a wavelength of about 300 nm, while at a longer wavelength of 355 nm,
another less prominent peak could further be noticed. These results are in good agreement
with other reports published in the literature on hybrid CH3NH3Pbls (Cly perovskites [74].
Therefore, we decided to employ the wavelength of 300 nm as the excitation wavelength.

Figure 5b summarizes all PL spectra recorded for perovskite films made using the
CSA method at various deposition speeds (note here that PL spectra were recorded 45 min
after the preparation of films). Straightforwardly, one can observe that films of this hybrid
lead halide perovskite system emitted light at a wavelength ranging between about 700
and 815 nm, in agreement with previous reports available in the literature [74]. Moreover,
the shape of PL spectra was different. While the films prepared at high CSA deposition
speeds (i.e., 1000 um/s and 500 um/s) displayed a dominant emission peak at 798 nm,
the films prepared at lower CSA deposition speeds (i.e., 100 um/s, 50 um/s and 10 um/s)
exhibited a dominant peak at a shorter wavelength of about 760 nm.

Unfortunately, each CSA deposition speed determines a unique film thickness (i.e.,
a lower CSA deposition speed typically leads to thicker films). Thus, it was not possible
to further compare the PL intensities in Figure 5b, as one would not know whether these
intensities were due to structural changes induced in the films by different CSA deposition
speeds or just due to the different amount of perovskite material existing in films of unequal
thicknesses, or possibly both. We nonetheless hypothesized that the predominant changes
in the PL intensity were rather due to induced structural changes, i.e., due to crystallization
of the perovskite material upon different CSA processing conditions. This statement was
further sustained by the fact that all PL spectra shown in Figure 5b were acquired only
45 min after the fabrication of perovskite films via CSA. While this time was rather sufficient
for thinner films (obtained at higher deposition speeds) to dry, it was not long enough for
thicker films obtained at lower CSA deposition speeds to completely dry (the thicker films
could undergo crystallization beyond the 45 min time and could further suffer changes in
their emission properties).

To prove the above hypothesis, we have followed in time the emission of a perovskite
film obtained at a CSA deposition speed of 100 um/s. In Figure 5¢, one can clearly see that
right after the termination of the CSA procedure, the only observable emission peak was
the dominant peak at 798 nm. No spectral changes were recorded in the next 5, 10 and
30 min while the film continued to dry. Nonetheless, important spectral changes appeared
when 60 min had passed after the termination of the CSA procedure. At this point, while
the perovskite film was still drying, the PL spectrum displayed the dominant peak, of
significantly increased intensity, at around 760 nm. The peak located at 798 nm, although it
had also experienced an increase in intensity, had lost its dominance. After another 60 min,
the perovskite film completely dried, and its PL spectrum was dominated by the large
peak located at 760 nm, with only a weak shoulder being visible at 798 nm. A further
waiting beyond 120 min (i.e., 150 and 180 min) did not lead to other spectral changes,



Coatings 2023, 13, 1130

8of 12

clearly indicating that the drying of the film and, thus, the crystallization process were both
completed about 2 h after the termination of the CSA procedure.
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Figure 5. (a) Absorption spectrum of a dried hybrid lead halide CH3NH;3PblI3_Cly perovskite film
deposited by spin coating. (b) PL spectra taken 45 min after the preparation of perovskite films at
17 °C using the CSA method at various deposition speeds (b). PL spectra portraying the evolution
in time of the emission properties of a perovskite film obtained at 17 °C using the CSA method at a
deposition speed of 100 um/s (c). All PL spectra were recorded by using an excitation wavelength of
300 nm.

In summary, the above results indicate that at the beginning, when the crystallization
process was induced during the CSA procedure, the PL properties were dictated by the
precursor nature of the perovskite ink. However, once the crystallization proceeded within
the CSA-cast fresh film, the newly developed perovskite crystals dictated the resulting PL
properties more and more. This statement was further strengthened when comparing the
PL spectrum of a freshly spin-coated perovskite film with the PL spectrum of the same film
after its complete drying (Figure 54 in the Supplementary Materials). In this case too, the
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final PL intensity was higher and centered above 760 nm. Nonetheless, the appearance of
the dominant peak above 760 nm in the PL spectrum of the freshly coated film indicated
that the film was already undergoing crystallization upon the highly dynamic spin coating
process.

4. Conclusions

In this study, we have shown that the CSA technique could be manipulated to reach
low solvent evaporation rate experimental conditions and to produce large 3D cross-like
and needle-like hybrid lead halide CH3NH3Pbl; Cly perovskite crystals. Such crystals
were shown to form only in films fabricated at a rather low CSA deposition speed and using
a low processing temperature of 17 °C. Films produced using a higher CSA deposition
speed and/or higher processing temperatures exhibited a morphology comprised of only
smaller 3D needle-like and quasi-2D rectangular perovskite crystals. Moreover, the obtained
perovskite crystals were shown to emit more light, but at a shorter wavelength, than the
uncrystallized analog material. These results could be further used when developing
various perovskite-based photodetectors, sensors or energy devices such as solar cells,
LEDs or field-effect transistors.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/coatings13061130/s1. Figure S1. SEM micrograph de-
picting a large hybrid lead halide CH3NH3PbI3—xClx perovskite crystals obtained via CSA at 17 °C
and a deposition speed of only 10 pum/s; Figure S2. SEM micrographs depicting hybrid lead halide
perovskite CH3NH3PbI3—xClx films pre-pared at 17 °C by spin-coating (a) and CSA (b,c) at both
high (i.e., 1000 um/s) (b) and low (i.e., 10 pm/s) (c) deposition speeds; Figure S3. SEM micrographs
depicting hybrid lead halide perovskite CH3NH3PbI3—xClx films pre-pared at 30 °C by spin-coating
(a) and CSA (b,c) at both high (i.e., 1000 um/s) (b) and low (i.e., 10 pm/s) (c) deposition speeds;
Figure S4. PL spectra depicting the emission properties of a perovskite film freshly obtained by spin
coating a perovskite solution priorly kept at 17 °C and after its complete drying (i.e., 120 min).
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