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Abstract

Rapid progress on the fabrication of lead halide perovskite has led to the development
of high performance optoelectronic devices, particularly in the field of solar cell technolo-
gies. This initial success has subsequently inspired investigations into layered 2D-halide
perovskite structures, motivated in part by their good environmental stability, but more
significantly by their intriguing fundamental photo-physics. They have recently been used
to improve the photoresponsivity of monolayer transition metal dichalcogenides in hybrid
heterostructures. In this paper, we report on the synthesis of the (PEA)2(MA)n−1PbnI3n+1

series (with n = 1, 2, 3) of 2D-halide perovskites, in order to develop a platform that provides
ultra-thin layers for the fabrication of hybrid heterostructures. The crystal synthesis method
and its basic structural and optical characterization are shown, highlighting the differences
in the crystal synthesis processes. Furthermore, we explore the preparation of 2D halide
perovskite ultra-thin flakes using the mechanical exfoliation method, and few-layer-areas
of n = 1 member of the series are identified using atomic force microscopy. Finally, we study
the deposition of thin and ultra-thin films using the spin coating technique to provide an
alternative process to the exfoliation.

Keywords: halide perovskite; single crystals; 2D materials; thin films

1. Introduction
Hybrid halide perovskites are an increasingly investigated set of semiconductors

that are very attractive and fascinating, owing to their outstanding optical and electronic
properties. This semiconductor class has a direct bandgap with a high optical absorption
coefficient [1] and a long charge carrier lifetime [2]. The main uses of hybrid halide
perovskites are in solar cells [3], but there is an increasing interest in their application in
other electronic and optoelectronic devices, such as thin-film transistors [4], memristors [5],
phototransistors and photodetectors [6], light emitting diodes [7], and lasing [8].

These materials are “hybrid” in the sense of the contemporary presence of organic
and inorganic elements in their chemical composition, and are categorized in two families
called 2D (or quasi-2D) and 3D perovskites. The 3D hybrid perovskites are characterized
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by a pseudo-cubic structure with the formula ABX3 where A is a small organic cation that
can be either methylammonium (MA) or formamidinium (FA), B is an inorganic cation
(mainly lead or tin), and X is a halogen atom, all connected by covalent and ionic bonds.
The best known example of this family is the MAPI compound (methylammonium lead
iodide, formula (CH3NH3)PbI3), which demonstrated astonishing performances when
employed in photovoltaic devices [9]. The structure of 2D and quasi-2D hybrid halide
perovskites (2D-PVKs) differs significantly from their 3D counterparts due to the presence
of an organic cation layer, which cuts through the perovskite structure and provides a
layered-sheet-like arrangement (see the sketch in Figure 1). The general formula changes
to (R−NH3)2(A)n−1BnX3n−1, where R is an organic radical and n indexes the thickness of
the perovskite layers sandwiched between two organic layers. This forms a Ruddlesden–
Popper-like phase [10], where the 3D structure can be seen as the limit of the series with
the n-index, which tends to infinity.

Figure 1. Sketch of the 2D-PVK Ruddlesden–Popper series structure after increasing the n index from
1 to 3, in comparison with the 3D-PVKs structure.

Charge transport and optoelectronic properties in 2D-PVKs are confined within the in-
organic layers. However, the organic radicals R (typically butylammonium BA or phenethy-
lammonium PEA) are bonded via van der Waals interactions, giving rise, in one direction,
to a stack of multiple layers with reduced interlayer interactions that enable exfoliation of
ultra-thin layers. Therefore, 2D-PVKs could also be classified as “2D-materials”. Unlike
commonly used organic spacers such as butylammonium (BA) or octylammonium (OA),
phenethylammonium (PEA) offers advantages such as well-defined layer spacing, stronger
framework stabilization, and reduced structural disorder via π–π interactions, as well as en-
hanced dielectric and quantum confinement due to the more polarizable aromatic structure
and higher dielectric constant compared with the long-chain aliphatic spacers. On the other
hand, the π–π interactions introduced by the choice of PEA could make the mechanical
exfoliation process of the crystals more complex. Due to the hydrophobic barrier formed
by the organic cation layers encapsulating the inorganic layers, 2D-PVKs exhibit better
moisture stability under ambient conditions with respect to 3D perovskites. Furthermore,
the intercalated organic–inorganic layers form a natural multi-quantum-well structure with
dielectric confinement [11]. They show very high oscillator strength and remarkably large
(~500 meV) binding energies (in particular for lead-based compounds [12]), long lifetime,
and long diffusion length of the exciton [13]. These optoelectronic properties are tunable
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by adjusting the number of perovskite inorganic layers (n in the formula), and increasing n
(more stacking) leads to properties closer to that of the corresponding 3D-phase.

In recent years, there has been considerable interest in 2D-PVKs as promising materials
in low-cost, high-performance optoelectronic devices [14], and a wide range of controllable
process are available to lay down single crystals [15,16] as well as thin film fabrication
methods such as spin coating [17], blade coating [18], co-evaporation in vacuum [19,20],
and single source thermal ablation [21]. It has also been demonstrated that these van der
Waals crystals can be exfoliated to produce atomically thin, large, stable, and homogeneous
sheets with interesting optical properties [22,23]. Besides the intrinsic interest in these
novel 2D systems, they represent a unique new building block for the construction of
hetero-structured systems [24] due to the possibility of modulating their optoelectronic
properties with chemical substitution in the halogen site, the metal, the A cation site, and
the organic amine [10,25].

Recently, several studies on heterostructures composed with 2D-PVKs and transition-
metal dichalcogenides (TMDs) have been reported, showing excellent interlayer exciton
formation [26], enhancement of photoluminescent emission [27], and photodetection [28,29].
These van der Waals structures show type II level alignment [23,30] with electron hole
separation. The application of 2D-PVK based photodetectors is limited to the visible region
of the light spectra because of their large bandgap, while the combination of a few layers of
2D-PVKs and monolayers of TMDs can lead to the formation of an interlayer gap lower
than 1 eV, and, consequently, to efficient near-infrared detection.

In this framework, the object of this work consisted of the realization of an ultra-
thin layer of 2D-PVKs with raw formula (PEA)2(MA)n−1PbnI3n+1 (with n = 1, 2, 3,
PEA = C6H5C2H4NH3 and MA = CH3NH3) in preparation for staking with TMDs mono-
layers to form hybrid heterostructures via mechanical exfoliation of single crystals, and,
as an alternative approach, we investigate the feasibility of producing ultra-thin films
through the spin coating technique. In this work, our approach was to provide a reliable
source of ultra-thin layers via mechanical exfoliation or spin coating, suitable for the re-
alization of hybrid heterostructures with improved interfacial properties. For this task,
the bulk contribution must be reduced to avoid interposing and/or interfering with the
interfacial state.

Although the mechanical exfoliation process is very effective and cheap, it requires
a supply of large, pure crystals, and process scalability and reproducibility are required.
The study of crystal growth is mandatory to accomplish the fabrication task of hybrid
heterostructures using mechanical exfoliation and the mechanical transfer method, as
already widely experienced with TMD semiconductors.

On the other hand, the synthesis of 2D-PVKs single crystals with n > 1 is a challenging
task for several reasons. Controlling the crystallization phase requires careful consideration
of multiple parameters, including crystallization kinetics (organic and inorganic layers
exhibit different growth rates), solubility and chemical interactions (large cations, R–NH3,
have limited solubility and interact less favorably with PbI2 compared to smaller cations,
A, leading to segregation), and thermodynamic stability (low-n phases are less stable with
respect to the n = 1 and the three-dimensional (n → ∞) phases, which complicates both
synthesis and long-term preservation).

Furthermore, the study and understanding of crystallization processes are funda-
mental to better understanding the processes of thin film formation with solution-based
techniques such as spin coating.
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2. Crystal Growth and Characterization
2.1. Starting Materials

The precursors of the crystals that were used are: phenetylammonium iodide, (PEAI)
lead iodide (PbI2), and methylammonium iodide (CH3NH3I) salts (MAI), all provided by
Merck (eu), and lead(II) oxide (PbO), bought from Carlo Erba (it). These reagents were
used without further purification. The solvents that were used are: hydriodic acid (HI
(55–58%)) purchased from Alfa Aesar (uk), ethylene glycol, and diethyl ether from Merck.

2.2. Synthesis

In this work, we focus on the synthesis of single crystals in the member with n = 1,
2, 3 of the lead-based hybrid halide perovskites family, i.e., (PEA)2PbI4, (PEA)2(MA)Pb2I7

and (PEA)2(MA)2Pb3I10, abbreviated as PEPI-1, PEPI-2, and PEPI-3, respectively The
crystallization procedures for all the compounds are detailed below and illustrated in the
summary diagram of Figure 2.

Figure 2. Summary diagram of the crystallization procedures followed for the compounds PEPI-1 (a),
PEPI-2 (b), and PEPI-3 (c) (from top to bottom). From left to right, we summarize the synthesis
method, the precursor molar ratio (within the arrows), the crystallization parameters (Tdis is the
dissolution temperature), a photograph of the collecting crystals, and the sketch of the crystal structure
oriented along the c-axis with the estimated thickness of the relative monolayers.

PEPI-1: The n = 1 member of the series was synthesized via a temperature-lowering
method. The reagents were dissolved in ethylene glycol in a vial, according to the stoi-
chiometric ratio (in PEPI-1 compound, PbI2 and PEAI are in 1:2 molar ratio). The vial was
heated up to T = 120 ◦C on a hot stirring plate until total dissolution. Subsequently, a slow
cooling was carried out in the oven with a gradient of 1 ◦C/h until room temperature was
reached. At the end, the solution was filtered, and the crystals were recovered and washed
with diethyl ether. Orange platelet-shape crystals are obtained (see Figure 2a) with a size in
the scale of millimeters and a yield of around 90%.

PEPI-2: we synthesize n = 2 member of the series using a slightly modified procedure
previously reported in the literature [31], which consists of a temperature lowering method
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with a very slow cooling ramp. The precursors are PbO, MAI and PEAI. The molar ratio
between them is 10:24:1. This does not follow the stoichiometry of the crystal, which
should be 3:2:2. A total of 0.33 mmol of PbO, 0.80 mmol of MAI, and 0.033 mmol of PEAI
are dissolved in the HI solution (55–58% w/w) at 90 ◦C until total dissolution. The set
temperature on the hot stirring plate decreases with a faster cooling ramp of 0.5 ◦C/min
until room temperature is reached, then the vial is put aside to make the crystal grow. Many
crystals of a few hundred microns were obtained with a dark-red color (see Figure 2b). The
total mass is 0.020 g with a yield of 62%.

PEPI-3: the n = 2 member of the series was synthesized following a protocol similar
to that employed for PEPI-2, as discussed above. The basic differences are related to the
increase by a ratio of five times the mass of the precursors and by a change of 1 ◦C/h in the
cooling ramp in the oven. After five days, with the oven at room temperature, the vial was
checked, and no crystal was formed yet. Then, the walls of the vial were touched slightly
to create sites of nucleation. After five hours, the growth of dark grey flakes was observed
(see Figure 2c), which were finally recovered with the usual washing step. A total of 20 mg
of crystals were obtained, with a yield of 9.2%.

2.3. X-Ray Characterization

Single crystals were characterized by X-ray diffraction (XRD) in Brag–Brentano config-
uration to check the crystal structure and the presence of spurious phases. In the case of the
PEPI-1 compound, we performed the analysis on a single crystal because the crystal size
is greater than the x-ray beam spot (Ø 2 mm). Conversely, in the cases of the PEPI-2 and
PEPI-3 compounds, the crystals obtained in each crystallization were casually dispersed
on a glass support covered with a thin layer of grease (Apiezon M, M&I Materials Ltd.,
Manchester, UK), working as a glow, and then placed directly under the X-ray beam.

PEPI-1: the XRD spectra of a single crystal are plotted in Figure 3a. One peak at
5.29◦ is measured with its replicas corresponding to the (0 0 2ℓ) planes diffraction peaks,
because the c-axis of the crystal is perpendicular to the substrate. This is an indication of the
formation of the PEPI-1 phase, as reported in [31]. This corresponds to a c-axis spacing of
about 3.274 ± 0.001 nm, close to the value reported in the literature on single crystals [32],
and, consequently, to a nominal value of a monolayer thickness of 1.64 nm (see sketch in
Figure 2). No peaks related to the reagent phases were observed.

PEPI-2: from the XRD spectra reported in Figure 3b, we observe the diffraction peaks
related to the (0 0 2ℓ) planes. All the crystals, formed with a sheet-like shape, tend to land
on the glass support with the c-axis perpendicular to the support surface (see sketch in
Figure 2). As also discussed in [31], this indicates the presence of a crystalline PEPI-2 with
intense peaks. We observe a peak at 3.93◦ that is characteristic of the PEPI-2 compound.
This corresponds to a c-axis of about 4.506 ± 0.008 nm and to a monolayer of about 2.25 nm.
Although no trace of PEPI-1 and PEPI-3 was visible, we observe a spurious peak at 14.10◦,
indicating the presence of MAPI crystals in the collection [33].

PEPI-3: Figure 3c shows the XRD spectra with a peak at 3.11◦ and its replicas, consis-
tent with a c-axis of approximatively 5.716 ± 0.016 nm and to a monolayer of 2.86 nm. No
peak of PEPI-1, PEPI-2, or MAPI was found.

As a whole, the reported values of the c-axis for the three compounds are consistent with
the results discussed in [31], and it is possible to calculate an increase of approximately 0.61 nm
in the monolayer thickness for each increment in the n index of the compound structure.

It is worth noting that the gradient of the temperature significantly affects the com-
position of the crystals. Indeed, during the synthesis of PEPI-2 and PEPI-3, the cooling
ramp was the only different parameter, while the stoichiometric ratio and the dissolving
temperature were kept fixed.
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Figure 3. X-ray diffractogram of PEPI-1 (a), PEPI-2 (b), and PEPI-3 (c). All the spectra were acquired
with a Rigaku diffractometer using a Cu Kα1 (λ = 1.5406 Å) source, a step size of 0.01◦, and a speed
of 0.5 s/step. The acronym MAPI indicates the phase of the (CH3NH3)PbI3 compound.

2.4. Optical Characterization

To correlate structure and composition with the steady-state optical response of the
PEPI-1, PEPI-2, and PEPI-3 single crystals, photoluminescence (PL) spectroscopy mea-
surements were performed using a scanning confocal optical microscope operating in
epi-illumination configuration [34]. In Figure 4a, a portion of the optical micro-PL setup
used for the measurements is shown, outlining the excitation and collection geometry. The
excitation source was a 450 nm continuous-wave laser (NPL45B, Thorlabs, Newton, NJ,
USA), whose collimated output was focused onto the sample through a 10× microscope
objective (numerical aperture 0.25). This objective was selected as an optimal compromise
between spatial resolution, estimated to be approximately 1 micron, and the long working
distance required by the thickness of the investigated crystals.

The backscattered PL signal emitted from the sample was collected by the same
objective and directed to the detection arm of the setup. The emission was filtered using two
high-quality long-pass filters to efficiently suppress the excitation light and then coupled
into a 100 µm-core optical fiber, which also acted as a confocal pinhole to ensure spatial
selectivity. The collected light was analysed by a 320 mm focal-length spectrometer (iHR320,
Horiba, Kyoto, Japan) equipped with a thermoelectrically cooled, back-illuminated CCD
detector. The excitation power was maintained below 1 mW at the sample plane to prevent
any photoinduced degradation or local heating effects.

The PL spectra of the three phases of Ruddlesden–Popper (RP) perovskite crystals are
displayed in Figure 4b. The data reveal a clear evolution of the emission energy with the
number of inorganic layers (n), showing well-defined peaks at 531.1 ± 0.2 nm (PEPI-1),
579.3 ± 0.4 nm (PEPI-2), and 625.3 ± 0.4 nm (PEPI-3); the error was estimated from a
statistic made on various spectra acquired at different positions. These values correspond
to emission energies of approximately 2.33, 2.14, and 1.98 eV, respectively, consistent with
the expected reduction of quantum and dielectric confinement as n increases [35,36].
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Figure 4. (a) Detail of the confocal micro-PL setup, operating in epi-illumination mode, illustrating the
excitation and collection of optical paths. (b) Photoluminescence (PL) spectra of Ruddlesden–Popper
perovskite crystals with different numbers of inorganic layers (n = 1, 2, 3), showing distinct excitonic
emission peaks at 2.33, 2.14, and 1.98 eV as reported in the inset graph. (c–e) Optical micrographs of
representative PEPI-1, PEPI-2, and PEPI-3 crystals, respectively, each marked with the location of the
PL collection area (yellow circles) with a diameter of about 1 µm.

Panels (c), (d), and (e) in Figure 4 present optical micrographs of the investigated
regions of PEPI-1, PEPI-2, and PEPI-3 crystals, respectively, each marked with the specific
area from which the PL signal was collected, highlighting the spatial selectivity and repro-
ducibility of the measurements. We verified that all PL measurements were performed
in the linear excitation regime, where the emitted PL intensity scales proportionally with
excitation power, and the spectral shape and peak position remain unchanged, ensuring
that the reported spectra reflect the intrinsic emission of the crystals; i.e., they are not
affected by saturation or heating effects.

The structural (XRD) characterization, together with the expected PL redshift from
n = 1 to n = 3 due to reduced quantum confinement, confirms the successful fabrication of
well-defined RP phases. We also have acquired and compared spectra at multiple positions
across each single crystal or analysed flakes. All spectra exhibit the same peak position
and line shape, confirming the homogeneity of the films. A detailed investigation of the
emission dynamics, however, requires time-resolved PL measurements that are beyond
the scope of this fabrication-focused study and will be addressed in future work. Our
measurements enable localized excitation and spatially resolved analysis of single-crystal
regions. Within the spatial resolution of our setup, the PL spectra exhibit sharp, intense
peaks and minimal inhomogeneous broadening, confirming the high optical quality and
phase purity of the synthesized perovskite domains.

Spatially resolved spectra of the PEPI-2 phase show the occasional occurrence of a weak
additional emission feature around 730 nm (see Figure S1 in Supplementary Materials),
which is likely associated with the formation of residual inclusions or intercalated regions
on the crystal surface. Typically, the emission of MAPI occurs at around 775 nm, while an
emission at 730 nm can be associated with a higher member of the RP series [36,37]. This is
not associated with what was observed in the XRD analysis of the PEPI-2 crystal collection
(see Figure 3b), which is related to the presence of bulk MAPI crystals intermingled with
those of PEPI-2. In contrast, for the samples of PEPI-1 and PEPI-3, spatially resolved
spectra do not show significant variations from the representative PL spectra reported in
the literature, indicating excellent uniformity and structural homogeneity across the probed
crystal areas.
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3. Exfoliated Flakes and Ultra-Thin Films
The second part of this work focused on the fabrication of ultra-thin 2D-PVKs lay-

ers suitable for integration into heterostructures. We tested two different approaches:
mechanical exfoliation of single crystals and spin coating technique.

3.1. Mechanically Exfoliated Flakes

This approach allows van der Waals 2D materials to be prepared in ultra-thin single
crystal flakes (in the order of a monolayer or a few layers). This technique offers the key ad-
vantage of producing high-quality samples in terms of both crystalline quality and surface
homogeneity. These features have been crucial for fundamental research and have led to
the discovery of new phenomena, as well as, from technological point of view, giving the
possibility of easily fabricating testing field-effect transistors and photodetectors demon-
strating the practical applications of 2D materials in electronics and optoelectronics [24].
Therefore, we apply a mechanical exfoliation method to the 2D-PVK crystals to avoid
flakes composed of just few crystalline layers. In this context, the fabrication of monolayers
for optoelectronic applications is a mandatory requirement for TMDs, as they exhibit a
direct band gap only when reduced to molecular thickness [38], whereas this constraint is
less stringent for 2D-PVKs. Unlike TMDs, indeed, 2D-PVK semiconductors are direct-gap
materials independent of the crystal thickness, and the nature and magnitude of the energy
gap do not vary with it.

Few-layer thin flakes were peeled off from a PEPI-1 crystal platelet 11 × 3 mm2 in size,
as synthesized (see Figure 5a), using a Scotch tape micromechanical cleavage technique.
The crystals were attached to a glass substrate with double-sided tape and then exfoliated
using the tip of a blade to pry the crystal edge, and transferred onto a 200 nm SiO2 layer
covering a heavily doped Si substrate. An AFM image of a triangular flake 5 × 5 µm2

in size is reported in Figure 5b. In this case, we measure along a profile of a thickness of
8.3 ± 0.5 nm. Assuming, as reported in [31,39] and confirmed by the XRD analysis, that the
height of a monolayer is about 1.64 nm, the thickness value would correspond to a sample
five layers thick. In the case of PEPI-2 and PEPI-3, on the other hand, the exfoliation via
the Scotch tape cleaving process was found to produce very small flakes (one hundred
nanometers) which proved to be unusable for our purposes, e.g., to create phototransistors.

Figure 5. (a) Photograph of a PEPI-1 crystal on graph paper (minimum distance between line marks
is 1 mm) used for the exfoliation process; (b) AFM image acquired by XE-100 from Park System in
true non-contact mode using a ppp-NCHR tip by NanosensorsTM (Neuchatel, Switzerland). The
green dotted line is a guide for the eyes indicating the flake under consideration. (c) In the bottom
part of the image, the data of a profile corresponding to the white line on the AFM image is plotted.
On the right is positioned a color gradient bar as a reference for the heights.
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3.2. Spin Coating Thin and Ultra-Thin Films

The deposition of thin films using the spin coating technique was tested parallel to the
flake exfoliation study.

To realize PEPI-1 polycrystalline thin films, we dissolved precursor salts in stoichio-
metric ratio (PbI2:PEAI = 1:2) in N,N-dimethylformamide (DMF) solvent by Merck, and
stirred them at room temperature for 10 min. A volume of 20 µL of the resulting solution
was taken using a Gilson pipette and was spread by a spin coater (model Laurell WS-650L,
Laurell Technologies Corporation, Lansdale, PA, USA) on n-type highly doped silicon
substrates (thickness of 500 µm) terminated with 200-nm-thick thermally-growth silicon
dioxide (SiO2). We varied the deposition parameters (solution molar concentration and
spinning speed) to optimize the quality of the crystal phase and surface morphology, and
to control the film thickness. We changed the concentration from 0.05 M to 1.5 M and
the spinning speed from 2000 to 6000 rpm, while acceleration and spinning time were
fixed at 1500 rad/s2 and 60 s, respectively. No significant effect on film formation was
observed by changing the spinning speed, which was finally set at 3000 rpm. After the
coating procedure, all the samples were annealed at 100 ◦C for 10 min on a hot plate to
improve the solvent desorption, increase the island dimension, and improve the structural
order as discussed in [40], and were stored in nitrogen atmosphere to prevent degradation.
To validate this procedure, in Figure 6a the XRD spectra of films deposited in the same
conditions but with and without the post-annealing process are plotted. The XRD spectra
show narrow and sharp peaks, which are a signature of high-quality perovskite films.
Otherwise, in the as-grown films, we observed the presence of unreacted PEAI phase that
disappears after the post-deposition annealing procedure. This effect was also visible in
the absorption measurement reported in Figure 6b. The peak at 365 nm is typical of the
formation of PbI−4 [41,42] and is probably due to the presence of unreacted PEAI, an effect
that strongly decreases after the annealing process.

Figure 6. (a) XRD and (b) optical absorption spectra of an as-grown (C6H5C2H4)2PbI4 (PEPI-1) film
(red lines) and of the same film after the annealing process (black curves). Optical spectra were
acquired with a Jasco V-730 spectrophotometer (JASCO Corporation, Tokyo, Japan) in transmittance
mode (except in this case, the measurements were performed on films prepared on a glass substrate).

We tried to achieve films for PEPI-2 and PEPI-3 compounds with a similar procedure.
In all our attempts, starting from stoichiometric or non-stoichiometric molar ratios and/or
using hot or cold solutions, pure-phase films could not be obtained. Films with multiple
phases and with MAPI formed as observed in XRD. The absorption spectra are in Figure S2
in Supplementary Materials. As suggested by the crystal synthesis process, the transition
from PEPI-2 to PEPI-3 formation is simply influenced by the cooling temperature gradient
of the solution. Therefore, in our spin coating process, we tried heating the stoichiometric
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and un-stoichiometric solution at 100 ◦C, but the process was too fast, and, above all, the
concentration changed quickly during the process (lasting a few seconds). This inevitably
led to the formation of all the phases. In this case, the post-annealing procedure did not
provide positive feedback on the correct formation of the phase.

Atomic force microscopy (AFM) was used to characterize the morphology of the
deposited films (see Figure 7a–d) and to estimate their thickness. In this way, we analysed
the relation between the film thickness and the molar concentration used in the precursor
solution, obtaining a linear relation (shown in Figure S3 in Supplementary Materials) with
a slope of 0.75 µm/M. AFM images show compact and homogeneous coatings with the
formation of cracks when the film thickness exceeds 80 nm. In all the films, we observed
the presence of lamellar crystallites, which became increasingly sparse and smaller as the
film thickness decreased. For the thinner film (around 12 nm), the surface appeared to be
formed of small connected islands of a diameter of about a few hundred nm. Below this
thickness, discontinuous films were obtained.

Figure 7. AFM images of PEPI-1 films acquired via XE-100 Park system in true non-contact mode
using a ppp-NCHR tip by NanosensorsTM. Images are described as films with different thicknesses:
400 nm (a), 90 nm (b), 40 nm (c), and 12 nm (d).

4. Conclusions
In this work, we investigated the crystal growth of Ruddlesden–Popper lead halide

perovskite series (PEA)2(MA)n−1PbnI3n+1 (n = 1, 2, 3) with the aim of establishing a reliable
platform for the realization of phototransistors based on hybrid heterostructures. Good
quality crystals were obtained by slow or fast cooling solution methods, as confirmed by
X-ray diffraction and confocal micro-photoluminescence analysis. We tested Scotch tape
micromechanical cleavage methods and the spin coating technique for realizing ultra-thin
layers for hybrid heterostructures, which require large ultra-thin flakes or ultra-thin films.

PEPI-1 crystals were successfully used to obtain few-layer thick flakes by applying
the mechanical exfoliation technique, while spin coating was used to achieve thin and
ultra-thin films, controlling thickness and morphology. The creation of thin films of PEPI-2
and PEPI-3 compounds remains a challenging task because, as suggested by the crystal
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synthesis process, the transition from PEPI-2 to PEPI-3 formation is simply influenced by
the cooling temperature gradient of the solution.

Mechanical exfoliation has proven to be the best way to achieve ultra-thin samples.
Alternatively, vapor phase processes (PVD or CVD) could be a more versatile dry method
for thin and ultra-thin film deposition. As a wet method, spin coating is an easy and
well-established method, but for compounds with n > 1, it could be useful to focus on other
techniques such as blade coating or micro-molding.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst15121024/s1, Figure S1: Photoluminescence (PL) emission
spectra of Ruddlesden–Popper perovskite crystals with n = 2 with the presence of an emission
peak at 730 nm maybe related to a High Member Ruddlesden–Popper (HM-RP). The red line is
reference for the emission wavelength of MAPI; Figure S2: XRD (a,b) and absorption spectra (c) of
films deposited by spin coating on glass substrates using a solution in DMF (0.2 mol/L) obtained
dissolving the salts PbI2: CH3NH3I: C8H9NH3I in a stoichiometric ratio of 3:2:2 to obtain n = 3
e.g., (C6H5C2H4)2(CH3NH3)2Pb3I10). In (a) we used to heating the solution at 100◦ and applying
post-annealing procedure. In (b) we used only post-annealing procedure. For all the films, we use
the following spin coating parameters: spin speet 3000 rpm, spin time 60 s, acceleration 1500 rad/s2;
Figure S3: Graph of the film thickness of PEPI-1 measured by AFM at different molar concentration.
A linear behavior is observed; the red line is a linear fit of the data, fit parameters table is reported in
the inset.
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