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Accepted: 23 March 2026 optoelectronic properties. Nevertheless, their instability under ambient conditions
Published: 8 April 2026 hinders the large-scale adoption of perovskite solar cells. Two-dimensional (2D)
perovskites have been proposed to address the issue of instability, but these
structures display anisotropic optoelectronic properties related to their layered
structure. Moreover, their crystallization pathways are not well understood. Here we
present insight into the crystallization process of 2-phenyethylammonium (PEA™)
Ruddlesden-Popper 2D perovskites with iodide (I7) and bromide (Br~) anions
by performing in situ grazing incidence wide-angle X-ray scattering (GIWAXS)
measurements of thin films with various compositions during their fabrication via
spin-coating and thermal annealing. The GIWAXS data reveals the structure of
coexisting 2D perovskite phases and their orientation with respect to the substrate
for different precursor compositions. The bromide-based compositions exhibited
crystallization already during spin-coating, while iodide-based compositions required
thermal annealing to induce the crystallization process. For the latter ones, additional
polymorphs were found, suggesting the intrinsic differences for compositions with
different halides.
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1. Introduction

Hybrid halide perovskite materials, ABX3 where A is an organic cation (typically methylammonium
(MA*=CH3NH}) or formamidinium (FA*=NH,CHNHY)), B is a metal cation (typically Pb>*) and X is a halide
anion (I7, C1I~ or Br™), have attracted a surge of interest from the scientific community over the last decade [ 6]
due to their outstanding optoelectronic properties, such as high absorption coefficient [7], long charge carrier
diffusion length [8], and low recombination rate [9]. These properties in conjunction with their potential low
cost of fabrication [10] make them a prime active material for the next generation of solar cell devices [11].
Perovskite-based solar cells have made a huge progress in performance from the first reported power conversion
efficiency of 3.8% [7] to the recently reported value of 26.7% [12]. A further advantage of perovskite solar cells is
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their solution-based low temperature processing [13], which enables the use of flexible substrates, opening the
possibility for fabricating wearable electronic devices [14], and using them in tandem solar cells [15].

Despite these achievements, the large-scale adoption of perovskite-based devices is hindered by their instability
under environmental conditions. The exposure to oxygen and water leads to a quick degradation of the perovskite
material [16, 17]. Two-dimensional (2D) perovskites [18—21] are a class of materials designed to combat these
degradation mechanisms [22]. The intercalation of large organic spacer cations into the perovskite lattice results
in the formation of a layered structure consisting of interconnected lead-halide octahedra layers separated by the
organic spacer layers. Depending on the type of organic spacer cation two main classes of 2D perovskite structures
emerge: Ruddlesden—Popper phase (double spacer layer for monofunctional spacers) or Dion—Jacobson phase
(single spacer layer for bifunctional spacers) [23,24]. It has been shown that this type of structure has a greatly
enhanced resistance to humidity [25], due to the hydrophobicity of the bulky spacer cations. The number of stacked
lead-halide octahedra layers defines the so-called dimensionality of the 2D perovskite n, as shown in Figure 1. The
dimensionality n can be controlled by varying the stoichiometric ratio of the precursor components.
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Figure 1. (a) Structure of the PEA™ spacer and illustration of the corresponding Ruddlesden—Popper 2D perovskite
phases with different dimensionalities n. (b) Orientation of the perovskite structures with respect to the substrate.
The dashed lines show the possible propagation direction of the charge carriers: yellow for the horizontal orientation,
green for the vertical orientation. Blue squares with yellow circles represent the lead-halide octahedra (Pblgf
or PbBr‘é_), magenta circles—small organic cations (MA™ or FA™), and cyan circles—the amino groups of the
PEA™ cations. (c¢) Simulated diffraction pattern for PEAsMAPb,I7 (n = 2) 2D perovskite in two orientations:
yellow circles indicate the positions of the diffraction peaks for horizontal orientation and green circles—for vertical
orientation. The size of the circles corresponds to the intensity of the peaks in GIWAXS.

As a consequence of the anisotropic structure causing anisotropic charge transport properties, the orientation
of the 2D perovskites is a crucial aspect for their applications [26]. As shown in Figure 1b, only the structures
with the vertical orientation with respect to the substrate allow the transport of charge carriers between the anode
and cathode of solar cell devices. Previous studies have suggested that the formation of vertically oriented phases
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is linked to nucleation from the liquid-air interface [27]. Still, the crystallization pathways of 2D perovskites are
not well explored. This is further complicated by the fact that the synthesis of a 2D perovskite from a precursor
solution generally results in a distribution of perovskite phases with different dimensionalities and orientations.
Thus, synthesis of a 2D perovskite with a well-defined dimensionality n is extremely challenging [28], if feasible at
all. Controlling the crystal morphology of fabricated perovskite thin films is essential for enabling high performance
devices—a task which relies on a good understanding of their crystallization pathways [29-31].

The present study aims to reveal the formation of 2D perovskite compositions, based on a monofunctional
2-phenyethylammonium (PEA™) spacer cation, often used for passivation of the perovskite surface [32—-34]. We
explore the target dimensionalities 7 = 1 — 3, as well as different small cations (MA™ or FA™), and halides
(Br~orl™).

2. Experiment

Perovskite thin films of different compositions were prepared by spin-coating 40 pL of 0.4 M precursor
solution containing MAI/MABTr or FAI/FABr, PEAI/PEABr and Pbly/PbBrs in two stages (1000 rpm for 10 s
followed by 4000 rpm for 30 s) on plasma-cleaned indium tin oxide (ITO) coated 10 x 10 mm? glass substrate in
nitrogen atmosphere. The precursors had molar ratios corresponding to the target perovskite dimensionality (n = 1,
n = 2 and n = 3) and were dissolved in a mixture of N,N-dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO) with 4:1 volume ratio. The perovskite crystallization was induced by thermal annealing with an infrared
(IR) lamp, during which the temperature was recorded by a pyrometer.

To track the formation of the 2D perovskites from the precursor solutions by in situ GIWAXS, the samples
were fabricated in a custom-built spin-coater [35]. This spin-coater features two Kapton windows for X-rays and
has a specially designed spinning stage, which is compatible with in situ diffraction studies in grazing incidence
geometry [36]. GIWAXS is a non-destructive and surface sensitive technique ideally suited for perovskite thin film
studies [30,31,37-43] as it allows in situ tracking of the formation and degradation of perovskite structures and
the determination of the crystal orientation, crystallographic texture and strain [5,44—46]. The experiment was
performed at the PO8 beamline of the PETRA III synchrotron [47]. The X-ray beam with energy & = 18 keV had
a size 0.1 mm x 0.4 mm (vert. x hor.) and an incidence angle o; = 0.5° to the sample surface. The scattered
intensity was recorded with a 0.1 s exposure time by a Perkin Elmer detector (XRD 1621 CN3 EHS, 2048 x 2048
pixels) positioned at a distance D = 0.77 m (for iodide compositions) or D = 0.712 m (for bromide compositions)
from the sample. Directly after the sample preparation, we performed GIWAXS measurements with varying angle
of incidence «;. Due to the high roughness and absorption of the film, the general trend is that the scattered intensity
increases with the incidence angle. However, the slope is different, which allowed us to get insights into the stacking
order of different phases. In addition we measured diffraction scans in specular reflection geometry to get insights
into the structure in the direction perpendicular to the substrate. The g-range along the vertical axis, probed by the
specular scans, is inaccessible in the GIWAXS geometry due to the so-called missing wedge [45,46].

The Bragg reflections in the GIWAXS data were indexed by simulating the diffraction patterns of expected
2D perovskite structures based on Crystallographic Information Files (CIF) from the 2D perovskite database [48].
This allowed the identification of the existing crystal structures as well as their orientation with respect to the
substrate [49]. The crystallization kinetics of different perovskite phases was evaluated by integrating the intensity
of prominent Bragg peaks as a function of time. For this we selected up to five most prominent peaks belonging to
a certain phase, integrated the intensity of these peaks, normalized the acquired time-dependencies and averaged
the result to obtain an adequate estimate the relative change of the amount of this phase in the sample. Selecting a
larger number of diffraction peaks for this type of analysis did not necessarily lead to a better result, because of the
low signal-to-noise ratio at higher |g| and due to the presence of the missing wedge.

3. Results and Discussion

3.1. Samples with lodide Anion

In the case of samples with iodide anion, the precursor solution crystallizes into perovskite phases only upon
thermal annealing, no crystallization is taking place during the spin-coating process. The observed crystal structures
and their parameters are listed in Table 1. Ex situ GIWAXS data and specular scans recorded for the samples with
iodide anion, indexed with the observed crystal structures, are displayed in Figure 2. The positions and intensity of
the peaks were calculated from the crystallographic data in the CIF files given in Table 1 using the available package
crystals [50] and own code to overlay it with the experimental GIWAXS data.
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Table 1. Crystal structures observed for the samples with iodide anion and their corresponding unit cell parameters.
References to the used CIF files are provided. The unit cell of the FA-based 2D perovskite was obtained based on the
available MA-based CIF file. In the absence of any structural information, we assumed that the c-axis of « and /3
polymorphs is perpendicular to the substrate.

Phase a[A] b[A] c[A] o [deg] 3 [deg] ~ [deg]
PEA,PbI, (n = 1) [51] 8.7389(2) 8.7403(2) 32.9952(6) 84.6460(10) 84.6570(10) 89.6430(10)
« polymorph - - 25.88 - - -
B polymorph - - 21.00 - - -
PEA;MAPD,I; (n = 2) [52]  8.8092(5) 8.168(4) 22.8196(12) 97.072(4)  93.983(4)  90.199(4)
PEA,FAPb,I; (n = 2) 8.8 8.8 22.8 97.1 94.0 90.2
MAPbI; [53] 6.3115(2) 6.3115Q2) 6.3161(2) 90 90 90
FAPbI; [54] 6.3691(2) 6.3691(2) 6.3691(2) 90 90 90
FAPbI;3 J-phase [53] 8.6667(6) 8.6667(6)  7.9077(6) 90 90 120

x n=1 < n=1 polymorph (a)
% MA, n=2 —— n=1 polymorph (B)
x MA, =3 ---- n=2 phase
x FA, A=2 ---- n=3 phase
FA, fi=3 ---- 3D perovskite
— ---- n=1phase ---- Pbl,
3 | E Pl
© P
Pon
LY
i
1.0

Figure 2. GIWAXS data and specular scans of the samples with iodide anion: (a) GIWAXS data for the sample with
7 = 1 target dimensionality, (b) GIWAXS data for the sample with 2 = 2 target dimensionality and MA™ cation,
(¢) GIWAXS data for the sample with 72 = 3 target dimensionality and MA™ cation, (d) specular scans for all the
samples, () GIWAXS data for the sample with 2 = 2 target dimensionality and FA™ cation, (f) GIWAXS data for
the sample with 72 = 3 target dimensionality and FA™ cation. On the GTWAXS data, the horizontally oriented n = 1
phase is marked with red circles (0), the n = 1 a polymorph is marked with orange circles (o), the horizontally
oriented n = 2 phase is marked with blue circles (0), the 3D perovskite phase is marked with yellow circles ()
or with pink circles () for the tilted orientation, the FAPbls d-phase is marked with light green triangles () and
the lead iodide is marked with a violet triangle (A\). The size of the markers is proportional to the intensity of the
corresponding simulated diffraction peaks.
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The sample with i = 1 target dimensionality (Figure 2a) crystallizes predominantly into the n = 1 (PEAsPbly)
Ruddlesden-Popper layered perovskite structure [51]. The (001) plane of the unit cell is oriented parallel to the
substrate, which corresponds to horizontal orientation of the perovskite layers, when the 2D planes formed by
interconnected Pblg octahedra are parallel to the substrate (see Figure 1b,c). The observed Bragg peaks are very
narrow (< 0.01 A~1), suggesting a large size of crystal grains with a high degree of orientational order. We
observe that the peaks exhibit vertical streaking (crystal truncation rod—Iike features) which is often found for 2D
perovskites [45]. The specular scan has two additional pairs of peaks which reveal the existence of two possible
n = 1 polymorphs which we name the o polymorph (having the long axis ¢® = 25.88 A, also visible in the 7 > 1
samples), and the 3 polymorph (having the long axis ¢® = 21.00 A, visible only in the 7 = 1 sample). The length
of the c lattice parameters for both polymorphs is smaller than the corresponding value of the n = 1 phase value
(c = 32.82 A), suggesting a smaller number of PEA™T spacers in the polymorphs, or a different orientation with the
spacer cation more parallel to the substrate. Partial loss of the spacer cation can lead to improved power conversion
efficiency of the perovskite solar cell [55]. Additionally, a surplus of lead iodide (Pbl,) is indicated by the peak at
q- =09 A1 [56].

The left column of panels in Figure 3 shows the intensity evolution of the different phases in the samples with
iodide anion during their annealing. The right column in Figure 3 reveals the dependence of the phase intensity on
the X-ray beam incidence angle, which corresponds to the probing depth inside the resulting film after annealing.
We observe two different crystallization stages (Figure 3a). The first stage (~5 s) is characterized by a sharp
increase in the intensity of the n = 1 perovskite phase, while the second stage is characterized by a much slower
subsequent linear increase of the peak intensity. The Bragg peak intensity of the S polymorph displays a sharp
increase immediately after the start of annealing and reins constant until around ¢ = 200 s, while the Bragg peak
intensity of the o polymorph increases linearly. After ¢ = 200 s, the o polymorph starts converting into the 3
polymorph until the end of annealing, after which the intensity of both polymorphs is increasing again.

For samples incorporating MA or FA (with i = 2 or n = 3 target dimensionality), mixtures of layered phases
can be observed (Figure 2b-f). First, we can clearly distinguish the horizontally oriented n = 1 and n = 2 phases
from the peaks along ¢, (Figure 2d). Second, we also observe peaks corresponding to the 3D perovskite phase.
These peaks are more pronounced for the samples with 7 = 3 target dimensionality, as can be expected based on
the composition.

From the data shown in Figure 3 we can draw the following key conclusions. First, for n = 3 target
dimentionality, the 3D perovskite phase (and FAPbl3 J-phase for FA-based sample) nucleate first and are located
at the top of the film, which means that the crystallization process starts from the film surface. Second, for the
FA-based sample with i = 2 (Figure 3d,i) we do not observe the transformation of the hexagonal §-phase into the
3D perovskite phase FAPbI3 during the annealing, which is typical for the samples without spacer cations [30,57].
Apparently the PEAT spacer stabilizes the 3D perovskite phase which crystallizes directly from the solution. Only at
the lower spacer concentration (7 = 3 sample shown in Figure 3e,j), we find a scenario where part of the precursor
solution crystallizes into the hexagonal J-phase and part of it crystallizes directly into the 3D perovskite phase.

The sample with FA™ cation and 77 = 3 target dimensionality has additional Bragg peaks corresponding to a
different orientation of FAPbI3, which is tilted by an angle 7 = 45° with respect to the normal to the substrate along
the horizontal (100) crystallographic directions. In this sample we also identified the FAPbI; §-phase [58], which is
tilted at an angle 7 = 55° with respect to the normal to the substrate along the horizontal (210) crystallographic
direction. For the FA-based samples, the 3D perovskite phase crystallizes faster than the 2D perovskite phases
(Figure 3d,e), and forms on top of the film (Figure 3i,j), similar to the MA-based samples. Additionally, for the
FA-based sample with 7 = 3, the hexagonal J-phase converts into 3D perovskite phase during the annealing
procedure, while both FA samples show an increase of lead iodide over time which can be attributed to thermal
decomposition of the perovskite phase. The 2D phases in the interior of the film are not involved in this interplay
between the hexagonal d-phase, 3D perovskite and Pbl,, which all coexist at the top of the film.

A very small amount of horizontally oriented n = 3 phase is formed in the MA 72 = 3 sample (visible from
the small peak in the specular scan), but is absent in the FA 7 = 3 sample. The absence of n > 2 phases in the
FA-based samples, is expected due to the structural properties of the composition, which crystallizes into FAPbIg
d-phase instead, as was also observed in other studies [59]. A general trend is that the peaks become broader in
the azimuthal direction when increasing the target dimensionality of the samples 7, which corresponds to a lower
orientational order of the crystal structures.
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Figure 3. (a—e) Intensity evolution of the different crystal phases for samples with iodide anion during the process
of thermal annealing. The normalized intensity of each phase is illustrated by a continuous line. (f—j) Normalized
intensities of the phases present in the sample as a function of the angle of incidence of the beam on the finished
sample after annealing. The critical angle of the 2D perovskite phases is ac,2p ~ 0.095° and the critical angle of

the 3D phases is ac,3p =~ 0.115°.
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3.2. Samples with Bromide Anion

In the case of the samples with bromide anion, the precursor solution starts crystallizing into perovskite phases
already during spin-coating and continues during the thermal annealing, similar to the 3D perovskites with bromide
anion [42]. This behavior is qualitatively different from the samples with iodide anion. GIWAXS data together with
their radially integrated profiles for the samples with bromide anion, indexed with the observed crystal structures,
are displayed in Figure 4. The specular scans were not measured for the bromide samples due to the absence
of polymorphs. The crystal lattice parameters for the bromide-based compositions are summarized in Table 2.
Figure 5 shows the intensity evolution (left column) of the different phases in the samples with bromide anion
during spin-coating (regions before the thick vertical line) and annealing (region after the thick vertical line), as well
as the dependence of the phase intensity on the incidence angle of the beam (right column), which corresponds to
the probing depth inside the film.

Table 2. Crystal structures observed for the samples with bromide anion and their corresponding unit cell parameters.
References to the used CIF files are provided. The unit cell of the n = 2 perovskite phase was determined by authors
from the recorded GIWAXS data.

Phase a[A] b [A] c[A] o [deg] 3 [deg] ~ [deg]
PEA,PbBry (n = 1) [60]  11.6150(4) 11.6275(5) 17.5751(6) 99.5472(12) 105.7245(10) 89.9770(12)
PEA;MAPb,Br; (n = 2) 8.19 8.2 22.82 97.07 93.98 90.2
PEA,FAPb,Br7 (n = 2) 8.2 8.2 229 97.1 94.0 90.2

MAPbBr3 [61] 5.9328(14) 5.9328(14) 5.9328(14) 90 90 90
FAPbBr; [62] 5.9968(7) 5.9968(7) 5.9968(7) 90 90 90

—n=1 ---- n=1 phase
}l —— MA,R=2 ---- n=2 phase
—— MA, =3 ---- 3D perovskite

| [a.u.]

0.2 0.4 0.6 0.8 1.0

lql [A-1]

Figure 4. GIWAXS data and the corresponding radially integrated profiles of the samples with bromide anion:
(a) GIWAXS data for the sample with 7 = 1 target dimensionality, (b) GIWAXS data for the sample with n = 2
target dimensionality and MA™ cation, (¢) GIWAXS data for the sample with 77 = 3 target dimensionality and
MA™ cation, (d) radially integrated profiles for all the samples, (¢) GIWAXS data for the sample with 7 = 2 target
dimensionality and FA™ cation, (f) GTWAXS data for the sample with 72 = 3 target dimensionality and FA™ cation.
On the GIWAXS data, the horizontally oriented n = 1 phase is marked with red circles (0), the horizontally oriented
n = 2 phase is marked with blue circles (0) and the 3D perovskite phase is marked with yellow circles (). The size
of the markers is proportional to the intensity of the corresponding simulated diffraction peaks.
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n=1
n=2
3D perovskite

-- start spinning

end spinning

-- start annealing (150 W)

annealing (85 W)
end annealing

Figure 5. (a—e) Intensity evolution of the different crystal phases for samples with bromide anion during the spinning

and annealing. The normalized intensity of each phase is shown by solid lines. The vertical lines represent different

stages of film fabrication: the black solid line separates the spinning and the annealing measurements, the blue
dashed and dotted lines indicate the start and end of spinning, respectively; the green dashed, dot-dash and dotted
lines indicate the start of annealing (at 150 W of the IR lamp), reducing the power of the annealing IR lamp to 85 W,

and the end of annealing, respectively. (f—j) Normalized intensities of the phases as a function of the X-ray beam

angle of incidence. The critical angle of the 2D perovskite phases is ac,2p ~ 0.095° and the critical angle of the 3D

phases is ac,3p ~ 0.115°.
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The sample with 7 = 1 target dimensionality (Figure 4a) crystallizes into the n = 1 (PEAsPbBry)
Ruddlesden-Popper layered perovskite structure with predominantly horizontal orientation (see Figure 1b). Here, the
Bragg peaks are much broader compared to the 7 = 1 sample with iodide anion, which indicates that the crystalline
grains have a broad distribution of orientations centered around the preferred horizontal orientation. Figure Sa
shows that the n = 1 phase forms already during spin-coating and only a relatively small amount crystallizes
during annealing. A steep increase in intensity immediately after the spinning stops might be caused by a small
displacement of the substrate in vertical direction, which can increase the X-ray footprint on the sample.

For samples incorporating MA or FA (with 7 = 2 or 7 = 3 target dimensionality), we observe the existence of
the n = 1 and n = 2 2D perovskite phases with horizontal orientation and the 3D perovskite phase. In the i = 2
MA-based composition and in both FA-based samples, the intensity of the Bragg peaks suggests a larger amount
of n = 1 phase compared to n = 2 phase in these samples. Conversely, in the n = 2 MA-based composition, the
majority phase is n = 2 instead of n = 1. The 3D perovskite phase (MAPbBr3; or FAPbBr3, depending on the
composition) is present in all the 1 > 1 samples, similar to the iodide samples. Also, similar to the samples with
iodide anion, the broadening of the peaks signifies more random orientation of the crystal structure when increasing
the target dimensionality 7.

The intensity evolution of the distinct crystal phases in the bromide samples (Figure 5, left column) is more
complex compared to the iodide samples, but some general trends can still be observed. The 2D phase with n = 1
tends to form predominately during spin-coating and further crystallizes during annealing, as it can be seen for the
7o = 3 MA composition and all FA compositions. On the other hand, while the 3D perovskite phase starts forming
during spin-coating, it crystallizes mostly during annealing, which is especially apparent for the FA samples.

While for the iodide samples the 3D phase tends to form predominantly on the top of the film and the 2D
phases towards the bottom, this trend is inverted for the bromide samples. Here the 2D phases tend to form close to
the surface of the film while the 3D phase tends to form closer to the substrate (Figure 5, right column).

These results can be attributed to the intrinsic differences in the chemical and physical properties of the iodide
and bromide ions, which affect the crystallization process of the different phases in perovskite films. For the
iodide-based samples, the crystallization takes place during annealing and it starts from the top, since the substrate
is also heated from the top by an IR lamp. In this process, the 3D perovskite phase is predominantly formed on the
top of the film, while 2D phases are formed below. For the bromide-based samples, the crystallization of the 2D
phases starts already during spin-coating.

4. Conclusions

In this study, we investigated the crystallization process of 2D perovskite thin films with 2-phenyethylammonium
(PEA™) spacer cation upon spin-coating and thermal annealing from precursor solutions with various compositions
(iodide or bromide anion, MA™' or FA* small organic cation and 7i = 1, 2 or 3 target dimensionality). Using
the GIWAXS data, we determined the unit cell parameters for several n = 2 phases of 2D perovskites, namely,
PEA3FAPb;I;7, PEA;FAPbyBr; and PEAoMAPDBry.

The thin films displayed a mixture of coexisting phases depending on the employed precursor composition.
The visual summary of the different phases in the final samples is given in Figure 6. Generally, the higher the target
dimensionality, the higher the degree of orientational disorder of the obtained crystal structures.

The resulting horizontally oriented 2D perovskite phases are located on top of the 3D perovskite phase for
three out of the four 77 > 1 bromide-based samples. This stacking order is preferable for the applications in solar
cells, since the 2D perovskite can then potentially protect the 3D perovskite from environmental degradation factors.

We also determined that the choice of anion plays a crucial role in terms of the perovskite crystallization
pathways. For the iodide anion, the perovskite structures crystallize only during annealing. In contrast, when the
bromide anion is used, the perovskite structures start crystallizing already during spin-coating and further crystallize
during annealing. For the bromide samples, the crystallization pathways are also more complex, revealing the
mutual conversion between the perovskite phases during the crystallization process. Also bromide-based samples
exhibit significantly less polymorphism compared to the iodide-based samples.

For the iodide samples, we observed the general trend that the structures which are distributed towards the
top surface of the film also crystallize faster. This indicates that the crystallization process starts from the film
surface, which might be caused by heating the samples with an IR lamp from the top during the annealing. It is
important that the 3D perovskite phase (and §-phase) crystallize before the 2D phases which means that they are
more energetically favorable. This may prevent the formation of higher n = 3 phases which would happen at higher
annealing temperatures.

https://doi.org/10.53941/matsus.2026.100004 9 of 13


https://doi.org/10.53941/matsus.2026.100004

Munteanu et al. Mater. Sus. 2026, 2(2), 4

lodide-based Bromide-based

)

S
I
U=y

K Methylammonium-based \

3D:pero.

Figure 6. Visual summary of the crystalline phases coexisting in thin films: 2D perovskites with n = 1,2, 3, 3D
perovskites, d-phase of FAPbI3, Pbl, and a- and [3-polymorphs. Each schematic represents the phases observed in
the sample and the proposed stacking order and the predominant orientation of the phases (importantly, the horizontal
orientation of the 2D phases).

In conclusion, the X-ray in situ investigations provide important insight into the formation mechanisms of
two-dimensional halide perovskites during spin-coating. The crystallization pathways are strongly governed by
the chemical composition, including the choice of A-site cation and halide anion. While we focused here on
2D phases formed with PEA™ cation, there is a large number of other organic spacers that could be used to
fabricate a 2D perovskite phase with desired structure and photovoltaic properties. A deeper understanding of
crystallization scenarios, enabled by in situ methodologies, provides a pathway toward the rational design of robust
high-performance optoelectronic devices based on 2D perovskites.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/260408134 1
561239/MatSus-26020066-SI-FC.pdf. Figure S1: Colormaps of I(g,t) for the In-situ GIWAXS patterns from
the samples with different cations (MA™ or FA™) and target dimensionalities 7 = 1,2, 3. Left column shows
annealing of the iodide-based samples and right column shows spinning and annealing of the bromide-based samples.
Figure S2: Ex-situ GIWAXS patterns from the samples with iodide anion with different cations (MA™ or FA™) and
target dimensionalities 7 = 1, 2, 3. Left column shows data measured at the incidence angle a;;,, = 0.1° and right
column at «;,, = 0.2°. Figure S3: Ex-situ GIWAXS patterns from the samples with bromide anion with different
cations (MA™ or FA™) and target dimensionalities 7 = 1,2, 3. Left column shows data measured at the incidence
angle «;, = 0.1° and right column at «;,, = 0.2°.
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