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ABSTRACT: At present, the power conversion efficiency of single-junction
perovskite-based solar cells reaches over 26%. The further efficiency increase of
perovskite-based optoelectronic devices is limited mainly by defects, causing the
nonradiative recombination of charge carriers. To improve efficiency and ensure
reproducible fabrication of high-quality layers, it is crucial to understand the
perovskite nucleation and growth mechanism along with associated process control
to reduce the defect density. In this study, we investigate the growth kinetics of a
promising narrow bandgap perovskite, formamidinium methylammonium lead
iodide (FAMAPbI3), for high-performance single-junction solar cells. The temporal
evolution of structural and optoelectronic properties during FAMAPbI3 vacuum
codeposition was inspected in real time by grazing-incidence wide-angle X-ray
scattering and photoluminescence. Such a combination of analytical techniques
unravels the evolution of intrinsic defect density and layer morphology correlated
with lattice strain from the early stages of the perovskite deposition.
KEYWORDS: lead-halide perovskites, vacuum deposition, in situ characterization, defects, intrinsic stress

■ INTRODUCTION
Metal halide perovskites have gained significant attention as a
promising material in optoelectronic technology.1−5 In the
field of solar cells, they are perceived as competitive with or
complementary to silicon-based thin films mainly due to the
prospect of high power conversion efficiency, currently
reaching ∼26%.6 Moreover, the feasibility of band gap tuning
extends the utilization of metal halide perovskites to multi-
junction solar cells.7,8

Formamidinium lead iodide (FAPbI3) is considered the
most promising material for high-performance perovskite solar
cells because of the ideal band gap9,10 and good thermal
stability.11,12 However, postannealing above 130 °C is required
to achieve the photoactive (cubic) α-phase.13−15 Moreover,
FAPbI3 undergoes a spontaneous back transition from the α-
phase to the nonperovskite photoinactive δ-phase at room
temperature.16,17 Various approaches have been suggested to
suppress the formation of the δ-phase and stabilize the α-
phase, especially for solution-processed perovskites.18−22 For
vacuum codeposition, the stabilization of the α-phase was
achieved by the incorporation of cations with smaller ion radii
into the FAPbI3, such as cesium (Cs+) or methylammonium
(MA+), while an additional annealing step to form α-phase is
not required.23−27 Gil-Escrig et al.23 showed that in the case of
MA+ incorporation, the MA+ content in the perovskite film is

self-saturating with respect to the methylammonium iodide
(MAI) deposition rate. This finding alleviates the difficulty of
reliably controlling the MAI deposition rate, which depends on
the impurity concentration.28,29

Most research efforts in perovskite solar cells initially
focused on the specific deposition conditions and finding the
optimal deposition procedure. The development was mainly
based on trial and error.30 Nevertheless, understanding the
fundamental mechanisms of crystal growth is essential for
developing optimized manufacturing processes resulting in
perovskite layers with minimum defects. Here, the in situ
studies have a great advantage over the ex situ measurements.31

For example, the information obtained ex situ can be
insufficient and/or potentially misleading, as the sample
conditions during and after growth may differ, and certain
growth phases may even be inaccessible.30,32,33

In this work, we present a combined measurement of in situ
photoluminescence (PL) and grazing-incidence wide-angle X-
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ray scattering (GIWAXS), revealing the evolution of both
electronic and structural properties during the vacuum
codeposition of the α-FAPbI3 perovskite stabilized by MAI.
The simultaneous measurement of PL and GIWAXS enabled
us to study the FAMAPbI3 growth from the early nucleation
stages up to the complete film formation, unraveling the
evolution of the crystallographic structure, defect density,
surface morphology, and stress. We show that the FAMAPbI3
growth is accompanied by a nonmonotonous evolution of PL
emission, which does not correlate in a simple way with the
perovskite phase volume. Such behavior of PL emission has
been observed in our previous work for tetragonal MAPbI3
during vacuum codeposition34 and cubic MAPbI3 during spin
coating.35 The similar behavior presented here for the FAPbI3-
based perovskite suggests that it is universal for halide
perovskite formation, regardless of the processing method
and type of metal halide perovskites.
Moreover, the cubic crystallographic structure of α-FAPbI3

allowed straightforward tracking of the intrinsic strain and the
perovskite growth kinetics during the layer deposition. We
further correlate the induced strain with the PL emission
progression and relate the nonmonotonous PL character to the
occurrence of defect states during perovskite growth. To the
best of our knowledge, such in situ strain/stress tracking
during the perovskite layer formation has not been reported
yet. Additionally, the fundamental reciprocity relation between
the absorption and PL emission36 enabled the determination
of the Urbach energy to follow the optoelectrical quality of
deposited perovskite films.

■ EXPERIMENTAL SECTION
The FAMAPbI3 perovskite was grown by vacuum thermal
codeposition of three precursors�lead iodide (PbI2), formamidinium
iodide (FAI), and MAI. A custom-made vacuum chamber equipped
with two viewports and a 360° cylindrical beryllium (Be) window was
used, enabling simultaneous measurement of PL and GIWAXS during
the FAMAPbI3 growth.

34,37 The precursors were evaporated at a base
pressure of ∼10−6 mbar on a Si substrate (with native oxide) at room
temperature. The deposition chamber was equipped with three
separate QCM sensors placed near the evaporators to measure the
deposition rate of each precursor. Once the rates were stable, the
FAMAPbI3 deposition started by opening the shutter located just
above the sample surface. To increase the temporal resolution of the
GIWAXS measurement, the entire experiment was performed at the
synchrotron facility Elettra (Italy, SAXS beamline), allowing
investigation of the early stages of perovskite deposition. For a
detailed description of the FAMAPbI3 vacuum deposition, exper-
imental conditions, and setup, see the Supporting Information.

■ RESULTS AND DISCUSSION
First, we describe GIWAXS results to characterize the
crystallographic properties of the deposited thin film. Figure
1a shows the GIWAXS reciprocal space map after background
subtraction acquired at the end of the deposition process when
the perovskite layer thickness was ∼62 nm. The measured
diffraction peaks indicate a preferential orientation (texture) of
perovskite crystallites. We note that the grainy diffraction rings
visible in the GIWAXS reciprocal map originate from the
chamber Be window, thus having no connection with the
grown perovskite film. Indexing the diffraction peaks using the
GIXSGUI code38 suggests an α-cubic perovskite crystal
structure with [001] direction parallel to the substrate normal
(and (001) lattice planes parallel to the substrate, see the inset
in Figure 1b) while the crystallites being randomly rotated by
angle ϕ around the substrate normal (n), the so-called uniaxial
or <001> fiber texture.39,40 The Miller indices of each
diffraction and calculated theoretical peak positions for lattice
parameter a = 6.37 Å are marked by red crosses in Figure 1a.
The value of the used lattice parameter a is comparable to the
reported values for the α-FAPbI3 perovskite.41−43 The
observed cubic phase of the FAMAPbI3 layer implies that
the postdeposition annealing step is not required to achieve the
photoactive α-phase for vacuum-deposited layers.
In the next step, we analyze the time-resolved in situ

GIWAXS data. To track the temporal evolution of perovskite
and precursors’ PbI2, FAI, and MAI phases, we thoroughly
investigated the section of the reciprocal space within the limits
qz = 0.65−1.1 Å−1 and χ = −15 to 15° (see Figure 1a for
schematic indication of χ). Here, the measured scattering
intensity was integrated along the azimuthal angle χ at each qz
value. The time evolution of the integrated GIWAXS intensity
during the perovskite growth is plotted in Figure 1b. We note
that the blank region around qz ∼ 0.8 Å is the intermodular
detector gap. Clearly, the diffraction peak at qz ∼ 1.0 Å−1

corresponds to the FAMAPbI3 perovskite phase.
22 Diffraction

peaks originating from MAI, PbI2, and FAI are expected at qz ∼
0.7, 0.89, and 0.91 Å−1, respectively.44 However, no significant
signal indicating precursors’ excess in the perovskite layer was
observed during the growth. The first indication of the
perovskite 001 diffraction peak is resolved after ∼2.5 min of
deposition. No structural phase transition of the perovskite was
observed during deposition, meaning only the cubic α-phase
was found. Nevertheless, we observe additional diffraction
signals at ∼10 min of deposition, which we attribute to Laue
oscillations originating from constructive interference of

Figure 1. (a) GIWAXS pattern of the perovskite layer acquired at the end of the deposition; layer thickness ∼62 nm. (b) Temporal evolution of the
perovskite 001 diffraction peak. The white dashed arrow indicates the appearance of Laue oscillations with a satelite peak spacing Δqz. Inset: unit
cell orientation of the cubic FAPbI3 perovskite. GIWAXS intensity in (a,b) is shown in a logarithmic scale.
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coherently diffracting perovskite crystallites. Generally, such
oscillations indicate well-grown films, demonstrating high
quality in terms of both crystallinity and homogeneity.45,46

From the relative separation of satellite peaks Δqz (Figure 1b),
the film thickness can be estimated,47 being ∼13.5 nm after 20
min of deposition. Considering the average deposition rate
calculated from the final average thickness of the film (∼0.115
Å/s), the expected thickness at this time (∼20 min) is ∼13.8
nm. These two values of film thickness are in close agreement.
Therefore, we ascribe these additional diffraction signals to the
presence of a highly ordered crystalline perovskite phase.
Before exploring the GIWAXS data in more detail, we will

examine the results obtained by PL measurement to establish a
basis for the correlation of structural and optoelectronic
properties. Figure 2a shows the heat map of PL spectra
acquired during the perovskite deposition. The emission
intensity is color-coded, increasing from black to yellow. The
spectral position of the PL peak was obtained by fitting
individual spectra by the PseudoVoigt function and is indicated
by the white dashed line in Figure 2a. The PL during the
perovskite growth is characterized by a nonmonotonous
evolution of emission intensity and an abrupt spectral shift
of the peak position. At the beginning of the deposition, the
spectral position of the PL peak is found at ∼2 eV. Afterward,
it continuously red shifts to lower values up to ∼1.58 eV at the
end of the deposition, approaching a typical PL emission
energy of α-FAPbI3.11,23,24,48 The initial blue shift in PL
emission is associated with the quantum confinement effect
caused by finite-size crystallites or a limited layer thickness. At
the beginning of the deposition, small islands nucleate and
increase in size. We expect the diameter of the islands to be
much larger than their height�similarly as observed in our
previous work focused on MAPbI3 deposition (ref 34, Figure
S12) and by Parrot et al. in ref 49. Therefore, we assume the
quantum confinement effect only in one dimension�in the
direction perpendicular to the substrate. As the individual
crystallites (or layer) grow, their height slowly increases,
resulting in the red shift of the PL peak. The gradual growth of
the perovskite phase is also confirmed by GIWAXS diffraction
intensity increase (see Figure S4 in the Supporting
Information). Additionally, the asymmetry and broadening of
the PL emission peak can be observed, which can be associated
with the presence of crystallites of different sizes throughout
the deposition. Importantly, grain nucleation is a random
process, both in time and space. Thus, we expect thickness
variations in the lateral direction throughout the entire
deposition. Figure 2b shows the AFM image of the final

polycrystalline film acquired after deposition, with the height
distribution histogram in the inset to illustrate this effect. It can
be seen that the layer consists of grains of different heights,
with two characteristic values of ∼53 ± 2.5 and 65 ± 9 nm. We
anticipate a similar situation during the growth. Separated
grains, or regions of a continuous layer, have slightly different
thicknesses and, therefore, different PL emissions, reflected in a
broadening of the PL (for more details, see the Supporting
Information).
The initial increase of the PL emission intensity (indicated

by color in the heat map in Figure 2a) is associated with the
growth of small perovskite crystallites. As more material is
deposited, a larger volume of the perovskite phase emits light.
Subsequently, a decrease of PL emission (starting at ∼20 min
of deposition) follows, reaching a final saturation despite the
continuous growth of the perovskite phase confirmed by
GIWAXS (see Figure S4). The similar nonmonotonous
character of PL emission represented by an initial increase
and subsequent decrease during the formation of solution-
processed perovskites was reported by Wagner et al.,50 Suchan
et al.,51 and Song et al.52,53 Nevertheless, a complete
explanation for this behavior has not yet been proposed.
Based on the results obtained by simultaneous measurement

of X-ray scattering and PL during MAPbI3 growth via solution
processing35 and vacuum codeposition,34 we suggest the
following explanation of the quenching of PL: initially, small
perovskite crystallites grow up to the point when they become
spatially limited by the neighboring grains (i.e., the length scale
is determined by the nucleation density). The adjacent grains
come into contact during coalescence, forming grain
boundaries with defective states. Consequently, these defects
act as recombination centers, causing the nonradiative
recombination of charge carriers and, therefore, decay in the
PL emission. In the case of vacuum codeposition, the growth
after coalescence is maintained in the vertical direction.
Therefore, we connect the PL intensity saturation with
reaching the penetration limit of the excitation laser (λexc =
405 nm), which is approximately ∼30−50 nm (depending on
the perovskite density). All laser photons are absorbed for such
perovskite thicknesses and additional deposited material will
not increase the measured PL intensity. Nevertheless, no
reliable evidence regarding structural growth kinetics has been
provided to support this PL behavior hypothesis. Here, the
cubic nature of the α-FAPbI3-based perovskite facilitates the
opportunity to study the structural evolution via intrinsic stress
induced during the deposition process and correlate it directly
with the optoelectronic properties.

Figure 2. (a) Heat map of spectrally resolved PL measured during codeposition of FAMAPbI3. The white dashed line indicates the spectral
position of the PL peak. The collected signal intensity is colored in linear scale, and the color scale indicates the intensity increase from black to
white. (b) AFM image of the final perovskite layer with height histogram in the inset.
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Therefore, to further characterize the perovskite growth
kinetics, we thoroughly analyzed the GIWAXS pattern. This
allows us to track the internal X-ray elastic strains and in-plane
stress developed gradually in the growing layer. The GIWAXS
patterns were analyzed using the sin2ψ method, commonly
used for diffraction scans with a point detector. In the standard
approach with a point detector, the sample is stepwise tilted by
different angles ψ, where the angle ψ represents the angle
between the thin film normal and the diffraction vector, while
the lattice spacing of crystallographic planes is measured by
performing a 2θ/θ scan at every tilt.40 In the case of a 2D
detector, each point along the Debye−Scherrer ring corre-
sponds to various diffraction vector orientations, and the
diffraction angles vary across the ring. For thin films, the
Debye−Scherrer rings are deformed to an elliptical shape due
to the internal equi-biaxial stress, and the dependence of the
diffraction peak position q on sin2ψ follows a linear relation.
Subsequently, the magnitude and type (compressive or tensile)
of the residual stress can be deduced from the slope of this
linear dependence.40 We note that for diffraction geometry
presented in this work (utilizing the 2D detector), the polar
angle χ indicated in Figure 1a represents the angle ψ.
Therefore, we depict the measured lattice spacing as a function
of the angle χ instead of ψ (Figure S8 in the Supporting
Information). Since we utilize a 2D detector and noncoplanar
geometry, the sin2 χ plot can be obtained directly from a single
acquisition (GIWAXS pattern) without the necessity of sample
tilt. Specifically, due to the uniaxial texture of perovskite
crystallites, see Figure 1a, we notice various diffraction spots at
distinct χ angles instead of the typical Debye−Scherrer rings.54
Because of the uniaxial texture, we can also assume the equi-

biaxial in-plane stress in the perovskite layer.40,55 Conse-
quently, the stress tensor is fully characterized by only two
nonzero diagonal in-plane stress components σxx = σyy = σ||

40,55

for the cubic structure. The residual stress is then calculated
from the dependence of the lattice parameter on sin2 χ as
follows54

=a
S a

sin
1
22 2 0

(1)

Here, the term ∂a/∂ sin2 χ is the slope of the linear
dependence of the cubic lattice parameter a on sin2 χ, σ||
represents the equi-biaxial in-plane stress magnitude, S2
denotes the X-ray elastic constant, and a0 is the unstrained
lattice parameter. The linear dependence of the lattice a
parameter on sin2 χ was calculated, taking into account various
diffraction peaks at different polar angles. Specifically, the 102,
120, and 210 peaks have been used for analysis (see Figure 1a),
since these peaks are the most intense and span the χ range
from ∼26 to 90°. For more details on the stress evaluation, see
the Supporting Information. Figure 3a illustrates the in-situ-
measured evolution of in-plane stress within the layer during
the perovskite deposition. Negative values of stress (σ|| < 0)
indicate a compressive, and the positive values (σ|| > 0)
correspond to a tensile in-plane stress. We note that the in situ
stress analysis was possible from ∼12 min of the deposition
since the intensity of particular diffraction peaks used was
insufficient in the earlier deposition stages. At the beginning of
the perovskite deposition, the observed shift in diffraction peak
positions indicates compressive stress. Subsequently, at ∼20
min of deposition, we detect the transition from the

Figure 3. (a) Time evolution of intrinsic equi-biaxial in-plane stress in the FAMAPbI3 perovskite thin film induced during the vacuum deposition.
(b) Time evolution of the normalized PL peak area (black) and Urbach energy (red) calculated from PL emission. The black dashed lines in (a,b)
indicate the three stages (I−III) of perovskite growth depicted in (c). (d) Illustration of the zipping process occurring between stage II and III.
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compressive to tensile stress state. Following this transition, the
stress state remains tensile, reaching ∼20 MPa at the end of the
deposition. This value falls into the interval of the previously
reported stress values of ∼10−75 MPa for metal halide
perovskites prepared by solution processing.56−58 Since, to the
best of our knowledge, the ex situ residual stress analysis of
halide perovskite layers fabricated via vacuum codeposition has
not been reported before, there is no direct comparison with
the literature.
The evolution of internal in-plane stress during the Volmer−

Weber growth of polycrystalline films (typical for vacuum-
grown perovskites) has been extensively studied. The theory
was provided in the work of Abermann and Hoffmann59,60 and
has later undergone some refinements.61−65 We will adopt this
theory to correlate the stress evolution during perovskite
growth with the structural changes. Generally, three stages of
growth are distinguished, depicted in Figure 3c. In the first
stage (I), when small islands nucleate, compressive stress is
developed. The compressive stress is achieved by two
simultaneous mechanisms. The first is related to the internal
elastic strain in growing islands, as the lattice spacing in a small
isolated crystallite is smaller than in a bulk crystal.
The second one is associated with the islands’ strong

attachment or “freezing” to the substrate having a different
lattice parameter than if only Laplace pressure is considered,
resulting in compressive stress in islands.63,64 The next stage
(II) is associated with the coalescence of particular islands. As
the islands grow, they cover bare substrate surfaces in between,
up to the point when they start to touch each other, resulting
in layer formation. Free surfaces where the islands are in
contact fuse together, forming grain boundaries and thus
reducing the surface energy.66,67 As atoms from adjacent grains
are mutually attracted, tensile stress is developed.65 Therefore,
the transition from compressive to tensile stress is regarded as
the onset of coalescence. Generally, the island nucleation is
temporally and spatially random. There is a distribution in the
islands‘ size and mutual distance. Thus, the coalescence of all
islands is not instantaneous, which results in a gradual increase
in tensile stress.68 Moreover, a continuous increase in tensile
stress can be explained by the so-called zipping of adjacent
grains at the contact point and the continuous growth of the
grain boundary.65,67,68 The zipping process is schematically
depicted in Figure 3d. At the point when the height of the
grain boundary is comparable with the thickness of the layer,
the tensile stress saturates.67 The final stage (III) is connected
with vertical growth when the perovskite layer is fully
developed with its characteristic roughness. The stress state
remains tensile in the case of FAMAPbI3, as in the case of
other low-mobility materials.65 Many studies have shown that
the presence of tensile stress is detrimental to the device
performance.56,69 Adding a dedicated interlayer could reduce a
lattice mismatch between such an interlayer and the perovskite
film. This could lead to a different growth mode, preferably
layer-by-layer, and subsequently reduce the tensile stress.
However, such an interlayer must fulfill other stringent criteria,
e.g., proper band alignment for charge separation, high
conductivity, and ease of fabrication.
To further correlate structural and optoelectronic properties,

the evolution of the PL emission intensity (in the form of the
normalized area under the PL peak, indicated by black color;
the PL normalization was performed to the maximum PL
intensity value reached during the deposition) temporally
aligned with the stress evolution is shown in Figure 3b.

Comparing the PL intensity and stress evolution, we observe
agreement with the PL quenching hypothesis and structurally
induced stress. Specifically, when the onset of coalescence is
expected, evident from the stress-state transition/relaxation,
the PL intensity maximum is reached. Subsequently, the PL
decay follows as the grain boundaries are formed. The gradual
decrease in the PL emission intensity is attributed to the fact
that the coalescence does not occur simultaneously for all
grains. In addition, the grain boundaries grow progressively
through the zipping process (see Figure 3d). Thus, more
defect states are formed continuously as the contact area of
adjacent islands or grain boundaries enlarges. We connect the
electronic nature of these defects produced at grain boundaries
to deep defect states, as they cause the steady-state PL decay
through (Shockley−Reed−Hall effect) nonradiative recombi-
nation.70 In the context of the potential solar cell performance,
we can deduce the photovoltaic open circuit voltage (VOC)
losses from the nonradiative recombination due to grain
boundary formation.35 Since we studied only the relative PL
intensity changes, we estimate the nonradiative VOC losses
from the ratio of the PL peak area at the deposition end to the
maximal area of the PL peak (see the Supporting Information).
The acquired ΔVOCnon‑rad is reaching the value of 76 mV at the
end of the deposition. It should be noted that this value
represents a minimal estimate (lower limit) of ΔVOCnon‑rad, as
the PL intensity renormalized to the perovskite volume should
be used for the calculation. Since the thickness of the layer
(and also the substrate coverage) at PL maximum and PL
saturation point is different, we would expect a more significant
PL intensity decrease when considering the perovskite phase
volume.
Additionally, the obtained PL spectra offer a direct means of

determining the Urbach energy (EU). This parameter is widely
used for evaluating the optoelectronic performance potential of
semiconductors. EU reflects lattice disorder caused by various
defects (vacancies, dislocations, impurities, etc.) or thermal
fluctuations, creating shallow and deep states within the band
gap.71,72 Therefore, any change in the crystallographic
structure due to the impurities or stoichiometry mismatch
would influence the Urbach energy. Lower values of EU
indicate a sharper absorption/emission edge, implying less
structural disorder and, consequently, higher material quality.
Here, the EU was evaluated from the exponential decay of the
absorption edge, calculated from the PL spectra, in the range of
1.45−1.7 eV.70 For more details on the EU theory and
calculations, see the Supporting Information. The evolution of
the Urbach energy during perovskite growth is depicted in
Figure 3b (indicated by red color), showing higher values at
the beginning of the FAMAPbI3 growth and subsequent
stabilization at ∼14 meV. The initially increased value of EU
can be associated with the nucleation of crystallites of different
sizes, causing the broadening of the PL peak, which results in a
less sharp absorption edge. Therefore, a connection of Urbach
energy with lattice disorder evolution cannot be applied at this
stage, as the EU values originate from the layer morphology
reflected in the PL peak broadening. Later on, the PL
broadening due to different sizes is not as pronounced, and the
absorption edge reflects the lattice disorder. The subsequent
stabilization of EU at ∼14 meV occurs before the island
coalescence onset and does not change significantly through-
out the deposition. The scattering of the Urbach energy values
around the 14 meV level at the very end of deposition is
caused by the low PL intensity and fitting error of the
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absorbance spectra (see Figure S13 in the Supporting
Information). The saturated value of EU agrees well with the
reported Urbach energies of metal halide perovskites.70−72

Such steady progression of EU derived from PL emission
indicates that the overall material quality�in terms of the
shallow defect states in the band gap�remains constant. Thus,
the PL quenching is attributed to the formation of the grain
boundaries. It is important to note that the defects located at
grain boundaries do not exhibit efficient PL (in fact, they
quench the PL emission). As a result, the sensitivity to these
states is limited, with the Urbach energy being more sensitive
to the bulk properties of the perovskite material.

■ CONCLUSIONS
In conclusion, we have investigated the growth of the
FAMAPbI3 perovskite from the vapor phase during the
vacuum codeposition process. The formation of the α-phase
of FAPbI3 was achieved by evaporation of supplementary MAI
to stabilize the cubic structure without requiring an additional
annealing step. To characterize the growth process and probe
the structural and optoelectronic properties in real time, we
employed simultaneous measurements of GIWAXS and PL.
The high quality of perovskite thin films was confirmed by the
presence of Laue oscillations developed in diffraction patterns
during the deposition. We observed that the formation of the
FAMAPbI3 perovskite is characterized by an extensive PL peak
position shift due to the crystallite growth and by the
nonmonotonous character of PL emission intensity. Further-
more, we tracked the intrinsic stress development during
deposition. The evolution of the intrinsic stress typical for
Volmer−Weber-type growth offered exceptional insights into
the layer formation process. Especially, the observed transition
from the compressive to tensile stress confirmed the PL
quenching caused by the nonradiative recombination at grain
boundaries. We show that the PL evolution during the
FAMAPbI3 vacuum deposition is similar to MAPbI3 prepared
by vacuum deposition,34 as well as by solution-based
deposition.35,51−53 We suggest that such behavior is universal
for the formation of polycrystalline metal halide perovskites.
However, further work is required to fully comprehend the
process of perovskite growth and its implications on
optoelectronic properties, particularly for vapor-deposited
perovskites. We demonstrate that such a combined in situ
study might be a powerful tool for a broader understanding of
the perovskite growth process, stress development, and further
exploration of possible defect passivation techniques.
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