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Physical vapor deposition of perovskite solar cells is gaining increasing importance due to its up-scaling
potential applicability for the industrial manufacturing. Especially the layer-by-layer sequential approach
allows for a more precise process and stoichiometry control and offers cross-contamination free
deposition. However, a detailed analysis of perovskite film formation and growth is usually only done
qualitatively, with a limited number of studies addressing this aspect. We want to start filling the gap of
lacking quantitative evaluations by investigating the phase evolution inside the Pbl,—FAl diffusion couple
during deposition and annealing with an in situ X-ray diffraction (XRD) system. The observed diffraction
intensity transients allow us to calculate the diffusion coefficient of the diffusing species for different
isothermal annealing temperatures. With a derived Arrhenius plot, the activation energy and pre-
exponential factor for the diffusion constant is determined. This report describes the mathematical
model underlying the evaluation as well as application to a Pbl,—FAl (FA*: formamidinium CH(NH,),")
diffusion couple, ie. two initially separated layers brought into contact, enabling interdiffusion and
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activation energy of 0.83 eV. A variation of the initial parameters shows only minor activation energy
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1. Introduction

The first successful introduction of organo-metal-halide per-
ovskite solar cells (PSCs) into the field of photovoltaics in 2009"
came along with a huge rise of attention for this material class.
In the following years many techniques to prepare the PSCs got
invented with spin-coating yielding the, to date, highest power
conversion efficiency (PCE) of 27.0%.> However, this prepara-
tion method bears several disadvantages like the insufficient
upscaling potential>*, low material yield and the usage of
environmental-toxic solvents.>®

A solvent-free alternative are vacuum-based deposition tech-
niques such as physical vapor deposition (PVD). In this field
Snaith et al are the pioneers with their co-evaporated
MAPbI;_,Cl, (MA": methylammonium CH;NH;') solar cell
(PCE of 15.4%).” However, controlling the perovskite stoichiometry
is challenging for co-evaporated absorbers due to inevitable
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changes, indicating a robust underlying mathematical model.

fluctuations of material fluxes reaching the substrate. A more
precise stoichiometry control can be achieved via sequen-
tial layer-by-layer deposition of each individual precursor.>® Addi-
tionally, sequential thermal evaporation of the organic ammonium
salts and lead halides allows the deposition of both species in
separated vacuum chambers, reducing cross-contamination.®’
Using this technique Li et al. recently reached a PCE of 24.42%
for CsgosFAgosPbL%. For sequentially evaporated PSCs, material
diffusion, which is driven by concentration gradients, is a key
process. However, there are only few publications about sequen-
tially evaporated PSC and only limited knowledge concerning the
concentration-driven ionic diffusion kinetics during the annealing
step exists.

In contrast to the concentration-driven diffusion, investiga-
tions of the ionic drift due to an external electric field already
exist since 2015. At this time Tress et al.'® proposed the idea,
that the J-V-hysteresis effect could originate from the existence
of mobile ions within the MAPbI; perovskite absorber. This
assumption was theoretically verified by Haruyama et al''
using density functional theory (DFT) calculations for MAPbI;
and FAPDI;. They also determined the activation energies
for the ionic drift of I", MA", and FA" ions to be 0.44-0.48 eV,
0.57 eV and 0.61 eV, respectively. An experimental verification
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was published by Eames et al.'> using chronophotoampereo-
metry measurements. In their work the activation energies for
I and MA" ion drift in MAPbI; were calculated to be 0.58 eV
and 0.84 eV, leading to comparable values to Haruyama et al.
Also, the ionic drift activation energy of Pb>" ions was determined
as 2.31 eV, indicating a neglectable diffusion of the metal ion and
a rather stable Pbl, framework. In 2019 Futscher et al*® con-
ducted a deeper analysis of ion migration in MAPbI; perovskites
using transient capacitance measurements. They were able to
not just calculate the activation energies (0.29 eV for I and
0.39-0.90 eV for MA") but also the ion density and diffusion
coefficient (at 300 K). For I they calculated 3.1 x 10~ ° cm”s ™"
and 1.6 x 107*-6.8 x 107'* cm® s~' for MA", respectively.
Furthermore, the comparable slower MA" ion diffusion was
assigned to be the origin of the j-V-hysteresis effect, while the
I ions relax too fast to have a significant effect on the -V
curves.

As already mentioned, knowledge about activation energies
and diffusion coefficients for concentration-driven diffusion is
still underexplored. To fill this gap, we conducted systematic
experiments to evaluate the kinetics of the diffusion-reaction
mechanisms of sequentially evaporated Pbl, and FAI films
and their diffusion/reaction kinetics during annealing. For that
purpose, we prepared FAPbI; films via sequential thermal
evaporation of Pbl, and FAI and subsequently annealed the
layer stack in the same vacuum chamber (see Fig. 1). The
vacuum chamber is equipped with an in situ X-ray diffraction
(XRD) set up that allows to monitor the evolution of the
crystalline phases within the film in quasi real-time. After
depositing PbI, and FAI we subjected the layer stack to a series
of different isothermal annealing conditions, while recording
the X-ray diffraction patterns of the evolving film. By comparing
the diffusion kinetics of layer stacks isothermally annealed at
different temperatures, we were able to extract the kinetic
parameters for this process and generate a holistic diffusion
model approach, allowing us to determine the diffusion coeffi-
cient for different temperatures and from this the activation

FAI

FAI-

Perovskite Diffusion

Pbl;

Substrate

Fig. 1 Schematic illustration of the used Pbl,—FAl diffusion couple, with
the perovskite growing between them during the annealing.
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energy. For the verification of the model we also performed
SEM measurements and determined the final film thickness
and morphology. Finally, an error estimation of the calculated
diffusion coefficients and activation energy is conducted.

2. Experimental section
2.1 Substrates

For all experiments, we used commercial glass substrates
coated with ITO (100 nm) provided by KINTEC. The cleaning
of the coated substrates was performed in three steps using an
ultrasonic bath. In the first step we used a cleaning soup with
water and 1% EMAG EM-080, followed by isopropyl alcohol
(IPA) and acetone for 15 min each. After cleaning we spin-
coated the hole transport layer (HTL) poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA). For that a solution of 2.5 mg
ml " in toluene was used. The samples were then transferred to
a glove box, which is directly attached to our vacuum chamber.

2.2 Perovskite formation

The source materials for evaporation, PbI, (99.999%, Thermo
Scientific) and FAI (>99.99%, Greatcell), were stored in the
attached glove box and were used as received. These materials
were sequentially deposited via thermal evaporation onto the
glass-ITO-PTAA substrate. Firstly, Pbl, was evaporated (645 nm,
0.5-0.8 A 57, 6.16 g cm™> (ref. 14)) and subsequently FAI
(1200 nm, 1.0-2.0 A s, 2.48 g ecm™* (ref. 15)). The deposited
amount of each reactant was monitored by a quartz crystal
microbalance (QCM) and by laser light scattering (LLS). During
the deposition the substrate temperature was 25 °C. An exam-
ple of the in situ XRD data obtained, as well as the explanation
of the LLS technique, is given in Fig. S1 and the corresponding
paragraph in the SI. It is important to note, that the tempera-
ture reading during the following annealing step is done on the
back side of the sample, where the heating element is placed,
leading to a discrepancy between nominal (back side) and real
(front side) temperature. We performed experiments with self-
adhesive temperature labels to estimate the real temperature
on the front side, where the material stack is located. In Fig.
S4 a photograph of these labels (front side temperature) is
shown together with the nominal back side temperature. Based
on this, we estimate the temperature difference in the chosen
temperature range (90-120 °C) to be around 16 °C (see SI). This
will be considered when the Arrhenius graph is plotted, but in
the following, the experiments will still be labelled with respect
to the nominal back side temperature. The sequential deposi-
tion results in a FAI/PbI, double layer stack of around 2000 nm
total thickness. The FAI film thickness was chosen about twice
as thick as the PbI, layer with a 2:1 FAI: Pbl, particle ratio to
guarantee a quasi-infinite FAI material source (see section
“Derivation of Diffusion Model”). The vacuum chamber has a
base pressure of 2 x 10~° mbar and a maximum operational
pressure of 1 x 10~* mbar. Monitoring of the pressure was
done with an Edwards WRGS-NW35 wide range gauge.

This journal is © the Owner Societies 2026
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2.3 XRD measurements

During evaporation and annealing, XRD in situ measurements
were performed, where the entering/exiting X-rays passed
through Kapton windows installed in the evaporation chamber
walls. The Kapton windows were replaced after each process in
order to reduce absorption of X-rays by deposited material. For
the in situ XRD, Cu-K,, radiation (wavelength 1.54 A) from an
X-ray tube with a power of 1.6 kW (40 kV, 40 mA) was used. The
Kp radiation was attenuated via a Ni-filter to 5% of the K,
intensity. The setup is capable of measuring one XRD scan with
an angular range of 28° every 120 s with a linear detector array
consisting of three Dectris Mythen 1 K modules. Because of the
three individual detector modules, two small detector gaps
arise in the measured diffractograms. During in situ measure-
ments, the setup uses a fixed source-detector w (incident) and Q
(detector) geometry. In all experiments o = 9° and Q = 13° were
used. Only diffraction peaks, which have the same incident and
outgoing angle (0-20 condition) are in the focus point of the
goniometer circle. All other diffraction peaks are out of focus
and thus have a larger full width at half maximum (FWHM).
The experiments were conducted at constant annealing tem-
peratures. A more detailed description of the in situ XRD setup
can be found in ref. 16-19. One scan was performed accumu-
lating the diffraction intensity for the period of 120 s. Between
the scans there is a downtime of 2 s for data transfer. This
downtime is considered in the time stamp of the experiment.
Fig. 2 shows exemplarily the in situ XRD data for the annealing
process at 100 °C in a colormap representation. The remaining
colormaps of the other annealing temperatures can be found in
the SI. In Fig. 3, a qualitative comparison of the different
diffusion/reaction kinetics for different isothermal annealing
(initial heating takes 10 min) temperatures in the temperature
range between 90 °C and 120 °C is shown for one characteristic
FAPDI; perovskite peak. With these experiments, we can show
that: (i) a complete conversion from the FAI/PbI, layer stack is
possible (extinction of the FAI and Pbl, peaks). (ii) The time for
the diffusion/reaction and perovskite formation to be com-
pleted decreases from about roughly 200 min (at 90 °C anneal-
ing) to roughly 50 min (at 120 °C annealing). The integrated
peak intensities were fitted with the program PDXL version
2.8.1.1 by Rikagu Inc. using a split pseudo-Voigt line profile.
The evolution of the diffraction patterns provides us with a
time-resolved information of the different crystal phases
involved, and in the integrated intensities of their characteristic
peaks lies the information of how much of this phase is present
(basically the film thickness in a one-dimensional diffusion
model). To minimise the influence of different preferred orien-
tations, a weighted sum over all detectable PVK reflections was
applied. This procedure and the analysis of the XRD intensities
is explained in more detail later on.

2.4 Film characterisation

To determine the final film thickness after each experiment
SEM cross-section measurements were performed with a Zeiss
Supra 40 VP. A secondary electron in-lens detector and an
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Fig. 2 The top graph shows a color plot representing the normalized
color coded diffraction intensity as a function of diffraction angle (y-axis)
and time (x-axis). Example of annealing an Pbl,/FAl stack at 100 °C. The
middle graph shows the integrated intensities in counts per second of the
111 peak at 25.1° of orthorhombic FAI (red) and the 210 peak at 31.4° of
cubic FAPbIs (black). The bottom graph displays the evolution of the
substrate temperature.

acceleration voltage of 5 kV was used. The SEM device is also
equipped with a Bruker EDX detector. EDX measurement were
performed using an acceleration voltage of 15 kV, a working
distance of 6 mm and a magnification of 500. For quantification
L-lines of iodine and M-lines of lead were used. Background
correction and quantitative analysis were performed using a
standardless method based on the ratio of peak intensity to
background signal, combined with atomic number, absorption,
and fluorescence correction ((P/B) ZAF fitting).

3. Derivation of diffusion model

In this section, the diffusion model we use to determine the
diffusion coefficient D based on the in situ XRD data is
explained. The standard approach for determination of diffu-
sion coefficients is to measure concentration depth profiles
with methods like glow discharge optical emission spectro-
scopy (GDOES)*° or secondary ion mass spectroscopy (SIMS).*!
Both methods rely on sputtering through the sample. The
GDOES technique has two major downsides. On the one hand,
a reliable surface analysis is not achievable due to the initial
building up of the plasma. On the other hand, controlling the
shape of the sputter crater is difficult resulting in an increasing
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Fig. 3 In situ diffractograms of the 3D 31.4° peak for all nominal tem-
peratures. The red line indicates the adjusted tenq. A gradually decreasing
necessary annealing time is needed with increasing annealing
temperature.

error with sputtering time. The major downside of SIMS is the
so-called “matrix effect”. This effect leads to a different amount
of ejected particles based on the underlying layers, making
quantifications rather complex. As an alternative, we used
in situ XRD to analyse the diffusion-reaction kinetics of the
sequentially deposited perovskite layer stacks. XRD probes the
bulk, and in this work, we consider integrated XRD peak
intensities (peak areas) as proportional to the amount of a
crystalline phase in the sample. Applying a diffusion model and
fitting procedure to the time-dependent data of the in situ XRD
measurements for a set of different isothermal annealing
temperatures T allows us to extract the temperature dependent
diffusion coefficient D(T) = D, x exp(—E./(ksT)), where D, is the
preexponential factor, E, the activation energy, and kg the
Boltzmann constant. The following section will describe the
experiment and derive a model to determine these diffusion
coefficients and explain the technical and physical uncertainty
sources like the intensity dependence from the w (incident) and
Q (detector) angles, attenuation effects, and the coexistence of
multiple perovskite phases, namely lower and higher dimen-
sional perovskites (LDP and HDP).

3.1 Description of experiments and XRD analysis

To investigate perovskite formation, we sequentially deposited
the reactants PbI, and FAI on glass/ITO/PTAA substrates at
room temperature in the first step (deposition). This process
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step was identical for all experiments, and the in situ XRD data
representation of all depositions is presented as colormaps is
in the SI, verifying the reproducibility of this process step (see
Fig. S1 and S2).

In a following isothermal annealing step, the different
species interdiffuse and a perovskite phase is formed. Fig. 2
shows exemplarily the in situ diffractogram of the annealing
step for an experiment with a nominal isothermal annealing
temperature of 100 °C (upper part). In these colormaps, the
abscissa shows time, the ordinate the diffraction angle o + Q
and the XRD intensity is color coded. In other words, in this
data representation, each column corresponds to one XRD scan
with an accumulation time of 120 s. For all experiments an
angle of incidence of w = 12° was chosen, bringing the w + Q
region around 24° in the parafocus. Hence, all evaluated peaks
are not too far from that focus condition and the resulting peak
broadening is minimized. The 2 black regions in the colormaps
stem from the before mentioned spatial gaps between the 3
detector modules. In the in situ diffractograms no Kg signals are
shown. The used Ni filter reduces the Kp intensity to approxi-
mately 5% of the corresponding K, signal. To correct for this
residual Kg contribution, 5% of the K, intensity was subtracted
from the measured intensity at each angle. The bremsstrahlung
background is not subtracted. The middle graph shows the
evolution of the integrated intensities of two characteristic
Bragyg reflexes, namely of the (111) peak of orthorhombic FAI
(red) at 25.1° (ref. 15) and the (210) peak of cubic FAPbI; (black)
at 31.4°.>> Fig. S6 in the SI gives the same plot, but with
labelling all detectable peaks. Please note, that with the chosen
detector setting, no Pbl, peaks are detected, even during/after
the deposition process, as is detailed in the SI. The bottom
graph shows the substrate temperature. It is seen, that after
around 10 min the desired nominal temperature of 100 °C is
reached. In the upcoming sections the integrated intensities of
several perovskite and FAI peaks are used to determine the
diffusion coefficients. For that, Fick’s second law is used to
simulate the particle flux J, which is necessary for simulating
the integrated XRD intensities. By comparing these intensities
with the measured data, we calculate the diffusion coefficient
for each isothermal experiment. In order to form the diffu-
sion system, first a Pbl, layer and afterwards a FAI layer was
deposited onto a glass/ITO/PTAA substrate. At the interface
between the reactants Pbl, and FAI the perovskite is forming,
and therefore the diffusion system to be considered is Pbl,/
Perovskite/FAIL

3.2 Assumptions and preconditions

Depending on their diffusion constants, both reactants Pbl,
and FAI in principle can each diffuse through the perovskite
towards the other reactant layer. However, a well-known fact
from literature as well as from our own studies'®*’ is that in
this specific stack mainly the FAI is diffusing while Pbl, is not
diffusing or only to a minor degree. This forms the first
assumption or precondition of the following evaluation. Inter-
estingly, it was found, that without voltage bias the FAI is
diffusing as a complete molecule and not in dissociated form.

This journal is © the Owner Societies 2026
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For dissociative FA" and I~ diffusion, the presence of humidity
is required.*® A second assumption of the upcoming evaluation
is that the diffusion only occurs in one dimension, perpendi-
cular to the substrate plane. In Fig. S8, a SEM cross-section of a
PbI,-FAI film directly after deposition and before annealing is
shown. Here, a clear interface with little interface roughness
between both reactants is seen. This supports our assumption
of a one-dimensional diffusion system. Thirdly, semi-infinite
FAI and Pbl, layers are assumed to ensure constant boundary
conditions (see Mathematical ansatz chapter). This means
that our model is only valid until one of the reactant layers is
completely consumed.

A fourth assumption for the model is that FAI species
instantaneously react to perovskites as soon as FAI arrives at
the Pbl,|perovskite interface and encounters free Pbl, species.
This assumption excludes the existence of FAI species within
the PbI, layer. Further, it encompasses that in the specific stack
PbI,|FAI the perovskite growth is diffusion-controlled and not
reaction controlled. The instantaneous reaction of FAI particles
makes the PbI, layer a sink for FAI, but with a moving
boundary. Both reactants are consumed during the reaction
and the perovskite thickness is increasing.

Another important point is that not only the ordinary cubic
3D perovskite FAPbI; is formed during the annealing step, but
also lower dimensional perovskites (LDP), for example the 2D
perovskite FA,Pbl, (2D) or perovskites with even lower dimen-
sions. A more detailed analysis of all existing phases during our
experiments will be given in Section 4. In this evaluation, we do
not differentiate between different diffusion coefficients in the
different PVK phases but rather derive an effective value over all
phases. In the following we will refer to the product layer
consisting of all possible perovskite dimensionalities as the
“perovskite” or “PVK” layer.

Furthermore, we assume a concentration independent diffu-
sion coefficient, making it a constant value within the perovs-
kite layer, independently of the dimensionality.

Next, an assumption regarding the depth-dependent
concentration profile of the diffusing FAI particles is necessary.
A schematic representation of the concentration profiles at
different times is shown in Fig. 4. As already described above,
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within the Pbl, layer no FAI can exist due to the ‘“instanta-
neous” formation of FAI and Pbl, to FAPbI; at the beginning of
the diffusion process (which here actually starts to some extent
already at room temperature during the deposition of FAI) only
FAI and Pbl, are present. We can define the concentration of
FAI (particles per volume) within the FAI-layer as c,. This value
is calculated via the unit cell volume of FAI (461.06 A®) and
the number of FAI particles (formula unit Z) within this volume
(4 particles)" to 14.36 mmol cm . As soon as some perovskite
has formed (independent of the dimensionality) a certain FAI
concentration gradient will form inside the perovskite layer.
From the FAI side, FAI molecules will diffuse into the perovs-
kite. At the perovskite|Pbl, interface, FAI molecules will diffuse
out of the perovskite and form new perovskite. Therefore, at
the FAI|PVK interface the FAI concentration will be highest,
and then gradually decrease within the perovskite towards the
PVK|PbI, interface. Here, two boundary conditions are of
importance: there is a maximum amount of FAI (molar concen-
tration) that can exist within the perovskite film, the saturation
concentration c;. It is important to recall, that “perovskite”
includes not just the ordinary 3D FAPbI;, but also all LDPs. At
the FAI|PVK interface the concentration of FAI will amount to
this value. In the following, we present two approaches on how
to derive this saturation concentration c;.

For the experimental determination of ¢s, we conducted a
simple experiment where FAI is deposited on a heated substrate
with an already deposited PbI, layer. The increased substrate
temperature prevents FAI accumulation on top of the Pbl, layer
due to immediate interdiffusion and PVK formation. The FAI
deposition continues until the first traces of a separate, crystal-
line FAI phase is detectable in the XRD. This marks the time,
when no more FAI can be built into the PVK structure and FAI
crystallizes as a second phase. Following EDX measurements
allow to calculate the FAI: Pbl, ratio for the moment that the
first FAI peaks occurred. In Fig. 5 the experiment is shown.
60 nm of PbI, were evaporated on ITO/PTAA (ITO peak posi-
tions: 21.5, 30.6, and 35.4° (ref. 24)), afterwards the nominal
substrate temperature was increased to 100 °C, then FAI was
evaporated on the heated PbI, film. Due to the higher substrate
temperature, the sticking coefficient of FAI on the substrate

FAI Pbls FAI |[PVK| Pbl, FAI PVK Pbl,
CFAI CFAI CFAI
(@) < T o +—
CS 1 Cs | Cs | \
0 ——, 0 — z 0 ; z
0 0 dPVK 0 dp\/K

Fig. 4 Schematic concentration profiles for t = O (left), t = tg (middle), and t > t, (right). Inside the FAI and Pbl, reactants, the FAl concentrations are
constant at co and 0, respectively. Within the perovskite a monotonuos decrease is assumed with ¢ being the left and ¢, being the right boundary

condition at the interfaces.

This journal is © the Owner Societies 2026

Phys. Chem. Chem. Phys.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cp03252k

Open Access Article. Published on 08 April 2026. Downloaded on 4/8/2026 8:29:48 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Normalized Intensity

1.0 1.2 14 16 18 20

|

w2000 i 2000
O, | |
— 1 | I
. 1 | I L
E 0 te=—— gy
EO'S - [ 3 100-g
sl | N0 ©
Qr:v 00 T = T T T Y
0 100 200 300
Time [min]
Fig. 5 In situ diffractograms of the saturation concentration determina-

tion experiment represented as a colormap. After depositing Pbl,, the
substrate was heated to a nominal temperature of 100 °C and FAI got
deposited. Up to 250 min, all FAIl is incorporated into the PVK structure.
After this time, a crystalline FAI secondary phase is forming. The peaks at
21.5°, 30.6°, and 35.4° are from the substrate (ITO).

reduces. This leads to a smaller deposition rate, but larger FAI
diffusivity. After 100 min, the Pbl, peak at 12.7° starts to
decrease and the FAPbI; (100) and (200) peaks at 14° and 28°
respectively start to increase. Upon further FAI deposition and
diffusion, the 3D FAPbI; (100) and (200) peaks decrease again
and a 3D (111) & LDP peaks at 24° start to appear. A clear
distinction between the 3D (111) peak at 24.22°, the 2D (110)
peak at 24.27°, and the 1D (104) peak at 24.07° is not possible
due to their close proximity. This intensity change from mainly
14° and 28° to 24° signalises the transition from the ordinary
3D phase to LDP phases. We closed the FAI shutter after 200
min for 20 min to verify, that no FAI is piling up on the surface.
As seen, the integrated intensities do not change during that
time, suggesting the absence of a FAI layer, which would still
keep diffusing into the layer in that time. After 220 min., the
FAI shutter was reopened. After 250 min, a monoclinic FAI (102)
peak at 28° starts to appear. This means, that at ¢ = 250 min the
saturation concentration of FAI in a PVK layer is reached. After
closing the shutter a second time, the integrated intensities do
not change again, indicating that no further FAI can be
dissolved inside the PVK structure. The following EDX mea-
surements result in an approximate FAI:Pbl, ratio of 4:1
extrapolated to the time ¢ = 250 min. We calculated the tooling
factor for the deposition of FAI on the heated substrate to calcu-
late back via QCM how much FAI was deposited until 250 min.
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The FAI: Pbl, ratio of 4:1 is consistent with the ratio of a the 0D
FA,Pbl, perovskite, which is the PVK phase with the lowest
dimension (highest FAI content), so these results are consistent.
Due to the lack of literature on that specific phase we cannot
calculate the saturation concentration (as FAI particles per
volume) for this 0D FA,Pbl, phase. To nevertheless estimate the
saturation concentration, we can compare the FA-based system
with the chemical similar MA-system. Here, Yokoyama et al
calculated the crystal structure for all dimensionalities, from 3D
MAPbI; up to 0D MA,Pbls.>> When calculating the saturation
concentration of MAI in all these lattices (see Table S1),
a monotonous increasing trend with decreasing dimensionality
can be seen. This is also valid for the normalised saturation
concentration ¢/co (Conar = 14.08 mmol em™?). In the FA-system,
the normalised concentration (¢ gar = 14.36 mmol cm’a) for the
3D and 2D is similar to the MA-system. Because no structural
information is known in the literature for the 1D FA;Pbl; and 0D
FA,Pbl;, we assume a similar trend of increased normalised
concentration cy/c,. Following this route of thoughts, we assume
a FAI normalised saturation concentration of ¢y/c, of 80% as an
upper limit, as in the MA-system.

For an alternative derivation of a lower limit for cs, we can
consider the 2D FA,Pbl,, which we clearly detect in the in situ
XRD, as the PVK phase with highest FAI content that we clearly
detect in the XRD. As can be seen in Table S1 of the SI, the 2D
FA,Pbl, phase has a relative saturation concentration c of 70%.
With the hypothesis that this 2D phase will form at the FAI|PVK
interface, the normalised saturation concentration then would
read 70%. This leads to a normalised saturation concentration
range of 70-80%. In the “Discussion” chapter the influence of
the selected saturation concentration will be assessed.

The second important interface in the diffusion system is
PVK|Pbl,. This interface defines the minimum concentration
of FAI ¢, that is needed to grow a PVK. In literature as well as
in our own studies'®?®, no Pbl, rich phases for the FA-system
exist. This results in 3D FAPbI; being the perovskite with the
lowest FAI content. The calculated concentration of that phase
(6.46 mmol cm ™, 45%) marks the minimum concentration.
Both, ¢; and ¢, are important boundary conditions for
our model.

3.3 Mathematical ansatz

After discussing the physical assumptions, the mathematical
derivation is described. In a first step a numerical solution for
the depth dependent concentration ¢ of FAI within the PVK
phase will be presented. In a second step the correlation
between the measured XRD intensities and the concentration
gradient will be discussed.

We start with Fick’s second diffusion law

oc 8¢
Y _p.2¢ (1)
ot 072
Here ¢ describes the concentration of FAI within the PVK layer.
D is the diffusion coefficient of FAI in the PVK layer, which here

is assumed to be constant throughout the PVK layer and
is not changing with time. ¢ and z are the time and the
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one-dimensional space coordinate, respectively. The coordinate
system is chosen in the relative system of the PVK layer, such
that the FAI|PVK interface is fixed to z = 0 and the PVK|PblI,
interface is at z = dpyx (see Fig. 4), although for an external
observer both interfaces are moving in opposite directions. We
are thus looking for a solution to eqn (1) in the domain 0 < z <
dpyk. To solve the partial differential equation (PDE) we need
the following starting and boundary conditions, which derive
from the assumptions in Section 3.2:

C(Z > 0’ t = [0) = Cm [2)
c(z=0,1> ty) = ¢ (3)
c(z = dpyx(0), t > t)) = cm (4)

Fick’s law (1) together with the conditions (2)-(4) is a so called
initial-boundary problem. More precise, it is an initial-
boundary problem with inhomogeneous moving boundaries,
since the position of the right boundary of the PVK layer
depends on the (time dependent) perovskite thickness dpyk(t).
The mathematical solution of such a moving boundary pro-
blem is not trivial and it is more convenient to transform it into
an initial-boundary problem with homogeneous, fixed bound-
aries first. To this end, we first define a function g(z,7) =

m for which we obtain
Cs — Cm
o _,
or 0z2
g(Z>0,t:t0):O (5)

glz=0,1> Z(]) =1
g(z = dp\/]((l)7 > l()) =0

Now, the right boundary is homogeneous, but still moving in
time. To fix it, we define a new function f(2/, t) = g(z'dpyx(?), t),
which realizes a scaling of the position axes. Problem (5) then
becomes:

i, Z o 1 of

e = dva(l‘) X 7dPVK(Z) 97 dovk ([)2 922

f(Z>0,t=1)=0 (6)
flZ=0,t>1)=1

fZ=1L1>1)=0

Here, the term d'pyk(t) describes the time derivative of the PVK
layer thickness. Now we finally arrived at a system with fixed,
homogeneous boundaries and standard numeric methods like
finite differences can be applied. The original function c(z, ¢)
can then be obtained from f(2’, ¢) by

X z
c(z,t) = (¢s — em) X f| ———, 1) +Cm 7
(2) = (o= em) 1 (o2t o)
Eqn (6) shows, that the PDE requires the knowledge of the

perovskite thickness time evolution. The thickness increase of
the PVK layer, however, depends on the amount of FAI which
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arrives at the right PVK|PbI, interface. dpyk(f) must therefore be
determined self-consistently with eqn (6). To this end, we first
examine the thickness increase Adpyx within a small time step
At and we can write

Adpvk = Jpvkpbl, Vuc Na-At (8)

Here, Vyc and N, describe the unit cell volume and Avogadro’s
constant, respectively. The FAI particle flux Jpyk|ppi, is calcu-
lated via Fick’s first law, which by virtue of eqn (7) can be
written as

dc ¢s —cm Of
J —_D.= —_D. =
PVK|Pbl, dove (1) 97|,

©)

Plugging eqn (9) into eqn (8) and performing a transition to
infinitesimal time steps, leads to:

adva(t) = Jpvkpol, - Vuc - Na

¢ —Cm Of (10)

= —Vvuc-Na-D- .
ue A dpv]((l) oz -1

This is a first order ordinary differential equation, whose
solution can be computed to

d 1d

dpvk (1) 'EdPVK(Z) = EadPVKz(t)
of
:_VUC‘NA'D‘(CS_Cm)'a_g, (11)
=1

2 ' 8]( /

dpvk (1) = | dpvk0> —2- Vuc-Na - (¢s—cm)- | D- o dr

I 2=
(12)

The equation system (6) now has to be solved by taking eqn (12)
into account. To this end, we chose an iterative approach. For
the first iteration a constant perovskite thickness equivalent to
the starting thickness is used: dpyk(f) = dpvk - This is plugged
into eqn (6) and a Oth approximation f°(z/, ¢) to f(z/, t) is
calculated by a finite difference method. This is then used, to
calculate an updates thickness dpvk(t) via eqn (12). This proce-
dure is repeated until sufficient convergence is reached. At the
end of this first step, we have a self-consistent solution dpyx(t)
and, by eqn (7), ¢(z, ©).

After knowing the concentration profile, the link to the
measured XRD intensities can be derived. Therefore, the corre-
lation between concentration c(¢) and the absolute number of
FAI particles Npyk|pbr,, Which diffuse through the PVK|PbI,
interfaces in the time interval between ¢, and ¢, needs to be
written. This is done by integration of the FAI particle flux J
through the PVK|PbI, interface over time.

di’  (13)

/=1

‘ )
¢y — Cm Of
J p dpv]((l/) oz

t
Npvkpol, = J J|pydt’ = —

fo 1o
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By utilizing eqn (13), the final equation for the simulated
integrated PVK XRD intensity is:

! ¢ —cm Of

C— dr’ 14
dpv]((fl) oz ( )

=1

Limpvk = Io — Zpvk - J

fo
Here, we assume a direct proportionality between the measured
integrated XRD intensity I and the number of FAI particles N,
that diffuse through each interface. The proportionality factor
Apvk is defined by the molar mass M and mass density ¢ of the
perovskite (4.09 g cm™*),>? as well as the ratio between intensity

1
and film thickness o = 7 A more detailed discussion of this

proportionality can be found in the SI. As the annealing starts
with a small amount of PVK already present at the beginning of
the experiment, a starting intensity I, has to be considered.

Eqn (14) allows to fit the increase of the perovskite peak
intensities during the annealing experiment. To simulate the
FAI peak decrease, an analogous derivation can be performed
by considering the FAI|PVK interface for the concentration
gradient. This results in the following formulas:

dc Cs — Cm g

; __p.9% __p. 15
FAIPVK 02|, dpvk (1) 02| 1)
t ! ¢s —cm Of
. g, dr=_| p.S=™Y | 4 (6
FAI[PVK Jm 2o L) dpvk (1) 02|, (e)
. .
. Cs — Cm 8] /
L =1y — | Dy df 17
sim FAI = 1o — AFAI JIO dpyk (1) 02'|_, 7)

Our algorithm, which is based on the finite difference
approach, is simulating a theoretical integrated intensity tran-
sient for a given set of ¢, ¢, and D and comparing it to the
measured data via calculating the deviation Q2 as

Q:LZN:M (18)
N4

maX(IXRD)

With these equations the diffusion coefficients, which repre-
sent the data best, can be calculated. In the following section
this will be shown exemplary on one diffusion experiment while
for the other temperatures, we only give the extracted diffusion
coefficients.

4. Results

This section will show exemplarily for the isothermal experi-
ment at nominal 100 °C how a single isothermal annealing
experiment is evaluated. The substrate reaches a nominal
temperature of 100 °C after 10 min. During this heating phase
the diffraction peaks at 24.7°, 25.6°, and 31.0° decrease drasti-
cally in intensity and new peaks arise at 25.1° and 32.8°. This
indicates the transformation of FAI from the monoclinic to the
orthorhombic phase.’>?” The orthorhombic FAI peaks then
decrease in intensity during the annealing experiment due to
diffusion of FAI through the FAI|PVK interface to the PVK|PbI,
interface, where they form new perovskite. As soon as an FAI
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particle crosses the FAI|PVK interface, it does not contribute to
the FAI peak intensity anymore (see eqn (17)). The intensity
decrease of the 25.1° (FAI 111) peak is shown in red in Fig. 2.
Furthermore, a large number of peaks from PVK phases of all
dimensionalities evolve during the annealing. These can be
attributed to the 3D and 2D. For the 1D FA;Pbls no literature
data and thus no reference peak positions exist. However, a
known phase is the 1D (CI(NH,),);Pbls with an iodoformami-
dinium (CI(NH,)," = iFA") cation instead of a formamidinium
(CH(NH,)," = FA") cation. The diffraction peaks attributed to
that phase fit with our experimental data. We therefore assign
this 1D (iFA);Pbl; phase as one of our products in the perovs-
kite layer, through which the FAI is diffusing.>® The diffraction
peaks, which are detectable in our experiments are: 13.8° (1D),
13.9° (3D), 19.7° (3D), 24.1° (1D), 24.2° (3D), 27.8° (1D), 28.0°
(3D), 29.1° (1D), 30.0° (1D) and 31.4° (3D). Additionally, a 2D
peak is located at 25.6°, which is in superposition with the
orthorhombic FAI (111) peak, leading to a large fitting uncer-
tainty. Because of that, this peak is not taken into consideration
for the diffusion coefficient determination. Fig. S6 shows all
mentioned peaks in the in situ diffractogram. Fig. S7 shows a
diffractogram of the FAI and 2D PVK (013) peak. All these PVK
peaks are increasing in intensity during the annealing, indicat-
ing the formation of new PVK material. Since in the presented
approach the XRD peak intensity is used for the quantification
of the share of a certain phase, one has to exclude the
influences of texture and grain reorientation. To this end, the
weighted peak sum of all detectable PVK peaks was evaluated
instead of single PVK peaks. For that, the peaks have been
normalised according to the following formula:**"*°

N

(i)
Ikrp
Ipvk = Z 0 (19)
i=1 drel
with I.; being the normalisation factor:
Iy = SCF - |[F*MU - G(0, Q) - P(w + Q) (20)

All constants and peak-independent parameters like initial
intensity I, or detector sensitivity are combined in the scaling
factor SCF. Also, the structure amplitude |F|?, the multiplicity
1
sin(w) x sin(Q)
polarisation term P = 1 + cos*(w + Q) impact the resulting
relative intensity. Here, w and Q describe the angle of incident
and detector angle for the X-rays, respectively. Table S2 gives
the values for all factors in eqn (20) for every used PVK peak.
In addition, we performed an experiment, where we co-
evaporated FAPbI; and measured the integrated intensity of
the PVK 24° peak (sum of 1D and 3D) in dependency of the
deposited PVK thickness. In Fig. S10 it can be seen by the
almost linear behaviour of the intensity vs thickness that for a
film thickness below 2 pm, attenuation effects are neglectable.

MU, geometric correction G(w,Q)= , and

This verifies the direct proportionality o = 78 stated in the

previous section.
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Fig. 6 Normalised integrated intensities of all visible PVK peaks as well as
the weighted sum of all of them. All graphs are individually normalised.
Dashed line represents all 3D peaks, dotted 1D, and full line shows the
weighted sum. For the 1D peak at 24° some error bars are shown.

Fig. 6 shows the I(¢) graphs for each normalised PVK peak as
well as the weighted sum of all of them (black). Here we like to
emphasize, that not every peak area evolution has the same
shape. While the 3D peaks (dotted) mainly have a larger
intensity increase at the beginning of the experiment, the 1D
peaks (dashed) rise more towards the end of the annealing
phase. For the weighted sum (black) a monotonous increasing
integrated intensity is seen. Additionally, selected error bars
from peak fitting are shown for the 1D PVK peak at 24° to
demonstrate, that uncertainties arising from the fitting proce-
dure are minor. For the following fitting procedure, only the
weighted integrated intensity sum Ipyx will be used for the
diffusion product. Additionally, the orthorhombic (111) FAI
peak is evaluated as the reactant phase. For the fitting, a
starting time ¢, of 10 min was chosen, after which the desired
temperature (here nominal 100 °C) is reached. Additionally,
within these 10 min the phase transition from monoclinic to
orthorhombic FAI occurs, which explains the jump in the I,
data. In order to fulfil the assumption of a semi-infinite FAI
source, the end time for the fitting is set to the time where the
simulated FAI intensity falls to 10% of the initial intensity,
which is after 87.4 min (¢.,q). The saturation concentration ¢
and minimum concentration c¢,, are 11.49 mmol cm ™ and
6.46 mmol cm ° respectively. Also needed are the initial (dpyx o)
and the final (dsgm) PVK thicknesses. During the deposition
period of the experiment some PVK already has formed, leading
to a non-zero starting thickness for the evaluation (see Fig. S1).
We have taken the 3D-PVK peak at 31.4° as a measurement to
estimate the initial thickness. For that we used the maximum
integrated intensity (316 cps°) and « from that 31.4° peak at the
end of the annealing experiment (1.44 cps® per nm) to calculate
dpyk,o to be 219 nm. The influence of the starting thickness is
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Fig. 7 Normalised measured data as well as simulated intensities for the
FAI (111) peak and the weighted sum of all detectable PVK signals (top) and

time dependent thickness of the PVK layer (bottom). teng is set to 87.4 min.

The resulting diffusion coefficient is D = 4.66 x 1072 cm? s,

discussed later. The final PVK thickness was determined via
SEM (see Fig. S9) to around 1850 nm. In Table S3 all initial
parameters for all experiments are listed. Fig. 7 shows the
calculation results. In the upper graph the measured (dotted)
data are shown for the PVK (blue) and FAI (red). The solid lines
represent the fits with the optimised diffusion coefficient
D=4.66 x 10" cm? s, The lower graph shows the simulated
perovskite growth according to eqn (12) as a solid line. Here,
the dotted line represents an extrapolation, as if the condition
of unlimited FAI and PbI, supply would be guaranteed. It can
be seen, that the final measured SEM PVK thickness (1850 nm)
and the extrapolated PVK thickness (1930 nm) are in good
agreement, supporting the reliability of our calculated diffusion
coefficient. This resulting diffusion coefficient was used for the
Arrhenius plot.

The evaluation has been performed for all experiments from
90 °C to 120 °C in 5 °C steps. The Arrhenius plot in Fig. 8 shows
the diffusion coefficients of all isothermal annealing experi-
ments as a function of inverse temperature. Note, that the real
substrate temperature is estimated 16 K below the nominal
temperature, due to the temperature difference between front
and back side of the sample (following the calibration proce-
dure detailed in the SI). It can be seen, that all points are
following the linear trend. The resulting activation energy is
0.84 eV and the preexponential factor 3.63 cm” s~ . The error
bars were acquired by calculating the Gaussian error propaga-
tion. For the Gaussian error propagation, the individual uncer-
tainties were determined from the maximum deviation of the
evaluated parameters ¢, dpyk,o, and t,, which will be discussed
in the next chapter. This results in an uncertainty of the
activation energy of +£0.18 eV. Due to the logarithmic scale,
the error for the preexponential factor Aln(D,) is asymmetric.
The uncertainty interval is D, € [1.20 x 1072 1.10 x 10”]em®s™".
Fig. 3 shows the in situ diffractograms of the 3D PVK peak at 31.4°
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Fig. 8 Arrhenius plot with error bars of all seven experiments with cs/co =
80%. The calculated activation energy is £, = 0.84 eV and the preexpo-

nential factor is Do = 3.63 cm? s™%, The temperature data are corrected to
the calibrated values as described in the text.

2.9

for all nominal temperatures, together with the adjusted feng.
As expected, the needed time to complete the diffusion decreases
with higher annealing temperature. Similar to Fig. 7, the fit results
of the remaining temperatures are shown in Fig. S13.

5. Discussion

In the following, we will check how strongly the chosen
boundary and starting conditions of our fitting procedure
impact on the results, in order to estimate the error of our
findings. Then, a comparison with literature values will be
given.

5.1 Effect of saturation concentration cg

Firstly, we will check how strongly the choice of the saturation
concentration (70-80%) impacts on the results. For this, we
conducted the same calculation with a normalised saturation
concentration of 70%, 75% and 80%. The results are shown in
Fig. 9. An increase in cy/c, leads to lower diffusion coefficients
in the chosen temperature interval. The correlation between
saturation concentration and diffusion coefficient is shown in
Fig. 10. A fit-error-minimum band is seen, indicating that the cg
and D cannot be fitted simultaneously. Because of that, c; was
estimated with an additional experiment and set to 80%, as
discussed in Section 3.2. By varying the normalised saturation
concentration between 70 and 80%, the activation energy
changes by 0.02 eV (2.4%). Additionally, D, differs within the
same order of magnitude due to the difference in E, (slope).
Variations in the saturation concentration only weakly affect
the concentration gradient at the PVK|Pbl, interface and there-
fore have a negligible influence on the FAI flux for sufficiently
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Fig. 9 Arrhenius plot for cs/cq of 70%, 75% and 80% to estimate uncer-
tainty due to saturation concentration variation.
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Fig. 10 Relative fit error Q in dependency of the diffusion coefficient D
and the normalised saturation concentration, with a constant minimum
concentration cp,. No global minimum is seen, but a “minimum-band”.
This implies a correlation between ¢ and D.

thick perovskite layers, leaving the extracted diffusion coeffi-
cients and thus Arrhenius parameters almost unchanged.

5.2 Effect of different PVK starting thickness dpyx o

To analyse the effect of a different starting PVK thickness dpyx o,
the same evaluations were done with a starting thickness of 100
and 500 nm. The saturation concentration was set to c¢s/c, =
80%. The Arrhenius plots are shown in Fig. S10. Choosing a
smaller dpyk o results in no change in the activation energy and
preexponential factor. Upon increasing the starting thickness
to 500 nm, E, and D, increase by 0.05 eV and 8.82 ¢cm® s,
respectivly. While a smaller initial perovskite thickness increases
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the early-time FAI flux, the growth rate decreases at longer
annealing times following the characteristic v/ behaviour, such
that variations in the starting thickness do not significantly affect
the diffusion coefficient obtained from long-time kinetics.

5.3 Effect of different starting times ¢,

Also, a variation of the starting time ¢, was performed. For that,
besides the used 10 min, also 8 and 12 min were tested, which
means starting the fitting procedure one measurement point
earlier or later, respectively. The results can be seen in Fig. S12.
A minor decrease in activation energy (0.04 eV) can be seen
between 10 and 12 min, whereas E, increases by 0.07 eV
between 10 and 8 min. This also decreases (increases) the
preexponential factor by a factor of 4 (10) between 10 and
12 min (8 min). Shifting the effective start time results in a
horizontal displacement of the diffusion-controlled PVK growth
curve but has only a minor impact on the final perovskite
thickness at long annealing times, where the growth rate is low.

5.4 Comparison with literature and contextualisation

The activation energy of 0.84 eV as determined by our experi-
ments is comparable to values found at the chemically similar
MA-based system. Eames et al. calculated the activation energy
to 0.58 eV and 0.84 eV for I” and MA", respectively, using their
chronophotoampereometry measurement.'” Futscher et al.
published 0.29 eV for I~ and 0.39-0.90 eV for MA" via capaci-
tance measurements.”® It can be seen, that our value for E, is
close to the reported MA" activation energies.

In the SI we calculated the diffusion coefficient at 105 °C
from Arrhenius parameters for selected publications.'>'*3!
Table S4 shows, that different measurements techniques result
in diffusion coefficient discrepancies of multiple orders of
magnitude (107'*-10"° cm® s '). Our value of 7.07 x
107" em® s ! is located within that interval, verifying the
comparability of both chemical similar organic A-cations.

First principle calculation report migration barriers for
halides and A-cations in the range of 0.44-0.48 eV (I"),
0.57 eV (MA"), and 0.61 eV (FA')." The small difference
between MA" and FA' highlights the chemical similarity of
the organic A-site cations. Additionally, Ghasemi et al. per-
formed experiments to extract diffusion parameters for bulk
and grain boundary diffusion. They reported lower activation
energies for GB diffusion (0.46-0.57 eV) compared to bulk
diffusion (0.61-0.74 €V).>? Also, a recently published work by
Siegert et al. utilizes in situ XRD measurements to determine
activation energies for the diffusion of I" into MAPbBr; (0.32
eV) and Br~ into MAPDI; (0.59 eV). Their model makes use of
the Boltzmann-Matano approach combined with Rietveld refine-
ment of the perovskite diffraction peaks.*® A similar model was
used by Wollstadt et al. to obtain diffusion parameters in oxide
perovskites utilizing in situ XRD.** Overall, the activation energies
obtained in our work are slightly higher than most previous
reported values. This difference can be rationalized by the distinct
experimental configuration and diffusion geometry employed
here, which differs from commonly investigated systems.
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Our comparatively high preexponential factor D, arises from
defect-mediated transport and the high defect densities
characteristic of halide perovskites®® and therefore represents
effective transport prefactors rather than bulk diffusion para-
meters.>® Futscher et al. give values for the diffusion coefficient
at 300 K, which translates (together with the E, values) to values
for D, in the range of 107° to 10°> ecm® s ' for the MA" ions.
Ghasemi et al. determined preexponential factors on the order
of 107° em* s~ for bulk and 10~" em?® s~ for grain boundary
diffusion and are thus within the same range as values from
this work.>?

For future solar cell device upscaling approaches, a low
annealing time is desired. For example, for a 7 = 1 min
annealing step, the necessary annealing temperature can be

estimated with our results. Preparing a L = 2 pm thick absorber
2

g L e .
and utilizing D = —, a diffusion coefficient of D = 6.67 x
T

107'° em® s is necessary. Performing an extrapolation using
the Arrhenius parameters, a temperature of 168 °C can be
calculated. Considering the low annealing time, no significant
degradation effects should apply to the film.

6. Summary

We conducted experiments to quantify the FAI diffusion
through the PVK layer in the diffusion system PbI,-PVK-FAL
For this purpose, we deposited via sequential deposition a stack
of pure PbI, + FAI layers via sequential deposition. A following
isothermal annealing step allowed us to determine the diffu-
sion coefficient for the chosen annealing temperature by a
mathematical model, utilising the in situ XRD system. Compar-
ing data from experiments conducted at different annealing
temperatures allows to make an Arrhenius plot and determined
the preexponential factor D, and activation energy E, to 1.20 X
107>-1.10 x 10™ cm”® s~ " and 0.84 =+ 0.18 eV, respectively. This
work leads the way to advanced insight into the diffusion and
perovskite growth for sequential deposition and annealing
processes. Our goal for the future is to analyse more material
systems and quantify the effect by adding different ions into
the FAPDbI; system. For example, caesium and chloride are said
to increase the diffusivity and thus perovskite growth.®”
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