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This Supporting Information (SI) provides additional data and discussions supporting the
hypotheses and conclusions of the main text. It starts by showing colormaps of the in situ
XRD measurements of all the deposition processes of the different isothermal annealing
experiments presented in the main text, together with an exemplary description of the
experiment with a nominal isothermal annealing temperature of 100°C. After that, the
colormaps of the remaining annealing experiments are listed.

Next, we present and discuss the temperature correction and presence of the 2D FA,Pbl,
phase, before providing SEM images of a non-annealed and annealed film. The Arrhenius
plots for the initial PVK thickness dpyx o and starting time ¢, variation are also depicted for
comparison. Then, the FAl and PVK peak transient fitting results for all not already shown
temperatures are displayed. The Supporting Information is concluded by three tables: the
calculation of the saturation concentration, calculation of the relative Intensity /,,;, and the
initial and fit parameters for all annealing temperatures.

The in situ diffractogram for the nominal 100°C experiment of the deposition is depicted in
Fig S1. The upper graph shows the in situ diffractogram. In the graph below, the integrated
intensity of chosen diffraction peaks is depicted. Also, the laser light scattering (LLS) signal
and deposition rate is plotted. The shaded areas mark the times of Pbl, (orange) and FAl
(red) deposition, respectively. At the beginning, during the Pbl, evaporation, a prominent
peak arises at 12.7°, which represents the (001) orientation of the 2H polytype of the
hexagonal Pbl,. The (002) peak at 25.5° is also visible with a low intensity. After reaching a
maximum integrated intensity, its intensity decreases rapidly again, although Pbl, is still
deposited, which can be seen in the LLS data. This method can be used to estimate layer
thickness as well as texture changes of the film via thin film interference. A detailed
explanation of this method is given in previous reports(1). We use two different
wavelengths, 650 nm (depicted in red) and 1550 nm (grey). The number of oscillations give
information about the deposited film thickness. The continuous oscillations for both laser
wavelengths verify, that Pbl, indeed got deposited the whole time. However, it can be seen,
that a new peak at 28.3° appears, which has a monotonous increasing integrated intensity.
This peak does not match with any reference for the hexagonal 2H Pbl, but fits the
rhombohedral 6R polytype of Pbl,. In a previous report, we already investigated this
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FAPDbI3. This reaction happens as soon as  nominal 100°C annealing experiment. Besides the XRD data, also
FAl is in contact with Pb|2' even at room the integrated intensity of the FAPbI; (210) peak, the LLS, and the

temperature. At the same time the peak dePosition rateare shown.

at 28.3° is also increasing in intensity,

which is due to FAPbI; having its (200) peak at almost the same position and thus making a
differentiation between (104) 6R Pbl, and (200) FAPbl; not possible. After a small FAPbI; film
growth, the intensity of PVK peaks is decreasing again, which can be explained by the
formation of lower dimensional perovskites (LDP), which will be discussed in the next
chapter and attenuation due to the growing FAIl layer. Also, FAI diffraction peaks can be
seen at 24.7 and 25.6°. As the (002) 2H Pbl, layer is in superposition with the 25.6° () FAI
peak, making in individual intensity evaluation of the (002) Pbl, peak impossible. In
conclusion, while we do verify the correct Pbl, deposition via LLS, we cannot identify
indistinguishably any Pbl, diffraction peaks because of the used geometry used and the
formation of the 6R polymorph. This is the reason we cannot use the decrease of individual
Pbl, peaks as a measure of Pbl, consumption/perovskite formation, as we do for the FAI
decrease, for example.

Determination of the initial PVK thickness dpy o

The initial PVK layer is determined with the deposition in situ diffractogram seen in Figure
S1. At the beginning of the FAI deposition, PVK peaks are appearing, for example the (210)
orientation at 31.4° (3D). This indicates, that upon contact of FAl and Pbl,, the perovskite is
formed, even at room temperature (25°C substrate temperature during deposition). With
the maximum in integrated intensity for the 31.4° peak (316cps°®) and the determined &
(1.44 cps°/nm), the initial PVK thickness dpy o is calculated as 219 nm. Also seen is the laser
light scattering (LLS) signal. This method can be used to estimate layer thickness as well as
texture changes of the film. A detailed explanation of this method is given in previous
reports(3). We use two different wavelengths, 650 nm (depicted in red) and 1550 nm (grey).
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The number of oscillations give information about the deposited film thickness. It can be
seen in Figure S1 (for nominal 100°C) as well as in Figure S2 (for all other temperatures), that
in all experiments around 6 (2.5) oscillations are visible for the 650 nm (1550 nm) laser
during the Pbl, deposition, indicating an equal thickness in all experiments. The initial drop
of the 650 nm laser intensity is due to a reduction in surface roughness. After that intensity
decay around 5.5 and 2.5 oscillations are detectable for each respective laser for all
experiments, again verifying equal film thicknesses.

Remaining colormaps

For completeness, we present in the following the remaining diffractograms in colormap
representation, for all deposition and annealing processes, i.e. the ones that are not already
displayed in the main text.
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Figure S2 In situ diffractograms represented as colormaps of the deposition for the 90°C, 95°C, 105°C, 110°C,
115°C, and 120°C experiments. Besides the XRD data, also the integrated intensity of the FAPbl; (210) peak,
the LLS, and the deposition rate are shown.
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Figure S3 In situ diffractograms represented as colormaps for the 90°C, 95°C, 105°C, 110°C, 115°C, and
120°C annealing experiments. Besides the XRD data, also the integrated intensity of the PVK peak sum and
the orthorhombic FAI (111) peak, as well as the nominal substrate temperature are shown.



Temperature Correction

The substrates are heating with infrared
radiation from the back, and therefore a
temperature gradient towards the front
side of the 1.1 mm thick glass substrate is
formed. To estimate the difference
between the temperature at the front

and back side of the samples, we heat kN

th mol ith the nominal annealin Figure S4 Photograph of the used temperature labels. The black
€ samples wi € nominal annealing color indicates, that the corresponding temperature got reached

temperature (a pplied and measured at at the front side of the samples. The temperatures above are the
the back side) and measured the front nominal back side temperatures.

side temperature using self-adhesive temperature labels. The results can be seen in Figure
S4. The separated areas on the labels are turning black, when the corresponding
temperature is reached. As see, they can label the temperature in 5-6°C steps. Because we
do not know the exact temperature, we assume that the front side reached a temperature in
the middle between the last black and first white area. For example, the left substrate in
Figure S4 (Nominal temperature 121°C): Here, 99°C are reached at the front side of the
sample, but also temperatures up to 103°C are possible, without changing the result of the
label. Because of that, we assume the front side to have reached a temperature between
104°C and 99°C, namely 101.5°C. This creates a difference to the set back side temperature
of 19.5°C. Averaging over all labels, we get a difference between back and front side of
around 16°C.

Due to the difficult temperature reading

inside a vacuum chamber, we assume a E.=0.79 eV
temperature uncertainty of maximum 10°C. —25.0 1 fsl:_l%-m em®/s
Figure S5 shows three Arrhenius plots, where F, = 0.83 eV
the effect upon the diffusion parameterscan = —25.5 - ?3—1:0??7 em’/s
be seen. The blue graph represents Figure 8 = epe B, — 0.88 eV
from the main manuscript without 19( —96.0 - Do = 4.96 em?/s
consideration of uncertainties due to c;, 9/

dpvk o, and ty. By reducing all temperatures by =

10°C (orange) or increasing by 10°C (green) a —26.5 1

minor deviation for the activation energy of

0.04-0.05 eV is observable. The —27.0 i i
preexponential factor does change by a 2.6 2.8 3.0
factor of 2. These results indicate, that the 1000/T [K~1 - 107]
error due to the temperature reading Figure S5 Arrhenius plots to analyse temperature
uncertainty is on the same scale as all the uncertainties and its effect on the diffusion parameters. By

assuming a 10°C uncertainty, the estimated activation
energy does change by 0.04-0.05 eV. For the preexponential
factor a factor of 2 difference can be seen. For visibility
reasons error bars are not shown.

other mentioned uncertainty sources.



Peak labelling

Figure S6 shows the in situ diffractogram for the nominal 100°C annealing temperature
experiment. All intense and relevant peaks for this publication are highlighted with a colored
triangle. An extract of the diffractogram at 89 min. is displayed in Figure S7. Here, the
existence of the 2D phase is clearly visible. However, the relatively small intensity and the
FAIl peak in close vicinity make a precise evaluation not possible.
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Figure S7 Extract of the diffractogram of the 100°C

annealing experiment taken at 89 min. Both, the

intense FAl and the small 2D PVK peak are visible,

indicating the presence of the 2D phase.
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Figure S6 In situ diffractograms of the nominal 100°C
annealing experiment with reference peak positions for all
detectable PVK phases as well as monoclinic and
orthorhombic FAI.



Figure S8 SEM image of non-annealed Pbl2 (645nm) and  Figure S9 SEM image of the 100°C experiment. The average
FAI (1200nm) film. Scale bar is 1um. film thickness is estimated as 1.85 um. Scale bar is 1um.

SEM images

Figure S8 shows the SEM image of a 645 nm Pbl, and 1200 nm FAI layer, which was not
annealed. Both layers are clearly distinguishable, which supports our initial assumption of a
one-dimensional diffusion. In Figure S9 the SEM image of the nominal 100°C experiment is
displayed. Here, a homogenous film is seen. The average thickness is around 1850 nm.



Attenuation Consideration

To estimate the effect of x-ray attenuation
the following experiment was conducted:
FAl and Pbl, were co-evaporated on an
ITO/PTAA substrate. With an x-ray angle of
incident W=12° the PVK peak at 24° was
measured, the result can be seen in Figure
S$10. The integrated intensity grows almost
linearly until a thickness of around 2um.
After that the typical 1 —exp(—p *s)

shape is visible. Here p is the linear
2d

S
attenuation coefficient and sin(6) the
x-ray path inside the sample with
w=Q=0=12° The linearity up to 2um
means, that up to this thickness,
attenuation effects do not have a
significant impact on the measured X-ray
intensities, and can therefore be neglected

in our experiments. Additionally, this graph ve
value, which is the slope in Figure S10.

Effect of different PVK starting thickness dpyx o

Figure S11 shows the Arrhenius plot for
different starting PVK thicknesses dpyx o

CS/
with / €0=80%. In blue the already shown
data points and fit from Figure 8 of the
main script are displayed for comparison.
Additionally, the resulting temperature
dependent diffusion coefficients for
dpvk0=100 nm (orange) and 500 nm
(green) are given. It can be seen, that
choosing a smaller starting thickness
results in no significant change in the
activation energy and preexponential
factor. By increasing the starting thickness,
the activation energy and preexponential
factor increase by 0.05 eV and 8.82 cm?/s,
respectively. Nevertheless, the impact of a
different starting thickness remains rather
small.
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Figure S10 Integrated intensity of the 24° PVK peak (®¥=12°)
in dependency of deposited FAPbI; via co-evaporation.
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Figure S11 Arrhenius Plot for the used starting thickness dy
written in Table 3 (blue) as well as 100 nm (orange) and 500

Cs/
C

nm (green). For 0 80% was chosen.

10




Effect of different starting times t,

When the starting time (first data point to be considered in the fitting) is varied from 10 min.
(reference value) to 12 min. only a minor difference in the activation energy (0.04 eV) and a

factor of 4 in the preexponential factor is observed, as can be seen in Figure S12. A larger

discrepancy is visible when comparing 8 min. This can be explained by the fact, that possibly

the phase transition from the monoclinic to the orthorhombic FAI phase has not been
completed. As seen in Figure 7 and S13, the orthorhombic FAI peak intensity did not reach
its maximum value after 8 minutes, leading to a large fitting error and thus increases the
diffusion coefficient uncertainty. This is especially crucial for the high temperature
experiments, because there less measurement points exists, which increases the absolute
error, according to Equation (15) in

the main text. —24.5 1
F, =090 eV
Do = 24.68 ¢cm? /s
—25.0 A 10 min
Fa = 0.83 eV

Do = 2.37 cm?/s
12-min

E, =079 eV
= e Dy = 0.50 cm? /s
o —26.0 1 9
—26.5
—27.0 1

i 2.8 2.9
1000/T [K~! - 10%]

Figure $12 Arrhenius Plot for the used starting time t, (10 min, blue) as

CS/
C

well as 8 min (orange) and 12 min (green). For

0 80% was chosen.
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Fit Plots for 90, 95, 105, 110, 115, and 120°C nominal annealing temperature experiments
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Figure S13 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 depended thickness of PVK layer (bottom) for shown nominal annealing

temperatures.
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Table for calculating the saturation concentration

Table S1 MAI and FAI concentration values to estimate the saturation concentration. c,/cq gives the MAI or FAI
concentration in the different dimensional perovskites referenced to pure MAI or FAI, respectively. Please note that for the
regular 1D and OD FAPI phases, no reference values for crystal structure parameters were found in literature.

Perovskite | Dimensionality | Vyc [A3] | MAI/FAI MAI/FAI ¢/ Co Reference
and space particle Concentration | [%]
group number [mmol/cm3]
MAPbI; 3D (P1) 486.27 |2 6.83 48.5 (4)
MA,Pbl, 2D (P1) 724.88 |4 9.16 65.1 (4)
MA;Pbls 1D (P1) 939.22 |6 10.61 73.3 (4)
MA,4Pblg 0D (P1) 599.45 |4 11.08 78.7 (4)
FAPbI; 3D (Pm3m) 257.0 1 6.46 45.0 (5)
FA,Pbl, 2D (P1) 3295 |2 10.08 70.2 (6)

Parameters to calculate the relative intensity /.,

Table S2 Table to calculate |,.. Besides the peak position 29, the dimension of the phase, structure amplitude |F|,
multiplicity MU, product of angular dependent geometry and polarisation factor G*P, and the final relative intensity I, are
given. Additionally, the XRD-reference is given in the last column. Please note that for the regular 1D and OD FAPI phases,
no reference values for crystal structure parameters were found in literature. The 1D FAPI phase mentioned here refers to a
1D (iFA)3Pbls phase listed in reference (7), which matches the peak positions of our experiments.

w+Q [°] Dimension | |F]| MU G*p el Reference
13.8 1D 730.39 2 299.04 3.19*108 (7)
13.9 3D 124.21 6 279.10 2.58*107 (5)
19.7 3D 33.34 12 67.42 8.99*10° (5)
24.1 1D 648.14 2 42.16 3.65*107 (7)
24.2 3D 69.74 8 41.60 1.61*10° (5)
27.8 1D 892.24 2 31.52 5.02*107 (7)
28.0 3D 212.81 6 30.95 8.41*106 (5)
29.1 1D 672.74 4 28.89 5.23*10’ (7)
30.0 1D 669.57 4 27.23 4.88*10’ (7)
314 3D 111.49 24 24.98 7.45*%10° (5)
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Table with initial and fit parameters

Table S3 In this table all initial parameters are given as well as the resulting diffusion coefficient D for c¢,/c, of 70 and 80%.

Exp. devko [nM] | dsgm[nm] | & tena [min] | D [cm?/s] | D [cm?/s]
[cps®/m] | 70% / 80% | (70%) (80%)
90°C 322 1950 529.9 195/185 | 3.07*1012 | 2.12*1012
95°C 262 1800 640.2 173 /165 |3.70%1012 | 2.67*1012
100°C 219 1850 699.5 89.5/87.4 | 6.15*1012 | 4.66*1012
105°C 267 1850 649.4 61/ 61 9.33*1012 | 7.07*1012
110°C 233 1950 626.3 50.8 /50.8 | 9.33*1012 | 7.07*102
115°C 187 1800 689.2 30.5/30.5 | 1.96*10! | 1.55*10¢
120°C 219 1800 753.8 28.5/26.4 | 2.47*10°1t | 1.78*10°¢

Table for literature comparison

Although our activation energy of 0.84 eV is comparable with literature, calculated diffusion
coefficients might differ. To understand that discrepancy, table S4 was generated, which
shows diffusion parameters for different ions from various publications. Each publication
only stated the activation energies for the diffusing ions and diffusion coefficients at one
single temperature. These values were taken to calculate the preexponential factor and the
diffusion coefficient at 105°C. As seen in the table, the iodine ion is moving faster, than the
A-cation counterpart. Additionally, huge deviations between the diffusion coefficients at
105°C for the MA* particles can be seen. Within the same work, a two order of magnitude
difference between the MAPDbI; crystal structure is visible. Also, the measurement type
influences the final result by multiple orders of magnitude. These results show on one hand,
that the MA and FA systems give comparable results due to the chemically similarity and on
the other hand, that the diffusion coefficients also depend on the used measurement
devices. Our value for the diffusion coefficient at 105°C is located within the diffusion
coefficient interval for the MA* diffusion through MAPbI;.

Table S4 Collection of Arrhenius parameters and diffusion coefficients (at 105°C) from selected literature reports. For all
stated publications the preexponential factor Dy was calculated by given diffusion coefficients at other temperatures.

lon Measurement E, [eV] Do [cm?/s] | D(105°C) [cm?/s] | Reference
I Theoretical 0.58 1.4*10°3 2.6*¥101! ()
MA?* (cubic) calculation 0.84 1.7*1073 1.0*¥10
I Transient ion-drift | 0.29 2.3*10* 3.1*108
MA* (tetragonal) | measurements 0.9 4.5*%10%3 4.7*%10° (9)
MA* (cubic) 0.39 5.7*10°% 3.6*1011
MA* (cubic) NRM tracer self (0.9-6)*10°13
e (10)
diffusion
FAI Concentration 0.84+0.18 | 1.2*102- 7.07*1012
driven diffusion 1.1*10%3 This work
measured via XRD
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