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Structural Evolution of Sequentially Evaporated
(Cs,FA)Pb(l,Br); Perovskite Thin Films via In Situ X-Ray

Diffraction

Karl L. Heinze, Tobias Schulz, Roland Scheer, and Paul Pistor*

Evaporation of perovskite thin films for solar cell applications is a solvent-free,
well controllable, and scalable deposition path with promising prospects for
commercialization. Compared to commonly applied simultaneous co-evapora-
tion of various halide precursor salts, sequential evaporation followed by an
annealing step allows to better control the amount of deposited precursors, and
has the potential to largely improve reproducibility. In this work, Cs/formami-
dinium (FA)-based lead iodide perovskites are deposited via sequential evapo-
ration in a vacuum chamber and the phase formation and evolution of different
precursor-stacking sequences and annealing conditions are investigated with
in situ X-ray diagnostics. In addition, some Br is added to investigate the effect of
halide intermixing. The stacking sequence is found to strongly influence the
formation of dominant phases as well as the preferential orientation and
HGHmorphology of the as-deposited films. These variations in turn affect the
diffusion and conversion during thermal annealing and ultimately the conversion

deposition technique is spin-coating, which
bears two main disadvantages. Spin-coat-
ing cannot be upscaled to produce devices
on large areas for industrial applications,
and solvents such as dimethylformamide
or dimethylsulfoxide are needed.*
These solvents are toxic®® and costly, have
a bad environmental footprint,’®’ can cause
damage to underlying layers”! and thus
their usage is ideally minimized.

A completely solvent-free perovskite
synthesis can be realized by evaporation
via physical vapor deposition (PVD), which
allows for homogeneous large area growth
on various substrate morphologies.® 2!
Compared to co-evaporation, sequential
evaporation enables good crystallinity and

ratio of the final perovskite layers. For example, it is found that starting the
stacking sequences with the A cations (Csl, FAI) favors a fast and complete
conversion of the perovskite phase. However, the result is the formation of

perovskite layers with large voids.

1. Introduction

Perovskite solar cells (PSCs) have almost reached the power con-
version efficiency (PCE) of silicon-based solar cells (26.1% and
26.8%, respectivelyl?). However, to date, the most prominent
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better process control.>'*'* Feng et al. have
shown that homogenous formamidinium
(FA)-based perovskite layers can be depos-
ited with a sequential roll-to-roll process
on large areas, and applying an optimized
low temperature annealing at 60°C a high
PCE of 21.3% could be obtained.” A record
PCE of 24% for sequentially deposited
CsFAPbI; was reported by Li et al. in 2022.) In sequential lead
halide perovskite deposition, usually the inorganic components,
typically PbI,, are deposited first, and their properties and mor-
phologies might therefore strongly influence subsequent perov-
skite formation. For sequential wet-chemical processing routes,
i.e., the so-called two-step-deposition methods, many reports focus
on the optimization of the inorganic precursor deposition in view
of solar cell performance, emphasizing its significance. There, sol-
vent additives or variations of different preparation techniques are
used to obtain optimal morphologies,'®'® and the consensus is
that a highly oriented and porous Pbl, precursor layer favors a full
conversion to the perovskite phase leading to high-performance
PSCs.1923

However, few reports exist regarding the optimization of the
inorganic precursor deposition in the context of PVD. Instead of
a solution penetrating the inorganic precursor, during sequential
evaporation a condensed organic (e.g., formamidinium iodide
[FAI)) layer is formed, and solid-state diffusion determines the
reaction kinetics. As a consequence, optimal precursor morphol-
ogies for a fast and complete conversion into high-quality perov-
skite layers might be different for vacuum-based approaches as
compared to a solution-based conversion step. Using PVD,
Hoerantner et al. speculate that the porosity of Pbl, could be
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advantageous for its conversion to MAPDI;.** Li et al. maxi-
mized their PCE by enhancing the crystallinity of their Pbl, seed
layer and produced a smoother and more condensed surface
by incorporating a small amount of CsI and PbCl,.""! Wang
et al. employ spin-coated Pbl,/PbCl, and find larger precursor
grains to be beneficial for perovskite formation during FAI evap-
oration.™ The optimization of the Pbl, precursor layer is even
more important, as Pbl, is a highly versatile material with many
different polytypes!* and morphologies, and its full potential for
optimized sequential evaporation is still to be unfolded.

Solid-state diffusion through PbI, is driven by concentration
gradients. However, there is still limited knowledge and under-
standing about the interdiffusion during the annealing of the
precursors for perovskite conversion. As the lead halide salts share
a similar octagonal lead halide configuration in the lead halide
recursor as in the final perovskite phase, the conversion is some-
times called intercalation of the A cation. For MAPDI;, Eames et al.
found that primarily I- and MA™" diffused within the perovskite
lattice, while the Pb>* ions mostly remained stationary.”*® This
effect has been scarcely discussed for FA-based perovskites up
to now and our experiments are specifically designed to elaborate
on this knowledge gap.

Therefore, we investigate the sequential deposition of
(Cs, FA)PD(I, Br); thin films via sequential thermal evaporation
of the precursors in a vacuum chamber followed by an annealing
step. We prepare perovskite absorbers using different sequences
of the components FAI, cesium iodide (Csl), lead iodide (PbI,),
and lead bromide (PbBr,) and analyze the crystal structure
evolution of the different phases present during deposition
and post annealing. For this purpose, we use an insitu X-ray
diffraction (XRD) setup,””) which allows us to observe the
evolution of crystalline phases during growth and annealing.
In the first part of this work, the iodine-based perovskite
(Cs, FA)PDI; is synthesized comparing two different precursor
stacks: the conventional one starting with the B cation
(Sequence B, PbI,-FAI-Csl) and an alternative approach where
the PbI, is deposited last (Sequence A, CsI-FAI-Pbl,). We detect
large differences in the preferred phase formation, phase evolu-
tion during annealing, and morphology using in situ XRD, scan-
ning electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDX) measurements. The in situ XRD allows us
to distinguish between the growth of two different Pbl, poly-
types: the hexagonal 2H phase and the rhombohedral 6R phase.
Our results give evidence that the different precursor configura-
tions can have a large impact on the conversion and final
perovskite formation. In addition, we explore different options
to optimize conversion into the perovskite phase such as nonstoi-
chiometric precursor ratios, the deposition of split/multiple pre-
cursor layer stacks or the variation of the precursor morphologies
by varying the substrate temperature during deposition.
Finally, we investigate how the introduction of small amounts
of Br in the form of PbBr, affects the aforementioned and
analyze two different precursor sequences for the deposition
of the mixed-halide perovskite (Cs, FA)Pb(I, Br),: one similar
to sequence B, where the lead halides are deposited first
(PbBr,—PbI,~FAI-Csl) and one where they are evaporated first
and last, respectively (PbBr,—FAI-CsI-Pbl,). We observe a strong
effect of the sequence on the formation of preliminary Br-rich and
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I-rich phases and their reaction speed toward a single mixed-halide
perovskite phase.

2. Results

In total, we have conducted three different experimental series.
In the first set of experiments, we compare different stacking
orders of the precursors for the sequential formation of
(Cs, FA)PDbI;, namely depositing the A cations first (sequence
A: CsI-FAI-Pbl,) and B cation first (sequence B: PbI,—FAI-
Csl). This is followed by precursor sequences where the Pbl,
layer is split into two parts with different ratios (sequence with
split Pbl,), one of them at the bottom of the precursor stack, and
the other on top (see Figure 1). Based on these simple experi-
ments, we conduct a second series of experiments in the attempt
to improve the conversion of the precursors into a perovskite film
by comparing different processing conditions where the Pbl,
layer is deposited first (in that sense, variation of sequence B):
PbI, layers synthesized at different process conditions (substrate
temperature, wet-chemical deposition) and by applying overstoi-
chiometric (os) amounts of FAI. The single component
thicknesses were 21, 224, and 261 nm for CsI, FAI, and PbI,
in each respective sequence. Details can be found in the
Experimental Section.

Finally, we briefly investigate how the addition of PbBr, as a
source of Br to the precursor layer stack impacts the film forma-
tion and perovskite conversion in the last series of experiments.
In these layer stacks, CsI and FAI thicknesses were again 21
and 224 nm, respectively, while 106 nm of Pbl, and 115 nm of
PbBr, were evaporated. We will start with the thorough analysis
of the phase formation and evolution through deposition and
annealing of the precursor stack with the A cation at the bottom
(sequence A).

2.1. Precursor Order I: Csl/FAl First, Pbl, Last (Sequence A)

Sequence A is a novelty for sequential evaporation of perovskites
and thus promises to give valuable insight into the growth and
reaction dynamics of the layer stack. The in situ diffractograms
recorded during the deposition of sequence A are depicted as
color plots in Figure 2a. Here, the XRD intensity is color coded
and the x/y axes correspond to the process time and the 20 angle,
respectively. Above the color plot, the respective deposition rates
of CsI (blue background), FAI (red), and PbI, (yellow) are shown.
Below the color plot, the peak area (given as integrated intensity:
Int. I) evolution of the most relevant peaks for each precursor
component and phase is depicted. The representative peaks

A Split PbI2:

Figure 1. Schematic layer stacks after evaporating A, B, and split Pbl,
sequences. The layers providing A cations Csl and FAI are shown in light
and dark green, respectively. Pbl, layers are yellow.

© 2023 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

35U8017 SUOWILIOD 91181 3|qeat|dde au Aq pausenob are sappiiie YO ‘3sn JO sa|nJ 10y Azeid1TauluQ A8|1/W UO (SUOTIPUOD-PUR-SLLIS)LI0D" A3 | IM" Afeld 1B [UO//:SANY) SUORIPUOD pUe SWB | Y} 39S *[7202/60/02] U0 ARiq1TautiuQ AS|IAN ‘SIEISIBAIUN JoyinT unte N-ded Aq 06900£202essd/z00T 0T/10p/wod A8 1M Alelq tjpujuoy/sdny wolj papeojumod ‘€ ‘v20z ‘6TE9298T


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

physica
status
solidi
[+))

www.advancedsciencenews.com

@

o Csl FPAI X
= 0
=
g
20 —— . . . . . 0

20 O
275 t—— 10
25 <25

225 et 00 5

L 204 k20
17.54 175

15-} F15
12.5 F12.5
— A (sl (110) A FAI (121) A GR (101) A Pero (100) A 2H (001)
= 6004 F 600
<
4004 ,f"/_’ E400

£ 2001 [M”W'""""::?{ﬁ """"" Long
0+ y r I 0

0 20 40 60 80 100 120 140 160 180 200
Time [min]

(c)

T 1001 +100
2 509 k50

= T T T T T T T T T T
27.51 k275
251 k25
;22.5*-*“_'—” <225
& 204 k20
1751 F17.5
153 F15
1251 F12.5

AGR (101) A Pero (100) A 2H (001)

01 . . FO

0 20 40 60 80 100 120 140 160 180
Time [min]

Www.pss-a.com

To FAT Csl 9
v«/. ﬂ
= 04 - T T T 0
30 e £30
2751 Lo7.5
25 L5
=2259 4225
D
L 201 £20
1751 H17.5
154 <0
1251 — L12.5
e . : : . . . : 2
—""TTUAGR (101) A Pero (100) A 2H (001)
= 001 F400
200 L200
=
— ﬂ}ﬁw
0Ly . . . . : : . Ly
0 20 40 60 80 100 120 140 160
Time [min]
(d
T 1007 £ 100
2 50 50
= T T T T T T T T
2] 020 1,
2751 Fo7.5
251 Fos
222259 £22.5
K 201 E20
1751 F17.5
151 E15
1259 E12.5
— A GR (101) A Pero (100) A 2H (001
=2 5004 (101) A Pero (100) 4 2H (00) £500
~ 250 F250
o4 : )

0 20 40 60 80 100 120 140
Time [min]

Figure 2. Process diagrams for evaporation of sequences a) A and b) B: The diagrams include rates of CsI-FAI-Pbl, (blue, red, and yellow backgrounds,
respectively—top), in situ XRD color plot (center) and development of integrated peak intensities (Int. I-bottom). Corresponding 20 peak positions for
evaluated peaks from the literature are displayed as triangles next to the color plot. In sequence A, Csl (110) Int. | is continued as a constant dashed line
during Pbl, deposition since evaluation is made impossible due to superposition with (Cs, FA)Pbl; (200) (labeled Pero) and Pbl, 6R (104) peaks, both
broad near 28°.2*2%* |n sequence B, FAl and Csl Int. | are not shown, since their intensities are too low. Process diagrams of sequences c) A and d) B
during annealing: The diagrams show substrate temperature (top), in situ XRD color plot (center) and integrated intensity (Int. |) peak development
(bottom). The sample temperature is increased from 60 to 100 °C over 150 min to fully convert the layer stack to the perovskite a phase.

shown here are marked by triangles next to the color plot, accord-
ing to the literature value of their respective 20 positions. Before
evaporation, substrate peaks at 20°, 21.5°, 30.5°, and 35.4° are vis-
ible, mainly from the cubic indium tin oxide (ITO) phase.”*®
These are attenuated during the evaporation process due to
absorption of X-rays in the deposited layers. To evaluate the
formed crystalline phases in more detail, -0 scans of the layers
directly after deposition and after annealing (i.e. at the end of
each color plot) are shown in Figure S4 (Supporting
Information). During the first evaporation step, the characteristic
(110) peak of the cubic CsI phase appears at 27.6°.2%! Throughout
the later stages of this process, superposition of this peak with
peaks from other phases impedes its quantification, and as a
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simplification we assumed its intensity to be constant during
PbI, deposition (indicated by the dashed line). After 22 min,
the FAI monoclinic crystal phase becomes visible with its main
peak at 24.7° corresponding to the (121) lattice plane.*”
Subsequently, during Pbl, evaporation, first the characteristic
(100) peak of the FAPbI; perovskite a phase at 13.9° appears!*”)
after approximately 70 min of processing time. At this point, we
cannot determine, if the perovskite a phase contains low
amounts of Cs, so we will refer to the o phase as
(Cs, FA)PDI; (labeled Pero in Figure 2). Please note that, while
we do observe a low intensity peak at 11.5°, close to the (001) peak
of the FAPDI; & phase,?? we assume that no & phase is formed,
as explained in the SI on the basis of Figure S1 (Supporting
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Information). FAI and (Cs, FA)PbI; peaks decrease in intensity
slightly starting at 80 min and shortly after the (001) peak of the
hexagonal Pbl, 2H phase at 12.7° forms.”*

Starting at 90 min, a peak at 22.9° dominates during Pbl, evap-
oration and the 2H (001) peak shrinks. The newly observed peak
at 22.9° is strongly shifted compared to the 2H (100) peak at
22.5°% We deduce that the Pbl, phase not only undergoes a
change in preferential orientation, but a different phase starts
to grow. We allocate this to the PbI, 6R phase (see Figure S2,
Supporting Information), which exhibits one of its main peaks
at 22.9°, stemming from its (101) lattice plane. The 6R phase has
been observed to develop via evaporation under vacuum condi-
tions.””! In our experiment, the 6R (101) peak then grows line-
arly, making up all the crystalline Pbl, phase growth visible in
the diffractograms. The 6R (104) peak at 28.3° also develops
clearly, but cannot be quantified due to superposition with the
Csl (110) and (Cs, FA)PbI; (200) peaks. The transition from
the growth of the 2H to the growth of the 6R polytype is a trend
observed in many of our Pbl, layers grown under vacuum
(Figure S3, Supporting Information). For a summary of the most
relevant peaks, see Table 1.

To investigate the conversion into the perovskite thin
film resulting from sequence A, the layer was annealed at three
different temperatures (Figure 2c). The top graph shows the sub-
strate temperature, while the peak area development is displayed
at the bottom. At 60 °C, a slow reaction between the three pre-
cursor layers takes place, resulting in a slow increase of the
(Cs, FA)PDI; (100) peak intensity. Increasing the substrate tem-
perature to 80 °C enhances this reaction, as (Cs, FA)PbI; (110)
and (210) peaks appear at 19.7° and 31.4°, respectively. At the
same time, the triple peak at 28° begins to narrow down to a sin-
gle peak. This hints toward an amorphization of CsI or, more
likely, diffusion of Csl into the perovskite layer. We suspect
the (Cs, FA)Pbl; (200) peak to be dominant at 28° due to Pbl,
conversion to the perovskite phase. Simultaneously, the 2H
(001) and 6R (101) PbI, peaks begin to decrease in intensity.
After approximately 150 min and at a temperature of 100 °C,
the reactions described earlier are concluded and peak develop-
ments come to a halt in the timescale visible in our experiment.
Perovskite peaks dominate the resulting layer and only slight
traces of residual Pbl, and FAI remain visible.

Www.pss-a.com

2.2. Precursor Order 1l: Pbl, First (Sequence B)

Sequence B is the usual deposition order for sequentially
evaporated perovskites and the logical counterpart to sequence A.
We investigate this sequence via insitu XRD to expand the
understanding on the reaction kinetics between precursor layers
during evaporation and annealing. For sequence B Pbl,, FAI,
and Csl were evaporated sequentially in this order. The insitu
process diagram is shown in Figure 2b. Upon Pbl, evaporation,
a strong 2H (001) peak develops, which saturates after 30-40 min
and then decreases in intensity slightly, while the 6R (101) and
(104) peaks, respectively, evolve. FAI evaporation starting at
102 min leads to the formation of FAPbI; as can be seen by
the low intensity (Cs, FA)PbI; (100) peak. Neither FAI nor
Csl peaks appear in the XRD during their respective evaporation
step, suggesting either strong diffusion and reactivity and/or low
crystallinity of the unreacted species.

During annealing of sequence B (Figure 2d), the layer stack
reacts well and all major perovskite peaks develop, increasing
in intensity with each temperature step (60°C, 80°C, and
100°C). Still, a small residual 2H (001) peak remains. FAI
re-evaporation is an unlikely cause for remaining PbI,, since
we were only able to evaporate FAI above 140 °C in vacuum.
At standard conditions, FAI has been shown to evaporate at
230°C.P% In consequence, the incomplete reaction of the layer
stack is not a result of FAI desorption, but indicates that the
provided heat does not enhance diffusion enough to fully react
the layer stack during our experiment. This is consistent with the
correct stoichiometry of annealed films (as correct by EDX, see
the next paragraphs).

2.3. SEM and EDX

The characteristics of sequences A and B are further investigated
by SEM and EDX measurements. The SEM cross section of
sequence A in Figure 3a shows a homogeneous bulk with
distinct properties at the surface and the substrate interface.
At the surface small, bright crystallites and platelets can be
seen. These are assigned to Pbl, surface species. At the NiO
interface, clearly visible voids suggest a peculiar upward diffu-
sion behavior of the A cations into the Pbl,. We use EDX to

Table 1. Overview of relevant reference 20 diffraction peaks for the evaporated components. 2H and 6R refer to different polytypes of the Pbl, compound
with hexagonal and rhombohedral crystal structures, respectively. I-rich (IPer) and Br-rich (BrPer) perovskite phases do not correspond exactly to the
FAPbI; and FAPbBr; phases and XRD peaks given here, since |Per and BrPer phases might include varying shares of the respective other halide, resulting
in a shift of the peak positions. Additionally, the incorporation of Csl leads to a small shift to higher diffraction angles.

Material Crystal Space Lattice XRD 20 Source
Structure Group Plane Angle
GCsl Cubic Pm-3m (227) (170) 27.6° [29]
FAI Monoclinic P21/a (14) (121) (002) 24.7°, 25.6° [30]
Pbl, 2H P-3m1 (164) (007) (002) 12.7°, 25.5° [33]
Pbl, 6R R-3m (166) (101) (104) 22.9°, 28.3° [25]
FAPbI; Cubic Pm-3m (221) (100) (110) (111) (200) (210) 13.9°, 19.7°, 24.2°, 28.0°, 31.4° 131]
PbBr, Orthorhombic Pnam (62) (200) (111) (220) 22.0°, 22.7°, 29° [40]
FAPbBr; Cubic Pm-3m (221) (100) (110) (200) 14.8°, 20.9°, 29.8° [67]
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Figure 3. Scanning electron microscopy (SEM) cross sections after annealing. a) Sequence A (Csl-FAI-Pbl,). Voids at the interface to the substrate are
marked by red arrows. b) Sequence B (Pbl,-FAI-Csl) after annealing. c—f) Processes with split Pbl, (sequence [x]Pbl,—FAI-Csl—(1-x)Pbl,) after annealing

with x=10%, 30%, 50%, 70%. The green scale bar represents 200 nm.

Table 2. Ratios of X/Pb determined via EDX for different evaporation
sequences for the perovskite films after annealing. X corresponds to | for
sequences resulting in (Cs, FA)Pbl; and represents the sum of | and Br for
mixed-halide processes Br-1 and Br-split. Please note that the quantification
of the Br halide with EDX exhibits a relatively large experimental error. For a
stoichiometric perovskite, an X/Pb ratio of 3 is expected.

Sequence Materials X/Pb ratios
A Cs|-FAI-Pbl, 3.04
B Pbl,—FAI-Csl 3.08
Br-1 PbBr,—Pbl,—FAI-Csl 3.47
Br-split PbBr,—FAI-Cs|-Pbl, 3.27

quantify the stoichiometry in our samples. Since the
organic components in FAI cannot be quantified well with
our EDX system, we use the I/PDb ratio as a manner to quantify
the composition. Measurements for sequences A and B are
shown in Table 2. The sample from sequence A exhibits a
near-perovskite stoichiometry, in good agreement with the
XRD results.

The SEM image of sequence B in Figure 3b depicts a bulk with
visibly larger crystallites compared to A, while exhibiting a thin,
separated layer close to the substrate. As this layer appears
brighter in the SEM image, we assume that it is PbI, rich.
Therefore, the unreacted crystalline Pbl,, observed by XRD, is
located at the NiO interface, as one could expect from the evapo-
ration sequence. Similar to sequence A, the EDX measurements
in Table 2 show a near-perovskite stoichiometry. Considering the
Pbl, at the bottom and the I/Pb ratio of 3, this suggests some
remaining unreacted FAI and Csl resulting from lack of

Phys. Status Solidi A 2024, 221, 2300690 2300690 (5 of 13)

diffusion. Noticeably, no voids are visible at the NiO interface,
supporting the idea of an A cation-dominated diffusion.

2.4. Precursor Order IlI: Pbl, at the Top and at the Bottom
(Sequence with Split Pbl,)

To investigate the A cation diffusion behavior more deeply and in
an attempt to achieve a more homogeneous film formation, we
tested splitting the evaporated Pbl, layer and depositing different
shares x (and 1-x) of Pbl, first (and last): (x)PbI,-FAI-Csl-
(1-x)Pbl,. We achieved a full reaction to the perovskite
a phase with x =10%, 30%, 50%, and 70% according to XRD
(Figure S5-S7, Supporting Information). However, we were
not able to suppress the void formation, as long as part of the
PbI, was evaporated last. Instead, the position of the voids moved
upward in the perovskite layer with increasing x. As can be seen
in the respective SEM images (Figure 3c—f), the voids mark the
position of the FAI layer prior to annealing.

2.5. Modifications of Sequence B (Pbl, First)

So far it was found that sequences A and precursor order III
caused void formation and can therefore lead to mechanical
destabilization of the layer. Consequently, we explored several
modified paths for sequence B to achieve full conversion to
the perovskite phase. To drive the conversion of the residual,
unreacted Pbl, in sequence B, we I) supplied an os amount
of FAI II) used cooled (—30°C) and heated (100, 170 °C) sub-
strates only during PbI, deposition to benignly alter the Pbl,
properties and (III) employed the spin-coating technique to fab-
ricate a completely different Pbl,. A schematic overview of the
modifications is provided in Figure 4.
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Koy | L

II: Tsupstrate during PblI, III: spin-coated PbI,

Figure 4. Schematic overview of modifications of sequence B (Pbl, first). From left to right: I: oversupply of FAI during deposition (Bos) or as a
post treatment (Bpost); II: substrate temperature during Pbl, deposition; and IlI: spin-coated Pbl,.

2.5.1. I: Oversupply of FAI

To provide an oversupply of FAI, we deposited the full Pbl, layer
first, but drove further reaction either by directly evaporating an
os amount of FAI in the sequence Bos: PbI,—(0os)FAI-CsI or by
post depositing additional FAI in the sequence Bpost: Pbl,—FAI-
CsI—(post)FAL Both modifications successfully lead to a full con-
version of the layer to the o perovskite phase, as can be seen in
Figure S8 (Supporting Information). In the cross-sectional SEM
images of Bos and Bpost (Figure S9, Supporting Information),
the layer stack is fully reacted. We observe a dependence of the
crystallite size on the position in the layer, with larger grains toward
the top. This is assumed to be related to a stoichiometry gradient in
the layer. As has been shown previously, a larger concentration of A
cations can lead to an increase in crystallite size.**>¢ Additionally,
the pinholes in the top layer caused by the electron beam point to
an organic-rich stoichiometry. Therefore, we assume that the reac-
tion in our layers is still diffusion-limited and the FAI is not dis-
tributed completely homogeneously.

2.5.2. Il: Substrate Temperature during Pbl, Deposition

In our evaporation process, Pbl, tends to grow with weak pref-
erential orientation and in a porous manner (SEM cross section
in Figure S10, Supporting Information). Similar behavior was
observed by other groups by growth of porous, polycrystalline
PbI, films with small crystallite sizes.***”*# Other publications
have shown that PbI, can be evaporated as a compact layer with
strong preferential orientation® and low roughness.'”! In an
attempt to ameliorate the Pbl, properties for the diffusion reac-
tion process, we deposited Pbl, at different substrate tempera-
tures (—30, 100, and 170°C; SEM in Figure S11, Supporting
Information). Both heating and cooling resulted in strongly
2H-dominated growth modes of Pbl,. However, none of the layer
stacks were fully converted to the perovskite phase, even though
the Pbl, morphology and texture was strongly altered (Figure S12
and S13, Supporting Information). So far, only sequence A and
the processes with split Pbl, resulted in fully converted layers
without excess A cations. All of these exhibit 6R growth giving
rise to the idea that the diffusion-reaction kinetics of the perov-
skite conversion benefit from the presence of this PbI, species.

2.5.3. lll: Spin-Coated Pbl,

In an additional experiment, we first spin-coated a layer of PbI,
and achieved a more homogeneous, smooth Pbl, growth (SEM

Phys. Status Solidi A 2024, 221, 2300690 2300690 (6 of 13)

cross section in Figure S14, Supporting Information). For this
sample, high-intensity perovskite peaks appear already during
evaporation of FAI and Csl. Here, the perovskite peaks during
evaporation are much larger than for evaporated PbI, in
sequence B. Subsequently, we observe a clear (Cs,FA)PbI,
(100) peak shift during evaporation of CsI (Figure S15,
Supporting Information). In the SEM cross section of the fin-
ished layer, large columnar perovskite crystallites can be seen
(Figure S16, Supporting Information). In contrast to the previous
attempts with evaporated Pbl,, here the perovskite crystallites
stretch through the full layer. The qualities of an evaporated
PbI, precursor could potentially be improved by co-evaporating
CsBr or PbCl, and Csl, as has been successful in other
works.">3% Further ideas will be touched upon in the discussion
section. We conclude that the PbI, morphology strongly impacts
the reaction and diffusion dynamics of the perovskite conversion.
The results with spin-coated Pbl, show that the A cations’
diffusion-leading to perovskite conversion-can be optimized
and a compact Pbl, host structure can be beneficial for the trans-
port and diffusion of the FAIL

2.6. Mixed 1/Br Perovskites

Halide diffusion is a relevant aspect when preparing homo-
geneously mixed perovskite (Cs,FA)Pb(I,Br); and ensuring
the stability of a single stable phase. We prepared mixed I/Br
perovskite compositions in two different sets of evaporation
sequences (see Table 2).

2.6.1. Precursor Order I: Lead Halides PbX, First (Br-1)

For the sequence Br-1, we evaporated the sequence PbBr,—Pbl,—
FAI-Csl. During evaporation, the components crystallize with a
strong preferential orientation, as can be seen in the process
diagram in Figure 5a (Additional ®-0© scans in Figure S17,
Supporting Information). First, orthorhombic PbBr, (200),
(111), and (220) peaks appear at 22.0°, 22.7°, and 29°, respec-
tively.*”) Upon Pbl, evaporation, some Pbl, is incorporated into
the PbBr, structure as we observe in a peak shift of PbBr, (111)
peak by 0.07° (Figure S18, Supporting Information). The PbBr,
incentivizes the Pbl, to grow only in the 2H phase, as only the
correspondent (001) and (002) peaks appear.*?! Peaks corre-
sponding to the 6R polytype do not evolve. We were able to con-
firm these observations concerning preferential orientation
and polytype during evaporation of an additional process,
where only PbBr,—Pbl, were deposited (Figure S19, Supporting

© 2023 The Authors. physica status solidi (a) applications and materials science
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Figure 5. Upper: process diagrams for evaporation of sequences a) Br-1 and b) Br-split including rates during single component deposition (top), in situ
XRD color plot (center) and representative peak evaluation (bottom) given as the integrated intensity (Int. 1) of each peak over time. Triangles next to the
color plot give literature 20 positions for the evaluated experimental peaks. In sequence Br-split, Csl (110) Int. | is continued as a dashed line due to
superposition with IPer (200) and 6R (104) peaks, both broad near 28°.2*2%*" | ower: process diagrams for annealing of ¢) Br-1 and d) Br-split consisting
of substrate temperature (top), in situ XRD color plot (center) and Int. | of significant peaks.

Information). In Br-1, the 2H (001) Int. I increases quickly dur-
ing PbI, evaporation and decreases upon the subsequent evapo-
ration of the A cations (detailed development shown in Figure
S18, Supporting Information). During the FAI-deposition step,
I-rich (Cs, FA)Pb(I, Br); perovskite (IPer) (100) and (200) peaks
are formed first.>!! Subsequently, the monoclinic FAI phase is
formed, manifested through the appearance of a double peak
at 24.7° and 25.6°.*% Upon CsI evaporation, we observe no shift
in the IPer (100) peak (Figure S20, Supporting Information)
and Csl crystallizes, noticeable for example by the cubic phase
(110) peak.

During annealing of Br-1 (Figure 5c), the 2H (001) peak is the
first to rapidly lose intensity, indicating the commencement of
the perovskite formation. After 13 min, FAI (121) disappears
and 2min later the perovskite (111) peak at 24.2° takes its
place.®’" Also after 13 min, FAI (002) shows an intensity jump,

Phys. Status Solidi A 2024, 221, 2300690 2300690 (7 of 13)

hinting toward a recrystallization of the FAI in its orthorhombic
phase.?% Csl starts reacting after 17 min at 88 °C, as can be seen
from the disappearance of its (110) peak.

All initial peaks exhibit a shift to lower angles due to thermal
expansion. However, the PbBr, (111) peak shifts stronger than
expected only from thermal expansion, indicating an incorpo-
ration of Pbl, into the lattice (Figure S21 and S22, Supporting
Information).*!) After 15 min and at 80°C, the Br-rich
(Cs, FA)PD(I, Br); perovskite phase (BrPer) (100) peak at 14.6°
increases at the expense of the IPer (100) peak. Both peaks begin
shifting toward each other (Figure S23, Supporting Information)
and cannot be distinguished from 30 min onward (dotted line in
Figure 5c). Further, BrPer and IPer peaks combine at around 20°
and 29°, respectively, indicating that a single mixed perovskite
(Cs, FA)PD(I, Br); phase has formed. Up until the end of the
annealing, the double halide perovskite (100) intensity declines

© 2023 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

35U8017 SUOWILIOD 91181 3|qeat|dde au Aq pausenob are sappiiie YO ‘3sn JO sa|nJ 10y Azeid1TauluQ A8|1/W UO (SUOTIPUOD-PUR-SLLIS)LI0D" A3 | IM" Afeld 1B [UO//:SANY) SUORIPUOD pUe SWB | Y} 39S *[7202/60/02] U0 ARiq1TautiuQ AS|IAN ‘SIEISIBAIUN JoyinT unte N-ded Aq 06900£202essd/z00T 0T/10p/wod A8 1M Alelq tjpujuoy/sdny wolj papeojumod ‘€ ‘v20z ‘6TE9298T


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

physica
status
solidi
[J))

www.advancedsciencenews.com

slowly, while the 2H (100) intensity increases monotonously,
indicating a slow recrystallization and/or decomposition process.

2.6.2. Precursor Order |I: Lead Halides PbX, First and Last (Br-Split)

We then evaporated the sequence Br-split: PbBr,—FAI-CsI-PblI,
(process diagram in Figure 5b and ®-0 scans in Figure S17,
Supporting Information). After deposition of PbBr, and through-
out FAI evaporation, both components quickly react to form both
BrPer (100) and IPer (100) peaks. Later during FAI evaporation,
an unreacted FAI phase forms. In contrast to Br-1, part of the
deposited Csl is immediately incorporated into the BrPer phase,
as indicated by a BrPer (100) peak shift toward higher angles
(Figure S24, Supporting Information). Upon PbI, deposition,
BrPer and IPer peaks clearly shift away from each other
(Figure S24, Supporting Information), while the IPer (100)
Int. I benefits from the I-rich evaporation step. After approxi-
mately 170 min, the 2H (001) peak evolves and grows quickly.
Whether 2H or 6R Pbl, growth dominates cannot be determined
due to superposition of the 6R (104) peak with the perovskite
peaks at 28°-29°. While no 6R (101) peak is observed, a strong
2H (001) texture is induced in this sequence, as can be seen by its
linear growth in Int. I.

During annealing of Br-split (Figure 5d), a conversion of the
precursors to a highly oriented mixed-halide (Cs, FA)Pb(I, Br),
phase can be observed. After 10 min and at 50 °C, the Int. I of
the 2H (001) and PbBr, (200) peaks begin to decrease. Similar
to Br-1, the peaks from both lead halide phases shift due to
thermal expansion of the respective lattices and halide mixing
(Figure S22, Supporting Information). After 25 min and at
98°C, they disappear completely. The PbI, 2H (001) peak
returns 5 min later and increases in size until the end of the
annealing.

BrPer (100) and IPer (100) peaks shift toward each other start-
ing at 17 min and 70 °C (Figure S25, Supporting Information).
The IPer (100) peak is strongly intensified. Both phases cannot
be distinguished anymore after 65 min. It should be noted that
the combined phase is formed much slower than in the Br-1
evaporation sequence.

Www.pss-a.com

The SEM images of Br-split and Br-1 are shown in Figure 6. As
observed for the sequences with split Pbl,, the deposition of FAI
in between the lead halide layers in the sequence Br-split leads to
void formation in the final film. In the top-view, unreacted PbI,
forming island-type structures can be observed. Br-1 shows large
crystallites throughout the whole interface and especially at the
top. Still, the cross section displays PbI, residues at the substrate
interface, which was to be expected from the in situ XRD results
displayed in Figure 5c.

3. Discussion

We investigated the crystal growth and phase formation during
variations of sequential evaporation and annealing processes for
the preparation of (Cs, FA)Pbl; and (Cs, FA)Pb(I, Br); using in
situ XRD.

The approach to deposit A cations first via sequence A, as dem-
onstrated for (Cs, FA)PDI; in this work, is a novelty in the field of
sequential perovskite evaporation. We observed that on top of the
CsI/FAI stack, the Pbl, precursor layer grew in the Pbl, 6R poly-
type, which, to the best of our knowledge, has not been reported
for evaporated perovskite layers so far. Sequence A enabled com-
plete transformation of the stoichiometric precursor layers into the
perovskite, but also favored the formation of voids. These are
potentially disadvantageous, as they could mechanically destabilize
the perovskite layer. We reproduced this behavior in the sequence
with split PbI,, where the voids shifted upward according to the
thickness of the first Pbl, layer and the position of the FAI layer.

In sequence B, we deposited a Pbl, precursor layer first, which
preferentially grew in the 2H polytype, transitioning to 6R later
during deposition. We observed a good reactive behavior of the
stoichiometric layer stack without void formation, but residual
PbI, remained at the substrate interface even after prolonged
annealing. This could not be avoided even in variations of this
precursor sequence, where we deliberately changed the substrate
temperature during PbI, deposition to see if we could stimulate
the growth of PbI, with morphologies better suited for the con-
version into perovskites. Finally, we were able to achieve full con-
version into the perovskite phase for nonstoichiometric samples

Figure 6. SEM cross sections (top) and top views (bottom) of Br-split (left) and Br-1 (right) after annealing. The green scale bars correspond to 200 nm.
Similarly to the processes with split Pbl,, Br-split displays voids from FAI diffusion and Pbl, as well as PbBr, fixture. Br-1 exhibits large crystallites and

unreacted Pbl, at the substrate interface.
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with the precursor sequence B by evaporating an excess of FAI
during the same sequence (Bos) or as a post treatment (Bpost).
While this is an interesting way to achieve the full conversion
into the perovskite phase (no residual Pbl,), the impact of stoi-
chiometry and precursor morphologies on the opto-electronic
properties are still an open question and require further analysis.

3.1. FAl-Dominated Diffusion Leads to Voids

Our results strongly indicate that the reaction between FAI
and PbI, is dominated by FAI diffusion into the Pbl, layer.
In sequences A and the sequence with split Pbl,, this is
clearly visible in the respective SEM images, where the FAI dif-
fusion resulted in voids. Similar to MAI, FAI exhibits Volmer—
Weber island growth (Figure S26, Supporting Information and
refs. [42—44)). Therefore, the observed voids in sequence A could
be explained by PbI, pillars growing next to FAI islands, thereby
reaching the substrate interface and supporting the upward dif-
fusion behavior of FAIL FAI from the substrate interface could
diffuse into the PbI, host structure along these pillars, resulting
in voids at the substrate interface.

A similar stack to our sequence with split Pbl, was prepared
by Yang et al. They evaporated an alternating sequence PbCl,—
MAI-PbCl,-MALI, but did not observe voids in their layer after
annealing.**) Comparing our sequence with split Pbl, to Yang’s
work, it seems the A cation growth behavior is not decisive for the
success of the diffusion reaction and perovskite transformation,
since both MAI and FAI intrinsically exhibit island growth.
However, the difference could originate from the properties of
the lead halide layer. PbCl, can grow smoother than PbI,**
or reduce roughness in Pbl, as an additive,™* possibly enabling
a homogeneous reaction along the surface in Yang’s work. The
Pbl, evaporated in this work exhibits a rough surface and could
amplify the island growth of FAI, resulting in void formation in
the final film prepared via the sequence with split Pbl,.

Sequence B is a well-known approach for sequential perov-
skite deposition. We observed that sequence B provided a less
favorable perovskite conversion, making an excess of FAI neces-
sary in the sequences Bos and Bpost to achieve a full conversion
of the Pbl, layer. For MAPbI;, some groups used an excess of A
cations to transform the lead halide precursor layer and removed
the excess A cation by annealing or washing.[***®! Sequence B
has been used for perovskite device preparation and the effect
of excess FAI on the optoelectronic properties has been shown
to be advantageous for diodes and solar cells up to a certain
excess value.?**>*”] However, other works have been successful
in depositing a stoichiometric layer stack and fully converting it
to the perovskite phase. Feng et al. deposited highly textured
2H PbI, and addressed underconversion by optimizing the post
annealing temperature to drive FAI diffusion.® In a noteworthy
work, Moser et al. evaporated a PbI,/CsBr precursor
layer and achieved full conversion depositing FAI via chemical
vapor deposition (CVD).*! Very recently, CsBr has been pro-
posed to enhance diffusion and facilitate the full perovskite trans-
formation in sequentially evaporated films.[*¥! Full reaction was
achieved more slowly in thicker layers of up to 400 nm as com-
pared to multiply deposited layer stacks, and it was argued that
this is due to diffusion limiting the reaction.*®!

Phys. Status Solidi A 2024, 221, 2300690 2300690 (9 of 13)

u Perovskite

Figure 7. Simplified illustration of the proposed diffusion mechanism in a
FAI-Pbl, layer stack as in sequence A (top row) and a Pbl,—FAl stack as in
sequence B (bottom row). Csl is left out for simplicity. The left column
presents the initial growth of layers during deposition, the center
column illustrates the first reaction between the two layers and the right
column shows a fully transformed perovskite layer after, e.g., annealing.

From our work and the aforementioned literature results, we
suggest a simple mechanism (Figure 7): Upon contacting, FAI
and Pbl, layers react to form the perovskite FAPDI;, through
which further FAI components will diffuse due to a concentra-
tion gradient and react with the PbI, on the other side and so on.
This is made possible by the capacity of FAPDI; to hold and trans-
port excess FALPB*% The Pbl, provides the host structure for the
interdiffusion of FAI and the properties of the PbI, host struc-
ture are therefore expected to directly influence the diffusion
behavior of the FAL It is unlikely that the FAI diffuses through
the PbI, without reacting, since the enthalpy of formation of
FAPDI; should be lower than that of its educts.[**>% CsI diffusion
only takes place through already-formed FAPDbI;, since CsI and
PbI, do not interdiffuse or react to CsPbl;, unless 200 °C are
applied, as confirmed by annealing of a layer stack in our in situ
chamber by us (Figure S27, Supporting Information) and
reported elsewhere.’" This type of diffusion reaction has been
termed intercalation for MAI into Pbl,,5*°¥ but has not been
described as clearly for the FAI into PbI, diffusion/reaction
process.[1>54

In consequence of the suggested mechanism, in both sequen-
ces A and B, the diffusion and conversion into perovskite of the
precursor stack depends strongly on the properties and morphol-
ogy of the PbI, precursor, including important factors such as
porosity, surface texture, preferential orientation, and polytype
(2H or 6R). In the following, we will discuss the impact of these
different Pbl, properties on the reaction behavior of the layer
stack.

3.2. Pbl, Polytypes Influence Perovskite Formation

In our work, the different observed PbI, polytypes are expected to
impact the diffusion/reaction processes involved in the perov-
skite conversion. In sequence A, when the PbI, was grown on
top of the FAI precursor, the A cation precursor strongly pro-
moted the growth of PbI, in the 6R polytype. In the sequences
with split Pbl,, the 6R growth was also enhanced in comparison
to sequence B during evaporation of the second PbI, layer, when
this contributed 70% and 90% of the total Pbl,. In sequence B,
PbI, is growing on top of the hole-transport layer (HTL) (NiO),

© 2023 The Authors. physica status solidi (a) applications and materials science
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favoring 2H PbI,. During conversion, the 6R part of the PbI,
layer was first converted, while parts of the 2H did not fully react.
Obviously, this could be incentivized by the fact that the 6R-rich
domain is located on top of the 2H domain (growth only at later
process time) and thereby close to the A cation supply. Still, our
results indicate that the 6R polytype could be preferable for the
perovskite conversion.

The dependence of Pbl, conversion on the favored polytype is
scarcely discussed in perovskite literature, since other polytypes
than 2H are rarely observed. Dhamaniya et al. use a solution
additive to fabricate a PbI, precursor layer with similar structure
as the 6R polytype observed in our work.”® They observe faster
perovskite conversion during wet-chemical treatment and attri-
bute this to higher porosity, surface roughness, and surface area
of the new structure. Malevu et al. compare the influence of Pbl,
6R and 12R precursors on final perovskite device efficiency, but
don’t include the most common 2H polytype and their structural
observations are limited.”® To the best of our knowledge, no
other reports exist investigating other Pbl, polytypes than 2H
for sequential deposition, not to mention evaporation.

In our experiments, the preferential orientation of the 6R pol-
ytype did not seem to play a role, since (101) favored growth dom-
inated in sequence A, while (104) dominated in the sequence
with split Pbl, and both enabled fully converted layer stacks.
In sequence B, weakly oriented 2H PbI, remained partially
unconverted, while strongly oriented spin-coated 2H Pbl,
enabled good conversion. Still, evaporated, strongly oriented
2H PDbI, did not enable full conversion as we showed by deposi-
tion of Pbl, at different substrate temperatures. Other works
have concluded orientational properties of the precursor layer
to be a decisive factor for conversion. For (Cs, FA)PbI;, a highly
textured PDbI, precursor layer was fabricated by Li etal, which
included PbCl, and Csl to enable an isotropic growth of the pre-
cursor and full perovskite conversion.'” Another group used
a vapor treatment to promote face-up orientation of the Pblg*
octahedra to enhance diffusion of MAI and conversion of Pbl,
to MAPDI;.*® Possibly, the influence of orientation on perov-
skite conversion is stronger for the 2H than for the 6R polytype.

We observed full conversion to the perovskite phase for
both 2H and 6R polytypes in different preferential orientations.
Thus, we suspect Pbl, porosity to also play a role in the diffusion
reaction. In sequence B, porosity could inhibit FAI diffusion
into the Pbl, by forming diffusion bottle necks or promoting
Volmer—Weber island growth of the FAL In sequence A, the pre-
deposited FAI layer could suppress island growth of the Pbl, and
enable more homogeneous Stranski—Krastanov layer-plus-island
or even Frank-van der Merwe layer-by-layer Pbl, growth, result-
ing in a more compact structure for further reaction.

Several works have shown porosity of the Pbl, precursor plays
a role in two-step spin-coating, where a porous layer is mainly
seen as an advantage for easier infiltration by the organic cation
solution.”">”% Astonishingly in blade-coating, compactness
has been observed to be more favorable for conversion.®”!
However, porosity versus compactness is a blank slate in the field
of sequential evaporation and uniform quantification is needed.
We strongly encourage further research in this direction, since
porosity could be a major difference maker, as it has proven to be
for wet-chemical sequential deposition processing. One option to
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potentially improve the compactness of the evaporated lead
halide layers that we currently contemplate is the evaporation
of small amounts PbCl, in the future.

3.3. Halide Exchange in Mixed-Halide Layer Stacks

Next, we investigated two mixed-halide sequences. We showed
that both Br-1 and Br-split sequences yield a single mixed-halide
perovskite (Cs, FA)PDb(I, Br); phase.

Both processes exhibited two I-/Br-rich perovskite phases that
combined during annealing. Interestingly, the halide exchange
reaction between these initial perovskite phases exhibited differ-
ent speeds for both sequences. When the A cations were between
PbBr, and Pbl, in Br-split, Br-rich, and I-rich perovskite phases
already formed during evaporation and coexisted significantly
longer during annealing compared to Br-1. In Br-1, PbBr, and
PbI, were located adjacent to each other and only an I-rich perov-
skite phase was observed during evaporation. During annealing,
a Br-rich phase formed briefly, but quickly combined with the I-
rich phase to form a single perovskite phase. We suspect this to
be caused by the low thickness of the initial Br-rich layer, since
the perovskite phase is not in direct contact with the PbBr,,
which provides Br to the perovskite. During annealing of Br-
1, PbBr, exchanges Br~ ions with I~ ions, enriching the perov-
skite phase with Br and rendering a segregated PbI, phase in the
final film.

In Br-split in contrast, the two initial perovskite phases com-
bined comparably slowly. Therefore, it seems that less energy is
needed to incorporate Br into an existing I-rich perovskite lattice,
than to combine Br- and I-rich perovskite phases. This makes
sense, since, in Br-split, both Br~ and the larger I~ ions have
to diffuse through the perovskite, whereas this was only Br~ in
sequence Br-1. This is supported by previous results, according
to which the conversion from MAPbI; to MAPbBr; is energeti-
cally easier than the opposite direction.®) Additionally, the
diffusion coefficients of Br~ ions in MAPbI; were found to be
an order of magnitude larger than for I~ ions in MAPbBr;,'*
adding to the idea that the diffusion of I~ ions slows down the
formation of the mixed-halide perovskite in Br-1.

3.4. Absence of & Phase

In this work in general, we did not once observe a FAPDbI; &
phase during growth and annealing of our layers using in situ
XRD. Feng et al. showed similar results, but do not discuss this
effect.) However, the & phase is the preferred configuration
at room temperature and is usually reported to form during
co-evaporation, requiring a hot annealing step at 145-170 °C for
the conversion into the « phase."**=** By employing sequential
evaporation and avoiding 8 phase formation in the first place, the
annealing temperature could be reduced to 100 °C in our work
and even 80 °C in others.!! This could even be further optimized
by creating optimal diffusion reaction conditions through precur-
sor engineering.!">** At first glance, the favored o phase growth
could be an intrinsic effect of the diffusion reaction, requiring
less energy to transform hexagonal Pbl, to the cubic perovskite
phase than the § phase, even though the latter is also hexagonal.
Nonetheless, we speculate that this behavior is incentivized by
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the diffusion limitation of FAI into PbI, at room temperature,
but not into FAPDI;. It follows, that an excess of FAI is present
at the interface and during initial perovskite formation, favoring
the a phase.**3%% still, several open questions in this regard
remain, and we hope that this work encourages further investi-
gation in this line.

4, Conclusion

We have prepared (Cs,FA)PbX; perovskite layers using a
scarcely explored deposition process via sequential thermal evap-
oration and annealing in a vacuum chamber. This processing
route enables ease of scalability and a well-defined stoichiometry
control, because the thickness of each individual component can
be determined individually. We tested different precursor orders,
ratios, and deposition conditions to study their impact on the
perovskite conversion dynamics. We observe a barely known
PDbI, 6R polytype, and found that this polytype might enhance
the conversion. We used in situ XRD to monitor the phase evo-
lution of perovskite components CsI, FAI, Pbl,, and PbBr, dur-
ing deposition at room temperature and post annealing at 100 °C.

For (Cs, FA)PDI;, we focused on two sequences: PbI,—FAI-CsI
(sequence A) and CsI-FAI-Pbl, (sequence B). In sequence A,
PbI, grew mainly in its 6R polytype and the stoichiometric layer
was fully converted to the perovskite o phase after annealing.
However, in the SEM images, we observed voids at the interface
to the substrate. Further, when we evaporated different shares of
PbI, as first and last layers, respectively, we observed void forma-
tion at different positions in the stoichiometric layer according to
the position of the FAI precursor. In sequence B, Pbl, growth was
dominated by its 2H polytype and void formation did not occur.
However, the stoichiometric layer could not be fully converted to
the perovskite phase during annealing, unless we deposited an os
amount of FAI during the sequence or post deposition.

From the void formation, we deduce that it is FAI that domi-
nantly diffuses into the Pbl,, while Pbl, mainly remains at its
initial location. CsI will then diffuse into the perovskite lattice.
It follows that FAI diffusion and perovskite formation strongly
depend on the layer properties and morphology of Pbl, precur-
sor. Although we cannot pinpoint one decisive property to influ-
ence the strong difference in diffusion and reaction behavior in
sequences A and B, we assign it to a combination of Pbl, poly-
type, (surface) orientation, roughness, and porosity and strongly
encourage further research in this direction.

For the deposition of (Cs,FA)Pb(I,Br);, we investigated
two evaporation sequences: PbBr,—Pbl,-FAI-CsI (Br-1) and
PbBr,-FAI-CsI-Pbl, (Br-split). During evaporation, we observed
the formation of an I-rich perovskite phase in Br-1, but in total two
distinct perovskite phases (I-rich and Br-rich) in Br-split. This
resulted in a much faster transition to a single mixed-halide phase
in Br-1 compared to Br-split. We relate this to the sterically favored
integration of Br™ ions into the I-rich lattice in Br-1, compared to
the integration of I™ ions into the Br-rich lattice as in the Br-split
experiment.

Astonishingly, we observed no & phase in all samples through-
out sequential evaporation at room temperature and annealing.
Therefore, no additional thermal energy is needed to induce the
phase transformation from & to a phase. Consequently,
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compared to co-evaporation, a far lower annealing temperature
is needed for the perovskite formation, which, in combination
with the simplified process control, might provide an important
asset in large-scale industrial processing, making sequential
evaporation a promising path for further research.

5. Experimental Section

Substrates: We used commercial glass substrates coated with ITO
(15 Qsq, provided by Kintec). Cleaning was done in an ultrasonic bath,
subsequently in water with 1% EMAG EM-080 cleaning soap, isopropyl
alcohol (IPA), and acetone for 15 min each. For sequences A and B, to
produce conditions for perovskite growth on an HTL, a 25nm thick
NiO layer was deposited via e-beam evaporation. Due to an adjustment
in process conduct, instead of NiO, Poly(triaryl amine) or Poly[bis
(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA) was spin-coated from a
5mgml™" solution in toluene with 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-
quinodimethane doping for all other samples. After HTL deposition,
the samples were transferred to a glove box attached to the insitu
evaporation chamber, in which the perovskite layers were evaporated.

Perovskite Deposition: The evaporated materials Csl, Pbl, (both
99.999%, Thermo Scientific), FAI (>99.5%, Ossila), and PbBr, (99.999%,
Sigma) were handled in a glove box attached to the evaporation chamber
and used as received. We sequentially deposited perovskite layers via
thermal evaporation. Csl, FAI, Pbl,, and PbBr, were deposited at
0.5-1, 0.8-1.6, 0.5-1.6, and 0.7 — 1.2As™", respectively. For sequences A,
processes with split Pbl, and B the Csl, FAI, and Pbl, thicknesses were 21,
224, and 261nm, resulting in a final nominal composition of
(Csp1FAg9)Pbl; with a theoretical bandgap energy of 1.5 eV.1®1 When pre-
paring 1/Br mixed-halide layers, Csl and FAI thicknesses were kept the
same and 115 nm of PbBr, and 106 nm of Pbl, were evaporated yielding
the final nominal composition (Csg;FAg9)Pb(lgBro4) 3 with a theoretical
bandgap energy of 1.72 eV.*® Thicknesses were monitored using a quartz
crystal microbalance. The base pressure of the system was 3 —4-107°
mbar owing to the Kapton windows that allow a transmission of X-rays
for the in situ XRD measurement. The chamber pressure was monitored
with an Edwards WRGS-NW35 wide range gauge and increased to up to
1 x 10~* mbar during the processes due to thermal radiation of the heated
material sources.

XRD Measurement: During evaporation, XRD was measured in situ
through exchangeable Kapton windows in the walls of the evaporation
chamber. We used Cu-K, radiation with a wavelength of 1.54A generated
at 1.4kW (35kV, 40 mA). A linear detector consisting of three Dectris
Mythen 1 K modules enabled the measurement of a 28° angular 20 range.
This was set from 8° to 36° during our experiments. The occurring K radi-
ation was attenuated by a Ni filter to 5% of the K* intensity. Using the same
setup, we measured ©-0 scans from 10° to 50°. Peak fitting for calculation
of the integrated peak area (Int. 1) was performed with PDXL version
2.8.1.1 by Rigaku Inc., using a split pseudo-Voigt peak fit.

Film Characterization: SEM was measured using a Zeiss Supra 40 VP.
Cross section and top-view images were taken at 1-3 kV employing a sec-
ondary electron in-lens detector. In the same SEM, we used a Bruker detec-
tor with the EDX analysis program ESPRIT. EDX measurements were done
at 10kV, a working distance of 8 mm, and a magnification of 500. For
quantification, Pb M-lines and |, Br, and Cs L-lines were used. A standard-
less peak to background (P/B) Z-atomic number, A-absorption correction
factor, F-fluorescence correction factor (ZAF) fitting was applied for back-
ground correction.
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