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Particle Size Matters – Impact of Particle Size and Crucible
Geometry on Sublimation Behavior of Formamidinium
Iodide

Alexander Diercks,* Julian Petry,* Thomas Feeney, Richard Thelen, Paul Fassl,*
and Ulrich W. Paetzold*

Vapor phase deposition processes for the fabrication of perovskite solar cells
show great potential for transferring from laboratory-scale to continuous
industrial-scale production. Precise process control and high process
reproducibility are of utmost importance to unlock their full potential. In this
regard, the sublimation behavior and rate control of organic precursor
materials in thermal evaporation processes are particularly challenging. Here,
it is investigated in detail how the particle size of formamidinium iodide (FAI)
and the crucible geometry influence the directionality of the emitted vapor
flux. It is shown that conical crucibles lead to beam focusing of the vapor flux,
while cylindrical crucibles show a broader, less directional emission profile.
This leads to differences in the homogeneity of material deposition depending
on the lateral source-to-substrate distance. Furthermore, there is a substantial
impact of FAI particle size on the directionality of the vapor flux for conical
crucibles, affecting the deposited material thickness gradient over the
substrate. Analyzing commonly employed inorganic materials reveals the
strong material dependence of effusion characteristics, leading to additional
complexity for multi-material deposition processes. The findings emphasize
that both homogenization of organic precursor materials and optimization of
source geometry and arrangement are critical for achieving uniform
deposition and, consequently, improved process reproducibility.
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1. Introduction
Metal halide perovskite solar cells (PSCs)
have emerged as one of the most promis-
ing candidates for next-generation pho-
tovoltaic technologies due to their ex-
ceptional optoelectronic properties and
steep increase in reported power con-
version efficiencies (PCEs).[1–4] Over the
past 15 years, the PCE of PSCs has
steadily increased to certified PCEs of
up to 26.95%, drawing significant at-
tention from both academic and indus-
trial communities.[5] Most research on
PSCs focuses on solution-based deposi-
tion techniques, with less than 2% of
all publications reporting on vapor-based
deposition methods.[6] However, vapor
phase deposition offers several advan-
tages regarding the fabrication of high-
quality perovskite thin films.[6–8] Con-
formal coverage and film growth over
non-planar substrates is crucial for tan-
dem photovoltaics on textured silicon
wafers and sets it apart from solution-
based fabrication processes.[9–11] In ad-
dition, the ability to produce uniform
films over large areas makes vapor phase

deposition a promising candidate for high-throughput and con-
tinuous in-line processing, critical for cost-effective upscaling
and commercialization.[8,12]

Despite their advantages, key challenges remain for further ad-
vancing vapor phase deposition processes for PSCs. It is com-
monly known that the two most employed vapor-based meth-
ods, co-deposition and sequential deposition in high vacuum,
suffer from reproducibility and repeatability problems, includ-
ing difficulties in transferring processes from one system to an-
other. This is because the properties of thermally sublimed per-
ovskite films and the resulting device performance are highly
sensitive to factors such as the underlying substrate,[13–17] de-
position conditions (e.g., chamber pressure, substrate tempera-
ture, deposition rate),[15,18–22] film stoichiometry[14,16,20,23,24] and
precursor impurities.[21,25,26] One reason leading to such varia-
tions is the sublimation behavior and resulting difficult process
control of the commonly employed organic precursor materi-
als methylammonium iodide (MAI) and formamidinium iodide
(FAI).[21,26,27] In recent years, FA-based PSCs have demonstrated

Adv. Mater. Technol. 2025, e01549 e01549 (1 of 8) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

http://www.advmattechnol.de
mailto:alexander.diercks@kit.edu
mailto:paul.fassl@kit.edu
mailto:ulrich.paetzold@kit.edu
mailto:julian.petry@kit.edu
https://doi.org/10.1002/admt.202501549
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmt.202501549&domain=pdf&date_stamp=2025-10-30


www.advancedsciencenews.com www.advmattechnol.de

higher PCEs and superior stability compared to their MA-based
counterparts,[28] resulting in a trend within the research com-
munity toward focusing on pure FA-based compositions.[6,29]

While the non-directional sublimation behavior of MAI and
its effect on device performance has been studied in much
detail,[14,15,18,20,23–26,30,31] fundamental studies for the case of FAI
are scarce.[16,19,21] A more profound understanding for repro-
ducibility problems in thermally sublimed FA-based PSCs is
therefore essential for the further advancement of highly ef-
ficient and stable vapor-phase-deposited PSCs.[21] In this re-
gard, there are currently no studies on the effects of differ-
ent precursor particle sizes and sublimation crucible geome-
tries, both of which could impact the sublimation behavior
and effusion characteristics, and thus device performance and
reproducibility.
In response, this work focuses on a detailed analysis of FAI

sublimation behavior in terms of precursor particle size and sub-
limation crucible geometries to improve and understand process
control for vapor-phase-deposited PSCs. We find that both the
particle size of commercially available FAI precursor material
and the sublimation crucible geometry have a significant effect
on the directionality of the emitted vapor flux and, consequently,
the effective deposition rate on the substrate. Substantial incon-
sistencies in the particle size distribution of commercial FAI pre-
cursor material are observed between different synthesis batches
as well as amongst different bottles from the same synthesis
batch. Using three defined particle size fractions for sublimation
of FAI, we analyze the deviation of deposited material thickness
with respect to the lateral distance of the substrate to the source.
We observe a pronounced effect of the particle size fraction on
the directionality of the emitted vapor flux when using conical
crucibles for the deposition process, which is significantly re-
duced in the case of cylindrical crucibles. Furthermore, we experi-
mentally compare the vapor flux directionality for commonly em-
ployed inorganic materials (lead iodide (PbI2) and cesium iodide
(CsI)), revealing that effusion characteristics are highly material
dependent. Our results underscore the importance of precursor
material preconditioning, crucible geometry, and chamber de-
sign for laboratory-scale vapor phase deposition processes, all of
which may be a contributing factor to the previously reported
inconsistent process reproducibility. Finally, we propose an op-
timized source arrangement in the vacuum chamber to improve
material composition homogeneity for a simulated co-deposition
process.

2. Results and Discussion

Most reports in literature on FA-based thermal sublimation pro-
cesses (co-deposition and sequential deposition) use commer-
cially available FAI from Greatcell Solar Materials as the organic
cation source (see Table S1, Supporting Information), which was
selected for this study.[16,17,21,32–53] Figure 1a exemplary illustrates
the vapor flux of FAI emitted from a conical crucible. We an-
alyzed the particle size distribution of FAI powder and found
a broad particle size distribution in a single precursor bottle
(see Figure S1, Supporting Information). The control of parti-
cle size distribution used in the sublimation processes is inher-
ently challenging, since typically the precursor material is trans-
ferred manually from the precursor bottle (usually with a spat-

ula) into the sublimation crucible. Therefore, the particle size
distribution inside the sublimation crucible is expected to vary
between experiments due to granular convection of the material
inside the precursor bottle as an effect of agitation. Figure 1b dis-
plays a schematic of the granular convection process, commonly
referred to as “Brazil-nut effect”, to visualize the de-mixing ef-
fect from material agitation inside the precursor material bot-
tle. Changes in particle size distribution lead to inconsistent ex-
perimental conditions, potentially affecting the reproducibility
of the sublimation process. Using analytical sieves of different
mesh sizes, three main particle size fractions are defined in this
work: small (< 200 μm), mid (200–500 μm) and big (> 500 μm)
(see Figure 1c). In fact, we not only found that the FAI particle
size distribution changes significantly between different synthe-
sis batches, but even between different bottles of the same syn-
thesis batch (see Figure 1d). In addition to the above-discussed
various factors that affect perovskite film formation, these in-
consistencies in the properties of commercial precursor mate-
rial add complexity to reproducible processing in laboratory-scale
setups.
To investigate how different particle size fractions and crucible

geometries affect the sublimation behavior of FAI, we examine
the effusion characteristics of the three defined particle size frac-
tions for two commonly employed types of crucibles (conical vs.
cylindrical). Figure 2a,d illustrates the vapor flux from a coni-
cal and cylindrical crucible, respectively. Static deposition on a
non-rotating substrate holder with a quartz-crystal microbalance
(QCM)-measured deposition rate of 1 Å s−1 leads to a material
thickness gradient as shown in Figures S2 and S3 (Supporting
Information). The static deposition rate profile is fitted from the
experimentally measured FAI thicknesses across the substrate,
as described in our previous work (see Table S2, Figures S2 and
S3, Supporting Information).[54] For a conical crucible, the static
deposition rate profile is strongly affected by the particle size frac-
tion (Figure 2b). Considering that the particle size distribution
in commercial FAI powder varies strongly as discussed above,
significant deviations in the effective deposition rate on the sub-
strate holder between experiments are expected, which negatively
impacts process repeatability and reproducibility. In comparison,
the static deposition rate profiles for a cylindrical crucible are
almost identical, making its vapor flux directionality largely in-
dependent of the particle size fraction (Figure 2e). To summa-
rize, conical crucible geometries lead to beam focusing of the
emitted vapor flux that is dependent on the particle size of the
precursor material, while cylindrical crucible geometries exhibit
a less directional vapor flux that is independent of particle size
(see Figure 2c,f). These findings highlight the importance of con-
trolling the particle size distribution of the precursor material to
achieve reproducible sublimation in vacuum, especially when us-
ing conical crucibles. Furthermore, our results show that the cru-
cible geometry in vapor phase deposition processes plays a cru-
cial role on process repeatability, as it can result in variations of
the effective deposition rate on the substrate holder for a constant
measured deposition rate.
To understand the effect of crucible geometry and source ar-

rangement, the homogeneity of FAI material deposition from
conical and cylindrical crucibles is analyzed concerning the
lateral distance from the source to the substrate holder (see
Figure 3a). We extract the material thickness gradient from the
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Figure 1. a) Illustration of the FAI vapor flux emitted from a conical sublimation crucible. b) Schematic illustration of granular convection process
(“Brazil-nut effect”) showing de-mixing effects of different particle sizes in dry powders from material agitation inside a precursor bottle. c) Illustration
of the process to define three main particle size fractions (small: < 200 μm, mid: 200–500 μm and big: > 500 μm) using analytical sieves of different
mesh-sizes. d) Particle size distribution of FAI from Greatcell Solar Materials in different bottles and fabrication batches (A/B).

static deposition rate profiles at different lateral positions, main-
taining the vertical distance to simulate deposition on a substrate
with dimensions of 150 × 150 mm. Here, the lateral position
refers to the lateral distance between the center of the emitting
source and the center of the substrate (see Figure 3b; conical
crucible shown for illustrative purposes). The extracted material
thickness gradient is rotated 360° over the center of the substrate
to simulate a full rotation during deposition and to derive the spa-
tial distribution of material thickness over the whole substrate.
Figure 3c shows the normalized heatmap profiles for each chosen
position and crucible geometry. The resulting heatmaps from de-
position from a conical crucible show significant thickness varia-
tions from center to edge of the substrate for every substrate po-
sition, as well as differences when comparing the individual sub-
strate positions from 0 to 250mm.Meanwhile, heatmaps derived
from depositions from a cylindrical crucible appear to be more
homogeneous at all substrate positions. The magnitude of these
variations is visualized by plotting the diagonal profiles over the
substrate for each heatmap as shown in Figure S5 (Supporting
Information). Similar results are obtained for the other particle
size fractions (see Figures S4, S6, and S7, Supporting Informa-
tion). Using the diagonal profile, the magnitude of variation can

be quantified for each source position by calculating the normal-
ized thickness inhomogeneity:

Normalized inhomogeneity [−] =
(
thicknessmax − thicknessmin

)

thicknessmean
(1)

By calculating this variable with respect to substrate holder
position, the point of most homogeneous deposition over the
entire substrate as a function of the lateral distance between
the substrate holder and the emitting source can be derived. In
case of deposition from a conical crucible, large shifts in the
point of most homogeneous deposition can be seen depend-
ing on the used particle size fraction, ranging from 122 mm
for small, 137 mm for mid, and 149 mm for big particle sizes
(see Figure 3d). Conversely, deposition from a cylindrical cru-
cible only shows a slight difference in the point of most homo-
geneous deposition depending on the utilized particle size frac-
tion (small = 171 mm, mid = 168 mm, and big = 177 mm) as
shown in Figure 3e. We further compared the effusion character-
istics of the inorganicmaterials CsI andPbI2 from cylindrical cru-
cibles, taken from our previous work,[12] with those of FAI and ex-
tended the analysis and calculations based on the here developed

Adv. Mater. Technol. 2025, e01549 e01549 (3 of 8) © 2025 The Author(s). Advanced Materials Technologies published by Wiley-VCH GmbH

 2365709x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

t.202501549 by K
arlsruher Institut Für T

echnologie, W
iley O

nline L
ibrary on [10/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmattechnol.de


www.advancedsciencenews.com www.advmattechnol.de

Figure 2. a,d) Schematic of the FAI vapor flux and deposition on the substrate from a conical and cylindrical crucible, respectively. b,e) Comparison of
fitted static deposition rate profiles as a function of lateral position to the source for conical and cylindrical crucibles, respectively. c,f) Angular emission
dependence on particle size for conical and cylindrical crucibles, respectively.

procedure. The corresponding normalized diagonal profiles of
the material thickness over the substrate at different lateral posi-
tions of the substrate holder to the source are plotted in Figure S8
(Supporting Information). The normalized thickness inhomo-
geneity is plotted in Figure 3f and shows that the point ofmost ho-
mogeneous deposition is at lateral distances of 185 and 165 mm
for CsI and PbI2, respectively. These results clearly demonstrate
that effusion characteristics are not only dependent on the pre-
cursor particle size and the employed crucible geometry but also
exhibit a strong dependence on the sublimed material. Changes
in the point of most homogeneous deposition can lead to inho-
mogeneous precursor thickness ratios over the whole substrate
when working with multi-material compositions, even when the
substrate undergoes rotation.
In the case of multi-material deposition processes (co-

deposition or sequential layer deposition), stoichiometric mate-
rial ratios are crucial to form high-quality and homogeneous per-
ovskite thin films. Therefore, variations in the optimal source-
to-substrate distances for most homogeneous material deposi-
tion must be considered for optimized process control. How-
ever, conventional vacuum chambers do not allow for adjust-
ment of the source position. To demonstrate the importance
of our findings, we compare two simulated cases with differ-
ent source-to-substrate distances for the exemplary selected pre-
cursor materials CsI, PbI2 and FAI (only mid particle size frac-

tion is considered here) using cylindrical crucibles. Case A uses
an equidistant source-to-substrate arrangement with a lateral
distance of 150 mm, which is comparable to the source-to-
substrate distance used in our laboratory-scale thermal evapo-
ration system, while Case B considers the optimum case for
most homogeneous deposition (see illustration in Figure 4a).
The normalized diagonal profiles of each material show a di-
verging discrepancy between the three materials, with deviations
of up to 4% from center to corner of the substrate as shown
in Figure 4b. These discrepancies inevitably result in changes
of material composition over the whole substrate. In compari-
son, Case B with the optimized source-to-substrate arrangement
for most homogeneous deposition (compare Figure 3f) leads
to minimized thickness deviations over the substrate of max.
≈0.5% for each individual precursor material (see Figure 4c),
resulting in a much more homogeneous material thickness ra-
tio of all materials over the whole substrate. This demonstrates
the importance of careful vacuum chamber design to increase
compositional uniformity over the substrate. It should be noted
that in a realistic co-deposition process, numerous additional pa-
rameters – such as chamber pressure, substrate temperature,
and deposition rate – can also influence film growth and crys-
tallization dynamics, thereby introducing further reproducibil-
ity challenges beyond those arising solely from the chamber
design.[15,18–22]
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Figure 3. a) Comparison of static deposition rates of mid particle size fraction from conical and cylindrical crucible, taken from Figure 2b,e. b) Schematic
display to demonstrate the simulated lateral movement of the substrate holder with respect to the emitting source (exemplary displayed as a conical
crucible). c) Heatmaps of calculated thickness distribution (normalized) over a rotating substrate holder at different lateral positions to source (0, 50,
100, 150, 200, and 250 mm). d–f) Normalized thickness inhomogeneity as a function of lateral position to source (see Equation 1) over a rotating
substrate holder for different FAI particle size fractions for conical (d) and cylindrical (e) crucibles, as well as comparison for CsI, PbI2 and FAI from
cylindrical crucibles (f).

A potential solution to our observations could be the imple-
mentation of sources with adjustable positions to individually
optimize the lateral source-to-substrate arrangements depending
on each precursormaterial. This would result in increased homo-
geneity of deposited material thicknesses for different perovskite
compositions. Our findings provide a clear indication that differ-
ences in the experimental setups and source arrangement inside
vacuum chambers of different laboratories complicate the trans-

fer of process recipes and thus impede reproducibility between
research groups.

3. Conclusion

In this work, the impact of FAI particle sizes and sublima-
tion crucible geometry on the homogeneity of thermally sub-
limed perovskite films is analyzed for the first time. Changes in
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Figure 4. a) Schematic of two different simulated source-to-substrate configurations with Case A= equidistant lateral source-to-substrate distances, and
Case B = individually optimized lateral source-to-substrate distances. The vertical source-to-substrate distance is 300 mm. b) Heatmaps of calculated
thickness profile over a rotating substrate holder for CsI, FAI (mid particle size fraction) and PbI2 at an equidistant lateral source-to-substrate distance
of 150 mm. c) Heatmaps of calculated thickness profile over a rotating substrate holder for CsI, FAI, and PbI2 with an individually optimized lateral
source-to-substrate distance of 185, 165, and 168 mm, respectively.

particle size distribution cause drastic changes in the direction-
ality of the emitted vapor flux when depositing from conical cru-
cibles. Furthermore, insufficient control of the used particle size
fraction, strongly varying in commercial FAI precursor material,
directly influences deposition homogeneity over the substrate,
contributing to reported reproducibility problems for thermally
sublimed PSCs. Comparison of conical and cylindrical crucible
geometries and analysis of the resulting effect on the emitted va-
por flux directionality shows a strong difference regarding beam-
focusing properties. Deposition from cylindrical crucibles results
in a much lower directionality of the emitted vapor flux, leading
to an overall much more homogeneous deposition. Additionally,
cylindrical crucibles are not affected by changes in the particle
size distribution of the used precursor material powder, mak-
ing them a more promising candidate for reproducible vapor-

based processing. Finally, an optimized source arrangement to
minimize spatial deviations in material composition for a sim-
ulated multi-material deposition process is presented. Our find-
ings highlight the importance of homogenizing precursor mate-
rial, choice of crucible geometry, and the design of thermal evapo-
ration setups for reproducible fabrication of PSCs in vapor phase
deposition processes, a critical factor for successful industrial re-
alization of this promising technology.

4. Experimental Section
Materials: FAI (Greatcell Solar Materials, ≥99.99%), PbI2 (TCI,

99.99%, trace metals basis), CsI (TCI, ≥99.0%)
VacuumDeposition Setup: Physical vapor deposition of perovskite pre-

cursor materials was carried out in a nitrogen-filled glovebox integrated
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PEROvap vacuum system (M. Braun Inertgas-Systeme GmbH, Dresden).
For each experiment, fresh precursor material (FAI: 1 g of respective frac-
tion; PbI2: 3 g; CsI: 3 g) was placed into cylindrical 10 cm

3 crucibles (unless
otherwise stated). The system was evacuated, reaching a base pressure of
<1.0∙10−5 mbar at the start of heating. A cooling inner surface surround-
ing all sublimation sources was maintained at −20 °C, and the substrate
temperature was kept constant at 18 °C. Deposition was performed us-
ing a 300 mm vertical source–t-osubstrate distance, with the point source
and substrate center positioned off-axis (≈150 mm apart) without tilt or
substrate rotation. The lateral distance from source to QCM was 75 mm,
enabling scaling from thickness distribution to deposition rate profile. De-
position rates, monitored by individual QCMs, were maintained at FAI =
1.0 Å s−1, PbI2 = 13.5 Å s−1, and CsI= 10.0 Å s−1 by automated rate control
for FAI and manual adjustment of source temperature for PbI2 and CsI.
The corresponding temperature ranges for these deposition rates were
≈140–160 °C for FAI, ≈270–280 °C for PbI2 and ≈430–445 °C for CsI. It
was noted that themeasured temperatures depend a lot on the actual con-
tact position of the thermocouple relative to the crucible and can therefore
vary between systems.[22] Materials were used as received without further
purification: FAI (GreatCell Solar, ≥99.99%), PbI2 (TCI, 99.99% trace met-
als basis), and CsI (TCI, ≥99.0% titration).

Analysis and Separation of Different FAI Particle Size Fractions: In order
to analyze the particle size distribution of the FAI precursor material, an-
alytical sieves with different mesh-sizes (800, 500, 200, 100, 50 μm) were
used. Three main particle size fractions, namely “big” (> 500 μm), “mid”
(200–500 μm), and “small” (< 200 μm), were defined.

Determination of Layer Thickness: The deposited layer thicknesses
were determined using a white -light interferometer (Bruker Contour GT-
X500). Step height of the coated edges was detected using a combined
mode of white-light interferometry and phase shift imaging called UXI. A
5× magnification lens with an additional field of view lens of 0.55× were
used to depict the edges. The working distance of the 5× objective is
6.7 mm. Light was set to values between 0.15 and 0.18%. Evaluation was
done using the Vision64 Software of Bruker.

Fit-Function: Function used to fit the thickness gradient of experimen-
tally determined material thicknesses from a static deposition (for explicit
derivation, please see previously published work:[13]

t (x) = A ⋅
cosn

(
arctan

(
x
xh

))

R2
= A ⋅

cosn
(
arctan

(
x
xh

))

x2 + xh2
(2)

with:

- t(x) =material thickness at a specific point x
- x = lateral distance of a specific point on substrate to emitting source
- xh = height of the substrate holder in relation to the emitting source
(in the used setup: xh = 300 mm)
- R = distance from source to a point x on the substrate
- A = proportionality factor
- n = exponent of cosine law

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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