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Hybrid Two-Step Inkjet-Printed Perovskite Solar Cells

Raphael Pesch,* Alexander Diercks, Julian Petry, Alexander Welle, Ronja Pappenberger,
Fabian Schackmar, Helge Eggers, Johannes Sutter, Ulrich Lemmer,

and Ulrich Wilhelm Paetzold*

Perovskite photovoltaics are on their way to commercialization, but crucial
advancements are still required to realize scalable and reliable fabrication processes
Concerning solution processing of perovskite top solar cells, the hybrid two-step
process offers an auspicious combination of good thin-film formation control, even
on textures, and high power conversion efficiencies (PCEs). Herein, a scalable
fabrication process that consists of a hybrid two-step process and combines
evaporated Pbl, with inkjet-printed organic precursor materials is addressed.

It is shown that optimizing the printing parameters enables high PCEs, high
reproducibility, and the potential for conformal growth on textured silicon. The
perovskite films are free of macroscopic drying effects and omit the use of toxic
solvents. To achieve optimal conversion, the morphology of the Pbl, thin film and
the selected resolution in the printing process are decisive. To facilitate intermixing
and enable stoichiometry, a dimethyl sulfoxide vapor treatment is introduced to
increase the Pbl, porosity. Reproducible PCEs are demonstrated with champion
devices showing 18.2% which are on par with spin-coated counterparts. In the
results, it is demonstrated that the hybrid two-step process with an inkjet-printed
second step is a promising scalable process for reliable and high-quality perovskite
deposition even on texture, thereby paving the path toward industrialization.

1. Introduction

The 2023 report from the Intergovernmental
Panel on Climate Change (IPCC) underlines
the urgency of reducing carbon dioxide
emissions."! The IPCC mentions perovskite
photovoltaics (PV) among other techniques
as one of the key solar energy technologies
to further reduce material use per energy
produced.”  Perovskite-based PVs have
shown an unprecedented increase in power
conversion efficiency (PCE) in the last
decade reaching singlejunction record
PCEs of up to 26.1%.** Due to their
versatile manufacturability® and the cost-
effectiveness of perovskites as absorber
material,l® perovskite solar cells (PSCs)
are considered the next generation of
PVs. The ability to adjust their bandgap
between 1.2 and 2.3 eV enables the applica-
tion in tandem PVs in conjunction with
established photoactive materials like
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silicon or CIGS.”® Tandem solar cells

based on perovskite-silicon semiconductors

achieve the highest certified (non-
concentrator) tandem PCEs reaching 33.9%.! Despite their high
PCEs already demonstrated on a small scale, scalability to large-
area solar cells remains a major challenge.l”) There are numerous
approaches to the scalability of PSC fabrication, such as
evaporation,'®'!] blade-coating,"***! slot-die-coating,**! spray-
coating,'>1%! or inkjet printing'”) Among these technologies,
inkjet printing is the only technique that enables free-form proc-
essing,"® minimal material consumption,™ and precise control
of the amount of deposited material. Furthermore, this technol-
ogy is already established in the industry and has for example
been used to produce organic light-emitting diodes.”” Major
challenges of inkjet-printed perovskite solar cells (PSCs) are wet-
ting and crystallization control which lead to high batch-to-batch
variation and problems in scalability. These aspects are particu-
larly evident in the one-step processing route, where their control
becomes challenging due to the spatially and temporally delayed
crystallization process.”") Additionally, current ink systems for
producing highly efficient PSCs within one deposition step
are still commonly based on toxic precursor materials such as
dimethylformamide (DMF) or n-methylpyrrolidone.”*? Using
blade-coating for the second step, Siegrist et al. already demon-
strated that the implementation of a hybrid two-step deposition
process is an effective strategy to omit the reliance on toxic
precursor materials and address issues related to scalability and
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reproducibility.”® Instead of dissolving the lead iodide into toxic
precursor materials, this approach resorts to vapor deposition as a
first step. While the possibility of a two-step deposition of the
perovskite thin film has been recognized for more than two
decades,® this method has risen in popularity in perovskite
PV within recent years due to the good reproducibility of high-
quality perovskite thin films and record -efficiencies.*>**
However, highly efficient hybrid two-step fabricated PSCs have
so far mainly been demonstrated for non-scalable methods, or
using blade-coating.**%*”) Initial studies showed that by using
inkjet printing instead of blade-coating in the second step, the
overall homogeneity of the perovskite is greatly improved,
although multiple crossings of the print head result in
millimeter-sized stripes forming in the perovskite.”®! In this
work, we investigate the specific challenges for hybrid two-step
fabricated PSCs based on inkjet printing and present solutions
to overcome them. We show that the choice of printing
parameters influences not only the stoichiometry but also the
formation of inhomogeneities within the perovskite layer due
to printing patterns. In answer to this, we propose a general
approach to reduce these inhomogeneities. Using a fixed ink
system, we demonstrate that for each subsequent lead iodide
thin film only one ideal printing resolution occurs. We optimize
the inkjet-based hybrid two-step process by introducing an addi-
tional dimethyl sulfoxide (DMSO) evaporation step between the
two deposition steps and show that PSCs based on evaporated
lead iodide thin films can perform similarly well as PSCs based
on liquid-processed lead iodide thin films with remarkably high
batch-to-batch reproducibility. Finally, this work demonstrates
the advantages of an inkjet-based hybrid two-step process for
the deposition of conformal perovskite thin films on textured
silicon substrates.
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2. Results and Discussion

2.1. Tuning the Lead lodide Thin-Film Morphology

To the best of our knowledge, as of now, there are no reports on
the interdiffusion process of sequentially deposited perovskite
materials and the influence of the morphology of the evaporated
lead iodide thin film when inkjet printing is used as the second
step. The sequential nature of material deposition in the two-step
process, illustrated in Figure 1, underscores the significance of
material diffusion for achieving a complete and homogeneous
perovskite conversion. Consequently, it is necessary to enhance
diffusivity, for instance, by increasing porosity, to ensure the for-
mation of a perovskite thin film with optimal homogeneity
throughout the perovskite. To investigate the influence of differ-
ently deposited lead iodide thin films on the formation of hybrid
two-step deposited perovskites using inkjet printing as a second
step, a liquid-processed (spin-coated) and a vapor-processed
(thermally evaporated) lead iodide thin film are compared.
Furthermore, the same properties are determined for a vapor-
processed lead iodide thin film that is subsequently exposed
to DMSO vapor. In a previous study, Xiao et al. highlighted
the advantageous impact of a vapor-assisted solution process.”*”!
However, their approach involved the utilization of DMF, result-
ing in an extended evaporation period lasting several hours.
Furthermore, they applied the vapor treatment at the concluding
annealing stage of the overall perovskite fabrication process
instead of employing it to modify the lead iodide thin film.
Subsequently, Chen et al. showed that by using DMSO the treat-
ment time is remarkably reduced to a mere few minutes.*” Both
Xiao et al. and Chen et al. demonstrated the positive effects of an
additional solvent vapor treatment exclusively on spin-coated lead
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Figure 1. Manufacturing process of PSCs using a (hybrid) two-step deposition method combining either spin-coating or evaporation with inkjet

printing.
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iodide thin films or perovskites based on spin-coated lead iodide
thin films. A study by Nguyen et al. introduced this supplemen-
tary treatment step on evaporated lead iodide thin films.?" Their
findings indicated that such treatment enhances the conversion
process when employing blade-coating as the second step in a
hybrid two-step perovskite deposition method. It is noteworthy
that even a brief treatment of the lead iodide thin film forms
a considerably more porous lead iodide thin film.

Using scanning electron microscopy (SEM) and time-resolved
microscopy (PicoDrop drop-watcher setup), the influence of the
porosity on the absorption of the organic cation precursor
into the lead iodide thin film is investigated. As suggested by
literature,?>** the SEM images indicate that the spin-coated lead
iodide thin film is considerably more porous than the evaporated
one. This property leads to an increased absorption of the sub-
sequently deposited organic cation precursor as shown by time-
resolved microscopic photographs of droplets (around 30 pL) on
the respective lead iodide thin film. As shown in Figure 2, drop-
lets of the organic cation precursor are completely absorbed by
the spin-coated lead iodide thin film within 1.9 s. In contrast, the
droplets deposited onto the pristine-evaporated lead iodide thin
films remain on the surface without being fully absorbed
(Figure 2b). However, for the DMSO-vapor-treated evaporated
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lead iodide thin film, the absorption time is considerably
decreased (1.3s) compared to even the spin-coated lead iodide
thin film (Figure 2c). We propose, that this is related to the
increased porosity of the lead iodide thin film. While the droplet
absorption does not per se equal the diffusivity of the entire lead
iodide thin film, it is expected that it strongly correlates to the
diffusion of the organic cation precursor into the lead iodide
thin film. Time-of-flight secondary ion mass spectrometry
(ToF-SIMS) measurements carried out in this work (Section 2.4)
confirm this assumption.

As also observed by Nguyen et al. X-ray diffraction (XRD)
measurements indicate that the vapor pretreatment with
DMSO not only changes the morphology of the lead iodide
thin film but also incorporates DMSO into it (Figure 2).
Furthermore, we hypothesize that the micrometer-sized
formations are lead iodide-DMSO complexes, which according
to Nguyen et al. are more porous than pristine-evaporated
lead iodide. Compared to the pristine-evaporated lead iodide
thin film, the characteristic DMSO complex peak at 9.94° can
be seen in the XRD measurements. This peak is similarly
observed at the identical 20 angle in the XRD measurements
of the lead iodide thin film produced by spin-coating. For a simi-
lar DMSO evaporation setup as used by Nguyen et al. we find
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Figure 2. Lead iodide morphology, crystallinity, and absorption depending on the deposition process. Shown for a) spin-coated, b) evaporated,
and c) evaporated DMSO-vapor-treated lead iodide thin films. The absorption properties can be seen from time-resolved microscopy (PicoDrop
drop-watcher setup), SEM images’ morphology, and XRD measurements’ crystallinity. The PicoDrop images show the different interaction types
(absorption and surface pinning) of the organic cation precursor with the differently deposited lead iodide thin films. Compared to evaporated lead
iodide thin films, both the spin-coated and the DMSO-vapor-treated evaporated lead iodide thin films show increased absorption of the organic cation

precursor.
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identical evaporation times (30s with an 80°C hot plate) as
Nguyen et al. for the optimal perovskite conversion. However,
to enhance the reproducibility of this pretreatment step the
DMSO evaporation parameters are changed. Hereby, the hot
plate temperature is changed to 60 °C which resulted in a longer,
more reproducible evaporation time of 40s. With this
longer evaporation time, we achieve similar results on the
80 °C hot plate.

2.2. Suppressing Printing Patterns

Inhomogeneous material deposition and conversion that result
in stripe-like printing patterns along the printing direction are
known artifacts that appear in hybrid two-step processed perov-
skite thin films with inkjet-printed organic cation precursors.”*®!
Macroscopic drying effects are a known hurdle when it comes to
one-step inkjet printing or other scalable liquid deposition meth-
ods like spray-coating. They need complex iterative ink engineer-
ing to be circumvented.”") Here, we show that drying-related
printing patterns can be circumvented by increasing the deposi-
tion time of adjacent droplets and optimizing the organic cation
precursor. Unless otherwise mentioned, the following optimiza-
tion was carried out with a printing resolution of 1000 droplets
per inch (DPI). The influence of different DPIs and the reasons
for choosing 1000 DPI are addressed in Section 2.4. Due to the
previously discussed preferred absorptive property of porous lead
iodide thin films, we know that adjacent droplets require enough
time (>1s), to be completely absorbed. We hypothesize that mac-
roscopic drying effects mainly occur when droplets fuse and
form a wet film that eventually underlies drying processes
such as the coffee-ring effect or the Marangoni effect.**>*!
Photoluminescence mappings of perovskites printed with differ-
ent deposition times of adjacent droplets support this assump-
tion. While photoluminescence mappings of perovskites
printed with adjacent-droplet deposition times of milliseconds
show macroscopic drying effects (Figure 3a), counterparts fabri-
cated with droplet deposition times perpendicular to the direc-
tion of print head travel of more than 1s, appear more
homogeneous (Figure 3b). Generally, two printhead configura-
tions can be used to achieve a given resolution: printing with
a variable printhead angle or with a fixed angle, so-called native
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printing. To achieve high printing resolutions, at which adjacent
droplets have a smaller distance than adjacent nozzles, in native
printing the printhead needs to cross the substrate several times.
As such, this configuration is more time-consuming compared to
its counterpart angled printing. However, our work uses this
effect to enable better absorption of individual droplets before
printing their adjacent droplets. The ability to prevent macro-
scopic drying effects by simply printing with a native print head
configuration is a major benefit. An advanced setting that some
inkjet printers offer beyond that is the possibility to individually
control the deposition of each nozzle. Hereby, the deposition of,
e.g., every nth droplet within one crossing can be left out and
filled up using another nozzle when the print head crosses
the substrate again. In the following, the number of droplets
to be left out by a nozzle in the direction of print head travel
is called the vertical step size (SSy). Similarly, it is possible to
leave out droplets perpendicular (horizontal step size [SSy]) to
the direction of print head travel. In addition to an increased
deposition time of adjacent droplets, choosing SSy>1 and
SSy > 1 has the benefit of printing an area of SSy by SSy in pix-
els without using a nozzle twice. This reduces the probability of
pinholes due to the clogging of one nozzle. Droplet deposition
sequences that occur for different SSy and SSy combinations
are visualized in Figure S1, Supporting Information. In addition
to an improved overall homogeneity compared to only natively
printed perovskites, combining native printing with a moderate
SSv (=3) and SSy (=3) further suppresses macroscopic drying
effects and leads to blur-free, sharp print edges (Figure 3c).
Increasing the SSy and SSy even more, the photoluminescence
mapping shows macroscopically improved homogeneity.
However, small drying patterns appear once the SSy and SSy
are increased to values greater than or equal to SSy =28 and
SSy =8 (Figure 3d). Microscope images reveal that these pat-
terns originate from single droplets. We assume these droplets
have too much time before a droplet is deposited next to them.
The alcohol in the ink completely evaporates before an adjacent
droplet is deposited. Without remaining alcohol, a droplet cannot
connect with its adjacent droplet inside the lead iodide thin film.
A stepwise reduction of the molarity of the organic cation precur-
sor from 0.5 to 0.17 M strengthens this assumption since the
microscopic drying effects are eliminated with lower molarities

SS,,SS.: 8,8 Native

SN

Figure 3. a—d) Photoluminescence mappings of perovskites produced with different print head arrangements (angled/native), vertical step sizes
(SSy, direction of print head travel), and horizontal step sizes (SSy, perpendicular to the direction of print head travel). d) Influence of different molarities
of the organic cation precursor on the homogeneity of the final perovskite analyzed with microscope images.
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(Figure 3d). However, to still be able to provide enough organic
cations while lower molarities are used, more droplets are
needed. A reduction of the molarity from 0.5 to 0.17 M, for exam-
ple, necessitates an increase from 1000 to 1732 DPI. This how-
ever increases the printing time even further. The comparison of
the electrical parameters from PSCs printed with high SS values
(SSy=10, SSi=10) versus moderate SS values (SSy=3,
SSy = 3), as well as PSCs printed with different molar organic
cation precursors and printing resolutions, shows limited influ-
ence in the investigated range (Figure S2 and S3, Supporting
Information). Hence, we propose limiting the SS values and
ink molarity to a maximum of SSy = 3, SSy = 3, and a minimum
of 0.5Mm.

2.3. Revealing the Material Distribution throughout the
Perovskite Thin Film

Using ToF-SIMS measurements, we show that an improved
material distribution throughout the perovskite occurs if the
inorganic thin film is subjected to a DMSO vapor treatment.
In addition to that, we show the formation of an HTL-attached
remaining lead iodide thin film for low printing resolutions and
an increased strip formation in case of high printing resolutions.
Depth-integrated x—y images reveal that the perovskite based on
the spin-coated lead iodide thin film shows a stripe-like printing
pattern (Figure 4a). In contrast, the perovskite thin film based on
an evaporated lead iodide thin film appears homogeneous. Once
the evaporated lead iodide thin film is DMSO-vapor-treated,
printing patterns in the form of droplets occur. Height profile
measurements reveal that the x—y inhomogeneities mainly arise
from the height profile of the stripes (Figure S4, Supporting
Information). Interestingly, the printing patterns also appear
within the depth-integrated x—y images of the PbI*, indicating
that the alcohol of the organic cation precursor solution can
transport the lead iodide once it contains DMSO complexes.
This suggests that intermixing is improved when DMSO-lead
iodide complexes are present. A simplified schematic in
Figure 4a visualizes the suggested underlying processes that
occur when DMSO is introduced. x—y-integrated depth profiles
(z-direction) reveal that, under optimal stoichiometry, a sufficient
amount of organic cations reach the HTL, thereby preventing the
formation of a pristine lead iodide layer near the HTL (Figure 4a).
The (PbI*/FA™)opmso to (PbIT/FA™Y)pyso ratio enables a com-
parison of the FA™ incorporation of both perovskites based on
evaporated lead iodide in the z direction. As a result of this, a
value >1 indicates a locally higher FA* amount within the perov-
skite which is based on DMSO-vapor-treated evaporated lead
iodide. Since the ratio not only shows values above one but also
increases along the perovskite depths, a better FA* incorporation
is to be expected for the perovskites based on DMSO-vapor-
treated lead iodide (Figure S5a, Supporting Information).
Height measurements show that the perovskite based on the
spin-coated lead iodide thin film is ~#150 nm thicker than the
perovskite based on the evaporated lead iodide thin film
(Figure S6, Supporting Information). This trend is also con-
firmed by ToF-SIMS measurements, since for perovskite thin
films based on a spin-coated lead iodide thin film, almost twice
the number of ions per square centimeter are necessary to erode
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the perovskite. The hypothesis that for a given organic cation pre-
cursor the printing resolution determines the stoichiometry is
validated by the ToF-SIMS measurements. The lead iodide thin
film is not converted entirely for printing resolutions below the
optimum of 900 DPI, resulting in a sub-stoichiometric compo-
sition of the perovskite (Figure 4b). Furthermore, residual
pristine lead iodide remains. The depth profiles through the
perovskite reveal that the remaining lead iodide is located on
the HTL. In the case of excess organic cations, depth-integrated
x-y images show strong inhomogeneities in the material distri-
bution, which follows a stripe-like printing pattern. Once again,
height profile measurements reveal that they stem from varia-
tions in the perovskite thin-film height rather than from compo-
sitional inhomogeneities (Figure S4, Supporting Information).
Interestingly, the height variations only appear when the optimal
printing resolution is exceeded. The (PbI*/FA™)i100pp1 to
(PbI"/FA)ogo ppr ratio shows a value >1 for all depths
(see Figure S5b, Supporting Information). Therefore, the excess
cations are distributed through the whole perovskite forming an
over-stoichiometric perovskite throughout the thin film.
A simplified schematic in Figure 4b visualizes the detected
and previously described material distribution for the three dif-
ferent stoichiometries.

2.4, Connection between Inkjet Printing Parameters and PSC
Performance

Similar to the morphology of the lead iodide thin film, printing
parameters play a crucial role in the hybrid two-step process to
produce high-quality perovskites. In addition to revealing that the
ideal stoichiometry is contingent upon the printing resolution,
the study illustrates the impact of both an excess and a deficiency
of organic cations on the electrical properties. Determining the
optimal amount of organic cations becomes crucial considering
the fixed quantity of lead iodide. All materials applied during the
inkjet-printing process contribute to the final perovskite thin
film, requiring a stoichiometric match with the lead iodide thin
film. Due to the unknown porosity and, therefore, density of the
lead iodide thin film, calculating the amount of organic cation
precursor needed for a stoichiometric perovskite conversion is
challenging. Using inkjet printing there are three ways to experi-
mentally determine the stoichiometric optimum by changing the
amount of material deposited. The first option is to vary the drop-
let size. However, this hardly plays a role in practice since one
print head is only designed for one droplet size. The second
option is to change the molarity of the organic cation precursor.
In this work, we propose a 90% v/v n-butanol 10% v/v isopropyl
alcohol (IPA) mixture to dissolve the organic cations instead of
pure IPA as commonly used in literature.”?**" We use this ink
composition due to the higher viscosity and surface tension of
n-butanol to guarantee stable jetting. As seen in (Figure S7,
Supporting Information), PSCs processed with 100% IPA as
ink solvent versus 100% n-butanol as ink solvent showed similar
electrical properties. The organic cation precursor used in this
work is based on a widely used two-step recipel***”! containing
60mgmL ' formamidinium iodide (FAI), 6mg ~' methylam-
monium bromide (MABr), and 6 mgmL™' methylammonium
chloride (MACI), corresponding to a 0.5 M ink. This recipe results
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Figure 4. ToF-SIMS measurements: Depth-integrated x—y images and x—y-integrated depth profiles revealing the material distribution of the inorganic
lead iodide (represented by 2°%/2°7PbI™ or 2°2Pb™ cations) and the organic cations (represented by the dominating FA™ cations, detected as "*CHsN,™)
within the annealed perovskite thin film. a) Comparison of the material distributions for the optimum stoichiometry (900 DPI) between perovskites based
on evaporated, DMSO-vapor-treated evaporated, and spin-coated lead iodide thin films. A schematic below the ToF-SIMS images visualizes the assumed
underlying processes. b) Comparison of the material distributions for perovskites based on evaporated lead iodide thin films below (700 DPI), at (900
DPI), and above (1100 DPI) the optimum stoichiometry. A schematic besides the ToF-SIMS images visualizes the material distribution for the three
stoichiometric cases. Within all graphs, blue represents lead iodide (detected as 2°/2°7PbI™ or 2°8Pb™), red represents the organic cations (detected as
3CHsN, ™), and black represents the ITO layer (detected as '"’In™). The depth-correlated fluence represents the depth of the perovskite thin film.

in a stoichiometry Csg osMAg 28FA0 67Pb(Bro.03Clo.oslo.91)3 for the  (in the case of thermal evaporation), as well as the known mass
perovskite thin films based on the spin-coating technique. ratio of the A site cations and X site halides, used in the second
The composition is determined based on the chosen molarity  step. To determine the composition, it is assumed that the
of the lead iodide solution (in the case of spin-coating), or  underlying perovskite is in the ideal (ABX;) stoichiometry.
the molar mass and layer thickness of the lead iodide layer = Higher molarities than 0.5M are also investigated but are
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impractical because they can only be dissolved in n-butanol after
very long mixing times and precipitate again within hours. As
mentioned in Section 2.2, lower molarities are considered for
homogeneity optimization but require high printing resolutions,
which therefore result in longer printing times. Lastly, the
amount of material deposited can be varied by changing the
printing resolution measured in droplets per inch (DPI). For a
linear increase in resolution, the amount of material deposited
increases quadratically. For the lead iodide thin films used in this
work (produced by evaporation and spin-coating), 1000 DPI is
experimentally determined as the optimum when using a
10 pL print head. It should be mentioned that this value can vary
slightly between each batch since a possible batch-to-batch fluc-
tuation of the lead iodide thin-film height influences the amount
of the needed organic cation precursor. Since the evaporated lead
iodide thin films are 300 nm in height while the spin-coated thin
films are 500 nm in height, both show the best performance
using 1000 DPI. This further indicates the different porosity
of the lead iodide thin films.

Figure 5 shows the performance of the PSCs processed with a
two-step process and variable DPI of the inkjet-printed organic
cation precursor. Starting from 700 DPI, the median PCE
increases from 11% to 17% once it reaches 1000 DPI.
Increasing the DPI further, the median PCE decreases more rap-
idly, reaching 11% again for 1100 DPI (Figure 5a). We conclude
that a lack of organic cations decreases the device’s performance
less than an excess of organic cations. Up to the tipping point of
1000 DPI, the gain in PCE with increasing DPI is mainly attrib-
uted to the increasing fill factor (FF) and short-circuit current
density (Jsc), which are displayed in Figure 5b,c, respectively.

www.solar-rrl.com

ToF-SIMS measurements suggest that the HTL-attached
remaining lead iodide thin film, which is decreasing with
increasing DPI, is the origin of this trend. Increasing the DPI
leads to a strong increase in the external quantum efficiency
(EQE) across the entire spectrum, particularly for wavelengths
shorter than the bandgap of lead iodide (2.35eV & 528.5nm)
(Figure 5e). The integrated photocurrents match with the
measured Jsc values and therefore strengthen the mechanism
proposed earlier (Figure S8, Supporting Information).
In conclusion, the absorption of photons above the lead iodide’s
bandgap and the prevalent recombination of generated electron—
hole pairs within the lead iodide contribute to a decrease in the
EQE for lower DPI. As further mentioned in Section 2.3, height
profile measurements (Figure S4, Supporting Information)
reveal that for higher DPIs the thickness of the perovskite
increases. This ensures an increased effective light pathway
length and, according to the Beer—Lambert law, an increased
overall absorption. Using the one-step deposition, EQEs of up
to 90% for photon energies larger than the bandgap of lead iodide
can be achieved.®® Similar EQEs can also be reached with the
two-step approach used in this work (Figure 5e). Next to the
Jsc, the FF correlates to the composition of the perovskite
absorber (Figure 5b). It increases linearly up to the optimum
DPI and strongly drops after exceeding it. While a negative devi-
ation of 200 DPI from the optimal printing resolution results in
a loss of less than 10% in the median FF, the same deviation
toward a higher printing resolution means a loss of more than
25% in the median FF. This observation arises because, in com-
parison to the optimum DPI, the series resistance increases sig-
nificantly for lower resolutions. For higher resolutions than the

@ : . : © 24 : e ©) 100~ = —5]100
. i ] v/ e S A
16 7 - < - o ? 80fe —= 4180,
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Figure 5. Influence of different resolutions on the electrical parameters of hybrid fabricated inkjet-printed PSCs. a—d,f) The electrical properties (PCE, FF,
Jsc, Voc, and J-V curve) over the DPI. e) The absorptance (1-R) and the EQE for different DPIs. Figure S8, Supporting Information, shows the integrated

current densities that belong to the EQEs in (e).
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optimum DPI, both series resistance and shunt resistance dete-
riorate (Figure 5f). As discussed by Liu et al. this observation
can be explained by pinholes introduced into the perovskite
absorber with an organic cation excess.’” Interestingly, the
open-circuit voltage (Voc) (Figure 5d) remains nearly indepen-
dent of the DPI below the optimal DPI, exhibiting a slight
increase as the DPI rises. ToF-SIMS measurements carried
out within this work (Section 2.3) show that the observed slight
increase in Vo correlates to the stepwise reduction of remain-
ing lead iodide with increasing DPI. We hypothesize that the
voltage drop occurs across the HTL-attached lead iodide thin
film. Compared to the slight increases in Vo toward the opti-
mal DPI, the Vo decreases significantly once surpassing the
optimal DPI. Even for half of the amount of organic cation pre-
cursor compared to the optimum DPI (700 vs 1000 DPI), less
than a tenth of a volt gets lost regarding the median V. Once
reaching 1100 DPI, the median Vo immediately decreases by a
few tenths of a volt, which, according to the results of Liu et al.
might be caused by pinholes.*”! This assumption would fur-
thermore explain the strong Voc spread occurring. Together
with FF, after surpassing the optimum DPI, the drop in Voc
significantly reduces the PCE. The decrease in PCE cannot
be compensated by the further increasing Jsc at 1100 DPI
and is intensified by the drop in Jsc for even larger DPI
The properties depicted here apply not only to PSCs based
on the spin-coated lead iodide thin films but also to those based
on the evaporated lead iodide thin films (Figure S9, Supporting
Information).

www.solar-rrl.com

2.5. Potentials of Hybrid Two-Step Deposition Using Inkjet
Printing

The lead iodide deposition method, and particularly an additional
DMSO vapor pretreatment of the evaporated lead iodide thin
films, strongly influences the performance of the processed
PSCs. Interestingly, the PSCs based on spin-coated lead iodide
perform the best, even though ToF-SIMS revealed that it shows
the highest inhomogeneity in the x—y plane, as well as in the x—z
plane compared to the PSCs based on evaporated lead iodide
(Figure S10, Supporting Information). We, therefore, conclude
that the avoidance of inhomogeneities appears to be less impor-
tant. Since another already noted difference between the PSCs
based on spin-coated and evaporated lead iodide is the total height
of the final perovskite, we furthermore conclude that a thicker
perovskite is beneficial. However, since the interdiffusion into
evaporated lead iodide thin films is harder to achieve, increasing
the thickness is only useful to a certain extent. Champions devices
exhibit PCEs, determined by current density—voltage (J-V) meas-
urements of 19% for a PSC based on a spin-coated lead iodide
thin film, 16.7% for a PSC based on a pristine-evaporated lead
iodide thin film, and 18.2% for a PSC based on an evaporated
and DMSO-vapor-treated lead iodide thin film (Figure 6a).
It should be noted that all PSCs show EQEs of up to 90% which
suggests good conversion (Figure 6¢). In comparison to fully spin-
coated similar bandgap two-step triple-cation PSCs, which achieve
PCEs of up to 20%, switching to scalable deposition methods is
possible without a major loss in PCE.”
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Figure 6. a) J-V curves, b) EQEs, and c) MPP tracking of the champions devices produced on a spin-coated and an evaporated lead iodide thin film, as

well as on a DMSO-vapor-treated evaporated lead iodide thin film. Figure S8, Supporting Information, shows the integrated current densities that belong
to the EQEs in b). d) The PCE reproducibility of spin-coated lead iodide based PSCs over seven consecutive batches and e,f) the possibility of coating

textured devices with this process. Devices manufactured with slightly changed parameters (n-butanol to IPA ratio within the ink) are marked with *.
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Maximum power point (MPP) tracking over 5 min shows a
stable power output of over 17% PCE for the PSC based on a
spin-coated lead iodide thin film while the PSCs based on an
evaporated lead iodide thin film start on 16% PCE (without
DMSO) and 17% PCE (with DMSO) and decrease by 1% respec-
tively (Figure 6b). A second 10 min long MPP tracking shows that
the evaporated PSC also reaches a stable power output but on a
lower PCE (Figure S11, Supporting Information). During the
second MPP tracking, the PCE of over 17% for the PSC based
on a spin-coated lead iodide thin film remained, while the
PSC based on a DMSO-vapor-treated evaporated lead iodide thin
film demonstrated a PCE of over 15.5%. Given that the hysteresis
of the PSC based on DM SO-vapor-treated evaporated lead iodide
is slightly higher than that of the PSC based on spin-coated lead
iodide, we hypothesize that difference to be the reason for the
lower stabilized PCE. The batch-to-batch reproducibility of these
PCEs is remarkable. Comparing seven consecutive batches
(Figure 6d), high-performance PSCs are reproducibly fabricated
with an average single-scan PCE of 16.24% =+ 1.26% for 108
PSCs. With a standard deviation that is half as large as in the
inkjet-printed one-step method, the reproducibility in the two-
step method is noticeably higher.'”) Finally, the recipes that
led to the production of efficient PSCs in this work are also
applied to textured substrates. An SEM image of the cross-section
(Figure 6e) shows that the process is suitable for producing con-
formal perovskite thin films. The perovskite grains extend seam-
lessly across the entire textured substrate. The original texture
also remains untouched by the perovskite growing on it, showing
a clear pyramid structure even after the perovskite deposition. To
prove that the reflection-suppressing pyramid structure remains
present over a large area, 1-R% measurements of the perovskite
thin film on planar and textured silicon are compared
(Figure 6f). The increased light coupling and the resulting
reduced reflection losses are visible. Utilizing inkjet printing,
this property can only be effectively enabled on a large scale
through the hybrid two-step approach. This underscores the rel-
evance of this fabrication method for achieving highly efficient,
scalable, and reproducible textured tandem PSCs. It should be
mentioned that this is only a proof of concept. Using this tech-
nique on textured devices is mainly beneficial for tandem solar
cells based on industrial-relevant textured silicon bottom solar
cells. Since the used recipe in this work has a bandgap of
1.55 eV, a further increase in bandgap up to >1.68 eV is neces-
sary before building devices on textured substrates. However, the
presented results demonstrate that transferring conformal
coating through a hybrid two-step deposition method performs
comparably well to the approach already presented in devices fab-
ricated with spin-coating as the second step.”**% To the best of
our knowledge, we show conformal perovskite growth on tex-
tures using inkjet printing for the first time.

3. Conclusion

PSCs are considered one of the most prominent contenders for
the next generation of PVs. After being able to achieve high PCEs
on a small scale, the reproducible and scalable production of
perovskite thin films is one of the main challenges. In this study,
we demonstrate a reproducible two-step perovskite deposition
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process with thermally evaporated inorganic lead iodide in step
one and inkjet-printed organic cation precursors in step two. By
changing the droplet deposition pattern, we optimize the print-
ing parameters to obtain a homogeneous perovskite thin film. To
enhance homogeneous perovskite thin-film formation, we intro-
duce a DM SO-vapor-treatment step to the evaporated lead iodide
thin film. Vapor-treated lead iodide thin films exhibit an
increased absorption of the picoliter-sized inkjet droplets into
the lead iodide thin film and a more uniform vertical material
distribution after the ink deposition. We additionally prove that
the material distribution throughout the perovskite thin film is
most homogeneous when using a printing resolution that leads
to the stoichiometric optimum. Optimizing the printing param-
eters and pretreating the evaporated lead iodide thin film, PCEs
as high as 18.2% are realized on par with spin-coated counter-
parts. Compared to one-step inkjet-printing studies, similar aver-
age batch-to-batch single-scan PCEs with a higher reproducibility
are achieved. In addition, SEM images of perovskites grown on
textured silicon substrates reveal conformal coverage of textured
silicon bottom solar cells. To the best of our knowledge, this is
the first example showing conformal growth on textures using
inkjet printing. After an additional bandgap adjustment, this
work can be used to fabricate textured, high-performance
perovskite silicon tandem solar cells. Due to the scalability of
both evaporation and inkjet printing, this work is particularly
relevant for the industrialization of perovskite silicon tandem
solar cells.

4. Experimental Section

PSC Production: To produce the single-junction PSCs shown in this arti-
cle, glasses coated with structured indium tin oxide (ITO) (120 nm, 15 Q)
from Luminescence Technology Corp (Lumtec) were used. In a subse-
quent step, these substrates were cleaned in an acetone ultrasonic bath
(15 min) and then in an isopropanol ultrasonic bath (15 min). In the next
step, the substrates were dried with a nitrogen gun and treated in oxygen
plasma (100%, 15 min). Afterward, the hole transport layer (HTL) (2PACz,
0.5mgml™") from Lumtec was spin-coated onto the substrates. It was
dissolved in ethanol 1 week before use and mixed in an ultrasonic bath
(60 min) right after production and right before using it. The 2PACz
(80 pL) solution was spin-coated onto the washed substrates within a
nitrogen-filled glove box. The spin-coater settings were 3000 rpm with a
starting acceleration of 1000 rpm s™' and a total spin-coating time of
30s. After spin-coating, the substrates were placed on a hot plate
(100 °C, 10 min). Subsequently, the substrates were spin-coated with eth-
anol (80 pL) using the same spin-coating parameters. Afterward, the sam-
ples were once again placed on a hot plate (100 °C, 10 min). After the HTL
deposition, various lead iodide cesium iodide thin films were deposited on
the HTLs. In the following process, a distinction must be made between
the deposition processes spin-coating, and thermal evaporation. The spin-
coated inorganic thin films were fabricated using lead iodide
(657 mgmL™") and cesium iodide (58.5 mgmL™") dissolved in a 9:1 ratio
of DMF to DMSO. To dissolve the materials, the mixture was heated up on
a hot plate (130°C, 30 min) and mixed with a subsequent shaking step
using a vortex shaker. After the solution cooled down to room tempera-
ture, it was spin-coated (60 pL) onto the HTL. Hereby 2000 rpm with a
starting acceleration of 1500 rpms™' and a total spin-coating time of
30s were used. The final thin film was then annealed on a hot plate
(70°C, 1 min). For the evaporated lead iodide thin film, no cesium was
used, since the co-evaporation technique is more difficult to reproduce.
The HTL-coated substrates were loaded into a CreaPhys evaporation sys-
tem. Subsequently, lead iodide (300nm, 1As™") was evaporated. The
standard recipe for the printed organic cation precursor used in this work
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contains 60 mgmL™" FAI, 6 mgmL™"' MABr, and 6 mgmL™"' MAC! dis-
solved using a 9:1 ratio of n-butanol to IPA. A vortex shaker was used
to dissolve the material. This ink results in the perovskite composition
Csp.0sMAp.28FA0.67Pb(Bro.03Clo.0slo.91)3. To determine the composition,
the perovskite stoichiometry was presupposed to be ABX;. Since all lead
iodide was applied in the first step and for the chosen recipe only Pb was
occupying the B site of the perovskite, the amount of moles corresponding
to 100% could be determined. When using spin-coating for the first step,
the molarity of the solvent was used to determine the mole equivalent to
100%. In the case of thermally evaporated lead iodide, a void-free lead
iodide thin film was assumed. With the known density of pristine Pbl,
(6.16gcm™®) and the height of the deposited lead iodide thin film
(300 nm), the moles corresponding to 100% were calculated. Using the
known mass ratios and the molar masses of the organic salts, the molar
ratios of the introduced material classes (FA, MA, Cs) that occupy the A
site were calculated. Similarly, the molar ratios of the material classes that
occupy the X site (I, Br, Cl) were determined. For inkjet printing, a Pixdro
LP50 inkjet printer by SUSS equipped with a Sapphire QS-256/10 AAA
print head (10 pL) from SUSS was used. By controlling the print head with
a wave function that has the following parameters: width = 9 ps, space =
5.7 ps, level =45.88 V, and rise = fall = 64.7 V us’1, an average droplet size
of 10 pL was achieved. Just before printing, the lead iodide (and cesium
iodide) thin films were ejected from the nitrogen atmosphere. As
described in the results section, both SSy (in print head travel direction)
and SSy (perpendicular to the print head travel direction) were varied. In
addition, parts of the PSCs were printed with the print head angled
(angled) and not angled (native) toward the printing direction. On average
across all batches, the best results were achieved for evaporated and spin-
coated PSCs using 1000 DPI. After printing the organic cation precursor,
the PSCs were annealed in an ambient atmosphere (20 °C, 40-45% relative
humidity). To do so, the PSCs were placed on a hot plate (150 °C, 15 min).
The PSCs were then brought back into a nitrogen glove box. Subsequently,
a passivation layer (lithium fluoride, 1 nm, 0.2 As™"), the electron trans-
port layer (Cgo, 20nm, 0.2As™"), and a buffer layer (Bathocuproine,
3,5nm, 0.2As™") were vapor deposited in a thermal evaporator from
Angstrom Engineering Inc. After the evaporation step, the ITO contacts
were exposed again by scratching them free using a scalpel. Finally, silver
(100nm, 0.5As™") was deposited through a mask by thermal evapora-
tion. For that, an evaporator by VacTec (COAT340) was used.
Throughout the texture of the ITO thin film and the silver contacts, four
PSCs (10.5 mm?) were created on each substrate.

J-V  Measurement: For measuring the PSCs characteristics, a
xenon-lamp-based solar simulator (Newport Oriel Sol3A) with an
AM1.5 G spectrum (1000 W m~2) was calibrated using a certified silicon
solar cell (Newport) equipped with a KG5 band-pass filter. Subsequently,
the PSCs were measured in backward and forward directions with a step
size of 10 mV. All cells were measured from —0.2 to 1.2 V with a scanning
rate of 0.6 V's™' using a Keithley 2401 source measurement unit. During
the measurement, the temperature of the PSCs was held at 25 °C with a
microcontroller-adjusted Peltier element. The MPP was tracked by using
a perturb-and-observe method. The measurements were performed in a
nitrogen glove box.

External Quantum Efficiency Measurement: The EQEs were measured
using a PVE300 PV QE system (Bentham EQE system). For calibration,
a silicon reference solar cell was used. All measurements were done using
a 0.74mm? illumination spot with a chopping frequency between
560-590 Hz and an integration time of 500 ms. The measurement step size
was 5 nm. The measurements were performed in a nitrogen glove box.

Reflectance Measurement: Reflectance spectra of the perovskite thin
films were measured using a PerkinElmer Lambda1050 spectrophotome-
try setup equipped with a double-monochromator and a modulated
source. A chopper frequency of 46 Hz was applied.

Time-Resolved Microscopy Images: Time-resolved microscopy images
were recorded using an optical contact angle and drop contour analyzer
(DataPhysics Instruments GmbH, OCA 200) applied with the PicoDrop
kit. Hereby, cartridges which jet 30 pL droplets were used.

XRD Measurements: The crystal structure of the perovskite layers was
carried out utilizing XRD (Bruker D2 Phaser system) with Cu-Ka radiation
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(A =1.5405 A) in Bragg—Brentano configuration using a LynxEye detector.
The XRD was taken from the perovskite layer deposited on the ITO/2PACz
substrate to obtain the same perovskite nucleation, and crystallization as
in the solar cells.

ToF-SIMS Measurements: ToF-SIMS was performed on a TOF.SIMS5
instrument (ION-TOF). The spectrometer had a Bi cluster primary ion
source and a reflectron-type ToF analyzer. A dual-beam analysis was per-
formed in interlaced mode to enable depth profiling. The sputter gun oper-
ated with Arysqo cluster ions at 10 keV and scanned over a field of view of
750 x 750 um? (target current 10 nA). This gun was used to erode the
sample, whereas the primary ion source (25 keV Bi3*) was scanned over
a concentric field of 500 x 500 pm? (128 x 128 data points). The omni-
present Ct, CHT, CH,*, CH;™, Na™, K™, "®In*, and ?**Pb* signals or
the CI7, PO,~, "*InO~, In,0,, and Pbl,~ peaks were used to calibrate
the spectra. Based on these datasets, the chemical assignments for char-
acteristic fragments were determined. For data visualization, secondary
ion intensities were rendered to 2D depth profile images.

SEM: SEM analysis was carried out in an SEM (Zeiss LEO1530) with an
in-lens detector and an aperture size of 20-30 pm. The applied accelera-
tion voltages for surface and cross-sectional analysis ranged between
3 and 5kV.

Microscopy: Microscope images were taken with a Zeiss Axioplan 2
imaging.

Profilometry: The thickness of the perovskite films was measured using
a Bruker Dektak XT profilometer.

Photoluminescence Mapping: The photoluminescence images were
recorded using a self-made measurement setup described in more detail
in ref. [13].

Statistical Representation: In boxplots, symbols serve to visually repre-
sent key statistical insights. The colored blocks represent the interquartile
range (IQR), spanning from the 25th to the 75th percentile of the data.
A vertical line extends to 1.5 times the IQR, aiding in identifying potential
outliers. The horizontal line denotes the median, while the hollow square
signifies the mean. Data points and outliers that are falling outside the
expected range are depicted as rhombuses.

Supporting Information

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