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Abstract:

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). Here, we
address a scalable fabrication process that consists of a hybrid two-step process and combines
evaporated Pblzwith'inkjet-printed organic precursor materials. We show that optimizing the printing
parameters enablesshigh 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 we
introduce a DMSQ«vapor treatment to increase the Pbl porosity. We demonstrate reproducible
PCEs with champion,devices showing 18.2% which are on par with spin-coated counterparts.

The results demonstrate 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.
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1. Introduction

The 2023 report from the Intergovernmental Panel on Climate Change (IPCC) underlines the
urgency of reducing carbon dioxide emissions. [1] The IPCC mentions perovskite photovoltaics
among other techniques as one of the key solar energy technologies to further reduce material use
per energy produced. [2] Perovskite-based photovoltaics have shown an unprecedented increase in
power conversion efficiency (PCE) in the last decade reaching single-junction record PCEs of up to
26.1%. [3, 4] Due to their versatile manufacturability [5] and the cost-effectiveness of perovskites as
absorber material [6] perovskite solar cells (PSCs) are considered the next generation of
photovoltaics. The ability to adjust their band gap between 1.2 eV and 2.3 eV enables the application
in tandem photovoltaics in conjunction with established photoactive materials like silicon or CIGS.
[7, 8] Tandem solar cells based on perovskite-silicon semiconductors achieve the highest certified
(non-concentrator) tandem PCEs reaching 33.9%. [4] Despite their high PCEs already demonstrated
on a small scalesscalability to large-area solar cells remains a major challenge. [9] There are
numerous appreaches to the scalability of PSC fabrication, such as evaporation [10, 11], blade-
coating [12, 13], slotidie-coating [14], spray-coating [15, 16], or inkjet printing [17]. Among these
technologies, inkjet printing is the only technique that enables free-form processing [18], minimal
material consumptions[19], and precise control of the amount of deposited material. Furthermore,
this technology is_already established in the industry and has for example been used to produce
organic light-emitting diodes. [20] Major challenges of inkjet-printed PSCs are wetting and
crystallization contrel which lead to high batch-to-batch variation and problems in scalability. These
aspects are particularly evident in the one-step processing route, where their control becomes
challenging due to the spatially and temporally delayed crystallization process. [21] Additionally,
current ink systemsfor producing highly efficient PSCs within one deposition step are still commonly
based on toxic precursor materials such as dimethylformamide (DMF) or n-methylpyrrolidone (NMP).
[17, 22] Using blade-coating for the second step, Siegrist et al. already demonstrated that the
implementation’of a hybrid two-step deposition process is an effective strategy to omit the reliance
on toxic precurser materials and address issues related to scalability and reproducibility. [23] 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 [24], this method has risen in popularity in perovskite
photovoltaics (RPV)=within;recent years due to the good reproducibility of high-quality perovskite thin
films and record.efficiencies. [25, 26] However, highly efficient hybrid two-step fabricated PSCs have
so far mainly been demonstrated for non-scalable methods, or using blade-coating. [23, 26, 27] 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. [28] 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 butalso the formation of inhomogeneities within the perovskite layer due to printing
patterns. In answerto 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 oceurs. We optimize the inkjet-based hybrid two-step process by introducing an
additional 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.

2. Results and Discussion

2.1. Tuning the lead iodide thin film morphology
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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 formation of a
perovskite thin film with optimal homogeneity throughout the perovskite. To investigate the influence
of differently deposited lead iodide thin films on the formation of hybrid two-step deposited
perovskites using linkjet 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 vaporgIn a previous study, Xiao et al. highlighted the advantageous impact of a vapor-
assisted solution process. [29] However, their approach involved the utilization of DMF, resulting 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
treatment time is remarkably reduced to a mere few minutes. [30] Both Xiao et al. and Chen et al.
demonstrated the positive effects of an additional solvent vapor treatment exclusively on spin-coated
lead iodide thin films or perovskites based on spin-coated lead iodide thin films. A study by Nguyen
et al. introduced. this supplementary treatment step on evaporated lead iodide thin films. [31] 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.

'/ Pipette
Spin-ccatlng pb|; &\CS'

CEEe———
$ l Silver (100 nm)

’ Printer nozzle
—_— FAL hdABf.

2PACzZ (SAM) Evaporation /. MACI

e » T ,
y ey 2 P re? 1 *
MgF, (100 nm)

Evaporation vesveer
& DMSO treatment

wrerrny R

Figure 1 — Manufacturing process of PSCs using a (hybrid) two-step deposition method combining either spin-coating or
evaporation with inkjet printing.

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 [32, 33], the scanning electron microscope
(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 subsequently deposited
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organic cation precursor as shown by time-resolved microscopic photographs of droplets (around
30 uL) on the respective lead iodide thin film. As shown in Figure 2, droplets of the organic cation
precursor are completely absorbed by the spin-coated lead iodide thin film within 1.9 seconds. 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
lead iodide thin film the absorption time is considerably decreased (1.3 seconds) 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 leadiiedide 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.

Scannning.electron microscopy Time-resolved microscopy X-ray defraction analysis
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Figure 2 - Lead iodide morphology, crystallinity, and absorption depending on the deposition process. Shown for spin-
coated (a), evaporated (b), and evaporated DMSO vapor treated (c) lead iodide thin films. The absorption properties can
be seen from time-reselved microscopy (PicoDrop drop-watcher setup), SEM images' morphology, and XRD
measurements' crystallinity. The PicoDrop images showthe differentinteraction types (ab sorption and surface pinning) of
the organic cation preeursor 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.

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 26-angle in the XRD measurements of the lead iodide thin film
produced by spin-coating. For a similar DMSO evaporation setup as used by Nguyen et. al., we find
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identical evaporation times (30 seconds 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 40 seconds. 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 perovskite thin
films with inkjetsprinted organic cation precursors. [28] Macroscopic drying effects are a known
hurdle when it comes. to one-step inkjet printing or other scalable liquid deposition methods like spray
coating. They need complex iterative ink engineering to be circumvented. [21] Here, we show that
drying-related printing patterns can be circumvented by increasing the deposition time of adjacent
droplets and optimizing the organic cation precursor. Unless otherwise mentioned, the following
optimization wassearried out with a printing resolution of 21000 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 (> 1 second), to be completely absorbed. We
hypothesize that macroscopic 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.
[34, 35] Photeluminescence mappings of perovskites printed with different deposition times of
adjacent droplets support this assumption. While photoluminescence mappings of perovskites
printed with adjacent-droplet deposition times of miliseconds show macroscopic drying effects
(Figure 3a), counterparts fabricated with droplet deposition times perpendicular to the direction of
print head travel of mere than one second, appear more homogeneous (Figure 3b). Generally, two
printhead configurations can be used to achieve a given resolution: printing with a variable printhead
angle or with a fixed ,angle, so-called native 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 thessubstrate 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
macroscopic 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 n-th 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 (SSv). Similarly, it is possible to leave out droplets perpendicular
(horizontal) to thewdirection of print head travel (SSw). Besides an increased deposition time of
adjacent droplets, cheosing SSv >1 and SS+ >1 has the benefit of printing an area of SSv by SS+ in
pixels 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 SSv and SSw combinations are
visualized in Figure S| 1. Besides an improved overall homogeneity compared to only natively
printed perovskites, combining native printing with a moderate SSv (=3) and SSu (=3), further
suppresses macroscopic drying effects and leads to blur-free, sharp print edges (Figure 3c).
Increasing the SSv and SS+ even more, the photoluminescence mapping shows macroscopically
improved homogeneity. However, small drying patterns appear once the SSvand SSw are increased
to values greater than or equal to SSv =8 and SSw =8 (Figure 3d). Microscope images reveal that
these patterns 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 precursor
from 0.5 mto 0.17 m strengthens this assumption since the microscopic drying effects are eliminated
with lower molarities (Figure 3d). However, to still be able to provide enough organic cations while
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lower molarities are used, more droplets are needed. Areduction of the molarity from 0.5 mto 0.17 m,
for example, necessitates an increase from 1000 DPI to 1732 DPI. This however increases the
printing time even further. The comparison of the electrical parameters from PSCs printed with high
SS-values (SSv =10, SSk =10) versus moderate SS-values (SSv =2, SSw =2), as well as PSCs
printed with different molar organic cation precursors and printing resolutions, shows limited
influence in the investigated range (Figure Sl 2 and Figure Sl 3). Hence, we propose limiting the
SS-values and ink molarity to a maximum of SSv =2, SSw =2, and a minimum of 0.5 m.
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Figure 3 - a), b),€); and d) photoluminescence mappings of perovskites produced with different print head arrangements
(angled/native), vertical step sizes (SSv, direction of print head travel), and horizontal step sizes (SSH, perpendicularto
the direction of print headitravel). d) Influence of different molarities ofthe organic cation precursor on the homogeneity
of the final perovskite analyzed with microscope images.
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2.3. Revealingsthesmaterial distribution throughout the perovskite thin film

Using ToF-SIMSsmeasurements, we show that an improved material distribution throughout the
perovskite occursrif the inorganic thin film is subjected to a DMSO vapor treatment. Besides 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 theperovskite 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 Sl 4). Interestingly, the
printing patterns, also/appear within the depth-integrated x-y images of the Pbl*, 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 isiintroduced.

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 (Pb*/FA")nomso to (Pb*/FA*)owso ratio enables a comparison 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 perovskite 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 SI 5a).
Height measurements show that the perovskite based on the spin-coated lead iodide thin film is
approximately 150 nm thicker than the perovskite based on the evaporated lead iodide thin film
(Figure SI 6). This trend is also confirmed 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 the perovskite.
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The hypothesis that for a given organic cation precursor 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-stochiometric
composition 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 distribution, which follows a stripe-like printing pattern. Once again, height profile
measurements, reveal that they stem from variations in the perovskite thin film's height rather than
from compositional inhomogeneities (Figure Sl 4). Interestingly, the height variations only appear
when the optimakprinting resolution is exceeded. The (FA*/Pb*)1100 ori to (FA*/Pb*)e00 bri ratio shows
a value >1 for.all.depths (see Figure Sl 5b). 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 different stoichiometries.
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Figure 4 - ToF-SIMS measurements: Depth-integrated x-y images and x-y-integrated depth profiles revealing the material
distribution ofthe inorganic lead iodide (represented by 2627pPp |* or 28Ph* cations) and the organic cations (represented
by the dominating FA* cations, detected as *CHsN2*) within the annealed perovskite thin film. a) Comparison of the
material distributions forthe 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 thinfilms below (700 DPI), at (900 DPI),and above (1100 DPI) the optimum stoichiometry. Aschematic belowthe
ToF-SIMS images visualizes the material distrib ution for the three stoichiometric cases. Within all graphs blue represents
lead iodide (detected as 26207Pp|* or 28Ph ™), red represents the organic cations (detected as *CHsNz*), and black
represents the ITO layer (detected as 3In*). The depth-correlated fluence represents the depth ofthe perovskite thin film.
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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 myatchywith 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
experimentally determine the stoichiometric optimum by changing the amount of material deposited.
The first option/is to vary the droplet 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 preeursor. In this work, we propose a 90% v/v n-butanol 10% v/v isopropyl alcohol
(IPA) mixture tordissolve the organic cations instead of pure IPA as commonly used in literature. [7,
23, 31] We use.this ink composition due to the higher viscosity and surface tension of n-butanol to
guarantee stableyjetting. As seen in (Figure Sl 7), PSCs processed with 100% IPA as ink solvent
versus 100% n-butamol as ink solvent showed similar electrical properties. The organic cation
precursor used in this work is based on a widely used two-step recipe [36, 37, 38] containing
60 mg mL* formamidinium iodide (FAI), 6 mg mL* methylammonium bromide (MABr) and 6 mg mL-
! methylammonium chloride (MACI), corresponding to a 0.5 ™ ink. This recipe results in a
stoichiometry Cso.0sMAo.2sFA0.67Pb(Bro.osClo.oslo.o1)s for the perovskite thin films based on the spin-
coating technique. The composition is determined based on the chosen molarity of the lead iodide
solution (in the case of spin-coating), or the molar mass and layer thickness of the lead iodide layer
(in the case of thermal evaporation), as well as the known mass ratio of the A site cations and X site
halides, used in the second step. To determine the composition, it is assumed that the underlying
perovskite is in the ideal (ABXs) stoichiometry. Higher molarities than 0.5 M are also investigated but
are impracticalrtbecause 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 bateh-to-batch fluctuation 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
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1000 DPI. This further indicates the different porosity of the lead iodide thin films.
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Figure 5 - Influence of differentresolutions on the electrical parameters of hybrid fabricated inkjet-printed PSCs. a), b), c),
d), and f) showing the electrical properties (PCE, FF, Jsc,Voc, and JV-curve) over the DPI. e) shows the absorptance (1-
R) and the EQE for different DPIs. Figure Sl 8 shows the integrated current densities that belong to the EQEs in e).

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 DPIfurther, the median PCE decreases more
rapidly, reaching,11% again for 1100 DPI (Figure 5a). We conclude that a lack of organic cations
decreases the deviceis 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 attributed to the
increasing fill factor (FF) and short circuit current density (Jsc), which are displayed in Figure 5b and
Figure 5c, respectively. 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 (2.35 eV =528.5 nm)
(Figure 5e). The integrated photocurrents match with the measured Jsc values and therefore
strengthen the mechanism proposed above (Figure Sl 8). In conclusion, the absorption of photons
above the lead iodide's band gap and the prevalent recombination of generated electron-hole pairs
within the lead liodide contribute to a decrease in the EQE for lower DPI. As further mentioned in
section 2.3, heightsprofile measurements (Figure Sl 4) 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 band gap of lead iodide can be achieved. [39] 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 deviation of 200 DPIfrom
the optimal printing resolution results in aloss of less than 10% in the median FF, the same deviation
towards a higher printing resolution means a loss of more than 25% in the median FF. This
observation arises because, in comparison to the optimum DPI, the series resistance increases
significantly for lower resolutions. For higher resolutions than the optimum DPI, both series
resistance and shunt resistance deteriorate (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.
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[40] Interestingly, the open-circuit voltage (Voc) (Figure 5d) remains nearly independent 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 Voc correlates to the
stepwise reduction of remaining 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 Voc
towards the optimal DPI, the Voc decreases significantly once surpassing the optimal DPI. Even for
half of the amount of organic cation precursor compared to the optimum DPI(700 DPIvs. 1000 DPI),
less than a tenth of a volt gets lost regarding the median Voc. Once reaching 1100 DPI, the median
Voc immediately decreases by a few tenths of a volt, which, according to the results of Liu et.al.,
might be causedibypinholes. [40] This assumption would furthermore 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 Sl 9).

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 léad iodide thin films, strongly influences the performance of the processed PSCs.
Interestingly, the PSEs 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 Sl 10). We, therefore, conclude
that the avoidance of inhomogeneities appears to be less important. 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 measurements of 19% for
a PSC basedon aspin-coated lead iodide thin film, 16.7% for a PSC based on a pristine evaporated
lead iodide thin filmmand 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 6c). 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. [7]
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Figure 6 - a) J-V eurves, 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 Sl 8 shows
the integrated current densities that belong to the EQEs in b). The reproducibility of spin-coated lead iodide over 7
consecutive batches d) and the possibility of coating textured devices with this process e) and f). Devices manufactured
with slightly changediparameters (n-butanol to IPA ratio within the ink) are marked with *.

Maximum powerspoint (MPP) tracking over five minutes shows a stable power output of over 17%
PCE for the PSE, 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%-respectively (Figure 6b). A second ten-minute-long MPP tracking shows that the
evaporated PSC also'reaches a stable power output but on a lower PCE (Figure Sl 11). 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 DMSO 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-baich 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. [17]

Finally, the recipes that led to the production of efficient PSCs in this work are also applied to textured
substrates. A SEMimage of the cross-section (Figure 6e) shows that the process is suitable for
producing conformal perovskite thin films. The perovskite grains, extend seamlessly across the
entire texturedisubstrate. The original texture also remains untouched by the perovskite growing on
it, showing a clearspyramid structure even after the perovskite deposition. To prove that the
reflection-suppressing pyramid structure remains present over alarge 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 relevance 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 technique 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 necessary before building
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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 fabricated with spin-coating as the second step. [26, 41] To
the best of our knowledge, we show conformal perovskite growth on textures using inkjet printing for
the first time.

3. Conclusion

PSCs are considered one of the most prominent contenders for the next generation of photovoltaics.
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 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 printing’ parameters to obtain a homogeneous perovskite thin fiim. To enhance
homogeneous perovskite thin film formation, we introduce a DMSO vapor-treatment step to the
evaporated lead iodide thin film. Vapor-treated lead iodide thin films exhibit an increased absorption
of the picolitre=sizedsinkjet 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 parameters and pre-treating the evaporated lead
iodide thin film;,PCEs as high as 18.2% are realized on par with spin-coated counterparts. Compared
to one-step inkjet printing studies, similar average 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 additionalsband gap 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 / Methods

4.1. Perovskite Solar Cell Production

To produce the single junction PSCs shown in this paper, glasses coated with structured ITO

(220 nm, 15 Q) from Luminescence Technology Corp (Lumtec) were used. In a subsequent step,
these substrates were cleaned in an acetone ultrasonic bath (15 minutes) and then in an
isopropanol ultrasonie bath (15 minutes). In the next step, the substrates were dried with a nitrogen
gun and treated.in.oxygen plasma (100%, 15 minutes). Afterwards, the hole transport layer (HTL)
(2PACz, 0.5 mgaml),from Lumtec was spin-coated onto the substrates. It was dissolved in ethanol
one week before use.and mixed in an ultrasonic bath (60 minutes) right after production and right
before using it. The 2PACz (80 pL) solution was spin-coated onto the washed substrates within a
nitrogen-filled glevebox. The spin-coater settings were 3000 rpm with a starting acceleration of
1000 rpm s*'and a total spin-coating time of 30 s. After spin-coating the substrates were placed on
a hot plate (100 °C,20 minutes). Subsequently, the substrates were spin-coated with ethanol

(80 pL) using the same spin-coating parameters. Afterwards, the samples were once again placed
on a hot plate (100 °C, 10 minutes). 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 mg mL?) 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 minutes) and mixed with a subsequent shaking step
using a vortex shaker. After the solution cooled down to room temperature, it was spin-coated
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(60 pL) onto the HTL. Hereby 2000 rpm with a starting acceleration of 1500 rpm s and a total
spin-coating time of 30 s were used. The final thin film was then annealed on a hot plate (70 °C, 1
minute). 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 system. Subsequently, lead iodide (300 nm, 1 A s) was evaporated.

The standard recipe for the printed organic cation precursor used in this work contains 60 mg mL™*
FAI, 6 mg mL* MABr, and 6 mg mL* MACI dissolved 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
Cs0.0sMA0.28FAoe7Pb(Bro.osClo.oslo.o1)s. To determine the composition, the perovskite stoichiometry
was presupposed tobe ABXs. Since all lead iodide is applied in the first step and for the chosen
recipe only Rb.is.eceupying 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 Pbl2

(6.16 g cm3) and the height of the deposited lead iodide thin film (300 nm), the moles
correspondingt0:1200% 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) fram SUSS was used. By controlling the print head with a wave function that has
the following parameters: width = 9 us, space = 5.7 s, level =45.88 V, rise =fall = 64.7 V us?, 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 vertical steprsize (in print head travel direction) and horizontal step size (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) towards the printing direction. On average across all
batches, the bestresults were achieved for evaporated and spin-coated PSCs using 1000 DPI.

After printing theserganic 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 minutes). The PSCs are then brought back into a nitrogen glovebox. Subsequently, a
passivation layef (lithium fluoride, 1 nm, 0.2 A s%), the electron transport layer (ETL) (Ceo, 20 nm,
0.2 A s, and abuffer layer (Bathocuproine (BCP), 3,5 nm, 0.2 A s%) 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 (100 nm, 0.5 A s?) was
deposited throughra'mask by thermal evaporation. 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.

4.2. Solar Cell Characterization
4.2.1. Current density-voltage measurement (JV-curve)

For measuring the PSCs characteristics, a xenon-lamp-based solar simulator (Newport Oriel Sol3A)
with an AM1.5G spectrum (1000 W m~?) was calibrated using a certified silicon solar cell (Newport)
equipped with a KG5 bandpass 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 V to 1.2 V with a
scanning rate of 0.6 Vst 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 glovebox.
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4.2.2. External quantum efficiency measurement

The external quantum efficiencies were measured using a PVE300 photovoltaic QE system
(Bentham EQE system). For calibration, a silicon reference solar cell was used. All measurements
were done using a 0.74 mm? 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 glovebox.

4.2 .3. Reflectance.measurement

Reflectance spectra of the perovskite thin fims were measured using a PerkinElmer Lambdal050
spectrophotometry setup equipped with a double-monochromator and a modulated source. A
chopper frequency of 46 Hz was applied.

4.2.4. Time-resolvedmicroscopy images

Time-resolved microscopy images were recorded using an optical contact angle and drop contour
analyzer (DataPhysies Instruments GmbH, OCA 200) applied with the PicoDrop kit. Hereby the
smallest available cartridges, which jet 30 uL droplets were used.

4.2.5. X-ray diffractionn measurements

The crystal structure of the perovskite layers was carried out utilizing XRD (Bruker D2 Phaser
system) with Cu-Kamradiation (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.

4.2.6. Time of flight secondary ion mass spectroscopy measurements

Time-of-flight secondary ion mass spectrometry was performed on a TOF.SIMS5 instrument (ION-
TOF). The spectrometer has a Bi cluster primary ion source and a reflectron-type time-of-flight
analyzer. A dual-beam analysis was performed in interlaced mode to enable depth profiling. The
sputter gun operated with Arisoo cluster ions at 10 keV and scanned over a field of view of
750%750 pm? (target'eurrent 10 nA). This gun was used to erode the sample, whereas the primary
ion source (25 keV Big*) was scanned over a concentric field of 500x500 um? (128x128 data points).
The omnipresent C*, CH*, CHz*, CHs*, Na*, K*, ¥In* and 2°*Pb* signals or the CI-, POz, 1*3InO,
In202" and Pblz1 peaks were used to calibrate the spectra. Based on these datasets the chemical

assignments forwcharacteristic fragments were determined. For data visualization, secondary ion
intensities were rendered to 2D depth profile images.

4.2.7. Scanning eleetron microscopy

SEM analysis was carried out in a scanning electron microscope (Zeiss LEO1530) with an in-lens

detector and an aperture size of 20-30 um. The applied acceleration voltages for surface and cross-
sectional analysisranged between 3 and 5 kV.

4.2.8. Microscopy.

Microscope images are taken with a Zeiss Axioplan 2 imaging.

4.2.9. Profilometry

The thickness of the perovskite films was measured using a Bruker Dektak XT profilometer.
4.2.10. Photoluminescence mapping

The photoluminescence images were recorded using a self-made measurement setup described in
more detail in [13].
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4.3. Statistical representation

In boxplots, symbols serve to visually represent key statistical insights. The colored blocks represent
the interquartile range, spanning from the 25th to the 75th percentile of the data. A vertical line
extends to 1.5 times the interquartile range (IQR), aiding in identifying potential outliers. The

horizontal line denotes the median, while the hollow square signifies the mean. Data points outliers
that are falling outside the expected range are depicted as rhombuses.
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Crucial advancements are still required to realize scalable and reliable fabrication processes for
perovskite photovoltaics. The hybrid two-step process combines evaporated Pblz with inkjet-
printed organic precursor materials, to ensure thin film control and high power conversion
efficiencies. Intreducing a DMSO vapor treatment facilitates stoichiometry by enhancing Pbl
porosity for optimal.eonversion. The results demonstrate a promising, scalable process for reliable
perovskite deposition;'paving the path toward industrialization.
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