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Commercialization of perovskite photovoltaics hinges on the successful transition from laboratory-scale
fabrication to industrial-scale manufacturing. A key challenge in fully printed perovskite solar cells with
non-reflecting back electrodes is the deposition of high-quality, over-one-micron-thick perovskite
layers to minimize photocurrent losses from incomplete light absorption. However, the formation of
voids at the substrate/perovskite interface impedes the fabrication of such layers. Here, phase-field
simulations reveal that the bottom voids originate from trapped residual solvents, driven by nanocrystal
aggregation at the liquid—vapor interface during drying. Guided by these insights, we introduce a two-
dimensional (2D) perovskite layer-assisted growth strategy to promote heterogeneous nucleation at the

Received 27th March 2025, substrate, accelerating 3D perovskite crystallization and preventing solvent entrapment. This strategy
Accepted 12th May 2025 enables the formation of highly crystalline, monolithic perovskite films exceeding one micrometer in
DOI: 10.1039/d5ee01722] thickness. The resulting void-free films maximize photocurrent extraction, achieving power conversion

efficiencies of 19.9% on rigid substrates and 17.5% on flexible substrates in fully printed perovskite solar
rsc.li/ees cells with non-reflecting carbon electrodes.

Broader context

Fully printed perovskite solar cells (PSCs) present a promising route toward low-cost, high-throughput photovoltaic manufacturing, eliminating the need for
expensive vacuum-based deposition. Among printable electrode materials, carbon stands out as a scalable and cost-effective alternative to metal electrodes
(e.g., gold, silver, copper), offering chemical stability and compatibility with flexible substrates. However, a key drawback of carbon electrodes is their lack of
reflectivity, which prevents unabsorbed light from being redirected back into the absorber. In this regard, thicker perovskite films exceeding one micrometer
are required to enhance light harvesting. Despite their advantages, the scalable deposition of thick perovskite layers is challenging due to void formation at the
substrate interface, which compromises film quality and device performance. This study addresses this critical challenge by combining phase-field simulations
and experimental validation to uncover the mechanisms behind void formation and introducing a 2D perovskite layer-assisted growth (2D-LAG) strategy to
eliminate the void formation. By enabling the fabrication of highly crystalline, void-free thick perovskite films, this strategy significantly enhances the
performance of fully printed PSCs, achieving efficiencies of 19.9% on rigid and 17.5% on flexible substrates. This work provides a scalable and efficient solution
for fully printed PSCs, accelerating the industrial adoption of perovskite photovoltaics.

“ Department of Material Science, Materials for Electronics and Energy Technology (i-MEET), Friedrich-Alexander-Universitit Erlangen-Niirnberg, MartensstrafSe 7,
91058 Erlangen, Germany. E-mail: tian.du@fau.de, christoph.brabec@fau.de

b Helmholtz Institute Erlangen-Niirnberg for Renewable Energy (HIERN), Forschungszentrum Jiilich, Fiirther Strafe 248, 90429 Niirnberg, Germany.
E-mail: o.ronsin@fz-juelich.de

¢ Forschungszentrum Jiilich GmbH, Helmholtz-Institute Erlangen-Niirnberg (HI ERN), Immerwahrstrafe 2, 91058 Erlangen, Germany

“ Laboratory of Advanced Optoelectronic Materials, Suzhou Key Laboratory of Novel Semiconductor-optoelectronics Materials and Devices, College of Chemistry, Chemical
Engineering and Materials Science, Soochow University, Suzhou, 215123, China

¢ Department of Chemical and Biological Engineering and Department of Physics, Friedrich-Alexander-Universitdt Erlangen-Niirnberg, Fiirther StrafSe 248, 90429 Niirnberg,
Germany

f Energy Campus Niirnberg (EnCN), Fiirther Strafe 250, 90429 Niirnberg, Germany

$ FAU Solar, Friedrich-Alexander-Universitit Erlangen-Niirnberg Profile Center Solar, MartensstrafSe 7, 91058 Erlangen, Germany

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5ee01722j

i These authors contributed equally: Shudi Qiu, Martin Majewski.

5926 | Energy Environ. Sci., 2025, 18, 5926-5939 This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0002-3005-5788
https://orcid.org/0009-0005-1387-0616
https://orcid.org/0000-0002-6018-5946
https://orcid.org/0000-0003-3500-2180
https://orcid.org/0000-0002-8399-4244
https://orcid.org/0000-0001-6433-9562
https://orcid.org/0000-0003-2405-4268
https://orcid.org/0000-0002-5450-3215
https://orcid.org/0000-0002-8539-1914
https://orcid.org/0000-0001-6939-4771
https://orcid.org/0000-0001-6365-179X
https://orcid.org/0009-0006-7590-5535
https://orcid.org/0000-0002-5577-2716
https://orcid.org/0000-0003-1732-1233
https://orcid.org/0000-0002-9200-6623
https://orcid.org/0000-0002-3958-8636
https://orcid.org/0000-0002-9440-0253
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ee01722j&domain=pdf&date_stamp=2025-05-20
https://doi.org/10.1039/d5ee01722j
https://rsc.li/ees
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01722j
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE018012

Open Access Article. Published on 14 May 2025. Downloaded on 1/8/2026 10:43:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

1. Introduction

Solution processability is one of the most important advantages
that metal halide perovskites demonstrate over other estab-
lished photovoltaic technologies such as silicon (Si), gallium
arsenide (GaAs) and cadmium telluride (CdTe)."* This renders
the fabrication of perovskite solar modules by printing techni-
ques and eventually with roll-to-roll production realistic, making
them a potential cost-effective photovoltaic (PV) technology.>*
In this regard, transferring the processing of perovskite films from
spin coating on small substrates to blade- or slot-die coating on
large substrates is a primary research focus. Efforts have been
spent particularly on minimizing losses in film quality during
scalable thin-film deposition, with a primary focus on improving
large-area uniformity,™® enhancing thin-film crystallinity”® and
preventing the formation of non-perovskite phases,.”™! However,
one key issue that remains less explored so far is the control
of perovskite thickness. Whilst most of the literature reports
perovskite layers with sub-micrometer (400-800 nm) thickness
for high-performance solar cells,”>* scalable processing scenarios
would benefit from thick perovskite layers due to enhanced light
harvesting,">*° reduced risk of pin-hole formation,* lower surface
recombination,” enhanced film stability,”>>* and due to the
compatibility with coating perovskite layers on textured Si wafers
for tandem applications.>>>® However, the printing of over one
micrometer thick perovskite layers suffers from poor control over
film morphology and film microstructure, resulting in a remark-
able sacrifice of the optoelectronic properties. Importantly, not
only is there a deficiency of reliable coating strategies for thick
layers, but also the origins of the deteriorated film morphology
and microstructures associated with thick-film coating are poorly
understood, which are the primary issues to be addressed in
this study.

A promising approach involves coupling theoretical with
experimental methods to mutually validate the formation of
film morphology.”® To accurately model the drying process,
theoretical tools need to integrate evaporation, convective and
diffusive mass transport, as well as phase transitions from the
liquid to the crystalline phase. Phase-field (PF) simulations
effectively account for these phenomena. Notably, both a model
based on the morphological evolution of organic solar cells
and a predictive model for the dry film morphology formed by
meniscus-guided coating have demonstrated encouraging
results in the photovoltaic community.>*~** Recently, we also
developed a PF framework that allows us to successfully inves-
tigates heterojunction formation in organic photovoltaics and
to elucidate the pathways for the formation of perovskite thin
films.**7*> Hence, this PF model will be a primary theoretical
tool used in this study to understand the drivers of the film
formation and to predict the thick-film morphology.

The development of printable rear-electrodes as replacement of
thermally evaporated ones represents a cornerstone towards fully
printed perovskite photovoltaics, a step that is important to
increase production throughput while lowering the bill of
materials.*® Printed carbon electrodes emerge as a promising
alternative to conventional metal electrodes,*”*® due to their
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chemically inert nature.*"**> However, minimizing the losses in
power conversion efficiency (PCE) for carbon electrodes com-
pared to evaporated metal electrodes is undoubtedly a priority
in this field.*> One of the major sources of these losses is the
fact that replacing a metal electrode with carbon eliminates the
reflection of unabsorbed light at the back electrode. Therefore,
perovskite cells with a printed carbon electrode require a
significantly thicker perovskite layer of over one micrometer
to absorb a similar amount of light as compared to otherwise
thinner perovskite layers with reflective back electrodes.
Furthermore, enhancing light absorption by increasing perovs-
kite film thickness without sacrificing charge collection effi-
ciency is an important approach to further close the efficiency
gap between perovskite solar cells (PSCs) with carbon (C-PSCs)
and metal electrodes. While various light management con-
cepts have been reported to increase photon absorption in the
perovskite layer,***’ the goal of this work is to increase light
absorption by processing micronmeter thick perovskite layers
with high crystallinity and quality.

In this work, we evidence that the formation of bottom voids
at the substrate is the major challenge that needs to be over-
come for processing highly qualitative thick perovskite layers
with more than one micrometer in thickness by blade coating.
The importance of a thick film for fully printed C-PSCs is first
demonstrated through transfer matrix simulations, followed by
a detailed study of the mechanisms governing the formation of
bottom voids during perovskite crystallization from a wet film.
Using PF simulations to investigate the fundamental physical
processes of perovskite crystallization from the liquid phase,
we unravel that the bottom voids stem from residual liquid
phase trapped by the solid phase during the drying process.
The solid phase is formed by agglomeration of nanocrystalline
grains at the top surface of the wet film. We then demonstrate
computationally and experimentally that the insertion of a
2-dimensional (2D) perovskite layer at the substrate eliminates
void formation by triggering 3D perovskite growth close to
the substrate. With the proper processing conditions, a highly
crystalline and monolithic perovskite layer exceeding one
micrometer in thickness is achieved, yielding a photovoltaic
efficiency of 19.9% of fully printed C-PSCs on glass substrates
and 17.5% on flexible substrates. It is demonstrated that this
strategy of 2D perovskite layer-assisted growth (2D-LAG)
improves the performance of fully printed PSCs and is highly
compatible with advanced coating methods as required for the
scalable processing of perovskite modules.

2. Results and discussion

2.1. The impact of perovskite thickness on light absorption
and formation of bottom voids

We first consider the impact of the back electrode on light-
harvesting in PSCs using vapor deposited silver electrodes (Ag)
and printed carbon electrodes. In Fig. 1A, the reflectance
spectra of the Ag and carbon electrodes are shown, showing a
clear enhancement of light reflectance in the visible range for
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Fig. 1

(A) Experimentally measured reflectance of the vapor deposited silver and printed carbon electrodes. (B) Device structure that was used to

simulate the charge generation rate. (C) Simulated Js as a function of MA-free perovskite layer thickness under AM1.5 illumination, assuming 100%
internal quantum efficiency. (D) Schematic drawing of the gas quenching assisted blade-coating. (E) Variation in the thickness of blade-coated perovskite
films with coating speed. (F) Experimental external quantum efficiency (EQE) spectra of C-PSCs and Ag-PSCs at around 500 nm perovskite layer

thickness. (G) Top-view and (H) cross-sectional SEM images of perovskite films deposited at coating speeds of 1, 5, 7 and 20 mm s

Ag over that for carbon. Using optical transfer matrix analyses
(detailed in the Fig. S1 and S2, ESIt),***° the distributions of
the optical field, where the light intensity at a position z is
proportional to the square of the electric field intensity (E*(2)),
as well as the charge generation rate in the devices with layer
configuration drawn in Fig. 1B are modeled. A typical model-
ling result, Fig. S3 (ESIt), shows that light at a wavelength of
700 nm or higher is not fully absorbed by a methylammonium-
free (MA-free: formamidinium lead triiodide with 10 mol%
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CsCl) perovskite film of 500 nm in thickness due to the low
extinction coefficient (k) values, and thus the harvesting of
these photons depends on light reflection by the electrode.
In Fig. 1C, we model the photocurrent generated in solar cells
with varied perovskite layer thicknesses and different electro-
des, including Ag and carbon. In all cases, ;. increases with
perovskite thickness. However, the J,. is consistently lower for
C-PSC, and the loss of Js. depends strongly on the thickness of
the perovskite: there is a large difference of up to 4 mA cm ™2 for

This journal is © The Royal Society of Chemistry 2025
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a 200 nm thick perovskite film. This difference becomes
smaller as the perovskite thickness increases and is eventually
negligible for a 1500 nm film. The same trend is observed when
simulating the thickness-dependent Jj,. of the methylammo-
nium lead triiodide (MA-based) perovskite, Fig. S4 (ESIT),
confirming that the J,. loss is mainly related to the reflectance
of the electrode.

We prepare the MA-free perovskite films by pressurized air
gas-quenching assisted blade coating in ambient conditions
(Fig. 1D), which is representative for the current workhorses for
larger scale perovskite processing, e.g. slot-die coating with gas
quenching. For blade or slot-die coating, if the coating velocity
is sufficiently high, the film thickness can be systematically
increased by increasing the coating speed (Landau-Levich
regime).’® In Fig. 1E, the thickness of the blade-coated perovs-
kite film measured with a profilometer (Fig. S5, ESI{) increases
from 250 nm to 1250 nm upon increasing the coating speed
from 1 mm s~ ' to 20 mm s '. Finaly, Fig. 1F presents the
experimental spectra of external quantum efficiency (EQE) for
C-PSC and Ag-PSC, both comprising perovskite films of
approximately 500 nm. The loss of EQE in C-PSC with respect
to Ag-PSC is more pronounced at higher wavelengths than that
at lower ones, which is consistent with the simulations showing
that C-PSC harvest insufficiently incident light of higher wave-
length due to the decreasing k of the perovskite above 400 nm,
and due to the poor reflection by the carbon electrode. It is
therefore imperative to deposit perovskite films with thick-
nesses greater than one micrometer to minimize the photo-
current loss for solar cells employing printable carbon as the
rear electrode.

Next, we turn to evaluate the microstructure of perovskite
films of different thicknesses by scanning electron microscopy
images (SEM). Fig. 1G and Fig. S6 (ESIt) show no noticeable
differences between the surfaces of the resulting perovskite
films. However, an inspection of the cross-sections, Fig. 1H and
Fig. S7 (ESIT), reveals substantial changes in film morphology
as the film thickness increases: the films are dense when
coating at speeds of 1 or 5 mm s~ ', which results in layers
with thicknesses below 500 nm. However, a higher speed of
7 mm s~ ', corresponding to layer thicknesses of about 600 nm
and more, results in noticeable voids at the bottom interface,
and even more voids can be observed when coating micron-
thick layers at 20 mm s~ . Void formation has been reported for
perovskite layers before.>'~>° However, our results clearly show
that it is directly related to layer thickness and becomes an
inherent issue when coating perovskite layers with more than
one micrometer dry film thickness. It is imperative to under-
stand the factors causing void formation in order to rationally
develop a solution for this challenge.

2.2. Formation and elimination mechanism of bottom voids

To gain insight into the processes occurring during the liquid-
to-solid phase change in the crystallization process, we employ
phase field (PF) simulations. In brief, PF simulations result in
the minimization of the system’s Gibbs free energy over time,
which allows to model its evolution towards equilibrium.

This journal is © The Royal Society of Chemistry 2025
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Our PF model accounts for solvent evaporation and liquid-
solid phase transition, and incorporates physical effects such
as kinetic quenching, advective and diffusive mass transport.**
At the end, it allows for the simulation of the perovskite film
crystallization upon drying. The fundamentals of the PF simu-
lations are described in Supporting Information 1 (ESIT).
Building on our previous work on MA-based perovskites,**> we
use here a very similar model for the MA-free perovskites
investigated in this work, which shows that the approach is
applicable to different perovskite materials, independently of
the exact chemistry involved in film formation (Extended data
Fig. 1, Supporting information 1, ESIt). The simulation results
are shown in Fig. 2.

For a thin wet film under fast evaporation conditions
(Fig. 2A), we have shown in previous works that the limited
space available for crystal nucleation promotes the formation of
a smooth, pinhole-free morphology.*® This aligns well with our
experimental observations for layers thinner than 600 nm.
In the case of a thicker wet film, the ratio of the evaporation
time to the crystallization time increases. Once the precursor
concentration in the drying film exceeds the critical concen-
tration ¢ (Fig. 2F), nuclei form, and thereby the wet film is
still quite thick (Fig. 2B). These nuclei form homogeneously
within the liquid film. However, crystals that appear at a
position higher than the final thickness of the film are pushed
downwards by the moving condensed-vapor interface. This
displacement creates a gathering of nanocrystals at this inter-
face, as schematically depicted in Fig. 2E. As a result, a closed
crystalline layer forms and eventually blocks solvent evapora-
tion. The entrapped solvent subsequently evaporates during the
annealing process, leaving behind the voids observed in the
SEM images (Fig. 1H). In addition to this, if the diffusivity of
the precursor material is too low, a so-called ‘““skin effect” may
occur, whereby the precursor material accumulates on top of
the film. This favors nucleation at the film surface, increasing
the likelihood of forming a top crystalline layer and voids below
(Extended data Fig. 2). For comparison, even when simulating
the drying process of thick wet films under low evaporation
conditions, the resulting dry film remains rough and non-
dense, as shown in Extended data Fig. 3.

These simulations reveal that void formation becomes likely
when crystals can nucleate homogenously within a thick wet
film. A route to address the problem of void formation is,
therefore, to limit or even prevent nucleation. This implies
preventing the increase of the precursor concentration beyond
the critical threshold @i (no supersaturation) during the
whole drying process. However, solvent evaporation inevitably
leads to an increase of the precursor concentration upon
drying. To maintain a low precursor concentration within the
liquid film, a balancing sink term must be introduced. The
growth of pre-existing crystals, through the uptake of precursor
material, is an option of choice for stabilizing the precursor
concentration in the remaining liquid film. Ideally, these pre-
existing crystals must be positioned in close proximity to the
substrate to prevent solvent entrapment beneath them and
avoid being dissolved by the surrounding solution that has a
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Fig. 2 Mechanism of the bottom interfacial void formation and elimination: (A)—(D) PF Simulation of drying wet films with different processing conditions. The
time increases from left (initial wet film) to right (dry film). The snapshots of the film cross-sections show the crystalline order parameter in the condensed phase,
which scales from blue (amorphous) to red (crystalline). The vapor phase is shown on top of the drying film (deep blue). (A) Thin film with fast solvent evaporation.
For fast drying, crystallization occurs in a wet film that is thin enough to prevent pinholes and roughness. (Medium and low evaporation rate in the Extended data
Fig. 1) (B) thick film with fast solvent evaporation. The crystals nucleate at random spots within the wet film. Further evaporation causes crystals to agglomerate at
the liquid—air interface (see Fig. 2E). Eventually, these crystals block evaporation, leading to voids (filled with solvent) inside the ‘dry’ film. (C) Thick film with pre-
existing crystals and fast solvent evaporation. The presence of the crystals at the substrate initially favors their growth before further nucleation, which ensures
the suppression of the voids below the film surface. (D) Thick film with pre-existing crystals and slow solvent evaporation. The growth of the pre-existing crystals
prevents an increase in solute concentration beyond the critical concentration, therefore preventing further nucleation. These processing conditions lead to the
desired morphology. (E) Schematic drawing of the agglomeration of nanocrystals at the condensed air interface due to the solvent evaporation. The crystals that
have nucleated at random places within the film at early times are shown on the left. How they are displaced and accumulate at the surface upon film drying is
schematically shown on the right. (F) Simulated time evolution of the precursor materials concentration in the liquid phase (LaMer curves) corresponding to
scenarios A-D (¢, critical concentration; ¢, Saturation concentration) (G) corresponding evolution of the film height and number of crystals.
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low concentration (Extended data Fig. 4). Crystals at the sub-
strate can either be generated using seeds or arise stochastically
through heterogeneous nucleation. To enhance the likelihood
of heterogeneous nucleation, materials with lower interfacial
energy can be introduced at the substrate interface.®
Independently of the formation mechanisms of these pre-
existing perovskite crystals at the substrate, Fig. 2C shows the
film formation scenario when they can grow early in the
fabrication process, before any further nucleation, and for a
fast drying rate. Most importantly, the growth of the pre-
existing crystals at the bottom of the film is sufficient to prevent
void formation, provided their density is sufficient. However,
even if the increase of the precursor concentration in the liquid
film is slower than in the scenario without crystals at the
substrate (Fig. 2F), the supersaturation regime is still reached.
This leads to nucleation and to a similar number of crystals in
both scenarios, as shown in Fig. 2G. Therefore, the growth of the
pre-existing crystals is not sufficient to stabilize the precursor
concentration. Consequently, the process responsible for the
increase of the precursor concentration must also be reduced.
This can be simply achieved by reducing the drying rate, as
confirmed in Fig. 2D. In this case, the drying rate is sufficiently
low, the precursor concentration decreases (see Fig. 2F), and no
additional crystals nucleate in the wet film (see Fig. 2G). The only
remaining active crystallization mechanism is the growth of the
pre-existing crystals, which results in an ideal ‘pillar’ morphology.

2.3. Selection of pre-coated layers and impact of layer-assisted
growth mechanisms

Having introduced the concept of a bottom layer to prevent void
formation, we turn to the selection of materials for the pre-
coated layer. It has been reported that microstructured sub-
strates with reduced surface energy promote heterogeneous
nucleation and out-of-plane crystal growth.'**'"* We thus test
the coating process of the thick wet film on three different
substrates. The optical microscope transmission images, in
Fig. S8 (ESIt), reveal that aluminum oxide (Al,03) and self-
assembled monolayer (SAM) exhibit similar behavior as the tin
oxide (SnO,) substrate: when the films are coated at a speed
exceeding 7 mm s, uneven hatched areas appear, indicating
the formation of voids at the bottom interface. Although sur-
face energy, substrate morphology, and roughness are known
to influence the nucleation and crystallization behavior of
perovskite films, our results suggest that these materials with
different surface energies and varied surface morphologies
appear not to be effective in completely eliminating interfacial
voids at the bottom of thick perovskite layers. We further
evaluate four potential candidates with structures similar to
3D perovskites, including lead iodide (Pbl,), MA-free perovs-
kite, formamidinium lead bromide (FAPbBr;) and a 2D phenyl
pethylammonium lead iodide (PEA,Pbl,) perovskite. These
materials are typically used as nuclei for two-step sequential
deposition®®® and thus provide the seed characteristics
employed by the simulations. Especially 2D perovskites have
been claimed recently as an excellent choice of seeding the
templated growth of 3D perovskite by stabilizing the black
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phase of formamidinium lead triiodide (FAPbI;).*® A basic
requirement for seeding layers is that they remain insoluble,
at least for tens of seconds, in the mixed solvent system used
for the 3D perovskite coating, thereby maintaining their struc-
tural integrity during coating. Therefore, the dissolution of
these seeds is studied by following the evolution of their
absorbance upon casting a mixture of dimethylformamide/
N-methyl-2-pyrrolidone (DMF/NMP) solvents onto these layers
as shown in Fig. 3A and Fig. S9 (ESIt). The absorption feature
remains unchanged only for the 2D perovskite between 1 s to
10 s, whereas all other materials quickly dissolve in the solvent
mix. The solubility of 2D perovskite powder was examined
in DMF, NMP, and DMF/NMP mixtures, respectively. Dynamic
light scattering (DLS) results (Fig. S10, ESIt) show a gradual
decrease in particle size over time in DMF and DMF/NMP
mixtures, indicating that the dissolution process is slow
enough to make the 2D perovskite layer resilient against redis-
solution within the targeted time window for the coating of the
3D perovskite layer. Thus, 2D perovskites are suitable candi-
dates for seeding perovskite crystal growth.

To experimentally investigate how the 2D perovskite layer
alters the crystallization kinetics of the 3D perovskite and how
this correlates with a morphological difference, we prepare a
pure 2D (PEA),Pbl, perovskite film of about 25 nm in thickness
onto the substrate by blade coating (Fig. 3B). We find that the
2D perovskite film is oriented with the (002) direction parallel
to the substrate as evidenced by the most intense diffraction
peak positioned at 5.1° and the periodic characteristic (0027) (/ =
1-7) at higher angles (Fig. 3C). To investigate the growth of the
3D perovskite layer during the 30-second gas quenching treat-
ment, we utilize in situ photoluminescence (PL) spectroscopy,
with excitation from both the top surface and the bottom
interface. We plot in Fig. 3D-I the evolution of the PL spectra
for a blade-coated thin wet film (Fig. 3D), thick wet film
(Fig. 3F) and thick wet film with 2D-perovskite layer (Fig. 3H),
respectively. We abbreviate the latter one by 2D-LAG, i.e., 2D
perovskite layer-assisted growth. The emergence of PL peaks is
interpreted as the initial formation of nanocrystals in the wet
film, while the sharp rise of PL intensity is interpreted as
evidence for the massive formation of the nanocrystals. Owing
to the effect of quantum confinement in the perovskite
nanocrystals,*®”%”! the red-shift of the PL peak is assigned to
the growth of the individual perovskite nanocrystals.

The evolution of the PL spectra shows a clear distinction of
crystallization kinetics: in the thin wet film case (Fig. 3D and E),
the first strongest detectible PL peaks are synchronously
observed upon excitation from the top and the bottom at about
7 seconds after the start of gas quenching, at a wavelength of
719 nm. The subsequent red shift of these peaks, correlating to
the growth of as-nucleated perovskite nanocrystals, does not
show a noticeable difference between the top and the bottom
excitation. The homogeneous growth kinetics result in the final
compact film without voids. In the case of blade-coating a thick
film (Fig. 3F and G), the first PL peak emerges at 7.5 seconds
when investigated from the top but does not appear until
12.5 seconds when excited from the bottom substrate. The delay
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aligns well with the results of the PF simulations, which indicate
aggregation effects where homogeneous nucleation leads to faster
crystalline phase formation at the top surface compared to the
bottom surface (Fig. 2B). In more extreme cases, skin effects
(Extended data Fig. 2) can occur, both of which contribute to the
formation of undesirable bottom voids.

In strong contrast, when coating a thick film with a 2D
perovskite layer, the first PL peaks from the top and the bottom
are both detected at about 7.5 seconds (Fig. 3H). The subse-
quent spectral evolutions are clearly more synchronous and
show no significant difference between the top and the bottom,
suggesting that the perovskite crystallization is less dominant
at the liquid-vapor interface when coating a thick film onto a
substrate with a 2D perovskite layer. In the case of the 2D-LAG
thick film, Fig. 3H, the PL peak at 523 nm that is assigned to 2D
perovskite is visible before the beginning of gas quenching and
gradually disappears with the emergence of the peaks belong-
ing to 3D perovskite. As shown in Fig. 31, the simultaneous
appearance of 2D and 3D perovskite peaks suggests the for-
mation of quasi-2D perovskite during the transformation pro-
cess. This is followed by the complete disappearance of the 2D
perovskite peak, indicating either a complete transition to 3D
perovskite or rapid energy transfer from 2D to 3D perovskite. In
this process, the 2D perovskite likely acts as a template for
crystal growth and converts into 3D perovskite through cation
exchange.®®®%7>73 we further conducted energy dispersive
spectroscopy (EDS) elemental line scans to investigate the
distribution of elements. As shown in Fig. S11 (ESIT), unlike
conventional layered 2D/3D heterostructures, the EDS analysis
reveals regions enriched with C at the grain boundaries, which
are likely derived from the long-chain cations of the 2D
perovskite layer. Fig. 3] summarizes the 2D-LAG strategy,
combining our experimental and theoretical findings: the 2D
perovskite layer remains undissolved by depositing the MA-free
perovskite wet film during blade coating, serving as an initial
nucleation site for 3D perovskite. It subsequently enhances the
bottom-up crystallization rate of 3D perovskite nanocrystals
during drying, ultimately forming a dense and void-free per-
ovskite thick film.

2.4. Impact of void-elimination on thick-film properties

The resulting morphological change of the perovskite films can
be seen from the representative cross-sectional and surface
SEM images displayed in Fig. 4A-C and the atomic force
microscopy images (AFM) presented in Fig. S12 (ESI}), show-
casing that 2D-LAG effectively eliminates the bottom voids in
thick perovskite layers. As suggested by the PF simulations,
upon reduction of the solvent evaporation rate, we can further
tune the film morphology from the vertically stacked multiple
grains to single grains expanding from the bottom to the top
of the film (Fig. S13, ESIf), resulting eventually in over-one-
micrometer, monolithic perovskite films (Fig. 4C). Interest-
ingly, opposite to the general trend for perovskite processing,
using a moderate drying rate helps to improve morphology. It is
highlighted that the introduction of 2D-LAG effectively favors
crystallization from the bottom surface, thereby inhibiting the

This journal is © The Royal Society of Chemistry 2025

View Article Online

Energy & Environmental Science

formation of bottom voids, which is consistent with the PF
simulations.

Having shown the origin of bottom-interface voids in per-
ovskite films with a thickness beyond one-micrometer and the
strategy for their elimination, we now turn to the electro-optical
characterization of thick perovskite layers without voids. Fig.
S14A (ESIT) displays the absorption spectra of layers prepared
with different coating speeds. As the film thickness increases,
the absorbance increases, but with the appearance of voids, the
baseline shifts upward significantly compared to that without
voids. The baseline shift ascribed increased light scattering in the
presence of the voids at the bottom interface. The XRD spectrum,
Fig. S14B (ESIY), reveals that the intensity of the peak at 14°
plateaus once the thickness exceeds 600 nm. We focus on the
1100 nm thick film prepared by one-step blade coating (referred to
as thick) and prepared with 2D-LAG, unless otherwise specified.

The UV-vis absorption spectrum of a more than one micron-
meter thick film of 2D-LAG compared to the control thick film,
Fig. 4D, shows an increased absorbance over the whole visible
range. The X-ray diffraction (XRD) pattern, Fig. 4E, shows a
nearly 4-fold increase of diffraction intensity by the film depos-
ited with 2D-LAG. The improvement of film crystallinity caused
by the 2D perovskite layer is also manifested by a noticeable
reduction of the full width at half-maximum (FWHM) of the
signal assigned to the (001) plane, from 26 of 0.126° to 0.089°. A
detailed analysis of the XRD shows the emergence of texturing
along the (001) direction in the 2D-LAG film: as shown in
Fig. 4F, this is manifested not only by the intensity increase
of the (001) peak, but also by the increase of the intensity ratios
between the (002) and the (111) peak. It is noted that no
characteristic peaks representing 2D perovskite are found,
indicating that the 2D perovskite layer is completely converted
into a 3D perovskite layer. To characterize the uniformity
between the top surface and bottom interface, we show in
Fig. 4G-L both steady-state PL spectra and time-resolved PL
(TRPL) decay traces, excited from both sides of the films. When
excited from the top and the bottom surfaces, the reference
thin film shows slightly different PL intensities in the steady-
state PL spectra (Fig. 4G) and PL decay curves (Fig. 4]), which is
attributed to the different grain sizes at the top and bottom
surfaces. The average PL decay times were extracted by fitting
the TRPL decay curves using a bi-exponential function, with the
corresponding fitting parameters summarized in Table S1
(ESIY). The control thick film shows a 2-fold higher PL intensity
(Fig. 4H) when excited from the top surface, well correlating
with a slower PL decay (Fig. 4K). In contrast, the film grown
with a 2D perovskite layer shows negligible differences between
the PL intensities of the top and bottom interfaces (Fig. 5I) and
nearly identical decay kinetics in the transient measurements
(Fig. 4L). A comparison of the decay traces of thick perovskite
films without and with a 2D perovskite layer indicates signifi-
cantly slower charge carrier recombination for the latter. These
results suggest that the voids formed at the bottom interface
not only disrupt film morphology but also cause a reduced
perovskite quality with a higher density of electronic trap states
causing non-radiative recombination.
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Fig. 4 SEM top-view images (top panel) of perovskite dry films and SEM cross-sectional images (bottom panel) of thin (A), thick (control, B) and thick film
with 2D perovskite layer-assisted growth (2D-LAG, C), respectively. All scale bars are 1 um. (D) UV-vis spectra of the regular one-step blade coated
(control) and 2D-LAG perovskite thick films. (E) XRD spectra of the control and 2D-LAG perovskite thick films. (F) XRD different peak intensity of (001) and
intensity ratios of (002)/(111) for control and 2D-LAG perovskite films. (G)—-(I) Steady-state PL spectra (excited at 405 nm) of perovskite layers on glass
substrates: (G) reference thin film (H) control thick film and (I) 2D-LAG thick film. (J)-(L) Corresponding TRPL decay traces (excited at 405 nm).

2.5. Device performance and upscaling the 2D layer-assisted

growth film formation

Finally, we turn to investigate the impact of the enhanced
microstructure and film quality on photovoltaic performance

5934 | Energy Environ. Sci., 2025, 18, 5926-5939
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hand of glass/ITO/SnO,/perovskite/PEDOT/Carbon

devices (C-PSC), whose cross-sectional SEM images are shown

in Fig. S15 (ESIT). All the layers on top of ITO, including the
carbon electrode, are fabricated by blade-coating, resulting in
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(A) Statistical plot of the PCE for C-PSCs with thick perovskite layers fabricated using the 2D-LAG strategy under varying airflow conditions.

Fig. 5

2 n
Voltage (V)

(B) Statistical distribution of Js. of the C-PSCs with 1100 nm thick control and 2D-LAG perovskite layers. (C) Simulated and experimental JV curves of

C-PSCs with 1100 nm thick perovskite layers (black: control, red: 2D-LAG,

yellow: 2D-LAG with surface passivation by TFMACI). (D) EQE spectra of

C-PSCs with around 1100 nm thick control and 2D-LAG perovskite layers. The numbers in the graph represent the respective integrated Js. values (E).
Schematic diagram of PL measurements from the top and bottom surface and spatial distribution of the 25 points of measurement within the 25 cm?
perovskite film. Corresponding PL intensity contour map excited from the top surface and bottom surface of a regular blade-coated thick film (F) and
2D-LAG perovskite film (G). The value inserted is the coefficient variation of PL peak intensity at 25 different positions. (H) Device architecture of fully
printed C-PSCs on a flexible or glass substrate. () The champion JV curve of fully printed flexible solar cells (J) Reverse scan of JV curve of fully printed
mini modules. The inset shows the photograph of a fully printed mini solar module on the rigid substrate.

the so-called “fully printed” device. When preparing the per-
ovskite layers by conventional one-step doctor blading, progres-
sively increasing perovskite thickness from 250 nm to 1230 nm
leads to a significantly enhanced external quantum efficiency
(EQE) at higher wavelengths (Fig. S16, ESIf) and thus to an
increase in short-circuit current density (/) from 14.53 + 2.50

This journal is © The Royal Society of Chemistry 2025

to an upper limit of 20.26 + 3.07 mA cm > (Fig. S17, ESIY).
However, noticeably lower fill factors (FF) and open-circuit
voltages (V) are observed for devices limited by void formation
at the bottom interface.

Guided by processing insights from PF simulations, we first
optimize the solvent evaporation rate during gas quenching in
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the 2D-LAG process by adjusting the airflow rate. As the air flow
decrease from 3.0 to 1.0 bar, in Fig. 5A and Fig. S18 (ESIY),
the average PCE of C-PSCs increase from 12.9% to 17.0%,
accompanied by improvements in Jg., Vo, and FF, which is in
good agreement with the SEM observations (Fig. S13, ESIT).
Hereafter, unless otherwise specified, all perovskite films fab-
ricated using the 2D-LAG approach are treated with an airflow
of 1.0 bar. In stark contrast, using 2D-LAG in the preparation of
an 1100 nm thick perovskite layer not only minimizes the V.
and FF losses (Fig. S19, ESIT) but also significantly improves the
average J. from 20.86 + 1.98% to 23.50 £ 1.10% as shown in
Fig. 5B. This enhancement is attributed to improved optical
absorption and superior interfacial contact enabled by the
high-quality thick perovskite film. In Fig. 5C we plot the JV
curves of the champion devices: the PCE, V,, Jsc and FF of the
control device are 15.99%, 1.02 V, 22.66 mA cm ™2 and 69.16%,
respectively. In comparison, the 2D-LAG device yields a PCE of
19.37%, with Ji. = 24.48 mA cm 2, V,. = 1.08 V, and FF =
73.27%. According to the EQE spectra of Fig. 5D, the integrated
Jse of C-PSC prepared with 2D-LAG reaches 23.79 mA cm 2,
significantly higher than that of the control thick devices of
19.95 mA cm >, which is in good agreement with the J;. from
the JV measurement. The solar cell performance is further
improved by surface passivation of the perovskite layer with
(4-[4-(trifluoromethyl)phenyl|phenyl)methylaminehydrochloride
(TFMACI) through a solution immersion treatment, which is
compatible with scalable fabrication, resulting mainly in an
improvement of V,. from 1.08 V to 1.12 V and a champion
PCE of 19.87%, with Js. = 23.97 mA cm™? and FF = 74.16%. The
main effect of the TFMACI-treatment is found to further reduce
non-radiative recombination taking place at the top surface of
the perovskite (Fig. S19-S22, ESIt). The reduction of the trap
density is further confirmed using an open-source drift-diffusion
(DD) package named SIMsalabim,’*”> with which we fit the
obtained JV curves by BOAR’® and find out a lower density of
trap states in the target device than in the control device
(Table S2 and S3, ESIt). We further evaluated the operational
stability of the devices, in Fig. S23 (ESIf). The 2D-LAG devices
retain 80% of their initial efficiency after 400 hours of contin-
uous operation under 1-sun equivalent illumination at 85 °C,
whereas the control thick-film devices exhibit significant degra-
dation, confirming the superior stability imparted by the 2D-LAG
strategy.

Lastly, we demonstrate the upscaling of perovskite film
deposition by applying the 2D-LAG concept. Prior to the fabri-
cation of solar modules, we examine the film homogeneity by
measuring PL intensity at different positions across a film
deposited on a 5 x 5 cm? substrate, a typical size for mini
solar modules. In Fig. 5E, a schematic drawing of the measure-
ment protocol is displayed. The resulting contour maps in
Fig. 5F and G show the spatial variations of PL intensity
measured from both sides of the films. From the contour maps,
a coefficient of variation (CV), defined as the ratio of the
standard deviation to the mean value, is extracted to quantify
the spatial variation of PL intensity. The key observation is an
extraordinarily large variation of PL intensity measured from the
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Table 1 Statistics of photovoltaic parameters of fully printed flexible

C-PSCs. The configuration of f-PSCs is PET/IMI/SnO,/perovskite/PED-
OT:PSS/Carbon. All the perovskite layers were treated by TFMACL

Methods Je (MA ecm™?) V. (V) FF (%) PCE (%)
Control 21.24 1.09 66.40 15.37

21.35 4+ 1.48 1.06 = 0.36  60.63 = 3.20 13.80 £+ 1.21
2D-LAG 22.98 1.09 70.00 17.53

22.72 £ 0.71 1.09 £ 0.32 67.24 £ 2.27 16.67 £ 0.79

bottom interface of the thick film deposited without a 2D
perovskite layer, whereas such inhomogeneity is remarkably
suppressed in the film deposited with 2D-LAG. The results
highlight the issue that the void formation at the bottom inter-
face, not easy to discover without inspecting the cross sections of
the films, can be a hidden but determining factor causing film
inhomogeneity during the upscaling of perovskite film deposi-
tion. This is consistent with our previous study and the litera-
ture, highlighting that the treatment of the wet film prior to
thermal annealing, with either gas flow or antisolvent, most
critically determines not only the quality but also the homo-
geneity of the film.””

We continue to demonstrate the transferability of our
approach to flexible substrates, a key milestone to be achieved
prior to high-throughput roll-to-roll production, by showing in
Fig. 5H and I the architecture and the champion jV curve of
printed flexible C-PSCs. The champion flexible C-PSC has an
efficiency of 17.53% with J. of 22.98 mA cm ™2, V,. of 1.09 Vand
FF of 70.0% obtained from the reverse scan (see also Table 1). It
is noticeable that also for flexible C-PSCs the J,. is higher for
2D-LAG film than for the regular one-step blade coating.

Finally, to highlight the compatibility of the 2D-LAG strategy
to upscaling, we fabricate carbon-electrode mini-modules with
an aperture area of 20.25 cm ™2 on glass substrates, according to
the method described in our previous papers.”” The geometric
fill factor (GFF) of the champion minimodules is 83.17%. The
serial interconnection of the mini-module is realized by P1, P2,
and P3 lines. The P1 and P2 lines are patterned by femtosecond
laser ablation, whereas the P3 line is fabricated with a tape
mask when printing the carbon electrode. The jV curves of
mini-module with 7 subcells are displayed in Fig. 5]. The
champion modules show an efficiency of 17.38% (V,. = 1.0 V;
Jse =23.94 mA cm 2, and FF = 73.10% for each subcell). To the
best of our knowledge, this work presents one of the highest
PCE:s for fully printed perovskite mini-modules.”®

3. Conclusions

In this work, we focused on printing perovskite layers with
more than one micrometer in thickness to meet the upscaling
needs of fully printable perovskite PV. We showed that the
formation of voids at the bottom interface of perovskite layers
is directly correlated to their thickness and represents a key
limiting factor for devices with non-reflective carbon electro-
des. With the help of PF simulations, we gained comprehensive
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spatial and temporal insights into the underlying mechanism
of void formation at the bottom interface of the perovskite
layer: the aggregation of nanograins at the top surface leads to
the creation of a closed crystalline layer at the liquid-vapor
surface, blocking the evaporation of the remaining solvents.
Guided by the results of the PF simulations, we judiciously
chose a 2D perovskite layer to accelerate the crystallization rate
at the bottom interface, thus homogenizing the crystallinity
between the top and bottom of the final film. The PF simula-
tions thus represent a powerful tool for studying the physics of
film formation. We emphasize that the combination of experi-
ment and simulation not only deepens our understanding of
the mechanism but also provides valuable insights into solving
practical challenges to improve film quality. As a result, the
current density of fully printed carbon electrode solar cells was
significantly increased by obtaining highly crystalline and
monolithic perovskite layers of more than one micron. The
thick film minimizes photocurrent losses in C-PSCs compared
to metal-electrode counterparts, enabling the fabrication of
fully printed C-PSCs that achieve record power conversion
efficiencies of 19.9% on glass substrates and 17.5% on flexible
substrates. Furthermore, the scalability of the 2D-LAG concept
was demonstrated by achieving a record 17.4% PCE in a fully
printed mini-module. We anticipate that this work will provide
crucial insights into the commercialization of fully printed
perovskite PVs.
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