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ABSTRACT: Spin coating has been the primary choice of deposition method
used in the assembly of lab-scale perovskite solar cells. Other deposition
methods are still lagging behind, both in terms of device efficiency and in the
control of perovskite formation/morphology. Usually, improvements in these
processes have been achieved with strategies that are not compatible with the
industrial scale, either because of the use of hazardous solvents or due to the J
costly steps adopted. Here, we report the development of a route to prepare all | |
layers of perovskite solar cells (except the electrodes) through the blade-coating
technique, which is a scalable method and can be applied to produce large-area
solar cells. We discuss how each process parameter affects the device
performance and show that, by tuning the ink composition (i.e., solvent and
lead precursors), it is possible to reduce the temperature of the deposition and achieve a perovskite layer with adequate grain size
and good coverage of the substrate. With these modifications, a solar cell with a p—i—n configuration assembled in a dry air
atmosphere with 15—20% humidity and using the blade coater at 50 °C delivered a maximum of 14.3% of efficiency.
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1. INTRODUCTION crystallization process as a whole and promotes the formation
of perovskite films with many imperfections.’

To circumvent this situation, several studies have employed
different strategies to gain better control over the crystallization
process of perovskite films in scalable methods. These strategies
include, for example, the use of a vacuum chamber,” blowing a
dry gas over the substrate,” or the use of anti-solvents, in a similar
fashion as in the spin-coating process.5 However, the most
adopted strategy is the application of heat during the perovskite
deposition.”” Due to the low vapor pressure and high boiling
point of the solvents commonly used in perovskite solutions,
such as dimethylformamide (DMF), dimethyl sulfoxide, and 1-
methyl-2-pyrrolidinone, the temperature required to accelerate
evaporation in these cases usually exceeds 130 °C. High
temperatures can be harmful to polyethylene terephthalate
(PET)-based substrates as they can deform in this condition,
making this process unsuitable for flexible PSC."

From an industrial point of view, many of these strategies are
not viable either because of the difficulty of implantation (i.e.,
the need for vacuum chambers) or due to potential environ-
mental and health hazards (i.e., the use of antisolvent bath).
Even if these problems were eliminated, the use of high-
temperature depositions is energy costly, so other methods are
preferred. The sequential two-step deposition method is another

Perovskite solar cell (PSC) is a technology expected to
revolutionize the renewable energy market in the near future.
Yet, these solar cells still present several issues that need to be
overcome, some of them related to the fabrication processes,
reproducibility, and stability. Spin coating is, by far, the most
explored method for the fabrication of PSCs in lab-scale
research. However, this method is not suitable for the
preparation of large-area devices or in a continuous production
flow, which is required to make this photovoltaic technology
available in the market. Blade-coating and slot-die are examples
of printing methods which are more suitable for industrial-scale
production; however, the dynamics of film formation involving
perovskite crystallization differ from those observed in the spin-
coating method.' As a result, part of the knowledge acquired
with the use of spin coating over the past years cannot be directly
transferred to these methods.

Spin coating working features are very different from the other
techniques. The excess material is expelled from the substrate by
centrifugal forces and the crystallization of the reminiscent ink is
faster because of the high-speed rotation of the substrate, which
is in direct contact with the air.” In printing methods, there is
formation of a wet meniscus that is swept across the substrate,
thus forming a wet film. It is the dynamics of the conversion from
a wet into a dry film that differs from the spin-coating
mechanism. In this case, because of the lack of any external Received:  February 24, 2021 !Q!';Q
forces acting upon the substrate, the resultant wet film possesses Revised:  April 20, 2021 w
higher solvent content in comparison to that obtained by spin Accepted:  April 21, 2021
coating. The higher amount of liquid in the wet film reduces the Published: May 3, 2021
supersaturation process, making the generation of new
nucleation sites less favorable, which slows down the
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route that is used.” However, this method suffers other
problems, such as the incomplete conversion of Pbl, into
perovskite” and an additional deposition step in the manufactur-
ing process.

The lack of control in the perovskite crystallization is even
more apparent when using the planar configurations (n—i—p or
p—i—n)."? Planar configurations offer a few advantages over the
mesoporous configuration: they are simpler and require fewer
steps in the manufacturing process. A downside is that it is
harder to ensure full coverage of the perovskite layer in this
configuration, especially when organic materials are used as the
charge collection layers beneath the photoactive layer."'
Therefore, PSCs in the planar configuration seem to be even
more sensitive to the deposition parameters.

The main issues observed during the photoactive layer
deposition by printing methods are either related to the lack of
control of the perovskite crystallization, which leads to a porous
film with pinholes, or by the retraction of the wet film during the
evaporation step, leading to regions which are left uncovered, a
phenomenon called dewetting.” Both problems are related to
the dynamics occurring during solvent evaporation. It is clear
that control of perovskite layer formation is crucial to obtain
efficient PSCs; therefore, studies using scalable methods to
produce more efficient devices under mild conditions are of
utmost importance.

The power conversion efficiency (PCE) of PSCs made from
scalable methods is slowly catching up with PCEs of those
obtained with spin coating. A direct comparison between
different studies reported in the literature is tricky due to the
distinct configurations, cell sizes, and perovskite compositions
used in each case. Furthermore, in the majority of the reports
dedicated to the development of PSCs by blade-coating, only the
perovskite layer is deposited by this scalable method. There are
still few works that demonstrate the deposition of all layers using
solely scalable methods. Regardless, it is evident from the
literature that high PCE can be achieved using some of the
beforementioned strategies. For example, 17.3% was obtained
by Yang et al.’ using the anti-solvent method. By changing the
perovskite composition and applying high temperature (140
°C), Tang et al. % achieved a PCE of 19.3%, a value that is higher
than 17.5% displayed by methylammonium iodide perovskite
deposited at 150 °C, as demonstrated by Zhong et al."> These
results demonstrate that PSCs with similar efficiencies to those
assembled using spin coating can be obtained when the
perovskite layer is prepared by printing methods, keeping the
use of spin coating or evaporation for the deposition of the other
layers. However, further research in this direction is still
necessary to develop processes with fewer restriction parameters
and at lower temperatures, to enhance the performance of cells
where all of the p—i—n layers are printed. Overall, PCEs of
~13—15% have been achieved for blade-coating at temperatures
higher than 100 °C, with PCEs >17% being achieved for
temperatures above 140 °C.

In this work, we demonstrate a route for the preparation of a
p—i—n PSC using the blade-coating method for deposition of all
layers (except the electrodes). This scalable method allows the
observation of conditions that are more representative of the
difficulties that will be faced in an industrial production line. The
proposed method was based on conditions that would be
compatible with an industrial environment (low temperature,
single-step deposition) and inverted planar PSC configuration
using materials that are already familiar to the organic
photovoltaic (OPV) industry. Moreover, DMF was replaced
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by 2-methoxyethanol'* as the solvent for the perovskite ink to
overcome the problems observed during the deposition step.
Herein, we describe the step-by-step process of optimization and
the necessary changes introduced to achieve more efficient PSCs
prepared by the low-temperature blade-coating routes. The
outcome of this work provides a process for deposition of the
perovskite layer at 50 °C, which opens up the possibility of
application in low energy consumption industrial processes and
the use of flexible, plastic substrates.

2. EXPERIMENTAL SECTION

Most of the materials were purchased from Sigma-Aldrich unless
stated otherwise. ITO substrates (Delta Technologies, 8—12 Q/
sq) were patterned by photolithography before use. Before the
deposition, the substrates were cleaned by sequential sonication
in detergent solution, distilled water, acetone, and isopropanol
and then submitted to O, plasma treatment for 10 min. The
deposition of the materials was performed on a ZAA 2300
Zehntner blade coater with a heating mantle placed inside a dry
box with humidity control (15—20% relative humidity, dry air
atmosphere).

PEDOT:PSS (Clevious) was diluted to a 1:3 ratio in
isopropanol to lower the surface energy and improve wettability.
The resultant solution was stirred for about an hour and then
filtered through a 0.45 ym PTFE filter prior to use. This solution
was deposited with a blade height of 30 #m and a blade sweep
speed of 15 mm/s at 60 °C. Sequentially, the films were annealed
for 10 min at 100 °C.

Perovskite precursors were diluted in the solvent and stirred
for 3 h to complete dissolution. With Pbl, as a lead source, a 1:1
ratio of Pbl,/methylammonium iodide (MAI) was used, while
for Pb(CH,CO,),-3H,0 and PbCl,, a molar ratio of 1 Pb** to 3
MAI was employed to ensure the formation of CH;NH;PbI,.
The concentration of the ink was varied between 0.50 and 0.20
M, and the relation between the thickness of the final dry film
and the concentration of the precursor ink followed a linear
pattern. The deposition was carried out under humidity between
10 and 20%, with a blade height of 50 yzm and a blade speed of 10
mm/s, and the temperature was adjusted accordingly as
described in the text. The dry airflow was suspended over the
sample at heights of S or 15 cm above the substrate. Annealing of
the films was conducted over a heating plate. With Pbl, as the
lead source, the heat treatment was optimized to 100 °C for 1 h,
while for compositions containing Pb(Ac),, this duration could
be reduced to just 15 min at the same temperature without loss
of performance.

PC;BM (American Dye Source) was dissolved in chlor-
obenzene at a concentration of 15 mg/mL, and this solution was
coated over the perovskite layer with a blade height of 100 ym
and a speed of 20 mm/s. After the coating, the substrate was
submitted to annealing at 100 °C for 5 min to ensure the
removal of the solvent and then transferred to a glovebox, where
metallic contacts of calcium (40 nm) and aluminum (70 nm)
were deposited by thermal evaporation. The overlap of the
deposited layers defined the active area of the solar cells as 0.045
cm?,

JV scans were performed in an inert atmosphere with a 100
mV/s scan rate using a 2400 Keithley Sourcemeter and an Oriel
AAA class simulator with an AM 1.5 G filter as the light source.
Statistical distributions were obtained by measuring over 15
different devices in each condition. Veeco Dektak 150 Surface
Profiler was used to measure the thickness of the samples. X-ray
diffraction (XRD) patterns were obtained on a Rigaku RU200B
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Figure 1. Photograph of the blade-coating system placed inside a dry box; (B) illustration of the deposition process; and (C) configuration of the PSC.

with Cu Ko with a scan rate of 2°/min and operation conditions
of 40 kV and 40 mA. Atomic force microscopy (AFM) images
were taken in a Nanoscope III from Digital Instruments and
UV—vis absorption spectra were obtained in a Hitachi U2900.
SEM-FEG images were obtained with a Sigma microscope from
Zeiss.

3. RESULTS AND DISCUSSION

All layers deposited by blade-coating were processed at an
ambient temperature in a dry air atmosphere and 15—-20% of
relative humidity, achieved by placing the deposition apparatus
inside a box, as displayed in Figure 1A. The development of
assembly routes under environmental conditions less controlled
than a glovebox ambient is extremely important for an industrial
application. The PSCs investigated in this work were assembled
in a p—i—n configuration, as illustrated in Figure 1C.

As a hole transport material (HTM), PEDOT:PSS was
selected as it is a well-established material in the OPV market.
To improve the wettability of the solution and enhance the
quality of the film deposited by blade-coating, commercial
PEDOT:PSS solution was diluted in isopropanol. After
annealing, the deposited film was analyzed with AFM. The
images (Figure S1 in the Supporting Information) show that the
PEDOT:PSS layer covered the substrate well, without
significant defects on the surface. The thickness of this layer
was determined with a profilometer to be within the range of
30—40 nm, in agreement with the results from other reports
using this type of architecture.”” Compared to bare ITO, the
root-mean-square roughness (Ry) of the substrate estimated
through AFM was reduced from 2.84 nm to 1.94 after the
deposition of the PEDOT:PSS layer. This value is close to the
optimum value (1.84 nm) found by Chen et al.'® for devices
using multication perovskites. Lower roughness values may
hinder the subsequent crystallization of perovskite since there
are no anchoring points in which perovskite grains can start to
grow cohesively.

Next, it was observed that blade-coating the perovskite layer at
low temperatures from precursor inks using DMF as the solvent
generated needle-like structures (Figure S2 in the Supportin
Information), resulting from the slow drying of the solvent.”"
To obtain a homogeneous layer, it is imperative to accelerate
solvent removal to promote the generation of new nucleation
sites. The introduction of a dry air flow briefly after the solution
is swept over the substrate (Figure 1B) accelerates the removal
of excessive solvent content, partially mimicking the dynamics
that occurs inside the spin coater. Although this modification
improved the morphology of the film to some extent, the use of
precursor inks based on low-vapor-pressure solvents still led to
perovskite films with many defects as crystallization forms a 3D
network with large voids (Figure S3 in the Supporting
Information).

To further accelerate the removal of solvent from the wet film
without resourcing to the methods discussed before, the solvent
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itself must be changed to one with higher vapor pressure. Thus,
changing the main solvent in the ink from DMF to 2-
methoxyethanol, in association with the use of the air flow,
enabled the preparation of a compact perovskite layer. Although
2-methoxyethanol has the ability to coordinate metals, it seems
that this solvent is not capable of dissolving Pbl, by itself, unless
MAI is added to the same solution (Figure S4 in the Supporting
Information). This feature may also help towards good film
formation since a lower interaction between solvent—solute will
reach more easily the supersaturation point, favoring the
formation of nucleation sites. The AFM and SEM-FEG images
of this film (Figure S$ in Supporting Information) prove that the
use of 2-methoxyethanol originated a perovskite that is compact,
with smaller grains, and completely covers the substrate, without
the apparent presence of pinholes.

XRD shows that the as-produced perovskite film deposited
from the 2-methoxyethanol-based ink without annealing (blue
line in Figure 2) presented the same diffraction pattern observed

(110) 2-methoxyethanol w/ annealing

(220)
Pbl, (200) (202) ‘ (213) (224) (314)
PR o\, S

o

s
© 2-methoxyethanol
> ___A A ol )L_M_... M o
)
c
] ﬁ DMF
E A Ad u "y s,
Spin coating

Degrees (20)

Figure 2. XRD of perovskite films deposited by spin coating or blade-
coating using DMF or 2-methoxyethanol (pre- and post-annealing) as
the solvent.

for a post-annealed perovskite film deposited through the
standard spin coating and from blade-coating using a DMF-
based ink. In the case of 2-methoxyethanol, the perovskite
crystallization is almost completed during the deposition
process. Then, during annealing, the diffraction peaks become
more intense and better defined (narrower full width half
maximum), indicating higher crystallinity after this process. The
diffractograms of Figure 2 also show that the resultant perovskite
layer is composed of polycrystalline grains, without a preferred
orientation. For the blade-coated films, a small diffraction peak
at 12.7°, related to the (001) diffraction plane of hexagonal Pbl,,
can be seen. This indicates that a residual amount of Pbl, was
formed during the deposition and, during the annealing process,
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Figure 3. AFM images of perovskite layers deposited at varying temperatures from the 2-methoxyethanol ink. The scale bar represents S00 nm.
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Figure 4. (A) JV curves of the best device in each condition, where the temperature was varied. The dashed lines are the forward scan. (B) Statistical
distribution of the photovoltaic parameters obtained in each condition.

this formation is further increased. The presence of small
quantities of Pbl, in the device is not necessarily harmful, and
there are reports showing that it might even increase the final
performance of the solar cell."®

To continue the assembly of the cell, PC4;BM was used as
electron transport material (ETM) (Figure 1C) and deposited
via blade-coating as well. PC4;BM was selected for the same
reason as PEDOT:PSS, that is, this material is successfully used
in OPV devices, even for depositions in large areas.'” The
PCgBM film was analyzed with AFM and SEM-FEG (Figure S6
in the Supporting Information), and the images showed that the
fullerene layer follows the pattern of the layer underneath. In the
perovskite layer obtained from the DMF ink, PC4;BM could not
fully cover the substrate due to the voids present in the
perovskite. For the film prepared from the 2-methoxyethanol
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ink, PC4;BM showed full coverage of the layer underneath and
originated a smooth layer without defects. The thickness of the
fullerene layer was estimated using the profilometer and ranged
between 50 and 60 nm.

The photovoltaic devices containing the perovskite deposited
from the DMF ink delivered a poor-performing device, with
PCE around 3.7%. Surprisingly, the devices prepared from 2-
methoxyethanol had an even lower performance than those with
DMEF, even though the AFM and SEM-FEG images showed that
a perovskite layer with fewer imperfections was obtained. By
fine-tuning the concentration of the 2-methoxyethanol ink, the
performance of the cells was increased and an inverse correlation
between the perovskite film thickness (from 280 to 160 nm) and
the PCE was found, achieving up to 6.39% for the thinner film
(Figure S9 and Table S1 in the Supporting Information). An
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increase in the short-circuit current (J.), fill factor (FF), and
open-circuit voltage (V,.) was observed and resulted from the
improvement of both series and shunt resistances, as a
consequence of a better collection of the photogenerated
charges related to the size of the grains generated from the more
volatile solvent. We attribute this trend to the fact that the
perovskite layer obtained from the 2-methoxyethanol ink and
blade-coating process comprises smaller grains in comparison to
those prepared by spin-coating processes. According to Correa-
Baena et al,”* a perovskite layer composed of small crystals has
an increased surface area and consequently more surface defects.
In this case, for a given thickness length, the photogenerated
charges have to travel across a larger number of grains to reach
the ETM or HTM, increasing the probability of recombination,
thus reducing the performance of the device in comparison to
films with larger grain sizes.

In an effort to surpass the performance limitation imposed by
the small grains obtained by this method and achieve higher
efficiency, the effect of the temperature applied during the
deposition of perovskite was investigated but always keeping it
below 100 °C in order to develop a low-temperature process.
AFM images (Figure 3) show that the morphology of the
perovskite film slightly changes upon variation of temperature.
Overall, the application of heat during the deposition allowed
the perovskite to grow into larger grains, and the distribution of
grain area became broader (see the histogram in Figure S10 in
the Supporting Information). In a more detailed analysis, two
different regimes are evident: one from ambient temperature up
to 60 °C and one above 70 °C. The former generates perovskite
grains that have shared borders with neighbor grains, forming a
continuous layer. At lower temperatures, the surface is rougher.
As temperature rises, the layer seems to become more
homogeneous, reaching a turning point at 60 °C. Beyond this
temperature, the perovskite shows a different behavior: the
agglomerates become more spaced and larger voids start to
appear, which can be related to the presence of pinholes, making
the surface heterogeneous again. This trend is also observed in
lower-magnification images (Figure S11 in the Supporting
Information) and by the superficial roughness analysis; R, was
estimated to be 19.1, 18.1, 11.8, 13.0, and 20.6 nm for films
deposited at 30, 40, 50, 60, and 70 °C, respectively. Lower
surface roughness is expected to improve the interface between
the perovskite and the ETM if the film is also continuous and
free from pinholes.

Solar cells containing the perovskite deposited at different
temperatures were assembled and characterized. The JV curves
(Figure 4 and Table 1) show that within the range of 30—50 °C,
the PCE increased with the temperature, reaching a maximum at
50 °C, followed by a slight decrease at 60 °C. From 40 up to 60
°C, there is a large increase in the current density generated by
the devices, which is related to a reduction in the series
resistance. The V. presented a different trend, being inversely

Table 1. JV parameters of the best device at each deposition
temperature.

condition Ve Joe R, Ry,
(°C) (V)  (mA/ecm?) FE(%) n(%) (Qcm?) (Qcm?)
30 0.96 12.66 53.04 6.46 17.27 526.50
40 0.93 16.59 55.61 8.54 7.30 408.90
50 0.91 17.67 58.34 9.33 6.08 450.35
60 0.87 17.77 55.38 8.57 7.76 354.82
70 0.88 15.54 55.73 7.58 7.78 519.12
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proportional to the increase in temperature. A drop in V. is
often associated with an increase in the recombination process,
especially in the perovskite layer with open grain boundaries.”!
Comparing the AFM images with low and high magnification in
the range of 30—50 °C, as the temperature rises, more black
spots appear in the perovskite surface, which were associated
with the presence of pinholes. In temperatures higher than 60
°C, the films show larger defects and the V. values decrease
even further. The V. of devices prepared at 70 °C show the
highest variance observed in the statistical analysis (Figure 4B
and Table S2 in the Supporting Information), suggesting that
the drop in this parameter might be associated with the
recombination due to the existence of more defects in this
perovskite film. The PCE increased up to 50 °C, and from this
point on, it decays due to the reduction of V. and FF, mainly
affected by the low quality of the perovskite film obtained at
higher temperatures. The drop in performance above 50 °C was
unexpected since an increase in efficiency is usually observed
when the perovskite grains become larger. Considering these
results, applying a temperature of 50 °C during the deposition
seems to be the best compromise between the photovoltaic
parameters, leading to the highest PCE.

Until 60 °C, the rise of temperature had little influence on the
thickness of the resultant films, which was around 160 nm. At
temperatures above 70 °C, the drying dynamics of the perovskite
film is different, and the wet film converts into dry before the gas
flow reaches the substrate. The uncontrollable crystallization
process led to the formation of films with large pinholes, as
observed in the AFM images. This condition also led to more
translucid films (Figure S12 in the Supporting Information) due
to their lower thickness, which was as low as 100 nm at 100 °C.
Considering these features, solar cells with perovskite films
deposited in conditions above 70 °C were not assembled. Along
with the temperature modification, other experimental param-
eter that was explored was a change in the height of the gas flow
outlet in relation to the sample. A farther position from the
surface of the sample (1S cm) negatively impacts the
performance of the device because the influence of the flow
becomes weaker. Consequently, the perovskite crystals grow less
cohesively, with many grains separated from the others, without
sharing corners (Figure S13 in the Supporting Information).
The photovoltaic performance of devices prepared in this
condition displayed an intermediary performance compared to
the ones previously studied, with J,. around 14.6 mA/cm?* and
V. of only 0.86 V (Table S3 and Figure S14 in the Supporting
Information).

We also investigated how the lead source in the ink could
influence the performance of the device by replacing Pbl, with
PbCl, and lead acetate (Pb(Ac),) while keeping 2-methox-
yethanol as the solvent. All previous parameters that gave rise to
better performance were kept unchanged (i.e., temperature of S0
°Canda $ cm distance from the airflow to the sample). With this
change, it is possible to achieve better control of the
crystallization and film formation as each precursor plays a
distinct role in this mixed ink composition. Pb(Ac), promotes
the formation of a smooth, dense perovskite layer without
defects, and the acetate ion can react with the exceeding
methylammonium, generating CH;NHj;Ac, which is easily
removed from the sample, accelerating the crystal growth
during film formation.””** PbCl, role is to enhance the crystal
formation and promote the growth of the perovskite grains due
to the presence of chlorine ions.”*** This composition generates
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Figure S. XRD and (B) AFM images of perovskite films obtained from inks with mixed compositions. Scale bars represent 2 ym.

the CH;NH;PbI; ,Cl, perovskite, which has a long carrier
diffusion that can go up to 1 ym.”

In mixed ink compositions, the ratio between the precursors is
another parameter that has to be adjusted to obtain the best
working condition. Here, the Pb(Ac),/PbCl, ratio was altered
from 1:0 to 1:1 to investigate the effect of the change in the
formulation. The previously optimized deposition parameters
(temperature of 50 °C and S cm distance of the airflow in
relation to the sample) were kept unchanged. As observed with
the Pbl, precursor, the dissolution of the starting materials in 2-
methoxyethanol occurred only after MAI was added in the
solution, especially in the compositions containing larger
amounts of PbCl,. Differently from the traditional method
employing Pbl,, when using other precursors, it was necessary to
use a 3:1 ratio of MAI/Pb to achieve the necessary iodide
concentration in the final product. Compared to the previous
depositions using Pbl, as the lead source, we observed that the
transition from the wet yellow film to the dark brown perovskite
was less abrupt with these mixed compositions, especially with
higher ratios of Pb(Ac),. A video of the deposition process can
be seen in the Supporting Information.

The XRD of the films prepared from these mixed inks (Figure
SA) is slightly different from those displayed in Figure 2. The
main difference is the intensity of the peaks at 14.1, 28.5, and
43.3° regarding the baseline related to the (110), (220), and
(330) planes, respectively. This indicates that the perovskite
crystals are highly oriented with the long axis parallel to the
substrate.”® These high-oriented crystals occur both with a
mixed precursor solution and with pure Pb(Ac),, suggesting that
this effect is not due to the CH;NH;PbI;_,Cl, composition but
might be related to the use of lead acetate as the precursor,
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although other reports have achieved a similar result using PbCl,
and DMF,” with a little formation of CH;NH,PbCl, in that case,
which is absent here.

The addition of CI” in the precursor solution increases the
crystallinity of the resultant perovskite, as can be seen by the
enhancement of the diffraction peaks in films with crescent
content of PbCl,. At the 4:1 Pb(Ac),/PbCl, ratio, the diffraction
peaks reach a maximum and then decrease upon further addition
of CI7, eventually reaching similar values of the film prepared
only with Pb(Ac),. Moreover, films with higher contents of
PbCl, (1:1 ratio) seem to suffer from a degradation mechanism:
the as-deposited films looked just like the others containing
Pb(Ac),, but shortly after annealing, these films changed from
shiny reflexive dark brown perovskite to a hazy dark gray film.
This behavior seems to be related to the crystals continuously
growing during the heat treatment, eventually forming a rough
perovskite layer, which explains the hazy gray aspect. The
massive crystal growth during the annealing also generates
mechanical stress that induces the formation of cracks in the
film.>* If these films were kept in an annealing treatment,
eventually they would massively deteriorate (photo available in
Figure S15 in the Supporting Information).

The films obtained from each ink composition were also
analyzed with AFM (Figure SB). From the images, it is evident
that the morphology of the layer prepared from pure Pb(Ac),
ink is vastly different from those obtained using Pbl, (Figure 3),
with smaller and less-defined grains. The small grain size
achieved in this composition is due to the ability of Pb(Ac), to
rapidly generate crystallization nuclei. It also contributes to
achieving high coverage of the substrate as there was no sign of
pinholes within this film. Upon addition of PbCl, into the ink,
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Figure 6. (A) JV curves of the best device in each condition, where the ink composition (ratio) was varied. The dashed lines are the forward scans. (B)
Statistical distribution of the photovoltaic parameters obtained in each condition.

the perovskite begins to grow mostly because of the presence of
ClI” in the solution. At 8:1 ratio, the area of the grains is only
slightly smaller than that obtained from pure Pbl, in 2-
methoxyethanol, although, in the mixed composition, the grains
seem more cohesive, sharing their boundaries with adjacent
grains, generating a compact layer, as can be seen in higher
magnification images (Figure S16 in the Supporting Informa-
tion). Precursor inks with 6:1 and 4:1 ratios generated a
perovskite layer with vastly superior grain sizes while
maintaining the cohesive aspect between the grains. However,
higher proportions of Cl™ in the ink (1:1 ratio) led to the
formation of films containing many defects. As can be seen in
AFM images, the film with this composition has grains larger
than 2 um, as well as smaller grains in the sub-micron range.
With this heterogeneity, the coverage of the substrate is
impaired and large defects are visible in the active layer.
Moreover, because of the deterioration that this composition
undergoes during annealing, it was not possible to measure the
photovoltaic performance of most of the devices prepared from
this ink. Of the few that we could measure, the photovoltaic
performance was very poor, with a substantial drop in V. and FF
(Figure S1S in the Supporting Information).

Solar cells were assembled using the films prepared from the
precursor solutions containing Pb(Ac), and PbCl, and the
optimum deposition conditions previously developed for the
Pbl, ink using 2-methoxyethanol as the solvent. JV curves are
displayed in Figure 6. With these precursors, the active layer was
slightly thicker, around 250 nm. The change of precursor also
allowed a reduction of the annealing time to just 15 min due to
the formation and easy removal of CH;NH;Ac from the film.

The addition of a small amount of PbCl, in the precursor
solution (8:1 Pb(Ac),/PbCl, ratio) introduced a few changes in
the morphology of the perovskite film, which reflected in the
photovoltaic performance, resulting in an increase of J;. and V..
Devices containing higher PbCl, ratios (6:1 and 4:1) showed a
large improvement in their performance compared to all
previous conditions investigated, as can be seen in Table 2.
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Table 2. JV Parameters of the Best Device in Each Condition

Ve Jfe R; Ry,
mix ratio (V) (mA/cm®) FF (%) PCE (%) (Qcm?) (Qcm?)
Pb(Ac), 095 1142  61.80 6.69 695 65823
8:1 0.96 14.08 60.56 8.17 6.51 638.65
6:1 1.03 20.51 62.61 13.09 5.08 505.91
4:1 1.06 22.86 58.82 14.30 6.48 335.07

While FF remained nearly constant for all compositions, the V.
was well above average (ca. 0.90 V) for devices using
PEDOT:PSS as HTM. Reports in the literature state that the
small amount of chlorine present in this kind of perovskite is not
enough to change the highest energy occupied molecular orbital
and lowest unoccupied molecular orbital of the material and that
both CH;NH,;Pbl; and CH;NH;PbI;_,Cl, have nearly identical
absorption spectra.”” Thus, the observed enhancement of V,
may be explained by these films having lower electron—hole
recombination.”® The smaller chlorine content in 8:1 was not
enough to exhibit the same behavior observed in 6:1 and 4:1
ratios, as can be seen by the difference in the V. (Table 2). The
6:1 and 4:1 ratios allowed a great improvement in the quality of
the material, as observed by their higher crystallinity in the DRX
compared to other compositions, as well as in the perovskite
grain size. The current density followed the observed trend for
these grain sizes, highlighting how this feature is important for
the performance of the device.

The 6:1 and 4:1 ratios were the compositions that resulted in
PSCs with the higher efficiencies. Statistically, many of the
photovoltaic parameters were similar between these two
conditions, although the 4:1 ratio led to a slightly higher and
narrower J . distribution, which resulted in a higher PCE. The
champion cell using the 4:1 Pb(Ac),/PbCl, composition
achieved a J,. of 22.86 mA/cm? and a V. of 1.06 V, resulting
in a PCE of 14.30%. This result is above the other reports that
used blade-coating or slot die with a similar cell structure that
achieved between 10 and 13% efficiency,”*”" with the
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advantage of using low temperature for the deposition of
perovskite.

The solvent modification is another pivotal point that we have
explored in this work. To further demonstrate the impact of 2-
methoxyethanol as a solvent, a perovskite ink with a 4:1
Pb(Ac),/PbCl, ratio was prepared in DMF and used to deposit
perovskite layers following the most optimized parameters
previously described (Figure S19 in the Supporting Informa-
tion). AFM images show that the resulting perovskite film is
composed of elongated grains and has many pinholes, similar to
the one obtained with Pbl, in DMF. The best PCE achieved was
around 6.0%, which is higher than the one previously obtained
using Pbl, in DMF. This outcome is largely due to the higher
current density, a consequence of the better charge transport of
the perovskite containing chlorine, but this result is still much
lower than that obtained with 2-methoxyethanol.

In summary, in this work, we presented the steps adopted in
the development of an accessible, low-temperature route for the
preparation of PSCs using a scalable method. The set of
parameters investigated here, comprising tuning of the lead
source and use of a more volatile solvent in the precursor ink
associated with the gas flow and low temperature during the
blade-coating deposition of the perovskite layer were all crucial
for achieving higher PCEs. The results obtained with a
combination of lead chloride and lead acetate revealed that
the small grain size was the main reason for the low performance
of the devices prepared from Pbl,. The formation of small grains
seems to be a counterpart of this type of deposition at mild
conditions. The solvent has a major role in allowing the
deposition to happen at low temperatures since it must
evaporate quickly so the super saturation of the wet film can
occur and generate numerous nucleation sites, which will then
lead to full coverage of the substrate. However, once the process
has started, the growth of these new crystals is unfavorable,
which means that, to obtain good results, the use of solvents with
high vapor pressure must be combined with materials, such as
PbCl,, that enhance the crystal growth, as discussed here. Other
materials described in the literature such as Pb(SCN),”" and
NH,CI’> may have the same effect and result in good
performing devices as well.

It should be noted that the development of a route for blade-
coating the perovskite layer at temperatures as low as 50 °C
leading to reasonable PCEs has a strong appeal for industrial
applications due to the reduced energy demand and lower cost.
This versatile method could be extended for a variety of
applications. For example, it could be employed for the assembly
of flexible solar cells, where transparent plastic substrates such as
PET, polyethylene naphthalate, polycarbonate, and polyimide
could be used. Furthermore, blade-coating has been one of the
techniques explored for the assembly of monolithic perovskite/
silicon tandem solar cells using polished silicon wafers or texture
silicon with pyramids less than 1 gm in height.*® For this kind of
application, the low-temperature blade-coating process devel-
oped here is also advantageous to preserve the integrity of silicon
and other lower-lying layers and interfaces in the tandem device.

4. CONCLUSIONS

In this work, we presented a systematic investigation for the
development and optimization of a route to produce PSCs with
the premise of using blade-coating deposition under mild
conditions, with procedures that could be applied in industrial
environments. Adaptations to the process had to be made to
achieve a condition within those requirements that also allowed

the formation of a perovskite layer with large grains and full
coverage, that could deliver a good device performance. The
commonly used DMF is not a suitable choice as a solvent for
perovskite ink for blade-coating deposition in low-temperature
conditions. Changing the solvent to 2-methoxyethanol allowed
the deposition at 50 °C, and a preliminary optimization of the
photoactive layer allowed to increase the efficiency up to 9.3%.
To further enhance the performance, it was necessary to change
the lead precursor in the ink from lead iodide to a combination
of lead chloride and lead acetate. Then, by fine-tuning the ink
composition, it was possible to achieve a condition to obtain the
advantages from both materials, leading to a perovskite with
large-grain size and with good coverage of the substrate. The
optimized process led to a p—i—n photovoltaic device with
14.3% efficiency, in which all layers (except the electrodes) were
prepared by blade-coating at low temperatures. The process
developed here could be used for the assembly of flexible cells on
plastic substrates and also for the assembly of monolithic
perovskite/silicon tandem cells, where the use of low temper-
atures is crucial to avoid damages to the other components of the
devices.
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