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Controlling the nucleation and crystal growth in solution-processed
metal halide perovskite (MHP) thin films is the pivotal point in
fabricating homogenous and pinhole-free films. Using scalable coat-
ing and printing techniques, vacuum and gas flow-assisted drying
processes turn out to be the most promising methods to induce
nucleation and crystallization. Yet, the exact interplay and nature of
these processes are unclear. In our work, we optically monitor these
processes in situ. For the first time, we can show that a controlled
venting of the vacuum chamber and the use of a subsequent gas flow
are key to achieve homogenous nucleation. Utilizing this gas flow-
assisted vacuum drying process, we find that regular, optically dense
and pinhole-free MHP layers can be fabricated via inkjet printing,
which yield solar cells with a power conversion efficiency of 16%, as
compared to 4.5% for vacuum drying.

Introduction

The major challenge to scale MHP solar cell technology to
market is to find reliable and scalable methods to attain
homogenous pinhole-free large-area films from solution. Over
the past years, a large variety of solution-based coating and
printing techniques, such as slot-die-coating, blade-coating,
spray-coating, inkjet-printing have proven their potential for
the fabrication of large-area solar cells and other optoelectronic
applications.'™ To induce and control the crystallization of wet
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perovskite films, different protocols have been established,
such as radiative or temperature annealing,’ antisolvent
quenching,® gas quenching,®® and vacuum drying.'®™** While
antisolvent quenching is mainly used in spin-coating pro-
cesses, gas quenching and vacuum drying are widely applied
as in-line or post-deposition drying steps along with scalable
coating and printing techniques. Especially vacuum drying was
established for inkjet-printed layers and it is the most common
protocol to produce highly efficient solar cells by crystallizing
the wet film at a pressure between 10~> and 10> mbar."”>™*
Based on this effort, power conversion efficiencies (PCE) of
close to 20% for partially printed devices,">*® and more than
17% for fully inkjet-printed solar cells, have been achieved up
till now." Furthermore, vacuum drying has been successfully
used for other scalable methods, such as blade-coating,'”'®
spray-coating,"® as well as for spin-coated films."®*° Regardless
of these successes, a detailed review of the formation of MHPs
with the vacuum drying process has been lacking in the
literature. Also, experimental conditions such as drying time,
chamber pressure, chamber size and shape, or pump rate are
rarely reported. As such, the vacuum drying mechanism can be
explained by the LaMer crystallization and nucleation theory:
Fast solvent evaporation under vacuum conditions lead to an
oversaturated film with a high nucleation density from which
the perovskite crystals grow more homogenous compared to a
slower drying film with fewer seed nuclei and irregular growth
conditions without vacuum assistance.?*”>> Moreover, despite
the fact that several studies report that an additional gas flow
influences the halide formation, little or no consideration is
given to the use of venting of the chamber in the context of
MHP formation using vacuum drying processes.”®?” An elegant
method to elucidate the film formation of MHPs is optical
in situ monitoring.*®

In this study, we present a detailed and clear picture of the
gas flow-assisted vacuum drying (GAVD) process using optical
in situ monitoring of the crystallization process. For this,

C50.05(FA0.83MAg 17)0.05Pb(Io 83Bro17); Was printed using a ternary
solvent system consisting of dimethylformamide, dimethylsulfoxide,
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Fig.1 Conventional vacuum drying leads to inhomogeneous perovskite
crystallization and irregular thin films (). By controlling the refilling of the
chamber with N;-gas flow, so-called gas flow-assisted vacuum drying
(GAVD), optical dense and pinhole-free perovskite layers (Il) are achieved.

and vy-butyrolactone to meet ink functionality and printing
requirements.>'**® Utilizing a home-built in situ microscope
and photoluminescence (PL) setup,®**' we monitored for the first
time the drying process of inkjet-printed MHP layers under
vacuum conditions and subsequent venting of the chamber with
a controlled N, gas flow.

This so-called gas flow-assisted vacuum drying (GAVD) pro-
cess allowed the fabrication of optically dense and pinhole-free
MHP thin-film layers, as depicted in Fig. 1 and Fig. S1 (ESIf).

Results and discussion
Optical in situ study

In Fig. 2, we compare the results of pure vacuum drying to the
optimized GAVD process. To monitor the crystallization pro-
cess, optical images and PL were recorded as a function of
process time. Fig. 2(a) and (d) show that vacuum drying at a
base pressure of 0.5 mbar required more than 200 s to observe a
PL signal and a haziness in the microscopic image due to
crystallization. In contrast, a fast crystallization of the wet
precursor film was obtained within 35 s for the GAVD process
as shown in Fig. 2(b), using an N, flow at 20 mbar. Tests for
optimizing the gas flow conditions are depicted in Fig. S2
(ESIT). The PL in Fig. 2(b) shows that the additional gas flow
induced a tremendous change in the evolution of the crystal-
lization onset. The comparison of the PL traces in Fig. 2(c)
highlights this again. While the PL peak signal of the GAVD
sample increased steeply before going into saturation, the
vacuum-dried sample showed a steady linear increase, indicat-
ing different crystallization dynamics for each process. More-
over, a strong red-shift of the PL peak position from 690 to
740 nm indicated that the crystal growth process starts from
small seed crystals to larger perovskite intermediates during
the GAVD process. In contrast, the PL shifted only from 730 to
740 nm for the purely vacuum-dried samples. This narrow red-
shift can be explained by the slower supersaturation which does
not allow cluster and coordination complexes to completely
form, leading only to a partially crystallized material, as dis-
cussed by Fateev et al.>” The overall low PL peak of 740 nm at
the end of the drying process can be attributed to the compet-
ing formation processes of bromide and iodide-rich intermedi-
ate phases of the mixed halide MHP composition.*' In
both cases, a PL peak of 760 nm is measured after temperature
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Fig. 2 (a) Photoluminescence (PL) signal of vacuum-dried perovskite
layer with crystallization onset after around 200 s. (b) PL signal of gas
flow-assisted vacuum drying with a crystallization onset after ~35 s. The
chamber pressure is shown in blue as an inset graph. (c) Evolution of the PL
peak position and the PL peak height starting from the crystallization onset
point. (d) and (e) show microscopic images of the drying behavior at
different time stamps.

post-annealing. In addition to the PL measurements, we
recorded the drying behavior of the samples in situ using an
optical microscope. Of particular interest is the crystallization
process, where we observed a darker, more hazy, optically
denser layer in the GAVD sample as compared to the light
brown and cloudy layers from the vacuum-dried sample (see
Fig. 2(d and e)). Even more, interestingly, the drying dynamics
are different. Vacuum-dried samples dry from the outside to the
center of the layer due to the higher surface-to-volume ratio at
the sample edges, where the saturation concentration is
reached earlier. In contrast, GAVD-treated samples dried much
faster and crystallized along the direction of the N,-flow, also
indicating that the gas flow as such and not only the increased
pressure is highly relevant (video in S1, ESIT).

Morphological impact of the GAVD process

To further investigate the different formation kinetics, we
performed X-ray diffraction (XRD) measurements on ‘“‘wet”
and annealed samples, as depicted in Fig. 3(a). After vacuum
drying, multiple reflexes from the MA,DMSO,Pb;I; intermedi-
ate phase, indicating a random crystallite orientation, were
visible®® as well as reflexes from the tetragonal perovskite

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) X-ray diffraction patterns of MHP films measured directly after
vacuum and GAVD treatment, and collected after temperature annealing
at 100 °C. * mark the reflexes of the perovskite tetragonal phases. # marks
the Pbl; reflex. § marks the MA,DMSO,Pbslg intermediate phase according
to Cao et al.>® Scanning electron microscope (SEM) images of vacuum-
dried (c and b) and GAVD-treated (d and e) samples after temperature
annealing.

phase. In contrast, for the GAVD method, we observed a highly
oriented MA,DMSO,Pb;I; intermediate phase with a dominant
peak at 6.7°, corresponding to the 002 orientation, probably
resulting from the directed gas flow. In both cases, we see a full
conversion to the tetragonal perovskite structure with main
reflexes at 14.2° and 28.4° after temperature annealing.>* Also, a
notable Pbl,-reflexes at 12.7° was visible for both samples,
indicating incomplete MHP conversion. Despite the different
crystallization and growth conditions, the resulting perovskite
structures seem similar. This is due to the strong influence of
the later hot-annealing step on the final perovskite crystal
transformation and the balance of structural changes. However,
morphological changes, such as pinhole density and coverage are
largely influenced by the crystallization and nucleation process
during the drying step as depicted in Fig. 3(b-e).

Working mechanism of the GAVD process

The presented results clearly show that the deliberate introduc-
tion of a controlled gas flow is the crucial process step to
produce favorable crystallization in a vacuum drying process
for solution-processed MHP films. Including previous findings,
this novel so-called gas flow-assisted vacuum drying method
can be understood and explained as a multistep process. First,
the gas flow enhances the solvent evaporation rate leading to a
faster supersaturation process and a more homogeneous for-
mation of crystal seeds what is in line with recent reports.>”**
Secondly, the gas flow accelerates the removal of solvent vapors
near the interface, which leads to locally increased concen-
tration at the interface. Hence, the crystallization starts at the
solvent/air interface where the gas flow hits the sample first, as
mentioned by Chen et al*® Thirdly, the gas flow induces a
higher nucleation rate leading to the formation of a highly
oriented metastable crystal phase distributed across the wet

© 2021 The Author(s). Published by the Royal Society of Chemistry
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film surface,’” from where crystallites grow homogeneously as
indicated by the red-shift of the PL peak and the narrow PL
peak full width half maximum (Fig. 2c and Fig. S3, ESI{).*
Interestingly, the addition of the gas flow leads to the formation
of a highly orientated MA,DMSO,Pb;l; intermediate phase
from where the dense MHP layer grows. Hence, the combi-
nation of vacuum drying to drain out excess solvent and
anchoring of the printed film and the additional gas flow
allows for controlled crystallization and nucleation to form
homogenous and pinhole-free perovskite layers.

Proof of concept perovskite solar cells

To also demonstrate the viability of the novel GAVD process,
inkjet-printed perovskite solar cells in p-i-n architecture have
been fabricated and the performance has been compared to
devices fabricated using pure vacuum drying. For both cell types,
the perovskite layer is inkjet-printed on top of a ([2-(9H-carbazol-9-
ylethyl]phosphonic acid) self-assembled monolayer (see Fig. S5,
ESIf for wetting details).*®*® Using this architecture and GAVD,
we right away attain very well-defined pinhole-free perovskite thin
films with large grains, achieving a maximum PCE of 16.0% with
a high open-circuit voltage of 1.11 V and low hysteresis without
further optimization (Fig. 4 and Fig. S6, ESIt). In comparison,
purely vacuum-dried samples exhibited low PCEs of up to 4.5%
with a low current density and open-circuit voltage, resulting from
the irregular morphology and moderate pin-hole dense MHP
layers. With this starting point, we are confident that further

Perovskite
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Fig. 4 (a) Solar cell architecture on p—i—n architecture. The Perovskite
layer is inkjet-printed with the GAVD process. (b) Current density-voltage
characteristics and of inkjet-printed perovskite solar cells on SAM using
vacuum drying and GAVD method. Value for mpp-tracking (16%) is the
average over 300 s of tracking the power output.
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fine-tuning of the GAVD process parameters, alongside in situ
optical monitoring and the further adaptation of carrier extraction
layers, will establish GAVD as a reliable and scalable method to
fabricate homogenous pin-hole free large-area solar cells from
solution with appealing performances.

Conclusions

In summary, using in situ characterization techniques, we for
the first time have elucidated the crystallization dynamics of
inkjet-printed perovskite layers under different vacuum drying
conditions. Contrary to the previously accepted idea that
vacuum drying is the major contributor to the MHP crystal-
lization, we demonstrated that a decisive crystallization process
is induced by an additional gas flow over the sample. Astonish-
ingly, different crystallization dynamics occur during each one
of the drying conditions. The novel process of gas-assisted
vacuum drying is the consequent advancement of the simple
venting step to control and accelerate the drying conditions of
printed MHP thin films. We see strong evidence that the
additional gas flow induces a favorable film formation through
increased nucleation density at the wet film surface. Nevertheless,
further detailed analysis is necessary to fully understand the
drastic changes recorded in the resulting printed layers, and with
this, establish the process to achieve performing larger area
solar cells.

Experimental

Materials

The solvents dimethyl formamide (DMF, 99.8%), dimethyl
sulfoxide (DMSO, 99.9%), and y-Butyrolacetone (99.8%) were
purchased from Sigma-Aldrich. Lead bromide (PbBr,, 99.99%)
and lead iodide (Pbl,, 99.99%) were purchased from TCI
Deutschland GmbH. Cesium iodide (CsI) was also purchased
from Sigma-Aldrich. Methylammonium bromide (MABr) and
formamidinium iodide (FAI) were purchased from Dyenamo.
[2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) was pur-
chased from Tokio Chemical Industry (TCI). Patterned indium
tin oxide (ITO) glass substrates (25 x 25 mm, resistivity =
15 Q sq~ ', nominal ITO thickness = 150 nm) were purchased
by Automatic Research GmbH. Cg, (99.99%) and BCP were
purchased from Sigma Aldrich, Cu shots from Alfa Aesar.

Perovskite solution

Pbl, (1.5 M) was dissolved in 0.8 ml DMF and 0.2 ml DMSO,
PbBr, (1.5 M) dissolved in 0.16 ml DMF and 0.04 ml DMSO.
These two solutions were stirred overnight at 60 °C in an inert
atmosphere. FAI powder was mixed into the prepared PbI,
solution (1:1.09 molar ratio) and MABr powder was mixed into
the prepared PbBr, solution (1:1.09 molar ratio). The solutions
were shaken for few minutes until the organo-halide powders
were fully dissolved. These solutions were mixed to form
(MA,FA)Pb(1,Br); precursor solution. CsI (1.5 M) was dissolved
in 1 ml DMSO stirred overnight at 60 °C in the inert atmosphere.
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The “Triple cation” perovskite precursor solution was prepared by
adding 5 vol% of the CsI solution to the (MA,FA)Pb(I,Br); precursor
solution. The resulting precursor solution should hence have a
stoichiometry of Csy osMAg 1680.70PbBIg 5115 40

Device fabrication

Patterned ITO glass substrates were cleaned sequentially for
15 min with a 2% Mucasol solution in water (Schiilke), water,
acetone, and Isopropanolat ~ 40 °C in an ultrasonic bath. After
that, directly before HTM deposition, the substrates were
treated in an UV-ozone cleaner for 15 min UV treatment. All
subsequent procedures were done in a nitrogen-filled glovebox
(MBRAUN).

SAM powders were dissolved in anhydrous Ethanol at a
concentration of 3 mmol 17" and put into an ultrasonic bath
for 15 min (30-40 °C) before using. 2PACz powder (molar
weight 335.3 ¢ mol ') was stored in a nitrogen glovebox, The
SAMs were prepared by spin-coating. 100 pl of the solution was
uniformly released onto the middle of the substrate, the lid was
closed and after ~ 5 s resting, the spin-coating program (30 s at
3000 rpm) was started. After spin-coating, the substrates were
heated at 100 °C for 10 min. The stock precursor solution was
diluted prior to the printing process to 0.42 M with a solvent
ratio of 60:15:25 (DMF: DMSO: GBL). The perovskite ink was
printed onto the substrate using an LP50 inkjet printer (Meyer
Burger) equipped with a Spectra SE128 printhead (Fujifilm)
inside a nitrogen-filed glovebox. The ink temperature was held
at 30 °C during the printing process. The drops (80pL) were
created with a single bias pulse at a width of 8 us and peak
voltage of 80 V. All films were printed at a resolution of 300 dpi.
After printing, the substrates were transferred to a vacuum
chamber (@20 mbar 0.16 L s '), followed by thermal annealing
at 100 °C for 60 minutes. After perovskite deposition, 23 nm Cg,
and 8 nm BCP were thermally evaporated in a MBRAUN
ProVap3G at a base pressure of 10~° mbar with an evaporation
rate of 0.1-1.0 A s™*. For completing the device, 100 nm Cu was
thermally evaporated through a shadow mask. The overlap of
the substrate’s ITO with the Cu stripe defines the active area of
0.16 cm>.

Thin film characterization

X-ray diffraction (XRD) measurements were done in air with a
Bruker D8 Advanced XRD machine using a copper K-o source in
Bragg-Brentano geometry. Scanning electron microscopy (SEM)
images were recorded with a Hitachi S-4100 and 5 kV accelera-
tion voltage system. The resulting film thickness was verified by
profilometry (Bruker Dektak).

Optoelectronic characterization

J-V scans were performed as 4-point measurements with a
Keithley 2600 SMU controlled by a measurement control pro-
gram written in LabView. The voltage values are swept in 20 mV
steps with an integration time of 40 ms per point and settling
time of 20-40 ms after voltage application.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In situ-setup

An Ocean Insight part QR400-7-UV-BX reflectance probe is used
to collect the optical signals, and is placed at ~1 cm from the
substrates. Ocean optics Flame FLMS12200 spectrometer is
used to detect these signals at an integration time of 300 ms.
As excitation source, a 415 nm line of a filtered fiber-coupled
tungsten-halogen light source (Thorlabs’ SLS201LM) was used.
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