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ABSTRACT: Coevaporation of perovskite films allows for a fine control
over the material stoichiometry and thickness but is typically slow, leading to
several-hour processes to obtain thick films required for photovoltaic
applications. In this work, we demonstrate the coevaporation of perovskite
layers using faster deposition rates, obtaining 1 μm thick films in
approximately 50 min. We observed distinct structural properties and
obtained devices with efficiency exceeding 19%, demonstrating the relevance
of this deposition process from a material perspective and also in view of
potential industrialization.

Vacuum deposition methods for perovskite film deposi-
tion are increasingly being adopted by the research
community, as they allow for conformal deposition

(important for perovskite/silicon tandem solar cells) and are
more easily transferred to the industrial production environ-
ment.1,2 Recently, several examples of vacuum-processed solar
cells with power conversion efficiency (PCE) above 20% have
been reported.3−8 A benefit of vacuum deposition is the control
over the perovskite thickness, which enables the use of
micrometer thick films in photovoltaic devices. However, most
coevaporations of hybrid perovskites are done at low overall
deposition rate, resulting in long processes even for relatively
thin (500 nm) films. This is because the control over of the
deposition rate, r, of the organic precursors, such as
methylammonium iodide (MAI), is not trivial. The adsorption
on a substrate and hence r(MAI) are strongly dependent on the
surface chemistry and temperature.5,9,10 We have previously
shown that the methylammonium lead iodide (MAPI)
deposition can be accurately monitored using two quartz crystal
microbalances (QCMs): one located above the PbI2 thermal
source to control r(PbI2), and the other at the level of the
substrate (SBS), measuring r(SBS) as a sum of r(PbI2) and
r(MAI). This process is very reproducible and is also
independent of the purity of the MAI precursor.11 In this
work, we have increased the deposition rate to 4 times (x4) the
standard rate (x1, the baseline from our previous work)11 by
increasing the temperature of the crucibles to achieve the desired
rates (see Table S1 for the exact rates values). In Figure S1, the
pressure, crucible temperature, and rates are presented for the x1

and x4MAPI process, showing stable rates and temperature over
the entire deposition process, irrespective of the overall
deposition rate. Note that we have also explored higher
deposition rates (up to x8), but in those cases we observed
some fluctuations in the r(SBS), and also limitations in the
QCM lifetime and amount of precursor due to the crucible
volume. Figure 1 includes the characterization of MAPI films
obtained using slow (MAPI x1, 680 nm thick) and fast (MAPI
x4, 640 nm thick) deposition rates. The optical absorption
(Figure 1a) cutoff is similar for the two perovskites, showing a
bandgap of 1.60 eV (Tauc plot, Figure 1b). The slightly higher
absorbance despite the thinner film for the MAPI x4 is a
consequence of an increased absorption coefficient (Figure S3),
suggesting that the material properties are dependent on the
deposition rates. This is also supported by roughness measure-
ments (Figure S4), which exclude a contribution from enhanced
scattering. Note that the higher absorbance for the MAPI x4 at
800 nm is due to optical interference (Figure S5), a consequence
of the different thickness and high optical quality of the films.
The X-ray diffraction (XRD) patterns of the same perovskite
films grown at different speeds are shown in Figure 1c. The
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MAPI x1 shows intense and single reflections at 2θ = 14.2° and
28.5°, assigned to (001) and (002) planes of a cubic MAPI.12

However, the crystal orientation differs when increasing the
deposition rates, with a strongly suppressed intensity of the peak
at 2θ = 14.2° and a preferential growth along the (111) plane (2θ
= 24.5°) for MAPI x4. In addition, the signal-to-noise ratio is
also lower for the MAPI x4 compared to the standard process,
suggesting that the films have a lower degree of crystallinity.
The samples were further characterized by scanning electron

microscopy (SEM). The standard MAPI x1 surface (Figure 1d)
is composed of small grains (typical size in the 50−250 nm
range) randomly arranged over the observation area. This
surface morphology is a common feature of vacuum-deposited
perovskite films, as highlighted in previous reports.13 The film
cross section (Figure 1e) shows a compact material with some
small features that are randomly arranged through the layer. The
surface morphology of MAPI x4 (Figure 1f) shows similar
aggregates (in terms of size and distribution), although with a
more compact morphology and faceted grains. More striking is
the difference in the material cross section (Figure 1g), showing
large and faceted grains arranged in a compact and void-free

manner. Indeed, the SEM and XRD analyses confirm that the
MAPI growth at higher deposition rate leads to different
material properties, as already observed by the absorption
spectra.
The film formed with the fast deposition protocol was tested

in p-i-n solar cells employing the following stack: glass-ITO/
CS90112 (2.5 nm)/TaTm (10 nm)/MAPI (1 μm)/C60 (10
nm)/BCP (7 nm)/Ag (100 nm)/Al2O3 (30 nm) (details are in
the Supporting Information). Thanks to the faster deposition, 1
μm thick MAPI films can be deposited in only 50 min after
stabilization of r(PbI2) and r(MAI). Although not optimized,
this thickness would allow a quantitative light absorption even in
the absence of a rear electrode, which is needed in tandem and
bifacial devices. Figure 2a,b shows the SEM micrograph of the
cross section and of the surface, confirming the monolithic and
compact morphology observed before for thinner films. The
current density vs voltage (J−V) curves under illumination for
12 solar cells produced in different deposition runs are shown in
Figure 2c, together with their mathematical average. The J−V
curves show small but appreciable hysteresis, which might be
related with the increased roughness of the film (as inferred from

Figure 1. Characterization of MAPI films obtained at standard (x1) and fast (x4) deposition rates. (a) Optical absorption and (b) corresponding
Tauc plot, (c) XRD analysis compared to a reference cubic pattern, and (d−g) SEM analysis (scale bar is 300 nm in all micrographs).

Figure 2. SEM micrograph of (a) the cross section and (b) surface of a 1 μm thick MAPI film deposited at 4 times the normal speed. (c) J−V
curves under simulated solar illumination, (d) representative EQE spectrum, and (e) PV parameters.
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SEM and AFM). The short-circuit current density (Jsc) is
approximately 22 mA/cm2 for all samples. This is corroborated
by the integration of the external quantum efficiency (EQE)
over the AM1.5G solar irradiance spectrum. The EQE spectrum
peaks at 90% at approximately 500 nm and is rather flat around
86% toward longer wavelengths. The corresponding PV
parameters are reported in Figure 2e, with average open-circuit
voltage (Voc) of 1.1 V, fill factor (FF) of 77%, and PCE of 18.6%.
The record pixels for these experiments reached a PCE of 19.4%
in reverse bias scan (Voc = 1.12 V; Jsc = 22.1 mA/cm2; FF =
78.5%). This is close to the highest reported values for vacuum
-deposited MAPI solar cells obtained at lower deposition
rates,3−5 indicating that fast processing is indeed compatible
with efficient devices.
In conclusion, we present a fast process to deposit MAPI films

by coevaporation. By using a two-QCM configuration, it is
possible to control the process at increased deposition rates,
allowing the fast deposition of 1 μm thick films. Importantly,
MAPI films deposited at higher speeds show different
morphological and structural features, indicating that the
deposition rate can be used as an additional parameter to tune
the perovskite film properties. The device data indicate that
charge transport within the film is efficient, as also supported by
steady-state photocarrier grating measurements (details in the
SI, Figure S7), confirming the high quality of the coevaporated
MAPI films. Further studies will be directed toward the
identification of the growth mechanism and the upper limit
for fast deposition processes and extended to other materials
such as mixed halide wide bandgap materials or narrower
bandgap perovskites.
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