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ABSTRACT: In this work, homogeneous PbI2 films were
prepared by the spin-coating technique from PbI2-DMF solutions
heated at temperatures ranging from room temperature to 120 °C.
The homogeneity and morphology of the films change according
to the used temperature of solution and are related to the size and
distribution of PbI2 grains; the best crystallinity was observed when
PbI2 solution was preheated at 100 °C. Lead halide perovskite films
were prepared by close space sublimation of CH3NH3I over the
prepared PbI2 films, and the area of the deposited films was 5 cm2.
The transformation of PbI2 into perovskite was carried out at 100
°C under a pressure of −0.8 bar. A remarkable issue reported here
is that, by controlling the morphology of the PbI2 layer with the
temperature of PbI2-DMF solutions, the final features of MAPbI3
films can be controlled without requiring extra treatment. Therefore, the device with the best performance, out of a set
fabricated with architecture ITO/PEDOT:PSS/perovskite/PC71BM/cathode, corresponded to the PbI2 film deposited at 100
°C. This device reached an efficiency of 8.7%. As a cathode, an eutectic alloy of Bi:In:Sn with a melting point of 65 °C was easily
deposited without the use of high vacuum. Thus, this work describes a practical way to fabricate perovskite solar cells with
efficiencies up to 8.7%.
KEYWORDS: perovskite solar cells, close space sublimation, PbI2 films, PbI2 thermal annealing, PbI2 crystallinity,
PbI2-DMF adducts, large-area perovskite films

■ INTRODUCTION

Lead halide perovskite solar cells are an exciting and expanding
area of photovoltaic research, and the power conversion
efficiency of these hybrid devices has increased from 3.8% to a
certified 22.7% in less than 10 years.1,2 Intense research has not
only focused on efficiency improvements but also on increased
stability,3,4 device area, and scalability.5−7 In particular, the
quality of perovskite films, a crucial factor for device
performance, is heavily affected by the scaling up of the film
area and depends on the deposition method. Several
approaches to improving this quality have been reported for
the common methods: one-step spin-coating,8,9 sequential
deposition,10,11 co-evaporation,12,13 or vapor-assisted deposi-
tion.14−17 For some vapor-assisted methods, the PbI2 films can
be deposited by spin-coating to achieve good crystallinity and
homogeneity. Subsequently, CH3NH3I (MAI) can be sub-
limated in a close space to react with the predeposited PbI2
layer. Close space sublimation (CSS) has been used to prepare
efficient, large-area perovskite films.18,19 Li and co-workers18

report the fabrication of perovskite films as large as 25 cm2 by
closed space vapor transport. The PbI2 film was deposited by
spin-coating from a DMF solution heated at 75 °C; the
CH3NH3I vapor, generated under an N2 atmosphere (2.5
mbar) at 160 °C, reacts with the PbI2 layer heated at 150 °C.
For CH3NH3PbI3 (MAPbI3)-based devices, Li et al.18 report
an efficiency of 14% for an active area of 1 cm2, which
highlights an easy and low-cost method for preparing large-area
films. Also, Guo et al.19 reported the use of the CSS method
for the deposition of 1 cm2 perovskite films. In this case, the
PbI2 films were deposited by spin-coating at room temperature
(RT), but the sublimation of MAI was carried out at 150 °C
under a pressure of −1 bar over 2.5 h to achieve an efficiency
of 10.8% for devices with 1 cm2 active area.
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Most of the reports on the CSS method for preparing
perovskite layers do not take into account the effect of
temperature on the deposition of the PbI2 layer nor do they
consider the temperature used in its transformation into
MAPbI3. For PbI2, the stacking of a layer of Pb atoms between
I atoms could lead to many structures, known as polytypes,
which can be produced as a function of thermal treatment.20

The simplest polytype is the 2H phase, with an ABC stacking
that is stable at room temperature; however, polytypes 4H and
12R can be formed at 150 and 170 °C, respectively.21,22

Furthermore, the high temperatures used for MAI sublimation
in CSS could have an effect, not only on the phase of PbI2 layer
but also on the perovskite itself. Recent reports on the thermal
stability of CH3NH3PbI3 confirmed that decomposition of the
organic material occurs at temperatures higher than 120
°C.23,24 The induced decomposition of methylammonium
iodide would lead to the formation of HI and CH3NH2, which
disturb the photovoltaic processes.24 The study of the stability
and performance of MAPbI3 perovskite solar cells conducted
by Dualeh et al.23 showed a decrease in efficiency for devices
annealed over 120 °C. At this temperature, the X-ray
diffraction patterns showed the characteristic peaks assigned
to PbI2. Furthermore, an efficiency of 11.6% for devices treated
at 100 °C decreases to 9.6% when annealed at 150 °C and
8.5% at 175 °C.
In this work, PbI2 films of 5 cm2 were deposited by spin-

coating and six temperatures, from room temperature (RT) to
120 °C, were used for preheating the PbI2-DMF solutions. The
morphology and quality of the films showed the strong
influence of the PbI2-DMF solutions temperature used, which
changes the size and distribution of the PbI2 grain. MAPbI3
perovskite films were prepared by the close space sublimation
method, where the reaction between the PbI2 films and

CH3NH3I vapor was achieved in a vacuum oven under a
pressure of −0.8 bar at just 100 °C. The morphology of the
perovskite layer was determined thus by the morphology of the
PbI2 film. The XRD pattern for PbI2 and the perovskite films
showed higher crystallinity and homogeneity when PbI2-DMF
solution was preheated at 100 °C, and a better photovoltaic
performance was recorded. Devices with architecture ITO/
PEDOT:PSS/perovskite/PC71BM/cathode were prepared. As
a cathode, an eutectic alloy of Bi:In:Sn, known as Field’s metal,
with a melting point of 65 °C, was easily deposited without the
use of high vacuum. Field’s metal has been previously reported
by the authors25−27 to be an effective cathode in organic solar
cells. Devices where PbI2 was deposited from a solution at 100
°C showed the best performance, with an efficiency of 8.7%.

■ EXPERIMENTAL SECTION
Materials. Lead iodide and PC71BM were purchased from Aldrich,

and methylamine iodide was synthesized according to previous
reports.28 PEDOT:PSS (Clevios PVP AI4083) was obtained from
Heraeus-Clevios. All solvents were acquired from Sigma-Aldrich and
used as received. As substrate device, ITO/glass with 10−15 Ω/□
was acquired from Delta Technologies.

Film Deposition and Device Fabrication. The glass and ITO/glass
substrates were cleaned with ethanol in an ultrasonic bath and rubbed
with alcohol-wetted cotton. After that, the substrates were dried with
clean and dry air and kept at 85 °C over 12 h. A first layer of
PEDOT:PSS was spin-coated onto the substrates and annealed at 120
°C for 15 min in air. PbI2 films were deposited by spin-coating from a
solution with DMF as solvent, with a concentration of 300 mg/mL.
The temperatures of PbI2-DMF solutions used for deposition were as
follows: room temperature, 40 °C, 60 °C, 80 °C, 100 °C, and 120 °C.
In all cases the solution and substrate were kept on a hot plate for 20
min before deposition. All the PbI2 films were then annealed at 85 °C
in a vacuum. Several batches of films were prepared from one solution

Scheme 1. Representative Scheme for the Preparation of Perovskite Films by Close Space Sublimationa

aPbI2 films are deposited from a solution heated at various temperatures. MAI sublimation was carried out in a vacuum oven at 100°C and −0.8 bar
for 1 h. Logo used with permission from The Autonomous University of Puebla.

Figure 1. PbI2 films deposited by heating both substrate and PbI2-DMF solution at (a) room temperature, (b) 40 °C, (c) 60 °C, (d) 80 °C, (e) 100
°C, and (f) 120 °C, as well as the corresponding perovskite films obtained after close space sublimation of MAI onto PbI2. Logo used with
permission from The Autonomous University of Puebla.
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and from at least two solutions more to ensure the reproducibility of
experiments.
The MAI film was deposited using a solution of 30 mg/mL with

isopropyl alcohol as solvent, the glass substrate was heated on a hot
plate at 50 °C, and 200 μL of solution was deposited on the substrate.
After IPA evaporation, a transparent and homogeneous film was
obtained. For transformation into perovskite material, PbI2 and MAI
films were placed face-to-face and separated by 1 mm (glass
substrate). The films were collocated on a vacuum oven under a
pressure of −0.8 bar and heated at 100 °C by 1 h. After the
transformation, perovskite films were heated under the same pressure
and temperature conditions to eliminate excess MAI. The procedure
is represented in Scheme 1.
For photovoltaic devices, a PC71BM film (100 nm) was deposited

on top of the perovskite film under normal room conditions. Finally,
the melted cathode (eutectic alloy Field’s metal) was dropped on top
of the masked devices heated at 80 °C. The active area was 0.07 cm2.
Characterization and Measurements. The morphology and

thickness were analyzed using atomic force microscopy (AFM) with
the microscope EasyScan2 from Nanosurf operating in contact mode
under ambient conditions. This has a maximum square scanning area
of 110 μm2. A solar simulator (Sciencetech SS150) was used for
device characterization. The light intensity was calibrated to 100 mW/
cm2 using an Oriel reference cell. The I−V curves were recorded with
a Keithley 2450 SourceMeter under normal atmosphere. Powder
XRD analysis was conducted using a Bruker D2 Phaser diffractometer,
with Cu Kα (1.54060 Å).

■ RESULTS AND DISCUSSION

The temperature of solution used for deposition of the PbI2
films strongly affected the homogeneity of films over substrates
(top pictures in Figure 1). Films deposited from solutions
either at room temperature or 100 °C were homogeneous but

opaque, whereas the films deposited from solutions at 60 °C
were homogeneous and transparent. On the other hand, when
solutions were heated at 40, 80, and 120 °C, the deposited
films showed clear and opaque areas that were more evident
after the transformation of PbI2 into CH3NH3PbI3 by CSS of
MAI (see bottom pictures in Figure 1).
These differences in the films shown in Figure 1 are due to

the size and distribution of the PbI2 grains, as revealed by AFM
analysis (Figure 2). In this case, they could have occurred due
to a temperature gradient generated by the initial temperature
of the substrate and solution and the rapid freezing by the spin
process. The well-known needle morphology for PbI2 was
observed for films deposited at room temperature; meanwhile,
a granular morphology was obtained by heating the same
solution (and substrate). The grain size and the average
roughness varied. In particular, the average roughness for the
films was 10.4, 11.0, 16.2, 12.4, and 25.3 nm for temperatures
40, 60, 80, 100, and 120 °C, respectively. Also the films’
thicknesses changed owing to the used temperature; for films
deposited at room temperature the average thickness was 288
nm while for films deposited from a solution at 120 °C the
average thickness was 324 nm. It can be observed that the
grain size for films deposited from solutions at 80 °C are larger
compared with other deposition temperatures. This could be
due to the formation of PbI2·DMF adducts, as has been
previously reported by Wakamiya et al.28 Using single-crystal
X-ray diffraction, they observed one DMF molecule coordi-
nated to Pb to form one-dimensional structures. Also, by
thermogravimetric analysis, they showed that the release of
coordinated DMF started around 70 °C and was completed at
112.6 °C. This occurred when the samples changed from pale

Figure 2. AFM images for PbI2 films deposited by heating both substrate and solution at (a) room temperature, (b) 40 °C, (c) 60 °C, (d) 80 °C,
(e) 100 °C, and (f) 120 °C.
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to deep yellow. The results reported here are consistent with
their report. Our films changed color from pale to strong
yellow as the temperature for deposition increased. A
competition between pure PbI2 grains and adduct grains
could be the reason for the morphology in the films deposited
an 80 °C.
The observed morphology on PbI2 films affects the final

morphology of the perovskite material (Figure 3). For the case
when PbI2 was deposited from a heated solution, the
perovskite films showed granular morphology, but the grain
size changed. When the PbI2 films were deposited by heated
solutions at 40 or 60 °C, a similar grain size was obtained;
meanwhile, different sizes were obtained for higher temper-
atures. The perovskite films were more compact when solution

was heated at 100 °C, but some pinholes showed up when the
solution was at 120 °C. Changes in morphology for MAPbI3
films deposited from DMF solution were previously reported,
and these were related to the low solubility of PbI2 and to the
high rate of solvent evaporation in the spin-coating process.29

To improve the quality of MAPbI3 films, co-solvents such as
DMSO or γ-butyrolactone were used. Also, a solvent
procedure was reported that controls both homogeneity and
grain size; this was implemented in a washing procedure with a
nonpolar solvent such as diethyl ether, chlorobencene, or
toluene.29,30

The above-mentioned studies on the control of the grain
size and morphology for perovskite films showed the strong
influence of these parameters on the final performance of solar

Figure 3. AFM images for perovskite films obtained by close space sublimation of MAI onto PbI2 films. PbI2 was deposited by spin-coating from
solutions at (a) room temperature, (b) 40 °C, (c) 60 °C, (d) 80 °C, (e) 100 °C, and (f) 120 °C.

Figure 4. XRD patterns for PbI2 films deposited from solutions heated at several temperatures and transformed into MAPbI3 by close space
sublimation.
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cells. Homogeneous and quality films are necessary to obtain
the optimal photovoltaic parameters for the devices. In our
case, the temperature for the deposition of PbI2 films was
implemented to avoid the use of an additional solvent, and this
procedure simplifies the process. The final average thickness
for perovskite films was 340 and 365 nm for films deposited at
RT and from a solution at 120 °C, respectively.
The crystallinity of PbI2 and perovskite films was analyzed

by XRD, and Figure 4 shows the pattern for PbI2 films. The
predominant diffraction peaks for planes 001, 101, 110, and
004 can be seen,31−33 and no evidence for peaks related to 4H
or 12R politypes is observed.22 However, a reflection appears
at 11.7° that would be due to the formation of PbI2·DMF
adducts that have been previously reported and mentioned
above.28,34,35 Manser et al.34 reported for PbI2 films the (001)
plane at 12.7° (2θ), but also a lower angle reflection indicating
larger lattice spacing in the structure. They relate this peak to
an expansion in the lattice as a result of incorporation of some
combination of methylammonium cations and DMF molecules
between the inorganic sheets. With the CSS process, it could
be expected that the substitution of a DMF molecule in PbI2·
DMF by CH3NH3I will form CH3NH3PbI3. The XRD patterns
for perovskite showed peaks corresponding to (100), (220),
(310), and (330);36,37 however, when PbI2 was deposited at
40, 60, and 80 °C, the reflection peak at 11.7° (2θ) was
observed. This peak shows that some adducts remain in the
perovskite lattice after the sublimation of MAI. On the other
hand, the perovskite films obtained from PbI2 film deposited at
100 and 120 °C do not show that peak, indicating the total
transformation of PbI2 into perovskite material. For perovskite
films obtained from PbI2 deposited from solution at 80 °C, the
XRD pattern showed high intensity for peaks at 11.7° (2θ) and
20° (2θ) assigned to PbI2·DMF adducts and MAI,
respectively.34 As mentioned above, Wakamiya et al.28 reported
that PbI2·DMF adducts start to release near 80 °C. This
temperature applied in the deposition of PbI2 films could
stimulate the formation of a bigger amount of PbI2·DMF
adducts. The bigger amount of adducts could be a detriment to
the reaction between PbI2 and MAI, and this could be the
reason for the observed peak at 20° (2θ).
To evaluate how these films would behave in a photovoltaic

device, we fabricated devices using the PbI2 films produced
from solutions at RT, 60 °C, and 100 °C. For that purpose, we
assembled devices with architecture ITO/PEDOT:PSS/perov-
skite/PC71BM/FM (where FM is a low melting point eutectic
alloy of Bi:In:Sn, commonly known as Field’s metal); a

schematic representation for the devices’ architecture is shown
in Figure 5. The electrical parameters of such devices are
summarized in Table 1. The best performance was for the

device where the PbI2 was deposited at 100 °C. An efficiency
of 8.7% was obtained with a Voc of 867 mV, Jsc of 18.5 mA/
cm2, and FF of 0.54 (Figure 5). The improved performance for
such devices, related to the higher Jsc, could be directly
associated with the better morphology obtained at this
temperature. As mentioned in the literature, the use of
additives or washing solvents induces the formation of
extremely flat and dense films with a direct impact on
photocurrent.30,31 The increase in current is assigned to the
lower loss of photogenerated charge carriers in the grain
boundaries and recombination processes. The role of additives
and solvents is to control the rapid reaction between MAI and
PbI2, which enables the formation of highly uniform and dense
surfaces. The remarkable achievement in our case is that, by
controlling the morphology of the PbI2 layer with the
temperature of solutions used for its deposition, the final
features of MAPbI3 films can be determined without the use of
extra solvents. Also, the temperature improves the crystallinity
and avoids the formation of the PbI2·DMF complex.
Despite the higher efficiencies reported by other authors for

devices prepared by CSS, in our case, all of the films were
deposited at normal room conditions without the use of a
controlled atmosphere and with an alternative cathode.

■ CONCLUSIONS
Homogeneous films of PbI2 can be deposited over large areas
by spin-coating from heated solutions, and this helps to control
the distribution and size of PbI2 grains. The films thus
deposited were transformed into MAPbI3 by close space
sublimation. XRD analysis showed the presence of PbI2·DMF
adducts that remain after transformation of PbI2 into

Figure 5. (a) Schematic representation of the solar cell architecture and (b) J−V curves for the best perovskite photovoltaic devices obtained from
PbI2 films deposited from solutions at room temperature (TA), 60 and 100 °C.

Table 1. Parameters for Perovskite Photovoltaic Devices,
With Three Temperatures for the Deposition of PbI2 Filmsa

temp of
PbI2-DMF
solution Voc (mV) Jsc (mA/cm2) FF η (%)

RT 829 ± 4 14.3 ± 0.6 0.40 ± 0.02 4.88 ± 0.4
60 °C 848 ± 5 14.9 ± 0.5 0.55 ± 0.01 7.05 ± 0.4
100 °C 867 ± 4 18.5 ± 0.3 0.54 ± 0.01 8.70 ± 0.2

aAverage values determined from sight devices along with standard
deviations.
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perovskite when the PbI2 films were deposited from solutions
at temperatures below 100 °C. When the solution and
substrates for the deposition of PbI2 are heated at 100 °C, a
homogeneous and dense film of PbI2 and then perovskite can
be achieved over large areas without the presence of DMF
adducts. The improvement in the quality of perovskite film
influences the photovoltaic devices, and an efficiency of 8.7%
was obtained from devices prepared in a normal atmosphere
with architecture ITO/PEDOT:PSS/perovskite/PC71BM/
cathode.
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