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Abstract. Methyl-ammonium lead iodide-based perovskite materials have been extensively studied for applications in
solar cells, which have reached high efficiencies of about 24% in the laboratory. However, being a hybrid (organic–
inorganic) material, methyl-ammonium lead iodide can be affected by climatic conditions, such as humidity, light and
temperature. While perovskite films have been synthesized, and annealing as part of the fabrication process has been
reported, there have been, however, relatively few studies on the effects of temperature when the films, after synthesis,
have been intentionally exposed to different temperatures. In this work, a study of the behaviour of perovskite films
(MAPbI3) has been conducted exposing the films to different temperatures (25, 40, 50, 60 and 70°C) in small greenhouses.
Homogeneous perovskite films were deposited by the anti-solvent method. The films were characterized by field-emission
scanning electron microscopy, X-ray diffraction and optical absorption. The effects of temperature on film morphology,
grain size and light absorbance are reported.
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Introduction

Currently, an important environmental issue is the production
of greenhouse gases because of the burning of fossil fuels for
generation of electrical energy. However, the production of
greenhouse gases can be reduced with the use of renewable
energy technologies. Solar energy is the most abundant sustainable source of energy on the planet; it is clean, safe and
economically feasible. This energy source could replace
conventional energy sources in the near future [1]. One way to
harvest sunlight and convert it into electricity is with the use
of solar cells. Solar cells have an active material that generates electron–hole pairs creating a potential difference in the
cell. The active material is usually a semiconductor with
appropriate optical absorption properties. Currently, the
majority of commercial solar cells are manufactured based on
silicon. However, intensive research activity focuses on
finding alternative materials to achieve comparable photoconversion efficiencies, but at lower manufacturing costs. In
2012, the first use of a perovskite film was reported in a solar
cell. This device had an efficiency of 9% [2,3]. Today, power
conversion efficiency (PCE) of solar cells with perovskite as
the active film has reached 23.7% [4]. Perovskites have
received considerable attention due to relatively low costs in
precursors and manufacturing (requiring low temperatures
and no vacuum) [5]. Aside from high efficiency [6–9], perovskites-based solar cells could offer other advantages such
as minimum environmental impact and economic feasibility

[10]. Specifically, perovskite films exhibit advantages such as
good optical properties, light absorption in a wide range that
can be adjusted by controlling chemical composition, bipolar
charge transport, high mobility of charge carriers and broad
electron diffusion lengths [7,11–15]. Perovskite materials
have an ABX3 structure, where A can be rubidium, cesium,
methyl-ammonium (MA) or formamidinium (FA) [16–18]; B
can be lead, tin, germanium or bismuth [19–21]; and X can be
one of the three halides: iodine, bromine or chlorine [7].
Even with all its known advantages, the most studied
perovskite, MAPbI3, still has several limitations to reach
commercial mass production. Main problems of MAPbI3
films include the stability and durability of the material in
solar cells [22]. Being a hybrid material (organic–inorganic),
it tends to degrade under environmental conditions such as
high humidity [23], heat and radiation [24]. Several investigations have been made concerning the degradation of perovskite solar cells [25]. Temperature has been an important
parameter in the degradation of this material. Solar cells
generate electricity by prolonged exposure to sunlight. During this exposure, light absorption occurs and the solar cells
heat up. This leads to degradation of the material by temperature. Several engineering techniques have been
employed to guard perovskite against temperature [26]. Even
some researchers have suggested not to use MA due to this
inconvenience [27]. The mixture of cations and halides
improves the stability of perovskite [28–31], for example,
combination of A-site cations like formamidine and cesium.
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However, this makes the system more complex. The use of
dopants can also improve stability [32] and the incorporation
of a mixing of ions of chloride, bromide and iodide reduces
ion segregation and improves stability [33]. Katz et al [34]
studied the degradation of complete perovskite solar cells
under 100 suns of irradiation in working conditions. MAPbI3
films exposed to 100 suns for 60 min at an elevated temperature (*45 to 55°C) showed decomposition of the hybrid
perovskite material. It was argued that MAPbBr3 is more
tolerant to temperature than the common MAPbI3 [34].
Additional studies on phase transition have been made to
understand how perovskite evolves in different conditions
[35–37]. However, a better understanding of the effect of
temperature on MAPbI3 thin films is still required.
In this particular study, MAPbI3 thin films, deposited
by the anti-solvent method [38], were grown on clean
glass substrates. Subsequently, after complete crystallization, these films were exposed to temperatures of 25,
40, 50, 60 and 708C, for periods of 4 h. It should be
emphasized that this temperature exposure is not an
annealing step in the preparation of the films. It is an
experimental exposure to study the response of the films
to such temperatures. An analysis was made of the
average grain size of the films together with a qualitative
analysis of their composition. Measurements of absorbance spectra were obtained. These studies were performed to elucidate the effects of temperature on thin
films of MAPbI3.
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container with a cover lid. An incandescent light bulb
placed inside the greenhouse emits heat to the perovskite thin film placed inside, as illustrated in figure 2.
The measurements and the heat exposure experiments
were made at the same time using different films. The
perovskite thin film was completely protected with
aluminium foil to prevent exposure to light. The principal idea is to probe the effect of the temperature in
the perovskite films. The interaction of light on the
perovskite film has previously been reported [39]. In
these experiments, the films were completely covered
from light. Thus, the only factor that was degrading the
films was heat and not light. A temperature sensor was
also placed inside the greenhouse to monitor the temperature inside. An electronic control turned on and off
the incandescent light bulb to maintain temperatures of
40, 50, 60 and 70°C. For experimental exposure at
25°C, the greenhouse was left at room temperature. The
samples were exposed to different temperatures for a
period of 4 h. This time was chosen after previous
experimental optimization. A perovskite film was kept
at 708C and under observation. After about 5 h, it
started to show a yellow colour on the surface associated with the formation of lead iodide and the degradation of the perovskite. Thus, by selecting an exposure
time of 4 h, the sample that was exposed to higher
temperature still had the original perovskite film. The
thermal exposure was maintained for 4 h for each
temperature.

Experimental
2.3

2.1

Characterization

Synthesis of MAPbI3 thin films

MAPbI3 thin films were deposited following the anti-solvent method [33], as illustrated in figure 1. PbI2 (99.9%,
Sigma-Aldrich), CH3NH3I (Dyesol) and DMSO (99.9%,
Sigma-Aldrich) (1:1:0.5 M ratio) were mixed in 1 ml of
anhydrous N,N-dimethylformamide (DMF, Sigma-Aldrich)
at a temperature of 65°C without stirring for 30 min, to
prepare the perovskite precursor solution. A quantity of 100
ll of the prepared perovskite solution was spin coated on
clean glass sample at 4000 rpm for 50 s to form the perovskite film. During the spin coating process, 1 ml of ethyl
acetate was dropped at the centre of the substrate. The
substrate with perovskite film was transferred to a hotplate
and heated at 100°C for 3 min to form a dense MAPbI3 film.
The process was carried out in environmental conditions at
room temperature.

2.2
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Thermal exposure of thin films

A small greenhouse was built with a temperature controller to expose the perovskite thin films to different
temperatures. The greenhouse is basically a plastic

Field-emission scanning electron microscopy (FESEM)
images of the perovskite films were obtained using a
JEOL JSM-7800F electron microscope. Ultraviolet–visible
(UV–vis) absorption spectra of perovskite films were
measured by transmittance in the range from 360 to 800
nm using an Agilent Technologies Cary series UV-VisNIR spectrophotometer (Cary 5000). X-ray diffraction
(wavelength of 1.54 Å) spectra were obtained for the
perovskite films using a Bruker D2 Phaser X-ray
diffraction system.

3.

Results and discussion

First, to analyse the morphology of the perovskite thin films
after exposure to temperature, FESEM top view images
were obtained from each different sample. The FESEM
images were analysed using the ImageJ software to obtain
grain size distribution data. The grain size data were processed with the Weibull statistical distribution function, to
obtain the average grain size of each film. Figure 3a shows a
FESEM image and the grain size histogram for the thin film
at room temperature (25°C). For this sample, a
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Figure 1.
method.
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Schematic illustration of the spin-coated perovskite thin film deposited using the anti-solvent

Figure 2. Schematic illustration of the heat exposure system
used in these experiments, showing the power source, the
temperature control, a greenhouse with the incandescent light
bulb, the temperature sensor and the exposed perovskite thin film
covered with aluminium foil.

homogeneous film free of pinholes was obtained with an
average grain size of about 230 nm. Figure 3b shows the
film exposed to 40°C. For this sample, an improvement in
morphology is observed as the microstructure is somewhat
more uniform and the grain size increases to an average of
about 320 nm. Figure 4a and b corresponds to the films
exposed to temperatures of 50 and 60°C, respectively. At
these temperatures, a decrease in grain size is observed,
with an average grain size of 190 nm for exposure to 50°C;
and 180 nm average grain size for exposure to 60°C. From
about this temperature range, temperature no longer helps

microstructure uniformity or homogeneity in the material.
Instead, degradation begins to be apparent in the MAPbI3
thin film. Figure 4c shows the film exposed to 70°C. At this
temperature, the perovskite film is severely damaged and
the average grain size decreased to about 80 nm. Figure 5
summarizes the average grain size for the five different
temperatures used in these experiments. An increment in the
average grain size of the film is observed, exposing the film
from 25 to 40°C; and a subsequent decrease in the average
grain size of the film is observed exposing it to higher
temperatures.
Figure 6 shows the absorbance spectra obtained from
each perovskite thin film exposed to the different temperatures used in this study. It can be seen that the absorbance
of the perovskite films decreases with exposure to higher
temperatures. This can be attributed to the degradation of
the perovskite film.
Figure 7 shows the X-ray diffraction patterns obtained
from the perovskite thin films exposed to each temperature
in this study. The patterns, from top to bottom, correspond
to the temperatures of 70, 60, 50, 40 and 25°C, respectively.
In addition, the patterns for MAPbI3 and PbI2 have been
included at the bottom of the image for easier comparison.
The diffraction patterns show the characteristic planes
(100), (220) and (310) (planes of higher intensity) for
MAPbI3 in its tetragonal crystal structure, spatial group I4/
mcm [40,41]. The plane (110) at angle 12.7° shows what
could be the formation of PbI2 [42] as the film is exposed to
higher temperatures. A larger amount of PbI2 may indicate
the degradation of the perovskite separating MAPbI3 into its
precursors PbI2 and MAI.
In addition, the average crystal size (CS) of each film was
estimated using Scherrer equation on the highest intensity
diffraction plane (100) of MAPbI3.
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Figure 3. FESEM image (left) and grain size histogram (right) for the perovskite thin film exposed to
(a) 25 and (b) 40°C.

Figure 4. FESEM image (up) and grain size histogram (down) for the perovskite thin film exposed to (a) 50, (b) 60
and (c) 70°C.
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Figure 5. Average grain size comparison of MAPbI3 films
exposed to different temperatures.

Figure 6. Absorbance spectra comparison of the perovskite thin
films exposed to different temperatures.

Figure 7. Comparison of the X-ray diffraction patterns of the
perovskite thin films exposed to different temperatures, and
location of main diffraction planes of MAPbI3 and PbI2 at the
bottom. The order of each pattern corresponds to the vertical order
of the key.

Kk
x  cos h
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ðScherrer equationÞ;

where CS is the crystal size in nm and K the shape factor, k
the wavelength in nm, x the full-width at half-maximum
(FWHM) of (100) plane in rad and h the diffraction angle,
2h/2 in rad.
Table 1 shows the results of the average CS for the
perovskite thin films exposed to each temperature. The
line of the diffracted plane (100) at an angle 2h of about
14.3° was measured in each diffraction pattern in figure 7.
Of course, the average CS is inversely proportional to the
FWHM of the peak. Therefore, the average crystal size of
the thin film exposed to 40°C (83.1 nm) increases with
respect to the thin film exposed to 25°C (67.4 nm). Then,
as the temperature increases there is a decrease in the
average crystal size. In the case of the perovskite thin film
exposed to 70°C, the average crystal size (40.4 nm) has
been reduced to 40% compared to the average CS
obtained from the thin film exposed to 25°C. The behaviour of the average CS is associated with the behaviour
of the average grain size measurements of the films,
illustrated in figure 5.
Additionally, to characterize the crystallinity of the perovskite film (MAPbI3) deposited on top of an electron
transport layer (ETL) or a hole transport layer (HTL) three
additional samples were prepared. A thin film of perovskite
was deposited on a glass substrate with a poly(3,4-ethylenedioxythiophene) polystyrene sulphonate (PEDOT:PSS) film;
and a second sample was prepared depositing a thin film of
perovskite on a glass substrate with a nickel oxide (NiO) film;
and a third sample was prepared depositing a thin film of
perovskite on a glass substrate. Figure 8 shows the X-ray
diffraction patterns obtained from (a) MAPbI3 film grown on
PEDOT:PSS over glass, (b) MAPbI3 grown on NiO over glass
and (c) MAPbI3 grown on a glass substrate. It is observed, in
figure 8, that the intensity of the perovskite characteristic peak
at 14.3° increases if the film is deposited on NiO as compared
to a deposit of perovskite grown on PEDOT:PSS. This
illustrates that perovskite may crystalize better on NiO than
on PEDOT:PSS. The average CS was obtained from these
samples again using Scherrer equation and the results are
shown in table 2. Again, the perovskite characteristic plane
(100) was measured. The average CS (84.10 nm) of the perovskite thin film increases if the film is grown on NiO as
compared to the average CS (67.31 nm) perovskite film on
glass. On the other hand, the average CS (34.78 nm) decreases
if the film is grown on PEDOT:PSS.

4.

Conclusions

In this study, an investigation was made to understand the
response of perovskite (MAPbI3) thin films exposed to
different temperatures. It was found that a perovskite thin
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Table 1. Average crystal size results of perovskite thin films exposed to different temperatures obtained using Scherrer equation
measuring diffracted plane (100).
Sample (°C)
25
40
50
60
70

FWHM (°)

2h (°)

K

k (nm)

Average crystal size (nm)

0.132
0.107
0.117
0.129
0.220

14.3
14.2
14.3
14.2
14.2

1
1
1
1
1

0.154
0.154
0.154
0.154
0.154

67.4
83.1
76.0
68.9
40.4

degradation of the film, forming PbI2 separate from
MAPbI3. This effect decreases the absorbance of the film
and modifies its energy bandgap. Additionally, this study
illustrates the difference in the crystalline behaviour of
perovskite thin films grown over NiO, as compared to
perovskite grown over PEDOT:PSS. It was observed that a
perovskite film grown on NiO crystallizes with an average
crystal size of about 84 nm compared to a crystal size of
about 35 nm obtained on the perovskite film grown on
PEDOT:PSS. All the information obtained in this study is
useful for the design and functionality of perovskite
(MAPbI3)-based solar cells.
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Figure 8. Comparison of X-ray diffraction patterns of MAPbI3
over PEDOT:PSS (top); MAPbI3 over NiO (second from top); and
MAPbI3 only (third from top); and location of main peaks of
MAPbI3 and PbI2 (bottom).

Table 2. Average crystal size results of the three different perovskite samples: perovskite only, perovskite on NiO and perovskite on PEDOT:PSS; using Scherrer equation measuring
diffracted plane (100).
Sample
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MAPbI3

FWHM
(°)
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Average crystal
size (nm)
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0.105
0.255

14.30
14.13
14.17

1
1
1

0.154
0.154
0.154

67.31
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34.78
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[38] Sidhik S, Esparza D, López-Luke T and De la Rosa E 2017
Sol. Energy Mater. Sol. Cells 163 224
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