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Temperature effects of CH3NH3PbI3 perovskite solar cells
having simple planar architecture were investigated on the
crystal structure and photovoltaic performance. The obvious
changes in the CH3NH3PbI3 crystal structure were found by
varying the temperature as a consequence to the augmentation in
lattice parameters and expansion of the unit cell. The expansion
of the crystal gave a serious influence on the performance of
the solar cells, where the differences in the coefficients of the
thermal expansion (CTEs) together with the lattice mismatch
between TiO2 and perovskite materials might cause interfacial
defects responsible for the deterioration in the photovoltaic
performance. Interestingly, the hysteresis in the cubic phase
is very small because of the less distorted angles of the
CH3NH3PbI3 structure against the temperature fluctuation.

Perovskite solar cells based on CH3NH3PbI3 have attracted
enormous attention in the last few years1 due to their rapid
improvement and high certified efficiencies over 20%.2 The
architectures of the devices have been categorized to mesoscopic
structure or simple planar heterojunction,3 and the devices
exhibit large hysteresis in JV characteristics especially in the
planar structure.4 The solar cells present a big mismatch in the
power conversion efficiency (PCE) from forward (short circuit to
open circuit) and reverse scan (open circuit to short circuit), and
correct estimation of the PCE has been a controversial matter in
recent past.5 Several hypotheses have been proposed to be the
origin of the hysteresis in planar architecture, such as ferro-
electric proprieties of CH3NH3PbI3,6 ion migration inside
perovskite layer,7 chemical and structural changes in the
materials, and interfacial contact between the layers.8 However,
the mechanism responsible for the anomalous hysteresis remains
unclear.

Another possible factor of the hysteresis is the interfacial
contact and lattice mismatch between compact TiO2 and
perovskite layer.9 This interface may cause the temporal delay
of the JV characteristics due to rearrangement of the interface
under external bias and illumination. In fact, large decrease of
hysteresis has been shown by modification of the compact TiO2

layer using fullerene derivatives (C60, 60-PCBM).10 In this case,
there is no lattice mismatch as the inorganic interface of the
crystalline. Petrozza et al.10b also showed that allowing the TiO2

interface to rearrange under voltage bias produces a similar
injection rate to that of PCBM contact. One factor that affects the
interfacial properties is ion accumulation, as shown by the large
capacitance associated with electrode polarization.11 From
theoretical calculations, it has been found that the migration of

defects originated from the diffusion of iodide vacancies or high
orientation of CH3NH3

+ is able to modify the interface.12 In
addition, CH3NH3PbI3 undergoes several crystal phase transi-
tions when the temperature of the solar cell is changed.13

Recently, several devices with PCBM were investigated at low
temperatures.14 However, there is no clear evidence showing the
effect of temperature on the connection between the structural
transformation and photovoltaic response of devices and the
magnitude of hysteresis.

In this study, we investigated structural changes of planar
heterojunction perovskite solar cells at different temperatures by
the use of an in situ X-ray diffraction analysis (Bruker, D8
Discover X-ray Diffractometer operating at 40 kV). In order to
avoid water condensation from the air at low temperatures and
contamination of the perovskite film, the devices were put inside
a domed cooling stage (Anton Paar, DSC 350). Solar cell
devices of planar structure15 were prepared using a compact
TiO2 layer as an electron-extracting layer. The perovskite films
were prepared using a mixed halide precursor solution contain-
ing PbCl2 and CH3NH3I by the one-step deposition method.
After annealing the perovskite layer, the final compound formed
is essentially CH3NH3PbI3, although a trace amount of chloride
can be found in the device.16 Finally, the hole transport layer
was deposited on the perovskite layer.

The XRD pattern of CH3NH3PbI3 without bias voltage in
the dark was measured under standard conditions at room
temperature (Figure S1). The characteristic peaks at 14.1, 28.5,
and 43.3° are attributed to the (110), (220), and (330) planes
confirm the tetragonal I4/mcm space group at room temperature.
The shoulder peak at 14.3° aside of the (110) peak was assigned
to the (002) peak, as shown in Figure S2.13a All the character-
istic XRD peaks (110), (002), (220), and (330) shifted to lower
angles when the temperature of the samples increased from ¹95
to +100 °C (Figure S2). The left angle shift of the peaks can be
interpreted to augmentation of lattice spacing with temperature,
and this behavior is ascribed to the tetragonal to cubic
transition.13b Moreover, we observed no change in the XRD
pattern of perovskite solar cells measured under different light
intensities and applied voltages (Figures S3a and S3b), and
keeping the temperature constant at 25 °C.

In order to calculate lattice parameters a and c from the
XRD pattern, 2ª was converted to the d value and using Bragg’s
law. Using the d value of the peaks (110) and (002), and the
plane spacing equation,17 we calculated the values of lattice
parameters a and c, respectively (Figure 1). Tetragonal lattice
parameters were converted to pseudo-cubic parameters.13a The
unit cell volume calculated from the lattice parameters depends
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linearly on temperature and shows a clear continuous change.
CH3NH3PbI3 changes from the tetragonal to cubic phase at
+55 °C. These results matched with previous works13a with a
slight difference in the phase transition temperature.

It is well known that the response of solids at different
temperatures is expressed as its coefficient of thermal expansion
(CTE).18 The coefficient is also known as the thermal expansion,
expressing the rate of change of the unit volume with temper-
ature. The thermal expansion is characterized by two coeffi-
cients, the linear and volumetric thermal expansion. The
volumetric thermal expansion coefficient can be estimated as:

¡V ¼ 1

V

@V

@T

� �
ð1Þ

where ¡V is CTE, V is the volume of the material, and ∂V/∂T is
the rate of change of that volume with temperature. Numerous
previous studies using a large variety of sample compositions
have been carried out for the determination of CTE. Based on
those results, the calculated volumetric CTE for the related
materials of perovskite solar cells are shown in Table 1.18 The
volumetric CTE extracted from the experimental XRD plotted in
Figure 1 at the range 173328K (temperature range for tetrago-
nal structure) is 216 © 10¹6 K¹1 and at the range 338373K
(temperature range for cubic structure) is 88 © 10¹6K¹1. The
calculated CTE for CH3NH3PbI3 in this work is closer to the
data already reported by another group.18e The bond mismatch

also contributes the interconnectivity between TiO2 and
CH3NH3PbI3 materials (Figure S4). The example of imperfect
connections (gaps) between layers in special at the interface
compact TiO2 and CH3NH3PbI3 layer is shown in Figure S5.

In the currentvoltage (JV) measurements on perovskite
solar cells under N2 atmosphere at different temperatures
(Figure 2 from ¹40 to +100 °C), the temperature was monitored
in the chamber and on the top surface of the perovskite solar
cells. The scan voltage range was fixed from +1.2 to ¹0.05V,
starting from positive voltage for reverse scan and from negative
voltage for forward scan. The JV measurement was started
from +25 °C for two devices with similar initial PCE, one for
negative temperature scanning from +25 to ¹95 °C and another
for positive temperature scanning from +25 to +100 °C.

These results are in good agreement with previous studies
reported in the literature.19 Three JV curves with photovoltaic
parameters at +25, ¹40, and +100 °C are shown in Figure S6
(Table S1 for full devices parameters). In the photovoltaic
parameters at different temperatures, the hysteresis is observed at
the temperature range of ¹20 to +55 °C and the mismatch
within the forward and reverse scan is mainly attributed to the
differences in Voc and FF.15 In the temperature range between
¹40 and ¹20 °C, the low photovoltaic performance is associated
with the reduced diffusion of photocarriers, which is reflected
in lower FF values. On the other hand, the maximum photo-
conversion efficiency was observed in the range from 20 to
40 °C (the best at temperature 30 °C in the reverse scan,
Jsc = 20.6mAcm¹2, Voc = 0.996V, FF = 0.67, PCE = 13.6%)
with a hysteric effect (in the forward scan Jsc = 20.8mAcm¹2,
Voc = 0.842V, FF = 0.45, PCE = 7.8%). Additionally, we ob-
served a drop in photovoltaic performance at around +55 °C
corresponding to the phase transition of perovskite from
tetragonal to cubic. The adhesion of films to the substrates is
critical in the systems where the CTEs are different. In this
context, the interfacial connectivity in the TiO2/CH3NH3PbI3
interface determines the goodness of the contact. The CTE of
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Figure 1. Lattice parameters and unit cell volume obtained from
X-ray diffraction analysis of CH3NH3PbI3-based solar cells (a*
parameters red dots and c* parameters blue dots) solid dots and is
reference data published in ref 13a.

Table 1. The volumetric CTE for materials used in perovskite solar
cells. The CsSnI3 (PbTe)18 is used as reference for CH3NH3PbI3

Materials (CTE)/10¹6K¹1

CH3NH3PbI3 132 (300K)18e

216 (173328K) this work
88 (338373K) this work

CsSnI3 126 (300K)18c

PbTe 70 (300K)18d

TiO2 (Anatase) 23.5 (300K)18a

SnO2 11.7 (300K)18b
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Figure 2. Photovoltaic parameters (Jsc, Voc, FF, and η) for
CH3NH3PbI3-based perovskite solar cells as a function of temperature
(red dots for forward scan and blue dots for reverse scan).
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CH3NH3PbI3 is 5.6 times higher than that of TiO2 (Table 1),
which may cause stress and delamination resulting in an increase
in the interfacial defects and poor interconnectivity between the
two layers. This fact together with the faster recombination
processes at high temperatures produces a variation in the
density of states, which is reflected in the drop of photovoltage
at high temperatures. Moreover, the higher recombination
reduces the photocarrier diffusion length and increases the total
series resistance that is reflected in the lower FF values.20

On the other hand, analyzing the forward and reverse scans,
it is noteworthy the lack of hysteresis in the cells after the phase
transition (temperature >+55 °C). It was found that rapid
orientation of CH3NH3

+ is strongly affected by a change in
the temperature.13a A similar trend is expected in case of the
mobility of I¹, which is also considered the most mobile species
in CH3NH3PbI3.12a Another group12b reported that with increas-
ing temperature, the [PbI3]¹ framework becomes less distorted
and CH3NH3

+ undergoes larger atomic displacement and
migrates to the center of the perovskite cube, resulting in the
formation of a cubic structure at +55 °C. Due to the movement
of CH3NH3

+ in the perovskite crystal, the [PbI3]¹ framework
gets deformed. In the tetragonal structure, the interaction
between NH3 and the [PbI3]¹ framework becomes weaker with
increasing temperature and very week at room temperature.
Before cubic phase transition, at the temperature closer to room
temperature, the NH3 and CH3 groups become free, resulting in
the straightening of the PbIPb bonds, with an angle of 165.3°.
In the cubic structure, CH3NH3

+ becomes orientally disordered
and the PbIPb angle becomes 180°. The lack of angle
distortion in the cubic framework can affect the ionic rearrange-
ment processes responsible for the hysteresis. We observe the
reversibility on the shift of the XRD peaks and JV measure-
ment, as shown in Figure S7.

In conclusion, it was observed that the perovskite unit cell
volume increases linearly with temperature and the divergence
in the CTE within CH3NH3PbI3 and TiO2 affects the interfacial
connectivity after thermal treatment. Regarding the hysteresis,
the big difference in the JV measurement for reverse and
forward scan is observed from 0 to +55 °C. We attribute this
fact to the less distorted PbIPb angle in the cubic phase
(temperature >+55 °C), which have a direct role in the internal
rearrangement processes in the perovskite layer. In this regard,
the better understanding of hysteresis in the planar structure
perovskite-based solar cells and the improvement of the
interlayer connectivity with selective contact may be considered
a good route for the development of robust and high-perform-
ance perovskite solar cells.
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