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Optoelectronic devices and solar cells based on organometallic hybrid perov-
skites have to operate over a broad temperature range, which may contain their
structural phase transitions. For instance, the temperature of 330 K, associated
with the tetragonal–cubic transformation, may be crossed every day during the
operation of solar cells. Therefore, the analysis of thermal cycling effects on
structural and electronic properties is of significant importance. This issue is
addressed in the case of methylammonium lead iodide (CH3NH3PbI3) across
both structural phase transitions (at 160 and 330 K). In situ synchrotron radiation
X-ray diffraction (XRD) data recorded between 140 and 180 K show the emer-
gence of a boundary phase between the orthorhombic and tetragonal phases,
which becomes more abundant with successive thermal cycles. At high tem-
peratures, around 330 K, an incommensurately modulated tetragonal phase
is formed upon repeated crossings of the phase boundary between tetragonal
and cubic phases. These alterations, which indicate a gradual evolution of the
material under operating conditions of photovoltaic devices, are further docu-
mented by electrical resistivity and heat capacity measurements.

1. Introduction

Methylammonium lead iodide (MAPbI3) is an efficient light-
absorbing photovoltaic material, which, due to the abundance
of intriguing optoelectronic properties,[1–3] found applications in
many areas of technology such as gas sensors,[4] photodetec-
tors,[5,6] light-emitting diodes,[7] and solar cells.[8] Remarkably,
in less than a decade, the efficiency of MAPbI3-based solar cells
has improved by an order of magnitude to the present level
of 22%.[9–11]

Although the aforementioned trend is very promising, the
applications of this compound are currently limited, primarily
due to its chemical instability.[12] It has been shown that the effi-
ciency of MAPbI3-based devices and the structure of the material

are strongly dependent on the preparation
method and storage conditions (tempera-
ture, humidity, and atmosphere).[13,14]

Moreover, the transformation of the crystal
structure of the perovskite during phase
transitions modifies its electronic and
phononic band structures, affecting the
transport properties. The low-temperature
(160 K) and high-temperature (330 K) phase
transitions are both driven by the organic
cation positional disorder, which increases
on heating from 100 to 352 K.[15] The two
corresponding types of disorders can be
classified by the behavior of the C–N
axis of the methylammonium, CH3NH3

þ

(MA). The first disorder type is linked to
the number of possible orientations that
the C–N axis can adopt relative to the inor-
ganic framework. The second one concerns
the rotation of the organic cation around the
crystallographic axes, which vary between
the systems of different crystalline symme-

tries. Although the organic group is not directly involved in the
formation of the band structure, the cation influences it by inter-
acting with the inorganic PbI6 octahedron through the rotational
degrees of freedom.[16]

Under normal operating conditions, the MAPbI3 active photo-
absorption layer in a well-encapsulated solar cell can easily heat
over 360 K, consequently crossing the high-temperature phase
transition at least twice every 24 h.[13,17] Thus, the lack of under-
standing of how periodic temperature changes affect MAPbI3
has prevented the industrial implementation of organometallic
hybrid perovskite-based devices. This issue has to be addressed
through a detailed investigation of the lattice transformations
while repeatedly crossing the phase transition temperature.

In this study, we show that after thermal cycling around either
phase transition temperature, MAPbI3 does not return to the ini-
tial state. Instead, the material approaches an equilibrium state
with specific electronic properties for each phase transition. For
the low-temperature transition, we found the presence of a new
orthorhombic phase, which with temperature sweeps progres-
sively replaces the low-temperature orthorhombic phase. This
change correlates with the reduction in photoconductance as a
result of thermal cycling.[18] For the high-temperature transition,
we discovered an emergence of an incommensurately modulated
tetragonal phase, which structure stabilizes with successive
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transitions. This suggests that there is no boundary phase
between the cubic and tetragonal regions because both belong
to the same incommensurately modulated structure.

2. Results and Discussion

2.1. The Low-Temperature Orthorhombic to Tetragonal Phase
Transition

At the low-temperature transition (160 K), both tetragonal and
orthorhombic phases coexist in a certain temperature range.[19]

The coexistence region starts at the temperature of 130 K, below
which the orientation of the C–N axis of MA relative to the prin-
cipal orthorhombic axes is restricted to two directions due to
hydrogen bonds between the NH3 group and the nearest I atoms,
which also prevents the axial rotation of MA.[20] Upon heating
above 130 K, the cation starts to adopt 90�-separated orientations,
and by 181 K, all four equivalent directions of the tetragonal unit
cell are equally preferred. The organic group remains in this dis-
ordered state with four possible alignments up to room temper-
ature. In this phase, the organic cation and the PbI6 octahedra are
rotated around the c-axis in an alternating manner. Such MA
order–disorder transformation induces a transition from tilted
to nontilted PbI6 octahedron.

2.1.1. X-Ray Data

The effect of thermal cycling between 180 and 140 K on the
MAPbI3 structure was examined by powder X-ray diffraction
(XRD) experiment (see Experimental Section for details). The
XRD profiles obtained during the first cycle cool down and
the fourth cycle warm up are shown in Figure 1. The data
recorded over four thermal cycles enabled the identification of
three distinct crystal structures. Furthermore, the quantitative
analysis of the phase composition at a given temperature showed
an evolution of the amounts of the different phases in the sample
with the number of cycles. For the first and fourth cycles, the
temperature dependence of the calculated contribution of the
phases and their unit cell volumes are shown in Figure 2, and
the unit cell parameters are shown in Figure 3.

First Cycle: Upon cooling from 180 to 140 K, a single tetragonal
(Tetr) phase is present down to a temperature of 157 K, below
which the orthorhombic (Ort-1) phase appears, as shown in
Figure 1a. In accordance with previous reports,[21,22] we observe
that both Tetr and Ort-1 phases coexist down to 140 K. This is
illustrated by the XRD profile at 140.89 K in Figure 1c. The tem-
perature dependence of each phase contribution, which is shown
in Figure 2a with the coefficients k1 for the Tetr and k2 for the
Ort-1 phase, indicates an equal contribution at 142 K. When

Figure 1. Temperature-dependent XRD profiles recorded upon a) cooling during the first and b) heating during the fourth thermal cycles around 160 K.
c) A part of the XRD profile for the two-phase state at 140.89 K in the first thermal cycle. d) A part of the XRD profile for the three-phase state at 141.55 K in
the fourth thermal cycle (the full profile is shown in Figure S2, Supporting Information). The blue, red, and green tick-marks below the profiles mark
reflections of Tetr, Ort-1, and Ort-2 phases, respectively. The black lines below the ticks refer to the difference between the observed and calculated
profiles. For improved clarity of the structural diagrams, the MA cation is omitted.
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heated from 140 to 180 K, the system returns to the single-phase
state only above 164 K, indicating a hysteresis that is consistent
with a first-order phase transition.

Fourth Cycle: The XRD data plotted in Figure 1b indicate a more
complex system in the fourth thermal cycle. A different ortho-
rhombic phase, Ort-2, is now present over the full temperature
range 140–180 K. The numerous weak diffraction peaks, shown
in Figure 1d, point to a modulation of the tetragonal phase, which
has been accounted for in the structure refinement process (see
Figure S2, Supporting Information). The modulated Tetr struc-
ture, represented in Figure 1d, accommodates a slight rotation
of the PbI6 octahedra around the fourfold axis. Figure 3b shows
that independent of the temperature the two unit cell parameters
of the Ort-2 (a� c) phase are close to the parameters of the Tetr
phase (a¼ b). This fact suggests an epitaxial intergrowth between
the Tetr and Ort-2 phases. Indeed, the coefficients of the phase
contribution, k1 6¼ 0 for Tetr and k3 6¼ 0 for Ort-2 in Figure 2b, indi-
cate the coexistence of the Ort-2 and Tetr phases at all tempera-
tures between 140 and 180 K. In addition, Ort-1 and Ort-2 phases,
as shown in Figure 1d and Figure S1, Supporting Information, are
topologically similar and differ only by the orientations of the MA
cations. Hence, the Ort-2 phase can be considered as a boundary
phase linking the Tetr and Ort-1 domains, as shown in Figure 4.
The Rietveld structure refinements based on the powder XRD
data successfully confirmed this three-phase state of MAPbI3
(Figure S2, Supporting Information).

Similarly to what was observed in the first cycle, the thermal
hysteresis in the contributions of the phases Tetr (k1) and
Ort-1 (k2) as shown in Figure 2b confirms the first-order nature
of the phase transition.[22] However, a comparison of Figure 2c,d
shows a significant smoothing of the hysteresis for the average
unit cell volume, V(avr), as a result of thermal cycling. This
smoothing is due to the presence of the boundary phase
Ort-2. It can be expected that the hysteresis of V(avr) would dis-
appear with more thermal cycles. It is shown in Figure 2d that
the unit cell volumes of the Ort-1 and Ort-2 phases are practi-
cally identical, making them thermodynamically equivalent.
Consequently, we expect that with thermal cycling, the Ort-1
phase could be partially or completely replaced by the Ort-2, thus
bringing the system to a state of thermodynamic equilibrium
characterized by the coexistence of only two mutually intergrown
phases, Tetr and Ort-2.

To summarize, the structural refinement results for the ther-
mal cycling of MAPbI3 between 140 and 180 K indicate that the
first-order phase transition, accompanied by the coexistence of
the Tetr and Ort-1 phases, gives rise to domain formation.[23,24]

In addition, repeatedly crossing the phase transition leads to a
gradual reduction and smoothing of the jump in the average unit
cell volume V(avr), which is thermodynamically favorable. The
changes throughout the thermal cycling occur due to the forma-
tion of the Ort-2 phase—a boundary state between the Tetr and
Ort-1 phases.

Figure 2. Temperature dependence of the phase composition and the unit cell volume of MAPbI3 in the first and fourth thermal cycles around 160 K.
a,b) The coefficients k1, k2, and k3 define the contribution of the tetragonal (Tetr), orthorhombic (Ort-1), and boundary (Ort-2) phases at each tempera-
ture. c,d) The average unit cell volume, V(avr), was calculated using these coefficients. The error bar indicates one standard deviation for each point.
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2.1.2. Resistivity Measurements

The contribution of the Tetr phase at the lower end of the
explored temperature range (140 K) remains constant through-
out the whole experiment (Figure 2a,b), and the boundary phase
Ort-2, which is absent in the first sweep, comes from the Ort-1-
Ort-2 transformation as a result of thermal cycling. Given that the

contribution of Ort-2 scales up with the number of cycles (k3¼ 0
in the first thermal cycle and k3¼ 0.25� 0.05 during the fourth
thermal cycle), we expect a growth of the number of domains.
This statement is supported by the electrical resistance of
MAPbI3 single crystal (Figure 5), which shows at a given temper-
ature, there is a continuous increase over the six successive
thermal cycles. The complex temperature dependence of the

Figure 3. Temperature dependence of the unit cell parameters of the Tetr, Ort-1, and Ort-2 phases revealed in the first and fourth thermal cycle around
160 K. The directions of the temperature sweeps are indicated by arrows between dots in the plots. The error bar indicates three standard deviations for
each point in the plots.

Figure 4. Stacking of the modulated tetragonal (Tetr) and orthorhombic (Ort-1) phase through a boundary phase (Ort-2) at 141.55 K in the fourth thermal
cycle around 160 K.
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resistivity has previously been discussed by Pisoni et al.,[25] and
the peak in the resistivity at 160 K is explained by the enhanced
scattering of electrons due to increasing number of domain
boundaries.

It has been pointed out that the efficiency of the charge carrier
trapping sharply decreases in the vicinity of the boundary
phase.[23] The apparent transition temperature fluctuates slightly
throughout multiple cycles because it is strongly dependent on
the local properties of the material and, in particular, on the type
and density of structural and chemical defects. Indeed, the Ort-1
and Tetr phases have different symmetries, and the actual sym-
metry of the defects can encourage the formation of either struc-
tures; hence, the transition temperature can increase or decrease.

2.1.3. Heat Capacity Measurements

The heat capacity data of MAPbI3 single crystal for the low-
temperature transition that are shown in Figure 6 (calculated
changes in entropy are in Figure S3, Supporting Information)
substantiate the XRD results and suggest a jump in the structural

order parameter. The structural transition is reflected in the heat
capacity data as a sharp peak. In agreement with the resistivity
measurements, the existence of a hysteresis indicates that the
transition is first order. Also, the decrease of the heat capacity
peak value with thermal cycling reflects the substitution of
Ort-1 phase for Ort-2.

2.2. The High-Temperature Tetragonal to Cubic Phase
Transition

As the crystal is warmed up toward and past room temperature,
the bonding between MA and iodine in the tetragonal phase of
MAPbI3 is progressively weakened. Thus, the cation starts to
tumble inside the inorganic framework.[26] The rotation angle
of the octahedra in the tetragonal phase decreases monotonically
with increasing temperature, and simultaneously, the lattice con-
stants c and a become equal, resulting in the high-temperature
cubic phase above 330 K.[27]

It has been suggested that the structural change is accompa-
nied by a ferroelectric to paraelectric transition,[28] which is plau-
sible, given that the tetragonal (space group I422) and cubic
(Pm-3m) phases, respectively, lack and possess an inversion sym-
metry.[14] The high-temperature transition results in the reduc-
tion of the unit cell in the c-direction and could be driven by
an instability of the crystal with respect to the emergence of a
particular phonon mode.[29] This hypothesis is supported by
the theoretical work of Saidi and Choi,[30] in which the stabiliza-
tion of the cubic phase is explained through vibrational energy
and entropy considerations.

2.2.1. X-Ray Data

In situ powder XRD experiments were conducted on ground
MAPbI3 crystals thermally cycled six times between 310 and
350 K (see Experimental Section for details). The lattice structure
and the unit cell parameters were refined across the explored
temperature range for the first and sixth cycles. The XRD profiles
shown in Figure 7a indicate a gradual transition between the
tetragonal and cubic phases in the first cycle, whereas those
in Figure 7b imply the occurrence of an incommensurately mod-
ulated phase in the sixth cycle. We describe all these structural
changes in terms of a single tetragonal (3þ 3)-dimensional
superspace group generated from the space group P4/mmm,[31]

which is applied to the pseudocubic unit cell with a� c� 6.3 Å.
The modulation vectors are q1¼ αa*þ αb*, q2¼�αa*þ αb*,
and q3¼ γc*, where α¼ (0.5�Δ1) and γ¼ (0.5�Δ2) can be
either rational if the parameters Δ1 and/or Δ2 are 0, or irrational
otherwise. If Δ1¼Δ2¼ 0.5, then α¼ γ¼ 0 and the space group
describes the 3D pseudocubic structure. In the a¼ c case, the
structure acquires the cubic symmetry of the Pm-3m supergroup.
Using this structural representation, only three atoms, located in
fixed positions (Pb: 1a (000); I1: 1b (00½); I2: 2f (½00)), define the
inorganic framework. The lattice parameters a and c were refined
using only the main diffraction reflections indexed with only
a*, b*, and c* in the reciprocal lattice. Figure 8 shows these
parameters as a function of temperature for the first and sixth
thermal cycles. The coefficients α and γ of the modulation vectors
were refined using the whole set of reflections, including the

Figure 5. Temperature dependence of the electrical resistance of MAPbI3
during thermal cycling around 160 K. The corresponding marker for each
point in the plots covers experimental errors.

Figure 6. Temperature dependence of the heat capacity, Cp, of MAPbI3
during thermal cycling around 160 K. Cycles 2 and 4 have been omitted
for clarity. The corresponding marker for each point in the plots covers
experimental errors.
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significantly weaker satellites that can be indexed only if α and γ
differ from 0. Figure 8 shows the temperature dependence of
their integrated intensity as well as the change in the α and γ
coefficients for the modulation vectors. The existence of the

satellites (see also Figure S4, Supporting Information) indicates
the presence of modulation waves of atomic displacements.
The stronger intensities of satellites and the larger displacements
are expected. Consequently, the absence of satellites denotes a

Figure 7. Temperature-dependent XRD profiles recorded upon a) heating during the first and b) cooling during the sixth thermal cycles around 330 K.
c) The (bc) projection of a portion of the incommensurately modulated tetragonal structure in the first thermal cycle at 320.16 K. d) The projection of a
portion of the incommensurately modulated tetragonal structure in the sixth thermal cycle at 320.16 K. For clarity, the MA cation is omitted.

Figure 8. Temperature dependence of the crystallographic characteristics for the incommensurately modulated structure of MAPbI3 in the first and sixth
thermal cycles around 330 K. a) The integrated intensity of the strongest satellite. b) Coefficients of the indicated modulation vectors. The error bar
indicates one standard deviation for each point in the plots. In the sixth thermal cycle, the weak temperature dependence of the quantities indicates
the stabilization of the modulated phase, whereas an increase in the intensity of the satellite indicates the evolution of this phase toward an amplification
of displacements of atoms from their average position.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2019, 3, 1900044 1900044 (6 of 10) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

http://www.advancedsciencenews.com
http://www.solar-rrl.com


primitive, nonmodulated structure with the unit cell parameters
mentioned above and atomic positions in accordance with the
tetragonal space group P4/mmm. The Pm-3m supergroup, which
is characteristic of the cubic phase, requires identity of a and c
lattice parameters.

First Cycle: On the first heating stage, in Figure 8a, the intensity
of the strongest satellite decreases to zero only above 346 K, indi-
cating that at this temperature only the cubic phase is expected.[30]

However, in conformity with Tyson et al.,[32] we observed a pseu-
docubic unit cell in the whole 310–350 K range. Another degen-
erate case, when α¼ γ¼ 0.5, was observed below 315 K during the
first thermal cycle heating stage. These rational values correspond
to the room temperature tetragonal unit cell. Indeed, the vectors
q1¼ 0.5a*þ 0.5b* and q2¼�0.5a*þ 0.5b* define the tetragonal
basis of the cell as atetr¼ aþ b and btetr¼�aþ b (atetr¼ btetr¼
a
p
2� 8.9 Å), and the vector q3¼ 0.5c* defines the doubling of

the c parameter, ctetr¼ 2c (ctetr¼ 2c� 12.6 Å).
The clear changes in the unit cell parameters, modulation vec-

tors, and intensity of the strongest satellite reflections indicate that
the structural transformation from the room temperature tetrago-
nal phase directly into the pseudocubic phase occurs only in the
first thermal cycle. In accordance with a previous report,[32] we
confirm the presence of an intermediate phase, in the temperature
range of 315–346 K between tetragonal and cubic phases.

The crystal structure of the intermediate phase has been
refined by the Rietveld method for 320.16 K (see Figure S5,
Supporting Information). It is primarily the I atoms that are dis-
placed due to the structural modulations. A portion of the struc-
ture shown in Figure 7c shows that these displacements result in
a wave of tilted PbI6 octahedra around the a and b axes, whereas
one would rather expect a rotation around the c-axis, which is
typical for the tetragonal phase. This “tilt wave” results in the
crystal spatially alternating between the two types of regions:
without (pseudocubic) and with periodically modulated tilt of
the octahedra along the c-axis (see Figure S6, Supporting
Information). Figure 8a shows that the intensity of the strongest
satellite continuously decreases with increasing temperature and
is completely suppressed when the pseudocubic phase sets in.
This behavior indicates that the average size of the pseudocubic
region grows, and the mean magnitude of the displacements of
I atoms becomes smaller.

Sixth Cycle: In the sixth thermal cycle, we find the presence
of a single stable phase. It is characterized by the irrational tem-
perature-independent modulation coefficients γ� 0.473 and
α� 0.490 (Figure 8), which point to an aperiodicity of the crystal
along the c-axis as well as in the ab plane. The unit cell param-
eters change linearly with temperature, as shown in Figure 9.
Their values for both the warm-up and cool-down are now

Figure 9. Temperature-dependent variation of a,b) the tetragonal unit cell volume and c,d) its a and c parameters in the first and sixth thermal cycle
around 330 K. The error bar indicates one standard deviation for each point in the plots. In the sixth thermal cycle, the phase has been stabilized with
respect to the plotted parameters.
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identical, suggesting that the system has settled into a thermo-
dynamically stable state.

A crystal structure estimation for the phases present in the
sixth thermal cycle at 350.2, 321.3, and 310.2 K (Rietveld refine-
ments in Figure S7, Supporting Information) shows that the “tilt
wave” occurs along lattice axes in agreement with irrational
values the of α and γ components in the modulation vectors
(Figure 8). Figure 7d shows the variation of the tilt of the octa-
hedral. Despite the fact that each octahedron is tilted, the degree
of tilt varies within a coherent area. Less tilted octahedra form
pseudocubic structure regions, which smoothly turn into tetrag-
onal, consisting of more tilted octahedra. With such a change
from one to another unit cell, only an approximate boundary
between these regions and, accordingly, an approximate size
of the pseudocubic regions can be discussed. Due to incommen-
surability in three axes (three independent q-vectors of modula-
tion), even the approximate size of the regions is varied
depending on a portion taken from the aperiodic structure.
However, the reconstruction of an identical portion of the struc-
ture taken at different temperatures can illustrate the tempera-
ture dependence of the size. Such illustration and details of
the reconstruction are given in Supporting information
(Figure S8, Supporting Information) for a structure portion of
14a� 14b� 5c (10 nm� 10 nm� 3 nm). In the selected area,
the approximate size of pseudocubic regions increases with
increasing temperature from 310.2 to 350.2 K, indicating a trans-
formation from “mainly tetragonal” to “mainly pseudocubic.”

Any dynamic distortion in a crystal can be described in terms
of a complete set of normal vibrational modes. When a solid
undergoes a structural phase transition, the process is often
described in terms of anomalous behavior of a single mode, char-
acterized by its displacement eigenvector, frequency, and wave-
length. If the space group of one phase is a subgroup of that of
the other phase, the transition may proceed via a continuous dis-
tortion of the unit cell, i.e., the transition is of second order.[33]

Within this framework, as the high-temperature pseudocubic
phase is approached, the frequency of a particular low-energy
phonon mode grows. In Figure S9, Supporting Information,
one can see the increase in diffuse scattering in the diffraction
pattern, which is related to an enhancement of the vibrational
energy of the lattice. The existence of transverse and longitudinal
acoustic phonon modes as well as one transverse optical branch
in the inorganic framework at 350 K has been shown by Beecher
et al.[34] Due to the low-energy modes associated with the inor-
ganic lattice, phonons provide a major contribution to stabilize
the cubic phase at a high temperature. From the structural refine-
ment, we see the “tilt wave;” however, a proper mapping of the
phonon modes to the structure modulations will require an addi-
tional study.

To summarize, the structural refinements for the thermal
cycling around the high-temperature tetragonal–cubic phase
transition show that the sharp change of the unit cell parameters
at 330 K occurs only in the first thermal cycle. During the same
initial pair of temperature sweeps, the change in the mobility of
the PbI6 octahedra from rotation to tilt relative to the tetragonal
c-axis underlies the 315 K second-order phase transition, and
the first-order phase transition accompanied by a (3þ 3)-
dimensional symmetry transformation into a 3D symmetry is
observed at 345 K. Thermal cycling results in the occurrence

of a (3þ 3)-dimensional incommensurately modulated phase,
which consists of pseudocubic and pseudotetragonal regions
as a result of the “tilt-wave” modulation of the octahedra
orientations.

2.2.2. Resistivity Measurements

To explore the effect of thermal cycling around the high-
temperature transition on the electronic properties of MAPbI3,
we measured the resistance of a single crystal between 310
and 350 K. It can be seen from Figure 10 that in contrast to what
was observed around the low-temperature transition, here
the resistivity peak, just below 330 K, disappears after multiple
thermal cycles. This supports the detected structural transforma-
tions. Indeed, the change in sample resistance observed between
the third and fifth cycles can be attributed to the stabilization of
the incommensurately modulated phase that contains both the
cubic-like and the tetragonal-like regions. The more progressive
variation in the sample resistance during the fifth and seventh
thermal cycles can be associated with the evolution of the incom-
mensurate phase, which is inferred from the increased intensity
of satellite reflections presented in Figure 8a (see also Figure S4,
Supporting Information).

2.2.3. Heat Capacity Measurements

Both the high- and low-temperature phase transitions of MAPbI3
are technically of first order; however, the high-temperature tran-
sition is close to being of second order.[35] In addition to the fact
that both the tetragonal and the pseudocubic phases can be
described by one superspace group, the heat capacity data shown
in Figure 11 (which is consistent with those in the literature[32])
support this statement. There is no apparent hysteresis, and the
broad peak more closely resembles a power law divergence rather
than a delta function. Changes in entropy (ΔS) are shown in

Figure 10. Temperature dependence of the electrical resistance of MAPbI3
during thermal cycling around 330 K. Cycles 2, 4, and 5 have been omitted
for clarity. The corresponding marker for each point in the plots covers
experimental errors.
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Figure S10, Supporting Information. The jump in entropy is
smoother for the high-temperature transition than for the low-
temperature one (Figure S3, Supporting Information). What
stands out from the data in Figure 11 is the fact that the heat
capacity value is higher below the transition than above it.
Onoda-Yamamuro et al.[35] attributed an excess heat capacity
in the region below the transition to the associated latent heat
smeared out toward the low-temperature side. Moreover, the
results indicate that the phase transition exists even after six
thermal cycles.

The structural characteristics of the crystal can explain the
behavior of the heat capacity during the thermal cycling. At
the start of the first cycle, the strongest diffraction peak indicat-
ing the tetragonal phase (Satellite-1 in Figure 7a) continuously
vanishes with increasing temperature. The highest rate of this
disappearance (Figure 8a) coincides with the sharp rise in heat
capacity (Figure 11) around 330 K. Starting from 335 K, both the
intensity and the heat capacity value fall more smoothly.
Therefore, the observed changes in the heat capacity are attrib-
uted to the cubic–tetragonal transition. This transformation is
clearly a characteristic of the first thermal cycle. As discussed
in Section 2.2.1 (see also Figure S8, Supporting Information),
a similar transformation is observed in the sixth thermal cycle,
however, within the evolution of a single incommensurately
modulated phase from “mainly cubic” to “mainly tetragonal.”

3. Conclusions

We investigated how thermal cycling through the low- and high-
temperature structural transitions influences the crystal struc-
ture and electronic properties of MAPbI3 crystals. XRD, electrical
resistivity, and heat capacity measurements were performed at
temperatures covering each phase transition. At low tempera-
ture, repeatedly crossing the tetragonal–orthorhombic phase
transition (160 K) generates an increase in the concentration
of the domains of different phases. After four cycles, the new
phase, Ort-2, is present above and below the transition and acts
as a boundary phase linking the Tetr and Ort-1 domains. At high
temperature, while cycling through the tetragonal–cubic phase
transition (330 K), we observed the emergence of a single phase

that consists of pseudocubic and pseudotetragonal regions with
incommensurate modulations of the PbI3 octahedra tilt. We
describe a series of phase transformations within the single
(3þ 3)-dimension superspace group generated from the space
group P4/mmm and applied to the pseudocubic tetragonal unit
cell with a� c� 6.3 Å. In addition, the coefficients α and γ of
the modulation vectors q1¼ αa*þ αb*, q2¼�αa*þ αb*, and
q3¼ γc* determine the temperature- and the cycling-dependent
state of the structure. Within our interpretation, the interaction
between the organic and inorganic parts of the structure is at the
core of the phase transitions. Thus, it may be possible to improve
the stability of the crystal through cation substitution[36] (at the
risk of modifying the electronic properties of the material).
Alternatively, particular phases can be stabilized in the desired
temperature range by means of atomic substitution or with
the introduction of inert gas into the lattice.[37]

4. Experimental Section

Synthesis: MAPbI3 was synthesized using a slightly modified version[17,38]

of the method described by Poglitsch and Weber.[39] The single crystals
were prepared by precipitation from a concentrated aqueous solution
of hydriodic acid (57 wt% in H2O, 99.99% Sigma–Aldrich) containing
lead (II) acetate trihydrate (99.999%, Acros Organics) and the respective
amount of CH3NH2 solution (30 wt% in H2O, Sigma–Aldrich). A constant
55–42 �C temperature gradient was applied to induce a continuous pre-
cipitation of the solute. Large (1� 2mm) silver-gray MAPbI3 crystals were
grown within 2 days. To prevent any reaction with moisture, the synthe-
sized crystals were immediately transferred and kept in a desiccator prior
to the measurements.

X-Ray Data: MAPbI3 crystals were ground just before the experiment in
a mortar and loaded into a quartz capillary. The synchrotron radiation pow-
der XRD data were collected as a function of temperature using a wave-
length λ¼ 0.7129 Å and 5 s of exposure time with the PILATUS@SNBL
detector at the Swiss–Norwegian Beam Lines, European Synchrotron
Radiation Facility.[40] The temperature sweeps across the transitions tem-
perature took place at 0.7 Kmin�1 in both directions using an Oxford
Cryostream 700þ nitrogen blower. The powder diffraction data were proc-
essed with BUBBLE software.[40] Crys-AlisPro software was used for the
processing of the experimental data.[41] Structural calculations were made
with the JANA2006 software.[42] Further structural and experimental infor-
mation is available as a CIF file in the Supporting Information.

Resistivity Measurements: Electrical resistivity data as a function of tem-
perature were obtained in helium atmosphere using a standard four-point
probe direct current (DC) method with a Keithley 220 current source and a
Nanovoltmeter 2182. Gold wires were glued on the sample with
carbon-containing paste to minimize the Schottky barrier at the
interface.[43] The MAPbI3 single crystal was illuminated by a red light
(660 nm) produced by an ADL-66505TL AlGaInP visible laser diode and
delivered to the sample via a 2mm diameter polymer optical fiber
(PMMA) optical fiber. The schematic diagram of the setup is shown in
Figure S11, Supporting Information. The current polarity was periodically
alternated to avoid the effects of charge accumulation.

Heat Capacity: Measurements of heat capacity at a constant pressure,
Cp, were carried out on single crystals of MAPbI3 using the Quantum
Design PPMS (Physical Property Measurement System) heat capacity
option with the thermal relaxation technique.

CCDC numbers 1869093–1869096 contain the supplementary crystal-
lographic data for this article. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.
uk/data_request/cif.

CCDC 1869093 corresponds to the incommensurately modulated state
of CH3NH3PbI3 in the first thermal cycle around 330 K at 320.16 K. CCDC
numbers 1869094–1869096 correspond to the three-phase state at

Figure 11. Temperature dependence of the heat capacity, Cp, of MAPbI3
during thermal cycling around 330 K. Cycles 2, 4, and 5 have been omitted
for clarity. The corresponding marker for each point in the plots covers
experimental errors.
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141.55 K in the fourth thermal cycle around 160 K: 1869094—the
tetragonal modulated phase; 1869095—the orthorhombic phase Ort-1;
1869096—the boundary orthorhombic phase Ort-2.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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