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ABSTRACT: Methylammonium lead iodide (MAPbI3) is a very
promising semiconducting material for photovoltaic applications.
Despite extensive research and tremendous progress, basic charge
transport properties are still being debated. Combining first-
principles calculations and macroscopic and local measurements,
we have investigated the structural, optical, thermal, and electrical
transport (ac/dc) properties of MAPbI3 hot-pressed pellets
through the tetragonal-to-cubic phase transition. Thermal analysis
and X-ray diffraction experiments confirm the tetragonal-to-cubic
phase change around TS = 56 °C, which is often close to the
working temperature of photovoltaic devices. The ac/dc electrical
resistivities of the tetragonal phase indicate a metallic-like behavior
as a function of temperature followed by an abrupt decrease in the
cubic phase just above TS. In contrast to the abrupt changes observed in the electrical properties, the bandgap energy is barely
affected across the phase transition. Similarly, local measurements obtained by means of nuclear magnetic resonance confirm a
continuous variation in the lattice parameters and site symmetry (207Pb and 127I) across the structural phase transition. Density
functional theory calculations combined with electrical characterizations indicate that iodine and/or unintentionally incorporated
hydrogen interstitials influence decisively the charge transport activation energy in the cubic phase. In light of these findings, the
unusual electrical resistivity behavior across the phase transition is discussed taking the grain boundary effects into consideration.

1. INTRODUCTION
Inorganic−organic hybrid halide perovskite crystals have been
attracting considerable attention due to their excellent light-
harvesting properties to convert solar energy into electricity.
The power conversion efficiency in perovskite-based photo-
voltaic devices already exceeds 20%.1,2 On the other hand, the
charge carrier transport mechanism, along with optical
properties, is still under debate, hampering improvements in
the efficiency and durability of photovoltaic devices. Many
research groups have focused on understanding the charge
carrier transport in thin films,3,4 single crystals,5 bulk,6 and
pellets.7,8 Most often, the characterization of perovskite solar
cells is performed in a controlled environment and at room
temperature. However, in real operation conditions the solar
cells are exposed to severe weather conditions, such as
temperature, moisture, and ultraviolet radiation. Typically, the
temperature operation of solar cells exceeds 60 °C (∼343
K),9,10 and this affects many properties of the perovskites, such
as microstructure and phase segregation. In the case of
methylammonium lead iodide (MAPbI3), reports in the
literature indicate the occurrence of three different structural
phases as a function of temperature: orthorhombic Pnma

below −113 °C (160 K), tetragonal I4/mcm from −113 to 57
°C (160 to 330 K), and cubic Pm3̅m above 57 °C (330
K).9,11,12 Therefore, since photovoltaic device operation falls
close to the tetragonal-to-cubic phase transition temperature, it
is imperative to gain a better understanding of the physical
properties above and below this phase transformation.
MAPbI3 is suggested to display mixed charge carriers,

meaning that electrons, holes, and ions may contribute to the
electrical transport in this system.3,5,13 Therefore, it is crucial to
investigate how charge carriers respond to external electrical
fields to understand the main conduction mechanism. It has
been established that the bandgap of MAPbI3 perovskite
separates the unoccupied Pb p and occupied I p bands, while
the CH3NH3

+ cations (MA) have negligible contribution,14
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but their orientation may play an important role in the optical
transitions.15 The rotation of CH3NH3

+ can disturb the
metal−halide octahedron, resulting in the direct-to-indirect
bandgap, which in turn suppresses charge carrier recombina-
tion. Also, it has been suggested that the orientation of the MA
cation creates ferroelectric domains in which the local electrical
field assists the electron−hole separation. These properties can
result in long diffusion lengths for free charges (>100 nm),16

long electron−hole pair lifetime (>0.1 μs),17 and tunable
bandgap material18−20 which are highly desirable character-
istics for photovoltaic applications.
Ionic mobility in such solids involves the presence of ion

vacancy or interstitial species in the crystal lattice.21 The
activation energy of vacancy-mediated ion diffusion is
determined by the vacancy formation energy (i.e., that gives
the probability of finding a vacancy on a given lattice site) and
the energy barrier for the vacancy migration. In the case of
interstitial-mediated ion diffusion, the activation energy is
given solely by the migration energy of the diffusing species.
The defect formation energies reported in the literature vary
over a wide range.21−26 The iodine vacancy formation energy is
in the range of 0−2.4 eV,27 whereas iodine interstitial
formation energy ranges from 0 to 1.4 eV, depending on the
iodine-rich/poor limiting conditions and the position of the
Fermi level in the bandgap. Between the iodine-rich and
iodine-poor limits, the formation energy of the iodine
interstitial is lower than that of the iodine vacancy for all
positions of the Fermi level.27 Reported migration barrier
energies for the iodine vacancy vary from 0.1721 to 0.34 eV,28

and for the iodine interstitial the barrier varies from 0.1221 to
0.33 eV28 depending on the charge state of the defect and the
direction along the tetragonal axis. MA and Pb vacancies were
reported to have higher migration barriers,21,28 and, therefore,
are unlikely to be contributing to the ionic conductivity.
MAPbI3 has been usually investigated as thin films, aimed at

technological applications such as solar cells, light-emitting
diodes, and batteries.26,29−31 Herein, we report on the ac and
dc electrical transport measurements of pelletized MAPbI3
across the tetragonal-to-cubic phase transition, which takes
place around TS = 56 °C. These electrical transport
measurements reveal an unexpected charge transport behavior.
Compared to that of the tetragonal phase, the electrical
resistivity of the cubic phase decreases abruptly around the
phase transition temperature, followed by a dc temperature-
independent behavior in the cubic phase region. A thermally
activated transport is observed in the cubic phase, which we
attribute to ionic transport. Density functional calculations are
then performed to identify possible diffusing species. Note that
these results differ from observations in single-crystal, films,32

and bulk,7 indicating that the granular microstructure plays an
essential role in conductance across the grain boundaries. The
analysis of the photoluminescence measurements in combina-
tion with ac and dc electrical characterizations leads to the
conclusion that charge carrier transport variations across the
phase transition are a bandgap independent phenomenon.
While NMR data indicate no relevant contribution from the
ionic (I−, Pb−, and CH3NH3

+) mobility through the crystalline
lattice, we note that these measurements were performed
under equilibrium, i.e., not under electric field bias. Taking into
account all these results, we discuss the influence of intergrain
contribution on the electrical conductivity of MAPbI3
pelletized samples across the structural phase transition.

2. MATERIALS AND METHODS
2.1. Sample Preparation. Hybrid MAPbI3 perovskites

were synthesized by a simple solvothermal method at low
temperatures.33,34 In this process, 50 mg of lead iodide is
dissolved in 1 mL of hydriodic acid (45 wt % in water), and
then 30 mL of isopropyl alcohol (IPA, 99.9%) is added under
stirring at Tsolution = 80 °C. Subsequently, 0.3 mL of
methylamine (40 wt % in water) is added dropwise, and the
final solution is stirred for 1 min. After that, the precipitated
black powder is collected and washed with isopropyl alcohol
twice, separated by centrifugation, and then dried in a
desiccator overnight; both steps are performed at room
temperature. Compacted perovskite samples (pellets) were
prepared by hot isostatic pressing (HIP) at Tsynth = 100 °C
under a pressure of P = ∼25 Pa·m−2 for t = 5 h by using a
matrix of 8 mm in diameter and 2 mm in thickness. The pellet
was cut in smaller pieces with several sizes for the electrical
transport measurements ranging from 3 to 8 mm. We have
measured different pieces with different sizes to check the
reproducibility. The geometric factor was considered in all
electrical measurements. Then, gold contacts were deposited
by sputtering on each side of the pellets.

2.2. Nuclear Magnetic Resonance Characterization.
Nuclear magnetic resonance (NMR) spectroscopy measure-
ments in 207Pb, 127I, and 1H were conducted in a Varian
VNMRS 500 MHz spectrometer with a 4 mm narrow bore
probe using an Agilent VT stack with a temperature controller.
For the 207Pb, the resonance signal at 104.7 MHz was taken
after a spin−echo pulse. The acquisition parameters were a π/
2-pulse of 3.3 μs, interpulse delay of 20 μs, and recycle delay of
5 s. The 207Pb NMR spectra were approximately 25 kHz broad,
allowing us to apply a line-broadening cutoff of 2.5 kHz in the
Fourier transform. The samples were encapsulated in a dried 4
mm zirconia rotor just after preparation, in order to avoid
water adsorption. The experiments were performed under
dried atmosphere, and by monitoring the increase of water in
the 1H NMR spectra over time, we can ensure that water
adsorption has not considerably influenced the NMR results.
The data are referenced to tetramethyl lead at 0 ppm using
PbI2 as a secondary reference at −25 ppm obtained at a single
pulse with a magical angle spinning (MAS) of 8 kHz and
temperature of 25 °C.35 Approximately 1k transients were
averaged to form each spectrum. The 127I NMR spectra were
collected operating at a resonance frequency of 99.9 MHz. The
signal was taken after a single pulse excitation. The
experimental parameters were a π/2 pulse of 1 μs and 0.5 s
as a relaxation delay, using NaI as reference resonating at 225
ppm taken with MAS of 1 kHz and temperature of 25 °C. As
the isotope 127I has nuclear spin 5/2, the spectra are composed
of a central transition (CT) and possibly satellite transitions
(ST). Here we are concerned only with the CT, which
typically has a line broadening of ∼100 kHz. This spectral
broadening is comfortably within the excitation pulse spectral
broadening and probe sensitivity. The same statements are
valid for the NMR experiments in the 207Pb. Approximately
2.5k transients were averaged to form each 127I spectrum. 1H
NMR was obtained at a resonance frequency of 499.8 MHz, at
MAS of 8 kHz, and using a spin−echo pulse sequence, with a
π/2 of 3.4 μs and a recycle delay of 5 s. The interpulse delay
was varied from 125 ms to 2.5 s in order to measure the spin−
spin relaxation (T2) of the CH3NH3 protons. Sixteen transients
were averaged to form each 1H spectrum.
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2.3. Electrical Characterization. The electrical transport
measurements were performed using a four-probe method
(Keithley 2410 SourceMeter −1100 V). Impedance spectros-
copy measurements were performed by using a Solartron
Impedance Analyzer SI1260. All these electrical character-
izations were conducted using a custom-made dedicated
apparatus. Gold is evaporated on both sides of the pellet
forming a thick layer with the aim to eliminate electrode effects
in the impedance measurements.
2.4. X-ray Diffraction Measurements. X-ray diffraction

(XRD) data were collected in a Debye−Scherrer geometry on
a STADI-P diffractometer (Stoe, Darmstadt, Germany) with
MoKα1 radiation (λ = 0.7093 Å) with a curved Ge(111)
crystal, with a tube voltage of 40 kV and a current of 40 mA.
Besides, XRD data from the as-grown MAPbI3 powder and
powdered pellets were collected as a function of temperature
from 30 to 200 °C. The samples were hand-ground in an agate
mortar and then packed into 0.5 mm quartz capillaries
(Hilgenberg, Malsfeld, Germany), which were kept spinning
during data collection. The Rietveld method36 implemented in
the GSAS software package37 was used to refine the structural
parameters and peak profiles from the XRD patterns. Surface
morphological studies of the samples were carried out using
scanning electron microscopy (SEM) (JEOL FEG-SEM JSM
6701F).
2.5. Thermal Characterization. To examine the phase

transition in CH3NH3PbI3 microcrystals, differential scanning
calorimetry (DSC) was performed on a Q2000 calorimeter
(TA Instruments). The experiment was conducted at a rate of
5 °C/min over a temperature range of 30−80 °C under a
nitrogen atmosphere using 5 mg of sample for each run.
2.6. Optical Characterization. Photoluminescence meas-

urements were performed as a function of temperature from 20
to 81 °C using a 488 nm (2.54 eV) line of an Ar-ion laser
(MellesGriot 35 IMA 410-120) as the excitation source. The
perovskite pellet was placed on a glass substrate, and the
temperature was controlled by a heater. The angle of incidence
was 60° measured from the normal. The PL signal from the
perovskite pellet was collected by another optical fiber placed
at normal incidence. The laser power was maintained at 1 mW
in all measurements, and the photoemission was analyzed by a
grating monochromator (Acton SP2300 with 300 grooves·
mm−1). The signal was collected with a CCD (PIXIS 256)
camera connected to the exit of the monochromator. The

diffuse reflectance spectroscopy was carried out on Varian
Cary50 UV−vis spectrophotometer using a Barrelino Remote
Diffuse Reflection device connected with an optical fiber
coupler probe. The sample was placed on a glass substrate and
irradiated with a Xenon flash lamp, and the absorption
spectrum was collected from 400 to 1000 nm.

2.7. Density Functional Theory Calculations. To
identify the possible sources for the ionic charge carriers, we
carried out density functional theory (DFT) calculations for
iodine and hydrogen interstitials. Our calculations are based on
DFT1,2 in the generalized gradient approximation (GGA)3 as
implemented in the Vienna ab initio Simulation Package
(VASP) code.4,5 The projector augmented wave (PAW)6,7

method was used to describe the electron−ion interaction with
a cutoff energy of 400 eV for the plane-wave basis set. We
adopted the tetragonal structure for MAPbI3 and expect that
our results are also valid for the cubic structure. We first
optimized the lattice parameters for the primitive cell with 4 ×
4 × 4 k-points for integrations over the Brillouin zone. We then
constructed a supercell, which is a 2 × 2 × 2 repetition of the
primitive tetragonal cell to perform the defect calculations,
using a single k-point [(1/4, 1/4, 1/4)] for integrations over
the Brillouin zone.

3. RESULTS AND DISCUSSION
Polycrystalline hybrid organic−inorganic MAPbI3 perovskites
were synthesized by the solvothermal method, as described
above. Figure 1 shows the room-temperature XRD pattern of
the as-prepared MAPbI3 powder, which was indexed to the
tetragonal phase I4/mcm space group (COD ID 4124388).38

This crystal structure contains ordered iodine sites at 8h
positions and disordered ones at 4a positions (octahedral basal
plane). The position of the organic MA molecules has been
refined by using neutron diffraction data.11 In our refinement,
we have used those positions as fixed parameters. The unit-cell
parameters, a = b = 8.850(1) Å and c = 12.637(2) Å, were
obtained by Rietveld refinement and are in good agreement
with the data reported in the literature.39,40 The morphology of
the as-grown sample is shown in the inset of Figure 1. The
SEM image illustrates that the sample was synthesized as
regular cuboid crystals with high size dispersity, average sizes of
7.2 μm, and standard deviation of 1.6 μm; see the size
distribution in Figure S1 of the Supporting Information.

Figure 1. Room-temperature XRD Rietveld plot of the as-prepared MAPbI3 powder synthesized by the solvothermal method, which is indexed as a
tetragonal phase with I4/mcm space group symmetry. The difference between the experimental and simulated data is presented at the bottom. The
inset exhibits an SEM image of the cuboid morphology of the as-grown samples. Asterisks indicate traces of 0.56 wt % of PbI2.
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The MAPbI3 powder was compacted into pellets with
simultaneous annealing at T = 100 °C for 5 h by using a hot-
pressure apparatus which is different from all reported works in
the literature. Cross-section SEM images presented in Figure
2a−c show the fracture morphology of a pellet. The
application of pressure simultaneously with temperature
resulted in high-density pellets with well-defined grain
boundary morphology. The fractured surface reveals a grain
size of ∼5 μm and a very-low porosity degree. Usually, hot
pressure and thermal treatment are performed in order to
eliminate internal voids and porosity of the pellet sample. The
combination of pressure and temperature promotes particles’
growth and denser pellets. In the hybrid perovskite
polycrystals, the stress caused by the HIP process deforms
and compresses the cuboids resulting in a reduction of the
particle size. We observe that the perovskite particles exhibit
plasticity; i.e., MAPbI3 undergoes nonreversible deformation.
The perovskite particles seem to be a high-viscosity material,
which results in a plastic deformation of the cuboids. The
methylammonium molecule might be contributing to the high-
viscosity characteristics due to the interplay of the MA with the
crystalline lattice.
DSC analysis was carried out to confirm the presence of the

well-known structural phase transition in the MAPbI3 pellet
sample. As shown in Figure 3a, during the first heating scan, an
endothermic valley was observed at Tend = 56.0 °C, revealing
the temperature of the tetragonal-to-cubic phase transi-
tion.41−43 On cooling, an exothermic peak at Texo = 54.8 °C
is observed, confirming the reversibility character of this first-
order phase transition. XRD measurements as a function of
temperature (see the Supporting Information) confirm the
structural phase transition. Figure 3b shows the pseudocubic
lattice parameters obtained by Rietveld refinements as a
function of temperature, where =a a/ 2T and cT = c/2. The
lattice parameters show change of about 0.4% in the tetragonal
phase as the temperature increases. In the case of the
tetragonal phase, the crystal structure expands along the aT
direction and decreases along the cT direction.44 The Rietveld
refinement for the cubic phase was performed using the space
group Pm3̅m (COD ID 7225287)45 where ac is the lattice
parameter of the cubic structural phase. The iodine atoms of
the tetragonal phase located at the 4a site play an important
role in the structural phase transition induced by temperature.
The symmetry operations of this site rearrange the iodine
atoms in the ab plane. As a consequence, the tilted angles are

corrected by the rotation of the PbI6 octahedral along the cT
axis, and the aT axis expands linearly by the increase of the Pb−
Pb bound distance.46 Also, the thermal expansion coefficient of
the unit-cell volume is linear for temperatures below and above
TS, as shown in Figure 3c, indicating the harmonic effects of
the crystal lattice. Atomic displacements are manifested by the
shift of the (002) and (110) planes, which merge into the
(100) plane of the cubic phase above the transition
temperature.
Figure 4 shows the electrical resistivity of the MAPbI3 pellet

as a function of temperature. The electrical resistivity at room
temperature is around 0.5 MΩ·cm. The electrical resistivity
increases with temperature until ∼64 °C, when it reaches a
maximum value of ∼1.4 MΩ·cm. This metallic-like behavior

Figure 2. Cross-sectional SEM images obtained from the fractured surface of the pelletized sample of MAPbI3 perovskite. After compression and
annealing, the perovskite cuboid-shaped polycrystals turned into irregular micrograins.

Figure 3. (a) DSC cycle of pelletized MAPbI3 in the range of 30−80
°C. (b) Lattice parameters and (c) volume per formula unit as a
function of temperature.
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suggests that the charge transport is influenced by the creation
of vacancies as the temperature increases, which could trap the
charge carriers. The trapped charge carriers are suddenly
released for temperatures above TS resulting in an abrupt drop
down to ∼0.07 MΩ·cm. Then, just above the phase transition,
the electrical resistivity of the cubic phase exhibits a thermally
activated behavior followed by a temperature-independent
behavior. Single crystals of MAPbI3 are reported with
considerably higher electrical resistivity at room temperature,
about 9.5 MΩ·cm in ref 32 and 13 MΩ·cm in ref 47. In
addition, the sudden increase in the electrical resistivity close
to the phase transition is not observed in single crystals. It
demonstrates that the grain boundary effects markedly
influence the charge transport in such materials.48,49

Figure 5a shows impedance spectroscopy measurements
(Nyquist plot) as a function of temperature for the pelletized
MAPbI3 sample. The Nyquist plots reveal the presence of only
one semicircle for each measurement. Probably, the character-
istic relaxation frequencies of intragrain and intergrain
contributions are close to each other, and their deconvolution
is infeasible. This feature can be attributed to denser pellets
due to the hot-pressure process. The electrical resistivity is
defined at the low-frequency limit where the curves intercept
the abscissa axis. The real component (Z′) comprised of
intragrain and intergrain contributions increases as a function
of temperature until a maximum resistivity value of ∼8.2 MΩ·
cm, in agreement with dc measurements. Above the phase
transition temperature, the electrical resistivity decreases
monotonically as a function of temperature. This temper-
ature-dependent behavior also suggests that the charge carriers
are thermally activated in the cubic crystallographic phase.
Figure 5b shows the imaginary part of the impedance (Z″)

as a function of frequency ( f) at different temperatures in air
atmosphere. All curves were normalized to a maximum of Z″
value for the sake of clarity. The characteristic relaxation
frequency ( f r) of the system is defined as the maximum value
of Z″ vs f. The f r is related to the relaxation process of charge
carriers or electric dipolar moments.50 The relaxation process
is a response of the material to the temporal variation of the
electric field and provides information on the charge carrier
dynamics. The f r in the tetragonal phase shifts toward lower
frequencies with increasing temperature, revealing the

anomalous metallic behavior also found in dc measurements.
On the other hand, above the phase transition, we observe a
thermally activated behavior for the relaxation time. In order to
obtain the activation energy and shed light on the relaxation
mechanism, relaxation time is obtained by (τ = 1/f r). It was
observed that the temperature evolution of the relaxation time
obeys the Arrhenius equation, τ = τ0 exp(−Ea/kBT), where τ0
is the pre-exponential factor, Ea is the activation energy, and kB
is the Boltzmann constant.50,51 Figure 5c shows the linear
fitting performed on the ln(τ) vs 1/T curve. The value of Ea
obtained from the linear fitting is 0.29(5) eV. In the context of
the ac electrical resistivity measurements, the activation energy
can be interpreted as the energy required by the charge carriers
to overcome a potential barrier for transport through the
crystal lattice at temperatures above TS. Thus, in our systems,
the ac measurements suggest that the conduction is likely
governed by ionic charge carriers. However, the monotonic
decrease in resistivity in the ac in contrast with the dc electrical
measurements may indicate that there is also an electronic
contribution to the charge transport.7,52,53

To identify the moving ionic species, we consider iodine
interstitial and hydrogen impurities in DFT calculations. The
former is the lowest energy defect, and the interstitial-mediated
ionic migration does not involve its formation energy, rather
only its migration barrier. Hydrogen, on the other hand, is a
ubiquitous impurity that is present in all growth and processing
environments, and it is likely to incorporate in the interstitial

Figure 4. Electrical resistivity as a function of temperature below and
above the structural phase transition.

Figure 5. (a) Impedance spectroscopy measurements (Nyquist plot)
for pelletized sample for several temperatures: (1) 47, (2) 56, (3) 59,
(4) 66, (5) 72, (6) 84, and (7) 90 °C. (b) Normalized imaginary
impedance as a function of frequency (Z″ vs f) for several
temperatures. (c) Relaxation time as a function of temperature. The
value of the activation energy is 0.29(5) eV.
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sites, forming a bond with the iodine ion. We first consider the
I interstitial in the 1+ and 1− charge states. The stable
configurations in the two charge states are shown in Figure 6a

and b. In the 1+ charge state, the iodine interstitial is closest to
the two other iodine sitting at the regular lattice sites, forming
a trimer. Due to the high packing density of the perovskite
crystal structure, the lowest energy migration barrier involves
Ii+ kicking a neighboring iodine from its lattice site, displacing
it to an interstitial site, as shown in Figure 6a.
In the 1− charge state (Ii−), the interstitial iodine forms an I2

dimer structure as shown in Figure 6b. We can understand the
structure of Ii− as follows. An extra I atom in the MAPI crystal
may approach an I sitting at a regular site, and together they
form an I2 dimer sharing a regular lattice site in a so-called split
interstitial configuration. The free I2 dimer is a closed-shell
system. However, in MAPbI3, the I2 dimer occupies the site of
a single I ion, which normally receives one electron from the
two neighboring Pb ions. So, it is reasonable to expect that a
neutral I2 replacing one I will be negatively charged, Ii−. The
migration of Ii

− involves one of the I atoms in the I2 dimer
structure moving toward a neighboring I, forming a new dimer
with it. We find a migration barrier of 0.60 eV for Ii+ and 0.15
eV for Ii−. The latter is in good agreement with the calculated
value of 0.12 eV reported by Meggiolaro et al.21 and of 0.19 eV
for migration in the ab plane reported by Ming et al.28 The
migration barrier for Ii+ has not yet been reported in the
literature to the best of our knowledge, despite it having been
predicted to be a stable charge state configuration28 when the
Fermi level is near the valence band.
In the case of the interstitial H impurity, we find that in the

positive charge state, Hi
+, the H ion forms a bond with one

lattice I. In the lowest energy configuration, Hi
+ sits in the

middle of two equatorial I atoms, while it is closer to one I by
0.2 Å than to the other, as shown in Figure 7 (initial). In the
first step of the Hi

+ migration, the H ion moves closer to the

next nearest equatorial I. This is followed by a rotation of the
H ion around this equatorial I, ending close to a nearest apical
I. After the last step, the Hi

+ ends up bridging an equatorial and
an apical I, as shown in Figure 7 (final). This process is
accompanied by a significant local structure relaxation. The
calculated migration barrier is 0.3 eV, in good agreement with
the reported value of 0.29 eV.54 In the neutral and negative
charge states, Hi

0 and Hi
−, previous calculations indicate much

higher migration barriers, i.e., higher than 0.5 eV, and have not
been considered here. Therefore, from the DFT calculations
discussed above, we conclude that the possible species
contributing to the ionic conductivity are positive interstitial
hydrogen Hi

+ and negatively charged iodine interstitial Ii−.
Ionic mobility and possible local structure variation across

the phase transition were also investigated by NMR measure-
ments. However, note that these measurements were not
performed under bias. Figure 8 shows the 207Pb NMR spectra
of the MAPbI3 (left panel), their center of gravity, and
broadening as a function of temperature (right panels). The
spectra are broad lines with their center of gravity increasing in
frequency from 1360 to 1420 ppm as temperature increases,
while their broadening decreases linearly from 290 to 240 ppm
(with some intense scattering at temperatures higher than 55
°C). The fact that the powder pattern is observed as quasi-
symmetric lines is related to the high symmetry of the
tetragonal and cubic structures. The 207Pb is an I = 1/2 nuclei
with a broad chemical shift range due to its large orbital
extension; thus, its center of gravity is highly influenced by site
symmetry and site distortions. Its spectral broadening is
dominated by the chemical shift anisotropy powder pattern
and dipolar coupling, i.e., site symmetry and their surrounding
atoms and the bonding distances. The seemingly linear
behavior of both parameters indicates that the 207Pb neighbors
are not promoted as mobile ions, and its site symmetry
changes smoothly as the temperature increases over the phase
transition (in agreement with the XRD results).
Figure 9 shows the 127I NMR spectra of the sample as a

function of temperature (left panel) and the center of gravity
and broadening of the central transition resonance line (right
panels). The spectra are composed of a CT resonance around
−500/−1500 ppm and side peaks corresponding to ST. It is
worth mentioning that due to the fast spin−spin relaxation
rates (that reflect a high spectral broadening), spin−echo
experiments could not be performed, but single pulse ones and
the phasing of the spectra are not unambiguous. For the sake
of comparison, we impose the same phasing for all the spectra

Figure 6. Configurations and migration path of I interstitial in
MaPbI3: (a) Ii

+ interstitial; (b) Ii
− interstitial. For the sake of clarity,

only the Pb and I atoms in the ab- plane are shown.

Figure 7. Most stable configuration. Migration path of the interstitial
hydrogen impurity in the positive charge state, Hi

+. Left panel: initial
configuration where the Hi

+ is connecting two equatorial I; right
panel: final configuration where Hi

+ is bridging an equatorial and an
apical I. The a, b, and c axes of the tetragonal crystal structure are
indicated.
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(by choosing the spectral shape), but that does not exclude
possible distortions in the spectra (see the experimental
section). However, this is the first 127I NMR data at high
magnetic field reported for the MAPbI3, and the spectra can
show site distortions and mobile ions (more commonly
reported is Nuclear Quadrupolar Resonance on 127I). The 127I
is an I = 5/2 nuclei with high quadrupole moment (−0.79 ×
1028 Q/m2), such that the quadrupole coupling is the
dominant effect in the spectral broadening. For that reason,
the static and the MAS spectra are identical (not shown), since
MAS is not capable of average second-order quadrupolar
anisotropies. The spectral broadening is an evidence of small
site asymmetries while the presence of mobile iodine ions is
manifested as narrow resonance lines.
Figure 9 (right panel) shows that there are no systematic

changes in the 127I spectral broadening as temperature
increases, but the data are scattered around 360 ppm. This
fact indicates that free iodine is not being generated in the

MAPbI3 pellets as the temperature increases over the transition
phase, or, if so, it does not represent more than 5% in the
relative ratio, which is our estimate for the technique detection
sensitivity. Furthermore, the center of gravity of the central
transition line shifts to lower frequencies as temperature
increases linearly. The center of gravity is also influenced by
the site symmetry, and its linear behavior evidences that the
changes in the 127I site around the phase transition temperature
are a smooth process of adjustment from the tetragonal to the
cubic phase, not only in terms of its crystal structure (as
evidenced by the XRD data) but also locally.
We have also collected 1H MAS NMR spin−echo spectra for

the MAPbI3 sample (see the Supporting Information for
representative spectra and T2). At short evolution times (<1.5
ms), the spectra resemble the single pulse ones. It has two
peaks at 3.5 and 6.5 ppm, which are due to the 1H from the
methylene and ammonium groups, respectively. These are the
1H in the CH3NH3 structure of the perovskite. As the

Figure 8. 207Pb NMR spectra of the MAPbI3 (left panel), their center of gravity, and broadening as a function of temperature (right panels).

Figure 9. 127I NMR spectra of the sample as a function of temperature (left panel) and the center of gravity and broadening of the central transition
resonance line (right panel).
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interpulse delays are done longer, these signals are suppressed
due to the homonuclear dipolar coupling, the driving
mechanism for the spin−spin relaxation in 1H solid-state
NMR for such structures. The signal suppression is more
pronounced in immobile 1H isotopes. Thus, at longer
interpulse delays (∼2.5 ms), the spectra are dominated by
“liquidlike” 1H isotopes. There remain three resonance signals,
one more intense at 1.2 ppm and two small peaks at 3.8 and
4.7 ppm. The peak at 1.2 ppm is most likely due to small
portions of adsorbed water in the sample, and the other peaks
are difficult to be identified, but they represent marginal
amounts of 1H isotopes in the sample. Most importantly, there
are no additional mobile protons as the temperature increases
even above the tetragonal-to-cubic phase transition, since the
T2 of the signals related to the methylammonium protons
remain steady for all temperatures (in agreement with the
conclusions from the DFT results).
We have also investigated the temperature-dependent

optical properties across the phase transition in order to gain
a better understanding of the charge transport mechanism
changes and the impact on the electrical resistivity. The
optoelectronic properties of semiconducting materials are
closely related to the bandgap and electron−hole pair creation.
The transport mechanism of the intrinsic semiconducting
materials is determined by the bandgap value. Besides, light
emission properties also reveal information about the bandgap.
The absorbance of the perovskite powder was measured by
using the UV−vis spectroscopy characterization at room
temperature in the wavelength region 650−900 nm; see
Figure 10a. The band-to-band optical transition was
determined by the Tauc plot from the UV−vis absorption
spectra for a direct-bandgap semiconductor without excitonic
effects (Figure 10b). The zero-crossing point gives Eg =
1.49(1) eV, which is lower than the previously reported values

for both polycrystalline bandgap energy (about 1.61 eV)20 and
high-quality single crystals (about 1.51 eV).55 Also, we
performed PL emission measurements as a function of
temperature across the phase transition. Figure 10c shows
representative PL spectra at 20, 60, and 81 °C to better
illustrate the effect of phase transition. Figure 10d shows the
energy gap variation as a function of temperature. The PL
behavior of the MAPbI3 sample is in good agreement with the
light emission from thin films, microwires, nanowires, and
other irregular morphologies reported in the literature.56−58

We have observed a slight blue-shift due to line broadening
with increasing temperatures. A negligible change in the
bandgap energy is observed despite the drastic decrease in the
electrical resistivity from below to above TS,in agreement with
other studies.58,59

Both macroscopic and local measurements of structural,
optical, thermal, and electrical transport (ac and dc) properties
across the structural phase transition of pellets of MAPbI3 have
revealed important results and can be correlated as following.
The XRD measurements as a function of temperature confirm
the tetragonal-to-cubic phase transition of MAPbI3 at TS = 56
°C. The phase transition is accompanied by the I−Pb−I angle
changing, which results in the rotation of the PbI6 octahedral
(see Figure S5 in the Supporting Information). Accordingly,
127I and 207Pb NMR measurements reveal that the I and Pb
sites smoothly adjust from the tetragonal to the cubic phase as
temperature increases. The literature also reports that the
rotation of the PbI6 octahedral is brought about by the order−
disorder of MA cations.11,32 NMR measurements, like 1H, 127I,
and 207Pb local probes, also reveal that the ionic species
diffusion preserves the dynamics below and above the
structural phase transition, indicating that the significant
diffusion of the ionic species occurs just under the influence
of an applied electrical field.

Figure 10. (a) Absorbance at room temperature and (b) (the y-axis label of figure (b) is cut) the band-to-band optical transition determined by the
Tauc plot fitting from the UV−vis absorption spectra for a direct-bandgap semiconductor. The zero-crossing point gives Eg = 1.49 eV. (c)
Photoluminescence spectra at selected temperatures of MAPbI3 pelletized sample. (d) Energy gap variation as a function of all measured
temperatures.
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Further, the behavior of both dc and ac measurements below
and above TS is different and can shed light on the nature of
the conduction mechanism. In the tetragonal phase, the
resistivity increases with temperature, similarly to a metallic
material for dc and ac measurements. This is in contrast to
MAPbI3 single crystals.7,32,60 The ac and dc measurements
suggest that the conduction mechanism is governed by mixed
electronic and ionic species.7,52,53 Based on DFT calculations,
we suggest that the activation energy of 0.29(5) eV for the
ionic transport in the cubic MAPbI3 can be explained by
moving negatively charged iodine interstitials (Ii−) or
interstitial hydrogen impurities (Hi

+), with calculated migra-
tion energy barriers of 0.15 and 0.30 eV. The pellet of MAPbI3
exhibits much lower electrical resistivity in comparison to
single-crystalline samples,32,47 suggesting a strong influence of
the electric transport due to grain boundary effects.48,49 The
high electrical resistivity in the tetragonal phase can be
attributed to scattering due to grain boundaries and the
misalignment of the crystal lattice between neighboring grains.
The abrupt decrease in resistivity with temperature across the
tetragonal-to-cubic phase transition can be attributed to the
isotropic nature of the cubic structure and the consequent
small mismatch at the grain boundaries. Additionally, the
decrease in the electrical resistivity can also be induced by
intermediate energy levels, which can be created in the
bandgap at the grain boundaries due to the inherent disorder
(dangling bonds, defects, strain, etc.), which is a characteristic
of compacted polycrystalline powder.14,48 These intermediate
energy levels can be enhanced during the phase transition due
to the strong perturbation created by the mentioned intergrain
effects. Indeed, both effects might be contributing to the
distinguishing charge transport behavior of the pelletized
MAPbI3 when going over the tetragonal-to-cubic phase
transition.

4. CONCLUSIONS
We have synthesized polycrystalline MAPbI3 powder by
solvothermal methods resulting in perfect cuboid shape
morphology. The hot-pressure method was used to compact
the MAPbI3 powder into low-porosity and denser pellets with
well-defined grain boundary. The perovskite cuboids undergo
nonreversible deformation in response to applied pressure. The
MA molecule might be contributing to the plasticity of the
perovskite crystals since the orientation of the MA rules the
distances along the crystalline planes. Local measurements
confirm the smooth variation in the crystal lattice as the
temperature increases. The electrical resistivity measurements
as a function of temperature reveal the metallic-like behavior in
the tetragonal phase, followed by a thermal activating
conduction mechanism above the tetragonal-to-cubic phase
transition. Despite the drastic decrease in the electrical
resistivity across the structural phase transition, a negligible
change in the bandgap energy is observed through optical
characterization. The ac and dc measurements demonstrate
that mixed electronic and ionic species govern the conduction
mechanism. DFT calculations indicate that the activation
energy of 0.29 eV for the ionic transport in cubic MAPbI3 can
be explained by moving negatively charged iodine interstitials
(Ii−) or interstitial hydrogen impurities (Hi

+). The intergrain
arrangement also influences the significant difference in
conductivity between the tetragonal and cubic phases, and
the lattice alignment between the microstructures and the
appearance of iodine surface defects or vacancies are proposed

as driving mechanisms. Overall, we have investigated the
physical property nature of the tetragonal-to-cubic phase
transition temperature of methylammonium lead iodide
perovskite, especially concerning its charge transport and the
influence of grain boundary effects in hot-pressed pelletized
samples. We have shed light on the peculiar physical property
nature of the tetragonal-to-cubic phase transition temperature
of methylammonium lead iodide perovskite.
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