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MATERIALS SCIENCE

The existence and impact of persistent ferroelectric

domains in MAPbI;

Lauren M. Garten'*, David T. Moore’, Sanjini U. Nanayakkara', Shyam Dwaraknath?,
Philip Schulz'3, Jake Wands®*, Angus Rockett?, Brian Newell®, Kristin A. Persson>®,

Susan Trolier-McKinstry’, David S. Ginley'*

Methylammonium lead iodide (MAPblIs) exhibits exceptional photovoltaic performance, but there remains substan-
tial controversy over the existence and impact of ferroelectricity on the photovoltaic response. We confirm ferro-
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electricity in MAPblI;3 single crystals and demonstrate mediation of the electronic response by ferroelectric domain
engineering. The ferroelectric response sharply declines above 57°C, consistent with the tetragonal-to-cubic phase
transition. Concurrent band excitation piezoresponse force microscopy-contact Kelvin probe force microscopy
shows that the measured response is not dominated by spurious electrostatic interactions. Large signal poling
(>16 V/cm) orients the permanent polarization into large domains, which show stabilization over weeks. X-ray
photoemission spectroscopy results indicate a shift of 400 meV in the binding energy of the iodine core level
peaks upon poling, which is reflected in the carrier concentration results from scanning microwave impedance
microscopy. The ability to control the ferroelectric response provides routes to increase device stability and photo-

voltaic performance through domain engineering.

INTRODUCTION

Ferroelectric semiconductors have the potential to enable photovoltaic
performance not possible in other materials; ferroelectric polariza-
tion enables charge separation, allows for the design of the electrical
response, and has the potential to exceed the Shockley-Queisser
limit through the bulk photovoltaic effect (1, 2). However, classic
ferroelectric materials typically have large bandgaps and thus would
not be effective as solar energy absorbers. Here, we show that MAPDI;,
with a near ideal bandgap of 1.6 eV and verified solar cell efficiency
over 19% (3), is ferroelectric. We probe single crystals with small-
signal electrical measurements and cutting-edge scanning probe
techniques to confirm ferroelectricity in MAPbI;. Single crystals
serve as a model system allowing a probing of the fundamental
mechanisms and a complete set of data by a variety of approaches to
confirm the ferroelectric response and simultaneously avoid any
potential measurement artifacts arising from a nonstoichiometric
secondary phase or grain boundaries, which might be present in
thin film samples. The characterization techniques used to confirm
the ferroelectric response included ds; Berlincourt piezoelectric
measurements, band excitation piezoresponse force microscopy
with concurrent contact Kelvin probe force microscopy (BE-PFM/
cKPFM)), single-frequency piezoresponse force microscopy (PFM),
temperature-dependent Rayleigh analysis, and electric force micros-
copy (EFM). After identifying a ferroelectric response and deter-
mining the conditions for macroscopic domain control, the impact
of poling on the material stability and electrical response were mea-
sured through EFM, scanning microwave impedance microscopy
(sMIM), and x-ray photoemission spectroscopy (XPS).
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There are two critical requirements for ferroelectricity: the mate-
rial must have a spontaneous polarization, which forms upon going
through a paraelectric-to-ferroelectric phase transition, and that
polarization must be reorientable along at least two directions with
an applied electric field (4). Frequently, the ability to change the
direction of the polarization is probed by some combination of
PFM and polarization-electric field (PE) loops. These traditional
techniques are appropriate under the condition that the measured
charge is principally due to the intrinsic polarization of the material
and that the electronic and the ionic contributions are negligible.
However, as the material becomes more semiconducting (increas-
ing the possibility of electronic contributions) and its lattice becomes
more plastic (allowing ion motion), the application of traditional
techniques becomes difficult or impossible. MAPDI; is a semicon-
ductor with a very plastic lattice and is, as we will show here, ferro-
electric. This highlights the need for a definitive determination of
ferroelectricity that will require the use of techniques capable of
detecting ferroelectricity in materials with large electronic and ionic
contributions to conductivity. This work elucidates the ferroelectric
response in these materials, sheds light on the contradictory reports
of ferroelectricity, and shows the mediation of the domain and, thus,
electrical response through domain engineering.

RESULTS

Piezoelectricity is a prerequisite of ferroelectricity and is easier to
detect using direct, macroscopic measurements. Here, the ds; piezo-
electric coefficient is measured using a Berlincourt meter. Berlin-
court measurements use the application of a symmetric axial strain
to the crystal to generate a current in the sample through the piezo-
electric effect. No electric field is applied during this measurement,
only a symmetric axial strain, which would not drive free charge or
ion migration. Prior to the application of an electric field, no piezo-
electric response could be measured in our samples. When a material
is ferroelectric, it can have the polarization oriented along multiple di-
rections. To see a macroscopic piezoelectric response, the polarization
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must be aligned predominately along one direction so that there is a
macroscopic broken center of symmetry. To align the polarization
along one direction, we use an electric field (termed “poling”). The sam-
ples are poled for 5 min at 21 V/cm. Five minutes after poling, d3; was
found to be 54 pC/N. The measured value is in good agreement with
the value calculated by density functional theory (DFT) of 32.8 pC/N
(see the Supplementary Materials for details on DFT calculations).
This confirms that MAPDI; is piezoelectric, that is, it exhibits a non-
centrosymmetric structure at room temperature. Observing a piezo-
electric response after poling is consistent with ferroelectricity. To
further determine that this response is due to ferroelectricity, we
investigated polarization response to an applied electric field.

As noted above, decoupling the electronic, ionic, and dipolar ef-
fects in MAPbDI; is not trivial due to the electronic and ionic contri-
butions to conductivity. Therefore, we use BE-PFM/cKPFM to show
that MAPbI; is ferroelectric and that the response is predominately
from the ferroelectric polarization. BE-PFM/cKPFM is the current
state of the art, which has previously been shown to differentiate
between ferroelectric (electromechanical) and electrostatic contri-
butions to ferroelectric hysteresis (5).

The cKPFM response is consistent with the presence of an in-
trinsic ferroelectric polarization in the crystal and that the polariza-
tion is switchable by an external field. The cKPFM protocol, described
further in the Supplementary Materials, uses DC pulses (write steps,
Virite) to change the functional response (e.g., due to ferroelectric
switching) and the application of a subsequent smaller DC voltage
(read step, Vieaq) to track the changes in electrostatic forces. Figure 1A
shows an image of an as-grown MAPbI; single crystal prior to elec-
trical measurements. Figure 1B shows a schematic of the write steps
(and subsequent read steps) taken using a 10x amplifier from 0 to
15V, then 15 to =15 V, and then —15 to 0 V with read steps from -2
to 2 V. A schematic of the read and write voltage steps is shown in
fig. S2A, with the cKPFM data only from the maximum positive to
maximum negative write voltage for a single point, single measure-
ment in fig. S2B. The resulting cKPFM as a function of read step for
a series of poling (write) voltages is shown in Fig. 1C. With increas-
ing positive write voltage from 0 to 15 V, indicated by the color
scale, the sample is poled into a predominately positive domain ori-
entation, which is maintained as the voltage is then decreased (from
15to 0 V), creating a band of constant response. This process is then
repeated as the sample is poled in the opposite direction, creating
two discrete bands each offset equally from the origin, indicating
that there are two discrete switchable polarization states (ferroelec-
tricity). Figure 1C shows a saturation of the y intercept as the intrinsic
polarization saturates and the electrostatic contributions appear
negligible in comparison. In addition, the cKPFM response as a
function of read voltage is nearly horizontal, indicating little electro-
static contribution.

During the cKPFM read and write steps, the periodic tip oscilla-
tions are monitored in band excitation PFM mode. In BE-PFM, an
AC excitation voltage with a band of frequencies centered around
the contact resonance frequency is applied to track voltage-induced
changes in functional response. By tracking the full resonance re-
sponse, BE-PFM avoids the issues that plague single-frequency PFM,
where changes in tip, e.g., variation in sample contact stiffness, can
be mistaken as a change in the piezoelectric response (6). The
frequency-dependent BE-PEFM response is fit to a simple harmonic
oscillator model, from which the oscillation amplitude, phase, reso-
nance frequency, and quality factor are extracted. Raw amplitude
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and phase spectrograms for a single-point measurement are shown
in fig. S1 (A and B), and a schematic of the write steps (—15 to 15 V)
and read steps (-2 to 2 V) made during the BE-PFM/cKPFM mea-
surements is shown in fig. S1C. Figure 1D is the average off-field
response for all read steps (where the y axis response is the ampli-
tude x cosine of the phase). Figure 1E shows the average on-field
loop (taken during the application of the write DC voltage). The
pure PEM response comes from the cKPFM measurements taken at
0 Vyead- The piezoresponse taken as the average of 10 measurements
taken over 10 locations on the sample is shown in fig. S3. The ob-
served functional response is consistent with ferroelectric hysteresis
due to polarization switching, with a coercive voltage of approxi-
mately 3.5 to 4.0 V. The sharpness of these hysteresis loops and the
minimal difference between the initial and final polarization indi-
cate low injected charge during cycling; thus, the response is not
dominated by surface charge. This finding is further supported by the
SMIM data, discussed below, which show a modest change in carrier
density and net carrier type (i.e., Fermi level) across domains. In the
present study, the BE-PFM/cKPFM data confirm that this response
is predominantly due to the intrinsic polarization and shows the
switching of this polarization with an applied electric field.

The ferroelectric response is further corroborated by single-
frequency PFM amplitude and phase as a function of applied Vpc
(shown in fig. S4). These measurements are taken on fresh crystals
prior to any poling voltage being applied. Notably, the offset in both
the amplitude and phase data between the trace and retrace is much
smaller than typical ferroelectrics, which is consistent with relaxor
ferroelectricity. Relaxor ferroelectrics have a spontaneous polariza-
tion, which orders into nanoscale polar regions typically associated
with regions of nanoscale chemical inhomogeneity (7). Given these
results, the offset minimum in the forward and reverse sweeps, the
linear displacement with applied field, and the hysteresis in trace
and retrace can be assigned to a piezoelectric (rather than a pure
electrostrictive) response associated with the reorientation of ferro-
electric domains by an electric field. The concomitant phase shift of
180° is also indicative of a ferroelectric domain reversal.

Taken in concert, the BE-PFM/cKPFM and PFM data show that
this material fulfills the criteria of ferroelectricity, a spontaneous
polarization that can be reoriented with the application of an elec-
tric field. To further corroborate these results, we have also used
advanced alternative methodologies based on Rayleigh analysis.
The Rayleigh response is the linear change in permittivity under an
applied electric field, Exc, due to the irreversible movement of do-
main walls, domain clusters, or phase boundaries. (8). Rayleigh
analysis has been used as an indicator for the presence of ferroelec-
tric domain wall movement with a Gaussian distribution of restor-
ing forces. Figure 2A shows the Exc-induced dielectric response
measured under small-signal conditions (<8.3 V/cm, <2 V) at 1 MHz
with increasing temperature. The Rayleigh coefficient and concur-
rent loss are shown in fig. S4 (A and B). A clear Rayleigh response is
apparent in MAPbI;, indicating ferroelectric polar clusters, with
mobile boundaries. The movement of the boundary between two
ferroelectric domains (areas where the polarization is oriented
along the same direction) in this case comes from the switching of
the polarization orientation in the areas at or near that boundary
due to the applied electric field.

The AC electric field dispersion, the Rayleigh response, decays
with increasing temperature, sharply declining near 57°C, and, lastly,
disappearing beyond 75°C. The transition near 57°C is consistent
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Fig. 1. Band excitation piezoresponse force microscopy with contact Kelvin probe force microscopy. (A) Image of an as-grown single crystal of MAPbI; with natural
faceting. (B) The cKPFM response as a function of read voltage for a number of write voltages indicated by color. (C) The averaged BE-PFM off-field response and subse-
quent write steps as a function of applied DC write voltage. (D) The averaged BE-PFM on-field response and subsequent write steps as a function of applied DC write

voltage. a.u., arbitrary units.

with previous reports of the temperature of transition between the
tetragonal and cubic phases between 60° and 65°C (9). Figure 2B
shows the transition temperatures for the paraelectric (cubic) phase
to the ferroelectric (tetragonal) phase compared with the tempera-
ture range of the Rayleigh response. The consistency of the transi-
tion to the Rayleigh response and the fact that the AC electric field
dispersion (the Rayleigh response) and dielectric loss tangent de-
crease with increasing temperature exclude ion motion as the sole
origin of the response. The Rayleigh coefficient, shown in fig. S4,
was calculated from the slope of the AC electric field dependence of
the permittivity. There are many contributions to the loss in these
materials leading to a convoluted response, but if only space-charge
mechanisms were present, then the permittivity and loss tangent
should increase with temperature. The fact that the permittivity de-
creases as the temperature increases is consistent with ferroelectricity
(4). This is also consistent with the loss of dispersion in the permit-
tivity data above approximately 57°C.

The persistence of the Rayleigh response beyond the global
phase transition temperature, taken with the narrow hysteresis in the
spontaneous polarization (PFM data above), implies that MAPDI;
is a relaxor ferroelectric. The nanoscale regions of local polarity
in relaxor ferroelectrics can be randomly oriented (the bulk polar-
ization being the spatial/temporal average of all domains), and some
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can persist above the global phase transition temperature (8). This
effect gives rise to narrow hysteresis loops, a persistent Rayleigh
response above the macroscopic phase transition temperature, fre-
quency dispersion in the dielectric temperature dependence, which
collapses above the macroscopic transition temperature, and the
ability to induce a macroscopic ferroelectric response with applied
electric field (7). All of these characteristics are shown here.

In addition to demonstrating that single-crystal MAPbI; exhib-
its ferroelectric behavior across many measurement modalities, the
ability to pole the material into persistent macroscopic domains in-
dicates that domain engineering can be used to select for a desired
predominant polarization orientation and, thus, control the struc-
ture and electronic response. After removing the applied bias, large
visible domain structures remained. Periodic domain structures
extended millimeters across the surface of the samples, with do-
main widths that varied with poling field and orientation, ranging
from approximately 2 to 40 um (shown in Fig. 2C). An image of the
crystal surface prior to poling is shown in fig. S5. It should also be
stressed that the use of the term “persistent” here is to stress that the
ferroelectricity does not disappear over time. The domain walls can
move due to the switching of a few unit cells near the walls under
applied electric field so that one area of polarization will grow at the
expense of another but the material is still ferroelectric.
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Fig. 2. The ferroelectric response as a function of electric field and temperature and the impact of poling-induced macroscopic ferroelectric domains. (A) The
Rayleigh response, determined from the Exc dependence of the permittivity measured at 1 MHz, from the lowest applied signal (black) increasing with applied voltage to

the maximum (open), collapses near the global phase transition temperature for the

cubic phase. (B) A schematic of the material structure, the temperature dependence

of the global phase transitions, possible mechanisms of structural modification, and Rayleigh response in MAPblIs. (C) Optical microscope image of crystal surface after
poling showing stable periodic domain lines that extend across the face of the crystal. (D) XPS measurements showing the energy with respect to E of the | 3d core level
region. (E) XPS measurement showing the energy with respect to E¢ of the Pb 4f core level region.

In inorganic, oxide-based perovskite, ferroelectric domains have
been shown to affect both charge transport and interfacial chemis-
try (10). Therefore, with the ability to control the ferroelectric do-
main structure on a macroscopic scale comes the potential to affect
the electronic performance, which is postulated for this material
and demonstrated in other systems (11). XPS was therefore used to
examine the impact of ferroelectricity. The iodine and lead core level
spectra of a poled and unpoled MAPDI; crystal are depicted in Fig. 2
(D and E). For the unpoled crystal, the main I 3ds/, peak is centered
at 619.3 eV, which is consistent with an intrinsic response (12, 13).
Relative to the measurements taken on an unpoled crystal, the io-
dine core level peaks in the poled crystal exhibit a rigid shift in bind-
ing energy of 400 meV with a similar shift in the Pb 4f peaks (see
Table 1). This change in Fermi level, Ef, directly relates to the aver-
age change in surface polarization. A photoelectron escaping the
solid has an energy that is the sum of the unpoled escape energy and
the surface polarization energy. In this case, the shift is toward a
higher binding energy, indicating that the surface is positively
charged. In this analysis, we expect core level shifts in the opposite
direction for opposite poling. This suggests that charge separation
in and charge carrier collection from MAPbI; in a photovoltaic de-
vice could be altered by poling.

The impact of ferroelectric domains in MAPbI; was further
probed by sMIM. Figure 3 (A to C) show the topography, sMIM
amplitude, and sMIM phase, respectively. The image was acquired
on an area that exhibited multiple domain orientations after nega-
tive poling of the sample. All three images show the presence of
domains clearly. The domain visible in the images is consistent with
the domains shown in Fig. 2C. The increase in dC/dV amplitude
suggests a lower carrier concentration within the positive domain.

Garten etal., Sci. Adv. 2019; 5: eaas9311 25 January 2019

Table 1. Centroid positions of lead and iodine core level peaks before
and after poling.

Unpoled Poled
13ds/; 619.3 eV 619.7 eV
13ds), 630.8 eV 631.2eV
Pb 4f;/, 138.5eV 1389 eV
Pb 4f; 1433 eV 143.7 eV

In addition, the decrease in dC/dV phase corresponds to behavior
that is more n-type, which is in agreement with the increased Fermi
level observed by XPS. An effective standard correlating these two
datasets quantitatively with carrier concentration or Fermi level is
not available, but the results are consistent with the 400-meV shift
observed by XPS and also confirm the EFM results, described be-
low. The topographical response between domains lines up with the
sMIM signals, indicating that the domain is the source of variation
and verifying the ferroelectric nature of the material. As seen in the
topography image, there is a distinct crack running through the do-
main, which is not present in the dC/dV signals, indicating that the
sMIM response is due to the domain change, not topographical ef-
fects. There is no significant increase in carrier concentration around
the domain walls, indicating that the walls are not relatively con-
ductive and thus would not shunt a device.

In addition to the XPS and sMIM measurements, we investigated
the domain-specific electrical response through EFM. We show that
domains of differing orientations exhibit a measurably different
electrical response. Figure 3 (D to F) shows the results of both the
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Fig. 3. Scanning microwave and electrical microscopy. (A) AFM topography image depicting distinct domain boundaries. (B) sMIM (dC/dV) amplitude showing in-
creased signal within the positive domain, indicating decreased carrier concentration. (C) The positive domain displays decreased sMIM (dC/dV) phase, indicating a more
n-type region. (D) The AFM topography of domain lines, where the area delineated by dashed line corresponds to the EFM amplitude scan area in (E) at 8 V bias. (F) Line
scans corresponding to the black solid line in (D), showing the response for topography (dashed, black line, right axis), EFM amplitude signal at 0 V bias (red, dotted line,
left axis) and 8 V (blue, solid line, left axis). (G) AFM topography image and line scan (H) after aging a poled crystal for 3 weeks in ambient.

topographical and EFM scans. The 0 V, 8 V, and topographical line
scans are shown in Fig. 3F; the 0 V scan shows no response, verify-
ing that the measured EFM signal is a function of a varied electrical
response and not due to topographical features or surface chemical
potential differences. In contrast, the 8 V scan shows a specific elec-
trical response that is coincident with the domain structures. Al-
though a complete analysis and understanding of the EFM response
are beyond the scope of this work, it demonstrates domain-specific
electrical response, which, in turn, implies that a built-in field can
be engineered into working devices. Similar ferroelectric-induced
electric fields have been shown to facilitate charge separation in
other materials, indicating that domain engineering could improve
photovoltaic performance.

The difference in chemical potential at the surface of different
domains plays a large role in the stability of the material over time.
The EFM/AFM images taken after a period of intentional etching in
air for a month showed that domains in the dominant orientation
remained relatively unchanged, while preferential etching and deg-
radation occurred in domains with the opposite orientation. Etching
occurs because of the humidity in the air reacting with the MAPbI;
surface (14). This effect is shown in Fig. 3 (Gand H), with the arrow
indicating the domain boundary. While domain-specific etching
and absorption are common in inorganic ferroelectric perovskites
(15), these effects have not previously been reported in hybrid per-
ovskites. By poling a crystal or film along this preferential direction,

Garten etal., Sci. Adv. 2019; 5: eaas9311 25 January 2019

the stability of the material could be increased. It is likely that poling
could be optimized in future studies. Observing these phenomena
in MAPDI; highlights a route to increase the stability and reliability
of the material over time via targeted domain design.

DISCUSSION

Using a broad range of characterization techniques across multiple
length scales, we have confirmed the existence of ferroelectric be-
havior in single crystals of MAPDI;. To date, there are a number of
conflicting reports on the presence of ferroelectricity in hybrid pe-
rovskites. One current prevailing view is that ferroelectricity does
not or cannot occur in MAPbI; because of an inhibition of domain
formation by charge screening, or the free rotation of the MA™
groups, or an intrinsic lack of spontaneous polarization (16-18).
Others suggest that ferroelectricity can occur but is limited to tem-
peratures below 50 K (19) or that an antiferroelectric configuration
is preferable (20) or that the material is ferroeleastic but not ferro-
electric (21). Despite this, there are a number of DFT calculations,
three-dimensional drift diffusion models, and Monte Carlo simula-
tions that predict that ferroelectricity should occur in MAPDI; (22-24).
In addition, there is a well-established precedence for ferroelectricity
in perovskite-structured materials and a number of known inorganic
and hybrid perovskite ferroelectrics (25). Experimental studies have
come to conflicting consensus about the presence and persistence of
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a ferroelectric response (16, 26, 27). Rakita et al. (27) observed a
pyroelectric response and second-harmonic generation, indicating
that the material has a polar structure (which is a prerequisite but
not exclusive to a ferroelectric response). PFM results have previ-
ously been reported for MAPbI; thin films by Coll et al. (28), who
reported a transient PFM response that exhibits similar hysteresis
characteristics, but a lower magnitude for the piezoelectric response
and without the claim of permanent ferroelectricity. Domain struc-
tures similar to those observed here have also been seen in MAPbI3
thin films (29). Within that work, the reported changes in coercitiv-
ity support a relaxor ferroelectric response, where the size and, thus,
total ferroelectric response are sensitive to the frequency and ap-
plied electric field. Furthermore, identifying a ferroelectric response
and showing polarization reorientation under electric field by single-
frequency PEM in polycrystalline thin films are problematic due to
the convolution of electrostatic, electrostrictive, and topographic
contributions to the signal (5).

The presence of nanopolar regions of ferroelectricity, i.e., relax-
or ferroelectricity, in single crystals of MAPbI; explains the discrep-
ancies and disagreements within previous reports. Relaxors can
mimic a ferroelectric or dipolar glass (a material with randomly
oriented dipoles) depending on the field and temperature history
and the spatial and temporal scales of the measurement (7). Relaxor
ferroelectricity results from chemical, structural, or potential varia-
tions on the nanoscale, which are known to occur in hybrid materi-
als (30). The residual amorphous material, grain boundaries, and
secondary phases found in many hybrid thin films would further
hinder ferroelectric measurements. One consequence of relaxor
ferroelectricity in MAPbI; would be a large change in the electrical
response of the material after any change in the local chemical inhomo-
geneity. In addition, since relaxor ferroelectrics can be poled into
a macroscopic state, as we have shown, and because the coercive
voltage for this is low, it is possible that material could see high
enough voltages during operation to lead to further structural and
electrical changes.

It has also been suggested that the rotation of the MA™ ions with-
in the inorganic framework could inhibit ferroelectric ordering;
however, recent quasi-elastic neutron scattering and Monte Carlo
simulations have shown that the MA™ groups do not freely rotate
but hop between equivalent positions oriented toward the cubic
faces (31). This is akin to the dynamic dipole rotations in barium
titanate, a prototypical ferroelectric, and lead magnesium niobate, a
relaxor ferroelectric (32). Density functional perturbation theory
calculations of the piezoelectric tensor for MAPbI; show an order of
magnitude variation of ds; depending on the orientation of the
MA" ions. The calculated d3; ranges from a maximum of 32.8 pC/N
when the MA" ions are aligned in a polar configuration to a mini-
mum of 2.9 pC/N when the MA™ ions are oppositely aligned in a
nonpolar configuration. The similarity of the measured ds; with the
calculated ds; for the polar configuration suggests that the MA"
ions are aligned in a polar configuration during the piezoelectric
measurements, which is counter to most theories that suggest MA*
cation orientation is fully disordered at temperatures tested in this
work. Allowing for a preferential orientation for the MA™ cation is
fully commensurate with relaxor ferroelectric description of MAPbI;
in which the reaction coordinate for the ferroelectric behavior is the
relative order of the MA™ cation orientation.

Dipole doping in ferroelectric semiconductors is known to in-
crease the Vi, /s, and the fill factor of the photovoltaic response,
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and it is likely that similar effects would contribute to the high effi-
ciency in MAPbI; (1). It is also possible that the ferroelectric response
could contribute to the J-V hysteresis observed in many MAPbI;-
based solar cells, although there are likely many other dominant
contributors to this phenomenon. Domain engineering through
poling of the nanopolar regions into macroscopic domains provides
routes not only to increased stability and directional control of the
electrical response in MAPbI; but also the potential to mitigate the
ferroelectric contributions to hysteretic electrical properties.

An important implication of this work is that any ferroelectric
semiconductor, such as MAPbI;, can also exhibit the bulk photo-
voltaic effect (2). The bulk photovoltaic effect in ferroelectrics relies
on the spontaneous polarization, which enables efficient separation
of photo-excited charge carriers without a p-n junction. Ferroelectric
photovoltaic absorbers have been reported to exceed the Shockley-
Queisser limit (2). In addition, BPE devices can have a V. > band-
gap. The current record efficiency for a BPE device is 8.1%, but first
principles calculations predict that if MAPDI; is ferroelectric, which
we show here, then the BPE coefficient would be three times greater
than the class of materials that are the current record holders (33).
Previous reports of similar ferroelectric hybrid organic-inorganic
halide perovskites have shown a BPE response with a V. of 32 V
(34). Reports of giant photostriction and a giant switchable photo-
voltaic effect in MAPbI; are also suggestive of a BPE response (35).
Within this, work we show that the MAPbI; is ferroelectric, that the
polarization can be controlled through poling, and that the domain
structure affects the optoelectronic response, three critical criteria
for the development of BPE devices. These results support the idea
that the BPE effect in MAPbI; may contribute to the spectacular
photovoltaic response observed in this material.

The current work shows, through a variety of characterization
techniques, the existence of relaxor ferroelectric behavior in single
crystals of MAPbI;. The application of uncommon techniques, such
as ds3 Berlincourt measurements, BE-PFM/cKPFM, Rayleigh analy-
sis, and small-signal, large-area PFM have provided insight into the
complex ferroelectric response of these hybrid organic-inorganic
perovskite materials. Identifying nanopolar regions of ferroelectric-
ity, i.e., relaxor ferroelectricity, helps to explain and resolve the per-
sistent debate within previous reports. This work also demonstrates
how to control the ferroelectricity response in MAPbI; and its influ-
ence on the optoelectronic response, such as measurable changes in
Fermi level position, conductivity, response to an electrical probe,
and the rate at which it degrades, suggesting that domain engineer-
ing is a viable route to increased performance and stability.

MATERIALS AND METHODS

Crystal growth, characterization, and preparation

Single crystals were prepared using an acid-initiated solution growth
method similar to that previously reported (36). Briefly, iodide salt
solutions at 0.8 M in 4 ml of fresh y-butyrolactone were prepared by
dissolving the salts at 55°C with vigorous stirring for at least 30 min.
The solution was filtered with a 0.45-um syringe filter and placed in
an oil bath at 95°C in a closed crystallization dish. After the initial
seed growth, an appropriate seed crystal (~0.5 mm) was placed in a
similarly prepared solution and allowed to grow for 10 to 12 hours.
The process was repeated multiple times until the crystal was of an
appropriate size for the characterization technique. For the poling
and EFM measurements, a double-sided, conductive copper tape was
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used to form an electrical connection between the crystal and a con-
ducting substrate. This electric field was approximately 21 V/cm,
but the local electric field could have varied due to differences in the
contact with the removable electrodes. Future work should be able to
optimize poling. For the Rayleigh analysis and PFM, 100-nm-thick
gold electrodes, approximately 3 mm in diameter, were thermally
evaporated on opposite facets of the crystal; electrical connection
was made by adhering the bottom facet to a metalized substrate us-
ing silver paste and using a microprobe to contact the top electrode.

X-ray crystallography

Structures were determined for the compounds listed in table S1.
Single crystals were coated with paratone-N oil and mounted under
a cold stream of dinitrogen gas. Single-crystal x-ray diffraction data
were acquired on a Bruker Kappa APEX II CCD diffractometer with
Mo Ko radiation (A = 0.71073 A) and a graphite monochromator.
Initial lattice parameters were obtained from a least-squares analy-
sis of more than 100 reflections; these parameters were later refined
against all data. None of the crystals showed significant decay during
data collection. Data were integrated and corrected for Lorentz and
polarization effects using Bruker APEX3 software, and semiempirical
absorption corrections were applied using SCALE (Sheldrick, G.M.
SADABS - a program for area detector absorption corrections).
Space group assignments were based on systematic absences, E sta-
tistics, and successful refinement of the structures. Structures were
solved using Direct Methods and were refined with the aid of suc-
cessive Fourier difference maps against all data using the SHELXTL
6.14 software package (Sheldrick, G.M. SHELXTL, v. 6.12; Bruker
AXS: Madison, W1, 1999). Thermal parameters for all nonhydrogen
atoms were refined anisotropically. All hydrogen atoms were as-
signed to ideal positions and refined using a riding model with an
isotropic thermal parameter 1.2 times that of the attached carbon
atom (1.5 times for methyl hydrogens).

Piezoresponse force microscopy

A 2-N/m platinum-coated tip (SCM-PIT-V2 Bruker) was used on a
Bruker atomic force microscope system (Billerica, MA). During PEM
measurements, an AC signal ranging from 20 up to 10 V was applied at
750 kHz. This frequency was chosen to avoid resonance. The single-
frequency PFM measurements are taken at a rate of 0.1 Hz, averaged
over 10 measurements each, and taken with a 20-ms delay between
voltage steps. The response was measured quasi-statically on a well-
defined gold top electrode. The response did not change over multiple
sweeps taken over multiple days. Further quasi-static measurements
were taken on the bare surface of the material, which showed a similar
PFM response. Static scans remove the possibility of changes in topog-
raphy, leading to a false phase signal. The use of small-signal measure-
ments reduces the amount of injected charge and the possibility of
large electrostrictive contributions, while using large electrodes aver-
ages over a wide range of material so the contributions of surface de-
fects are reduced. All PFM and electrical measurements were taken
with no illumination to reduce contributions from photogenerated
carriers. For large signal measurements, the domain reorientation by
poling was duplicated in an external LCR measurement system.

Band excitation piezoresponse force microscopy with
contact Kelvin probe force microscopy

Here, band excitation PFM with contact Kelvin probe microscopy
was performed using an Asylum Research AFM (Cypher) interfaced
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with National Instruments data acquisition cards controlled by
a Labview software at Oak Ridge National Laboratory-Center
for Nanophase Material Science. Pt-coated tips (Budget Sensors
ElectriMulti75-G; nominal resonance frequency, 75 kHz; nominal
force constant, 3 N/m) were used to apply voltages to the sample.
Band excitation uses a digitally synthesized frequency pulse with a
finite spectral density, rather than sending a single-frequency pulse
as is typically done in single-frequency PFM (6). A 10x amplifier
was used in all BE-PFM/cKPFM measurements. The frequency range
of the band excitation was centered at 320 kHz, and the BE-PFM
excitation was 2.5 V. The measurements were taken over a grid of
10 by 10 points on the sample surface for an averaged response. For
the cKPFM measurements, a DC write voltage was applied step-
wise from 0=> 15V =>-15V =20V, in intervals of 2.13 V for a total
of 128 steps. These voltage pulses are referred to as the write steps.
Interspersed between every write step is a read step, where the piezo-
response and cKPFM response are measured from -2V =>2Vina
total of seven steps. The delay time between subsequent measure-
ments is in the milliseconds. The piezoresponse measured at 0 V
during the read measurements is shown in the off-field response.
The voltage-dependent response is determined from a fit of the band
excitation data to a simple harmonic oscillator model, described in
(6). From this analysis, the oscillation amplitude, phase, resonance
frequency, and quality factor are extracted. The measurements were
taken over a grid of 10 by 10 points on the sample surface to give the
averaged response reported here, and this measurement was repeated
on four samples with consistent results. The resulting response was
repeatable and persisted unchanging over the course of the experi-
ment (4 days). All measurements were taken in the dark.

Electrical force microscopy

The single crystals were mounted on an AFM sample holder via a
conducting double-sided copper tape. The top surface of the crystal
was exposed to a high voltage (i.e., poled) to facilitate ferroelectric
domain formation (described in detail elsewhere). This electric field
was approximately 21 V/cm, but the local electric field could have
varied due to differences in the contact with the removable elec-
trodes. It is likely that poling could be optimized in future studies.
The EFM measurements were performed under ambient conditions
using single-pass mode on a Park AFM equipped with an XE-70
controller and an external lock-in amplifier (SR830, Stanford Research
Systems). The external lock-in amplifier was used for electrical AC bias
of the tip, lock-in detection, and feedback at 18 kHz of the EFM sig-
nal. Conductive Pt/Ir-coated AFM tips (Multi-75EG, Budget Sensors)
were used for the measurements. Topography was measured at the
first resonance frequency (~75 kHz), and EFM was collected with
a 1.00 V¢ bias at 18 kHz, well separated from the topography
frequency. The scan rate was 0.1 Hz. Surface topography and EFM
were mapped simultaneously while varying the sample bias voltages
(0to+10V).

Scanning microwave impedance microscopy

sMIM capacitive measurements were taken on an Asylum Research
MEFP-3D AFM using PrimeNano’s ScanWave technology (37). Single
crystals with bottom electrodes were mounted on a grounded sam-
ple stage, and scans were conducted under ambient conditions.
Shielded, coaxial cantilever probes with TiW tips were used to per-
form measurements (ScanWave M300S). A 6.0 Vpc bias was applied
to the probe tip, and a lock-in amplifier was used to add a 4.0 V¢
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signal at a frequency of 200 kHz. These values were determined
through experimentation to maximize the sMIM signal strength. At
the same time, a 3.0-GHz microwave signal was sent through the tip
and into the sample. The scan rate was 1.0 Hz, and topography was
mapped in conjunction with capacitance data. Carrier concentra-
tion and carrier type are measured by calculating the change in ca-
pacitance with respect to the AC tip voltage, dC/dV. The dC/dV
signal amplitude is proportional to carrier concentration, while the
phase of the signal represents carrier type.

Electrical measurements

The dielectric temperature and frequency dependence and Rayleigh
behavior were measured using a precision LCR meter (Hewlett
Packard 4284A, Palo Alto, CA). The heating and cooling rates were
controlled by a Peltier heater, monitored by a type K thermocouple,
which was read via a digital multimeter (Hewlett Packard 3478).
Samples were allowed to equilibrate for 2 min prior to taking a mea-
surement. Rayleigh behavior was characterized at 1 MHz. No changes
were observed in the Rayleigh response upon multiple cycles of ap-
plied AC electric fields, indicating that the response was not induced
or affected by the application of this electric field. The temperature
of the global phase transition temperature occurs at the same tem-
perature for increasing and decreasing temperature sweeps within
the limit of the experimental step size. Further information on the
Rayleigh analysis methodology for indicating residual ferroelectric-
ity can be found in (8). Polarization-electric field measurements were
taken on a Precision Multiferroic materials analyzer (Radiant Tech-
nologies Inc., Albuquerque, NM).

Berlincourt d33 measurements

Piezoelectric measurements were conducted on a wide-range
Berlincourt ds; meter (APC International Ltd.) piezoelectric coeffi-
cient. Poling for the ds3 Berlincourt measurements was conducted
on a precision LCR meter (Hewlett Packard 4284A, Palo Alto, CA)
at approximately 21 V/cm for 5 min.

DFT calculations

First principles calculations were performed using the projector
augmented wave method (38) as implemented in the Vienna Ab
Initio Simulation Package (39). Structures were relaxed using the
standard parameters of the Materials Project (40). Density functional
perturbation calculations using the Perdew-Becke-Ernzerhof (41)
generalized gradient approximation for the exchange-correlation
functional, a plane wave cutoff of 1000 eV, and a k-point density of
approximately 2000 per reciprocal atom were used to calculate the
piezoelectric tensor. The elastic tensor was computed in DFT with a
plane wave cutoff of 700 eV and a k-point density of 7000 per recip-
rocal atom using explicit perturbations of the lattice corresponding
to the six principle deformations and fit assuming a linear relation-
ship. The reported piezoelectric tensor was then computed by the
dot product of the piezoelectric stress tensor computed via DFT and
the computed compliance tensor. Part of the difference between the
theory and measurements could stem from the lack of inclusion of
van der Waals interactions in the DFT calculations, temperature dif-
ferences, or underrepresenting the contribution from the molecular
cation. Furthermore, we calculate the remanent piezoresponse as
partial derivative with respect to strain and electric field. This is very
sensitive to any tiny changes around the zero response, so having
60% of the experimental value is a reasonable approximation.
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X-ray photoemission spectroscopy

Photoemission spectroscopy measurements were performed on a
Kratos NOVA spectrometer calibrated to the Fermi edge and core
level positions of sputter-cleaned metal (Au, Ag, Cu, and Mo) sur-
faces. X-ray photoemission spectra were taken using monochro-
mated Al Ka radiation (1486.7 eV) at a resolution of 400 meV and
fit using pseudo-Voigt profiles. Spectral acquisition followed the
precautions laid out in (42) without light bias and using low x-ray
fluences at nominal 1.5-W anode power. XPS measurements were
conducted on the (100) surface of the poled and unpoled MAPbI;
crystals. To acquire the relevant MAPbI; core level spectra, the cop-
per foil tape used as the top electrode for poling the single crystal
has been removed in air prior to introducing the crystal into vacu-
um to perform the XPS experiment. The same procedure has been
applied to the unpoled single crystal. The existence, or respectively
absence, of macroscopic domains has been verified by optical mi-
croscopy for each sample before moving the crystal into the vacuum
chamber. There is a precedence for the observation of core level
shifts in a ferroelectric due to the poling of a ferroelectric from the
XPS work on BaTiOs single crystals (43).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/1/eaas9311/DC1

Table S1. Single crystal x-ray diffraction indexing results.

Fig. S1. BE-PFM raw data.

Fig. S2. The extracted piezoresponse.

Fig. S3. The piezoresponse extracted from the BE-PFM measurements averaged over a matrix
of 10 by 10 points.

Fig. S4. The single-frequency PFM small-signal amplitude (black) and phase response (blue) for
atrace and a retrace.

Fig. S5. Rayleigh analysis and loss for single-crystal MAPbI; at 1 MHz.

Fig. S6. Optical microscope images of the surface of a MAPblI; single crystal before poling.
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