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ABSTRACT: We investigate the ferroelectric properties of photovoltaic methylammo-
nium lead halide CH;NH,Pbl; perovskite using piezoelectric force microscopy (PFM) and
macroscopic polarization methods. The electric polarization is clearly observed by
amplitude and phase hysteresis loops. However, the polarization loop decreases as the
frequency is lowered, persisting for a short time only, in the one second regime, indicating
that CH;NH;PbI; does not exhibit permanent polarization at room temperature. This
result is confirmed by macroscopic polarization measurement based on a standard
capacitive method. We have observed a strong increase of piezoelectric response under
illumination, consistent with the previously reported giant photoinduced dielectric
constant at low frequencies. We speculate that an intrinsic charge transfer photoinduced
dipole in the perovskite cage may lie at the origin of this effect.

Very high power conversion efficiencies of sunlight to This paper investigates the ferroelectric polarization that may
electricity have been obtained for photovoltaic devices have a substantial impact on device operation and give rise to
based on hybrid inorganic—organic lead halide perovskites in a novel applications of the inorganic—organic lead halide
short time of research.'™* Methylammonium lead halide perovskites in multiferroic materials."* In general, many oxide
materials as CH,;NH,Pbl; (MAPbI;) and the associated perovskites are highly polar and show a ferroelectric response
substitutional variants display excellent photovoltaic properties that provides a static dielectric constant in the order of 10°.
in terms of light absorption, electronic charge separation, MAPDI; with tetragonal symmetry belongs to the 4mm point
transport and recombination. These materials provide a very group and I4/mcm space group and as such could be
promising novel route to massive solution-based facile ferroelectric. The polarization P in hybrid perovskites may
fabrication of low cost solar cells. However, the chemical and arise from three major mechanisms: the ionic off-centering, the
structural properties of the inorganic—organic perovskite, which atomic BX4 cage rotations, and the rotation of dipolar MA™.
are unprecedented in the previously known high efficiency The latter mechanism is facile,'> and it has been favored in
photovoltaic materials, produce a number of physical features recent simulation studies of polarization in MAPbI,'™"® as
that are not understood and are intensely investigated at dipole rotation is simpler to treat than cooperative ionic
present. In the hybrid perovskite structure ABX;, the organic displacements. Former studies,'*’ both for CH;NH; Pbl; and
cation A" is in a cage formed by four BX; octahedra. It has CH;NH;PbBr;, showed that at room temperature, the PbX,
become evident that under photovoltaic operation (light or octahedra rotate alternatively around the c-axis conforming the
voltage biasing), the “soft” structure of the hybrid perovskite, SrTiO;-type tetragonal perovskite structure, and the rotation
associated with the combination of organic and inorganic ionic angle of the Pbls octahedra increases with decreasing
components, produces peculiar and significant phenomena in temperature. The transition from tetragonal to orthorhombic
the ultraslow time regime as current—voltage hysteresis®® and phase is accompanied by a peak of the dielectric constant,
persistent photovoltage decay.”~” These properties have been suggesting that the orthorhombic phase is ferroelectric. More
assigned to either ferroelectric or ionic polarization, or else to recently, the local dipole structure plrzoperty has been invoked t1%
electronic traps.'®"" Another connection between structure and explain a giant dielectric constglnzté slow dynamic response
electronic response is established by the giant dielectric and current—voltage hysteresis.” """ However, local polarization
constant observed in MAPDI;, that is strongly enhanced by
illumination. This property has been observed by capacitance Received: March 10, 2015
spectroscopy'~ and suggests the formation of a large photo- Accepted: March 30, 2015
induced dipole." Published: March 30, 2015
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Figure 1. PFM analysis of MAPbI; films. (a) Topographic and (b) out-of-plane PFM-phase image of MAPbI; films with small crystals. (c)
Topographic and (d) out-of-plane PFM phase image of MAPbI, films with large crystals. Image size is 8 ym X 8 ym. PFM phase image is in false

color. The insets show SEM images of the corresponding samples.

distortion may be combined with long-range ionic drift that
establishes macroscopic polarization at the contacts of the
sample.’

Importantly, there are only a few direct observations of
polarization features of inorganic—organic lead halide perov-
skites, and the results reported so far are not conclusive. One
study®® claimed the direct observation of ferroelectric domains,
while another one reported the absence of such effects.’
Piezoelectric force microscopy (PFM) is a variant of AFM that
is widely used to image polarization structure and local
switching. However, the observation of contrast region is not
sufficient evidence for the existence of ferroic domains, since
such contrast may be due to several factors, namely: the
existence of ferroelectric domains, electrochemical phenomena,
ion migration, electrostatic effects, and it can also have a
contribution from surface topography.”*™>¢ Nevertheless, the
states of opposite polarization under applied bias are clearly
revealed by a change of phase of ac voltage, since the
piezoelectric response has different sign in either state of
polarization, and this method is shown below. Another
important point is whether voltage induced polarization
remains permanent, as in ferroelectric material, or disappears
when the external voltage is removed.

In order to obtain a clear picture of polarization in MAPbI;,
we have investigated polarization switching, the light depend-
ence and the relaxation time in MAPDI;, using PFM and
macroscopic polarization measurement. The structure of the
samples prepared as indicated in Experimental methods
consists of FTO/TiO, buffer layer/TiO, mesoporous layer
(200 nm)/MAPbL;. The samples were measured without upper
contact, but their related solar cells provided a power
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conversion efliciency of about 9% with a photovoltage of ca.
1 V (see SI). Samples with different crystal size have been
prepared”’ with the aim to investigate a possible interaction
between morphology and polarizability. Topographic images
were acquired simultaneously with the PFM-phase images.
From the topographic image, the samples with small MAPDI;
crystals display a surface roughness (rms) of 25 nm and an
average crystal size diameter of 200 nm (Figure la), whereas
samples with large MAPbI; crystals show a rms of 38 nm and a
measured crystal size diameter of S00 nm (Figure lc). This
morphological analysis is in good agreement with the scanning
electron microscopy (SEM) study as shown in the correspond-
ing inset images.

High humidity conditions (80—90%) can promote the
existence of electrochemical phenomena between the tip and
the sample surface, which can lead to surface damage and
misinterpretation of PFM data.”® In order to minimize the
amount of water layers between the tip and the sample surface
and therefore minimize the existence of electrochemical
reactions, we performed the experiments under low humidity
conditions (<5%). Importantly, careful inspection of the surface
topography before and after the acquisition of the PFM image
indicates that no undesired topography changes occurred
during the PFM measurement.

The PFM-phase images of both samples show a significant
phase contrast (see Figure 1b,d). Interestingly, no correlation
between the domain shape and location and surface grain
morphology was observed (see Figure lac). This suggests a
minimal contribution from the surface topography on the PEM-
phase contrast image. Qualitative analysis of the two colored
areas (false colors), showed that the pink areas results in 38% +
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S for the small crystal samples and 45% + S for the large crystal
samples, Figure 1b and d respectively, which rule out any
crystal size dependence. Previous PFM studies on solution-
processed MAPDI; thin films attributed similar piezo-phase
contrast to ferroelectric domains.?? However, it is not
straightforward from the PFM phase image to discriminate
between charge accumulation and ferroelectric domains;**
therefore, extra characterization is required. In-field hysteresis
loops using a 140 V/s scan rate were obtained by measuring the
piezoresponse in the presence of an electric field. Representa-
tive locally measured PFM-amplitude and phase loops for both
samples are shown in Figure 2. The observed 180° phase switch
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Figure 2. (a) Piezo amplitude and (b) Piezo-phase hysteresis loops of
MAPbI; thin films recorded at a 140 V/s scan rate.

indicates a switchable portion of spontaneous polarization.*
These results are in contrast to the work published by Xiao et
al. where they obtained a flat signal when measuring both the
PFM hysteresis loops and the macroscopic ferroelectric
polarization loops, using a 0.08 V/s scan rate.'' One major
difference between the two measurements is the scan rates,
which might suggest that these halide perovskites present a
poor (if any) polarization retention, as we demonstrate below.
Remanent loops (measurement in the absence of DC field)
further confirmed the lack of ferroelectric retention in MAPI
films.

We performed a series of piezo-phase loops in a range of
0.1—10 s acquisition times (corresponding to 140—1.4 V/s scan
rates) and analyzed the evolution of the coercivity (see Figure
3a,b). It is clearly observed that the coercivity decays with time
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Figure 3. (a) Piezo-phase hysteresis loops of MAPbI, thin films with
small crystals performed at different acquisition times. (b) Coercivity
dependence with time of MAPbI, films with small (red open circles)
and large crystals (black squares) and 25 nm BiFeO; thin films (green
stars).

and beyond 1s decreases by a factor of 2. By contrast, the
coercivity evolution of a typical ferroelectric perovskite oxide
such as BiFeOj; film, increases from 0.3 to 10 s, being retained
for several hours and even months.>® No significant difference
in the retention behavior is identified when comparing MAPbI;
samples with small and big crystals, Figure 3b. We next carried
out the experiment to electrically write (pole) with the AFM
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probe an area of 4 ym X 4 ym with —7 V DC bias and then
pole back an inner area of 2 ym X ym with +7 DC. When
imaging this area, and contrary to the case of well-known
ferroelectric materials such as BiFeO;, there is no visible change
in the PFM-phase image (see Supporting Information Figure
S3). Note that the whole process (writing and reading) takes 8
min to complete, which is much larger than the time scales of
the coercivity decay obtained above (Figure 3b). From these
data we can confirm that polarization retention in these
MAPDbI, films occurs only for very short times.

In order to further corroborate the absence of ferroelectric
retention in MAPDI, films, macroscopic polarization P analyses
with respect to electrical field E were carried out using the
classical Sawyer—Tower circuit (inset of Figure 4). This
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Figure 4. Polarization tests of large crystal MAPbI;-based complete
solar cells using the Sawyer—Tower circuit in the inset. At high
frequencies, the response is purely capacitive. At low frequencies,
elliptic traces indicate the angular phase shift produced by resistive
elements.

experiment allows recording hysteresis P—E loops by polarizing
the sample and registering the induced charge in the plates of a
reference capacitor. We used the testing circuit to explore the
existence of ferroelectric hysteresis loops with large crystal
MAPDbI;-based complete solar cells using spiro-OMeTAD/Au
top contacts. When high-frequencies are used in the polarizing
voltage source (S kHz) only purely capacitive responses are
obtained as observed in Figure 4b. Since piezo-phase loops in
Figure 3a show coercivity decay in the range of seconds, low-
frequency P—E loops were also checked. As shown in Figure 4,
only linear responses (ellipses) are obtained. These loops occur
as a consequence of the series connection of resistive and
capacitive elements. Importantly, the resistance introduces a
time delay that tends to disappear as the perturbation frequency
is reduced. In agreement with our previous PFM analysis,
ferroelectric features were not found by macroscopic polar-
ization tests in MAPDI; films.

In another set of experiments, we investigated the PFM
response of MAPDI; films under illumination with white light
from a LED with 4.5 mW power (PFM setup shown in the
Supporting Information, Figure S5). Under such conditions, we
observed no change in the piezo-phase hysteresis loops, nor in
the retention times.

The effective piezoelectric coefficient of the MAPbI; films,
d,, was derived from the linear dependence between an
averaged tip oscillation amplitude A according to A = d,,Vyc,>!
obtaining S pm/V and 6 pm/V for the small and large crystal
samples, respectively (see Supporting Information Figure S2).
To the best of our knowledge, there are no examples in the
literature regarding theoretical values of the piezoelectric
coefficient of perovskite halides. As a reference, values between
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10 and 50 pm/V are typically reported for 0.2—0.6 ym nm lead
zirconate titanate (PZT) ferroelectric films.>

Interestingly, we also measured the effective piezoelectric
coefficient under white light and found that it dramatically
increased up to 25 pm/V (see Figure Sa). Note that the
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Figure S. (a) Deflection versus V,c and (b) coercivity dependence
with time for MAPbL; films in the dark at room temperature (RT)
(black circles), under illumination (pink triangles) and in dark and at
40 °C (blue open circles).

observed increase in the d,, coeflicient under illumination is in
sharp contrast with the results of previous studies®**
performed on ferroelectric PZT films, where it was observed
that the UV light (under weak electric filed) induced a decrease
in the piezoelectric coefficient explained by a reduction of the
overall polarization. The magnitude of the bulk polarization of
MAPDI; has been predicted to be 38 uC/ cm? based on the
molecular dipole moment 2.29 D of the cation MA*.'®*®
However, the dielectric constant increases strongly at low
frequencies, and furthermore a photoinduced giant dielectric
constant has been observed in MAPbI, films."* An internal
charge transfer transition upon light excitation may lead to a
large added dipole moment. By means of modulation
electroabsorption (EA) spectroscopy, Wu et al." calculated a
change of the electronic dipole moment, Ay, (from ground
state to excited state) of 288 D, which is notably larger than the
change observed in other widely studied photosensitive
materials such as CdSe (Au ~ 20—30 D). Therefore, the
impressive increase in the d_, coefficient identified by PFM
under illumination (Figure Sa) can also be related to the
formation of large photoinduced dipole moments, in agreement
with previous observations by different experimental techni-
ques.

We would like to note again that when measuring the
coercivity under illumination with different scanning rates, no
differences were observed from the measurements performed in
dark (see Figure Sb). Therefore, although the piezoelectric
coefficient is 4 times larger, the kinetics under illumination
follows the same trend as in dark, i.e., small retention (< 2s).

PEFM measurements were also performed on a photosensitive
organic material, namely, region regular poly(3-hexyl thio-
phene) blended with fullerene soluble derivative (PCBM),
where no piezoelectric/ferroelectric behavior is expected.
Reassuringly, we did not observe PFM domains, nor the
typical phase and amplitude loops (see Supporting Information,
Figure S4e,g). Consequently, by comparing the PEM behaviors
obtained for these two photovoltaic materials, we suggest that
the PFM response exhibited by MAPbI, films is unlikely due to
charge accumulation effects arising from photogenerated
charges.

Finally, we have also investigated the influence of temper-
ature (RT, 40 °C, 60 °C) on the polarization in order to rule
out any temperature-dominated phenomena in the piezores-
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ponse signal. No changes in the domain features were identified
in the PFM phase image when exposed to temperatures up to
50 °C (see Supporting Information Figure S6). Considering
that no phase transition would be expected at temperatures <60
°C,* the coercivity evolution with time and piezoelectric
coefficient were evaluated at 40 °C (see Figure S). The film
behaves in the same way at 40 °C as at room temperature in
terms of domain sizes, coercivity, and retention times. This fact
rules out temperature-related artifacts on the light-induced
piezoelectric coefficient increase demonstrated above.

In summary, MAPbI,; films with a TiO, contact have been
investigated by PFM. The films show large polarizability.
Polarization is confirmed by piezo-phase loops that are
reported here for the first time. However, at room temperature,
MAPDI; in tetragonal phase has poor polarization retention and
it is not ferroelectric. In fact, the coercitivity decays in the time
regime of seconds, which is in agreement with the recent
interpretation of structural relaxation in photovoltage decays.®
In addition, we have observed a strong increase of the
piezoelectricity when carriers are photogenerated in the
MAPDI; film, which correlates to a previous observation of a
photoinduced giant dielectric constant. This observation points
to an intrinsic nature of voltage induced polarization in MAPDI;
film, in the sense that the polarization is local and caused by
rotation of dipoles or other structural units, with the formation
of polarized domains with relatively slow depolarization times.
Such local units, so far unidentified, may be strongly enhanced
in the presence of photogenerated carriers. However, ion
motion still forms a source of “extrinsic” polarization, located at
contacts and dependent on sample configuration, and both
types of polarization effect may take place depending on sample

type.
B EXPERIMENTAL METHODS

Solvents and reagents are commercially available and were used
as received from commercial suppliers. CH;NH;I was
synthesized by the reaction of 0.273 mol of a solution of
CH;NH, in ethanol with 0.223 mol of aqueous HI, at 0 °C for
4 h. Then, the volatile compounds were removed under
reduced pressure; the resulting CH;NH;I was recrystallized
from ethanol/diethyl ether and dried under vacuum overnight.

CH,;NH,PbI; (MAPbI;) Perovskite Films Preparation. Fluo-
rine-doped tin oxide (FTO) coated glass sheets (2.5 X 2.5 mm,
Pilkington TEC15, ~ 1582/sq resistance) were cleaned with
soap (Hellmanex) and rinsed with Milli-Q water and ethanol.
Then, the sheets were sonicated for 15 min in a solution of
acetone:isopropanol (1:1 v/v), rinsed with ethanol, and dried
with compressed air. After that, a UV/ozone treatment was
performed for 15 min. Then, a compact TiO, blocking layer
was deposited onto the substrates by spray pyrolysis at 450 °C,
using a titanium diisopropoxide bis(acetylacetonate) (75% in
isopropanol, Sigma-Aldrich) solution diluted in ethanol (1:39,
v/v), with oxygen as carrier gas. Then, the films were kept at
450 °C for S min. A UV/ozone treatment was performed for 15
min. On top of the compact layer, a 200 nm-thick mesoporous
TiO, layer was deposited by spin coating at 4000 rpm for 30 s
using a TiO, paste (Dyesol 18NRT, 20 nm average particle
size) diluted in terpineol (1:3, weight ratio). After drying at 80
°C for 10 min, the TiO, layers were annealed at 470 °C for 30
min and cooled to room temperature. The mesoporous layer
was further treated with 20 mM of aqueous TiCl,-(THF),
solution at 70 °C for 10 min, and annealed at 500 °C during 30
min. After a UV/ozone treatment for 15 min, 30 xL of a 1.082
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M solution of Pbl, in dimethylformamide was spin-coated onto
the mesoporous layer at 500 rpm for 5 s and 6000 rpm for 20 s,
followed by heating at 40 °C for 3 min and 100 °C for 10 min
on a hot plate. The Pbl, film was then dipped for 1 min in a
solution of CH;NH,] in isopropanol (0.044 M for large crystal
size and 0.063 M for small crystal size), spun at 500 rpm for S s,
1500 rpm for 10 s, and 3000 rpm for 20 s, and heated at 40 °C
for 3 min and at 100 °C for 10 min on a hot plate.

BiFeO; was grown by atomic layer deposition at 250 °C and
post annealed at 650 °C (unpublished results). Regioregular
poly(3-hexylthiophene) and PCBM were purchased from
Sigma-Aldrich and used as received. Films were prepared by
knife coating a 30 mg/mL solution in chlorobenzene on top of
a 40 nm thick PEDOT:PSS-coated ITO glass substrate.

Piezoelectric Force Microscopy (PEM) Measurement. PFM
measurements were performed with an Agilent SSOOLS
instrument using a rmn-25pt300 tip with a spring constant of
18 N/m. Measurement conditions were kept in a ambient
humidity below 5%. PFM measurements were performed in
dark and under illumination (4.5 mW). The AC frequency was
set to ~122 kHz, and its amplitude to 0.5 V. The cantilever
deformation has been calibrated using a force—distance curve.
The effective piezoelectric coefficient of the MAPI film, d,,, was
derived from the linear dependence between an averaged tip
oscillation amplitude A according to A = d_ V.

PEM under Illumination. To perform these measurements, we
have designed a PFM sample holder made of copper where we
can shine light from the bottom using a LED integrated within
the holder (see Figure SS). Sample temperature under
illumination was measured using a PT1000 sensor at three
different sample locations being the typical values all around 22
°C.

PEM at 40—60 °C. The heating was performed using a
constant current source connected to a ceramic heater. To
measure the temperature, we used a PT1000 sensor located at 1
mm apart from the sample’s backside. After acquiring the
images, the topside temperature of the sample was measured
using another PT1000 sensor to ensure a correct assignment of
the surface’s temperature, and a 13° difference was found.
Temperatures described in the manuscript are already the
surface temperature. Macroscopic polarization loops were
investigated by means of the classical Sawyer—Tower circuit
(inset Figure 4) in which a voltage source polarizes the series
connection of the investigated sample and a reference capacitor
Co. The charge induced in the sample was monitored by means
of the potential drop at the capacitor as P = CyV,. For high
enough reference capacitor values, the bias voltage mainly
drops at the sample.

Structural Characterization. The morphology and structural
properties of the films were analyzed using a JEOL 7001F
scanning electron microscope with a film emission gun
(SEMFEG). Phase purity and film crystallinity were studied
by using a GADDS X-ray diffractometer equipped with a 2D X-
ray detector with Cu—K, 4 = 1.5418 A (see Supporting
Information Figure S1).
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Additional figures and details as decribed in the text. This
material is available free of charge via the Internet http://pubs.
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