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9 ABSTRACT: We investigate the ferroelectric properties of photovoltaic methylammo-
10 nium lead halide CH3NH3PbI3 perovskite using piezoelectric force microscopy (PFM) and
11 macroscopic polarization methods. The electric polarization is clearly observed by
12 amplitude and phase hysteresis loops. However, the polarization loop decreases as the
13 frequency is lowered, persisting for a short time only, in the one second regime, indicating
14 that CH3NH3PbI3 does not exhibit permanent polarization at room temperature. This
15 result is confirmed by macroscopic polarization measurement based on a standard
16 capacitive method. We have observed a strong increase of piezoelectric response under
17 illumination, consistent with the previously reported giant photoinduced dielectric
18 constant at low frequencies. We speculate that an intrinsic charge transfer photoinduced
19 dipole in the perovskite cage may lie at the origin of this effect.

20 Very high power conversion efficiencies of sunlight to
21 electricity have been obtained for photovoltaic devices
22 based on hybrid inorganic−organic lead halide perovskites in a
23 short time of research.1−4 Methylammonium lead halide
24 materials as CH3NH3PbI3 (MAPbI3) and the associated
25 substitutional variants display excellent photovoltaic properties
26 in terms of light absorption, electronic charge separation,
27 transport and recombination. These materials provide a very
28 promising novel route to massive solution-based facile
29 fabrication of low cost solar cells. However, the chemical and
30 structural properties of the inorganic−organic perovskite, which
31 are unprecedented in the previously known high efficiency
32 photovoltaic materials, produce a number of physical features
33 that are not understood and are intensely investigated at
34 present. In the hybrid perovskite structure ABX3, the organic
35 cation A+ is in a cage formed by four BX6 octahedra. It has
36 become evident that under photovoltaic operation (light or
37 voltage biasing), the “soft” structure of the hybrid perovskite,
38 associated with the combination of organic and inorganic ionic
39 components, produces peculiar and significant phenomena in
40 the ultraslow time regime as current−voltage hysteresis5,6 and
41 persistent photovoltage decay.7−9 These properties have been
42 assigned to either ferroelectric or ionic polarization, or else to
43 electronic traps.10,11 Another connection between structure and
44 electronic response is established by the giant dielectric
45 constant observed in MAPbI3, that is strongly enhanced by
46 illumination. This property has been observed by capacitance
47 spectroscopy12 and suggests the formation of a large photo-
48 induced dipole.13

49This paper investigates the ferroelectric polarization that may
50have a substantial impact on device operation and give rise to
51novel applications of the inorganic−organic lead halide
52perovskites in multiferroic materials.14 In general, many oxide
53perovskites are highly polar and show a ferroelectric response
54that provides a static dielectric constant in the order of 103.
55MAPbI3 with tetragonal symmetry belongs to the 4mm point
56group and I4/mcm space group and as such could be
57ferroelectric. The polarization P in hybrid perovskites may
58arise from three major mechanisms: the ionic off-centering, the
59atomic BX6 cage rotations, and the rotation of dipolar MA+.
60The latter mechanism is facile,15 and it has been favored in
61recent simulation studies of polarization in MAPbI3,

16−18 as
62dipole rotation is simpler to treat than cooperative ionic
63displacements. Former studies,19,20 both for CH3NH3 PbI3 and
64CH3NH3PbBr3, showed that at room temperature, the PbX6

65octahedra rotate alternatively around the c-axis conforming the
66SrTiO3-type tetragonal perovskite structure, and the rotation
67angle of the PbI6 octahedra increases with decreasing
68temperature. The transition from tetragonal to orthorhombic
69phase is accompanied by a peak of the dielectric constant,
70suggesting that the orthorhombic phase is ferroelectric. More
71recently, the local dipole structure property has been invoked to
72explain a giant dielectric constant,12 slow dynamic response10

73and current−voltage hysteresis.21,22 However, local polarization
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74 distortion may be combined with long-range ionic drift that
75 establishes macroscopic polarization at the contacts of the
76 sample.6

77 Importantly, there are only a few direct observations of
78 polarization features of inorganic−organic lead halide perov-
79 skites, and the results reported so far are not conclusive. One
80 study23 claimed the direct observation of ferroelectric domains,
81 while another one reported the absence of such effects.11

82 Piezoelectric force microscopy (PFM) is a variant of AFM that
83 is widely used to image polarization structure and local
84 switching. However, the observation of contrast region is not
85 sufficient evidence for the existence of ferroic domains, since
86 such contrast may be due to several factors, namely: the
87 existence of ferroelectric domains, electrochemical phenomena,
88 ion migration, electrostatic effects, and it can also have a
89 contribution from surface topography.24−26 Nevertheless, the
90 states of opposite polarization under applied bias are clearly
91 revealed by a change of phase of ac voltage, since the
92 piezoelectric response has different sign in either state of
93 polarization, and this method is shown below. Another
94 important point is whether voltage induced polarization
95 remains permanent, as in ferroelectric material, or disappears
96 when the external voltage is removed.
97 In order to obtain a clear picture of polarization in MAPbI3,
98 we have investigated polarization switching, the light depend-
99 ence and the relaxation time in MAPbI3, using PFM and
100 macroscopic polarization measurement. The structure of the
101 samples prepared as indicated in Experimental methods
102 consists of FTO/TiO2 buffer layer/TiO2 mesoporous layer
103 (200 nm)/MAPbI3. The samples were measured without upper
104 contact, but their related solar cells provided a power

105conversion efficiency of about 9% with a photovoltage of ca.
1061 V (see SI). Samples with different crystal size have been
107prepared27 with the aim to investigate a possible interaction
108between morphology and polarizability. Topographic images
109were acquired simultaneously with the PFM-phase images.
110From the topographic image, the samples with small MAPbI3
111crystals display a surface roughness (rms) of 25 nm and an
112 f1average crystal size diameter of 200 nm (Figure 1a), whereas
113samples with large MAPbI3 crystals show a rms of 38 nm and a
114measured crystal size diameter of 500 nm (Figure 1c). This
115morphological analysis is in good agreement with the scanning
116electron microscopy (SEM) study as shown in the correspond-
117ing inset images.
118High humidity conditions (80−90%) can promote the
119existence of electrochemical phenomena between the tip and
120the sample surface, which can lead to surface damage and
121misinterpretation of PFM data.28 In order to minimize the
122amount of water layers between the tip and the sample surface
123and therefore minimize the existence of electrochemical
124reactions, we performed the experiments under low humidity
125conditions (<5%). Importantly, careful inspection of the surface
126topography before and after the acquisition of the PFM image
127indicates that no undesired topography changes occurred
128during the PFM measurement.
129The PFM-phase images of both samples show a significant
130phase contrast (see Figure 1b,d). Interestingly, no correlation
131between the domain shape and location and surface grain
132morphology was observed (see Figure 1a,c). This suggests a
133minimal contribution from the surface topography on the PFM-
134phase contrast image. Qualitative analysis of the two colored
135areas (false colors), showed that the pink areas results in 38% ±

Figure 1. PFM analysis of MAPbI3 films. (a) Topographic and (b) out-of-plane PFM-phase image of MAPbI3 films with small crystals. (c)
Topographic and (d) out-of-plane PFM phase image of MAPbI3 films with large crystals. Image size is 8 μm × 8 μm. PFM phase image is in false
color. The insets show SEM images of the corresponding samples.
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136 5 for the small crystal samples and 45% ± 5 for the large crystal
137 samples, Figure 1b and d respectively, which rule out any
138 crystal size dependence. Previous PFM studies on solution-
139 processed MAPbI3 thin films attributed similar piezo-phase
140 contrast to ferroelectric domains.23 However, it is not
141 straightforward from the PFM phase image to discriminate
142 between charge accumulation and ferroelectric domains;24

143 therefore, extra characterization is required. In-field hysteresis
144 loops using a 140 V/s scan rate were obtained by measuring the
145 piezoresponse in the presence of an electric field. Representa-
146 tive locally measured PFM-amplitude and phase loops for both

f2 147 samples are shown in Figure 2. The observed 180° phase switch

148 indicates a switchable portion of spontaneous polarization.29

149 These results are in contrast to the work published by Xiao et
150 al. where they obtained a flat signal when measuring both the
151 PFM hysteresis loops and the macroscopic ferroelectric
152 polarization loops, using a 0.08 V/s scan rate.11 One major
153 difference between the two measurements is the scan rates,
154 which might suggest that these halide perovskites present a
155 poor (if any) polarization retention, as we demonstrate below.
156 Remanent loops (measurement in the absence of DC field)
157 further confirmed the lack of ferroelectric retention in MAPI
158 films.
159 We performed a series of piezo-phase loops in a range of
160 0.1−10 s acquisition times (corresponding to 140−1.4 V/s scan

f3 161 rates) and analyzed the evolution of the coercivity (see Figure
f3 162 3a,b). It is clearly observed that the coercivity decays with time

163 and beyond 1s decreases by a factor of 2. By contrast, the
164 coercivity evolution of a typical ferroelectric perovskite oxide
165 such as BiFeO3 film, increases from 0.3 to 10 s, being retained
166 for several hours and even months.30 No significant difference
167 in the retention behavior is identified when comparing MAPbI3
168 samples with small and big crystals, Figure 3b. We next carried
169 out the experiment to electrically write (pole) with the AFM
170 probe an area of 4 μm × 4 μm with −7 V DC bias and then

171pole back an inner area of 2 μm × μm with +7 DC. When
172imaging this area, and contrary to the case of well-known
173ferroelectric materials such as BiFeO3, there is no visible change
174in the PFM-phase image (see Supporting Information Figure
175S3). Note that the whole process (writing and reading) takes 8
176min to complete, which is much larger than the time scales of
177the coercivity decay obtained above (Figure 3b). From these
178data we can confirm that polarization retention in these
179MAPbI3 films occurs only for very short times.
180In order to further corroborate the absence of ferroelectric
181retention in MAPbI3 films, macroscopic polarization P analyses
182with respect to electrical field E were carried out using the
183 f4classical Sawyer−Tower circuit (inset of Figure 4). This

184experiment allows recording hysteresis P−E loops by polarizing
185the sample and registering the induced charge in the plates of a
186reference capacitor. We used the testing circuit to explore the
187existence of ferroelectric hysteresis loops with large crystal
188MAPbI3-based complete solar cells using spiro-OMeTAD/Au
189top contacts. When high-frequencies are used in the polarizing
190voltage source (5 kHz) only purely capacitive responses are
191obtained as observed in Figure 4b. Since piezo-phase loops in
192Figure 3a show coercivity decay in the range of seconds, low-
193frequency P−E loops were also checked. As shown in Figure 4,
194only linear responses (ellipses) are obtained. These loops occur
195as a consequence of the series connection of resistive and
196capacitive elements. Importantly, the resistance introduces a
197time delay that tends to disappear as the perturbation frequency
198is reduced. In agreement with our previous PFM analysis,
199ferroelectric features were not found by macroscopic polar-
200ization tests in MAPbI3 films.
201In another set of experiments, we investigated the PFM
202response of MAPbI3 films under illumination with white light
203from a LED with 4.5 mW power (PFM setup shown in the
204Supporting Information, Figure S5). Under such conditions, we
205observed no change in the piezo-phase hysteresis loops, nor in
206the retention times.
207The effective piezoelectric coefficient of the MAPbI3 films,
208dzz, was derived from the linear dependence between an
209averaged tip oscillation amplitude A according to A = dzzVAC,

31

210obtaining 5 pm/V and 6 pm/V for the small and large crystal
211samples, respectively (see Supporting Information Figure S2).
212To the best of our knowledge, there are no examples in the
213literature regarding theoretical values of the piezoelectric
214coefficient of perovskite halides. As a reference, values between

Figure 2. (a) Piezo amplitude and (b) Piezo-phase hysteresis loops of
MAPbI3 thin films recorded at a 140 V/s scan rate.

Figure 3. (a) Piezo-phase hysteresis loops of MAPbI3 thin films with
small crystals performed at different acquisition times. (b) Coercivity
dependence with time of MAPbI3 films with small (red open circles)
and large crystals (black squares) and 25 nm BiFeO3 thin films (green
stars).

Figure 4. Polarization tests of large crystal MAPbI3-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.
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215 10 and 50 pm/V are typically reported for 0.2−0.6 μm nm lead
216 zirconate titanate (PZT) ferroelectric films.32

217 Interestingly, we also measured the effective piezoelectric
218 coefficient under white light and found that it dramatically

f5 219 increased up to 25 pm/V (see Figure 5a). Note that the

220 observed increase in the dzz coefficient under illumination is in
221 sharp contrast with the results of previous studies33,34

222 performed on ferroelectric PZT films, where it was observed
223 that the UV light (under weak electric filed) induced a decrease
224 in the piezoelectric coefficient explained by a reduction of the
225 overall polarization. The magnitude of the bulk polarization of
226 MAPbI3 has been predicted to be 38 μC/cm2 based on the
227 molecular dipole moment 2.29D of the cation MA+.16,35

228 However, the dielectric constant increases strongly at low
229 frequencies, and furthermore a photoinduced giant dielectric
230 constant has been observed in MAPbI3 films.12 An internal
231 charge transfer transition upon light excitation may lead to a
232 large added dipole moment. By means of modulation
233 electroabsorption (EA) spectroscopy, Wu et al.13 calculated a
234 change of the electronic dipole moment, Δμ, (from ground
235 state to excited state) of 288 D, which is notably larger than the
236 change observed in other widely studied photosensitive
237 materials such as CdSe (Δμ ∼ 20−30 D). Therefore, the
238 impressive increase in the dzz coefficient identified by PFM
239 under illumination (Figure 5a) can also be related to the
240 formation of large photoinduced dipole moments, in agreement
241 with previous observations by different experimental techni-
242 ques.
243 We would like to note again that when measuring the
244 coercivity under illumination with different scanning rates, no
245 differences were observed from the measurements performed in
246 dark (see Figure 5b). Therefore, although the piezoelectric
247 coefficient is 4 times larger, the kinetics under illumination
248 follows the same trend as in dark, i.e., small retention (< 2s).
249 PFM measurements were also performed on a photosensitive
250 organic material, namely, region regular poly(3-hexyl thio-
251 phene) blended with fullerene soluble derivative (PCBM),
252 where no piezoelectric/ferroelectric behavior is expected.
253 Reassuringly, we did not observe PFM domains, nor the
254 typical phase and amplitude loops (see Supporting Information,
255 Figure S4e,g). Consequently, by comparing the PFM behaviors
256 obtained for these two photovoltaic materials, we suggest that
257 the PFM response exhibited by MAPbI3 films is unlikely due to
258 charge accumulation effects arising from photogenerated
259 charges.
260 Finally, we have also investigated the influence of temper-
261 ature (RT, 40 °C, 60 °C) on the polarization in order to rule
262 out any temperature-dominated phenomena in the piezores-

263ponse signal. No changes in the domain features were identified
264in the PFM phase image when exposed to temperatures up to
26550 °C (see Supporting Information Figure S6). Considering
266that no phase transition would be expected at temperatures <60
267°C,36 the coercivity evolution with time and piezoelectric
268coefficient were evaluated at 40 °C (see Figure 5). The film
269behaves in the same way at 40 °C as at room temperature in
270terms of domain sizes, coercivity, and retention times. This fact
271rules out temperature-related artifacts on the light-induced
272piezoelectric coefficient increase demonstrated above.
273In summary, MAPbI3 films with a TiO2 contact have been
274investigated by PFM. The films show large polarizability.
275Polarization is confirmed by piezo-phase loops that are
276reported here for the first time. However, at room temperature,
277MAPbI3 in tetragonal phase has poor polarization retention and
278it is not ferroelectric. In fact, the coercitivity decays in the time
279regime of seconds, which is in agreement with the recent
280interpretation of structural relaxation in photovoltage decays.8

281In addition, we have observed a strong increase of the
282piezoelectricity when carriers are photogenerated in the
283MAPbI3 film, which correlates to a previous observation of a
284photoinduced giant dielectric constant. This observation points
285to an intrinsic nature of voltage induced polarization in MAPbI3
286film, in the sense that the polarization is local and caused by
287rotation of dipoles or other structural units, with the formation
288of polarized domains with relatively slow depolarization times.
289Such local units, so far unidentified, may be strongly enhanced
290in the presence of photogenerated carriers. However, ion
291motion still forms a source of “extrinsic” polarization, located at
292contacts and dependent on sample configuration, and both
293types of polarization effect may take place depending on sample
294type.

295■ EXPERIMENTAL METHODS
296Solvents and reagents are commercially available and were used
297as received from commercial suppliers. CH3NH3I was
298synthesized by the reaction of 0.273 mol of a solution of
299CH3NH2 in ethanol with 0.223 mol of aqueous HI, at 0 °C for
3004 h. Then, the volatile compounds were removed under
301reduced pressure; the resulting CH3NH3I was recrystallized
302from ethanol/diethyl ether and dried under vacuum overnight.
303CH3NH3PbI3 (MAPbI3) Perovskite Films Preparation. Fluo-
304rine-doped tin oxide (FTO) coated glass sheets (2.5 × 2.5 mm,
305Pilkington TEC15, ∼ 15Ω/sq resistance) were cleaned with
306soap (Hellmanex) and rinsed with Milli-Q water and ethanol.
307Then, the sheets were sonicated for 15 min in a solution of
308acetone:isopropanol (1:1 v/v), rinsed with ethanol, and dried
309with compressed air. After that, a UV/ozone treatment was
310performed for 15 min. Then, a compact TiO2 blocking layer
311was deposited onto the substrates by spray pyrolysis at 450 °C,
312using a titanium diisopropoxide bis(acetylacetonate) (75% in
313isopropanol, Sigma-Aldrich) solution diluted in ethanol (1:39,
314v/v), with oxygen as carrier gas. Then, the films were kept at
315450 °C for 5 min. A UV/ozone treatment was performed for 15
316min. On top of the compact layer, a 200 nm-thick mesoporous
317TiO2 layer was deposited by spin coating at 4000 rpm for 30 s
318using a TiO2 paste (Dyesol 18NRT, 20 nm average particle
319size) diluted in terpineol (1:3, weight ratio). After drying at 80
320°C for 10 min, the TiO2 layers were annealed at 470 °C for 30
321min and cooled to room temperature. The mesoporous layer
322was further treated with 20 mM of aqueous TiCl4·(THF)2
323solution at 70 °C for 10 min, and annealed at 500 °C during 30
324min. After a UV/ozone treatment for 15 min, 30 μL of a 1.082

Figure 5. (a) Deflection versus VAC and (b) coercivity dependence
with time for MAPbI3 films in the dark at room temperature (RT)
(black circles), under illumination (pink triangles) and in dark and at
40 °C (blue open circles).
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325 M solution of PbI2 in dimethylformamide was spin-coated onto
326 the mesoporous layer at 500 rpm for 5 s and 6000 rpm for 20 s,
327 followed by heating at 40 °C for 3 min and 100 °C for 10 min
328 on a hot plate. The PbI2 film was then dipped for 1 min in a
329 solution of CH3NH3I in isopropanol (0.044 M for large crystal
330 size and 0.063 M for small crystal size), spun at 500 rpm for 5 s,
331 1500 rpm for 10 s, and 3000 rpm for 20 s, and heated at 40 °C
332 for 3 min and at 100 °C for 10 min on a hot plate.
333 BiFeO3 was grown by atomic layer deposition at 250 °C and
334 post annealed at 650 °C (unpublished results). Regioregular
335 poly(3-hexylthiophene) and PCBM were purchased from
336 Sigma-Aldrich and used as received. Films were prepared by
337 knife coating a 30 mg/mL solution in chlorobenzene on top of
338 a 40 nm thick PEDOT:PSS-coated ITO glass substrate.
339 Piezoelectric Force Microscopy (PFM) Measurement. PFM
340 measurements were performed with an Agilent 5500LS
341 instrument using a rmn-25pt300 tip with a spring constant of
342 18 N/m. Measurement conditions were kept in a ambient
343 humidity below 5%. PFM measurements were performed in
344 dark and under illumination (4.5 mW). The AC frequency was
345 set to ≈122 kHz, and its amplitude to 0.5 V. The cantilever
346 deformation has been calibrated using a force−distance curve.
347 The effective piezoelectric coefficient of the MAPI film, dzz, was
348 derived from the linear dependence between an averaged tip
349 oscillation amplitude A according to A = dzzVAC.
350 PFM under Illumination. To perform these measurements, we
351 have designed a PFM sample holder made of copper where we
352 can shine light from the bottom using a LED integrated within
353 the holder (see Figure S5). Sample temperature under
354 illumination was measured using a PT1000 sensor at three
355 different sample locations being the typical values all around 22
356 °C.
357 PFM at 40−60 °C. The heating was performed using a
358 constant current source connected to a ceramic heater. To
359 measure the temperature, we used a PT1000 sensor located at 1
360 mm apart from the sample’s backside. After acquiring the
361 images, the topside temperature of the sample was measured
362 using another PT1000 sensor to ensure a correct assignment of
363 the surface’s temperature, and a 13° difference was found.
364 Temperatures described in the manuscript are already the
365 surface temperature. Macroscopic polarization loops were
366 investigated by means of the classical Sawyer−Tower circuit
367 (inset Figure 4) in which a voltage source polarizes the series
368 connection of the investigated sample and a reference capacitor
369 C0. The charge induced in the sample was monitored by means
370 of the potential drop at the capacitor as P = C0V0. For high
371 enough reference capacitor values, the bias voltage mainly
372 drops at the sample.
373 Structural Characterization. The morphology and structural
374 properties of the films were analyzed using a JEOL 7001F
375 scanning electron microscope with a film emission gun
376 (SEMFEG). Phase purity and film crystallinity were studied
377 by using a GADDS X-ray diffractometer equipped with a 2D X-
378 ray detector with Cu−Kα λ = 1.5418 Å (see Supporting
379 Information Figure S1).
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