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10 ABSTRACT: Organic−inorganic lead trihalide perovskites have emerged as an
11 outstanding photovoltaic material that demonstrated a high 17.9% conversion efficiency
12 of sunlight to electricity in a short time. We have found a giant dielectric constant (GDC)
13 phenomenon in these materials consisting on a low frequency dielectric constant in the
14 dark of the order of ε0 = 1000. We also found an unprecedented behavior in which ε0
15 further increases under illumination or by charge injection at applied bias. We observe that
16 ε0 increases nearly linearly with the illumination intensity up to an additional factor 1000
17 under 1 sun. Measurement of a variety of samples of different morphologies, compositions,
18 and different types of contacts shows that the GDC is an intrinsic property of MAPbX3.
19 We hypothesize that the large dielectric response is induced by structural fluctuations.
20 Photoinduced carriers modify the local unit cell equilibrium and change the polarizability,
21 assisted by the freedom of rotation of CH3NH3

+. The study opens a way for the
22 understanding of a key aspect of the photovoltaic operation of high efficiency perovskite
23 solar cells.

24 SECTION: Energy Conversion and Storage; Energy and Charge Transport

25 Perovskite solar cells have emerged as a major topic of
26 research in photovoltaics because of the promising
27 properties of the solution processed, low cost, and high
28 efficiency solar cells for large-scale solar energy production.1,2

29 Perovskite is the denomination for any material with the
30 general chemical formula ABX3 that adopts the crystalline
31 structure of calcium titanate, CaTiO3. Compositional combi-
32 nations provide hundreds of materials with perovskite structure,
33 and many display a fascinating variety of electric, piezoelectric,
34 and electro-optical properties, such as high polar behavior and
35 structural and ferroelectric phase transitions.3,4 These last
36 properties rely on a complex interplay between the substitu-
37 tional chemistry and the lattice displacements.5,6

38 Since the 1990s, organic−inorganic hybrid halide perovskites
39 have been investigated for their promising semiconductor
40 properties.7 Recently, photovoltaic behavior was discovered
41 using the methylammonium lead trihalide perovskite
42 (MAPbX3, MA = CH3NH3

+; X3 = Br3, I3, I3−xClx) as light
43 absorber8,9 and further developments in the last two years
44 reached nearly 18% conversion efficiency of sunlight to
45 electricity that already overcomes the performance of some
46 established thin film photovoltaic technologies.10−12 These
47 results have boosted the research on these materials to further
48 improve their photovoltaic efficiencies. Consequently, there is a
49 growing interest to understand the detailed physical properties

50of MAPbX3 perovskites in order to develop better photovoltaic
51structures as well as new applications of these semiconductors.
52We have conducted a number of studies of their electrical and
53electro-optical properties that have provided basic insights to
54the photovoltaic mechanisms.13,14 Here, we report an out-
55standing and unique physical behavior in the photovoltaic
56classes of materials, a carrier-induced giant dielectric constant
57(GDC). The large dielectric relaxation is a central element to
58understand the physical processes in the perovskite photo-
59voltaic devices15 and opens up these materials for unexpected
60new applications.
61The structure of the perovskite plays a significant role in the
62observed phenomena.16−18 In the high temperature cubic
63phase, it has a B cation in 6-fold coordination with an
64octahedron of X anions (a corner sharing [BX6] octahedra) and
65the A cation occupying the 12-fold cuboctahedral coordination
66site. Under application of stress or electrical field, two main
67distortions can be distinguished: a polar displacement of both A
68and X atoms (off-centering), or a nonpolar rotation of [BX6]
69octahedra. In many cubic materials, off-centering leads to a
70ferroelectric phase transition, but in a majority of perovskites,
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71 the [BX6] octahedra are tilted and they are not ferroelectric. In
72 contrast with oxide based perovskites, the halide perovskites as
73 MAPbI3 show the cubic symmetry phase transition at relatively

f1 74 low temperature, 56 °C, and the tetragonal lattice, Figure 1b, is

75 maintained until −112 °C when it undergoes phase transition
76 to orthorrombic phase, Supporting Information Figure SI1.
77 Very recently, Frost et al. have discussed theoretically the
78 presence of ferroelectric domains in MAPbI3.

19

79 GDC is observed in materials in which the low frequency
80 limit of the real part of the dielectric constant becomes large, ε0
81 > 1000. Provided that ε0 shows small temperature dependence,
82 these materials are applied to high dielectric constant capacitors
83 for energy or memory storage devices. GDC was suggested in
84 polaronic conductors as a possible cause for high Tc
85 superconductivity,20 and it has also been reported for inorganic
86 and hybrid metal oxide perovskites21,22 and in molecular
87 crystals.23 The origin of GDC in several classes of materials is a
88 subject of debate, as it can be ascribed to different causes,
89 namely, an intrinsically high polarizability due to either ionic
90 displacements or to dipolar or hopping contributions of
91 polarons,20,24 or alternatively, morphology features as interfacial
92 polarization at the insulating boundaries between semiconduct-
93 ing grain or polarization at the metal/dielectric interface.25,26 In
94 either case, in the previous literature reports the GDC is caused
95 by inherent electronic carriers in the material, whereas a
96 photoinduced effect has been only rarely observed.27 Below, we

97report the observation of GDC in MAPbX3 perovskites that can
98be achieved by injection of carriers induced either by
99photogeneration or applied voltage, in a diode structure.
100At present, there are two main kinds of perovskite
101photovoltaic films where MAPbX3 is deposited inside of a
102metal oxide nanostructured scaffold that may be semiconduct-
103ing (TiO2)

10,28 or an insulator (Al2O3)
29 and alternatively as

104planar film without scaffold.11,30 We prepared a variety of films
105on these configurations, see Figure 1a, using different contacts
106combinations: (i) diode (solar cell) structure, with asymmetric
107electron and hole selective contacts, (ii) symmetric contacts
108that allow injection of only one kind of carrier, either electrons
109or holes, and (iii) films with blocking insulator layers that
110prevent carrier injection. The dielectric constant ε(ω) = ε′ −
111iε″ was measured as a function of frequency under different
112conditions of bias voltage, illumination, and temperature. The
113experimental details of materials, device preparation and their
114characterization measurements are described in Supporting
115Information.
116The characteristic behavior of the frequency dependent real
117part of the dielectric constant is shown in Figure 1c. In the dark,
118the permittivity of the perovskite film decreases from a low
119frequency value of about ε0 ≈ 1000, showing already GDC, to
120the high frequency value ε∞ in the order of tens. The decrease
121of ε′ shows a number of features. A relaxation peak is observed
122in the dielectric loss ε″ at the frequency fd = 0.5 Hz, and it can
123be ideally described by the generic Debye expression
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125where τd = (2πfd)
−1 is a temperature-dependent constant, the

126relaxation time. At the high frequency side of the ε″ peak, the
127real part of the permittivity (associated with the system’s
128capacitance) does not abruptly decay as would be expected
129from eq 1. This feature is related, on one hand, to the presence
130of a capacitance not related to dielectric polarization, to the
131chemical capacitance31 that has been emphasized in a previous
132report,13 and in addition, to a distribution of relaxation times
133which gives rise to well-known dielectric functions can also
134contribute to the smoothness in the ε′ step. Due to the effect of
135the dc conductance, the dielectric loss ε″ increases at the low
136frequency side of the relaxation peak at τd. Identical features
137have been observed either with TiO2 scaffold or with no
138scaffold, Supporting Information Figure SI2. Also, with different
139contacts, symmetric, asymmetric or blocking, see Supporting
140Information Figure SI3. Furthermore, GDC is not exclusive of
141the MAPbI3−xClx perovskite and it has been also observed for
142CH3NH3PbI3, see Supporting Information Figure SI4.
143Illumination of the perovskite samples produces a significant
144increase of charge carrier density in the perovskite layer due to
145the high extinction coefficient of organic−inorganic lead halide
146perovskite.17 Figure 1c shows that upon application of 1 sun
147illumination intensity to the sample, ε∞ is not modified but
148there is a prodigious shift of the permittivity from intermediate
149to low frequencies that produces a change of the dielectric
150constant until a plateau is attained at values as high as ε0 ≈
151106−107 implying a photoinduced variation of factor ≈1000.
152Dependence of the permittivity vs incident light intensity, Φ0, is
153 f2further analyzed in Figure 2, that shows a relationship ε0 =
154k(Φ0)

γ with γ = 1.1.
155In order to discriminate between bulk and interfacial effect,
156different contact configurations have been explored, including
157 f3the diode structure, the blocking of one of the contacts, and

Figure 1. (a) Scheme of the experimental devices; the arrow indicates
light incident side. (b) Tetragonal perovskite, phase at room
temperature; the blue sphere is the B cation (Pb2+), the crimson
color spheres represent the X anion, and white and cyan spheres
represent C and N atoms from MA. (c) Real and (d) imaginary part of
dielectric permittivity as a function of frequency under dark and 1 sun
illumination conditions, measured at room temperature and 0 V
applied bias, for thin film of SnO2:F (FTO)/compact TiO2/
MAPbI3−xClx perovskite in Al2O3 scaffold/spiro-OMeTAD/Au.
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f3 158 symmetric contacts, see Figure 3a and Supporting Information
159 Figure SI3. The effect of front contact (illumination side) can
160 be appreciated only at high and intermediate frequencies.32

161 However, at low frequency when GDC is observed, ε′ values
162 are independent of front contact. A similar trend is observed for
163 ε′ when the back contact is modified, see Supporting
164 Information Figure SI3. The increase of GDC observed cannot
165 be attributed to an effect related with the photocurrent as it is
166 also obtained when blocking contacts (20 nm of CaO) are
167 inserted in the front or in the back contact. In this sense, the
168 independence of the phenomena with the kind of contact
169 suggests an intrinsic effect related with bulk perovskite. The
170 application of bias voltage at room temperature, from 0 to 1 V,
171 with this last value being similar to the photovoltage in the solar
172 cell at 1 sun, increases markedly, the ε′ and finally provokes a
173 similar GDC effect to that of photogeneration, see Supporting
174 Information Figure SI5. These results point to a direct relation
175 between the charge carrier density and the increase of the giant
176 permittivity, which indistinctly occurs due either to photo-
177 generation or to carrier injection by applied bias.
178 Voltage and temperature dependence of the GDC effect are
179 analyzed in Figure 3b and Supporting Information Figures SI5
180 and SI6. At 0 V and low temperature, a relative permittivity of
181 ε∞ ≈ 7 is observed at high and intermediate frequencies. This is
182 a realistic value for the geometric dielectric permittivity of the
183 sample, considering that a value of 7.1 has been recently
184 calculated for the CH3NH3PbI3 perovskite.

33 At high T, a richer
185 permittivity pattern is obtained, Figure 3b. There is a first step
186 at high frequency bringing ε′ to values ∼100 in a thermally
187 activated process. This increase of ε′ should be related with a
188 capacitance at the contacts.32 At temperature of 273 K and
189 higher, see Supporting Information Figure SI6, a second step
190 appears that increases real permittivity to 103−104. Finally, a
191 third step appears at low frequency promoting real permittivity
192 to high GDC of 105−106. Results in Figure 3 confirm that the
193 giant dielectric permittivity is related with the increase in carrier
194 density due to illumination, charge injection, or temperature.
195 Although the dielectric permittivity has been previously studied
196 for these perovskite materials, there are no reports of studies
197 under illumination or at frequencies as low as the analyzed in
198 this paper, and consequently GDC has not been previously

199reported. Nevertheless, previous results of ε′ as high as 200
200have been reported for X = (Cl, Br) perovskite single crystals at
20150 Hz.34 These values are in the range of the results shown
202here.
203In summary, the large number of samples investigated, with a
204wide variation of internal morphologies, compositions, and
205contacts, including samples with insulating contacts, show the
206GDC effect in all cases. Therefore, it is reasonable to assume
207that the large dielectric constant is an intrinsic effect related to
208increased population of electronic carriers and not an interfacial
209one.
210Already in the dark (without added carriers), the perovskite
211shows a very large static dielectric constant. This feature reflects
212the response of small dipolar domains to the external electrical
213field. The large native dielectric constant could be induced by
214structural fluctuations of the perovskite cell, aided by the large
215freedom of rotation of the polar CH3NH3

+ cation.32,33 The
216dipole−dipole interaction is weak so that the correlation length
217ξc of the dipolar domains may comprise only a few unit cells.15

218These domains tend to align to the external field. According to
219our observations, when carriers are injected, an enhanced
220polarizability is induced by electronic carriers located in the
221conduction band and holes in the valence band, corresponding

Figure 2. Plot of the real permittivity as a function of frequency for
different incident light intensity (Φ0) from dark to 1 sun, for
MAPbI3−xClx perovskite (compact TiO2/ MAPbI3−xClx perovskite in
Al2O3 scaffold/spiro-OMeTAD). Measurements have been carried out
at room temperature and 0 V applied bias. Inset, linear regression of
dielectric constant vs illumination intensity at f = 50 mHz, observing a
close to linear dependence between ε0 and intensity illumination.

Figure 3. Plots of the real part of dielectric permittivity as a function of
frequency. (a) Under dark and 1 sun illumination for thin film of
CH3NH3PbI3−xClx perovskite without scaffold, with spiro-OMeTAD
as back contact, using different front contacts: TiO2 (diode device);
thin CaO ∼20 nm isolating layer (blocking device) and spiro-
OMeTAD (symmetric device). Measurements have been carried out
at room temperature and 0 V applied bias. (b) At different
temperatures and three different applied bias conditions for thin film
of perovskite without scaffold and using asymmetric contacts: compact
TiO2/CH3NH3PbI3‑xClx/spiro-OMeTAD. Measurements have been
carried out under dark conditions.
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222 in the first case to the hybridizations of the 6p orbitals of B
223 (lead) and to hybridizations of the 6s orbitals of B and 5p
224 orbitals of X (halide) for the valence band.34 However, in a
225 highly polar crystal, the electronic carriers become strongly
226 localized by electron−phonon coupling. The self-stabilized
227 electronic charge in a deformable polar medium is termed a
228 polaron, and its slow motion, which drags the lattice distortion,
229 is denoted polaron hopping. The presence of excess localized
230 charge, with a relative positional freedom to move under
231 external or thermal force, modifies the ionic bonding balance of
232 the unit cell and causes local distortion. Previous experimental
233 results35−38 reveal a high mobility of carriers but those
234 measurements are obtained at 109 Hz which is 9 orders of
235 magnitude faster than the dynamic polarization observed here.
236 Terahertz conductivity only probes the electronic carrier
237 dynamics in a very short scale vibrational motion. The
238 carrier-induced enhanced polarization is on a very slow scale
239 of 1 Hz, as it involves the macroscopic rearrangement of dipolar
240 domains, and it will influence the long-range carrier transport.
241 Indeed, it can be observed in Supporting Information Figure
242 SI2 that the low frequency conductivity decreases by 2 orders
243 of magnitude with respect to the intermediate frequency (1
244 kHz) conductivity. We remark that long-range transport may
245 be either band-like or, in the case of polaron hopping, it will
246 involve a small activation energy. It is also likely that different
247 mechanisms may coexist in the inhomogeneous environment
248 caused by the dipolar domains and grain boundaries structure.
249 These facts could have profound implications for the electronic
250 and photovoltaic operation of the material that will require a
251 detailed investigation. On the other hand, it opens the
252 possibility of development of new optoelectronic devices as
253 photonic control of memory devices or capacitance based
254 photodetectors.
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