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ABSTRACT: Despite spectacular advances in conversion efficiency of
perovskite solar cell many aspects of its operating modes are still poorly
understood. Capacitance constitutes a key parameter to explore which
mechanisms control particular functioning and undesired effects as current
hysteresis. Analyzing capacitive responses allows addressing not only the
nature of charge distribution in the device but also the kinetics of the
charging processes and how they alter the solar cell current. Two main
polarization processes are identified. Dielectric properties of the micro-
scopic dipolar units through the orthorhombic-to-tetragonal phase
transition account for the measured intermediate frequency capacitance.
Electrode polarization caused by interfacial effects, presumably related to
kinetically slow ions piled up in the vicinity of the outer interfaces,
consistently explain the reported excess capacitance values at low
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frequencies. In addition, current—voltage curves and capacitive responses of perovskite-based solar cells are connected. The
observed hysteretic effect in the dark current originates from the slow capacitive mechanisms.

Hybrid lead halide perovskite solar cells have emerged in
the last three years,1 boosting the achieved solar to
electricity power conversion efficiency to values as high as
20.1%.> Previous expectations signaling 20%-efficiency fore-
casts® have been already exceeded and the current development
of the technology points toward and beyond 25%." Variations
of cell configuration, selective contacts, and kinds of perovskite
utilized have been explored during this short period.>~> The
most extensively studied structure comprises CH;NH;PbI,
(MAPbBL;) perovskite (or its analogous but using chlorine
precursor: CH;NH,;Pbl,_ Cl) as absorber materials, in
combination with electron-(TiO,) and 2,2',7,7 -tetrakis(IN,N-
dipmethoxyphenylamine)-9,9-spirobifluorene (spiro-OMe-
TAD) hole-selective contacts. The organic cation CH;NH,*
is mainly responsible for the structural stability of the
perovskite structure, whereas the electronic properties are
largely determined by metal and halide hybridized orbitals.*™®

In spite of the spectacular advances in cell efficiency, many
aspects of this system are poorly understood. In particular, the
interpretation of frequency dependence capacitance in MAPbI;
and related inorganic—organic perovskites remains unsettled at
this time. One interesting phenomenon is the giant dielectric
constant that is observed at ultraslow frequency, which is
amplified under illumination.” In addition, there are different
mechanisms contributing to the capacitance, which may be
chemical or dielectric, including contact and bulk capacitance,
and possible ferroelectric effects. These capacitive properties
have been investigated in some reports,m_12 but due to the
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complex morphology of perovskite solar cells and the
combination of ionic—electronic properties, a consistent picture
of the capacitances to assist device understanding has not been
developed yet. Analyzing capacitive responses allows addressing
not only the nature of charge distribution in the device but also
the kinetics of the charging processes and how they alter the
solar cell current. Therefore, we have checked extensively
capacitive mechanisms of MAPDI; cells that we thoroughly
describe in this paper. We first address the hysteresis effect by
direct treatment of current density—voltage (J—V) curves in the
dark and connect it to the cell capacitance. In order to clarify
the origin of the different capacitive processes observed, we
perform the measurements as a function of temperature and
film thickness and provide for the first time a complete
interpretation of separate capacitive effects in perovskite solar
cells.

An intriguing effect manifested as a hysteretic response of the
J—V curves upon illumination has been extensively re-
ported.*''>!* Hysteresis has a detrimental influence on the
photovoltaic operation reliability and stability so as to advance
in its alleviation. Although the origin of hysteretic effects is still
unclear, there are several mechanisms that have already been
proposed. Ferroelectric properties of the perovskite materials
appear as an underlying mechanism in some reports,">”"
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whereas other works highlight delayed electronic trapping
processes.'® In addition, slow ion migration might consistently
produce hzysteretic responses in the current—voltage character-
istics.">'”*° In order to progress in clarifying the phenomenon,
a discerning experimental technique should be adopted. Among
other approaches, capacitance may be a key parameter to
explore which mechanisms originate hysteretic effects. It is
known that upon illumination, perovskite-based solar cells
exhibit a giant capacitance observable in the low frequency
response.” Even in dark conditions, an extra capacitance
appears in excess of geometrical or chemical capacitances®!
operating at intermediate or high-frequency parts of the
capacitance spectra. A connection between the low-frequency
capacitance and the hysteretic effect of the current—voltage
curves upon illumination has also been suggested,'>** but an
experimental correlation is still lacking.

We connect here J—V curves and capacitive responses of
MAPbDI;-based solar cells comprising both planar and
mesoporous TiO, electron selective layers. A method is devised
to isolate capacitive currents from operating currents within J—
V' curves. Dark capacitive currents are responsible for the
reported hysteresis and can be assimilated to a constant
capacitance contribution at low voltages. This approach
correlates with the cell capacitance measured directly at low
frequencies (<1 Hz), using impedance spectroscopy. Several
mechanisms (ferroelectric, unit cell dipolar, trap states,
electrode polarization) are checked in relation to an exhaustive
evaluation of the capacitance response as a function of
frequency, temperature, MAPDI; layer thickness and solar cell
structure. Because the low-frequency capacitance appears to be
independent of the absorber layer thickness, it is concluded that
electrode polarization, presumably caused by ions piled up in
the vicinity of the outer interfaces, consistently explains the
reported capacitance values and, consequently, the observed
dark current hysteresis.

Dark Current Hysteresis. One way to explore the relationship
between low-frequency, excess capacitance, and hysteresis is by
measuring J—V characteristics in the dark at different scan rates
for both forward and reverse sweep directions. As the excess
capacitance appears at low frequencies (<1 Hz), scan rates
should be slow enough to achieve steady-state conditions. Dark
conditions have been chosen to reduce nonstabilized light or
temperature effects during time-consuming experiments. Figure
la shows J—V curves registered at slow scan rates ranging from
50 down to 1 mV s™' with solar cells containing mesoporous
TiO,. In the voltage range —0.1—0.4 V, the response depends
on the scan sweep direction with a shift of the crossing points at
which current changes sign. At low voltages, hysteretic effects
are apparent, whereas operating currents collapse into a single
response in the high voltage range (>0.5 V). In order to
highlight hysteretic response, current is represented in
logarithmic scale. The overall effect resembles a capacitive
square loop as those reported using electrochemical cyclic
voltammetry methods.>>? Interestingly, the hysteretic behavior
almost disappears for extremely slow scan rates (1 mV s™'), and
current attains equilibrium values ], (the crossing point
approaches voltages near zero). In the studied low-voltage
range, J, appears to be related to shunt effects and leakage
currents. Excess current contributions can be easily determined
by comparing the J=V curves at varying scan rates with the
equilibrium current as J,, = J — J,. These differences are
plotted in Figure 1b, where the expected ], is taken from the
slowest swept J—V curve as the mean between the two sweep
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Figure 1. (a) J-V curves at different scan rates as indicated with
logarithmic scaled currents. (b) Jeap extracted from J—V curves. (c)
Current proportional to the scan rate at different applied voltages. (d)
Capacitance calculated from J,, s~! at different scan rates as in (a).

senses. ., can be certainly labeled as capacitive current as
deduced from its linear dependence with the scan rate s for
different voltages. This is plotted in Figure 1c displaying a linear
behavior whose slope corresponds to the capacitance of 3.8 uF
cm™ This correlation derives from the assumption of a
voltage-independent capacitance as ], = dQ/dt = C dV/dt =
Cs.'” The result of evaluating the previous expression for the
curves of Figure 1b is displayed in Figure 1d. One can observe
that curves nearly collapse into a square, textbook capacitive
case,” exhibiting a rather constant capacitance value of ~3 yF
cm™% Our experiments inform on the presence of capacitive
currents in the low-voltage range and how they yield hysteretic-
like responses in the J—V curves. Although the experiments are
restricted to dark conditions, one would expect even larger
effects in the case of illumination when a huge increase in the
low-frequency capacitance occurs.” Also of interest is the fact
that capacitance currents need of extremely slow scan rates to
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be eliminated pointing to a retarded kinetics for the
mechanisms originating them. Strictly speaking then, one
cannot consider the previously reported dark effect as true
“hysteresis” due to the fact that it is not permanent upon
approaching steady-state conditions.*®

Capacitance Spectra and Dipolar Polarization. To further
understand kinetic effects, one can test solar cell response by
varying temperature. To this end, we measure capacitive spectra
of perovskite-based solar cells containing mesoporous TiO, at
different temperatures in the range between 123 to 303 K.
Spectra are registered at zero bias, both during cooling and
heating, to check response stability as observed in Figure S1
(Supporting Information). A general picture of the measured
capacitance spectra is drawn in Figure 2a. The capacitance drop
at 1 MHz corresponds to the effect of the series resistance
caused by conductive contact layers. Depending on the
measuring temperature, different portions of the whole
spectrum are visible. Two capacitive steps are identified,
which indicates the existence of two distinctive mechanisms.
For low-temperature (123 K) spectra, a capacitive plateau is
observed in the range of 0.1 uF cm™ that can be assimilated to
the high-frequency limit C,, (see Figure 2b). Toward low
frequencies, a temperature-activated process appears situating
the capacitance at a plateau near 1 uF cm™ at much higher
temperatures (213 K). By plotting the capacitance measured at
1 kHz as a function of the temperature (Figure 2d), one can
observe a rather sharp step at ~160 K, followed by a slight
decrease at higher temperatures. In accordance with previous
dielectric measurements,”” this increment in the capacitance
correlates with the phase transitions undergone by perovskite-
type materials where the super cell symmetry increases upon
heating.”® At 160 K, CH;NH,Pbl; orthorhombic structure (-
phase) changes to tetragonal structure (f-phase). The
capacitance increment measured at 1 kHz in Figure 2c
exhibited by CH;NH;Pbl;_,Cl -based cells can be then
interpreted accordingly. The phase transition kinetics is
characterized by an activation energy calculated from the
dependence of the inflection point of the capacitance step on
temperature. Alternatively, the activation energy can be
calculated from the temperature shift in the capacitance
derivative peak as observed in Figure S2 (Supporting
Information). The activation energy for the orthorhombic-
tetragonal transition is determined to be approximately equal to
0.25 eV as observed in Figure S3 (Supporting Information). It
is interpreted as a potential barrier for the neighboring
transitions of the polarizable units. Recently, polarization in
the tetragonal phase has been explained in terms of rotations of
CH,NH;" cation dipoles.”” As known, CH;NH," does not
occupied a fixed position in the structure (dynamic disorder)
thus contributing to the increase in polarizability.® However,
other polarization mechanisms are also feasible. Pbls octahedra
makin% up the external perovskite structure rotate around the ¢
axis.>"**  Moreover cooperative ijonic off-centering might
contribute to local polarization, eventually giving rise to long-
range ion displacement and macroscopic polarization.">
Regarding local dipolar units, a simple calculation based on
the Kirkwood—Frohlich equation®

(8 B eoo)(zg + 600)80 — Nluz
(e, +2)° 9%k, T

(1)

allows relating the measured relative permittivity values
corresponding to the intermediate temperature capacitance
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Figure 2. (a) General view of the capacitance spectra in dark at zero
bias showing the main mechanisms responsible for capacitive steps: at
higher-frequencies (lower temperatures) a step occurs by the
permittivity increase related to the dipolar polarization in the
orthorhombic-to-tetragonal phase transition. At lower frequencies
(higher temperatures), the capacitance step is caused by electrode
polarization. Capacitance spectra at different temperatures in the
ranges (b) 123—213 K and (c) 213—303 K. (d) Relative permittivity
as a function of temperature measured at 1 kHz without considering
the roughness effect.

plateau (& &~ 192 in Figure 2c) to the dipole moment y of the
polarizing units. In eq 1, N is the volume density of dipoles, kg
the Boltzmann constant, and T the absolute temperature. &,
accounts for the high-frequency relative permittivity limit, and
&, corresponds to the vacuum permittivity. Equation 1 is in fact
an approximation that assumes noninteracting dipoles. We note
that the relative permittivity 192 resulting from the capacitance
values constitutes an overestimation that does not consider the
roughness effect produced by the mesoporous matrix."' More
reasonable permittivity values in the reported range of 24—36
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give rise to roughness factors ~6,"3*(see later measurements
with planar TiO, structures). Regarding the roughness effect, a
dipole moment of order y ~ 7.1 X 107 C m (2.1 D) can be
estimated, assuming N = 3.95 X 10* ecm™*” which can be
related to diverse dipolar mechanisms (CH;NH;* or Pblg
octahedra reorientation, and cooperative ionic off-centering)
previously commented upon. The high capacitance plateau in
Figure 2b, related to the phase transition, is observed at lower
frequencies even at temperatures as low as 120 K. This is
because the capacitance step occurs at higher frequencies when
the temperature is raised up as expected for an activated
process. We point out that the dipolar interpretation of this
capacitance is consistent with the absorber layer thickness test
as later explained.

At higher temperatures, CH;NH;Pbl; exhibits another phase
transition in which tetragonal phase evolves to a cubic structure
(a-phase).”® This tetragonal-to-cubic transition has been
determined to occur at ~330 K. As already stated, X-ray
diffraction patterns show the gradual disappearance of the 211
reflection associated with the tetragonal supercell as the
temperature increases.”> The transition is not sharp but gradual
within a temperature interval of 50 K. By examining Figure 2c,
one can observe the progressive appearance of a low-frequency
capacitance in excess of the geometrical value reached with the
tetragonal phases at intermediate temperatures. At approx-
imately 10 mHz, the capacitance step toward low frequencies is
nearly completed attaining values of 30 4F cm™ at 300 K. The
high-temperature process also follows an activated mechanism
with activation energy equal to 0.45 eV as observed in Figure
S3 (Supporting Information). A similar calculation than that
performed for the tetragonal phase using eq 1 results in similar
dipole moment order # ~ 12 X 107*° C m (3.5 D). Again the
dipole moments encountered results in reasonable values being
the measured large permittivity an effect of the local field
correction as described in eq 1. However the interpretation of
the low-frequency capacitance in terms of a dipolar mechanism
fails at checking the response upon MAPbI; thickness variation.

We note here that the capacitance value extracted from the
J=V curve analysis of the capacitive currents in Figure 1
corresponds to capacitive values obtained at room-temperature
in the 1 Hz frequency range. The capacitive value extracted by
the current method (3.8 uF cm™) lies below the low-frequency
capacitance spectra plateau of Figure 2c of 30 uF cm™?
presumably because both procedures are not strictly com-
parable. The capacitive current is derived from large-amplitude
sweep of applied bias voltage, whereas capacitance spectra
result from small-amplitude perturbation over steady-state zero
bias. It is then not surprising that larger capacitances are
extracted by small-amplitude methods because even for sweep
speeds as slow as 1 mV s™', the current response has not
attained steady-state conditions. Nevertheless, we can certainly
infer that the hysteretic effect observed in the dark has a
capacitive origin in the low-frequency excess capacitance. The
slow kinetics of the excess capacitance explains the extremely
low scan rate needed for hysteresis suppression.

The previous experiments point to the fact that the capacitive
response of CH;NH;Pbl; .Cl -based solar cells can be
consistently interpreted in terms of the dielectric properties
of the absorber material. The capacitance singularity around
160 K clearly correlates with the increment of the supercell
symmetry undergoing the f—y phase transition. However the
high-temperature capacitance step cannot be linked with the
subsequent increase in the structure symmetry that occurs
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around 330 K (a-phase) as later explained. It should be noted
here that any attempt to observe ferroelectric effects in addition
to the capacitive responses previously discussed has been
unsuccessful. As explained in Figure S4 (Supporting
Information), the use of the Sawyer—Tower circuit, even at
low enough frequencies that the excess capacitance is observed,
does not yield any evidence of remnant polarization.

Thickness Dependence and Electrode Polarization. A suitable test,
aimed at discerning whether purely dielectric mechanisms
originate the capacitances found in Figure 2, consists of
investigating how capacitance scales with the perovskite layer
thickness. For this purpose, planar perovskite solar cells with
structure FTO/TiO,(compact)/MAPbI,/spiro-OMeTAD/Au
were prepared varying the MAPbI; layer thickness L between
400 and 200 nm. Planar solar cells reproduce the general trends
of the capacitance spectra measured for devices comprising
mesoporous TiO, of Figure 2 as observed in Figure S5
(Supporting Information). In this case, it is easier to calculate
the MAPDI; layer thickness because of the sandwiched
structure. By examining Figure 3, one can observe that at
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Figure 3. Capacitance as a function of the perovskite layer thickness at
different temperatures extracted from (a) a low-frequency plateau
corresponding to the electrode polarization and (b) an intermediate
frequency plateau caused by dipolar polarization.

low-temperature the intermediate-frequency capacitance pla-
teau of Figure 2b, which corresponds to the capacitive value
reached after the CH;NH;PbI; orthorhombic to tetragonal
phase transition is completed, scales with the inverse of the
layer thickness. Lines in Figure 3b state for fittings using the
expression C = (egy/L) + Co, in which the adding term C,
might account for the capacitive effect of the contacting layers
and the high frequency contribution Cg, of the MAPbI, film.*
From the fitting at room temperature, it is obtained that & =
32.5 + 0.7, being in good consistency with reported values.'>>*
It is worth remarking here that the analyzed samples comprise
multilayer structures that can be modeled as a first approach by
the series connection of parallel RC subcircuits corresponding
to each individual layer. The perovskite capacitance dominates
the response at intermediate and low frequencies in those cases
in which contacting layers (spiro-OMeTAD and TiO,) possess
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high enough conductivity so as to displace their response to the
high-frequency part of the spectra.

One can then infer a purely dielectric origin for the capacitive
step occurring at 160 K in Figure 2d and relate it to the
MAPDI; film. It is also noted that capacitance slightly decreases
with temperature. When the thickness test is performed on the
low-frequency, high-temperature capacitive step, a completely
different dependence is extracted. As observed in Figure 3a,
capacitance results are practically independent of the MAPbI;
film thickness. This last finding would entail that polarization
mechanisms underlying the low-frequency dark capacitance
cannot be easily assimilated to purely dielectric bulk
phenomena. In the next, alternative explanations will be
confronted with the experimental observation of a thickness-
independent low-frequency excess capacitance.

Excess capacitance has been recently related to the
occupancy of electronic traps within the MAPbI; film following
a given density-of-states (DOS) g(E).18’37’38 The slow trap
kinetics would explain the low-frequency capacitive response
and the consequent hysteretic J-V curve. Electronic DOS can
be easily determined from the capacitance spectra derivative
according to™

_ Vi dC(w)
qLkyT d(In )

E) =
g(E) -

Here, w accounts for the angular frequency, and Vy; is the built-
in voltage produced by the workfunction offset. Full depletion
conditions should be accomplished to have the absorber layer
thickness L in eq 2 instead of the depletion layer width. As was
recently discussed for planar perovskite solar cells, full
depletion surely occurs at zero-bias because of large V}; and
relatively low doping levels.*® Equation 2 has been largely used
in inorganic solar cells,® and it was introduced by us in the field
of organic photovoltaics.*® Measuring frequency @ modulates
the so-called demarcation energy*' E = kzTln (wy/@) that
explores the bandgap DOS cumulatively contributing to the
capacitance. @, denotes the response frequency that states the
time scale of the capture-release electronic process. By
integration in eq 2 over frequency (energy), one readily infers
that the excess capacitance AC is proportional to the layer
thickness as

qL
AC = — E)dE
Vi Je® 3)

Therefore, interpretation of the low-frequency capacitance step
in terms of the occupancy of bulk electronic DOS would entail
AC « L as for purely chemical capacitance, clearly in
contradiction with our observation in Figure 3a. Thickness-
independent capacitance might be still consistent with this
approach in the particular case that electronic DOS is restricted
to a portion of whole MAPDI, layer, although the reported slow
kinetics is hardly explained by means of purely electronic
transitions.

The independence of the excess capacitance with the layer
thickness suggests an origin related to interfacial mechanisms.
Trapping of electronic carriers or ionic charges might
accumulate at the contact interface altering the local electrical
field. As a consequence, thin space charge regions can be
formed in the vicinity of the contacts, an effect known as
electrode polarization for ionic conductors.*”** In these cases,
the excess capacitance relates to the width of the space charge
region w instead of the layer thickness as AC = E&'O/w.44
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Accordingly, excess capacitance has a purely electrostatic origin,
although contributions arising from molecular absorption or
electrode reaction might also take place.***® This last
relationship yields values w & 5.7 nm from our measurements
at room temperature of cells containing mesoporous TiO,, and
w 13 nm for oxide planar layers. From this approach,
properties of the interface rather than bulk mechanisms explain
the excess capacitance being consistent with the layer-thickness
independence because w < L. For purely ionic conductors, we
proposed the interpretation of the excess capacitance as
originated by mobile ions piled up near the metallic contacts.*®
At low enough frequencies, mobile ions accumulate near one of
the outer interfaces and are removed from the opposite
interface depending on the electrical field direction. As
occurring in ionic conductors electrode polarization may
explain the observed excess capacitance as originated by ion
accumulation (or depletion) zones in the MAPbI; bulk
attaching the electrode interfaces. This mechanism would be
in accordance with recent proposals that link mobile ions to the
explanation of hysteretic features.'**® Assuming ion continuity
and Poisson electrostatic relations, the interfacial space charge
at zero volts is confined within the ionic Debye length Ly, as

eegkyT
\ g’ (4)

Here, n states for the density of mobile ions forming the
interfacial space charge. The space charge capacitance is derived
by equaling the ionic Debye length to the space charge width
giving the following expression

~
~

D =

€8,

C. =
LD

SC (5)

We note that eq S results from equilibrium conditions, not
valid when bias voltage is applied. Previous frequency-
dependent capacitance calculations agree with eq S in the
low-frequency limit.*” Equation S corresponds to the excess
capacitance generated by one interface. When the two outer
contacts intervene, the calculation must consider the series
connection of two capacitors. A simple calculation using eq S at
room temperature yields space charge density values of 2.4 X
10" cm™ for planar cells and greater values for mesoporous
devices (n = 1.4 X 10'® cm™>) presumably because of the larger
interface area. Assuming that the mobile ionic charge is formed
by the iodine anions or ionic defects, these last calculations
imply an excess of ions around 0.01% that accumulate at the
interface. The potential drop caused by the space charge can be
easily determined from AV = gnw/C,. It results in
approximately 25 mV for both types of solar cells, in good
agreement with the assumption in eq 4 that thermal energy
originates charge accumulation with Debye length extension.
Space charge layers only produce then a slight screening of the
electrical field originated by the built-in voltage. Hence, the
screening effect of piled-up ions is not able to significantly
lower the expected Vi; & 1.2 V (mainly caused by the
workfunction offset between MAPbDI; and TiO,)*® in
accordance with the large flat-band voltage (~1.0 V) extracted
from Mott—Schottky analyses and the voltage profile
determined by Kelvin probe measurements.*® Within this
approach, the slow kinetics is related to the ionic dynamics of
interfacial pile-up.*” The thermally activated process of Figure
2c appears as a consequence of the increased ion conductivity
as the temperature is raised up.
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The previous experiments have revealed that hysteretic-like
loops in the J=V curves observed in dark conditions around
room temperature are related to the excess capacitance in the
low-frequency part. This capacitive increase might be consistent
with a bulk dipolar mechanism occurring inside the unit cell in
the onset of the tetragonal to cubic phase transition. However,
the thickness-independent capacitive values at low frequencies
allow ruling out purely dielectric explanations as, in this last
case, capacitance would depend inversely on the absorber layer
thickness. Other electronic mechanisms that scale with L as
occurred with the chemical capacitance can also be discarded.
The electrode polarization explanation proposed here is
consistent with the thickness test as it restricts their effect to
the space charge region width. In this approach, interface
properties control the capacitive increase in the low-frequency
part of the spectra. We stress here that the derivation of eq 5
only assumes electrostatic interactions and discards electrode
reactivity effects. When strong interactions between contacting
materials and MAPbI; occur, the capacitance should incorpo-
rate both electronic and ionic contributions in a much more
complex way.

We note here that our experiments have only addressed dark
properties. These findings indeed constitute a necessary starting
point to progress into the rich and varied scenario that appears
upon light irradiation of perovskite-like photovoltaic materials.
As already mentioned, illumination induces giant capacitive
responses at low frequencies,” likely signaling li%ht-driven
structural changes abled to promote local polarization®® and ion
rearrangement.”” In a recent study, it has been observed that
light induces highly reversible sub—bandga}s) absorption peaks
and segregation into two crystalline phases.>® In addition, light
soaking, particularly for solar irradiation levels, increases the
temperature of the absorber layer. Recalling that the MAPbI;
cubic phase transition undergoes around 330 K, a complex
interplay appears, in which electronic, structural, and ionic
properties might get strongly entangled.

In summary, we have checked several mechanisms (ferro-
electric, dipolar polarization, trap states, electrode polarization)
for consistency in relation to an exhaustive evaluation of the
capacitance response of MAPDI; solar cells. Capacitance has
been recorded as a function of frequency, temperature, MAPbI,
layer thickness, and solar cell structure. Two main polarization
mechanisms are identified in dark conditions: (i) dipolar units
giving rise to dielectric response through the orthorhombic-to-
tetragonal phase transition, and (ii) electrode polarization
caused by outer contact charging, presumably originated by ion
interfacial accumulation. This last mechanism allows explaining
the perovskite layer’s excess capacitance, which consequently
causes the observed current hysteresis.

B EXPERIMENTAL METHODS

In this study, CH;NH,Pbl;_.Cl, perovskite is used in a
structure with and without mesoporous scaffold of the type:
FTO/TiO,(compact)/TiO,(mesoporous)/MAPbIL;/spiro-
OMeTAD/Au and FTO/TiO,(compact)/MAPbI,/spiro-OMe-
TAD/Au, respectively. All the studied cells were prepared over
FTO glasses (25 X 25 mm, Pilkington TEC1S, ~15 Q/sq
resistance), which were partially etched with zinc powder and
HCI (2 M) in order to avoid short circuits, obtaining 0.25 cm?
of active electrode area. The substrates 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
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with compressed air. After that, the substrates were treated in a
UV—-0; chamber for 20 min. The TiO, blocking layer was
deposited onto the substrates by spray pyrolysis at 480 °C,
using a titanium diisopropoxidebis(acetylacetonate) (75% in
isopropanol, Sigma-Aldrich) solution diluted in ethanol (1:39,
v/v), with oxygen as carrier gas. The spray was performed in 4
steps of 12 s, spraying each time 10 mL (approx.), and waiting
1 min between steps. After the spraying process, the films were
kept at 480 °C for S min. Subsequently, a UV—O; treatment
was performed for 20 min. When needed, for cells with
mesoporous scaffold, the mesoporous TiO, layer was deposited
by spin coating at 4000 rpm during 60 s using a TiO, paste
(Dyesol 18NRT, 20 nm average particle size) diluted in
terpineol (1:3, weight ratio). After drying at 90 °C for 10 min,
the TiO, mesoporous layer was heated at 470 °C for 30 min
and later cooled to room temperature. The thickness
determined by scanning electron microscopy was of approx-
imately 200 nm observed in Figure S6 (Supporting
Information). The perovskite precursor solution was prepared
by reacting 2.64 mmol of CH;NH;I and 0.88 mmol of PbCl,
(3:1 molar ratio) in 1 mL of DMF. For the cells with
mesoporous scaffold, 100 uL of this solution was spin-coated
inside a glovebox, at 2000 rpm for 60 s. For the case of the
planar configuration (cells without scaffold), spin-coating
speeds were 1000, 2000, and 4000 rpm for perovskite thickness
~210, 340, and 420 nm, respectively, as observed in Figure S7
(Supporting Information). After the deposition, the substrate
was kept at 100 °C for 10 min. Next, the substrates were heated
at 100 °C during 90 min in an oven under air stream. Then, the
perovskite films were covered with the hole-transporting
material (HTM, ~300 nm thick) by spin coating at 4000
rpm for 30 s under air conditions, using 100 uL of spiro-
OMeTAD solution. The spiro-OMeTAD solution was
prepared by dissolving in 1 mL of chlorobenzene 72.3 mg of
(2,2',7,7’ -tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’-spiro-
bifluorene), 28.8 uL of 4-tert-butylpyridine, and 17.5 uL of a
stock solution of 520 mg/mL of lithium bis-
(trifluoromethylsulfonyl)imide in acetonitrile. Finally, 60 nm
of gold was thermally evaporated on top of the device to form
the electrode contacts using a commercial Univex 250 chamber,
from Oerlikon Leybold Vacuum. Before beginning the
evaporation, the chamber was evacuated until pressure of 2 X
107 mbar. The active electrode area of 0.25 cm* per pixel is
defined by the FTO and the Au contacts.

Current density—voltage J—V curves were recorded under
AM 1.5 100 mW/cm ™ simulated sunlight (ABET Technolo-
gies Sun 2000) previously calibrated with an NREL-calibrated
Si solar cell. The obtained efficiencies using a 0.11 cm* mask
were about 10% as observed in Table S1 and Figure S8
(Supporting Information). The dark J—V curves were measured
with a PGSTAT-30 from Autolab using different scan rates. For
the measurement of capacitance spectra as a function of the
temperature, an Alpha-N analyzer was employed with a Quatro
Cryosystem temperature controller from Novocontrol Tech-
nologies. The AC voltage perturbation was of 10 mV and a
constant zero bias was kept. Each frequency spectrum was
measured ranging between 0.01 Hz and 13 MHz at a given
constant temperature, which was changed between 303 and 123
K with steps of 15 K.
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