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ABSTRACT: The current density−voltage (J−V) curves of perovskite
solar cells have been found to present a hysteresis-like distortion when
the measurement is done by sweeping the applied voltage at diﬀerent
scan conditions. Hysteresis has raised many concerns about the feasibility
and long-term stability of this kind of photovoltaic technology. However,
there is a lack of distinction among diﬀerent hysteretic phenomena which
is necessary to unravel its underlying physical and chemical mechanisms.
Here we distinguish between capacitive and noncapacitive currents
giving rise to speciﬁc hysteretic responses in the J−V curves of PSCs. It is
reported that capacitive current causing hysteresis dominates in regular
structures with TiO2 as bottom electron selective layer. This is mainly
caused by the charge, both ionic and electronic, accumulation ability of
the TiO2/perovskite interface but has no inﬂuence on the steady-state
operation. Noncapacitive hysteresis is observable at slow enough scan
rates in all kind of architectures. Inverted structures, including organic compounds as bottom hole selective layers and
fullerene materials as top contact, exhibit larger noncapacitive distortions because of the inherent reactivity of contact
materials and absorber perovskites.

T

analyzed a restricted range of scan rates. A classiﬁcation able to
cover diﬀerent hysteretic phenomenologies which can be used
as a basis to progress into their underlying physical and
chemical processes is needed. Recent reports have identiﬁed the
occurrence of capacitive currents distorting the response of
PSCs both in the dark and under illumination.7,12 Capacitive
currents originate from the charging−discharging dynamics of
capacitors of dielectric nature linked with the ionic polarization
of outer electrodes17 and also light-induced electronic
accumulation surface layers18 conﬁned within the Debye length
in the vicinity of the contacts. In both cases capacitive currents
exhibit larger contributions as the scan rate is increased

he current density−voltage (J−V) curves of perovskite
solar cells (PSCs) have been found to present a
hysteresis-like distortion when the measurement is
done by reversing the sweeping sense of the applied voltage.1
Hysteretic eﬀect is characterized by the presence of additional
currents Jhyst that modify the operating response of the cells.
Silicon solar cells have been reported to show hysteresis at very
fast J−V measurements2 caused by capacitive eﬀects, and also
polycrystalline CdS/CdTe thin-ﬁlm solar cells exhibited
transient distortions depending on the sweep direction because
of ion migration.3 Hysteresis eﬀects have not been reported for
other photovoltaic technologies such as dye or organic solar
cells. Presumably the fact that halide perovskites exhibit ionic
conduction4 lies behind the prominent hysteretic response of
cells comprising these compounds. Observation of hysteresis
has raised many concerns about the feasibility and long-term
stability of this kind of photovoltaic technology. A strong
dependence on bias scan rate s = ΔV/Δt has been widely
identiﬁed; that is, the diﬀerence in current between the forward
bias scan (FS) and the backward bias scan (BS) changes
depending on the applied voltage sweep velocity (or delay time
between measurement points). There have been many reports
showing the hysteresis phenomenology, as well as explanation
attempts focusing on its origin mechanisms. For instance, while
many authors have observed a qualitative increase of the
hysteretic eﬀect as the scan rate is augmented,5−12 others have
found the opposite.1,13−16 However, each one of these studies
© XXXX American Chemical Society

Jcap = Cs

(1)

where C is the device capacitance per unit area. The
proportionality between scan rate and hysteretic current is
actually observed for perovskite solar cells comprising TiO2 as
electron collecting material.19 The reported values for the
capacitance are too large to stem from a geometric or chemical
origin.20 A distinctive feature of capacitive hysteresis appears
approaching steady-state conditions: it should vanish as the
scan rate is reduced. Here we show how at extremely low scan
rates the hysteretic response is still present, being hardly
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connected to the capacitive contribution previously outlined. It
is also observed that PSCs containing organic or fullerene layers
do exhibit prominent noncapacitive hysteretic contributions
exceeding those observed for regular architectures made up of
TiO2 bottom layers, either mesoscopic or planar. Noncapacitive
hysteresis is connected here to the reactivity at the contact
interlayers.
In this work we explore the current density and capacitance
responses to applied voltage of several PSC structures in a wide
range of scan rates with the purpose of discerning between
capacitive and noncapacitive hysteretic currents. The nomenclature and structure (see inset of Figures 1b,c and S2a) of the
analyzed devices are summarized in Table 1. Also listed are the
respective photovoltaic parameters extracted from roomtemperature J−V curves of Figure S1, where it is observed
how hysteresis is evidently present in regular samples
(RegularFlat and RegularMeso), that we will label as “hysteretic
devices”. On the other hand, the inverted structures comprising
organic and fullerene-based interlayers result in practically
“hysteresis-free devices” under illumination, as usually reported.
In order to distinguish among the possible contributions to
PSCs hysteresis, it is useful to analyze dark J−V curves under a
wide range of scan rates. These measuring conditions avoid an
extra parameter (light) to induce signiﬁcant degradation21,22
(mainly during long-term measurements). Furthermore, the
light soaking has been found to inﬂuence hysteretic
currents,8,9,23 but it is not their primary cause because hysteresis
behaves similarly in some cases in dark J−V curves.8,24 In
general terms, hysteretic currents appear in addition to
operating currents, J = Joper + Jhyst. One of the contributions
to Jhyst is Jcap, which dominates at intermediate scan rates. The
dark J−V curve representation, with logarithm scaled current
densities, straightforwardly illustrates the eﬀect of capacitive
currents, as shown in the simulation of Figure 1a (red solid
lines) and in the experimental dark J−V response of
RegularMeso device in Figure 1b (Figure S2a for RegularFlat).
The overall eﬀect of capacitive currents is a mere addition or
subtraction equaling eq 1, depending of the scan rate sign, that
yields a squarelike current response around zero bias.7,25 As the
applied bias sweep speed is slowed down (or delay time
between measurement points increases), Jcap gradually reduces
until the hysteresis eﬀectively vanishes as FS and BS dark J−V
curves collapse into the steady-state response. Here, current
must be negligible at zero applied voltage (see low-voltage
region in Figure 1a, black solid line) because the capacitive
contribution disappears. Before a steady-state condition is
reached, Jcap can be evaluated as the average between the
absolute current densities in FS and BS at zero volts (Figure 1a
between red arrows). This capacitive hysteresis feature have
been also unambiguously identiﬁed for regular FTO/TiO2/
MAPbI3−xClx/spiro-OMeTAD/Au (planar and mesoporous
structures).7 Here, two other regular structures (RegularFlat
and RegularMeso, in Table 1) are also tested. It can be seen (J−
V curve under illumination in Figure S1, as well as from dark J−
V curves in Figures 1b and S2a) that RegularFlat and
RegularMeso samples show pronounced capacitive hysteresis.
Speciﬁcally, in the dark J−V curves at diﬀerent scan rates of
these devices a characteristic linear trend as Jcap = C·s is
observed, which is displayed in Figure S2b.
It has been widely reported that PSC capacitance presents an
increase of several orders of magnitude at low frequencies.7,10,12,20,26 This giant low-frequency capacitance has been
directly related to the hysteretic eﬀect on J−V curves.6,7,10,12

Figure 1. Dark J−V curves at room temperature in logarithm scaled
current representation: (a) simulation illustrating diﬀerent
hysteretic eﬀects as a function of the scan rate during the bias
sweep in both senses; experimental data from (b) RegularMeso and
(c) Inverted PSCs at diﬀerent scan rates with corresponding
structures sketched in the insets; and (d) dark capacitance spectra
of Inverted sample for a wide frequency range at diﬀerent
temperatures, as indicated.

Here, the capacitance spectra of our “hysteretic samples”, as
illustrated in Figure S2c, also exhibit such an eﬀect. Hence,
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Table 1. Nomenclature, Structure, and Parameters (See Figure S1 J−V Curves)a
label

structure

Jsc (mA cm−2)

Voc (mV)

FF (%)

PCE (%)

RegularFlat
RegularMeso
Inverted

FTO/cTiO2/MAPbI3/spiro-OMeTAD/Au
FTO/cTiO2/mTiO2/MAPbI3/spiro-OMeTAD/Au
ITO/PEDOT:PSS/MAPbI3/PC70BM/Ag

18.3
20.1
16.8

1037
943
810

67.4
67.5
53.6

12.8
12.8
7.3

a

For simplicity, only the backward scan (BS) was considered in those devices with remarkable hysteresis. Here, Jsc stands for the short circuit
current; Voc is the open circuit current, FF the ﬁll factor, and PCE the light-to-electric current power conversion eﬃciency; MA in MAPbI3 is
methylammonium (CH3NH3), and cTiO2 or mTiO2 stand for compact or mesoporous TiO2 layers, respectively.

Figure 2. (a) Experimental dark hysteretic currents as a function of scan rate, calculated as the average current between scan senses at the
indicated applied voltages for J−V curves of Figures 1b,c and S2a. The data points with star symbols represent maximum hysteresis of the
inverted sample in Figure 2c. When Jhyst is evaluated in zero volts, the hysteretic current is Jcap (solid lines); elsewhere, it is Jnoncap (dashed
lines). (b) Sketch of general behavior of hysteretic currents with scan rate showing three regions dominated by noncapacitive currents,
capacitive currents, and the response limitation of the sample capacitor. (c) Dark J−V curves in logarithmic scaled currents representation for
an Inverted sample at room temperature and diﬀerent scan rates. Inset in panel c shows the same curves but in linear scaled current
representation. (d) Dark capacitance−voltage curves of Inverted sample in panel c at two diﬀerent scan rates, as indicated. Inset in panel d is
the capacitance diﬀerence, ΔC, between scan senses for both scan rates. The AC perturbation was 10 mV at 10 kHz.

that exhibited for complete inverted solar cells (1.3 μF·cm−2) at
room temperature, ensuring that the capacitance response is
certainly dominated by the perovskite layer. Interestingly, the
excess capacitance at low frequency of inverted cells (Figure
1d) just doubles the capacitance at the plateau around 1 kHz,
but no signiﬁcant increase occurs as that observed for solar cells
containing TiO2 layers, in agreement with previous reports.27
With these low capacitance values the capacitive hysteresis
eﬀect would be observable only at scan rates larger than 5 V·s−1
because Jcap = C·s. Capacitance spectra then agree with the
absence of substantial capacitive currents causing hysteresis for
inverted structures.
Capacitive hysteresis in the dark has been suggested to
originate from the perovskite’s ability to transport ionic species
which accumulate at the TiO2 interface.7 The fact that PCBM/
perovskite interface does not exhibit pronounced capacitive
features indicates that ionic migration is a necessary but not
suﬃcient condition for hysteresis to be induced. The interplay
between ionic conduction and interface interaction is needed to
enhance charge accumulation and consequently hysteretic
behavior. The speciﬁc contact interactions between TiO2 and
halide perovskites have been studied by De Angelis and co-

large low-frequency capacitances promote hysteresis eﬀect, in
the form of capacitive currents. Supporting this statement it is
observed that PSCs with small low-frequency excess
capacitance exhibit “hysteresis-free” (or considerably reduced)
responses at room temperature.27 Inverted structured devices,
characterized by the use of organic selective contacts
sandwiching the absorber perovskite, are the most commonly
reported hysteresis-free PSCs (summarized in Table S1).
Consequently, we performed dark J−V curve measurements
in a wide scan rate range (0.5−250 mV·s−1) for inverted
conﬁgured devices, as illustrated in Figure 1c. Indeed, at low
voltages there is no trace of capacitive current at room
temperature; that is, regardless of the scan rate or sense, the
current is always negligible at zero volts. The capacitance
spectra at diﬀerent temperatures for inverted solar cells (Figure
1d) exhibit the earlier described7 progressive increase in
capacitance with temperature, including a gap around the
MAPbI3 crystal phase transition from β-tetragonal to γorthorhombic at 150 K.28 In addition, the capacitance spectrum
of samples without perovskite layer (ITO/PEDOT:PSS/
PC70 BM/Ag) was explored, which exhibits a constant
capacitance of 0.8 μF·cm−2 (Figure S3). This value lies below
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workers.29 This computational calculation indicates that a weak
interaction occurs mainly through the binding of perovskite
iodine atoms to under-coordinated Ti(IV) atoms of the TiO2
surface. Ti−I bonds easily accommodate excess or defect ionic
charge in a highly reversible way causing the capacitive currents.
Under illumination, the low-frequency capacitance is largely
increased20 and hysteretic light J−V curves are prominent.12
However, these light-induced eﬀects are hardly interpreted
relying exclusively on ionic mechanisms. At the present time we
can only speculate about the necessary local interplay between
ionic species and photogenerated carriers at the contact/
perovskite interface able to enhance hysteretic responses.18
So far, we have highlighted how capacitive currents Jcap = C·s
are behind a speciﬁc case of hysteretic behavior in PSCs,
appreciated at low voltage in dark J−V curves, and their
correlation with the low-frequency capacitance. The experimentally obtained Jcap values for the “hysteretic samples” are
also plotted in Figure 2a. These values are directly measured
from the J−V curves in Figure 1b at zero bias. As expected,
capacitive current increases linearly as the scan rate is increased,
but it does not inﬂuence the solar cell performance in a
detrimental manner as it vanishes at steady state. However,
when slow enough voltage sweeps are performed, instead of a
hysteresis-free steady-state dark J−V curve, a new kind of
hysteretic distortion arises mainly around 0.5 V at forward bias,
but also in reverse bias. This behavior is sketched in the
simulation of Figure 1a (black solid lines), and it can be also
seen in the slowest dark J−V curves of the “hysteresis-free”
Inverted sample in Figure 1c (also for regular “hysteretic
devices” in Figures 1b and S2a). This is indeed a new feature
diﬀerent from the previously discussed capacitive hysteresis,
which relates to reports on hysteresis increment with scan rate
decrease (or longer delay time between measurement
points).13,14,16
It is convenient to quantify the absolute hysteretic currents
from the diﬀerence between forward and backward current
densities at selected voltages. Additional hysteretic current
contributions for each sample at individual critical voltages
(diﬀerent from zero bias) at low scan rate are presented with
dotted dashed line curves in Figure 2a. It is also included in
data from a particularly hysteretic Inverted sample (in Figure
2c) and the RegularMeso sample in high reverse polarization
regime (in Figure S4) given that the hysteresis at reverse bias
has been also earlier reported in several device structures.30,31
When Figure 2a is examined, it is appreciated that hysteretic
currents increase as the scan rate decreases and that for the
inverted devices (that do not exhibit Jcap) this current
component is in general larger than for the “hysteretic samples”
of regular architecture.
We will henceforth denote as noncapacitive hysteretic
currents (Jnoncap) the slow scan rate distortion in J−V curves
to diﬀerentiate it from the previously discussed J cap .
Accordingly, the total hysteretic current behavior can be
schematically summarized in Figure 2b where three scan rate
regions are deﬁned: (i) at extremely low s, noncapacitive
currents appear for all kind of architectures; (ii) at intermediate
s, capacitive currents are present with Jcap = C·s in regular
structures; and (iii) at high s, capacitive current is limited by the
capacitor response time constant. The hysteresis disappears at
larger scan rates because the response RC time constant is
longer than the measuring time inhibiting as a consequence the
capacitance charging. This is in agreement with previous
observations of hysteresis reduction at high scan rates.8,13 When

the sample capacitance is large, at high enough scan rates a
linear trend arises between Jhyst and s. This feature signals the
occurrence of capacitive currents as observed in the dark as well
as in J−V curves under illumination.7,12 Finally, at the lowest
scan rates, only noncapacitive currents can rule the hysteresis as
capacitive currents vanish. Noncapacitive hysteresis is a general
signature observed both for regular and inverted structures.
However, it is the dominant hysteretic mechanism for devices
with inverted conﬁguration. We note here that a diﬀerent eﬀect
is produced by bias preconditioning under illumination8 that
causes changes in photocurrent induced by ionic contact barrier
modiﬁcation.
The previous analysis allows us to write a general form for
the dark current including terms accounting for both operating
and hysteretic contributions
⎡ ⎛ qV ⎞
⎤
V
J = J0 ⎢exp⎜
+ Jcap + Jnoncap
⎟ − 1⎥ +
⎢⎣ ⎝ nkBT ⎠
⎥⎦
R sh

(2)

The two ﬁrst terms model the operating currents. The ﬁrst
summand corresponds to the dark diode equation with J0
accounting for the saturation current; q is the elementary
charge, kBT the thermal energy, and n the ideality factor. The
second term accounts for the leakage currents with Rsh
representing the speciﬁc shunt resistance. For the sake of
clarity, we assume negligible series resistance, Rs, which slightly
corrects the voltage within the cell. Hysteretic currents are
divided into either capacitive Jcap, as already introduced in eq 1,
or noncapacitive Jnoncap.. For the simulated curves of Jnoncap in
Figure 1a, we have selected an empirical equation, similar to
that of the Nernst−Monod model32
Jnoncap

−1
⎡
⎛ q(V − V0) ⎞⎤
= Jmax ⎢1 + exp⎜ −
⎟⎥
⎢⎣
nkBT ⎠⎥⎦
⎝

(3)

Equation 3 can be assimilated to a steplike behavior that attains
Jmax for positive potentials V > V0. The characteristic voltage V0
establishes the current onset and is related to a reaction
potential. In our simulation, Jnoncap is introduced only during
the RS because long-term positive polarization activates ionic
reaction as next explained. Similar contributions can be
observed in Figure 1a for V < 0. It is clear that more general
models, relaying on Nernst and Butler−Volmer equations, can
be also devised accounting for Jnoncap. Equation 3 tries to
capture the essential phenomenology in a simple manner.
Noncapacitive currents can be observed in the J−V curves of
Figure 2c for particularly hysteretic inverted PSCs. A huge
diﬀerence between FS and BS currents appears at positive bias
that enlarges as the scan rate is reduced. This fact rules out the
occurrence of capacitive currents in this type of solar cells as
previously discussed. To corroborate that the observed low
scan rate hysteretic response really has a noncapacitive origin,
capacitance at a given frequency was measured at diﬀerent scan
rates. Figure 2d shows the capacitance as a function of voltage
for inverted samples at two scan rates. As observed, the
measured capacitance exhibits only minor variation on s at FS
voltage sweep. The capacitance is constant at negative and lowvoltage (related to the geometrical value), while the capacitance
increases at forward voltage as a consequence of previously
mentioned accumulation processes. However, the reverse
voltage sweep produces an increment of almost 1 order of
magnitude in the capacitance. Furthermore, the diﬀerence
between forward and reverse sweeps is enhanced around 0.5 V
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C−V curves interpreted here as noncapacitive hysteretic
currents.
In summary, our approach allows us to distinguish between
capacitive and noncapacitive currents originating speciﬁc
hysteretic responses in the J−V curves of PSCs. It is reported
that capacitive hysteresis dominates in regular structures. This
is mainly caused by the charge, both ionic and electronic,
accumulation ability of the TiO2/perovskite interface. Capacitive hysteresis does not inﬂuence the solar cell performance as
it vanishes at steady state. Noncapacitive hysteresis is
observable at slow enough scan rates in all kind of architectures.
Inverted structures exhibit larger noncapacitive distortions
because of the inherent reactivity of contact materials and
absorber perovskites. Hence, chemical interactions at contacts
become an issue of primary concern for the applicability of this
solar technology.

as the scan rate is slowed in good agreement with the diﬀerence
in current of Figure 1c. The nature of this capacitance
modiﬁcation with the bias scan rate (or time of polarization)
cannot be simply explained by recalling capacitive models as
ionic electrode polarization or chemical capacitance. Moreover,
depletion capacitance modiﬁcations giving rise to changes in
Mott−Schottky plots do not seem proper explanations of the
observation in Figure 2d. Therefore, other phenomena must be
considered in order to explain the capacitance increase, like in
the Figure 2d inset, that takes place at low scan rate.
The previous experimental results point to the occurrence of
a complex scenario in which long-term degradation or aging
mechanisms deteriorate the solar cell response, altering both J−
V curves and direct capacitive measurements. A recent
analysis13 also divided the hysteretic eﬀect in three regions as
a function of the scan rate but associated the low scan range
hysteretic currents with ferroelectric eﬀects. An interesting
observation with still unclear origin is the severe illuminated J−
V curve hysteresis33 observed for inverted PSCs at low
temperature and high scan rates. This behavior is in contrast
with previous results in regular conﬁgurations (TiO2/MAPbI3/
spiro-OMeTAD) for which hysteresis is diminished with
temperature;34,35 however, photogeneration of charges changes
with temperature in MAPbI3 as recently claimed.36 In any case,
the prominent hysteretic behavior exhibited by inverted devices
does not correspond to Jcap contributions because the
capacitance slightly increases with temperature, as shown in
Figures 1d and S5a. In contrast, the predominance of capacitive
currents is well observed in the regular PSCs conﬁguration, as
presented for the RegularMeso sample dark J−V curves of
Figure S5, where capacitance decrease by lowering temperature,
as does Jcap. In addition, we recorded dark J−V curves at low
temperatures (see Figure S5b), and a small increase of the
hysteretic currents appeared at higher voltages, not comparable
to those exhibited by inverted samples at the slowest scan rate.
Finally, we stress here that the occurrence of noncapacitive
currents could be explained by the presence of chemical
reactions, as recently suggested.19,37 Slow scan rates implies
long-time solar cell polarization, which may induce ionic
migration and consequently chemical interactions with the
contacting layers. Noncapacitive current can be then assimilated
to Faradaic currents commonly found in electrochemical
experiments. Our parametrization of noncapacitive currents in
eq 3 tries to capture this observation. When measuring in FS at
slow scan rates, dark current slightly deviates from the
undistorted Joper. Positive polarization induces Jnoncap that is
later reduced during the RS for voltages V < V0. The
characteristic potential V0 ≈ 0.5 V would be connected to
the reactivity of the perovskite/interlayer interface. Similar
contributions can be encountered for negative potentials. For
regular structures, the interaction between iodine anions and
spiro-OMeTAD+ has been identiﬁed, producing an irreversible
redox peak superimposed to the operation J−V curve.19 The
interaction is observable only at slow scan rates as observed in
Figures 1b and S2a,b. It progressively reduces the holetransporting material’s conductivity and deteriorates the solar
cell performance. For inverted structures, the importance of
buﬀer layers to avoid the chemical reactivity of the perovskite
with the external contacts has been highlighted. Excess iodide
anions at the cathode promote chemical interactions with both
the fullerene interlayer38 and the top metallic contact giving rise
to corrosion and overall performance degradation.37 All these
chemical reactions yield observable distortions in the J−V and

■

EXPERIMENTAL SECTION
Characterization. Illuminated J−V curves were performed under
100 mW·cm−2 of AM1.5G light spectrum with a Sun 2000
system solar simulator from Abet Technologies. For the dark
J−V curve, a PGSTAT-30 potentiostat from Autolab was used.
Dark capacitance measurements at room and lower temperatures via impedance spectroscopy were made by using an
Alpha-N analyzer with a Quatro Cryosystem temperature
controller from Novocontrol Technologies.
RegularFlat and RegularMeso Samples Fabrication. The two
studied regular conﬁguration cells were prepared over FTO
coated glasses (25 × 25 mm, Pilkington TEC15, ∼15 Ω/sq
resistance), which were partially etched with zinc powder and
HCl (2 M) to avoid short circuits, obtaining 0.25 cm2 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
with compressed air. After that, the substrates were treated in a
UV−O3 chamber for 10 min. For the growth of the electron
transport material (ETM) ﬁlm, the TiO2 blocking layer was
deposited onto the substrates by spray pyrolysis at 450 °C,
using a titanium diisopropoxidebis(acetylacetonate) (75% in
isopropanol, Sigma-Aldrich) solution diluted in absolute
ethanol (0.2 M), with oxygen as carrier gas. The spray was
performed in 3 steps of 6 s, spraying a total of 5 mL (approx.),
and waiting 30 s between steps. After the spraying process, the
ﬁlms were kept at 450 °C for 30 min. When needed, for cells
with mesoporous scaﬀold (RegularMeso), the mesoporous
TiO2 layer was deposited by spin coating 100 μL at 2000 rpm
during 10 s using a TiO2 paste (Dyesol 30NRd, 30 nm average
particle size) diluted in ethanol (1:5, weight ratio). After drying
at 100 °C for 10 min, the TiO2 mesoporous layer was heated at
500 °C for 30 min and later cooled to room temperature.
Samples were transferred to a nitrogen ﬁlled glovebox equipped
with a thermal evaporator. The perovskite precursor solution
was prepared following the process reported by Ahn et al.39 A
50 μL perovskite solution containing MAI (Dyesol), PbI2 (TCI,
99.999%), and DMSO (1:1:1 mol %) in a DMF solution (50 wt
%) is spin coated at 4000 rpm for 50 s with acceleration of 4000
rpm. Nonpolar diethyl ether was poured onto the spinning
substrate after the initial 5−7 s to selectively wash the DMF. A
transparent ﬁlm generated after the spin coating and a heat
treatment at 65 °C for 1 min was eﬀective to remove the
DMSO, and shiny and dark brown MAPbI3 ﬁlms were obtained
by further annealing at 100 °C for 2 min. Then, the perovskite
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ﬁlms were covered with the hole-transporting material (HTM)
by spin cating at 4000 rpm for 30 s under nitrogen conditions,
using 50 μL 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′-spirobiﬂuorene), 28.8 μL of 4-tert-butylpyridine, and 17.5
μL 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 the beginning of the
evaporation, the chamber was evacuated to a pressure of 2 ×
10−6 mbar. The active electrode area of 0.25 cm2 per pixel is
deﬁned by the FTO and the Au contacts.
Inverted Samples Fabrication. As the ﬁrst step, the HTM was
deposited on top of ITO-covered glass substrates (20 × 20 mm,
Xin Yan Tech. XY10S; ∼10 Ω/sq resistance). The substrates
were previosly cleaned with soap (Hellmanex) and rinsed with
Milli-Q water. Then, the sheets were sonicated for 15 min in
soapy Milli-Q water, rinsed with Milli-Q water, once more
sonicated for 15 min but in ethanol, later rinsed with acetone
and ﬁnally dried with compressed air. After that, the substrates
were treated in a UV−O3 chamber for 15 min. Subsequently,
the poly(3,4-ethylenedioxythiophene) doped with poly(4styrenesulfonate) (PEDOT:PSS, Baytron P AI 4083) was
deposited by spin-coating at 6000 rpm for 60 s. The perovskite
absorber layer was fabricated following the same process as that
described previously for RegularFlat and RegularMeso.
Successively, the ETM layer was prepared by spin coating a
solution containing [6,6]-phenyl-C-71-butyric acid methyl ester
(PC70BM, Solenne, 99.5%) in chlorobenzene (50 mg/mL) at
1000 rpm during 30 s. Finally, the ITO/PEDOT:PSS/
MAPbI3/PC70BM ﬁlm was transferred to a vacuum chamber
for coating the Ag (60 nm) electrode.

■
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