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ABSTRACT: Several aspects on the photophysical characterization
of lead halide hybrid organic−inorganic perovskite solar cells remain
unsolved. It has been observed that ionic transport and polarization
of the interfaces cause very slow changes that interfere with transient
measurements with eﬀects that cannot be separated from recombination kinetics. Here we establish a protocol of initial measurement
of the solar cell that provides information on recombination
characteristics prior to applying any voltage cycling. The photovoltaic
device is measured by several methods (photovoltage versus light
intensity, open-circuit voltage decay, and impedance spectroscopy)
while minimizing the exposure to external voltage stimulus to avoid
ionic migration to the contacts. Results are independently conﬁrmed
by the analysis of samples with interdigitated electrodes. We show
that the high-eﬃciency perovskite solar cells behave very closely to a bulk recombination ideal photovoltaic model.
However, when voltage is scanned to determine current density−voltage curves and impedance spectroscopy at ﬁxed
illumination intensity, the cell undergoes signiﬁcant changes, which we attribute to a dominance of recombination at
contacts that have been modiﬁed by ionic polarization. Our method provides an eﬀective approach for determining
quantitatively the rather signiﬁcant changes that occur to perovskite solar cells during standard measurements, such as
current−voltage curves.

D

diagram that represents this ionic migration and ion build up at
the external interfaces and how the charge is compensated by
the contacts.
The design of measurements that minimize the dose to the
external stimuli, which may provide access to the bulk
electronic properties of the perovskite layer in a device with
contacts, is of utmost importance. One particularly central topic
concerning photovoltaic operation of the device is the
determination of recombination kinetic constants and their
inﬂuence on steady-state performance characteristics. In
previous related solar technologies, such as dye-sensitized
solar cells (DSC) and organic solar cells (OSC),14,15 it has been

espite the intensive advance of lead halide hybrid
organic−inorganic perovskite solar cells, many
important questions about the photophysical characterization still remain unsolved. Of particular importance,
transient measurements are often plagued by the interference of
ionic transport and polarization that cause very slow changes
that cannot be separated from recombination kinetics.1,2
Certainly, the mere characterization by using diﬀerent
techniques appears to produce structural changes in the
perovskite device. For example, it has been reported that
external stimulus like light induces structural changes during
photoluminescence (PL) and Raman measurements under
ambient conditions.3−6 Similarly, the use of an external
electrical ﬁeld during device characterization promotes ion
migration toward the external contact leading to hysteretic
behavior observed during cyclic voltammetry (CV) under
illumination7−10 or in dark conditions.11−13 Figure 1a shows a
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mesoscopic metal-oxide contact, meaning that we do not have
the perovskite inﬁltrated into a scaﬀold but a homogeneous
thin-ﬁlm absorber layer.19 We combine the analysis of the
perovskite solar cell with a thin ﬁlm of the same perovskite on
interdigitated electrodes that provides information on the
conductivity as a function of light intensity.22 This second set of
devices gives access to the carrier density of perovskite layers
from measurements not dependent on photovoltaic devices. To
avoid undesirable eﬀects of ambient moisture, the perovskite
was protected in the interdigitated conﬁguration with a layer of
PMMA. The solar cell devices were stable during storage for
weeks in dry atmospheric conditions in the dark.
Transient techniques are initially tested on representative
photovoltaic devices that show activated pathways for ions to
migrate toward the external interfaces (Figure 1). This type of
device represents the worst case scenario where most transient
techniques will fail to provide reliable data. The current
density−voltage (j−V) curves are measured at 1 sun light
illumination conditions (AM1.5G) with a step of ΔV = 10 mV
and sweep rate of 50 mV/s. Figure 1b shows high hysteresis for
a pristine device as the curves in forward and reverse direction
are very diﬀerent. As expected, hysteresis is minimized at still
lower scan rates, see the Supporting Information Figure SI1. In
addition, other devices with lower hysteresis were produced in
the same batch (see Figure SI2), but the following discussion
also holds for them. The same pristine sample can be studied
by OCVD where the external stimulus is the light (1 sun) over
a period of 10 s. After that time, the source of light is switched
oﬀ and the Voc decay can be monitored as a function of the
time. From results of the pristine sample, Figure 1c, it is clear
that the Voc of the device decays very fast, and values close to
zero are obtained within the ﬁrst 100 s. It has been reported
that longer light-soaking experiments in the range of minutes
show signiﬁcantly diﬀerent response, indicating that the
measurement itself is suﬃcient to modify the properties of
the perovskite layer.23 Another useful transient technique is
impedance spectroscopy, in which a dc voltage is applied to the
sample either under light or dark conditions and a small-signal
ac voltage perturbation is superimposed over a wide range of
frequencies. Therefore, both light and voltage are typically
applied to the sample using this technique. Figure 1d shows the
complex impedance plot of a device measured at 1 sun light
intensity at diﬀerent dc voltages starting from 0 V up to 1 V. In
these plots, the x-axis (Z′) is related to resistive elements and
the y-axis (−Z″) to capacitive elements. The series resistance
(Rseries) of a device, originated by the external contacts, can be
monitored using IS as a pure resistance with no capacitive
elements. The value can be graphically measured from the
intercept with the x-axis of the ﬁrst capacitive element. The
data clearly shows that the Rseries of the device increases from 10
to 18 Ω during the measurement time as the combined eﬀect of
the applied positive dc voltage and the illumination time. The
increase in series resistance can be viewed as a further support
for ion accumulation at the contacts, as represented in Figure
1a. It is noted that the response of the series resistance with the
applied voltage is not linear. We believe that once ions are
already present at the extracting interfaces a further increase in
the local ion concentration is hindered as there are fewer
available sites for ions to move. These ions will increase the
recombination kinetics as well, as reported elsewhere.24
Furthermore, the presence of ions at the external interfaces
can lead to chemical reactions at the interfacial level, and this
would modify the extraction properties of the selective

Figure 1. (a) Diagram representing the ion migration under either
light conditions or positive bias. (b) j−V curves of a representative
pristine device. (c) Open-circuit voltage decay of a pristine and
polarized device. (d) Complex impedance plot of a device
measured under 1 sun illumination sweeping the voltage from 0
to 1.0 V. It is observed that the series resistance of the devices
increases with the applied voltage. The pristine device is polarized
by carrying out the IS measurement in panel d; this is 1 sun
illumination conditions and diﬀerent positive bias.

possible to establish unambiguously the recombination
resistance. In hybrid perovskite solar cells the carrier lifetime
has been described in detail using PL techniques,16,17 but the
electrical measurement method of recombination lifetime in a
device with contacts, which is rather common in the other types
of solar cells, has not been clearly established.
In this work we present a method to study the bulk
properties of the perovskite layer. We will work here with a
type of lead halide perovskite solar cells that has been welldescribed in recent publications and used for detailed
impedance spectroscopy (IS) characterization.18,19 First,
devices have been studied by using diﬀerent standard transient
techniques such as cyclic voltammetry, open-circuit voltage
decay (OCVD), and impedance spectroscopy. It is shown that
all these techniques involve high doses of external stimuli,
which induce ion migration toward the contacts. Interestingly,
using open-circuit voltages (Voc) under diﬀerent illumination
intensities during IS measurements proves to be much milder
and oﬀers information on the intrinsic properties of the
perovskite layer.
Analysis by Dif ferent Transient Techniques. Devices are
prepared in the conﬁguration FTO/SnO2/perovskite/SpiroOMeTAD/Au containing a ﬂat conformal layer of SnO2 by
atomic layer deposition (ALD). The perovskite layer presents a
mixed formulation to enhance absorption and stability
containing Cs/MA/FA/Pb/I/Br (Eg = 1.6 eV), where MA is
methylammonium and FA is formamidinium.20,21 These
devices show the following performance parameters measured
under reverse sweep direction: power conversion eﬃciency, η =
18.3%; short-circuit photocurrent density, jsc = 22.6 mA cm−2;
open-circuit voltage, Voc = 1.12 V; and ﬁll factor, FF = 74%.
The devices incorporate the planar conﬁguration without
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contacts.11 It is noted that the actual interfacial chemistry has
been rather elusive because of the diﬃculty and sensitivity
requirements for the characterization techniques to oﬀer in situ
information. However, some of the previous work suggests that
interfacial chemistry may be limiting the device performance.
For example, iodide interactions with TiO2 has been identiﬁed
to form Ti−I−Pb bond, and this interaction will depend on the
local iodide concentration.25 Alternatively, it has previously
been shown that iodide can also react with the oxidized form of
Spiro-OMeTAD, leading to the neutral molecule that lacks
adequate conductivity, increasing the series resistance.11 The
current results suggest that the chemical reactivity is promoted
by light and the required long acquisition times (≈1 h).
Illumination of the device at 1 sun at 1.2 V for 10 min totally
modiﬁes the electrical response as discussed for the IS
measurements, leading to a very important reduction in
performance parameters as shown in the j−V curve (Figure
1b). All performance parameters are severely reduced as well as
the hysteresis as most of the mobile ions have been transported
toward the contacts by the induced electrical ﬁeld and therefore
became more immobile, possibly because of chemical reactivity
at the contact.11 We note that the power conversion eﬃciency
can be recovered as shown in the Supporting Information and
as reported previously.26 Subsequent OCVD measurement
(Figure 1c) clearly indicates that the dynamics of Voc are also
modiﬁed, and now the decay is much slower, with Voc
exceeding 100 mV even after 300 s. It has previously been
shown that during OCVD the charging time of the interface
can take several minutes, and this requirement is fulﬁlled in the
IS measuring conditions.23 Indeed, the presence of a very large
hole concentration at the interface with the electron extraction
layer (i.e., SnO2) due to accumulation conditions has been
reported after using a light bias. The precise nature of ion
migration and reactivity at the contacts has been addressed in
previous papers, and it is still under debate.11,27 However, it is
clear that the three discussed transient techniques (CV, OCVD,
and IS) persistently modify the state of the perovskite solar cell
during the measurement itself. Unfortunately, it is not possible
to oﬀer a precise time scale for exposure to external stimuli
upon which the electrical response is modiﬁed. While some
devices are very robust and can stand relatively long
illumination and polarization voltages, i.e. minutes, other
devices seem to be more sensitive and dramatically modify
their properties in seconds.
Physical Model. To develop a quantitative methodology that
will allow us to assess the performance parameters of the
devices, we describe a photovoltaic model for the perovskite
solar cell based on standard semiconductor theory.28,29 We are
particularly interested in establishing the deviation from ideality
of the solar devices; hence, we introduce in the model a speciﬁc
nonideal exponent, md, and we explore the consequence of this
assumption on measurable quantities. We develop the
interdependence of diﬀerent relevant quantities by means of a
zero-dimensional model that assumes homogeneous distribution of carriers in the layer thickness d.
The voltage in the solar cell is given by the diﬀerence of
electrochemical potentials (quasi Fermi levels) of electrons and
holes at the respective selective contacts
qV = E Fn − E Fp

n = n0 exp[(E Fn − E F0)/kBT ] = Nc exp[− (Ec − E Fn)/kBT ]
(2)

p = p0 exp[− (E Fp − E F0)/kBT ] = Nv exp[(Ev − E Fp)/kBT ]
(3)

where Nc and Nv are eﬀective densities of states in the
conduction and valence band edge, respectively,29 and we have
the product
np = ni 2 exp(qV /kBT )

(4)

ni 2 = NcNv exp( −Eg /kBT )

(5)

We describe the bimolecular recombination rate as a function
of local carrier densities
Un = Brec [(np)1/ md − ni 2/ md]

(6)

Here, the parameter Brec is a kinetic recombination rate and
md accounts for the nonideal behavior of recombination that
departs from strict molecular law (md = 1). The recombination
current is given by the integral of eq 6 over device thickness
jrec (V ) = j0 [exp(qV /md kBT ) − 1]

(7)

d
qBrecdn2/m
.
i

The dark diode current is j0 =
We remark that md
describes nonideal behavior in the current−voltage curve,
which is due to local recombination in the bulk absorber layer,
and not to eﬀects at the contact interfaces.
The local generation rate by absorbed light ﬂux Φph is
G=

1
Φph
d

(8)

The photocurrent is obtained by integration of the
generation rate
jph ≈ qGd = qΦph

(9)

Current−voltage characteristics are described by the
equation
j(V ) = jph − j0 [exp(qV /md kBT ) − 1]

(10)

Under intense illumination, the number of photogenerated
carriers is greater than native doping density. Electroneutrality
implies
n=p
(11)
From eq 4 the electron density depends on voltage as
n = ni exp(qV /2kBT )

(12)

We neglect the constant term in eq 6, and the recombination
rate takes the form
Un = Brec n2/ md

(13)

The open-circuit condition, G = Un, tells us that
⎛ 1
⎞md /2
n=⎜
Φph⎟
⎝ dBrec
⎠

(14)

Open-circuit voltage depends on illumination ﬂux as
Voc =

(1)

Electron and hole densities obey the following equations in
terms of elementary charge q and the thermal energy kBT

md kBT
ln(Φph)
q

(15)

An additive constant has been omitted in eq 15. The
conductivity is
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σ = qμn n

(16)

where μn is an eﬀective mobility. In the case of an interdigitated
electrode illuminated from the top at open-circuit conditions,
the conductivity shows the dependence

⎛ Φph ⎞md /2
σ = qμn ⎜
⎟
⎝ dBrec ⎠

(17)

The recombination resistance is deﬁned as
⎛ ∂j ⎞−1
R rec = ⎜ ⎟
⎝ ∂V ⎠

(18)

Thus
R rec(V ) = R rec0 exp( −qV /md kBT )

(19)

So far the voltage has been associated with the splitting of
Fermi levels. In the presence of a series resistance it is necessary
to apply a correction to the applied voltage at the contacts:
V = Vapp − jR series

(20)

As mentioned above, the simple model outlined here aims to
capture the sources of nonideal behavior in the current−voltage
and conductivity measurements, mainly close to open-circuit
conditions, associated with a nearly homogeneous distribution
of carriers. The model is a simple, useful tool for analyzing if
the solar cell characteristics can be well-described just by the
photophysics of electron and hole carriers in the bulk, i.e., this
model is determined by bulk recombination alone. We do not
suggest that this is the general case. Indeed, we remark below
that under sustained polarization by applied bias the ionic
accumulation causes a large control of recombination at the
outer interface, which the above model cannot describe. For
example, in the case of strong inhomogeneous distribution of
carriers (e.g., for cells with a short diﬀusion length) a more
complex device simulation will also certainly be required.
Analysis of Bulk Properties of the Perovskite Layer. Now that a
suitable physical theory has been described, we can proceed to
present the measurements and analysis of the two types of
devices fabricated in this work. First, in order to study the
properties of bulk charge carrier densities, conductivity
measurements of the perovskite material were performed on
devices with interdigitated electrodes. The device conﬁguration
is shown as the inset of Figure 2a where a channel length of 50
μm is observed. The current−voltage characteristics were
measured as a function of the light intensity I0 covering the
range from 0.01 to 100 mW/cm2. The perovskite material
clearly shows photoconductivity as previously reported,22,30,31
and the current of the device increases more than 2 orders of
magnitude with the incident light intensity. Conductivity can be
calculated by extracting the material resistivity considering the
nearly ohmic j−V curves and the geometrical parameters.
Figure 2b shows the linear dependence of the conductivity in
log scale with the light intensity. A slope of 0.45 can be
calculated for data points measured at high illumination
conditions, and the ideality factor can be calculated from eq
16 with values close to unity (md = 0.9). Very importantly, the
slope close to 0.5 from interdigitated electrodes validates the
condition n = p assumed in eq 8.
To characterize recombination in the solar cell conﬁguration,
we start with the Voc versus light intensity as shown in Figure 3.
The curves V(I0) show diﬀerent regimes according to the light
intensity as reported previously for photovoltaic devices by

Figure 2. (a) Photocurrent measurements under diﬀerent
illumination conditions for a sample with interdigitated electrode
protected with PMMA measured at a scan rate of 50 mV/s. (b)
Perovskite conductivity as a function of the light intensity.

Figure 3. Comparison of Voc dependence with light intensity for
photovoltaic devices with diﬀerent perovskite thickness (200 and
500 nm) measured when pristine and after polarization by applied
voltage and light. Data has been ﬁtted to a straight line in the range
of 10−100 mW cm−2 light intensity.

Zaban and co-workers.32 The presence of these regimes is
better observed in Figure 3b for a thin perovskite layer (200
nm) with a polarized device. At low light intensity the curve is
nearly ﬂat, most likely dominated by parasitic shunts. At
intermediate light intensity the Voc sharply increases, and at
high light intensity the Voc moderately increases, which is
typically observed for thin-ﬁlm solar cells. In perovskite solar
cells it is reported that this region becomes independent of the
type of contact.32 We expect that the logarithmic dependence
observed at high intensity is primarily due to bulk
recombination. Here, the Voc dependence has been analyzed
for pristine devices and for devices that have been polarized.
The data has been ﬁtted to a straight line in the range of 10−
100 mW cm−2 light intensity. Some representative data is
shown in Figure 3 for two devices prepared with diﬀerent
perovskite thickness. It is observed that the V(I0) curve
depends signiﬁcantly on whether the device has been polarized
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by illumination at 1 sun at 1.2 V for 10 min. Pristine devices
show Voc reduction of ≈60 mV when the light intensity is
decreased 1 order of magnitude, corresponding to nearly ideal
behavior of bimolecular recombination. Alternatively, polarized
devices show a much more prominent dependence with a
reduction of 100−180 mV under the same illumination range.
This result is a clear sign that polarized devices suﬀer from
activated recombination pathways. The ideality factor can be
calculated from eq 15, and md values close to 1 are observed for
pristine devices, similar to values observed for interdigitated
electrodes. Alternatively, polarized devices show ideality factors
exceeding 2.
Additionally, IS measurements have been performed on
pristine devices to study the recombination properties. IS
measurements were carried out under diﬀerent light illumination conditions at Voc as described above to avoid the use of
external applied voltages, which could modify the external
interfaces. For this reason, measurement times were also
minimized by restricting the lower-frequency limit to avoid
undesirable light-induced chemical reactions with measurements starting in the dark and moving toward high illumination
conditions. At the end of the IS measurements, the j−V
response is conﬁrmed to be similar to that of a pristine device.
By following this methodology, we will show that the highfrequency response is related to the recombination resistance of
the bulk of the perovskite layer. Raw data on complex
impedance plot and capacitance versus frequency plots are
shown in the Supporting Information (Figure SI3), and the
Rseries does not change during the measurement as previously
described. IS spectra show two arcs in the complex impedance
plot as expected for a device with optimized extraction layers.
Data can be ﬁtted to the equivalent circuit previously reported
(Figure 4a).19,33 In this model, both R1 and C1 are related to the
perovskite/extraction layer interface and arise in the lowfrequency region. The capacitance Cbulk measured in the highfrequency region is related to the dielectric properties of the
perovskite layer.19 The nature of the associated resistance (Rrec)
leading to the high-frequency arc in the complex impedance
plot is not totally clear. Zarazua et al. have recently shown that
for devices with previous electrical and optical history (i.e.,
previously the j−V curve has been measured) the resistance is
related to surface recombination processes at the external
interfaces.33 Alternatively, for pristine devices that have not
been previously polarized, the resistance depends exclusively on
the bulk properties of the perovskite layer, as will be described
below.
In Figure 4b it is observed that Rrec decreases exponentially
with the light intensity, providing higher Voc at high light
intensities. Open symbols indicate that the IS measurements
have been carried out under the Voc mild conditions (see
Methods). As described in Figure 3, the Voc does not change
much over an entire order of magnitude in light intensity. Using
eq 19, an ideality factor approaching unity is obtained (md =
1.1). Very importantly, this value is very similar to that obtained
in interdigitated electrodes, suggesting that the resistance arises
from the bulk properties of the perovskite layer. After this IS
measurement, the j−V curve of the device is measured, and
Figure 4c shows rather marked hysteresis behavior. Subsequently, the IS response of the device is measured at constant
illumination (1 sun). It has already been shown that the applied
dc bias and constant light illumination used for impedance
spectroscopy modiﬁes the concentration of ions accumulated at
the interfaces.34 Indeed, variations in series resistance of devices

Figure 4. (a) Equivalent circuit used to ﬁt the impedance data. (b)
Fitting results for the high-frequency resistive response (Rrec) of IS
measurements. Open circles correspond to measurements carried
out at Voc conditions under diﬀerent light intensities. Green circles
are obtained from measurements at 1 sun light intensity at diﬀerent
applied DC voltage. First derivate of current with the applied
voltage is shown for comparison. The applied voltage has been
corrected to take into account the voltage drop at the external
contacts due to the Rseries. (c) j−V response measured in the
forward and reverse direction of the device analyzed by impedance
spectroscopy under constant illumination (1 sun) in panel b.

can be observed, indicating that large modiﬁcations have been
induced. Interestingly, for measurements carried out at 1 sun
light intensity (green circles) with applied voltage, the slope of
the straight line deﬁned by the diﬀerent data points is rather
diﬀerent from measurements performed at Voc conditions and
provides an ideality factor of md = 4.0. It is important to note
that the voltage has been corrected to account for the voltage
drop that takes place at the contacts due to the series resistance
of the device, eq 20, where the Rseries has been obtained from
ﬁtting of the IS measurements. In any case, this high-frequency
resistance does seem to be a real recombination resistance.
Equation 18 deﬁnes Rrec as the ﬁrst derivative of the current
density with the voltage, and this function is plotted for the
same device measured under 1 sun light illumination in Figure
4b (orange line). To obtain this curve, we applied direct
analysis of the j−V curve in Figure 4c using eq 18 with
correction for the series resistance for the measurement under
forward conditions (orange trace). As can be observed, the
slope of the straight line for data points obtained from the
forward scan and close to Voc of the device coincides with that
from the Rrec measured from the impedance data. Therefore, we
can conclude that the resistance associated with the highfrequency arc is a real recombination resistance that can
provide kinetic information. The match of values indicates that
this exponent directly controls the ﬁll factor and hence the
685

DOI: 10.1021/acsenergylett.7b00059
ACS Energy Lett. 2017, 2, 681−688

Letter

ACS Energy Letters

of recombination and diode curve. However, when the solar cell
is forced to establish charge extraction by applied bias voltage,
the contacts become modiﬁed and take a leading role in the
subsequent operational properties of the solar cell. Overall we
show that the electrical properties of the bulk perovskite layer
can be probed by reducing the exposure of the photovoltaic
device to external stimulus able to induce ion migration toward
the external contacts. If the device is exposed to light or
electrical ﬁeld, ions will build up at the contacts and the major
electrical response will be dominated by the interfaces of the
perovskite with the charge transport layers. Therefore, transient
measurements will be inﬂuenced by the interference of ionic
transport and ionic redistribution that causes very slow changes
that cannot be separated from recombination kinetics.
Alternatively, if during the measurement electrical ﬁelds are
minimized, low light intensities are used, and measuring times
are reduced, pure electrical response of the perovskite layer
appears with no interferences from the external contacts.

steady-state performance of the perovskite cell. However, the
value md = 4.0 is very high and indicates that the physical model
outlined above in which md is explained by nonideal
recombination, eq 6, is not valid when the applied voltage is
inducing additional causes of nonideal behavior that have been
caused by polarization procedures. We suggest that the
polarization by a bias voltage is aﬀecting severely the operation
of contacts because of ion migration eﬀects that lead to the
nonideal exponent md = 4.0. In this case, the proposed model
based on bulk quantities does not hold because interfacial and
possibly defect-mediated recombination becomes dominant, as
shown by Zarazua et al.33
Finally, we can compare in Figure 5 the impedance response
of pristine and polarized devices measured under V oc

■

METHODS
Electron-Selective Layer Preparation. F:SnO2 substrates were ﬁrst
wiped with acetone and then cleaned for 10 min in piranha
solution (H2SO4:H2O2 = 3:1) followed by 10 min in a plasma
cleaner prior to ALD deposition.
SnO2 was deposited at 118 °C using tetrakis(dimethylamino)tin(IV) (TDMASn, 99.99%-Sn, Strem Chemicals INC)
and ozone at a constant growth rate of 0.065 nm/cycle
measured by ellipsometry. TDMASn was held at 65 °C. Ozone
was produced by an ozone generator ((AC-2025, IN USA
Incorporated) fed with oxygen gas (99.9995% pure, Carbagas)
producing a concentration of 13% ozone in O2. Nitrogen was
used as a carrier gas (99.9999% pure, Carbagas) with a ﬂow rate
of 10 sccm.
Perovskite Precursor Solution and Film Preparation. Mixedcation lead mixed-halide perovskite solution was prepared from
a precursor solution made of FAI (1 M, Dyesol), PbI2 (1.1 M,
TCl), MABr (0.2 M, Dyesol), and PbBr2 (0.22 M, TCl) in a 4:1
(v:v) mixture of anhydrous DMF:DMSO (Acros). A 1.5 M
stock solution of CsI (abcr GmbH) in DMSO was added to the
above solution in a 5:95 volume ratio. The triple-cation
perovskite solution was deposited through a two-step spin
coating program (10 s at 1000 rpm and 20 s at 6000 rpm) with
dripping of chlorobenzene as antisolvent35,36 during the second
step, 5 s before the end. All the perovskite layers were annealed
at 100 °C for 45 min.
The spiro-OMeTAD (Merck) solution (70 mM in
chlorobenzene) was spun at 4000 rpm for 20 s. The spiroOMeTAD was doped at a molar ratio of 0.5, 0.03, and 3.3 with
bis(triﬂuoromethylsulfonyl)imide lithium salt (Li-TFSI, SigmaAldrich), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III) tris(bis(triﬂuoromethylsulfonyl)imide) (FK209, Dyenamo), and 4-tert-butylpyridine (TBP, Sigma-Aldrich), respectively.37−39 For one experiment, the Li concentration was varied
from 0 to 1 molar ratio (0 to 100%). As a last step, 70−80 nm
of gold top electrode was thermally evaporated under high
vacuum.
Interdigitated electrodes were purchased from Ossila (Code:
S161). Because of the use of a bottom conﬁguration of the
interdigitated electrode, the geometrical area was calculated
from the contact area between the ITO and the perovskite layer
(1.50 × 10−12 cm2). According to the supplied ITO thickness
(100 nm) and the geometry of the electrode, this involves ﬁve
ﬁngers each 30 mm in length.

Figure 5. Fitting results for resistances associated with process in
high- and low-frequency range for pristine (a) and polarized (b)
devices.

conditions, in which the scan of dc bias is avoided, decreasing
the ion migration eﬀect. In this analysis, special attention is paid
to both resistive processes observed at high and low frequency.
Alternatively, the ideality factor md can be calculated from the
slopes of the straight lines deﬁned by the resistances of the
high- and low-frequency regions. Pristine devices show ideality
factors close to unity for both high and low resistances, similar
to those observed for interdigitated electrodes. On the other
hand, polarized devices show ideality factors considerably
higher, between 1.5 and 1.8, with values closer to those
previously reported for lower-eﬃciency devices.33 Therefore,
one can conclude that the resistances in pristine devices
correspond to the recombination properties in the bulk of the
perovskite layer, whereas in prepolarized devices, recombination is taking place close to the external contacts, as reported
previously.
In conclusion, we have adopted a series of characterization
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Devices were measured under diﬀerent illumination conditions using a Xe lamp (Oriel) with 1.5 AM ﬁlter in ambient at
relative humidity of 30%. The light intensity was adjusted to
100 mW cm−2 sunlight intensity using a calibrated Si solar cell.
Diﬀerent light conditions were generated using reﬂective
optical ﬁlters with a wide range of neutral densities (OD =
0.1−4). Prior to the measurements, devices were not exposed
to any light-soaking process, and devices were not preconditioned by using an external bias. This special precaution was
taken into consideration to avoid the eﬀect of modiﬁcation of
the external interfaces due to ionic movements. Electrical
measurements were carried out using a potentiostat equipped
with a frequency analyzer module (Autolab PGSTAT30).
Impedance spectroscopy measurements were carried out under
two set of conditions: 1) Constant illumination and 2) Voc
under variable light intensity. Under constant illumination the
device is illuminated at 100 mW cm−2 and a DC bias is applied
from 0 V to 1.2 V with steps of 0.2 V. Experiments were carried
out at a frequency range between 1 MHz and 50 mHz. Using
these frequency conditions, each measurement at one voltage
or illumination condition takes about 5 min. Impedance
spectroscopy data was ﬁtted using the equivalent circuit
previously described in our group.19
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