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ABSTRACT: The stability of perovskite solar cells is one of
the major challenges for this technology to reach
commercialization, with water believed to be the major
degradation source. In this work, a range of devices
containing different cathode metal contacts in the
configuration ITO/PEDOT:PSS/MAPbI3/PCBM/Metal
are fully electrically characterized before and after
degradation caused by steady illumination during 4 h that
induces a dramatic reduction in power conversion efficiency
from values of 12 to 1.8%. We show that a decrease in
performance and generation of the S-shape is associated with chemical degradation of the metal contact. Alternatively, use
of Cr2O3/Cr as the contact enhances the stability, but modification of the energetic profile during steady illumination takes
place, significantly reducing the performance. Several techniques including capacitance−voltage, X-ray diffraction, and
optical absorption results suggest that the properties of the bulk perovskite layer are little affected in the device degradation
process. Capacitance−voltage and impedance spectroscopy results show that the electrical properties of the cathode
contact are being modified by generation of a dipole at the cathode that causes a large shift of the flat-band potential that
modifies the interfacial energy barrier and impedes efficient extraction of electrons. Ionic movement in the perovskite layer
changes the energy profile close to the contacts, modifying the energy level stabilization at the cathode. These results
provide insights into the degradation mechanisms of perovskite solar cells and highlight the importance to further study
the use of protecting layers to avoid the chemical reactivity of the perovskite with the external contacts.

KEYWORDS: perovskite photovoltaics, interfacial degradation, capacitance−voltage, impedance spectroscopy

P hotovoltaic applications based on perovskite materials as
light harvesters are emerging technologies which have
stirred the interest of both scientific and industrial

communities.1−3 Significant efforts have been devoted toward
the achievement of high efficiencies using perovskites based on
methylammonium lead triiodide (MAPbI3), and impressive
efficiencies as high as 20.1% have been obtained.4 These recent
developments demonstrate the enormous potential of perov-
skite solar cells, suggesting that they may soon compete with
already commercially available photovoltaic technologies.
However, in order for this technology to reach maturity,
other aspects need to be resolved such as the long-term
stability.
Stability of the devices depends on many factors such as the

architecture or the employed deposition method. A variety of
device configurations composed of different combinations of
material layers have been proposed, and any instability arising

from these materials will be critical for the device lifetime.
Examples of architectures that have been developed are those
consisting of a flat configuration based on ITO/TiO2/
Perovskite/Spiro-OMetad/Au, a variation with a porous layer
of a metal oxide at the cathode contact, or an inverted
configuration (ITO/PEDOT:PSS/Perovskite/PCBM/Al). Al-
ternatively, several low-cost deposition methods are currently
available as those regarded as preliminary techniques toward
roll-to-roll technologies such as spin-coating,3 doctor blade,5

slot die, or screen printing.6,7 Regarding the perovskite
generation, this can be achieved by one-step solution coating,2

two-step sequential dip-coating, or vapor phase deposition.1,8
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Water is believed to be the major degradation source for
these types of devices. The mechanism is not totally
understood, but it is clear that hybrid perovskites can react
with Lewis bases such as water to irreversibly release
methylammonium iodide and PbI2. A degradation mechanism
has been proposed by Frost et al., where a single water molecule
is sufficient to degrade the material.9 However, an excess of
water is required to dissolve the HI and CH3NH2 byproducts.
Some results indicate that instability arising from any of the
layers may be critical, as indicated before. For example, Leijtens
et al. have shown that the use of UV filters with devices
containing a layer of mesoporous TiO2 is necessary to reduce
photodegradation at the oxide layer, and the replacement of
this layer by Al2O3 delivers stable photocurrents for over 41
days at 5% efficiency from an initial power conversion efficiency
(PCE) of 10%.10

The highest reported stability results under constant
illumination include the use of mesoporous TiO2 by Burschka
et al. using a two-step deposition method where 80% of the
initial efficiency is retained after 20 days from an initial 8%.1 By
removing spiro-Ometad and using a carbon protecting layer,
Mei et al. have reported that the stability is enhanced to reach a
constant efficiency of 10.5% after 41 days of steady
illumination.7 With the exception of the work by Mei et al.,
in all reported cases, there is significant performance decay. In
that work, the enhanced stability is attributed to the total
exclusion of water into the device thanks to the presence of a 10
μm thick carbon layer back contact. On the other side of the
stability race, we find flat heterojunction solar cells and, in this
case, stability data are very scarce. Interestingly, other studies
where devices have been encapsulated or have been measured
in the glovebox do show significant device degradation.10

Therefore, it is clear that other unknown degradation
mechanisms different than those triggered by water are also
taking place in most devices. Recently, Kaltenbrunner has
reported enhanced stability with the use of Cr2O3 to shield the
metal top contact from detrimental reactions with oxidizing and
halide-forming iodide species.11 The authors observed
increased stability under ambient conditions, and reduced
performance decay is ascribed to water penetration into the
device in the time scale of some hours.
In this work, devices in the configuration ITO/PEDOT:PSS/

MAPbI3/PCBM/Metal are fully characterized before degrada-
tion and after degradation by simple constant illumination
during 4 h in the glovebox. Two factors are responsible for
device degradation: (1) degradation of the metal contact and
(2) modification of the energy profile within the perovskite
layer close to the contacts. The first factor can be suppressed by
using a protective layer of Cr2O3. This work highlights the
importance to further study how to stabilize the morphology
and transport of iodide atoms through the bulk of the
perovskite layer.

RESULTS AND DISCUSSION

Current Density−Voltage Curves. In this investigation,
inverted flat solar cells in the configuration ITO/PEDOT:PSS/
Perovskite/PCBM/Metal have been fabricated for different
reasons. First of all, degradation of perovskite solar cells has
been ascribed to the moisture present in the environment, and
these devices work best when encapsulated.7,9 Second, the use
of an inverted configuration avoids the presence of a TiO2 layer,
which makes analysis more complex as electrical response will
depend on the doping level and permittivity of the two

semiconductor junction sides.12 Finally, degradation features
are more dramatic in the inverted configuration. A selection of
different metals as cathode contacts has been tested in order to
understand if degradation can be avoided.
Current density−voltage (J−V) curves have been measured

at 1 sun light intensity conditions (1 kW/m2). Representative
curves are shown in Figure 1, and performance parameters are

summarized in Table 1. As reported previously, high-perform-
ance devices can be prepared following a one-step preparation
method using CH3NH3I and PbCl2 (3:1) as precursor using
low workfunction metals such as Ca or Al.13 Full details are
described in the Methods section. In this work, efficiencies of
∼12% have been obtained for devices containing Ca or Al
measured in the glovebox (Jsc = 18.4 mA/cm−2, Voc = 1.10 V,
and FF = 60). Slightly lower efficiencies are obtained for
devices containing Ag (8.7%), Au (7.3%), and Cr2O3/Cr
(7.0%) mainly due to a reduction in Voc and FF.
Interestingly, in the absence of water, if the device is

illuminated during 4 h at 1 sun light intensity, an S-shape curve
evolves for most studied metals, which dramatically reduces the
device efficiency, providing PCE of <1.7%. Selected J−V curves
of degraded devices are shown in Figure 1 as broken lines. Only
devices containing Cr2O2/Cr consistently show reduced
degradation kinetics, as devices retain most of the initial FF,
but the photocurrent is consistently reduced.

Bulk Properties of Perovskite Films. Current density
curves with a S-shape are typically connected to degradation of
the contacts.14 However, in order to understand if degradation
is also connected to a modification of the bulk material
absorption and X-ray diffraction (XRD) measurements of
pristine and degraded films were measured (Figure 2). Films in
the configuration ITO/PEDOT:PSS/Perovskite/PCBM were
illuminated during 4 h in the glovebox under 1 sun light
intensity conditions to simulate the degradation conditions in
devices. The absorption bands of pristine and degraded films
are remarkably similar. Alternatively, XRD diffraction patterns
differ, and modification of the XRD pattern takes place during
illumination of the sample in the glovebox. In particular, the
low fraction of the PbI2 peak disappears, but peak intensities
and ratios change as well as the fwhm, implicating a
modification in the domain size.

Figure 1. Current density−voltage curves of devices fabricated with
different metal contacts measured at 1 sun light illumination. (a)
Metals providing S-shape curves after degradation. (b) Contact
containing Cr2O2/Cr does not show an S shape after degradation.
Degraded devices are shown as broken lines.
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Comparison of Degraded Devices by Scanning
Electron Microscopy. In order to understand the origin of
degradation in the absence of moisture and oxygen, degraded
devices were analyzed by SEM microscopy. Two selected
devices are shown in Figure 3 to illustrate two configurations
behaving differently electrically. Configuration based on Ca, Al,
Ag, or Au provides S-shape curves, and a representative image
containing Au is shown in Figure 3a. From this secondary
electrons image, it is clear that the gold contact is not smooth
as it contains coarse grains not present in fresh devices (see
Supporting Information). In addition, it is interesting to note
that the PCBM/Au interface shows signs of delamination, and
the MAPbI3/PCBM interface is rather bright, pointing to a high
presence of heavy metal atoms at the interface. This
delamination does not seem to be a cleaving effect since
fresh samples do not show delamination (see Supporting
Information). Alternatively, degraded devices containing
Cr2O3/Cr do not show an S shape in the J−V curve, and
relatively high FFs are obtained. A representative degraded
device is shown in Figure 3b, where it is clear that the Cr2O3/
Cr surface is smooth. In addition, interfaces close to the

cathode are difficult to differentiate. All together, this suggests
that Cr2O3/Cr clearly protects the cathode contact. For data
completeness, a comparison of fresh and aged devices using
both secondary and backscattered electrons is shown as
Supporting Information.

Capacitance−Voltage Measurements: Mott−Schottky
Analysis. Capacitance−voltage measurement is a very useful
technique at discerning between effects taking place at the bulk
of active layer and those occurring at the interfaces with the
outer contacts in photovoltaic devices.12,15 The reason is that
measured doping densities will depend on the bulk properties
of the layer and flat-band potential values (Vfb) on energy
equilibration at the contacts. In addition, capacitance measured
at negative voltage under full depletion provides information on
the dielectric constant of the material, and this is an intrinsic
property of the bulk material. In a typical measurement, a DC
voltage is applied under dark conditions and a small AC
perturbation (typically at 10 kHz to 1 kHz) is overimposed.
The differential current output is measured, and the DC voltage
is swept over a wide range (i.e., −1 V to +1 V). The measured
intermediate capacitance is related to the width of the depletion
zone, corresponding to a Schottky barrier at the cathode, as
supported by Kelvin probe measurements.12 At reverse bias full
depletion occurs and corresponds to a geometric capacitance
determined by the dielectric constant of the perovskite layer
(Figure 4a). Full depletion of the perovskite at 0 V is observed,

Table 1. Device Performance Parameters for Devices Containing Different Cathode Contacts as a Function of Aging Conditions
and Electrical Parameters Extracted from Capacitance−Voltage Measurements under Dark Conditions

contact Jsc [mA/cm
2] Voc [V] FF [%] PCE [%] n [×1016 cm−3] Vfb [V] ΔVfb [V]

Ca 18.39 1.10 60 12.14 1.2 1.00

Ca 9.11 0.85 23 1.78 1.5 0.53 0.47

(degraded) 0.9 −0.40 0.93

Al 17.79 1.11 61 12.05 0.9 1. 06

Ag 17.04 0.97 53 8.76 1.1 0.90

Au 17.46 0.82 51 7.30 2.1 0.75

Cr2O3/Cr 15.57 0.78 58 7.04 1.3 0.79

Cr2O3/Cr 6.71 0.88 55 3.25 5.8 1.10 −0.31

(degraded) 5.1a 1.03a 0.07
aMeasurement carried out at 1 sun light intensity.

Figure 2. Bulk properties of pristine and degraded films in the
configuration ITO/PEDOT:PSS/Perovskite/PCBM illuminated
during 4 h in the glovebox under 1 sun light intensity conditions.
Top: Absorbance spectra. Bottom: XRD diffraction pattern.

Figure 3. Scanning electron microscopy images of two representa-
tive degraded devices using the secondary electron detector (a)
showing an S-shape J−V curve and (b) degraded device not
showing an S-shape J−V curve.

ACS Nano Article

DOI: 10.1021/acsnano.5b03687
ACS Nano 2016, 10, 218−224

220

http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03687/suppl_file/nn5b03687_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03687/suppl_file/nn5b03687_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03687/suppl_file/nn5b03687_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.5b03687/suppl_file/nn5b03687_si_001.pdf
http://dx.doi.org/10.1021/acsnano.5b03687


and taking into account that the thickness of the perovskite
layer is about 300 nm, a relative dielectric constant for the
perovskite (εPVK) of 21.2 has been found from the capacitance
of fresh devices. The depletion zone decreases at positive bias
voltage, and as a consequence, the capacitance increases (see
Figure 4a); by plotting C−2(V), a straight line is observed
(Figure 4).16 The slope of the straight line is related to
measurable p-doping density of electrical defects. In the current
case, we expect some differences between fresh and degraded
devices since the XRD patterns change during illumination, as
previously described, and morphology is related with the defect
density.
Two representative case examples are shown in Figure 4 for

devices showing an S-shape after device degradation containing
Ca contact (Figure 4a) and other devices retaining the initial
FF containing Cr2O3/Cr (Figure 4b). The obtained doping
levels of 1016 cm−3 (Table 1) are well in agreement with our
previously published results.12 On the other hand, the intercept
with the x-axis provides information on the flat-band potential
Vfb, defined as the applied voltage bias required to produce flat
bands in the semiconductor. Note that Vfb is not actually the
built-in potential (Vbi), as this last quantity also takes into
account the presence of dipoles at the perovskite/cathode
interface.
When data (Table 1) from fresh and degraded devices

containing Ca metal are compared, a slight increase in doping
density is observed, 1.06 × 1016 and 1.55 × 1016 cm−3,
respectively. This feature suggests that the bulk properties of
the perovskite layer are not significantly being modified,
pointing to interfacial degradation between the perovskite
layer and the outer contacts for Ca-containing devices. In
addition, we observe that the dielectric capacitance attributed to
the bulk properties of the perovskite at negative voltage remains
constant. Alternatively, a shift in the Vfb of 0.47 V is observed
for devices containing Ca toward negative values from 1.00 to
0.53 V and this is a clear sign that the energetic properties at
the interface between the cathode and the perovskite have

dramatically been modified. More importantly, when we
compare a degraded sample measured under dark conditions
and under illumination, a shift in Vfb of about 0.93 V is
observed that results in negative flat-band values. This is a clear
sign of generation of a light-induced dipole at the cathode
interface as a consequence of charge accumulation of
photogenerated carriers at the perovskite/cathode interface.
The same effect has been previously reported for organic
PCBM:P3HT solar cells.17 Impedance spectroscopy measure-
ments were carried out on degraded devices showing J−V
curves with an S-shape (see Supporting Information). An
additional resistance with magnitude dependent on the applied
voltage correlates with the shape of the J−V curve. This
resistance is only observed for the degraded device, and it is
relatively low and constant at negative values when the
photocurrent is high but sharply increases at voltages more
positive than −0.2 V when the photocurrent is low. This result
points to an issue related with the extraction of carriers at the
contact.
A remarkable increase in doping density is observed for

degraded devices containing Cr2O3/Cr increasing from 1.3 ×

1016 and 5.8 × 1016 cm−3, in agreement with modification of the
perovskite layer (see XRD results). This increase in doping
density will have an effect on the energy equilibration at the
cathode contact, as will be described below. For this reason, a
degraded sample containing Cr2O3/Cr contact shows an
increase in Vfb, again pointing to a modification in the energetic
of all the elements involved at the cathode interface.
Importantly, no shift in Vfb is observed when measurements
in the dark and under illumination are compared. The
additional resistance observed for devices containing a reactive
metal is not observed for Cr2O3/Cr contacts.

Electrical Model. A general electrical model to understand
contact equilibration in photovoltaic devices needs to account
for the difference in work functions between the contacts, Φ,
and the Fermi level of the active layer, EF, shown in Figure 5a.
Based on previous results, here we assume that the anode forms
an ohmic contact with the perovskite active layer, in such a way
that the energy equilibration to equalize the Fermi levels occurs
predominantly at the contact MAPbI3/PCBM. The potential
drop associated with equilibration is generally divided into two
contributions, as shown in Figure 5b: a spatially extended band
bending (Vfb) in the bulk of the semiconductor, and a voltage
drop at the interface by generation of a dipole layer (Δ/q),
where Δ is the step of the vacuum level. Thus, the flat-band
potential is given by the expression15,18

= − Φ − ΔqV E
fb F c (1)

The presence of a dipole at the contact interface implies a net
formation of charge separation across the interface, for example,
if electron charge is donated from the contact to acceptor states
at the surface of the semiconductor.18 We have previously
shown using Kelvin probe force microscopy (KPFM) that the
magnitude of this dipole is almost negligible for highly
performing perovskite solar cells.12 The differences in work
function between cathode and Fermi level of the perovskite is
accommodated in the heterojunction with a depletion zone
reaching about 300 nm of the perovskite layer.
While in a good performing device the dipole is very small,

the evidence presented in the previous sections about the
Mott−Schottky analysis and interfacial resistance indicates that
in degraded devices a large dipole is generated at the cathode/
perovskite interface, and this situation is indicated in Figure 5c.

Figure 4. (a) Capacitance−voltage measurements of pristine and
degraded devices carried out at 10 kHz. (b) Mott−Schottky plot of
data shown in (a).
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The diagram shows that the presence of such a dipole reduces
the required applied potential to provide flat bands and thus the
measured Vfb is lower. From the point of view of photovoltaic
operation, it is clear that the efficient charge collection induced
by the electrical field present in Figure 5b is eroded in Figure
5c. Under illumination conditions, the magnitude of the dipole
is magnified by accumulation of photogenerated carriers at the
perovskite/cathode interface. This effect has been previously
described in terms of the charging of the interface.17 It
produces an energy profile inversion which impedes efficient
charge extraction by the cathode, which is responsible for the S-
shape curve.14 Alternatively, for Cr2O3/Cr-containing devices,
the doping density increases, increasing the value of EF, and this
will induce an increase in Vfb following eq 1.
Origin of Performance Degradation. Identification of

the precise interfacial reactions that actually cause the large
dipole at the perovskite/cathode interface, limiting the device
performance, is a complex problem of compositional analysis at
the nanoscale that is beyond the scope of this work.
Nevertheless, the fact that the use of chromium provides a
totally different degradation behavior points to corrosion of the
metal contact for Ca, Al, Ag, and Au as observed in SEM
images in Figure 3. Importantly, recently it has been recognized
that significant ionic conduction takes place in hybrid lead
iodide perovskite that gives rise to accumulation of net charge
at one or both contacts.19−21 A first-principles calculation finds
that that iodide vacancies and interstitials may easily diffuse
across the perovskite crystal.22 Hence, under illumination, the
internal field shown in Figure 5c may produce the displacement
of excess iodide atoms to the cathode, neutralizing the existing

barrier. Ion migration as such is a reversible effect that does not
account for permanent degradation, process I in Figure 6.

However, metals would be prone to react with I− ions,
producing irreversible degradation of the interface with
generation of insulating metal-iodide materials, process II in
Figure 6. In addition, the evaporated metal could also diffuse
through the thin layer of PCBM and I− would not necessarily
need to diffuse thorough the entire PCBM layer. Noble metals
such as Au also lead to corrosion at the interface level under
oxidative stress, and similar results are also observed here.23

Note that in this case positive charges would be generated at
the anode side, but this would be better compensated by the
PEDOT:PSS as this is a solid state polyelectrolyte. Unlike with
cathode contact, the effect of this additional charge on
PEDOT:PSS would be to increase of the conductivity of the
layer. In both processes, an insulating layer would be formed at
the interface, which under illumination would generate charge
accumulation at the interfaces, inducing the generation of a
dipole either at I or II and would account for the observed
measurements. Alternatively, Cr2O3 is known to withstand
oxidative corrosion very well. Recently, it has been reported
that Cr2O3 efficiently shields the top metal from detrimental
reactions with oxidizing and halide-forming iodide species.11

Using this protective layer, the reduction in photocurrent and
increase in photovoltage are related to the ion migration itself
(process I), which reversibly modifies the energetic landscape at
the perovskite/PCBM contact.

CONCLUSIONS

In this work, we have studied the degradation of flat
heterojunction solar cells fabricated in the inverted config-
uration. We have demonstrated that, in the absence of water,
which is believed to be the major degradation source for these
types of devices, reactivity of the perovskite with the cathode
contact is the major degradation pathway for most metals. If the
cathode contact is protected with Cr2O3/Cr, new features
appear during degradation which are due to modification of the
energy bands close to the contacts. The results presented in this
article highlight the importance to study the use of protecting
layers to avoid the chemical reactivity of the perovskite with the
external contacts. Further work is needed to suppress the ionic
conductivity within the perovskite layer, as this modifies the
performance of flat heterojunction perovskite solar cells during
operation conditions.

METHODS

Device preparation was carried out according to previously described
methods, and a brief summary is provided here.13 A solution

Figure 5. Energy level diagram of devices that show an S-shape J−V
curve (a) before contact equilibration, (b) after contact
equilibration for a fresh device under dark conditions, and after
contact equilibration for a degraded device under dark (c) and
illumination (d) conditions. HTL and ETL are hole transport layer
and electron transport layer, respectively. Formation of an
interfacial dipole for the degraded device reduces the measured
Vfb, and the band in the electrical profile in the bulk of the
perovskite layer is reversed, hindering an efficient extraction of
electrons. The magnitude of the dipole is magnified by
accumulation of photogenerated carriers at the perovskite/cathode
interface.

Figure 6. Feasible hypothesis that could potentially give rise to
external cathode contact degradation.
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containing PbCl2/CH3NH3I (1:3) in N,N-dimethylformamide (0.8M)
was spin-coated at 1500 rpm onto the poly(3,4-ethylenedioxythio-
phene):polystyrenesulfonate (PEDOT:PSS) layer. The precursor film
was annealed at 90 °C for 2 h in ambient air (humidity of 35−65%).
After being annealed, the perovskite films were transferred into
nitrogen glovebox. A 2% phenyl-C61-butyric acid methyl ester
(PC70BM) in chlorobenzene solution was coated onto the perovskite
layer at 1000 rpm. Top metals were thermally evaporated with a base
pressure of 6 × 10−6 mbar. Deposition of chromium was carried out as
in ref 11. Efficiencies were measured using encapsulated devices in air
using a solar simulator, and identical devices not encapsulated were
measured by capacitance voltage in the glovebox at <0.1 ppm of O2

and water.
J−V curves were measured using a solar simulator with the light

intensity adjusted using a calibrated Si solar cell. Measurements were
carried out at a sweep rate of 50 mV/s with very small hysteresis
observed. Capacitance−voltage and impedance spectroscopy measure-
ments were performed using an Autolab potentiostat (model
PGSTAT30) equipped with a frequency analyzer module. A small
voltage perturbation (20 mV rms) was applied at frequencies from 10
kHz for capacitance−voltage. Capacitance−voltage measurements
were carried out either in the dark or at 1 sun light illumination.
Small sample-to-sample variation was observed in doping densities
(±0.8 × 1016 cm−3) and Vfb (±0.10 V) for 20 independent devices
fabricated using the same process.
Films for absorption and XRD measurements were prepared as

those in devices, but the top contact was not evaporated. The
degradation experiment for those films was carried out in a glovebox
using 1 sun light intensity during a period of 4 h. Absorption
measurements were carried out with a Cary 300 Bio spectropho-
tometer. Powder XRD analysis was performed with a thin film X-ray
diffractometer (D4 Endeavor, Bruker-AXS) with Cu Kα radiation.
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