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ABSTRACT
Understanding chemical reactivity of lead halide perovskite materials with contacts is crucial to improve the stability of these optoelectronic
devices. The study of the physical and chemical interactions at the interfacial region is still one of the most challenging tasks in this field.
We investigate a configuration based on the direct contact of gold (Au) with highly crystalline methylammonium lead bromide perovskite
(MAPbBr3), in comparison with the presence of an organic interlayer. The metal contact clearly shows the double layer capacitance that
can be monitored by Impedance Spectroscopy (IS). Measurements in the dark reveal the frequencies where a reduction in charge accumu-
lation occurs, related to ionic reactivity with the external contacts. Under light, this chemical reaction is favored and the newly formed
contact improves the performance of the solar cell. The IS results show that reactivity proceeds at timescales longer than 100 s, reduc-
ing the recombination kinetics under 1 sun illumination conditions, increasing the photovoltage and photocurrent that can be extracted.
This work presents IS as a nondestructive in operando tool to monitor the kinetics of the ionic double layer formation and the reactiv-
ity of methylammonium bromide perovskite material with contacts decoupling as well this information from other resistive and capacitive
contributions.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5111925., s

INTRODUCTION

Photovoltaic devices based on lead halide perovskites have
emerged as strong candidates to compete with commercial tech-
nologies with a steady increase in efficiencies (i.e., Power Conver-
sion Efficiencies), currently with certified and published values of
23.3%.1 In addition, lead halide perovskites find multiple applica-
tions such as in Light Emitting Diodes, photodetectors, or X-ray
detectors.2–4 One common feature for all these optoelectronic
devices is the necessity to use external contacts capable to either
inject or extract current. The variety of materials used to such end
is vast and it is tailor-made for the specific application. Despite the
impressive achievements, stability of devices still remains one of the
biggest challenges, where the perovskite/external interface reactivity
is clearly at the heart of the problem.5,6

Monitoring interfacial reactivity in optoelectronic devices rep-
resents a great difficulty since the reaction is confined to a few
nanometers width at the proximity of the contact being enough to

modify severely the electronic properties of the absorber material.
The interface is buried inside the complete device and analysis of a
half stack is not enough to satisfy the operating conditions promot-
ing the chemical reaction. Chemical spatially resolved techniques to
detect reaction products require ion milling, which is a destructive
technique.7,8 As an extra disadvantage, the concentration of reac-
tion products at the interface is too small, restricting the analysis
to element distribution with a high degree of uncertainty, impeding
as well kinetic studies in operating devices. Alternatively, electrical
techniques do not offer chemical information but can provide data
about the reaction kinetics.

Impedance spectroscopy (IS) represents a very useful technique
to probe the kinetics of physical and chemical processes in semi-
conductor materials and batteries.9,10 Resistive and capacitive con-
tributions are separated by IS according to the kinetics of the pro-
cesses. The technique has been applied with relative success in per-
ovskite solar cells field due to the great variety of effects occurring
simultaneously, but the potential to unveil chemical and physical
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processes in operando is very attractive.11,12 The major disadvan-
tages of the technique is that (i) the interpretation of the data is not
direct nor straightforward and (ii) the technique is totally blind to
the type of chemistry/interaction taking place at the interface. To
overcome these issues, we have designed several experiments in the
past to build information that allows the interpretation of the data.
For example, by variation of the thickness of MAPbBr3 monocrys-
tals, we have been able to separate electronic and ionic current to
identify ionic migration in the bulk.13 In these experiments, condi-
tions were identified and selected to avoid electronic current: mini-
mized doping of the perovskite layer and measurement in the dark,
close to equilibrium conditions with applied voltages near to 0 V.
Similarly, previous analyses of IS data in the perovskite solar cell
have indicated a different response of the central perovskite layer
and the interfaces with contacts.11 Very recently, Au interaction with
halide perovskites to form oxidized gold halide species has shown to
improve the charge injection/extraction and the present report ben-
efits from this knowledge.14 However, the kinetics of the chemical
reactions between perovskite and contacts have not been previously
analyzed by IS.

In this work, solar cells consisting on highly crystalline
MAPbBr3/Au interface, in contraposition to cells that do contain
Spiro-OMeTAD as hole conductor layer in the standard configura-
tion, allow to clearly identify the interfacial effects by monitoring the
changes observed during photovoltaic operation. The cell with direct
MAPbBr3/Au interface readily forms oxidized gold halide species,
as previously reported, and reveals the kinetics of a progressive
activation of the solar cell performance at a time scale that can be
proved by IS. By comparing IS in dark and under illumination, we
obtain a picture of the changes at the contact that indicates the
ionic reactivity process in combination with other capacitive and
electronic contributions.

RESULTS AND DISCUSSION

In order to obtain a model system to probe the reactivity of
perovskite-metal interface, solar cells have been fabricated in regular
configuration: FTO/c-TiO2/m-TiO2/MAPbBr3/Au (MA = methy-
lammonium). We have previously reported a method to produce
high quality MAPbBr3 films of nearly 1 μm free of pinholes.15

In this work, similar devices are prepared; see the cross-sectional
SEM image of this MAPbBr3 device [Fig. 1(a)] that shows dis-
tinctively uniform, voids-free feature of the perovskite layer. We
reported previously that the highly crystalline material in combi-
nation with further tuning of the electron transport layer provided
photovoltages approaching 1.6 V and power conversion efficiencies
of 6.6%.

In the absence of Spiro-OMeTAD, the current-voltage J-V
curve undergoes a significant change during the first cycles of mea-
surement of the device [Fig. 1(b)]. Note that fast scan rates of 500
mV/s have been used to avoid modification of the external inter-
faces during the J-V measurement. In Fig. 1(b) is shown a repre-
sentative J-V curve of a fresh no Hole Selective Layer (HSL) device
and how subsequent fast cycling under illumination improves the
performance of the solar cell. This photovoltaic behavior allows
us to ascribe the improvement of the solar cell performance to a
chemical modification at the perovskite/Au interface. This type of

FIG. 1. (a) Cross-sectional SEM image of a photovoltaic device containing highly
crystalline MAPbBr3. (b) Representative J-V curves of a fresh device and the
response after cycling of the device under illumination during increasing times.
Scan rate of 500 mV/s.

improvement has also been observed in a symmetric configuration
with monocrystalline MAPbBr3 in the absence of TiO2 and evapo-
rated gold at both contacts.14 In the previous work, improved charge
extraction/injection was observed when oxidized gold halide species
are formed under the presence of an electrical field. Therefore, here
we denote activated samples those that contain such oxidized gold
species at the interface. To further confirm that gold halide species
are responsible for the improved performance, control devices
containing Spiro-OMeTAD do not show such large variations in
J-V curves as a function of the scan rates (see the supplementary
material). To understand the kinetics of this chemical reactivity
and the electrical consequences of this interfacial modification, the
impedance response is in depth investigated. In the following text,
we will denote as “fresh” and “activated” samples that correspond
to J-V curves as those presented in Fig. 1(b). The precise sequence
of the measurements is important as described in the experimental
section.

During IS measurement, a DC voltage is applied to the sample
either under light or dark conditions and a small AC voltage pertur-
bation is superimposed with a wide range of frequencies. The mea-
surement sweeps frequencies starting from high to low frequencies,
with high frequency (HF) data points obtained close to the origin of
Z′ and −Z′′. Depending on the lowest frequency limit, the measure-
ment typically takes about 2–15 min for one DC voltage. A useful
method to represent the impedance data is the complex impedance
plot, where x-axis quantity Z′ = Re(Z) is related to resistive elements
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and the y-axis quantity Z′′ = −Im(Z) to capacitive elements. A resis-
tive element connected in parallel to a capacitor (RC) leads to an arc
in the complex impedance plot. In perovskite research for devices
containing Spiro-OMeTAD, the most repeated feature in the dark is
the observation of two arcs.11,12

Here, devices containing MAPbBr3 were studied by IS in the
dark and they are compared with a reference device containing
Spiro-OMeTAD [Figs. 2(a)–2(c)], delivering efficiencies as previ-
ously reported approaching 7%. For measurements in the dark,
a fresh device is measured at 0 V, again at 0.2 V (before activa-
tion) and the same device is measured at 0 V after activation dur-
ing cycling under illumination, as described in the experimental
section.

In the dark, devices without HSL display two arcs in the com-
plex impedance plots while the device containing Spiro-OMeTAD
shows a spectrum that resembles three arcs (see the supplementary
material). The high frequency (HF) arc is observed at frequencies
>1 kHz as shown in Figs. 2(a) and 2(b), and it contains information
about carrier transport in the perovskite layer and the resistivity of
the contacts.11 As the resistivity of Spiro-OMeTAD is higher than
that of gold, this HF resistance is higher. The fresh device measured
at 0 V totally overlaps with the device measured at 0.2 V, and the
HF resistance of the activated device is higher than those for fresh
devices. The nature of the low frequency (LF) arc measured in the
dark is not so well understood and rather than a simple resistance,
this arc may contain the combination of two separate resistances,
which are mixed in IS response but can be clearly separated using
Intensity Modulated Photocurrent Spectroscopy (IMPS).16 Only in a

few cases the nature of these separate leading to clearly differentiated
intermediate frequency (IF) and LF resistances. For monocrystalline
MAPbBr3 perovskite material, the IF resistance displays a vertical
line with pure capacitive contribution.13 However, Fig. 2(c) shows an
arc at LF (<0.1 Hz) that begins to close, indicating a certain amount
of charge transfer at the contact, which may be due either to electron
transfer or ionic reactivity.13 Here, we note that our polycrystalline
material is highly crystalline as observed by SEM images and pre-
viously reported, so that grain boundary effects can be excluded to
account for these observations.

Under illumination and open circuit (Voc) conditions, samples
not containing Spiro-OMeTAD also show two arcs in the com-
plex impedance plots. It is also observed the effect of a noisy sig-
nal with inductive elements that crosses the y-axis to negative val-
ues in the low frequency region [Fig. 2(e)]. As the perovskite is a
photoconductive material and the conductivity increases under illu-
mination by many orders of magnitude, the resistance related to
the bulk transport is usually not observed by IS. In this case, resis-
tances correspond to losses mainly from recombination processes,
both in the bulk perovskite and at the interfaces.19 Large values of
these resistances denote high resistance toward the recombination
of carriers and correlate with a better performance of the device.15

Here, we note a higher HF resistance for the activated sample, as
expected for the best performance of the activated sample, but sim-
ilar LF resistance for both samples. In addition, we highlight that
the very low frequency region shows noisy behavior, and an ionic
component of LF resistance is not discarded as it will be described
next.

FIG. 2. Impedance spectroscopy results
of devices measured in the dark under
different conditions, as indicated. Com-
plex impedance plot of spectra in dark
showing different frequency regions: (a)
High Frequency (HF) (>1 kHz), (b) Inter-
mediate frequency (IF) (>0.1 Hz), and
(c) Low frequency (LF) (>0.01 Hz). [(d)
and (e)] Spectra recorded under illumina-
tion at 1 sun light intensity for fresh and
activated devices, which do not contain
Spiro-OMeTAD.
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The understanding of the nature of capacitive behaviors is cru-
cial to explain operation mechanisms related to charge distribution
in solar cells. A different way to visualize the same data as that shown
in Fig. 2 is by plotting the capacitance as a function of the frequency
(Fig. 3). We observe that the evolution of the capacitance vs fre-
quency shows three different contributions as indicated by three sep-
arated plateaus. Normally, two capacitances are observed by using
IS, attributed to bulk and contact polarization. However, sometimes
a third capacitive contribution is observed in the IF domain when
devices are measured by IS.11,16,17 In this case, one may expect that
the capacitive contributions of the two contacts can be separately
observed.

In order to obtain an interpretation of the capacitances, we
note first the plateau at HF that is attributed to the bulk dielectric
polarization of the perovskite.10,15–18 Thus, the HF capacitance is a
geometrical capacitance, C = εε0/d, where ε is the relative dielec-
tric constant of the perovskite material, ε0 is the vacuum dielectric
constant, and d is the thickness of the perovskite film. For a per-
ovskite thickness of 800 nm and capacitance values of approximately
4 × 10−8 F cm−2, dielectric constant of the material of 35 is calcu-
lated. All devices, including the device containing Spiro-OMeTAD,
tend to these capacitance values, including under illumination
conditions.

The IF and LF regions measured in the dark show an increase
of capacitance related to formation of a double layer at the contacts,
with values of the order 10−6 F cm−2, typically associated with the
Helmholtz ionic layer at the perovskite contact surface, marked as
a flat line in the plot.19,20 Here, it is important to highlight the dif-
ferent behavior of the samples with Au and Spiro-OMeTAD. For
the latter, there is a continuous rise of capacitance up to very low
frequencies. This is the characteristic response of perovskite solar

cells, observed in many reported measurements.21 In contrast, for
the Au contact without Spiro-OMeTAD, the capacitance is nearly
flat. As remarked before, there are three main capacitances in the
system: bulk, perovskite/TiO2, and perovskite/(Au or organic). In
the cell with Spiro-OMeTAD, the steady increase in the low fre-
quency capacitance is a combination of the two contact capacitances.
However, when we eliminate the Spiro-OMeTAD, we remove a
large double layer capacitance from this interface and the remain-
ing capacitance is lower as shown in the simulations below. Here,
it is important to observe that in the literature generation of the
ionic double layer has normally been ascribed to the TiO2/perovskite
interface, based on the suppression of the large capacitance in the
inverted cell with PCBM contact.22 Our new observation indicates
that in usual measurements, the LF capacitance measured in the dark
is a combination of the two contacts and the contact resistances will
play a very important role. Recently, the charge stored at both con-
tacts has been observed by Kelvin probe force microscopy and in
our work we can quantify it by electrical methods.23 This remark is
important for the observations under illumination, and it is in agree-
ment for changes of surface polarization observed with modification
of organic conductor hole extraction layers.24 As an additional fea-
ture, the activated sample does not show the intermediate capacitive
process related to ionic double layer generation, going directly to
the LF response. We assume that the reason for this is that ions
have reacted with the gold electrode during the activation process
and are no longer available, at the same time reducing the contact
resistance.

The fresh device measured before activation in the dark at 0.2 V
shows the same values of impedance Z measured at 0 V. The spectra
in Fig. 2 practically overlap, which confirms the high reproducibil-
ity of the MAPbBr3 solar cells presented in this paper. However, in

FIG. 3. Impedance spectroscopy results of devices mea-
sured in the dark under different conditions. Capacitance vs
frequency plot showing different vertical scales: (a) logarith-
mic and (b) linear plot around the value of the Helmholtz
capacitance, indicated with a straight baseline.
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the domain of very low frequencies, an unexpected decrease in the
LF capacitance response is obtained [Fig. 3(b)]. Since devices con-
taining Spiro-OMeTAD do not show this behavior, we attribute this
drop to a chemical reaction between Au and the ions to form oxi-
dized gold halide species that reduces the contact resistance, which
may involve inductive elements connected to negative capacitance
as reported before.10,14 This type of chemical reaction leads to very
noisy signal as noted in Fig. 2(c).

Under illumination conditions near 1 sun, a different behav-
ior is expected. As observed many times in the literature, a very
large excess of capacitance is generated at low frequency, over the
Helmholtz ionic layer, often associated with an electronic accumu-
lation capacitance at the perovskite/TiO2 interface.25 However, sig-
nificant differences are observed between the fresh and activated
samples in Fig. 3(a). At IF (10 Hz), the former barely overcomes the
value of the double layer, which indicates that the total capacitance is
still pinned at the Helmholtz layer of the fresh MAPbBr3/Au contact.
In contrast to this, the activated sample allows a continuous growth
of the capacitance towards low frequencies. We attribute this dif-
ference to the construction of an halide-gold layer, with Au at the
surface being oxidized, which improves the contact properties and is
responsible for the incremental photocurrent recorded in Fig. 1.14

The modification of the contact caused by ionic reactivity during
J-V cycling is outlined in Fig. 4. The nature of the species generated
is not the focus of this work and has been studied elsewhere.14

Under illumination and at very low frequencies, around 0.1 Hz,
the capacitance continues to increase [Fig. 3(a)] for both fresh and
activated samples, coinciding with the inductive effect and nega-
tive capacitance. This type of inductive element has been previously
correlated with electrochemical reactions and corrosion in several
materials.26,27 We assume that the LF capacitive rise under illu-
mination conditions in the LF region still represents an electronic
accumulation at the interfaces, but the noisy behavior observed in
this region, already remarked in the measurements in the dark, may
suggest an effect due to the ionic reactivity. For the fresh sam-
ple, the noise begins at frequencies of ∼10 Hz related to a steady
supply of ions, and under illumination conditions, the chemical
reactivity is favored. Alternatively, the activated sample only shows
the noise at frequencies below ∼0.5 Hz, indicating a more costly
generation of the ionic double layer and reactivity, since now the

FIG. 4. Diagrams representing the interface modification that leads to an increase
of intermediate frequency capacitance and enhanced photocurrent. (a) Pure ionic
double layer capacitance observed at intermediate frequencies and (b) intermedi-
ate oxidized layer allows surface accumulation of electronic carriers and enhances
interfacial charge transfer.

supply of ions to the metal contact is less effective. The frequency
at which noise appears is then very revealing and indicates the
timescale at which ions arriving at the external interface begin to
react with the contact.6 Here, we highlight that devices contain-
ing Spiro-OMeTAD occasionally also show the noisy behavior, and
in these cases, we attribute the noise to partial coverage of the
perovskite by Spiro-OMeTAD that enable areas of direct contact
perovskite/Au.

We can summarize the previous interpretation in an equiv-
alent circuit shown in Fig. 5(a), which allows us to describe the
impedance spectra measured with 2 arcs and three capacitive pro-
cesses. The circuit is composed by the bulk geometric capacitance
connected with the HF resistance (R3) that arises from conductivity
of perovskite and recombination processes. In addition, two sepa-
rate surface capacitances with the corresponding resistive elements
(one RC) arise for each interface of the perovskite with the exter-
nal contacts. As noted above, the couplings R1C1 and R2C2 lead to a
single arc and two capacitive processes. In practice, both RC related
to the contacts can appear either in the IF or LF in the complex
plane impedance spectra depending on the individual elements as
they have a large impact in the overall spectra. To show this effect,
we have carried out simulations using parameters close to those that
fit the fresh spectra under dark conditions (Rseries = 20 Ω, Cbulk = 2
× 10−8 F and R1 = 2.8 × 105 Ω, C1 = 2 × 10−6 F) and the results are
shown in Fig. 5. A reduction in the HF resistance (R3) [Fig. 5(b)]
displaces the onset of the increase in the IF and LF capacitances to
higher frequencies. This is an effect of the decrease in the charac-
teristic time τ arising from the product R3 × Cbulk. In Fig. 2(a), a
slower onset has been observed in the activated sample measured
in both the dark and under illumination in comparison to the fresh
sample. The reason is that ions are driven to the contacts and the
doping in the bulk of the perovskite material decreases as reported
previously.28 Similarly, when the device is illuminated, the increased
conductivity of the perovskite layer, as it is photoconductive mate-
rial, leads to a decrease in resistance and the onset in capacitance is
shifted toward higher frequencies. The effect of the capacitance in
hysteresis and fill factor of perovskite solar cells has been remarked
elsewhere.16 Alternatively, a change in one of the contact resistance
R2 [Fig. 5(c)] will modify the achievable capacitance in IF and LF
but has little effect on the onset, which will determine the kinet-
ics of the hysteresis phenomena. This could be the case of a device
containing Spiro-OMeTAD that shows a spectrum that resembles
three arcs; in this case, a large IF resistance allows the observation
of higher LF capacitances in the order of tens of μF/cm2. Finally, a
change in one of the contact capacitances will modify both IF and
LF plateau [Fig. 5(d)]. It needs to be highlighted that the spectrum
is very sensitive to the capacitance measured at the interfaces where
small modifications in the capacitance lead to large differences in the
observation of two or three arcs. As observed in the previous data on
the combination of RC in series, where both resistance and capac-
itance are connected, the spectrum is often not very intuitive and
fitting of the results is required to establish the values of R and C.
The results of the fitting of data to the equivalent circuit model are
presented in the supplementary material.

Regarding the equivalent circuit needed to fit adequately data
measured under illumination conditions, this necessarily needs to
be more complex as the effect of an inductance is usually observed.
Here, we have not included this element due to the very noisy
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FIG. 5. (a) Equivalent circuit used to fit the IS data measured in the dark. [(b)–(d)] Simulation spectra using the equivalent circuit in (a) to understand the effect of IF features.
Common parameters: Rseries = 20 Ω, Cbulk = 2 × 10−8 F, R1 = 2.8 × 105 Ω, and C1 = 2 × 10−6 F. (b) Modification of R3 with fixed R2 = 1 × 106 Ω and C2 = 2×10−7 F. (c)
Modification of R2 with fixed R3 = 1000 Ω and C2 = 2 × 10−7 F. (d) Modification of C2 with fixed R3 = 1000 Ω and R2 = 1 × 106 Ω. CPE elements have been used for the
contact capacitances with exponential factors of 0.8. In the graph, capacitance has been normalized using an active area of 0.2 cm−2.

nature of the data, which would lead to unreliable values. How-
ever, the starting point of the noise can be taken as the frequency
at which the electrochemical reaction begins to take place, and the
nature of the chemical reactions has been reported elsewhere.14

Note that the high LF capacitance (C1) with values of millifarad
has been observed under illumination and depends noticeably on
the type of contact, and it has been associated with an electronic
accumulation at the electrodes’ interfaces.22 In the case of Au only,
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contact IF arc and the inductive loop indicates poor charge extrac-
tion capability, due to the lack of hole selective layer—metal oxide
contact. Fitting results, without including the inductive elements,
show a large Rseries for fresh and activated devices (∼800 Ω/cm2).
Under light conditions, the nature of the resistances related to the
arcs, R3 and R1, corresponds to losses from both bulk and interfa-
cial recombination.19 High values of these resistances denote high
resistance toward the recombination of carriers and better per-
formance of the device.15 In our comparison, fresh samples show
reduced recombination resistances in comparison to activated sam-
ples. These results are in agreement with improved photovoltage and
photocurrent of the activated devices, as a consequence of reduced
recombination kinetics.

CONCLUSIONS

This work establishes IS as a powerful tool to investigate
chemical reactivity at the perovskite/external contact interface pro-
viding kinetic information. Selecting a system that shows chemi-
cal modifications in a timescale that can be analyzed by IS, ionic
double layer generation is decoupled from chemical reactivity
and electronic accumulation at the contacts. The current results
open a new avenue to study the stability of perovskite solar cells
under real working conditions focusing on the necessity to iden-
tify the chemical reactions that occurs at the perovskite/contacts
interfaces.

METHODS
Materials and precursor solutions

All materials were used as received: FTO glasses (25 × 25 mm2,
Pilkington TEC15, ∼15 Ω/sq resistance), TiO2 paste (Dyesol 30NRD,
300 nm average particle size), CH3NH3Br (DYESOL), PbBr2 (TCI,
99.99%), titanium diisopropoxide bis(acetylacetonate) (75% in
isopropanol, Sigma-Aldrich), and Spiro-OMeTAD (Merck). The
MAPbBr3 perovskite precursor solution was prepared by dissolv-
ing the precursors separately to finally form a homogeneous solu-
tion of 1.4M concentration. The Spiro-OMeTAD solution for
devices 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.

Photovoltaic device fabrication

All the processes were carried out inside the glovebox with
oxygen and water conditions controlled. Photovoltaic devices were
prepared over FTO glasses, which were partially etched with zinc
powder and HCl (2M). The substrates were cleaned with Hell-
manex solution and rinsed with Milli-Q water and ethanol. Then,
the substrates were sonicated for 15 min in a solution of ace-
tone:isopropanol (1:1 v/v) and dried. After that, the substrates were
treated in a UV−O3 chamber for 15 min. The TiO2 blocking layer
was deposited onto the substrates by spray pyrolysis at 450 ○C

during 30 min, using a titanium diisopropoxide bis(acetylacetonate)
solution diluted in ethanol with oxygen as carrier gas. The meso-
porous TiO2 layer was deposited by spin coating at 2000 rpm during
10 s using a TiO2 paste diluted in ethanol. 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. The perovskite precursor
solution was spin-coated using toluene as antisolvent and heating
up at 100 ○C for 3 min. For HSL layer, a solution of Spiro-OMeTAD
was prepared by dissolving 72.3 mg of 2,2′,7,7′-tetrakis(N,N′-di-p-
methoxyphenylamine)-9,9′-spirobifluorene in 1 ml of chloroben-
zene, 28.8 μL of 4-tert-butylpyridine, and 17.5 μL of a stock solu-
tion of 520 mg/ml of lithium bis-(trifluoromethylsulfonyl) imide in
acetonitrile, as additives. Perovskite film was then covered when
required with the HSL solution by dynamically spin coating at
4000 rpm for 30 s. Finally, 60 nm of gold was thermally evapo-
rated on top of the device to form the metal electrode contacts
using a commercial Univex 250 chamber, from Oerlikon Leybold
Vacuum.

Film and device characterization

Scanning electron microscopy: The morphology of the films
was observed using field-emission SEM using either a JEOL 7001F.
SEM micrographs were further analyzed using the corresponding
images. Photovoltaic devices were characterized using an Abett
Solar simulator equipped with 1.5 AM filter. The light intensity was
adjusted to 100 mW cm−2 using a calibrated Si solar cell. Devices
were measured using a mask to define an active area of 0.11 cm2.
Impedance spectroscopy measurements were performed using an
Autolab PGSTAT-30 equipped with a frequency analyzer module.
Measurements were carried out at different either in the dark or
at 1 sun illumination conditions without using a masks to avoid
creation of different areas that can contribute to the impedance of
the sample. The DC bias was selected at either 0–0.2 V in the dark
or adjusted to the measured Voc of the device under illumination
conditions.

Measurements protocol

Due to the chemical reactivity of the interface and its kinetics,
the sequence of the measurements is very important, and in the fol-
lowing discussion, the measurements start from small bias (voltage
or light) and then move toward stronger bias. J-V curve is first mea-
sured at 500 mV/s in the dark and followed by 1 sun conditions.
Then, IS is measured in the dark at 0 V, followed by 0.2 V, and finally
under illumination at V = Voc. Then, cyclic voltammetry measure-
ment is carried out during a period of 20 min at varying scan rates to
test the performance evolution. Measurements after 10 and 20 min
are shown in the main text. Since the performance has improved
over the time and the chemical reactivity has been promoted at this
stage, the sample is so-called activated. Then, IS is measured in the
dark at 0 V followed by measurement under illumination at 1 sun
and V = Voc.

SUPPLEMENTARY MATERIAL

See the supplementary material for further impedance spectra
and IS fitting parameters.
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