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Abstract

Impedance spectroscopy offers access to all the different electriconic/ionic processes
taking place simultaneously in an operating solar cell. So far, its use on perovskite solar
cells has been challenging due to the richness of the physical processes occurring within
similar time domains. The aim of this work is to understand the general impedance
response and propose a general equivalent circuit model that accounts for the different
processes and give access to quantitative analysis. By systematically modifying the
electron selective contacts and the thickness of the perovskite film it has been possible
to distinguish between the characteristic impedance signals of the perovskite layer and
those arising from the contacts. The study is carried out using mixed organic lead
halogen perovskite (FAgssMAy 1sPb(Ip.ssBro.15)3) solar cells with three different electron
selective contacts: SnO,, TiO,, and Nb,Os. The contacts have been deposited by atomic
layer deposition (ALD), which provides pin-hole free films and excellent thickness
control in the absence of a mesoporous layer to simplify the impedance analysis. It was
found that the interfacial impedance has a rich structure that reveals different capacitive
processes, serial steps for electron extraction, and a prominent inductive loop related to
negative capacitance at intermediate frequencies. Overall, the present report provides
insights into the impedance response of perovskite solar cells, which enable an
understanding on the different electronic/ionic processes taking place during device
operation.
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Introduction

Perovskite materials have recently been used as light-harvesters in emerging
photovoltaic technologies.l'3 By engineering of the active and extraction layers
impressive efficiencies have been obtained as high as 20.8 % in research articles*” and
the current certified record efficiency is 21.0% held by the Laboratory of
Photomolecular Science and Laboratory of Photonics and Interfaces (EPFL) (certified
by Newport Corporation in Bozeman, Montana). These recent developments
demonstrate an enormous potential of perovskite solar cells, suggesting that they may
soon compete with already commercially available photovoltaic technologies.

Interfacial layers have certainly proved to be key for the achievement of these high
efficiencies and further improvements are expected.5 However, there are many aspects
related to the contacts, which are still poorly understood. For example, it has been
shown that polarization of the devices can switch completely the sense of the current
flow.® Recently, hysteresis on the current density-voltage (J-V) response has been
explained by the presence of two contributions, both connected with the extraction of
carriers at the contacts, which take place at different time scales.” Whilst capacitive
current is on the order of seconds, a slow redistribution of mobile ions requires several
minutes. Indeed, the effect of ion migration towards the external electrodes has been
reported to provide chemical reactions with the TiO, and Spiro-OMeTAD selective
layers' and can lead to the degradation of the interfaces with the contacts.'' Therefore,
detailed understanding on the interactions between perovskites and its contacts is still
missing and this topic requires further investigations.

Impedance spectroscopy has proved to be a useful tool for the investigations of
different types of solar cells such as the dye-sensitized solar cells where the electronic
and ionic processes are very well differentiated.'” In impedance spectroscopy technique
a small ac perturbation (i.e. 20 mV) is applied to the working device using a wide range
of frequencies (MHz to mHz) and differential current output is measured. This method
is carried out on a particular steady-state determined by dc bias, in specified illumination
conditions, and allows us to probe different positions in the J-V curve by changing dc
bias. The technique shows well resolved arcs in the complex impedance plot for
electronic/ionic  processes taking place at different -characteristic times.">"*
Unfortunately, the use of impedance spectroscopy on perovskite solar cells has been
challenging due to the richness of simultaneously occurring physical processes such as
transport of electron and hole charge carriers, and ionic movement. For a technique such
as impedance spectroscopy to be a useful tool the data needs to be rationalized in a
systematic way. The perovskite solar cell field is still in a phase of collecting more data
so that a clear picture can emerge.ls’lé'lg’20 For example, in data reported so far it is
generally assumed that the external contacts are highly efficient and selective to the
carriers and thereby providing essentially ohmic contacts. Importantly, for the purpose
of this work the signature of the contacts has not been unambiguously identified by
impedance spectroscopy.

The focus of this work is to understand and distinguish the impedance response
related to the bulk of the perovskite with that from the external contacts in perovskite
solar cells. We aim to find the general structure of the equivalent circuit representing the
charge accumulation and transfer processes in a variety of cells with different
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characteristics. To this end, photovoltaic devices are analyzed by impedance
spectroscopy containing electron transport layers (ETL) prepared by atomic layer
deposition (ALD): SnO;, TiO; and Nb,Os. Overall the present report provides insights
into the impedance response of perovskite solar cells, which enable unambiguous
understanding on the characteristic signals of the perovskite layer with those arising
from the contacts.

Experimental

Device Preparation:

F:SnO, substrates were first wiped with acetone, and then cleaned for 10 min in piranha
solution (H,SO4/H,0, = 3:1) followed by 10 min in a plasma cleaner prior to ALD
deposition. ALD of TiOz21 was carried out in a Savannah ALD 100 instrument
(Cambridge Nanotech Inc.) at 120 C using tetrakis(dimethylamino)titanium(I'V)
(TDMAT, 99.999% pure, Sigma Aldrich) and H,O,. TDMAT was held at 75 °C and
H,0, at room temperature. The growth rate was 0.07 nm/cycle at a N, flow rate of 5
sccm as measured by ellipsometry. SnO, 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 O,. Nitrogen was used as a carrier gas (99.9999% pure,
Carbagas) with a flow rate of 10 sccm. Nb,Os was deposited at 170 °C and a carrier gas
flow rate of 20 sccm using (tert-butylimido)bis(diethylamino)Niobium (TBTDEN,
Digital Specialty Chemicals, Canada) and ozone with a constant growth rate of 0.06
nm/cycle. TBTDEN was held at 130 °C.

Before perovskite deposition, the ALD layers were treated with UV ozone for 10 min
to remove by-products from the deposition process. The perovskite films were deposited
from a precursor solution containing FAI (1 M), Pbl, (1.1 M, TCI Chemicals), MABr
(0.2 M) and PbBr; (0.22 M, AlfaAesar) in anhydrous DMF:DMSO 4:1 (v:v, Acros)
(MA: Methylammonium, FA: Formamidinium). The perovskite solution was spin-
coated in a two-step program; first at 1000 for 10 s and then at 4000 rpm for 30 s.
During the second step, 100 puL of chlorobenzene were poured on the spinning substrate
15 s prior to the end of the program. The substrates were then annealed at 100 °Cfor1h
in a nitrogen filled glove box.

The spiro-OMeTAD (Merck) solution (70 mM in chlorobenzene) was spun at 4000
rpm for 20 s. The spiro-OMeTAD was doped at a molar ratio of 0.5, 0.03 and 3.3 with
bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma Aldrich), tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine)- cobalt(Ill) tris(bis(trifluoromethylsulfonyl)imide)
(FK209, Dyenamo) and 4-tert-Butylpyridine (TBP, Sigma Aldrich), respectively.22'24 As
a last step 70-80 nm of gold top electrode were thermally evaporated under high
vacuum.

Synthesis of pure MAPbDI;

MAPDI; was synthesised according to previously reported process by evaporation of
anhydrous DMF (Sigma) in a solution containing stoichiometric amounts of lead iodide
(98 %) and methyl ammonium iodide (TCI). The mixture was placed in an open
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crystallization dish at 130 °C during 3 h on a hotplate placed in fumehood, the mixture
was stirred every 30 minutes. The black powder was characterized by XRD and SEM to
show an amorphous nature of the powder as previously reported.10 Films were prepared
by pressing MAPbI; powders at 6 ton into a 13 mm pellet die. Amounts of the materials
were varied to provide the desired thickness as evidenced by SEM images: 212 mg (350
pm), 412 mg (750 pm) and 1 g (1300 pm).

Assembly of devices in the configuration Pb/MAPbI;/Pb

Symmetric devices were prepared by sandwiching a perovskite pellet between two
circular Pb sheets (Alfa Aesar, 0.1 mm tick, 99.9 %) with a diameter 0.6 cm to define an
active area of ~0.28 cm’. The metal foil was previously treated with sand paper to
remove the PbO overlayer. The materials were loaded into a HS-Flat Test Cell (Hohsen
Corp.) equipped with a spring to provide adequate contacts for characterization.

Film and device characterization. Current density-voltage characteristics were
carried out under illumination with an AM1.5G spectra (1000 W m™) using an Abet Sun
2000 Solar Simulator. The light intensity was adjusted with a calibrated Si solar cell.
Impedance spectroscopy measurements were performed using an Autolab PGSTAT-30
equipped with a frequency analyzer module. Measurements were carried out either in
the dark or under illumination at several bias voltages. Further details on materials used
and other characterization techniques (XRD, Absorption, PL) are provided as
Supporting information.

Results and Discussion
General characterisation and photovoltaic response

The aim of this work is to investigate the general impedance response of perovskite
(FAo.3sMAy 15Pb(IpssBro.15)3) photovoltaic devices containing ETLs of different
properties grown by ALD: SnO,, TiO, and Nb;Os. In order to evaluate that the
deposition procedure provides the intended perovskite structure, X-ray diffraction was
measured and a representative sample is shown in Figure la. The data verify the
formation of a cubic perovskite with peak positions in close agreement with previously
observed results.” A signal from unreacted Pbl, is also present as expected given the
stoichiometry of the precursor solutions used in the deposition. In addition, absorption
data and photoluminescence also confirm that the optical properties of the films are
similar to previous results (Figure 1b). Figure lc shows device efficiency of a fresh
device with a Power Conversion Efficiency (PCE) = 17 %. Note that the current world
record (PCE = 21 %) is based on an architecture where a thin layer of mesoporous TiO,
is deposited on top of the electron selective layer. The cells without mesoporous TiO;
here investigated do not reach the same efficiency, but they are not far behind and the
planar geometry greatly simplifies the interpretation of the impedance data. A top view
SEM image of a representative film is given in Fig. 1d where it can be observed that the
film is rather uniform and that the number of microscopic pin-holes is low. Fig. le
shows a cross section image of a typical device and Figure 1f shows a photo of a
complete device. Therefore, the deposition of the ETL by ALD is compatible with the
achievement of high quality perovskite films with few pin-holes and good control of the
layer thickness.
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Figure 1: (a) An XRD-spectra of the perovskite spin-coated onto a soda lime glass
substrate. (b) Absorption and photoluminescence data. The data is normalized and data
is background corrected. (c) J-V data for the best performing device investigated here.
(d) A top view SEM image of a perovskite film. (e) A cross-section SEM image of a
typical device. (f) A photo of a typical device. The width of the device is 1.4 cm. (g) An
illustration of the cell architecture.

Photovoltaic devices are further characterized by their stabilized J-V curves (Figure
2a) measured 1-2 months after device fabrication and just before impedance
spectroscopy analysis, a summary of the data is collected in Table 1. All devices present
some hysteresis and, for simplicity, reported values correspond to measurements carried
out from positive to negative bias (reverse). Optimized SnO; thickness of 15 nm enables
efficiencies as high as ~17 % (Device 1, Table 1). Cells with TiO, (Device 2) showed
reduced efficiencies mainly due to low photocurrents. An ETL of Nb,Os (Device 3)
results in very low device efficiencies due to both low photocurrents and fill factors
(FF). Therefore, TiO, and Nb,Os contacts produce progressively lower device
efficiencies. Alternatively, if the SnO, layer thickness is reduced to 5 nm (Device 4)
lower photocurrent and FF than Device 1 is observed. This reduced performance can
partly be ascribed to the presence of pinholes. As a general guideline, increasing the
thickness of the ETL reduces the FF due to increase of the contact resistance (Devices 5
and 6).
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Figure 2: (a) J-V curves of Devices 1 (SnO,) , 2 (TiO;) and 3 (Nb,Os), see Table 1,
measured at 1 sunlight intensity prepared with different electron transport layers. (b)
Complex impedance plot and (c) Capacitance-frequency plot for devices measured at 1
sunlight intensity at short circuit conditions. The high frequency region clearly depends
on the oxide properties. The inset in Figure 1b shows the inductive effect observed for
the high performance devices based on a SnO, ETL.
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Table 1: Summary of efficiency of devices discussed in this work. Only
measurements carried out at reverse bias direction is quoted for simplicity.

. Thickness ETL Jsc Voc PCE
Device ETL [nm] [mA/cm'Z] V] FF (%]
1 SnO; 15 23.06 1.09 0.68 16.92

2 TiO, 5 11.60 1.08 0.78 9.83

3 Nb,Os 15 0.60 1.07 030 0.20
4 SnO; 5 20.01 1.08 0.61 13.30
5 SnO, 100 21.62 1.05 045 10.23

6 Ti0; 100 5.69 1.00 0.51 4.20

Impedance response of optimized devices using different ETLs

Characteristic impedance response measured at 1 sun light intensity of perovskite
solar cells containing different types of electron transport layer is shown in Fig. 2. We
will use two main types of representation in order to analyze the data. One is the
complex impedance plot, Fig. 2b, that reveals different arcs when the processes are well
separated with respect to frequency. This is an important method to identify the dynamic
features of the system. The complex impedance plot (Z',—Z" ) shows directly values of
resistance by the width of arc in the real axis. Alternatively, another important
representation is the capacitance-frequency [C — f ] plot that shows the general
evolution of capacitive processes, see Fig. 2c. Note that the capacitance representation is
just a rephrasing of the impedance data. Complex capacitance is defined as

1
Cl@)= ionZ(w) M

Here @ is the angular frequency related to the frequency as f = @ /27 . Represented
in Fig. 2c is the real part of the complex capacitance. This is a general view of the
capacitive response, but specific capacitive processes, and the quantitative capacitance
value, need to be taken by fitting to an equivalent circuit model. On the other hand, if
capacitance traces different plateaus, each corresponding to separate polarization
processes, one can directly identify specific capacitive processes in the C — f plot.*®

In the case of the best performing sample, with SnO, contact, two arcs can be
observed in the complex impedance plots of Fig. 2b, with different characteristic
frequencies. For clarity in the Fig. 2b the low frequency arc resistance is denoted as R;
and the high frequency arc as R;. The capacitance shows two main features. At high
frequency we observe a capacitive plateau in the range of 0.1 uF cm™ that is rather
insensitive to the light intensity, and it will be associated below to the intrinsic dielectric
polarization of the perovskite layer. This capacitance that we term C,,; is due to
diverse dipolar mechanisms as previously reported:* CHsNHs" or Pbls octahedra
reorientation, and cooperative ionic off-centering. On the other hand, in the low
frequency range of Fig. 2c we obtain the giant capacitance that has been observed in
several previous reports,” 2" and it will be termed here C;. Note that this capacitance
corresponds to the low frequency arc in complex impedance plot R;. In the dark
conditions, this feature is related to the electrode polarization taking place as a
consequence of ion migration to the electrodes and charge compensation by the external
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electrodes.”® The low frequency capacitance grows to high values under illumination,
and depends markedly on type of contact, therefore it is believed that this feature is
associated to electronic/ionic accumulation at the electrodes interfaces.”® Recently a
detailed analysis of thickness, illumination, and bias voltage dependence, indicated that
the large capacitance C; under illumination is caused by electron accumulation layer at
the interface.”' Finally, in the transition region between the two arcs, an inductive effect
appears for high performance devices (SnO,), which manifests as a loop (inset in Figure
2b) in the complex plane plot.

An additional arc develops when the lower performing oxides are compared to a
good extraction layer in the high frequency region. For TiO, (Device 2) a distorted arc is
observed in the high frequency region, which appears to be the coupling of two
processes. Alternatively, for Nb,Os (Device 3) a new arc (Ry) is very well resolved so
that three separate arcs can be observed. Similarly, a new capacitive process indicated
by intermediate frequency (1-10 kHz) plateau appears in the capacitance-frequency plot
(Figure 2c). Note that this capacitance cannot be ascribed to a geometrical capacitance
of the contact. A 5 nm layer of TiO, with € ~ 20 would provide a dielectric capacitance
of about 10 mF/cm® which is far higher than the observed value of ~1-5 pF/cm®. Instead
the capacitance appears to be related to the interfacial accumulation of carriers at one
interface, as will be discussed below.

In Figure 3, impedance data measured under 1 sun illumination and short circuit
conditions is given for devices with three different thicknesses of SnO,. As can be
observed, the size of the arc, here termed R;, scales with the thickness of the ETL layer
and gets smaller for thinner layers. Therefore, it can be concluded that the high
frequency arc depends heavily on the transport resistance of the ETL layer but the
associated capacitance in Figure 3b corresponds to the bulk properties of the perovskite
layer as shown below. This signal can, however, be obscured by C, in less efficient
contacts as TiO, or Nb,Os deposited by ALD, see Fig. 2c.
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33 Figure 3: Complex impedance plane (a) and capacitance-frequency plots (b) of
34 devices containing SnO, as ETL with different thickness measured at 1 sun light
gg intensity. Solid lines corresponds to fitting values using the complete equivalent circuit
37 in Scheme 1C. The negative capacitance region is shown in red.
38
39 Fig. 3 also shows the inductive loop at intermediate frequencies to be highly
22 thickness dependent. Importantly, the inductive effect has been observed in all high
42 performing solar cells analyzed so far. Poorly performing solar cells fabricated without
43 selective contacts, as those with the configuration FTO/Perovskite/Au also show the
2‘51 inductive effect as illustrated in the supporting information.** Hence, the inductive loop
46 is a broadly observed feature and we believe that the absence of observation of the
47 inductive feature is a clear sign for charge accumulation at the perovskite/contact
48 interface.
49
50 . .
51 Response of bulk properties of the perovskite layer
52 Insight to the physical interpretation of capacitances is a major step in the application
gi of impedance spectroscopy to understand the physical characteristics of solar cells. We
55 now focus our attention to the high frequency plateau of Fig. 2c and 3c. For a suitable
56 interpretation we measure the impedance of devices of different thicknesses of the
57 perovskite absorber (d ), which is very useful to reveal the nature of capacitance. A
gg series of complete devices (diode structure with asymmetric selective contacts) with a
60 perovskite layer of 350 nm are compared with symmetric devices (Pb/MAPbI3/Pb) of
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much larger thicknesses between 350 um and 1.3 mm. In Figure 4 complex impedance
plane and C — f plots are shown of devices fabricated spanning perovskite thicknesses
of several orders of magnitude measured under dark conditions and applied bias of 0 V.
We obtain that the plateau at high frequency clearly scales with the thickness of the
perovskite layer as a typical parallel plate capacitor in which the capacitance per unit
area is inversely proportional to the thickness (C = g¢, /d ), where & is the permittivity
of vacuum. Figure 4c shows the linear dependence of capacitance with respect to d -
The capacitance of the device at this high frequency (83 nF/cm™) can be used to
calculate the dielectric constant & of the perovskite thin film in devices to provide a
value of 23.% Alternatively, a relative dielectric constant of the perovskite layer of 37
can be calculated from the slope of the straight line using the data points corresponding
to the pellets. This high value is not really surprising since the pellets are prepared from
compacting crystalline bulk perovskite to provide a very different morphology. In
addition, we note that some remaining capacitance from the intermediate frequency
response is still present as the intercept with the y-axis is not zero as would be expected
from a pure geometric capacitance. Previous results using Au contacts with pellets have
provided values of the dielectric constant of 22.**

With respect to high frequency resistance ( R5 ) of the samples, a qualitative trend for
the symmetric samples can be observed in which the size of the high frequency arc
decreases by decreasing the thickness of the perovskite layer, which indicates a
relationship of R; with the transport resistance of the perovskite layer for symmetric
samples. However, in asymmetric contact devices with a perovskite thickness of 350 nm
the resistance measured under dark conditions is very similar to those of a pellet with
350 um. Therefore, the linearity is maintained only to a certain degree as R; also
depends on the resistivity of the contacts as shown in Fig. 3a and the effect of the
contact will be more remarkable as we reduce the perovskite layer thickness.
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Fig. 4: Complex impedance plot (a) and C— f(b) including symmetric devices
fabricated with pellets using perovskite materials with different thickness and measured
under dark conditions and at V4. = 0 V. A working photovoltaic device with asymmetric
contacts and an active layer thickness of 350 nm is included for comparison. (c)
Capacitance and (d) resistance dependence on perovskite layer thickness.

Equivalent circuit models

A very simple equivalent circuit that accounts for the physical processes taking place
in a high performance solar cell is represented in Scheme 1A. In this model, the
resistance Rj is coupled to C,,;, which corresponds to the high frequency arc. R; and
C, represent the parameters associated with the contacts to the perovskite.'” This second
arc contribution gives the large capacitance C; at low frequency observed in Fig. 2c.
The simple circuit A has been a common assumption in previous work with contacts
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showing good properties and high efficiency.*® >~

According to the previous analysis, the capacitance C,,; is mainly associated with
the intrinsic dielectric relaxation of the bulk perovskite layer. More generally, depending
on temperature and other external variables, this capacitance is dominated by the
geometric capacitance and may contain components of contact layers responding in very
high frequency domain.” The element R; may in the standard picture correspond to the
conductivity of the bulk perovskite, but we have noted in Fig. 3 that the high frequency
arc resistance, Rj, is heavily influenced by the contact transport resistance. In summary,
under the conditions of measurement adopted in this paper we identify the element
Cpue With the bulk capacitance of the perovskite layer, as it was shown in Fig. 2.

A Cbulkl 1
11

°_‘N\/\_ C1 —

Rseries ‘W\/\—GV\D*
R
3 F{1
B
—W—
Rseries

—yW—
R

series

R, R,

Scheme 1: A. Equivalent circuit for the analysis of perovskite solar cells consisting
of bulk and interface components. B. Advanced circuit with extended interfacial
structure. C. Advanced circuit to account for inductive effect.

Although circuit A in many cases is sufficient to describe the experimental data, we
could here, by using a variety of contacts as well as modifying their thickness, reveal
new features that indicate the origin of the impedance features in more detail. We have
already noted an evolution of the impedance spectra, from two arcs with the best
performing contacts, towards three arcs, for less efficient devices, which has also been
previously observed.® In Scheme 1B, we propose a new equivalent circuit to account
for this general observation. In this more general circuit, the previous structure
associated with the interface, R;C, is replaced by a more elaborate structure allowing
for additional kinetic and charge storage processes occurring at the interface represented
by elements R, and C,. This model can be applied to describe devices with less efficient
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external contacts. Obviously, the new elements introduce a third arc situated in the
middle frequency range, as shown in the simulations in Fig. 5. In the C — f plot, the
element C, introduces a new capacitance plateau in the intermediate frequency range.
Therefore, only C,,; depends on the bulk capacitance of perovskite layer and all the
rest of elements are largely dependent on the contact properties. This is a model
allowing for an extremely complex structure of charge accumulation and transfer at the
external interfaces in perovskite solar cells. This model is in agreement with a recent
report that suggest that long time modifications such as non-capacitive hysteresis
behaviour can be mainly associated to the modification of injection barriers at the
external interfaces of the perovskite absorber.’

a ] -
) 600 1 Eq. circuit B i Eq. circuit C
S 400 ; I
N 200 - I
0 § D
1000 1500
Z' [Q]
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Figure 5: (a) Simulation of complex impedance plot and (b) Capacitance-frequency
plot for the extended circuits in Scheme 1B and 1C. Parameters values are given in SI.
The area marked in red corresponds to negative capacitance values.

It has been remarked that the best performing cells using a SnO, contact only display
two arcs in Fig. 2b, which at first sight could accurately be described by model circuit
A. A more detailed inspection of the data and a variation of contact thickness does,
however, indicate an impedance loop at intermediate frequencies of the spectra, as seen
in the inset of Fig. 2b, which occurs instead of the intermediate frequency arc (R,C,)
that appears for worse performing contacts. This result indicates that both circuits A and
B are not yet complete and additional physical features need to be considered.

Impedance loops are commonly associated to negative capacitance in solar cells.
This feature is widely reported as a loop crossing to negative capacitance at extreme low

39,40

frequencies, which is a rather common occurrence in electrochemistry.*' In the same
way it has also been observed in hybrid perovskite solar cells."'” However, the loop
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observed in Fig. 3a is a different type of phenomenon, as it occurs at intermediate
frequencies. We are not aware of precedents of similar signature in any type of solar
cells. However, it is often found in battery materials,“’43 which are ionic conductors,
similarly to hybrid perovskite. In Scheme 1C, we show an advanced equivalent circuit
able to describe this loop. In this circuit, the parallel R,C,-element in Scheme 1b has
been expanded to a more complex subcircuit that includes an inductor, L. As the
impedance of the inductor is Z =iwL, the inductor acts as a short at low frequency,
which reduces the impedance for charge transfer. Consider a parallel connection of
capacitor and inductor, with impedance

-1
Z = (ia)Cz +1J S (2)
ioL i 1
G-~
oL

In the intermediate frequency range, the loop is produced by the new subcircuit
(R,C,L) as shown in the simulations in Fig. 5. The inductor has the ability to decrease
the effect of the upper branch C, of the interfacial impedance and can provide a negative
capacitance, indicated as the red region in Figure 5. Indeed, the middle arc may be
completely removed by effect of this inductor, as observed in the experimental data
(Fig. 2). Devices showing all the features are rarely observed since R, and C, usually
mask the inductive effect. In the supporting information an example of a cell with all the
features of the equivalent circuit C is shown corresponding to Device 6 (TiO, 100 nm)
measured under light and a bias close to V.

Inductive loops in impedance spectroscopy are associated with complex multistep
dynamics. In the analysis of electronic devices, as solar cells and LEDs, it is often
associated with surface states.*” This negative capacitance indicates a strong interaction
between thermodynamic and kinetic features of an intermediate electronic state,
whereby an increase of the Fermi level modifies the rates of charge transfer and enables
emptying the electronic state.*” Therefore the inductive feature provides a nonlinear
accelerated kinetics of an intermediate state. Another related approach has been
developed in Ref. *°, where the low frequency capacitance is carrier density dependent.

It is beyond the scope of the current paper to identify the precise physical meaning of
all the equivalent circuit model elements that have been found necessary to describe the
impedance spectra, especially those in the intermediate frequency range. This task will
require further studies combining different techniques. To summarize the results
obtained so far we should, however, remark that the complexity of the interfacial charge
transfer process quantitatively is represented by the lower branch of the equivalent
circuit in Scheme 1C. When the solar cell is optimized to provide large power
conversion efficiency, the charge transfer process still consists of a serial combination of
several processes, including an inductive element. The fact that most of the resistance is
associated to contact effects indicates that the recombination resistance associated with
the dominant recombination process in the solar cell must occur predominantly at the
contacts, and very probably via intraband localized states. Note that all the impedance
data shown in this manuscript has been successfully fitted using the equivalent circuits
B or C depending on whether the loop is visible or not, see Fig. 2 and 3. Therefore, a
quantitative analysis can be carried out to gain more understanding on device operation
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as it will be shown in the last section.

Effect of light in the capacitance response: masking of bulk capacitance

In the following set of experiments we analyse the dependence of capacitance with
the illumination intensity. In Figure 6 champion device (Device 1, PCE=17 %) is
compared with a device containing a thick layer of TiO, (Device 6, PCE=4.2%), which
we recall from the preceding analysis showed issues with charge transfer at the
perovskite/ETL interface. Some important new features emerge in this comparison. The
additional capacitance (C,) observed for a device containing a thick layer of TiO,
overlaps at high frequency the bulk capacitance of the perovskite layer, Fig. 6b. Under
illumination the increase of capacitance extends into very high frequency and the whole
spectrum is modified by the effect of photogenerated carriers. This is the typical
behaviour that has been repeatedly observed with nanostructured or rough contacts.””*
In contrast to this, for the SnO, sample in Fig. 6a the high frequency plateau is
remarkably stable and independent of illumination over a broad range of frequencies
starting at 10° Hz. Thus one is able to unambiguously separate capacitive bulk and
contact effects in the perovskite solar cell in this case.
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Figure 6: Capacitance-frequency plots of devices containing two different ETL oxide
layers measured at different light intensities. a) A good extraction layer of SnO, (15 nm)
and b) device containing a thick layer of TiO, (100 nm).

Connection between charge accumulation at the ETL/perovskite interface and
photocurrent reduction

Once the general features of the impedance response have been assigned and justified
we can further analyze the solar cells containing different oxides as ETLs using the
fitting results from the advanced equivalent circuit shown in Scheme 1C. In Fig. 7 we
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pay attention to the high frequency region by analyzing the fitting values for R3 and
Cpux and we observe that these values are almost the same for the three samples
containing the different oxides. These results confirm that the perovskite layer prepared
in the series of samples is very similar for the different devices. On the other hand, the
new feature appearing at intermediate frequencies is the most different attribute for the
three samples. This accumulation of photogenerated carriers has been ascribed to the
interfacial capacitance and resistance associated to the perovskite/ ETL interface. In
terms of the J-V response the main difference between the three samples is the
difference in photocurrent which decays from 23 to 0.6 mA/cm” when SnO, (Device 1)
is compared to Nb,Os (Device 3). Such a decrease of current cannot be explained by any
type of series resistance internal to the ETL due to poor conductivity, which would
change the fill factor but not photocurrent. The impedance associated to the transfer of
carriers is promoting the charge accumulation at the interface and is ultimately
enhancing interfacial recombination, which dramatically reduces the extracted
photocurrent. A recent work has shown by detailed modelling and experiment that
surface recombination is a central effect causing reduction of photocurrent.44

At present an interpretation of the two separate capacitive elements C; and C,
attributed to interfacial response cannot be safely established. However, according to the
previous knowledge, the low frequency large capacitance C; contains mainly ionic
double layer components in the dark, and increases under light by an electronic
contribution of photogenerated carrier accumulation at the interface perovsl<ite/ETL.26’3 !
Therefore we may tentatively associate the intermediate capacitive process C, (visible
as a plateau in Fig. 1c¢ for Nb,Os contact) to an additional electronic surface state that
has a large impact on recombination. Low frequency capacitances have rather disparate
values according to the type of contact. Beyond ionic double layer and electronic
accumulation effects, other phenomena related to the specific surface of the perovskite,
such as the surface reconstruction and enhanced polarity,45 may play an important role
in the operation of the interface.
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Figure 7: Fitting results for the bulk and interfacial features present in devices shown
in Figure 1.

In summary the extraction of carriers at the contacts seem to provide the dominant
impedance response of the solar cells investigated here. Elements C,,;, and R, contain
predominantly the contribution of the bulk perovskite layer to the cell impedance, even
though series resistance of contact may contribute as well to R, as evidenced in Fig. 3a.
Then, there appears a very complex structure of impedance elements associated to the
interfacial impedance at the contact between perovskite and electron or hole extraction
layer material. This contribution is represented by elements 1 and 2 in the equivalent
circuit of Scheme 1C. Such structure indicates a serial process of electron transfer steps
while the interface is also influenced by ionic double layer capacitance, and additional
electronic capacitance representing surface states and the accumulation of carriers at the
contact. The recombination resistance appears to be contained in these interfacial
elements but a clear separation of R,,. is not possible at this stage. We do not claim that
this equivalent circuit is complete or representing all possible processes in a perovskite
solar cell. For example there are evidences for transport elements in some cases that will
introduce Warburg diffusion or additional transport resistances.'®'®*" The terminal low
frequency negative capacitance has been also broadly observed."' However, the
present contribution is a robust framework for the interpretation of the central elements
that compose the rather intricate impedance response of perovskite solar cells including
high performance cells as well as for the determination of degradation of the contacts by
prolonged operation. !
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Conclusions

The present report provides insights into the impedance response of perovskite solar
cells, which enable unambiguous understanding on the operational principles. The
geometrical capacitance of the perovskite layer is observed in the high frequency region.
However, this can be masked under illumination if an inefficient ETL is used. On the
other hand, the resistance of the high frequency response depends on both conductivity
of perovskite layer and contacts. Alternatively, if an inefficient extraction layer is used
such as ALD deposited TiO, or Nb,Os a new arc appears in the intermediate frequency
region. This arc is highly coupled with the properties of the perovskite layer and it is
related with increased recombination processes. It is generally observed that interfacial
recombination dominates the impedance response. In the low frequency region we find
the signature of electronic/ionic accumulation at the contact interface. Finally, we
revealed an inductive element at intermediate frequencies. This feature is characteristic
but not exclusive to high performance devices. Failure of observation of the inductive
feature is sign for charge accumulation at the perovskite/contact interface. Thus, one is
able to separate bulk and contact effects in the perovskite solar cell in this case.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications
website at DOI:

SEM images, JV curves, impedance plots of perovskite cells displaying loops,
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