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The current status of electrochemical impedance spectroscopy (EIS) and related analysis on perovskite solar
cells (PSC) is still unsatisfactory. The provided models are still vague and not really helpful for guiding the
efforts to develop more efficient and stable devices. Due to the slow and complex dynamics of these
devices, the obtained spectra need to be validated, which is hardly ever done. This study may be the first
to provide fully validated impedance spectra and presents reproducible EIS time series at open circuit
voltage (Voc) for more than 20 hours, with a total of 140 analysed spectra. We conclude that the
observed changes stem from a temporary reduction of the electronically active area of the devices, as
can be deduced from the inverse behaviour of resistance and capacitance. The changes in these values
are almost 100% reversible if the devices are kept in the dark for only one day, while the time constant of
the high-frequency process remains unchanged throughout the whole characterization procedure. The
tested devices are full PSC devices that have proven to be stable over more than 500 hours, and the
non-steady impedance measurements shine a critical light on previously published EIS data. With the
results of this study, it can be rationalized that the high-frequency semicircle can serve as a good
indicator for ionic migration by monitoring its consequences. The results presented here are helpful to
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Introduction

Electrochemical impedance spectroscopy (EIS) is a powerful
tool to characterize (photo-) electrochemical systems. In the
past, EIS analysis has not been a very vibrant topic in solar cell
research - the relevant parameters for silicon based solar cells
have been traditionally determined by admittance spectros-
copy™? plus photocurrent spectroscopy (also called incident
photon to current efficiency (IPCE) measurements) and the
impedance response of dye-sensitized solar cells shows a very
straightforward pattern that leaves almost no open questions.*
That has changed with the emergence of perovskite solar cells
(PSC) which have gained a lot of attention recently throughout
all fields of materials characterization. The major driving force
to employ EIS for PSCs is the lack of knowledge about the details
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of the reversible and irreversible, the beneficial and detrimental
processes that occur in PSCs with respect to operating condi-
tions and material compositions.*® Conveniently, the features
to be identified by EIS are in the practical frequency range for
ordinary EIS (1 MHz to ~50 mHz). However, the limited stability
of PSC has hampered a consistent analysis and the establish-
ment of a physically based equivalent circuit model (ECM) so
far.® The phenomenon referred to as the hysteresis as part of the
dynamic response has also long been a major concern' and
gives an idea of the complicated electronic behaviour of PSCs.™
Especially for the assessment of such complicated behaviour
and interplay of electronic and ionic charge transport
phenomena, EIS should be the most appropriate technique on
the device level.

As introduced by Pitarch-Tena et al,® measuring EIS at
different (forward) bias voltages is helpful for characterizing the
evolution of the processes, which indicated the losses or
performance limits depend on the operating voltage. In basic
electrochemistry, any (positive) contribution to the impedance
is a loss, dissipated as heat. Hence, the smaller in magnitude of
the impedance the better the device. For solar cells, this is not
so easy because their current density-voltage (J-V) characteris-
tics show different regimes, as shown in Fig. 1. The impedance
Z at w = 0 (in the following referred to as Zp with Zpc = dV/d))

This journal is © The Royal Society of Chemistry 2019
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current density J

voltage Vg,

Fig. 1 Schematic of a J-V curve for PSC (straight line). An ideal J-V
curve is indicated by the dashed line. Exemplary signals for an EIS
measurement at an arbitrary operating point (red dot) are given by the
sine waves in the grey bars.

also indicates the inverse of the slope in a j-V curve. In solar
cells, however, the aim is to reach a fill factor (FF) close to 1 and
the ideal behaviour is shown by the dashed rectangular in Fig. 1.
The J-V curve should exhibit a small slope close to 0 around
short circuit conditions (V = 0, with Jsc being the short circuit
current density), which corresponds to a large impedance (Zp¢
— ). In contrast, the slope at the open circuit voltage, Vo,
should be as large as possible and in the ideal case, it is Zpc = 0.
Such ideality is of course not realistic, due to contact resistances
and other non-ideal behaviour in the several components of the
device and the current collectors. However, PSC usually exhibit
a clear trend that Zpc becomes very large for operating points
close to Jsc and quite small close to Voc.*

The EIS of PSC shows two main semicircles or arcs, one at
high frequencies >10 kHz and one at low frequencies <100 Hz,
plus potential additional features such as a mid-frequency
semicircle or negative hooks or loops.**”'*?' There is no
general agreement on the interpretation of the two main
features but there is a certain tendency towards a common
explanation. Summarized in short, most researchers agree that
the capacitive component of the high-frequency semicircle is
provided by the geometrical capacitance.*"* The resistance
could be transport or recombination resistance — that is still
under debate. However, both these terms describe the same
physical scenario where the current density is limited by
transport or recombination: charges have to be transported
through the device and the conductivity is essentially decreased
if charge carriers are lost through recombination. More specu-
lative are the interpretations of the second semicircle and any of
the additional contributions. It has been remarked - and it is
seen as one complication to unambiguously identify the phys-
ical origin exactly - that both these semicircles often change
uniformly for a change in operating conditions such as light
intensity or voltage variation.*'*** Another problem is the
stability of the cells during measurements.’ It is rarely consid-
ered or checked whether the cell was stable (time invariant)
during the impedance measurement, and to the best of our
knowledge, no time dependent EIS measurements have been
reported so far. It has been argued that measurements under
reduced light intensity are beneficial, because these indeed
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improve the stability or, in other words, provide a more stable or
less fast evolving operating point and impedance result. Yet, all
features present at 1 sun should also be present at reduced light
intensity. However, the measurements under reduced light
intensity are difficult to compare with measurements conduct-
ed under 1 sun, because the magnitudes of all essential quan-
tities including voltage drop over the device, Vo (and therefore
internal electric field), current density and charge carrier
distribution differ in a non-trivial way and an extrapolation to 1
sun has not been successfully implemented yet. Pockett et al.
have used impedance measurements at Vo under 1 sun illu-
mination and also compared them to other measurement
techniques,® which resulted in a comprehensive picture about
the small-signal (linear) behaviour and large-signal (nonlinear)
behaviour.

Recently, fundamental processes, effects and basic reaction
mechanisms of PSCs have been investigated and there has been
a lot of discussion about ionic migration in halide perov-
skites®*?” and its consequences.'®**"**>* On model cells, a lot of
the effects have been detected, visualized and explained,**™¢
There are only very few studies that investigated and discussed
the impact of ionic migration for technically relevant device
architectures - by measuring and modelling the hysteresis,*® by
transient optoelectronic measurements combined with device
simulations®® and investigating the reversibility of ionic
migration during day/night-cycles.* It has also been argued that
the ionic migration should be almost instantaneous due to the
short diffusion path and the high mobility.*” In conclusion,
a study that clearly relates the ionic migration to electrically
measurable quantities is still missing and one of the most
urgent questions remains unanswered: how do these effects
show up, affect or influence a PSC on the device level during
operation?

EIS is supposed to be a very helpful tool in that sense, as it
can be used for model systems in very controlled and simplified
conditions (“simplified” can signify well-defined geometry and
microstructure, single crystal materials, inert contacting mate-
rials such as noble metals, and controlled temperature and
atmosphere) as well as in operando on the device level. In other
words, EIS is applicable to characterize full solar cells while they
are being operated under technically relevant operating
conditions.

It is unlikely that the ionic migration of PSCs within its
~500 nm thick layer of the perovskite layer is in an easily
detectable order of magnitude. What is of relevant magnitude
though are the consequences of ionic migration.*® Possibilities
for such consequences are: (local) change in conductivity,
change in recombination characteristics and material decom-
position and thereby influencing Vo, Jsc and the hysteresis (or
the dynamic behaviour in general). The latter three quantities
show complicated relationships between each other and with
respect to other characteristics of the device. Directly relating
a certain behaviour to ionic migration has not been achieved
yet. Another important aspect is to find out whether these
changes are reversible or irreversible,” beneficial®® or detri-
mental®® for the device performance and if that can be
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generalized as there are a lot of material compositions being
considered at the moment.

With this study, we demonstrate that polarization and
therefore ionic migration can be detected by a change in the
impedance of the PSC over time. Only focussing on the evolu-
tion of the high-frequency behaviour of PSC over time, we will
also show that our results are applicable to explain other
commonly observed phenomena, such as the special relation-
ship between high-frequency and low-frequency semicircle. We
are aware that by neglecting the low-frequency part of the
impedance, this study seems incomplete. However, with the
systematic analysis of the high-frequency semicircle, we present
an important step towards a full understanding of the imped-
ance response of PSC. In fact, if the observed change is due to
a temporary loss of active area, as proposed here, this has direct
consequences for the low-frequency impedance of PSC as well.
It might even indicate the necessity of reconsidering previous
analyses, which is beyond the scope of this study. Our goal is
rather to sensitize researchers to reversible and irreversible
changes in PSC and how they can be analysed by EIS. Time-
evolving EIS spectra are rarely shown in the literature but they
are an important indicator of the stability or the evolution of
parameters over time. Without demonstrating the time invari-
ance of the system under test, it is not clear whether the re-
ported EIS spectra obtained by a single experiment are
consistent and representative for the device behaviour at all. We
confirm the validity of the measured spectra by repeated
measurements as well as by the Kramers-Kronig test.*>*° That is
an important precondition for any impedance analysis.

Experimental

The measured devices for this impedance analysis have been
characterized in a separate study by Tumen-Ulzii et al.** The
state-of-the-art perovskite films (mixed cation and anion
perovskite, Csg.05(FAg.ssMAg 15)0.05Pb(Io.s5Bro.15)3, abbreviated
as CsFAMA)*™® fabricated from solutions with differing
concentrations of lead iodide (Pbl,) such as 1.12 M, 1.15 M and
1.18 M (labelled S-1, S-2 and S-3, respectively), while the
concentrations of caesium iodide (CsI), formamidinium iodide
(FAI), methylammonium bromide (MABr), and lead bromide
(PbBr,) were kept constant as 0.08 M, 1.10 M, 0.20 M, and
0.20 M, respectively. The composition of 1.18 M provides
a stoichiometric balance. The electron transport layer (ETL) is
made of tin oxide (SnO,) and spiro-OMeTAD serves as hole
transport layer (HTL). Mainly, we show the EIS results of the
device S-2, which exhibits the best long-term stability and less
than 1% degradation of its initial power conversion efficiency
(PCE) after continuous illumination for 520 hours.

All EIS measurements are performed at V. That is different
from the conditions for stability testing, which is usually done
at the maximum power point (MPP) or with a load resistance. It
has to be considered that the devices possibly show different
long-term stability at Voc. The Vo was chosen as measurement
condition because it represents a well-defined operating point
and can easily be monitored.>® Prior to the EIS measurements
the devices were kept under white LED light with an intensity of
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1.5G (1 sun) until the V¢ stabilized after several minutes, as
described previously by Ebadi et al.*®* The measured Vo was
then chosen as output voltage of the impedance analyser
(Solartron 1260) and four successive spectra were measured,
each of which takes around 12 minutes (1 MHz to 70 mHz).
After that, the Voc was measured again and readjusted if
necessary, and the series measurement was repeated three
times as a standard (4 + 4 + 4 + 4 spectra). After leaving the
device at Voc under light for about 12 hours, the measurements
were repeated in the same way two times (4 + 4 spectra).
Measurements were conducted on fresh devices S-1, S-2 and S-3,
and after recovery (see below), plus on an additional device of
type S-2, which had been aged for 500 hours under 1 sun illu-
mination. A total of 140 spectra was analysed. All EIS
measurement are sectioned into two parts, high-frequency and
low-frequency part, because a high pass filter was applied for
high-frequencies that suppresses the Vo¢ bias and allows for
a better resolution and therefore better accuracy. One drawback
is a possible gap between high-frequency and low-frequency
data if the system is changing during the measurement or if
the measurement ranges of the impedance analyser are not
perfectly calibrated and synchronized. Here, we will only focus
on the high-frequency part of the impedance as its identifica-
tion and the full understanding of its evolution over time are
preconditions for any detailed study trying to elucidate the low
frequency part.

Results and discussion

The 24 spectra obtained for sample S-2 are shown in Fig. 2. Each
series of four successive measurements shows a continuous
increase from the first to the last measurement in the individual
diagrams. Furthermore, each series shows larger values than
the precedent one. The only exception is the second series that
is comparable with the first one but here it is suspected that the
adjustment of the Vo plays a role that increased from 1.01 V to
1.06 V. From then on, the Vyc was stable =1 mV. After 21.2
hours all contributions apart from the series resistance seem to
have doubled in magnitude as compared to the initial
measurement. The time elapsed after the initial measurement
and the measured and adjusted Voc are indicated in each
diagram.

The measurement was then repeated after keeping the
sample disconnected in the dark for about 24 hours (the cor-
responding device will be referred to as “recovered” in the
following). Surprisingly, the initial impedance spectrum of the
repeat series is almost equivalent to the initial measurement of
the fresh device as shown in Fig. 3a. Ohmic resistance and
polarization resistance of the high-frequency semicircle are
about 2 Q cm? each in the first measurement. Fig. 3a only shows
the first measurement of each series, but the trend was similar
to the measurements on the fresh sample and the impedance
increased monotonically within each of the series. There is
a similar increase with time as in the measurements on the
fresh device, which is happening at a higher rate and larger
magnitude than for the fresh device. Fig. 3b shows the same
measurement procedure as Fig. 3a but is performed on another

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 EIS series measured on a fresh device (S-2, 1.15 M Pbl,). Each colour indicates a measurement series of four successive measurements.
The first spectrum of each series is plotted as filled circles, the subsequent three measurements are indicated by open symbols of the same
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Fig. 3 EIS series measured on a (a) recovered device (kept discon-
nected in the dark for one day) and (b) aged device (aged for 500
hours). Both devices are of the type S-2 with 1.15 M Pbl, in the
precursor. Each colour indicates a measurement series of four
successive measurements, while in contrast to Fig. 2, only the first
measurement of each series is shown.

device of the same material that was aged for 500 hours under 1
sun illumination. The values for the impedance and the
evolution (increase) is very similar for the fresh, the recovered
and the aged device, only the initial diameter of the high-
frequency semicircle is about 20% larger for the aged device.
These measurements suggest that we are observing a revers-
ible effect here and it is apparently not related to the long-term

This journal is © The Royal Society of Chemistry 2019

experiment over 500 hours. Another proof for the reversibility is
given in Fig. 4, where the high-frequency semicircle is shown for
three devices with different stoichiometries in the perovskite
layer (S-1, S-2 and S-3 with 1.12 M, 1.15 M and 1.18 M of PbI, in
the precursor, respectively). The measurement procedure was
the same for all three devices:

1. A J-V curve was recorded (labelled “fresh” on the right
side).

o~
S omstes | 5 2|
g fresh
S 00000000 olastElS | L O attereis \
:N 1 | recovered| = g recovered C
b
0 2 4 6 8 10 12 14 16 0 0.5 1
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Fig. 4 . Left: First and last high frequency part of the EIS spectrum for
a fresh device (S-1: black; S-2: blue; S-3: brown) and first measure-
ment after recovery for one day, respectively. Right: respective J-V
curves measured at 200 mV s~ sweep rate. Note that the first EIS and
the recovered one overlap and are not to distinguish for S-2.
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2. An EIS series was recorded as described above that lasted
approximately one day (the first and last spectrum are shown
and labelled as “first EIS” and “last EIS”, respectively, in the
Nyquist plots on the left).

3. Right after the EIS series another /-V curve was recorded
that is labelled “after EIS”.

4. The devices were disconnected and kept in the dark for at
least a day and another J-V curve was recorded (labelled
“recovered”).

5. Another EIS series was measured but only the first spec-
trum is shown on the left labelled “recovered”.

The trend is the same for all three samples: the fresh initial
measurement and the first measurement after recovery even
coincide for device S-2 and are not distinguishable in Fig. 4.
These measurements are exactly the same as the initial ones
shown in Fig. 2 and 3a, where the similarity is shown with better
resolution.

The J-V curves show a similar trend and for devices S-1 and S-
2, the fresh and recovered devices show tiny differences. Only
device S-3 does not fully recover. That is mostly due to the initial
fast degradation that was investigated in detail in ref. 41, where
it could be attributed to PbI, precipitation. The EIS spectra of S-
3 after recovery show an additional mid-frequency semicircle of
considerable size as shown in Fig. S1 (ESIt).

It should be noted the zero crossings in the J-V curves shown
in Fig. 4 do not represent the Vo that was measured after
relaxation under open circuit conditions for several minutes
(before starting the EIS measurements). The latter did not
change significantly during the EIS series and among the
different devices and lay within the interval of 0.97 V to 1.07 V.
The Vo is a complex characteristic that depends on the energy
band structure, the injection barriers and charge carrier
recombination. We are not able to correlate the small changes
in the Vo with the reversible changes of R and C yet, and we
also cannot exclude secondary effects.

In order to quantify the EIS results, the high-frequency
semicircles of all measurements were fitted to a simple
process-oriented equivalent circuit model (ECM),"**’ consisting
of a series resistor and an RQ element (resistor and constant
phase element in parallel). The fits, the residuals of the fits and
the Kramers-Kronig residuals of the measurements are shown
in Fig. S2-S7 (ESIf), respectively.

Fig. 5 shows the relevant parameters for all fits: the series
resistance R,, the resistance of the high-frequency semicircle R,
the effective capacity Ces;; (calculation see equation in Fig. 5a)
and the time constant 7,. Please note that all logarithmic
diagrams span an interval of the same magnitude on the y-axis
in order to provide a good comparison of the relative changes.

R, does not show any clear trend which is also expected
because it is mostly caused by the in-plane resistance of the
current collectors. However, the small spread in R, is also an
indicator that the high-frequency semicircle was fitted
consistently.

R, is increasing steadily for all measurement series and
increases by about half an order of magnitude within 24 hours.

Cesr,1 interestingly shows a trend of about the same order of
magnitude, but towards smaller values.

33440 | RSC Adv., 2019, 9, 33436-33445
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74, consequently, does not show any clear trend and all ob-
tained values gather around one value +25%.

It should be considered that the changes in R and C are
rather fast and a delay of the initial impedance measurement or
a potential difference in settling time for Voc could have
a significant influence on the first values obtained for these
parameters. Similarly related trends were previously reported
for a change in voltage and/or light intensity in ref. 4 and 12.
There, it was concluded that the elements R and C are somehow
“connected”. In the following, we want to derive a physical
explanation for (1) the related behaviour of R and C and (2) the
reversibility of the changes in the impedance. After that, we will
summarize (3) the consequences of these results for impedance
analysis on PSC and finally explain how (4) the high-frequency
impedance of PSC can be used for the detection of ion
migration.

Relationship between the evolution of R and C

Usually, an increase in resistance goes along with an increase in
the time constant according to T = RC, if the capacity is fixed,
which is expected as we assume C; to be a geometrical capaci-
tance. In our opinion it is not a coincidence that 7; remains
almost unchanged. We think it is rather a fundamental char-
acteristic of the effect that is responsible for the observed
evolution of R; and C;. Our hypothesis for the observed
behaviour is a temporary reduction of electronically active area.
That means that parts of the device are not active anymore. That
results in larger resistance (R « 1/A, with A being the geomet-
rical area) and smaller capacity (C « A), while the time constant
7 is not affected: 1 = RC. A loss of half the active area will result
in a doubling of the resistance and a halving of the capacitance,
while the time constant will remain the same, as we have
roughly observed in all the experiments presented above.

The hypothesis of the loss in active area is confirmed by the
following considerations:

1. There is a consensus about the high-frequency capacity
originating from the geometrical capacity, C; = &yeA/d. The
change in capacity observed here is around half an order of
magnitude or even more and cannot be explained by a material
change - even if 100% if the material was changed, the new ¢,
would need to be half an order of magnitude smaller than
before, which is unlikely given that the change is reversible in
the given case. Also, a change in thickness, due to lattice
expansion through more interstitials is not supposed to happen
on the observed scales.

2. In the past, it has been difficult to attribute the two main
semicircles to solely one dominating physical origin, respec-
tively, because they both show dependencies on several changes
of the device structure (thickness of the perovskite layer and
ETL composition, for example).** A temporary loss in active area
results in a proportionate scaling of the semicircles, as already
mentioned has been observed previously,"”” and would provide
a sensible explanation for the observed behaviour. In fact, the
temporary loss in active area could be the missing link to
deconvolute the physical origin of the impedance features in
PSC.

This journal is © The Royal Society of Chemistry 2019
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(a) Fit model for the high frequency part of the EIS spectra, highlighting the RQ circuit (dashed box), and applied equation for the RQ circuit

and for the calculation of the effective capacity, Cef 1. Fitting result: (b) ohmic resistance, Ry; (c) resistance of the RQ circuit, Ry; (d) effective
capacity of the RQ circuit, Ceg1; (€) time constant of the RQ circuit, 74; (f) exponent of the RQ circuit, ny. A total of 140 spectra have been analysed

and the obtained parameters are shown in this figure.

Phenomenologically, the loss in active area can be caused by
several effects. An insulating layer is the simplest explanation,
while this suggest a severe change in the perovskite material or
the characteristics of the interface, which seems unlikely to be
reversible. Also, a thin insulating layer will not change the
capacitance towards smaller values as observed - it rather
creates a more ideal capacitor. It is more likely that the loss in
active area occurs because the probability for charge carriers to
recombine supersedes the probability of being injected at the
contacts. That can be regarded as an increased injection barrier
and decreased injection efficiency. However, charges do not
accumulate at the contacts but recombine instantaneously - at
least faster than can be observed via EIS. Otherwise, the capacity
would not drop but rather increase. The injection efficiency still

This journal is © The Royal Society of Chemistry 2019

shows a strong voltage dependency as Js¢ is constant for S-1 and
S-2 and only decreases slightly for S-3 as shown in Fig. 4. If
single grains of the perovskite layer are temporarily altered by
ionic migration and act as recombination centres where
essentially all arriving charge carriers recombine, parts of the
area can become inactive. An accumulation of positively
charged ions or vacancies are supposed to act as such recom-
bination centres at the interface with the ETL (left side in
Fig. 6a).*® But also negatively charged ions or vacancies can act
as recombination centres (right side in Fig. 6a)*”*** that
essentially inhibit any charge carrier to be injected into the
respective transport layers and can therefore not be measured
externally by an electrical measurement. The major part of the
perovskite absorber might still be active in creating charge
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b heterogenous loss
of active area

homogenous loss
of active area

Fig. 6 Schematic of the consequence of ionic migration. (a) Cross-sectional image showing the positively charged ions or vacancies in the
perovskite layer (PVSK) at the interface to the ETL and the negatively charged ions at the interface to the HTL. (b) Plan view of the interface with
a loss of active area as indicated by the dark brown colour for the case of heterogeneous (left) and homogenous (right) loss of active area.

carriers, but this activity is screened by the recombination
centres and the behaviour of the whole device mimics a smaller
device. As mentioned above, it is not likely that the ionic
migration takes tens of hours to occur in the thin perovskite
layer.>” However, it is reasonable that the establishment of
a complete equilibrium of all defects (mobile ions, vacancies
and interstitials) takes much longer than that and happens at
the actual timescales that we observe here, given that neutral
interstitials can only move through chemical diffusion, which is
expected to be much slower. Also, the polarization voltage is
quite small, assuming that ionic migration does not happen
during the stability test as will be addressed in point (3).

From the impedance measurements, little can be deduced
about the geometrical characteristics of the loss in active area.
Fig. 6b is a schematic that shows how a heterogenous (single
grains, left) and a homogenous loss in active area (continuous
layer, right) are supposed to look like.

When regarding the exponent 1, of the RQ element in Fig. 5f,
it can clearly be seen that n; changes only slightly but is
systematically decreasing. The parameter 7, can be viewed as an
ideality indicator (this is not strictly correct from a mathematical
point of view but describes the characteristics of n; well enough
for the argument here) and decreases significantly for longer
polarization. Such behaviour is not expected if a large area
becomes inactive and the rest of the device remains unchanged.
It is rather indicating that the remaining active area has become
inhomogeneous, for example due to a spread in conduction
pathway lengths or local current constrictions. That is not suffi-
cient evidence that single grains instead of a large area becomes
inactive but the evolution of n; strongly suggests it.

Reversibility of the changes in the impedance

Based on the presented results it is not deniable that the
changes in the impedance in Fig. 2-4 are reversible. That is
already a strong indication that the changes are caused by
a temporary polarization effect.

Polarization effects are a complicated issue in PSC because
charge carriers, cations, anions and interstitials have been
shown to be mobile to a certain extent. A lot of studies have

33442 | RSC Adv., 2019, 9, 33436-33445

recently focused on the polarization and ionic migration under
illumination and in the dark, as introduced above. However,
little is known about the processes that happen on the device
level and how detrimental effects of this migration can be
avoided.

We here suggest that whole grains of the perovskite material
change their properties and characteristics due to a temporary
change in stoichiometry (ionic migration) or a change in crystal
structure (formation of interstitials), such that single grains
become inactive and act as recombination centres.

We are positive that we have identified the impact of the
ionic migration in PSC by EIS in operando. Yet the quantification
of conductivity or velocity is rather difficult because the deac-
tivation (as consequence) will probably have a threshold beyond
which the grain is deactivated, but that is yet unknown for the
constellation in a device architecture. Therefore, we cannot
directly give a quantification of the ionic migration. However,
this study motivates further investigations on model cells with
well-defined grain sizes where the passivation could be
confirmed and monitored in a more precise and controlled
manner.

One of the open questions is why the polarization takes place
at different speeds even for samples that have proven to reverse
back to the initial state after polarization.

General consequences for impedance studies on PSC

The effects analysed in this study also motivate revised guide-
lines for impedance measurements on PSC. Generally, a waiting
time should be inserted such that the system under test is in
equilibrium before measuring an EIS spectrum. We have shown
that this is almost impossible for the case of V¢ as bias voltage,
whereas it is likely that any other operating point shows similar
polarization behaviour that will also change the impedance
response over time. It is important to note here that this
phenomenon is not a particularity for the here tested device
type but is expected for any PSC where ionic migration plays
arole. Measurements at lower light intensity could be a solution
because the polarization effects will occur at much slower

This journal is © The Royal Society of Chemistry 2019
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timescales. However, the interpretation remains a challenge as
has been discussed above.

We suggest recording and showing at least two spectra for
every operating point and situation tested, as it is the easiest
and most straightforward way to demonstrate the stability
during the measurement period. This study has demonstrated
the crucial factor of the polarization as it affects the impedance
and the performance in a reversible way. We did not show the
relationship with the hysteresis. In order to make a consistent
comparison between the results of the two methods, reliable
impedance measurements over the whole voltage range from Jsc
to Voc and a host of examples including regular and inverted
hysteresis are required. For now, we can confidently state that
the Voc is not a stable operating point for PSC - even for
a device, of which another sample has proven 500 hours of
operation with only 1% PCE degradation. The stability
measurements were performed in the same setup with the same
light source but with a 1 kQ resistor in parallel to the device
such that the voltage ranged between MPP and V¢ (0.9 V<V <
0.95 V), which represents standard testing conditions. It is
worth mentioning that those voltages are less than 100 mV
smaller than the Vo values we have found here, which could
explain the long timescales at which the polarization effects are
occurring. During the only 24 hours of testing under Vo, the
temporary degradation was much larger in the 500 hours
stability test and it is comparable with the temporary degrada-
tion shown by Domanski et al?' Unfortunately, a direct
comparison is not possible.

In order to prove that the temporary degradation was not
caused by the EIS measurement but the operating point only, we
performed a series of EIS measurements for about 5 hours at the
exact voltage that resulted when the device was connected to the 1
kQ resistor. As shown in Fig. S8 (ESI}), the high-frequency
impedance is stable over this period and even slightly decreasing
in the high-frequency part, while the low frequency part is
increasing. The latter behaviour is not understood yet, but j~-V
curves in Fig. S9 (ESIt) recorded before and after the EIS
measurements show that there was no degradation due to the
measurements. So in fact, the EIS measurement itself is not
responsible for the temporary degradation but the operating point.

Apart from this, V¢ is a very reasonable well-defined oper-
ating point for an EIS study of PSCs. The other well-defined
operating point would be a voltage of 0 V (Jsc). However, the
impedance at 0 V is not very useful because it increases to very
large magnitudes and the time constants are much larger,
which means that the measurement time increases to imprac-
tical timescales and the whole spectrum can hardly be
measured accurately as demonstrated by Pitarch-Tena et al.® A
consistent measurement procedure that provides both consis-
tent EIS and performance in one simple measurement routine
is yet to be proposed.

Detection of ionic migration through EIS

With all the difficulties about EIS measurements on PSC that
have been pointed out in this study, there are important new
findings regarding ionic migration, its detection and its impact

This journal is © The Royal Society of Chemistry 2019
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on the device level. Not only was the ionic migration held
responsible for the temporary reversible loss of active area by
deactivating single grains of the perovskite material. Also, it was
shown that the evolution of those consequences related to ionic
migration was accelerated in the second cycle after the recovery
step and after the degradation test (compare Fig. 2 and 3). With
the help of the three impedance series at Voc, we can state that
the evolution of the measured impedance took place at shorter
timescales after the first series. It must be considered that it is
not clear whether the velocity of the changes is limited by ionic
migration, chemical diffusion of interstitials or the material
changes at the interfaces. However, as the effects we observe
here are reversible, there are no structural material changes
expected, such that we are likely to have found a way to quantify
(at least qualitatively) the velocity of ionic migration in a full
device by EIS. That means we can monitor the ionic migration
by the evolution of the high-frequency semicircle of the EIS.
Since the time constant of this semicircle is usually (for all
spectra shown on similar devices in the literature) smaller than
2 ps, it is well-separated from the mid-frequency and low-
frequency features in PSC, and an in operando detection
through this technique is feasible. An EIS measurement can be
performed from 1 MHz to 10 kHz (which is feasible in less than
1 min) and this will give an idea of the current state of the PSC.
Subsequent measurements can show the evolution of the
polarization.

Conclusions

The high-frequency impedance of very stable perovskite solar
cells (PSC) changes significantly over time due to continuous
polarization at Vo under 1 sun. We propose a temporary loss of
electronically active area as the main effect on the device level.
Series of EIS measurements on fresh, recovered and aged
devices provide clear indications that the increase in resistance
and the decrease in capacitance, while the time constant of the
respective semicircle remained almost unchanged, is caused by
a temporary loss in active area. This effect is reversed to almost
100% after keeping the device in the dark for one day.

From this analysis, it is inferred that ionic migration results
in decreased injection and increased recombination at the
contacts of PSC such that single grains of the perovskite are
essentially deactivated. Ions, vacancies and interstitials accu-
mulate at the interfaces to the electron and hole transport layers
acting as recombination centres and increasing the transport
resistance. In effect, none of the incoming charge carriers are
injected, which leads to an electrical response mimicking
a device of much smaller area.

We further show that the Vi is not a stable operating point
for the tested devices that have confirmed their stability over
more than 500 hours in a separate long-term stability test.
These volatile results at V¢ suggest that other operating points
show similar fluctuations in the impedance. That should be
considered during impedance analysis on PSC in general and it
shines a critical light on the results that are already published.

Finally, we see such an impedance series focussed on the
high-frequency semicircle as valuable tool to monitor (the
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impact of) ionic migration in lead halide perovskites embedded
in a technically relevant device architecture.
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