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1. Introduction

Ionic motion in metal halide perovskites (MHPs) is one of the
key challenges that needs to be overcome for perovskite solar

cells (PSCs) to reach their full potential.
In particular, ion migration has been
shown to be the dominant contribution
to the hysteresis that is often observed in
the current–voltage characteristics ( JVs)
of PSCs and is also thought to contribute
to their instability. Many previous studies
have focused their efforts not only on
explaining the origin of JV hysteresis but
also on setting up consistent JV measure-
ment procedures to calculate and report
efficiencies in a fair and consistent way.[1]

In fact, many early reports on PSCs may
have reported overestimated efficiencies
by using a favorable scan direction, speed,
and pre-biasing. The origin of the hystere-
sis feature has also been thoroughly inves-
tigated using drift-diffusion simulations
showing that the appearance of hysteresis
is the result of ionic motion combined with
nonradiative recombination, especially
when the recombination happens at the
interfaces between the perovskite and the
transport layers.[2–7] Experimentally, JV
hysteresis has been widely studied and

assessed in perovskite solar cells; and while there are many
reports of reducing JV hysteresis through: 1) compositional
engineering of the perovskite absorber[8–14] or dimensionality
reduction,[15–19] and 2) interfacial modification by surface
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Perovskite semiconductors differ from most inorganic and organic semicon-
ductors due to the presence of mobile ions in the material. Although the phe-
nomenon is intensively investigated, important questions such as the exact
impact of the mobile ions on the steady-state power conversion efficiency (PCE)
and stability remain. Herein, a simple method is proposed to estimate the
efficiency loss due to mobile ions via “fast-hysteresis” measurements by pre-
venting the perturbation of mobile ions out of their equilibrium position at fast
scan speeds (�1000 V s�1). The “ion-free” PCE is between 1% and 3% higher
than the steady-state PCE, demonstrating the importance of ion-induced losses,
even in cells with low levels of hysteresis at typical scan speeds (�100 mV s�1).
The hysteresis over many orders of magnitude in scan speed provides important
information on the effective ion diffusion constant from the peak hysteresis
position. The fast-hysteresis measurements are corroborated by transient charge
extraction and capacitance measurements and numerical simulations, which
confirm the experimental findings and provide important insights into the charge
carrier dynamics. The proposed method to quantify PCE losses due to field
screening induced by mobile ions clarifies several important experimental
observations and opens up a large range of future experiments.
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passivation,[20–23] or 3) modification/substitution of the charge
selective transport layers, it cannot be mitigated completely.[24–26]

Other studies, using both AC and DC techniques were able to
estimate the ion diffusion coefficient and to identify the nature
and origin of the moving ions,[11,27] although the obtained diffu-
sion coefficients typically range over several orders of magnitudes
(10�6–10�15 cm2 s�1) indicating different ionic species.[28–31] In
the past years, halides, especially I� and Br� have often been
assigned as the dominant mobile species.[32–34] However, recent
reports suggest that proton diffusion may also play a major role in
ion migration and should not be overlooked.[27] Hence, more
work will be required to properly assign which type of ions are
diffusing in the perovskite and on which timescale. Besides
the ion diffusion coefficient, quantifying the actual density of
moving ions remains a key challenge. Several methods have been
proposed using, for example, impedance spectroscopy,[28–30]

studying the current relaxation after a voltage pulse in the
dark,[35–37] scanning transmission electron microscopy,[38] ele-
mental distribution techniques,[39] or by performing numerical
fits of experimental data.[40,41] Similarly to the diffusion coeffi-
cient, values for the measured ion densities vary over several
orders of magnitude (�1015 to 1019 cm�3 for polycrystalline sam-
ples) and cannot be easily assigned to a particular type of ionic
species.[28,29,35,37,42] In addition, numerical simulations have
shown that the influence of ions on the performance does not
only depend on their density but also on the physical properties
of the perovskite and the transport layers, i.e., the dielectric con-
stant, doping density, as well as on the recombination processes
and the device built-in voltage (VBI).

[2,43,44] Therefore, even if the
diffusion coefficient and ion density were to be measured pre-
cisely, there is currently no easy method to know how much they
influence the performance of the solar cells.

Generally, the presence of a large quantity of ions is harmful to
the stabilized performance of PSCs. As we will discuss later and
as shown in previous reports,[2–7] the accumulation of ions at the
perovskite/transport layer interfaces leads to band flattening even
under short-circuit (SC) and maximum power point (MPP) con-
ditions.[45] This band flattening causes accumulation of charges
in the bulk of the perovskite, which, in turn, can dramatically
increase the amount of nonradiative recombination and causes
a reduction in efficiency.[2–7,45,46] To quantify the impact of ions
on the JV characteristics, for example, to investigate the effects of
optimized ion management, researchers often use the “hystere-
sis index” (HI¼ PCE forward scan/PCE reverse scan). The HI
was, however, recently challenged by Habisreutinger et al.[47]

as a poor indicator of performance improvement. As previously
stated, JV hysteresis arises from mobile ionic species in the
perovskite absorber which transit through the active layer
depending on the scan speed in addition to nonradiative recom-
bination. It follows logically that the HI can change with: 1) a
change in the amount or location of nonradiative recombination
in the device; 2) a change in the ionic density; 3) a change in the
ionic transit time; or 4) any combination of the previously men-
tioned factors. It is also clear, that a low HI also doesn’t neces-
sarily correlate with better performance. For example, pin-type
cells display often a lower hysteresis than nip-type cells,[24,48]

although the latter exhibit overall superior performance.[49]

Furthermore, different research labs use different scan speeds
to assess JV hysteresis which will further complicate

comparisons. It is clear that the HI is an ambiguous figure
for the assessment of the impact of ions on the device.

Amuchmore robust way to assess the performance of perovskite
solar cells is to measure the steady-state power output (SPO) of the
device using MPP tracking.[15,50] As the device is held at a relatively
constant bias, the influence of a nonequilibrium ionic distribution
on the MPP is mitigated and a more realistic picture of how it will
perform under operational conditions is obtained. Resultantly, the
steady-state measurement is a necessary measure in addition to a
transient JV sweep to assess the solar cell performance parameters.
However, despite the abovementioned numerical studies,[2–5] there
is currently no experimental method to quantify the influence of the
equilibrium ionic distribution on the steady-state performance at
MPP conditions. If researchers had an unequivocal and easily mea-
surable set of parameters to assess the impact of ions on steady-state
performance this would provide many exciting new avenues of
research. A strong experimental handle would make research
within the field more impactful and useful toward the goal of com-
mercially viable perovskite solar cells.

To address these important questions, we devised an easily
implementable method to estimate the loss due to the ions by
measuring JV scans, starting from open-circuit (OC) condition
going to SC and back to OC, over a large scan speed range
(10�3–103 V s�1). Through the combination of these “fast hyster-
esis”measurements with drift-diffusion simulations, we showed
that the efficiency at high scan speed corresponds to the effi-
ciency in the absence of ionic contribution, i.e., the “ion-free”
PCE. Hence, the efficiency difference between the fast and slow
scans gives us an estimate of the loss due to the (redistribution
of ) mobile ions. We then investigated these ionic losses for a
series of perovskites with different compositions includingmeth-
ylammonium lead iodide (MAPbI3), double and triple cation per-
ovskites. We observe that the absolute PCE loss between the low
and fast scan speed ranges between 1% and 3% (absolute). We
complemented our study using bias-assisted charge extraction
(BACE)[51] to estimate the diffusion coefficients as well as the
density of the mobile ions for different perovskite compositions.
These measurements demonstrated prolonged charge extraction
until hundreds of ms and generally high ion densities of over
1016 cm�3 for all compositions. We also compared the obtained
values with dark charge extraction by linearly increasing voltage
(dark-CELIV) measurements and impedance measurements.
We obtained consistent values for the diffusion coefficient for
the different methods of around 5� 10�10 cm2 s�1. These results
also highlight that the absence of JV hysteresis at moderate scan
speeds <100mV s�1 as typically used for perovskite solar cell
characterizations is not a good indicator of a negligible ion den-
sity as the peak hysteresis occurs typically at scan speeds between
1 and 10 V s�1 for the studied pin-type cells. We expect that the
proposed simple method to quantify the impact of mobile ions
on the perovskite cell performance will be a valuable characteri-
zation tool in the future enabling the study of various aspects of
this key phenomenon in perovskite solar cells.

2. Results

We began by investigating perovskite cells with a triple-cation
Cs0.05(FAxMAy)0.95PbIxBry composition, where x¼ 83 and
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y¼ 17 with the following architecture: ITO/PTAA/PFN-Br/
perovskite/C60/BCP/Cu. This composition typically enables
the fabrication of cells with an average VOC of approximately
1.13 V, a fill factor of 0.79, and a SC current density of
21.5 mA cm�2, which results in a PCE of �19.2%. Figure 1a
shows that these pin-type cells exhibit essentially no hysteresis
at scan speeds (<0.2 V s�1) accessible with our standard JV-mea-
surement setup. It is now widely accepted that hysteresis appears
in the presence of mobile ions and charge carrier recombina-
tion.[3,4] In recent years, many reports have interpreted “hystere-
sis-free” JV curves, at moderate scan speeds, as a sign of the
limited influence of the ions.[1,12,24,48,52–54] However, we will
show that this is not due to a negligible influence or even absence
of the mobile ions. We note that due to instrumental limitations
the fastest scan speeds accessible with a Keithley 2400 (the tool
typically used by researchers in the field) is usually well below
1 V s�1 considering a sufficiently large voltage resolution (i.e.,
≤50mV per voltage step).

To overcome this limitation, we used a function generator in
combination with a home-built amplifier to minimize external

resistances (see Supplementary Methods), which allowed us to
measure JV curves at very fast scan speeds (up to 5000 V s�1).
Figure 1b shows the JV curves measured at high scan speeds
and Figure 1c summarizes the experimental PCE measured as
a function of the scan speed. It is important to note that we
started the JV scans from OC to (SC conditions in the reverse
direction and back from SC to OC in the forward direction.
As illustrated in the inset of Figure 1b, this will be the standard
JV-scan measurement method throughout the manuscript
unless specified otherwise. The results demonstrate a maximum
amplitude of the hysteresis at scan speeds of �10 V s�1 (or �100
ms per scan), while the hysteresis is absent at lower and signifi-
cantly higher scan speeds.[44] As we will demonstrate in detail in
this manuscript, the PCE at the fastest scan speeds is approxi-
mately equal to the PCE in the absence of mobile ions.
Hence, one can use the point at high scan speeds where the for-
ward and reverse scan merge again to estimate the “ion-free”
PCE and the difference between the steady-state PCE
(i.e., at low scan speed) and the fast scan to determine the losses
due to the mobile ions. For the 83–17 triple cation composition,
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Figure 1. JV curves of a pin-type “83–17 triple cation” perovskite solar cell with the Cs0.05(FA83MA17)0.95PbI83Br17 composition, as measured using a) our
standard setup using a Keithley 2400 and b) our custom-built setup for fast hysteresis measurements. The inset in (b) shows the measurement procedure
to record the JV curves starting at VOC to JSC and back. c) The PCE from forward (0 V to VOC) and reverse (VOC to 0 V) scans at different scan speeds. The
PCE at the highest scan rates (1000 V s�1) represents the PCE in the absence of ion motion, where ions cannot react anymore to the applied voltage ramp.
A comparison between the PCE at fast and slow speeds (i.e., steady state) allows us to estimate the efficiency loss due to mobile ions as discussed in the
main text. The experiments demonstrate a peak hysteresis at 10 V s�1, which is significantly faster than accessible with a Keithley 2400. d) The simulated
PCE as a function of scan speed for different ion densities in forward (dashed line) and reverse (solid line) direction. The simulations allow us to
reproduce the experimental fast-hysteresis (shaded solid lines) with an ion density of 6� 1016 cm�3 and a diffusion coefficient of 5� 10�10 cm2 s�1.
Note, the ion density barely affects the position of the peak hysteresis. e) The simulated PCE in forward (dashed line) and reverse (solid line) direction for
various ion diffusion coefficients showing the shift of the hysteresis peak. The scan speed at the peak hysteresis matches closely the transit time of ions
through the active layer. f ) Colormap of the difference between the reverse and forward scan PCE for varied scan speeds and ion densities, demonstrating
significant PCE losses when the ion density screens the built-in field at a density of �1� 1016 cm�3.
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we quantify an efficiency loss of ca. 1.5% due to the presence of
mobile ions. It is important to note that the high scan-speed PCE
can be used as a measure for the “ion-free” PCE only when the
ions are roughly homogeneously distributed in the bulk of the
perovskite. This is the case if the built-in voltage (VBI) in the
device is offset by the applied voltage. However, at prebiases dif-
ferent to the VBI, the ions accumulate at the interface, which will
cause an overestimation of the “ion-free” efficiency at forward
biases >VBI, or an underestimation in the case of smaller pre-
biases. This is shown in Supplementary Figure S1a,b and all
experimental details are provided in the Supplementary
Methods. Although the built-in voltage is in general not precisely
known, we have recently shown that the high device fill factor
and VOC cannot be reproduced with built-in voltages lower than
1 V.[46] This is also consistent with capacitance versus voltage
measurements, which demonstrate a VBI close to the device
VOC of the triple cation device (Supplementary Figure S1c).
Therefore, using the VOC as a prebias closely reflects the ion-free
efficiency and also allows for a simple comparison of the devices
under well-defined starting conditions. It is further important to
note that the ionic loss from fast to slow scan speeds directly
impacts the SPO of the cell. This can be seen when the MPP
is tracked with a high time resolution (�10ms, Supplementary
Figure S2), which highlights a significantly higher power output
on the sub-second timescales. The SPO from theMPP tracking at
longer times (�100 s) is plotted with a star symbol in Figure 1c,
which shows that its value is essentially identical to the PCEmea-
sured at slow scan speeds (<100mV s�1). Finally, as a reference
measurement for a material without moving ions, we also per-
formed the fast-hysteresis measurements on an organic solar
cell, made of a well-known PM6:Y6 blend, and as expected we
do not see a hysteresis nor a difference between the PCE at fast
and slow scan speeds on the studied timescales as shown in
Supplementary Figure S3a. To confirm that the observed hyster-
esis is indeed caused by the ionic redistribution and not by any
trapping/detrapping processes, we also measured an 83-17 triple
cation pin-type cell at different temperatures (RT, 250 and 200 K),
see Supplementary Figure S3b. As expected from a reduction of
the ionic mobility with decreasing temperature, we see a clear shift
of the maximum hysteresis feature to slower scan speeds. We also
observed that the hysteresis is essentially absent at low tempera-
tures within themeasured scan speed range, especially at high scan
speeds where hysteresis could appear due to trapping/detrapping.
This indicates that trapping/detrapping is not the primary cause of
the hysteresis.

To further investigate the effect of ions and to reproduce our
experimental hysteresis results, we used the open-source drift-
diffusion package IonMonger.[41] The parameters used in the
simulations and shown in the Supplementary Information,
Table S1, are mostly based on our previous reports.[46] In these
studies, we were already able to reproduce several experimental
results such as the ideality factor, the measured bulk and inter-
facial recombination currents,[55] using experimental input from
transient photoluminescence (PL) measurements, such as inter-
face recombination velocities and bulk lifetimes. Interestingly, as
shown in Figure 1d, we were able to reproduce the fast-hysteresis
measurements with an ion density of 6� 1016 cm�3 and a diffu-
sion coefficient of 5� 10�10 cm2 s�1, which is consistent with
our charge extraction measurements as discussed in the

following section. Note that in the simulations we only consid-
ered mobile cations while the anions remain fixed. However, we
emphasize that we cannot exclude that there might be other sim-
ulation settings that would reproduce the fast-hysteresis meas-
urements and the experiments shown in our previous work[46]

with different ion densities, since the effect of the mobile ion
density depends on several devices and material parameters as
mentioned in the introduction. Moreover, it should be noted that
the absolute values may differ due to the multifarious device and
material parameters which influence the model. Nevertheless,
trends can be reliably investigated using these simulations.

Motivated by the successful reproduction of experimental
observation by the simulations, we varied the ion density
(Figure 1d) and diffusion coefficient (Figure 1e) to study the
effect on the JV curves and the PCE difference between the for-
ward and reverse scan. As discovered earlier by others,[44] we see
that the hysteresis is absent at fast and slow scan speeds.
Moreover, the timescale at which the maximum JV hysteresis
(which we call “peak hysteresis”) occurs, appears to depend pri-
marily on the ion diffusion coefficient (the larger Dion the higher
the scan speed to resolve the maximum hysteresis) and to a lesser
degree on the ion density. In fact, when we plot the transit time of
the ions as obtained from the ion mobility, we find a near-perfect
agreement between the scan speed time and the ion transit time
through the active layer. This is shown in Supplementary
Figure S4. Hence, the scan time at the maximum hysteresis
is roughly equal to the transit time of ions through the active
layer. Therefore, the peak hysteresis can be used as an approxi-
mate measure of the effective ion speed,[56] although we note that
there might be other device and material parameters that cause a
deviation from this agreement, which need to be further investi-
gated in the future. Figure 1f shows the difference between
reverse and forward PCE as a function of scan speed and ion
density. While the PCE is not strongly affected by the scan speed
at low ion densities, for ion densities >1016 cm�3 the PCE is low
for slow scan rates but remains high at fast scan rates. It is also
important to note that a significant hysteresis will only appear if
the ion density is large enough to screen (or more precisely
“redistribute”) the built-in field. A high VBI is necessary to
achieve a high performance in perovskite solar cells.[57] This is
the case if nion is approximately equal to or larger than the charge
on the electrodes per cell volume (CVBI=eVol �1016 cm�3, where
C is the geometrical capacitance, e the elementary charge, and Vol
the volume of the cell). Therefore, regardless of the scan speed,
Figure 1d,f shows a significant hysteresis only from ion densities
of approximately 1016 cm�3 or above. Figure 1d,f also show that
the PCE loss at small scan speeds strongly depends on the ion
density but is not affected by the ionic diffusion coefficient,
which only shifts the position of the peak hysteresis on the x-axis.

Having observed the profound effect of ion density and diffu-
sion coefficient, we aim to better explain the scan-speed-
dependent hysteresis via the energy bands and accumulation
of the ions depending on the scan speed and direction and
the device operating point. We note again that the voltage sweep
is again performed from OC to SC and back to OC as exemplified
in Figure 2a. The corresponding PCE as a function of scan speed
and direction is shown in Figure 2b, while Figure 2c shows the
JV curves at the characteristic scan speeds (slow, medium, and
fast as pointed out in Figure 2b). The corresponding JV curves
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and recombination currents (bulk, interface, contacts) for each
condition are provided in Supplementary Figure S5. At low scan
speeds compared to the speed of ions (i.e., at quasi-steady-state
conditions), by sweeping from OC to SC, the ions have sufficient
time to move and accumulate at the interfaces at each incremen-
tal voltage step. This scenario is exemplified by the band dia-
grams in Figure 2d. At SC, the accumulation of net ionic
charges at the interfaces leads to field-free regions in the perov-
skite bulk (Figure 2d), which also persists during the forward
scan at high enough scan speeds. It is important to note that
the mobile ion density does not entirely screen theVBI, but redis-
tributes it, leading to the formation of a field-free region and a

broad space charge region in the active layer, as well as stronger
fields at the interfaces where the mobile ions accumulate as com-
pared to the mobile-ion-free case. We note that the space charge
region in the active layer is due to the presence of homoge-
nously distributed, immobile counter ions in the active layer.
The field-free regions in turn increase predominately the non-
radiative recombination in the bulk, since the carrier density is
increased in that region, but also at the p-interface as compared
to the ion-free case. The recombination currents (bulk, inter-
face, contacts) at each condition are depicted in
Supplementary Figure S5, while Supplementary Figure S6
shows the accumulation of ions. At intermediate scan speeds,
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Figure 2. a) The measurement procedure to record the JV curves and band diagrams starting at VOC to JSC and back. Panel (b) highlights the simulated
fast-hysteresis PCE plot in forward and reverse scan and the characteristic efficiencies at slow, medium and fast scan speeds. Panel (c) shows the
corresponding simulated JV curves. Panel (d–f ) shows the corresponding energy diagrams at the characteristic: d) slow, e) medium, and f ) fast scan
speed as marked in panel (b) in chronological order: the initial OC condition, then the MPP of the reverse scan �0.9 V, SC, and then back to 0.9 V and
again to OC. Note, the mobile ions are considered to be positively charged halide vacancies, while the negatively charged counter ions stay uniformly
distributed in the active layer (not shown).
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where the ion speed is approximately equal to the scan speed,
the peak hysteresis is observed. This scenario is exemplified by
the band diagrams in Figure 2e and occurs when the ions
slightly lag behind the scan speed and thus do not have time
to move back during the forward scan and remain in a position
close to their SC position during the forward scan. This creates
a pit in the energy band and a negative field region (in particular
at the MPP in the forward scan), which in turn can dramatically
reduce the efficiency due to less efficient charge extraction.
Finally, at the fastest scan speeds, much larger than the ion speed,
the ions have no time to react and remain locked in their initial
position under OC conditions. This scenario is exemplified by
the band diagrams in Figure 2f. Since the ions have no time to
react to the change in the external electric field, they do not
significantly impact the device performance as the formation
of field-free regions is prevented (which reduces the
recombination).

In the next paragraph, we aim to corroborate the previously
fast-hysteresis measurements with complementary charge
extraction measurements. To this end, we first estimated the
density of mobile ions and their extraction time via BACE meas-
urements in the dark.[51] Briefly in the measurement, the cell is
kept at “OC-like” condition. For this measurement, we define the
OC condition as the point at which the injection current equals
the JSC, which takes into account possible voltage losses over
device and external resistances, which reduce the actual voltage

drop over the device in the dark. Then, the voltage is switched to a
collection bias (Vcoll), in this case, 0 V. Upon switching the volt-
age, the carriers present in the device get extracted allowing us to
estimate the carrier density by integrating the current. We also
note that the mobile ions are not “extracted” out of the device per
se rather transported to the perovskite/transport layer interfaces
(or even metal contacts). The movement of ionic charge toward
the interfaces at SC conditions leads to a displacement current in
the external circuit, which is equivalent to the ionic current.
By plotting the current in Figure 3a and the integral of the cur-
rent in Figure 3b,i.e., the extracted charge on a log-log scale,
we observe two distinct regimes in the current decay. The first
regime in the μs-regime corresponds to the RC-discharge of the
metal electrodes (“CU charge”) and the extraction of fast-moving
electronic charges that have been injected into the cell upon
application of the forward bias. The second regime
corresponds to slow-moving charges, which we assign to the
mobile ions in the ms-regime. The first plateau shows an
extracted charge of �1.5� 1016 cm�3 after less than �1 μs.
Through the application of a reference voltage step from 0 V
to minus VOC, we can disentangle the contribution of the capaci-
tive charge and electronic injected charge to the first plateau as it
is done routinely for organic solar cells.[58] Supplementary
Figure S7 shows that the capacitive charge contributes the larger
fraction (�1� 1016 cm�3) to the first charge plateau than the
electronic injected charge (�5� 1015 cm�3). The first charge
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extraction regime is then followed by a plateau of the extracted
charge, until approximately 1 ms where the extracted charge rises
again due to the displacement of mobile ions in the internal field.
Surprisingly, the second extraction regime occurs between
1ms and �100ms and peaks at an extracted charge of
�3.5�1016 cm�3. We determine the characteristic ion transit
time from the saturation of the extracted charge at around
60ms. Considering the whole active layer as the diffusion length,
this results in an effective ion mobility of 2� 10�8 cm2 V�1s�1

and a diffusion constant of 5� 10�10 cm2 s�1 at room tempera-
ture, which fits the diffusion constant obtained from the fit of the
fast hysteresis (5� 10�10 cm2 s�1). By subtracting the capacitive
and injected electronic charge (i.e., the first rise/bump) from the
total integrated charge, we can consequently estimate the ionic
charge to be �2� 1016 cm�3. Clearly, the capacitive and injected
electronic charge contribution is smaller than the signal from the
mobile ions, which highlights their importance. We also note
that we checked the extraction of mobile ions on even longer
timescales (from 0.3 to 100 s) with a Keithley 2400, however,
an insignificant additional ion density was obtained
(Supplementary Figure S8). Nevertheless, it is important to note
that the extracted ionic density might be underestimated due to
two reasons. First, if the initial ion distribution deviates from a
uniform distribution, this can lead to an underestimation of the
charge in the active layer. Second, and more importantly, the
final ionic distribution needs to be taken into account.
Considering that the extracted ionic charge is larger than the
charge on the electrodes (CVBI) creating the built-in field, the for-
mation of field-free regions is expected during the BACE mea-
surement. This would inhibit further ionic transport and the
displacement current goes to zero, which would also lead to
an underestimation of the ionic charge. To understand the limi-
tation to field screening in the BACE measurement, we first tried
to increase the collection voltage between �1.6 V<Vcoll< 0,
which increases the field in the active layer. However, as shown
in Supplementary Figure S9, the extracted charge could not be
saturated with increasing reverse bias. Therefore, at this point,
although inconsistent with our simulations, we do not exclude
that higher ion densities might be present in the device due
to the experimental uncertainties. However, this is beyond the
scope of the present article.

To further corroborate the BACE measurements experimen-
tally, we also performed charge extraction by linearly increasing
voltage (dark-CELIV) and capacitance versus frequency (Cf )
impedance measurements as shown in Figure 3c,d, while the
biasing conditions are highlighted in the insets, respectively.
We note that the change in capacitance is again related to the
transport of ionic charge toward the edges in the active layer
which increases the capacitance.[30,59] Interestingly, both meas-
urements demonstrate a qualitatively similar shape as observed
in BACE, i.e., an initial shoulder to the capacitive step and extrac-
tion of electronic charges, which is then followed by a rise due to
the transport of mobile ions starting at several hundred μs.
Moreover, the saturation of the signal begins in both measure-
ments at several tens of ms, which is consistent with the BACE
measurement and the obtained effective ion diffusion coeffi-
cient. However, we note that the obtained ionic charge in
dark-CELIV (9� 1015 cm�3) is smaller than in BACE (see
Figure 3c and Supplementary Figure S10 for more information

on how to calculate the capacitance from dark-CELIV measure-
ments). This might be because dark-CELIV and Cf measure-
ments start at SC conditions initially, while BACE starts at
OC conditions, hence the mobile ions might be transported over
smaller distances as in dark-CELIV (and Cf ) as compared to
BACE, or because the change in applied voltage is smaller in
dark-CELIV (and Cf ). Another potential limitation of impedance
spectroscopy for the study of ion movement lies in the difficulty
of performing the measurements at sufficiently low frequencies
while maintaining device stability and a reasonable signal-to-
noise ratio. In addition, the extracted capacitance signal in the
Cf (and dark-CELIV) measurements will depend on the applied
voltage and illumination intensity,[60,61] complicating the deter-
mination of the respective amount of probed charges and its cor-
relation with the BACE measurement. Finally, attribution of the
lower frequency response for the impedance measurements in
the literature has not been unanimous, with such processes as
trapping and detrapping of carriers[62,63] proposed, in addition
to the ion movement and resulting charge accumulation at
the contacts.[61] Nevertheless, our complimentary set of measure-
ments and simulations highlight that there are a large number of
ions present in the active layer, which leads to the formation of
field-free regions and links the timescales observed in the fast-
hysteresis measurement to the extraction time of ions.

In the next paragraph, we aimed to generalize our findings to
other perovskite systems. To this end, the same set of measure-
ments was performed on six different perovskite compositions
pure MAPbI3, a double cation perovskite Cs0.15FA0.85PbI75Br25
which is popular for applications in tandem solar cells due to
its bandgap of 1.7 eV and three triple cation perovskites
(Cs0.05(FAxMAy)0.95PbIxBry). The same architecture as intro-
duced previously (ITO/PTAA/PFN-Br/perovskite/C60/BCP/Cu)
was used for all the devices. The characteristic JV parameters
for each system are plotted in Supplementary Figure S11.
Figure 4a summarizes the fast-hysteresis measurements, which
show that the peak hysteresis occurs on similar timescales for all
compositions, i.e., around �1 to 10 V s�1. The estimated PCE
losses due to mobile ions are shown in Figure 4b for the different
perovskite compositions. Interestingly, in all cases, 1–3%
(absolute) of the PCE is lost as a result of the field screening
due to mobile ions. Interestingly, when the relative content of
MAPbBr3 is varied with respect to FAPbI3, the lowest relative
ionic loss is observed in the most efficient 83–17 perovskite.
This is then followed by the 95–5, 60–40 triple cation and 100:0
perovskite, which follows the trend in efficiency (Supplementary
Figure S11). Moreover, we found that the relative ionic loss
increases from the mono cation perovskite (MAPbI3) to the dou-
ble cation perovskite (Cs0.15FA0.85PbI75Br25) and the triple cation
perovskites (Cs0.05(FA83MA17)0.95PbI83Br17). Nevertheless,
despite these differences, overall, the results for different perov-
skites are fairly similar, which points to common dominant ionic
species being present in each device. We also analyzed how the
PCE loss due to ions impacts the individual JV parameters.
Supplementary Figure S12, exemplifies the measured PCE
parameter versus scan rate for the 83-17 triple cation perovskite.
Importantly, as shown in Figure 4c, the relative PCE loss due to
the mobile ions is primarily a result of a reduced JSC rather than
the FF. Also, the rate-dependent VOC is affected by the ionic dis-
tribution especially at medium scan speed where the
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accumulation of ions near the TL interface leads to overall
increased recombination. However, and somewhat surprisingly
to us, as shown in Supplementary Figure S12, the VOC loss
between slow and fast scan is relatively small since the applied
bias is here high enough to compensate for the VBI and redistrib-
ute ions within the bulk of the perovskite giving very similar con-
dition as seen in the band diagram in Figure 2 and in the
experiments. We note that the data has been acquired on at least
five cells for each composition, which have been stored in the
glovebox for several days. We believe that the future modeling
of these results will further contribute to understanding the band
structure of perovskite solar cells in the presence of large
amounts of mobile ions. Supplementary Figures S13 and S14
show the dark-CELIV and BACE measurements for all compo-
sitions. Also, these measurements indicate similar trends. For
example, the onset of the ionic signal in the BACE, dark-
CELIV, and impedance, which could be considered as an esti-
mate of the fastest ionic species, is similar in all samples. As
shown in Figure 4d, for all three experiments, the onset starts
in the ms regime (�1ms in dark-CELIV and Cf and around
10ms in fast-hysteresis).

Finally, to further highlight the potential of the fast-
hysteresis measurements, we measured a double cation

Cs0.15FA0.85PbI75Br25 pin-type perovskite cell that we inten-
tionally degraded upon illumination for several hours under
OC conditions with a white light-emitting diode (and a 1 sun
equivalent intensity, without UV). As demonstrated in
Supplementary Figure S15, for this cell, we observed a large
increase of the ion-induced loss from �1.4% to �6%
(absolute). This highlights the importance of mobile ions in
the degradation process in perovskite solar cells and also the
usefulness of the proposed methodology to study the main
degradation mechanism in perovskite solar cells by enabling
an independent assessment of the steady-state and the ion-free
PCE.

3. Conclusion

In summary, we proposed a simple method to estimate the effi-
ciency loss due to the presence of mobile ions via fast-hysteresis
measurements. These measurements can be performed in addi-
tion to the standard JV characterization of cells with a Keithley
SMU. The quantification of the ion-free PCE was achieved by
offsetting the device’s internal voltage and performing a fast hys-
teresis scan before the ions can react to the change in the internal
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field. By doing numerical simulations, we were able to explain all
three main features in the fast-hysteresis, i.e., the steady-state
performance, the peak hysteresis, and the ion-free PCE. By plot-
ting the band structure and ion distributions as a function of scan
rate, scan direction, and operating condition, we could explain
why the peak hysteresis appears when the scan speed is close
to the effective speed of the mobile ions. If the response of
the ions lags somewhat behind the change in the external bias,
a large amount of ions accumulates at the edges of the active layer
in the forward scan direction, in particular at the MPP, which
significantly lowers the PCE at this particular scan speed. We
then performed transient charge extraction measurements
(BACE, dark-CELIV, and capacitance versus frequency) to corre-
late the kinetics of mobile ions and their density to the peak hys-
teresis. Although the different biasing conditions need to be
taken into account in these measurements, they all demonstrated
a significant ionic redistribution in the active layer after several
100 μs which lasts to the second timescales. Moreover, BACE
measurements demonstrated a high ionic density in the active
layer of at least 2� 1016 cm�3, which is larger than the charge
on the electrodes per cell volume (�1� 1016 cm�3) and the
injected carrier density at VOC (�5� 1015 cm�3). Finally, the
fast-hysteresis and transient extraction measurements were
extended to a range of different perovskite compositions, which
highlights subtle differences in the loss due to mobile ions and
extraction times, although the differences between the different
compositions were smaller than expected. The proposed simple
method to quantify the losses due to mobile ions will open up a
range of future experiments to study the impact of various
aspects on the ionic losses, such as the cell architecture, transport
layers, and additives or aging. However, more efforts are
required to precisely quantify the device internal voltage in
the future. This will generate new insights into these key phe-
nomena in perovskite solar cells. Our results also highlight that
further efficiency improvements are still possible through fur-
ther reduction of the density of mobile ionic species in the metal
halide perovskites.
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