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Mitigating the migration of mobile ions within perovskite solar cells is a crucial step on the way to
improving their stability. In the past, transient capacitance measurements were applied to extract infor-
mation about mobile ions, including their activation energy, diffusion coefficient, density, and polarity.
However, in this work, we show that the interpretation of capacitance transients is more complex than
originally proposed because of the intrinsic nature of the perovskite and the contributions of charge trans-
port layers to the capacitance. Using drift-diffusion simulations and light-intensity-dependent capacitance
transient measurements, we show that the direction of capacitance transients is not linked to the polarity of
the migrating species. Instead, the direction of the transients is linked to the layer of the cell that dominates
capacitance modulation. This work illustrates that transport layers can be crucial for the capacitance and
impedance response of perovskite solar cells, and therefore, for characterizing mobile ions in perovskites.
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I. INTRODUCTION

Even though the efficiency of perovskite solar cells
(PSCs) has increased significantly to 25.7% in 2023 [1],
their commercialization is still hindered by their poor sta-
bility, which has been attributed to the migration of mobile
ions in the perovskite layer [2]. Thus, to improve the
stability of PSCs, significant efforts have been made to
mitigate ion migration [3—5]. Based on calculations of
defect formation energies, it has often been suggested that
vacancy-mediated migration of iodide (I7) and methy-
lammonium (MA™) contribute to ion migration in methy-
lammonium lead triiodide (MAPbI3), where iodide vacan-
cies (Vi") generally show an activation energy around
0.25-0.4 eV lower than that of methylammonium vacan-
cies (V) [6-8]. Experimentally, a variety of character-
ization techniques have been applied to understand the
formation and migration of mobile ions. Some of these
techniques focus on qualitatively understanding which
mobile ions are present in the perovskite. These techniques
include time-of-flight secondary ion mass spectrometry
[9,10], photothermal-induced resonance microscopy [11],
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and Kelvin probe force microscopy [12]. Other techniques
focus on quantifying the density of mobile ions, their
activation energy, or diffusion coefficient. These include
electrical measurements like impedance spectroscopy [13],
bias-assisted charge extraction [2], and ionic conductivity
measurements [14,15].

One popular technique that has been applied to quan-
tify the density, diffusion coefficient, activation energy,
and polarity of mobile ions is transient ion drift (TID)
[1620]. TID is closely related to impedance-based tech-
niques and relies on measuring capacitance transients
after an applied voltage pulse is released. The capaci-
tance is modulated by mobile ions drifting within the
perovskite layer, which allows the properties of these
ions to be measured. The physical model behind TID is
typically based on a few core assumptions, namely, that
the perovskite has a high doping density, the ion den-
sity is much smaller than the doping density, and charge
transport layers (CTLs) do not significantly contribute
to the capacitance transients. Additionally, the direction
of the capacitance transients was directly related to the
polarity of ionic species, meaning that decreasing capaci-
tance transients (for p-doped perovskites) were assigned to
mobile anions (e.g., mobile I”, Br;"), and increasing capac-
itance transients were assigned to mobile cations (e.g.,
mobile MA}") [16,18].

Here, by utilizing drift-diffusion simulations of capac-
itance transients, we show that the interpretation of TID
is more complex than originally expected. We show that
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the direction of the transients is not related to the polar-
ity of the ionic species. Instead, it depends on the layer
in the device that dominates capacitance modulation by
mobile ions. When the perovskite is fully depleted (low
doping density), the accumulation of mobile ions at the
perovskite-CTL interface leads to a depletion of electronic
carriers in the CTLs, resulting in decreasing capacitance
transients. In contrast, when the perovskite layer is only
partially depleted, modulation of the depletion layer in
the perovskite results in increasing capacitance transients.
Between these regimes, the transients consist of a mixed
regime, with an initial decrease, followed by an increase in
capacitance. Lastly, we show experimentally that increas-
ing the photogenerated carrier density of a PSC also leads
to a change of the transient direction from decreasing to
increasing, because of the change of the electric field dis-
tribution by photogenerated charges. Similar to doping,
increasing the density of photogenerated carriers changes
the layer that dominates capacitance modulation by mobile
ions.

II. RESULTS AND DISCUSSION

To investigate the role of the polarity of mobile ions
in capacitance measurements we simulate the behavior of
the capacitance as a function of time after a voltage pulse.
This simulation emulates the TID measurement. For the
simulation of capacitance transients, we used the Setfos

drift-diffusion solver by FLUXiM. The device structure
resembling a perovskite solar cell is shown in Fig. 1(c),
and all simulation parameters are listed as parameter set
1 of Table S1 within the Supplemental Material [21]. For
the CTLs, we selected parameters that were in the range
of typical organic semiconductors used in PSCs (e.g.,
Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA)
and Cg). However, to simplify the device structure, we
used the same band gaps, effective density of states, mobil-
ities of electronic carriers, and dielectric constants for both
the hole transport layer (HTL) and electron transport layer
(ETL). The simulation parameters for the perovskite layer
are based on MAPDI;. Throughout this work, we assume
that two ionic species with opposite charges are present
in the perovskite, where one species is mobile within the
perovskite, while the other one is immobile and homo-
geneously distributed throughout the perovskite [22,23].
The densities of immobile and mobile ions are the same
to ensure charge neutrality. We differentiate between pos-
itive ions and negative ions, where positive ions refer to
positively charged interstitials and vacancies (e.g., iodide
vacancies V] and MA interstitials MA;"), while negative
ions refer to negatively charged interstitials and vacancies
(e.g., iodide interstitials I, and MA vacancies V). Addi-
tionally, we assume that the mobile ions are confined in the
perovskite and cannot migrate into the CTLs.

Figure 1 shows a schematic of transient ion drift,
considering positive mobile ions. Note that the device is
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FIG. 1. (a) Ilustration of the voltage profile applied to a perovskite solar cell during transient ion drift. After the voltage pulse,

the capacitance of the device is probed with a high-frequency perturbation voltage, V.. (b) During the voltage pulse of Vyp, = Vi,
positive mobile ions that were previously accumulated at the HTL interface diffuse into the perovskite and are distributed more
homogeneously. (c) When the voltage pulse is removed (Vapp =0 V), positive mobile ions drift back to the HTL interface, changing

the device capacitance. (d) [llustration of a capacitance transient.
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symmetric, so, with negative mobile ions, we would see
the same mechanism in the opposite direction. Initially, an
external voltage equal to the built-in voltage, Vyp, = Vi,
is applied to the device [see Fig. 1(a)]. Because of com-
pensation of the built-in field, mobile ions are distributed
homogeneously within the perovskite [see Fig. 1(b)]. We
note that, experimentally, the device might not reach this
steady state if the voltage pulse is too short and some
potential drops across the transport layers [24]. When the
applied voltage is removed, V,p,=0 V, positive mobile
ions drift to the perovskite-HTL interface to screen the
built-in field [see Fig. 1(c)]. During the drift of ions, we
simulate modulation of the capacitance using a perturba-
tion voltage with a frequency of 10 kHz and an amplitude
of 10 mV. At 10 kHz, the capacitance is determined by
the density and distribution of electronic charge carriers
within the PSC. Mobile ions do not directly contribute to
the capacitance because they cannot follow the perturbed
electric field due to their low mobility. However, they
impact the distribution of electronic carriers within the
PSC, and consequently, indirectly change the capacitance
[25]. In other words, at the frequency of the perturbation,
we are measuring a static distribution of ions, but over
the timescale of milliseconds to seconds, the change in
ion distribution changes the electronic capacitance of the
device, resulting in a capacitance transient, as illustrated in
Fig. 1(d).

We then use these simulations to better understand the
transient capacitance measurements. First, we investigate
how the polarity of the mobile ions influences capacitance
transients. So far, in the literature, it has been assumed
that the polarity of ionic charge carriers determines the
direction of capacitance transients. This is analogous to
the polarity of trap states in deep-level transient spec-
troscopy [26], which is very similar to TID. More specif-
ically, decreasing transients were assigned to negative
mobile ions like I or Br;", while increasing transients
were assigned to positive mobile ions like MA" [16,18]
in a p-doped perovskite. The basis for this assignment
was the assumption that the perovskite was doped, lead-
ing to a partially depleted perovskite, and the assumption
that the density of mobile ionic carriers was smaller than
the acceptorlike defect (or doping) density (Na > Nion)-
When applying a voltage pulse close to Vg, the deple-
tion layer would collapse and mobile ionic charge carriers
would distribute homogeneously within the perovskite.
After removing the applied voltage, mobile negative (pos-
itive) ions would drift out of the depletion layer, leading
to an increase (decrease) in the depletion layer width.
Because the depletion layer capacitance is proportional to
the inverse of the depletion layer width, Cpp ~ 1/wpy, this
would ultimately result in increasing capacitance transients
for negative ions and decreasing capacitance transients
for positive ions [17]. Considering these conditions, we
simulated capacitance transients for positive mobile and

negative ions, respectively. We chose an acceptor doping
density of 10'7 cm™ and ionic carrier densities from 10"
to 5 x 10 ¢m™3 (typical values for mobile ion densities
extracted using TID lie between 10" and 10'® cm~, while
the assumed doping densities were around 1-2 orders of
magnitude higher than the extracted ion densities [16,18—
20]). The results are shown in Fig. 2, where §C(?) is the
capacitance change compared with the initial capacitance
value, §C(f) = C(¢¥) — Cy (the transients of the absolute
capacitance values are shown in Fig. S2 within the Sup-
plemental Material [21]). As expected, the capacitance
transients for mobile positive ions are increasing. How-
ever, contrary to the original prediction, the capacitance
transients for negative mobile ions are also increasing. To
better understand why both positive and negative mobile
ions lead to increasing transients, we can study the energy
band diagram and charge carrier distributions within the
device. These are shown in Figs. 3(a)-3(c) for positive
mobile ions. As expected, p-type doping of the perovskite
leads to the formation of a depletion layer at the perovskite-
ETL interface, where the depletion layer width [illustrated
as wy in Fig. 3(c)] depends on the doping density and
the density of ionic charge carriers in the depletion layer.
Initially, when Vg is applied to the device, mobile posi-
tive ions are distributed across the perovskite. Then, after
removing Vg, these mobile ions drift out of the deple-
tion region towards the HTL [see Fig. 3(b)]. Because the
acceptor atoms, N 4, and positive mobile ions have oppo-
site polarity, the net charge density in the depletion layer
increases. This, in turn, reduces the depletion layer width
[to wy in Fig. 3(c)] and results in an increase in capaci-
tance. In contrast, mobile negative ions accumulate at the
perovskite-ETL interface after removing Vg (see Fig. S3
within the Supplemental Material [21]). Now, the doping
density and mobile negative ions have the same polarity.
Consequently, the net charge density within the depletion
layer increases upon the accumulation of mobile negative
ions, leading to a decrease in the depletion layer width
and an increase in capacitance. With this, we have estab-
lished that the direction of capacitance transients cannot
be correlated with the polarity of mobile ionic charge
carriers. Instead, when considering high defect and dop-
ing densities, both negative and positive mobile ions lead
to increasing capacitance transients. However, comparing
the duration of the transients in Figs. 2(a) and 2(b), it is
apparent that mobile negative ions lead to longer tran-
sients. These negative ions must partially diffuse through
the field-free region of the perovskite before they accu-
mulate in the depletion layer. In contrast, positive mobile
ions only have to drift out of the depletion layer, leading to
faster capacitance transients.

In the simulations shown so far, the capacitance tran-
sients were always increasing. However, decreasing or
mixed transients are often observed in the literature,
where mixed transients consist of an initial decrease
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Simulated capacitance transients for different ion densities in the case of (a) positive mobile ions and (b) mobile negative

ions. In both cases, the acceptor doping density is 10'7 cm™ (p-type doping).

followed by an increase in capacitance [17-20]. Addi-
tionally, recent studies using intensity-dependent transient
photoluminescence measurements, Hall measurements,
and charge extraction by linearly increasing voltage mea-
surements suggest that Pb-based PSCs are not significantly
doped [27]. Therefore, we investigate the influence of
doping density on capacitance transients next. Figure

4 shows the capacitance change of the decreasing and
increasing

components of simulated transients when consider-
ing acceptor doping densities between 5 x 10" and
1 x 10" ¢m™, positive mobile ions resembling halide
vacancies (as done similarly in Refs. [22,23,28]), and
a mobile ion density of 5 x 10'® ¢m™. Three different
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regimes are present (decreasing, mixed, and increasing),
where one exemplary transient for each regime is shown in
panels (a)—(c) (the transients with absolute capacitance val-
ues are shown in Fig. S4 within the Supplemental Material
[21]). At doping densities up to around 2 x 10' cm~3, the
capacitance transients decrease. Then, up to 8 x 10'® cm™
the transients consist of a decreasing and an increasing
part. For doping densities above 8 x 10' cm™, the capac-
itance transients increase. We note that the same three
regimes are also observed for mobile negative ions, as
shown in Fig. S5 within the Supplemental Material [21].
This suggests that, rather than the polarity of mobile ionic
species, the doping density of the perovskite determines
the direction of capacitance transients.

We have already established that the increasing capaci-
tance transients for high perovskite doping densities orig-
inate from a decrease in the depletion layer width in the
perovskite when positive mobile ions drift out of the deple-
tion layer. In contrast, in the case of low perovskite doping
densities, the perovskite layer is depleted of electronic
charge carriers, and its capacitance is given by the geomet-
rical capacitance, Cgeo pero- Because Coeo pero 18 independent
of the redistribution of ionic charge carriers, the perovskite
layer does not contribute to the change of capacitance dur-
ing the transient. Instead, the capacitance change originates
from the transport layers. Upon application of the perturba-
tion voltage, the density of charge carriers injected into the
device changes and can be expressed as the capacitance:

C. = innj :ei d
Y AV ar ),

n(x) + p(x)dx, (1

where Oy, is the injected charge; Vpp is the applied volt-
age; e is the elementary charge; d is the thickness of the
device; and n(x) and p(x) are the position-dependent elec-
tron and hole densities, respectively. This capacitance, C,,,
is sometimes termed chemical or charge storage capaci-
tance [29,30]. A more detailed explanation of C,, and the
influence of mobile ions on it is given in Sec. S1 within the
Supplemental Material [21]. Now, when positive mobile
ions drift to the HTL-perovskite interface and accumulate
there, the HTL gets more depleted of holes, as illustrated in
Figs. 3(d)-3(f). At the same time, the depletion of positive
ions at the perovskite-ETL interface leads to a reduction
of electrons in the ETL [see Fig. S6(b) within the Supple-
mental Material [21]] because they are repelled by the net
negative charge at the perovskite-ETL interface. The dif-
ference between the Fermi level and the valence band (VB)
on the HTL side, and the Fermi level and the conduction
band (CB) on the ETL side, increases [see Fig. 3(d)]. This
results in a reduction of injected charge carriers upon appli-
cation of the perturbed voltage, leading to a decrease of
the capacitance, C,,. We note that the injection of carriers
into the perovskite could also contribute to C,. However,
in the discussed case, the difference between the Fermi

level in the perovskite and its CB and VB is too large, and
no significant density of electronic carriers is injected into
the perovskite bulk. In the intermediate perovskite doping
regime, the capacitance transients are mixed, consisting of
an initial decrease followed by an increase in capacitance.
After releasing the voltage pulse, positive mobile ions start
accumulating at the HTL-perovskite interface, decreasing
the density of holes in the HTL and in the perovskite close
to the HTL (see Fig. S7 within the Supplemental Mate-
rial [21]). This decrease, similar to the low doping case,
results in the initial decrease in capacitance. Then, as more
positive mobile ions accumulate at the HTL-perovskite
interface, the built-in field is screened, resulting in a large
portion of the perovskite being field free. In contrast to
the low doping case, the energy difference between the
Fermi level and the VB in the perovskite is smaller. Con-
sequently, the injection of holes into the perovskite upon
application of a perturbation voltage is significantly higher
and increases as a larger fraction of the built-in field is
screened. This ultimately results in the observed increase
in capacitance.

Next to the doping density of the perovskite, other
parameters of the PSC can impact the density of injected
electronic carriers into the perovskite, and subsequently,
C, and the increasing part of the transient. Because we
assume the mobile ions to be positive, the injection of holes
dominates C,, of the perovskite. We, therefore, focus on
the parameters of the HTL and the perovskite. We sim-
ulated the onset of the mixed transient regime, i.e., at
which doping density the transients switch from decreas-
ing to mixed (in Fig. 4, the onset would, for example, be
at around a doping density of 2 x 10'® cm™), as a func-
tion of ion density, thickness of the perovskite, VB offset
between the HTL and perovskite, doping density of the
HTL, and dielectric constant of the perovskite. The results
are shown in Fig. S8 within the Supplemental Material
[21]. Increasing the density of mobile ions within the per-
ovskite shifts the onset of the mixed regime to slightly
higher doping densities [see Fig. S8(a) within the Sup-
plemental Material [21]]. This shift is strongly sublinear
and can be explained in the following way: a higher ion
density also leads to a higher density of accumulated pos-
itive ions at the HTL-perovskite interface. This results
in a stronger depletion of holes at the HTL-perovskite
interface, and consequently, reduces the overall density of
injected holes in the perovskite, shifting the onset of the
mixed regime to higher doping densities. When increas-
ing the perovskite thickness, we observe that the onset
of the mixed regime shifts almost linearly to lower dop-
ing densities because the built-in potential drops over an
increasing distance [Fig. S8(b) within the Supplemental
Material [21]]. For thicker films, a lower density of accu-
mulated ions at the HTL-perovskite interface is necessary
to screen the electric field. Consequently, more holes are
injected into the perovskite, which results in a lower onset
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of the mixed regime. A higher dielectric constant of the
perovskite results in a higher fraction of the potential drop-
ping over the CTLs. Consequently, the density of holes
injected into the perovskite is reduced, shifting the onset
of the mixed regime to higher doping densities [see Fig.
S8(c) within the Supplemental Material [21]]. Changing
the VB offset between the HTL and perovskite from —0.2
to 0.2 eV results in a stronger injection of holes into the
perovskite. This leads to a shift of the onset of the mixed
regime to lower doping densities [see Fig. S8(d) within the
Supplemental Material [21]]. Lastly, increasing the doping
density of the HTL leads to an increased injection of holes
into the perovskite, shifting the onset of the mixed regime
to dramatically lower doping densities [see Fig. S8(e)
within the Supplemental Material [21]]. Here, at an HTL
doping density of around 9 x 10" ¢m™3, even undoped
perovskites show a mixed transient, illustrating that injec-
tion of electronic carriers from the HTL into the per-
ovskite effectively leads to an effectively doped perovskite
layer.

In the previous section, we have established that
the direction of capacitance transients depends on the
layer that contributes to the capacitance. If the elec-
tronic carrier density of the perovskite is low, the
CTLs dominate the change in capacitance and the tran-
sients decrease. A sufficiently high electronic carrier
density within the perovskite introduces an increasing

component. This increasing component can dominate the
complete transient for significantly high doping in the
perovskite. To verify these trends experimentally, we
would ideally measure capacitance transients of PSCs with
doping densities that span multiple orders of magnitude.
However, accurate control of the doping density of per-
ovskites is difficult to achieve [31]. Instead, we chose
light excitation with a white high-power light-emitting
diode (LED) to alter the electronic charge carrier density
within the PSC. The PSC was based on the stack ITO/
PTAA /PFN-P2 /Cs.05 (FA9.83MA0.17)0.95Pb(I9.84Bro.16)3 /
Cg0/BCP/Cu, where PFN-P2 is Poly(9,9-bis(3’-(N,N-
dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-alt-2,7
-(9,9-dioctylfluorene))dibromide, FA is Formamidinium,
and BCP is Bathocuproine. The fabrication is described
in the Supplemental Material [21]. These PSCs have
been previously shown to have doping densities below
10" cm~2 [32]. In addition, we use undoped organic CTLs
to ensure decreasing transients in the absence of light exci-
tation. Exemplary J-V curves at different light intensities,
showing good diode character, are shown in Fig. S9 within
the Supplemental Material [21]. In Fig. 5(a), the measured
capacitance transients for different illumination intensities
(from dark to 27.8 mW/cm?) at 300 K are shown. We
find that the transient direction switches with increasing
light intensity. In the dark, the transient decreases through-
out the entire time range. This is expected for a PSC
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(a) Measured capacitance transients of a perovskite solar cell at 300 K and different LED intensities. (b) Simulated capaci-

tance transients of a perovskitelike semiconductor stack at different LED intensities, assuming 1 x 10'” cm™ ions and positive mobile

ions with a mobility of 3 x 107! cm?/Vs.

with a low doped perovskite. For low light intensities
(e.g., 0.2 mW/cm?), the transients show a decreasing and
increasing component, where the magnitude of the increas-
ing component strongly increases with light intensity. For
the highest light intensity measured (27.8 mW/cm?), we
see a mostly increasing transient, with a small initial
decrease remaining (see Fig. S10 within the Supplemen-
tal Material [21] for a magnification at short times). We
additionally measured the capacitance transients at a range
of different temperatures (172330 K in steps of 8 K, see
Fig. S11 within the Supplemental Material [21]). At lower
temperatures, both components become slower, which
means that at lower temperatures the decreasing transient
becomes more obvious [see Fig. S11(d) within the Sup-
plemental Material [21]]. On the contrary, the decreasing
component vanishes completely from the measurement at
high temperatures (>318 K). This temperature dependence
corresponds to the activation energy of the ionic processes,
leading to the transients.

We qualitatively reproduce the light-intensity depen-
dence of the measured capacitance transients using the
drift-diffusion simulations described above and in the Sup-
plemental Material [21]. The changes made to the model
to approximate the device structure are listed as param-
eter set 2 in Table S1 within the Supplemental Material
[21]. The results are shown in Fig. 5(b). We note that
the simulations do not match the absolute capacitance val-
ues; this is most likely caused by differences in the doping
density of the CTLs and dielectric constants of the CTLs
and the perovskite. However, qualitatively, the simulations
reproduce the trend that the capacitance transients tran-
sition from decreasing in the dark to mixed transients at
higher light intensities. The light-induced splitting of the
Fermi level and the subsequent decreasing difference to
the CB and VB leads to an increase in C, of the per-
ovskite. This is analogous to the case of higher doping,
where an increase in the charge carrier density also leads
to a contribution of the perovskite layer to the capacitance
transient.

Interestingly, while the decreasing transient in the dark
reproduces the time constant measured experimentally, the
illuminated transients are much slower than the experi-
mental data. A possible explanation for this discrepancy
is that the mobility of mobile ions increases under illumi-
nation, as also found elsewhere [33,34]. This would result
in faster transients, as illustrated in Fig. S12 within the
Supplemental Material [21].

Finally, we note that the ionic contributions measured
by the capacitance transients on these timescales (tens of
seconds) are different from the ones typically measured by
impedance spectroscopy and capacitance-frequency (C-f)
methods. Because of low signal-to-noise ratios at low fre-
quencies, C-f* spectra are usually measured to around 0.1
or 1 Hz, thus limiting the minimum resolvable mobility
of ionic carriers. In contrast, capacitance transients can be
measured for tens of seconds, allowing the characterization
of mobile ionic carriers with a lower mobility compared to
C-f. To illustrate this point, we measured the capacitance
of our PSCs as a function of frequency, varying the tem-
perature and light intensity. The results are shown in Fig.
S13 within the Supplemental Material [21]. In the dark, we
observe an increase in capacitance at around 1 kHz, which
shifts to lower frequencies as the temperature decreases, in
accordance with the literature [35]. We attribute this signa-
ture to mobile ions, the mobility of which decreases with
decreasing temperature. We can qualitatively reproduce
the C-f measurements in simulations with ion mobili-
ties of 1 x 1077 cm?/Vs at 332 K to 1 x 107" cm?/Vs at
around 200 K, as shown in Fig. S14 within the Supplemen-
tal Material [21]. Under illumination, the measurements
and simulations are also in good agreement, as depicted in
Figs. S13 and S14 within the Supplemental Material [21].
Here, we attribute the light-enhanced capacitance at low
frequencies to phase-delayed recombination, as reported in
the literature [36,37]. From the simulations, we can esti-
mate the mobility of mobile ions at 300 K to be around
5 x 107® ¢cm?/Vs. This value is much higher than the ionic
mobility needed to reproduce the capacitance transients
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in the dark (uion=3 x 107" ¢cm?/Vs, see Fig. 5). This
shows that the ionic response probed in the C-f mea-
surements is not the same as that observed at long times
in the capacitance transients. Possibly, two mobile ionic
species with very different mobilities are present in the
perovskite, leading to dynamics on different timescales.
This has similarly been proposed in Refs. [36,38,39] and
shows the importance of both complementary methods. It
also illustrates that a thorough investigation of the impact
of multiple mobile ions with different ratios and mobil-
ities on capacitance transients and C-f measurements is
necessary. We note, however, that accounting for multiple
mobile ions with varying mobilities and densities signif-
icantly increases the parameter space for drift-diffusion
simulations and is therefore beyond the scope of the work.

III. CONCLUSION

We have shown that the transient ion drift method, as
applied in the literature so far, is more complex than orig-
inally proposed. An assignment of the polarity of mobile
ions to the direction of capacitance transients is not pos-
sible. When, as assumed in the original transient ion drift
model, the doping density of the perovskite is high, both
positive mobile and negative ions result in an increase in
the capacitance transient. When considering lower dop-
ing, the direction of the capacitance transient depends on
whether the capacitance of the perovskite or CTLs is mod-
ulated when mobile ions drift through the perovskite. An
accumulation of ions at the CTLs leads to a decrease
in capacitance. Meanwhile, if the difference between the
Fermi level and VB or CB is low enough, i.e., the per-
ovskite is slightly doped, the chemical capacitance of the
perovskite is modulated when mobile ions accumulate at
the perovskite-CTL interfaces due to increased injection
into the perovskite, leading to an increase in the overall
capacitance. Experimentally, we have verified these find-
ings by decreasing the difference between the Fermi level
and VB or CB using illumination, which resulted in a
change of the capacitance transients from decreasing to
increasing. Finally, differences in time constants between
C-f measurements and transient ion drift measurements
suggest that multiple ionic species are present in the PSC.
Hence, our results show the breadth of timescales required
to understand ion migration and perovskites, and that a
greater understanding of these techniques by considering
multiple mobile ionic species is needed.
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