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The migration of mobile ions is one of the leading causes of the degradation of perovskite solar cells.
However, quantifying mobile ions in complete perovskite solar cells is challenging due to the complex
device stacks and the impact of charge transport layers on the measurement techniques. Here we develop
a simple and openly accessible step model that approximates drift-diffusion simulations. The step model is
based on the expression of the charge density in the ionic and electronic accumulation and depletion layers
as step functions. We can then accurately determine the impact of mobile ions on the dc potential distribu-
tion of perovskite solar cells. Furthermore, we can simulate electrical measurement techniques commonly
used to quantify mobile ions: capacitance transient, current transient, and capacitance-frequency measure-
ments. By validating the step model with drift-diffusion simulations, we show that an accurate extraction
of ion density, diffusion coefficient, and activation energy is possible in an accessible range. We finally
apply the step model developed to estimate the ionic conductivity and activation energy of perovskite solar
cells.

DOI: 10.1103/mr3l-jg9h

I. INTRODUCTION

The efficiency of single-junction perovskite solar cells
reached 27.0 % in 2024, directly competing with silicon-
based solar cells, with an efficiency of 27.3 % [1,2]. Also,
the longevity of perovskite solar cells has significantly
increased in recent years, with operational stability now
reaching thousands of hours [3,4]. This value, however,
is still not enough and hinders the commercialization
of perovskite-based solar cells. Stability issues are often
related to mobile ions in the perovskite. These can migrate
into the charge transport layers (CTLs), introducing traps
and decreasing the conductivity [5]. Ion-induced phase
segregation in mixed-halide perovskites has been linked
to open-circuit voltage losses [6,7]. Additionally, mobile
ions can significantly alter the potential distribution of per-
ovskite solar cells by screening the built-in voltage, which
can lead to significant short-circuit current losses. This
change in current leads to hysteresis in J -V measurements
if the scan speed matches the timescale of ion migration
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[8–10]. To better understand the impact of mobile ions
on the stability of perovskite solar cells, an accurate char-
acterization of the ionic conductivity and the ion den-
sity is important. Electrical measurements are becoming
increasingly popular to quantify mobile ions due to their
ease of use and nondestructive nature. These techniques
include transient current measurements (also known as
bias-assisted charge extraction) [9,11–13], impedance and
capacitance spectroscopy [14–16], and measurements of
capacitance transients (also known as transient ion drift)
[17,18]. However, interpretation of the results is diffi-
cult, as transport layers can significantly impact electrical
measurements [19,20]. One prominent example is capac-
itance transient measurements. Contrary to our initially
proposed interpretation [18], we later showed that most of
the dynamics in this measurement technique occur due to
a modulation of the transport layer capacitances [21]. One
option to circumvent the impact of transport layers on elec-
trical measurements is to focus on the characterization of
transport-layer-free devices [13,14,16]. Another option is
to account for the impact of transport layers by the use of
drift-diffusion simulations, a common tool to understand
the device physics of perovskite solar cells [22–25]. How-
ever, drift-diffusion simulations can be computationally
intensive, which makes screening large ranges of device
parameters difficult. A compromise between accuracy and
simplicity is to approximate drift-diffusion simulations
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with a model that is computationally less intensive and still
describes the device reasonably accurately. One example
is the surface polarization model developed by Courtier
et al. [26,27], which is based on an accurate, yet still
complex approximation of the Debye accumulation layers.
Bertoluzzi et al. [28] developed an elegant approximation
of the potential distribution in the perovskite by approx-
imating the net charge density of the ionic accumulation
and depletion layers as step functions and estimated mobile
ion densities on the basis of current transient measure-
ments. However, their model did not account for poten-
tial drops in the transport layers and allowed only the
approximation of current transients.

Here we extend the model proposed by Bertoluzzi
et al. [28] to approximate current transient, capacitance
transient, and capacitance-frequency measurements of
complete devices in the dark. The time-dependent mea-
surements chosen can easily be applied to characterize
ionic processes in the second-to-hour range. Capacitance-
frequency measurements are especially suitable for ionic
processes in the millisecond-to-second range. Therefore,
the techniques chosen cover all timescales on which ion
migration occurs. Furthermore, combining the different
techniques is a powerful way to cross-validate the results
[16]. The model is based on approximation of the net
charge density in the ionic accumulation and depletion
layers in the perovskite and the depletion layers in the
CTLs with step functions. This description allows an accu-
rate approximation of the potential through perovskite
solar cells. We further extend the model by computing the
time-dependent charge and potential distributions depend-
ing on the ionic conductivity of the perovskite, resulting
in an approximation of current transient measurements.
Additionally, we solve the small-signal solution, allow-
ing us to compute capacitance transient measurements and
capacitance-frequency measurements at 0 V dc bias. Here-
after, we refer to the approximation as the “step model.”
By benchmarking the step model with drift-diffusion sim-
ulations using the simulation software SETFOS [29], we
demonstrate that we can accurately determine the ionic
conductivity and, in a range, also the ion density of per-
ovskite solar cells. Lastly, we experimentally determine
the ionic conductivity of triple cation perovskite solar cells
by fitting the step model to capacitance transient, current
transient, and capacitance-frequency measurements.

In combination with the simplicity of the measurements,
the model developed here offers a powerful tool to quan-
tify mobile ions in perovskite solar cells and is openly
accessible [30].

II. RESULTS AND DISCUSSION

To derive a model for the capacitance transient, cur-
rent transient, and capacitance-frequency measurements,

we first have to make some assumptions about the per-
ovskite solar cell. Similarly to other studies [28,31,32], we
assume that halide vacancies V+

X are the dominant migrat-
ing species due to their lower activation energy, which has
been theoretically predicted [33–35]. We further assume
that these mobile halide vacancies are compensated by
immobile anion vacancies V−

A [36] or halide interstitial
ions X −

i [37], leading to overall charge neutrality in the
perovskite. Because all measurements are done in the
dark and at 0 V dc bias, the electric carrier density in
the perovskite and the minority carrier density at the per-
ovskite/CTL interfaces are low. Thus, recombination in
the bulk and at the interfaces will not significantly impact
the measurements. Therefore, we do not include recom-
bination processes in the model. We additionally assume
that defect doping is negligible, which has been shown
for well-performing lead-based perovskite solar cells [38].
Consequently, we assume that the mobile ionic carriers
dominate the potential profile in the perovskite. The impact
of mobile halide vacancies on the potential of a device is
illustrated in Fig. 1. In Fig. 1(a), positively charged mobile
halide vacancies are distributed homogeneously through-
out the perovskite. In this case, because the net charge
density in the perovskite is zero (due to compensation by
negative ions), the potential drops linearly within the per-
ovskite. We refer to this case as “no screening.” In the
second case, in Fig. 1(b), the halide vacancies accumu-
late at the hole transport layer (HTL)/perovskite interface,
screening the built-in voltage of the device. The accu-
mulation of halide vacancies comes with a simultaneous
depletion of halide vacancies at the perovskite/electron
transport layer (ETL) interface and a depletion of elec-
tronic carriers in the CTLs [21]. Altogether, the potential
drops mainly in the CTLs and the ionic accumulation and
depletion layers. We refer to this case as “screening.” In
equilibrium at 0 V applied bias, the device is in the screen-
ing case. When a voltage pulse is applied to the device,
like in current transient or capacitance transient measure-
ments, as illustrated in Fig. 1(c), mobile ions diffuse away
from the interface. Then, after removal of the applied bias,
the device potential is similar to that in the no screening
case. With increasing time, more and more ions drift to
the HTL/perovskite interface, ultimately resulting in the
screening case. In capacitance-frequency measurements
at 0 V, the device is in the screening case. At high fre-
quencies, the geometrical capacitance Cgeo of the device
is probed, as illustrated in Fig. 1(c). At low frequencies,
the capacitance increases due to ionic polarization [20,39].

To illustrate the step model, we compare it with drift-
diffusion simulations of a semiconductor stack resembling
a perovskite solar cell. The device stack is illustrated
in Fig. 1(a), and the simulation parameters are listed
in Table S1 in Supplemental Material [40]. For illus-
tration purposes, we use a slightly doped HTL and a
slightly doped ETL, ND,ETL = NA,HTL = 5 × 1017 cm−3,
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FIG. 1. Impact of mobile ions on the potential in a perovskite solar cell. In the no screening case in (a), the mobile ions are distributed
homogeneously, and the potential drops linearly across the perovskite. In the screening case in (b), the mobile ions accumulate at the
HTL/perovskite interface, screening the built-in voltage of the device, resulting in a flat potential in the perovskite bulk. (c) Capacitance
transient C(t) and current transient J (t) after a voltage pulse V(t) and capacitance-frequency C(f ) techniques.

with different dielectric constants (εr,HTL = 4 and εr,ETL
= 8). First, we focus on approximating the DC solution of
the potential and net charge density, which will enable the
calculation of current transients. Then, we focus on apply-
ing the sinusoidal steady state analysis [41] to approximate
capacitance transient and capacitance-frequency measure-
ments.

A. Approximation of the dc solution

Our first focus is to approximate the dc potential pro-
file within the perovskite solar cell, which is dominated
by mobile ions. Bertoluzzi et al. [28] showed that approx-
imating the charge density of the ionic accumulation and
depletion layers within the perovskite with step functions
leads to good agreement with drift-diffusion simulations.
However, their model accounted only for the approxima-
tion of the potential in the perovskite layer (not taking
CTLs into account). Therefore, we extend the step func-
tion approximation and apply it to the depletion layers in

the CTLs. Figures 2(a) and 2(b) illustrate the approxima-
tion of the net charge densities for the earlier described no
screening and screening cases. We divide the device into
five regions, shown in Figs. 2(a) and 2(b). At the interfaces
between the perovskite and the CTLs, we define the ionic
accumulation layer and the ionic depletion layer in the
perovskite (regions II and IV). Their net charge densities
and widths are enII and wII, and enIV and wIV, respec-
tively. In the perovskite bulk, the net charge density enIII
is zero, as the mobile ions and the immobile ions com-
pensate each other. The accumulation of mobile ions at the
HTL/perovskite interface leads to a depletion of holes from
the HTL (region I). We define the charge density and width
of this depletion layer as enI and wI. Similarly, the deple-
tion of mobile ions at the perovskite/ETL interface leads to
a depletion of electrons from the ETL (region V), which we
describe with the charge density enV and width wV. With
this, we can summarize the net charge density in the device
as follows:

ρ(x) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

−enI in region I (depletion layer in the HTL),
enII in region II (ionic accumulation layer in the perovskite),
0 in region III (perovskite bulk),
−enIV in region IV (ionic depletion layer in the perovskite),
enV in region V (depletion layer in the ETL),
0 otherwise,

(1)
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where e is the elementary charge. We can calculate the
position-dependent one-dimensional electric field E(x)
through the device with Gauss’s law [42]

dE(x)
dx

= ρ(x)
ε

(2)

and the potential profile �(x) through the device with

d�(x)
dx

= −E(x). (3)

A detailed derivation of the electric field and potential is
given in Supplemental Material [40]. Ultimately, we arrive
at an expression for the individual potential drops within
the different regions:

�� =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

enIw2
I

2ε0εr,HTL
in region I (depletion layer in the HTL),

enIIw2
II

2ε0εr,pero
− EbulkwII in region II (ionic accumulation layer in the perovskite),

−Ebulk(dpero − wII − wIV) in region III (perovskite bulk),
enIVw2

IV
2ε0εr,pero

− EbulkwIV in region IV (ionic depletion layer in the perovskite),
enVw2

V
2ε0εr,ETL

in region V (depletion layer in the ETL),

(4)

where Ebulk is the electric field in region III, ε0 is the
vacuum permittivity, and εr,HTL, εr,pero, and εr,ETL are the
relative permittivities in the different layers. The overall
sum of these potential drops has to equal the potential dif-
ference at the electrodes, which is dependent on the built-in
potential VBI and the externally applied bias Vapp [27]:

VBI − Vapp = ��I + ��II + ��III + ��IV + ��V

(5)

= e
2ε0

(
nIw2

I

εr,HTL
+ nIIw2

II

εr,pero
+ nIVw2

IV

εr,pero
+ nVw2

V

εr,ETL

)

− Ebulkdpero. (6)

Some of the densities and widths are readily accessible
from the device parameters. For example, the carrier den-
sity in the ionic depletion region nIV can be approximated
with the density of immobile negative ions, which is sim-
ply the ion density Nion. Furthermore, the carrier densities
in the depletion layers are the doping densities of the
transport layers NA,HTL and ND,ETL. Additionally, the total
charge in the ionic accumulation layer and the ionic deple-
tion layer has to be equal (enIIwII = enIVwIV). Assuming
there is no polarization at the interfaces, the electric dis-
placement field throughout the device and, importantly, at
the interfaces, must be constant, resulting in expressions
for the depletion and accumulation widths in the trans-
port layers as a function of nII. Lastly, we can approximate
the width of the ionic accumulation layer with the Debye

length [28]:

LD =
√

ε0εr,perokBT
e2Nion

, (7)

where kB is the Boltzmann constant and T is the tempera-
ture. With these constraints and simplifications, we finally
arrive at an expression for the bulk electric field Ebulk that
depends only on the density of accumulated ions at the
HTL/perovskite interface (see Sec. S1 A in Supplemental
Material [40] for the complete derivation).

Next, we introduce time dependence into the step model.
The starting point is the no screening case depicted in Figs.
2(a) and 2(c), which illustrate the charge densities and
potential after application of a voltage pulse. In this case,
the density of accumulated ions at the HTL/perovskite
interface is low [see Fig. 2(a)], leading to a large potential
drop in the perovskite bulk [see Fig. 2(c)], and conse-
quently a large bulk electric field Ebulk. This electric field
drives mobile ions to the HTL/perovskite interface when
the voltage pulse is removed. We can, therefore, express
the time-dependent change of accumulated ions at the
interface as [32,43]

dnII(t)
dt

= − 1
ewII

eNionμionEbulk(t)︸ ︷︷ ︸
Jion(t)

(8)

= − 1
wIIkBT

eNionDionEbulk(t), (9)
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FIG. 2. Comparison of the net charge density simulated with drift-diffusion (DD) simulations and the step model for (a) the
no screening case and (b) the screening case. (c) Comparison of the potentials simulated with the step model and drift-diffusion
simulations.

where μion is the mobility and Dion is the diffusion
coefficient of mobile ions. This is an ordinary differen-
tial equation, as the electric field Ebulk(t) depends on
the density of accumulated ions nII(t) [see Eq. (S41) in
Supplemental Material [40] ]. After the applied bias is
removed, more and more mobile ions accumulate at the
HTL/perovskite interface. Simultaneously, the potential
drop in all depletion and accumulation layers increase,
resulting in a smaller bulk electric field and, consequently,
a smaller ionic current. Finally, when enough mobile ions
accumulate at the HTL/perovskite interface, the built-in
potential is screened, and no more ions will accumu-
late at the interface, resulting in the screening case in
Fig. 2(b) and the corresponding potential in Fig. 2(c).
We can solve the differential equation numerically. The
result is a time-dependent density of accumulated ions at
the HTL/perovskite interface nII(t). With nII(t), we can
calculate the time-dependent net charge densities in all
other regions and approximate the time-dependent poten-
tial within the device. Figures 2(a) and 2(b) show good
agreement between the approximated net charge den-
sities and drift-diffusion simulations. The approximated

potential distributions within the device for both the no
screening case and the screening case also agree well with
the drift-diffusion simulations, as shown in Fig. 2(c).

When the applied bias is high enough, mobile ions
can accumulate at the opposite perovskite/ETL interface.
Then, the ionic depletion layer is at the HTL/perovskite
interface, whereas the ionic accumulation layer is at the
perovskite/ETL interface, which is illustrated in Fig. S5(a)
in Supplemental Material [40]. At even higher voltages,
electronic carriers will screen the accumulated ions at
the perovskite/CTL interfaces [see Fig. S5(b)]. Impor-
tantly, the step model can also approximate the potential
in undoped CTLs as shown in Fig. S6 in Supplemental
Material [40]. Interface effects, such as polarization, are
currently not accounted for by the step model. Addition-
ally, doping in the perovskite layer is not included in the
step model, but could significantly impact the potential
distribution, for example, in tin-based perovskites [44].

With the dc solution of the potential, we can compute
the current transient after application of a voltage pulse. In
the center of the perovskite, the current density depends on
the ionic current and the displacement current due to the
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change in the electric field. Because the current density is
constant throughout the device, we can define the extracted
current as

Jdc(t) = eNionμionEbulk(t) + ε0εr,pero
dEbulk(t)

dt
. (10)

A comparison of the approximated current transient simu-
lations with drift-diffusion simulations is discussed in Sec.
S1 A in Supplemental Material [40].

B. Approximation of the ac solution

Now that we have found an approximation of the dc
potential and net charge density, we can focus on solv-
ing the device capacitance. We aim to approximate the
high-frequency capacitance as a function of time after
application of a voltage pulse (capacitance transients) and
the capacitance at 0 V at different frequencies (capacitance-
frequency measurements). To compute the capacitance,
we choose the sinusoidal steady state analysis, first intro-
duced by Laux [41] and previously applied to organic and
inorganic semiconductors [45–47]. This method is based
on linearizing the Poisson equation and the electron and
hole current continuity equations around a dc operating
point. To simplify the derivation, we first express the non-
time-dependent terms in the Poisson and current continuity
equations in terms of F�, Fn, and Fp :

F�(�, n, p) = ε

e
d2�

dx2 + (p − n) = 0, (11)

Fn(�, n, t) − dn
dt

= 1
e

djn
dx

− rn − dn
dt

= 0, (12)

Fp(�, n, t) − dp
dt

= −1
e

djp
dx

− rp − dp
dt

= 0, (13)

where jn and jp are the electron and hole current densities,
and rn and rp represent the electron and hole recombina-
tion. Because the techniques we focus on are performed
in the dark, we can assume that rn and rp are negligible.
We then extend the electron and hole densities and the
potential into a dc term and an ac term:

� = �dc + �aceiωt, (14)

n = ndc + naceiωt, (15)

p = pdc + paceiωt, (16)

where i is the imaginary unit, and ω = 2π f is the angu-
lar perturbation frequency. After linearizing the Poisson

and current continuity equations, we arrive at a system of
equations:

⎡

⎢
⎣

dF�

d�

dF�

dn
dF�

dp
dFn
d�

dFn
dn − iω dFn

dp
dFp
d�

dFp
dn

dFp
dp − iω

⎤

⎥
⎦ ·

⎡

⎣
�ac

nac

pac

⎤

⎦ = 0, (17)

which we can solve numerically for the position-dependent
ac potential �ac, ac electron density nac, and ac hole den-
sity pac. We can add a time dependency by solving Eq.
(17) for the dc potentials and carrier densities during the
transient. A detailed explanation of this derivation and the
discretization of the semiconductor equations following
Ref. [48] is given in Sec. S1 B in Supplemental Material
[40]. In the case of capacitance transient simulations, we
do not account for the contribution of ions to the small
signal solution. We can make this simplification because
the perturbation frequency is high. Thus, the contribution
due to ionic polarization to the alternating current can
be disregarded. When simulating capacitance-frequency
measurements, we take mobile ions into account when
computing the ac solution, as mobile ions dominate the
ac solution at low frequencies. A comparison of capac-
itance transient and capacitance-frequency measurements
with drift-diffusion simulations is given in Sec. S1 B in
Supplemental Material [40].

C. Validation of the step model

We can now approximate the three measurement
techniques: capacitance transient, current transient, and
capacitance-frequency measurements. For the capacitance
transient and current transient approximation, we solve
the dc solution after application of a voltage pulse. The
current density then follows from Eq. (10). For the capac-
itance transients, we solve the ac solution at each point in
time at a perturbation frequency that is high enough so we
can assume that no mobile ions contribute to the capaci-
tance, in this case 20 kHz. For the capacitance-frequency
technique, we solve the ac solution at 0 V dc bias and var-
ious frequencies. When directly comparing the step model
with drift-diffusion simulations, as illustrated in Figs. S7,
S10, and S11 in Supplemental Material [40], we generally
observe only a slight offset between the step model and
the drift-diffusion simulations. This difference illustrates
that these techniques are sensitive to the minor differ-
ences in the dc solution between the step model and the
drift-diffusion solution.

To validate the step model developed, we, therefore,
choose to fit data generated with drift-diffusion simula-
tions. We use the parameter set in Table S1 in Supple-
mental Material [40] for the drift-diffusion simulations and
the step model. We simulate transients with voltage pulses
of 0.8, 0.9, 1.0, and 1.1 V with drift-diffusion simulations
and use the step model to fit the free parameters. We are
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FIG. 3. Drift-diffusion (DD) simulations of (a) capacitance transient, (b) current transient, and (c) capacitance-frequency measure-
ments. The dashed lines are fits with the step model. The ion density set in the drift-diffusion simulations is 1017 cm−3. The fitted ion
density and diffusion coefficient are listed in Table I.

interested mainly in determining the density and diffusion
coefficient of the mobile ions. However, to account for
the offset between the step model and the drift-diffusion
simulations, we need to add additional fitting parameters.
Here we choose to also fit the doping density of the ETL
NETL and the dielectric constant of the perovskite εr,pero.
Figure 3 shows results for the three different techniques
for an ion density of 1017 cm−3 and an ionic diffusion coef-
ficient of 9.1×10-11 cm2/s at 300 K fitted with the step
model. The extracted ion density is 1.1×1017 cm−3, which
is in good agreement with the density set in the drift-
diffusion simulations. The extracted diffusion coefficient of
1.0×10-10 cm2/s also matches the diffusion coefficient set in
the drift-diffusion simulations well.

To test the limitations of the step model, we then fit a
range of ion densities between 5×1016 and 5×1018 cm−3,
which are shown in Fig. S2 in Supplemental Material [40].
The extracted ion densities, diffusion coefficients, and ionic
conductivities are listed in Table I. Ion densities below
5×1017 cm−3 can be determined accurately. For ion den-
sities of 5×1017 and higher, the drift-diffusion simulations
can be fitted with a range of ion densities and diffusion
coefficients. This occurs when a significant fraction of
the perovskite bulk is screened by mobile ions. Then, ion

densities cannot be determined anymore [49]. This is illus-
trated in Fig. S13 in Supplemental Material [40], where
we compare the fit residual of the drift-diffusion simula-
tions with ion densities of 1017 and 1018 cm−3. For an ion
density of 1017 cm−3, the fit in Fig. S13(a) converges to
one ion density and diffusion coefficient. In contrast, for
an ion density of 1018 cm−3, the fit converges to a product
of ion density and diffusion coefficient, which is propor-
tional to the ionic conductivity [see Fig. S13(b)]. This
limitation is further illustrated in Fig. S13(c), where a clear
minimum for a set ion density of 1017 cm−3 is visible. In
contrast, for a set ion density of 1018 cm−3, the residual
decreases as the ion density increases and does not show
a significant difference for ion densities of 5×1017 cm−3

and higher. The step model also allows the easy compu-
tation of the fraction of the bulk where the electric field
is zero, i.e., the electric field is screened. Figure S14 in
Supplemental Material [40] shows this fraction for dif-
ferent ion densities. As can be seen, for ion densities of
around 3×1017 cm−3 and higher, more than 90 % of the
perovskite bulk is screened. This shows that simply check-
ing if a significant fraction of the bulk is screened for
a given ion density is a good way to verify extracted
ion densities. Even though we cannot determine the ion
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TABLE I. Ion densities Nion, diffusion coefficients Dion,300 K, and ionic conductivities σion,300 K when drift-diffusion simulations are
fitted with the step model. For ion densities of 5×1017 cm−3 and higher, only the ionic conductivity can be determined.

Nion (cm−3) Dion,300 K (cm2/s) σion,300 K (S/cm)

Set Fit Set Fit Set Fit

5.0×1016 5.8×1016 9.1×10-11 1.2×10-10 2.8×10-11 4.3×10-11

1.0×1017 1.1×1017 9.1×10-11 1.0×10-10 5.7×10-11 7.1×10-11

5.0×1017 · · · 9.1×10-11 · · · 2.8×10-10 3.1×10-10

1.0×1018 · · · 9.1×10-11 · · · 5.7×10-10 6.5×10-10

5.0×1018 · · · 9.1×10-11 · · · 2.8×10-9 3.1×10-9

density, we can still accurately estimate the ionic con-
ductivity, which is listed in Table I. We additionally fit
temperature-activated capacitance transients, current tran-
sients, and capacitance-frequency measurements, shown
in Fig. S15 in Supplemental Material [40]. With the step
model developed, we can accurately predict the activation
energy of 0.3 eV, set in the drift-diffusion simulations.

D. Application of the step model to a measured device

We now apply the step model to quantify the properties
of mobile ions in an experimental realization of a per-
ovskite solar cell in the configuration indium tin oxide/(2-
(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic acid
(Meo-2PACz)/cesium-methylammonium-formamidinium

Cs0.05(MA0.05FA0.95)0.95 Pb(I0.95Br0.05)3/C60/bathocupr-
oine/Cu [50]. An exemplary current density vs voltage
measurement is shown in Fig. S16 in Supplemental Mate-
rial [40]. We performed capacitance transient, current
transient, and capacitance-frequency measurements at dif-
ferent temperatures; see Fig. S17 in Supplemental Material
[40]. Details about the fabrication process and the char-
acterization are described in Sec. S3 in Supplemental
Material [40]. With increasing temperature, the capaci-
tance transient measurements in Fig. S17(a) shift to shorter
times, while the capacitance in Fig. S17(c) shifts to higher
frequencies. This trend is in line with a temperature-
activated ionic conductivity. Interestingly, we observe a
decrease of the initial current amplitude in the current
transient measurements in Fig. S17(b) for temperatures

(a) (b)

(c) (d)

10–3 10–2 10–1 100 101

10–1 100 101 102 103 104 105 106

Time (s)

Frequency (Hz)

10–2 10–1 100 101

Time (s)

1.1 V

1.1 V

1.0 V

1.0 V

0.9 V

0.9 V

0.8 V

0.8 V

t = 10 s

t = 10 ms

t = 10 ms

FIG. 4. (a) Capacitance transient, (b) current transient, and (c) capacitance-frequency measurements of a perovskite solar cell. The
dashed lines are fits with the step model. (d) Approximated potential at 0 V, 10 ms and 10 s after the voltage pulses of 0.8 V or 1.1 V
are removed. The markers link the potential distributions to the capacitance and current transient plots.
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TABLE II. Average values for the ionic conductivity at 260 and 300 K and the activation energy of the diffusion coefficient Ea,ion
extracted from fitting capacitance transient C(t), current transient[J (t), and capacitance-frequency C(f ) measurements. The values are
the average values and standard deviations from fitting three different devices.

Technique σion,260 K (S/cm) σion,300 K (S/cm) Ea,ion (eV)

C(t) (1.0 ± 0.4) × 10−10 (4.0 ± 1.6) × 10−10 0.25 ± 0.01
J (t) (0.7 ± 0.2) × 10−10 · · · · · ·
C(f ) (2.0±)0.8 × 10−10 (1.4 ± 0.3) × 10−9 0.36 ± 0.03

greater than 280 K. However, we expect the current ampli-
tude to increase with increasing temperature due to the
higher ionic conductivity, as illustrated in the temperature-
dependent current transient simulations in Fig. S15. Pos-
sibly, the current transient measurements at higher tem-
peratures are impacted by additional temperature-activated
processes influencing, for example, the charge transport
layers [20] or creating additional ions [35]. The unexpected
temperature dependency of the current transients illustrates
the complexity of their interpretation. The precise origin of
the decrease in the current amplitude is beyond the scope
of this work. We therefore focus on the regime between
260 and 280 K, the region where we observe the expected
behavior of an increasing current amplitude. The mea-
surements at 260 K are shown in Fig. 4. Because we do
not know the initial distribution of the mobile ions, we
measure the capacitance and current transients at different
voltage pulses from 0.8 to 1.1 V. In the capacitance tran-
sient measurements in Fig. 4(a), the capacitance remains
almost unchanged for voltages of 0.8 and 0.9 V. Then, at
1.0 and 1.1 V the initial capacitance increases significantly.
Also, in the current transient measurements in Fig. 4(b), we
observe an increase in the current amplitude with applied
voltage. The capacitance-frequency measurements in Fig.
4(c) show the expected increase of the capacitance at low
frequencies due to ionic polarization [20,39]. To unravel
the device parameters and ionic properties, we fit the mea-
surements with the step model developed . The device
parameters used in the step model are listed in Table S2.
We assume that the ETL is moderately doped. If that
were not the case, most of the potential would drop in
the ETL, and there would be almost no accumulation of
ions at the HTL/perovskite interface. This situation would
lead to little change in the amplitude of the capacitance
transient measurements and only a small increase in the
low-frequency capacitance in the capacitance-frequency
measurements. For many device parameters, including the
doping density of the ETL, the conduction band offset of
the ETL, the work function of the anode, and the dielec-
tric constants of the different layers, we can only estimate
a range. We, therefore, start by globally fitting the capac-
itance transient and capacitance-frequency measurements
to estimate these parameters. The results are listed in Table
S3 in Supplemental Material [40]. We can estimate the
built-in potential of the device (the difference between the

work function of the anode and the conduction band of the
doped ETL), an often unknown parameter, to be around
1.0 V. We then individually fit the different measurements,
focusing only on the ionic parameters, which are illus-
trated as dashed lines in Fig. 4 and show good agreement
with the measurements. As a result, we get insight into
the approximated potential and net charge density [see Fig.
4(d)] and can explain the origin of the increasing amplitude
in the capacitance transient and current transient measure-
ments. The increase of the capacitance at voltages of 1.0
and 1.1 V is due to mobile ions that accumulate at the per-
ovskite/ETL interface during the voltage pulses. Simulta-
neously, mobile ions are depleted from the HTL/perovskite
interfaces. The ions accumulated at the perovskite/ETL
interface are then screened by electrons at the interface
[evident in the flat and slightly increasing potential for
Vapp = 1.1 V and t = 10 ms at the perovskite/ETL inter-
face in Fig. 4(d)]. The accumulation of electronic charges
then leads to the larger initial capacitance. In contrast, for
a voltage pulse of 0.8 V, the ETL is already depleted at
10 ms [see Fig. 4(d)], explaining the low value of the ini-
tial capacitance. The increased accumulation of ions at the
ETL interface with increasing voltage also leads to a higher
bulk electric field [higher slope of the potential in Fig.
4(d)], explaining the increased amplitude in the current
transient measurements. We note that the shoulder at short
times in the 1.1 V current transients originates from a slight
discontinuity in the electric field solution when switching
from the reverse accumulation case (ions accumulated at
the ETL interface) to the normal accumulation case (ions
accumulated at the HTL interface).

Regarding the ionic parameters, we cannot determine
the ion density, because a significant fraction of the per-
ovskite is screened, as can be seen in Fig. 4(d). This results
in no clear minimum of the residual (see Fig. S18 in Sup-
plemental Material [40]). Therefore, we can only extract
the ionic conductivity from electronic measurements. At
260 K, the extracted ionic conductivities show good agree-
ment between the techniques, with ionic conductivities
of 1.0×10-10 S/cm for capacitance transient measurements,
0.7×10-10 S/cm for current transient measurements, and
2.0×10-10 S/cm for capacitance-frequency measurements
(see Table II). The characteristic times of the different mea-
surements also allow estimation of the scan rate at which
the ion-induced loss would result in significant hysteresis.
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(a) (b)

320 K

320 K

260 K
260 K

10–3 10–2 10–1 10–1 100 101 102 103 104 105 106100 101

Time (s) Frequency (Hz)

FIG. 5. (a) Capacitance transient and (b) capacitance-frequency measurements at temperatures from 260 to 320 K in steps of 10 K.
The dashed lines are fits with the step model.

Lastly, we determine the activation energy on the basis
of the capacitance transient and capacitance-frequency
measurements at different temperatures. We do not extract
the activation energy from the current transient measure-
ments because we cannot capture the decreased current
amplitude at higher temperatures with the step model.
Assuming a temperature-activated ionic diffusion coeffi-
cient [51,52]

Dion = D0e− Ea,ion
kBT , (18)

with prefactor D0 and activation energy Ea,ion, we fit the
capacitance transient and capacitance-frequency measure-
ments, as Fig. 5 illustrates. We extract an activation energy
of 0.25 eV for the capacitance transient measurements
and an activation energy of 0.36 eV for the capacitance-
frequency measurements. We attribute the discrepancy
between the activation energies to the difference in the
operation point of the techniques. In transient techniques,
we apply a bias before the measurement during which we
possibly activate mobile ions. In contrast, the capacitance-
frequency measurements are performed at 0 V dc bias.
Additionally, the capacitance and current transient mea-
surements are mainly sensitive to the perovskite bulk,
whereas the capacitance-frequency measurements mainly
probe the interface between the perovskite and the CTLs.
Local differences between the bulk and the interfaces can,
therefore, result in differences between the extracted prop-
erties of the mobile ions. Finally, we calculate the ionic
conductivities at 300 K, which are listed in Table II. For
the capacitance transient measurements, we extract an
ionic conductivity of 4.0×10-10 S/cm. For the capacitance-
frequency measurements, we get a value of 1.4×10-9 S/cm.
These values lie in a typical range of ionic conductivities
observed in perovskite solar cells [12,53].

III. CONCLUSION

In this work, we have developed an approach to
characterize mobile ions based on capacitance transient,

current transient, and capacitance-frequency measure-
ments. The approach is based on approximating drift-
diffusion simulations with a computationally inexpensive
model. Expressing the net charge density of ionic accu-
mulation and depletion layers and, crucially, the depletion
layers in the CTLs leads to an accurate approximation
of the dc potential. After introducing a time dependency
in the dc solution and calculating the ac solution on the
basis of the sinusoidal steady-state analysis, we could
approximate capacitance transient, current transient, and
capacitance-frequency measurements. We then validated
the step model by extracting ionic parameters from drift-
diffusion simulations. Within the accessible regime, we
could accurately determine the ion densities and diffusion
coefficients. Above an upper threshold where electrical
measurements do not allow an accurate estimation of ion
densities, we could still accurately determine the ionic con-
ductivity. Lastly, we applied the step model to characterize
perovskite solar cells. We fit the results obtained with three
measurement techniques, capacitance transient, current
transient, and capacitance-frequency measurements, with
the step model, resulting in valuable information about
device parameters such as the built-in potential, which we
determined to be around 1.0 V. With the step model, we
could then extract an ionic conductivity between 4.0×10-10

and 1.4×10-9 S/cm and an activation energy between 0.25
and 0.36 eV.

Overall, the balance between the simplicity and accu-
racy of the step model developed allows an accurate char-
acterization of mobile ionic carriers in perovskite solar
cells. Furthermore, in combination with the simplicity of
electrical measurements, the step model offers a powerful
tool to study ion migration in perovskite solar cells and is
openly accessible [30].
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