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1. Introduction

Understanding and mitigating the migra-
tion of mobile ions in perovskite-based
(tandem) solar cells (PSCs) remain one
of the greatest challenges toward their
commercialization, affecting both device per-
formance and stability.[1–7] Characterization
of ion-related losses is therefore of great
importance for highly efficient and reliable
PSCs. Capacitance-basedmethods are widely
used for emerging solar cell technologies like
PSCs to assess internal device parameters
like built-in potentials, doping densities,
mobilities, and many more.[8,9] However,
the validity and applicability of these meth-
ods for PSC are not straightforward and
information obtained from capacitance-
based methods for PSC needs to be revised
as pointed out, e.g., by Ravishankar et al.[10]

While previous studies contributed to the
understanding of the complex interplay of
capacitances within PSCs even without
considering ionic movement,[10] a recent
publication on transient capacitance
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Understanding the behavior of mobile ions in perovskite-based solar cells (PSCs)
is crucial for improving their performance and stability, which belong to the key
hurdles in advancing this technology toward commercialization. This study
explores the role of mobile ions in PSCs using the comprehensive technology
computer-aided design model which is extended to simulate the frequency-
dependent capacitance (C–f ) of PSCs. It is compared with equivalent circuit
approaches showcasing the validity and advantages of full device modeling. By
combining the simulation of full measurement procedures with C–f and J–V
measurements on experimental test structures, the observed C–f characteristics
can be quantitatively related to performance losses in scan-time-dependent J–V
curves, both originating from ion diffusion. With this combined analysis, insights
can be provided on the physical origin and interpretation of the different C–f
plateaus caused by the displacement of ions. Finally, the C–f characteristics of
PSCs under illumination and the impact of band alignment and recombination at
the perovskite interface are investigated. Experimental PSCs with and without
electron-transport layer passivation are fabricated, showing a good agreement
between the simulated and measured C–f and pointing toward a lower surface
recombination for the passivated PSC. This study shows how drift-diffusion
modeling helps to characterize and interpret capacitance-based data.
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measurements in PSCs[11] has shown further experimental evi-
dence, suggesting that multiple ion species are involved.
However, besides few publications,[7] priorly used simulation mod-
els lack the consideration of more than one type of ion species, as
well as the relation to more commonly assessedmeasurements like
reverse and forward scans of current–voltage curves (J–V ).

Within the scope of this work, a comprehensive and experi-
mentally validated optoelectrical simulation model[5] for PSCs
in Sentaurus technology computer-aided design (TCAD)[12]

was extended to simulate frequency-dependent capacitance–
voltage (C–f ) characteristics, with the ability to consider different
types of mobile ions. Our study focuses on PSCs with bandgaps
of 1.83 and 1.53 eV intended for use as top and middle cell in a
perovskite/perovskite/silicon triple-junction solar cell, respec-
tively. However, the simulation model is generally applicable
to any kind of perovskite-based device, including perovskite/
silicon tandem and triple-junction solar cells.[5,13] In a first sec-
tion, we introduce the TCAD model and the modeling approach
for small-signal AC analysis, followed by a model validation
against previous modeling approaches like equivalent circuit
(EC) models, including showcases of the impact of geometrical
capacitances and the influence of doped contacts and Schottky
barriers. In the following section, the impact of mobile ions is
elaborated in a general simulation study, followed by experimen-
tal validation with perovskite single-junction solar cells that were
fabricated and measured at IMEC determining their current–
voltage ( J–V ) characteristics, as well as the capacitance–
frequency (C–f ) behavior. The C–f and J–V measurements
demonstrate good agreement with the simulation model. The
study could correlate the ionic properties derived from C–f char-
acterization to the observed scan-time-dependent hysteresis of
measured J–V curves, providing valuable insights into the behav-
ior of mobile ions and their impact on PSC performance.
By means of the simulation model, we provide insights on
the physical origin and interpretation of the different C–f pla-
teaus caused by the displacement of ions. In the last subsection,
we investigate the C–f characteristics of PSCs under illumination
and the impact of band alignment and recombination at the
perovskite interface. For this, experimental PSCs with and with-
out electron-transport layer (ETL) passivation were fabricated at
Fraunhofer ISE and measured at IMEC, showing a good agree-
ment between the simulated and measured C–f. The objective of
this research is to enhance the comprehension of capacitance-
based methods applied to PSCs and to learn what information
can (and cannot) be extracted from capacitance measurements.
We aim to validate and improve the interpretability and reliability
of capacitance-based characterization methods, contributing to
effective design strategies for enhancing PSC performance.

2. TCAD Model for Small-Signal AC Analysis

2.1. Modeling Approach

We approach this topic by means of a comprehensive optoelec-
trical simulation model in Sentaurus TCAD[12] which we devel-
oped in several previous publications and is capable to describe
the detailed physics of perovskite-based single-junction and tan-
dem solar cells based on coupled Poisson and drift-diffusion

equations, both for electron/holes and for several types of mobile
ions (anions and cations). A detailed description of the simula-
tion model and experimental validation was published by
Messmer et al.[5] The model was extended within the scope of
this publication to be capable for small-signal AC analysis which
computes the frequency-dependent admittance matrix Y of the
specified electrical system, i.e., the PSC. For a given excitation
frequency f, it describes the equivalent small-signal model by[12]

δI ¼ Y ⋅ δV (1)

where δV and δI are the vectors of (complex-valued) voltage and
current excitations at the electrodes, respectively. The admittance
matrix can be represented as

Y ¼ Aþ i2πf ⋅ C (2)

with the real-valued conductance matrix A, the frequency f, and
the capacitance matrix C.

This work focuses on the capacitance response, i.e., the imag-
inary part of the admittance matrix Y, but the model can also be
used for other types of impedance analysis, e.g., by Nyquist plots.

2.2. Model Validation and Comparison to EC Models

We compared our drift-diffusion model (referred to as DD or
TCAD model in the following) to approaches in previous publi-
cations for consistency checks and evaluation of the differences.
Figure 1a shows an EC (or multilayer) model of a perovskite
single-junction solar cell as used, e.g., by Ravishankar et al.[10]

The EC model consists of a series resistance RS, an ETL, perov-
skite layer (Pero), followed by a hole-transport layer (HTL).
Each layer is represented by a resistor–capacitor (RC) circuit.
The capacitor accounts for the geometrical capacitance CL per
area A of each layer L, given by

CL=A ¼ ε0εr=dL (3)

where εr is the relative permittivity and dL is the thickness of layer
L. The resistor RL of each layer L is connected in parallel to the
capacitor and accounts for the layer conductivity. Each RC circuit
causes a frequency dependence of the capacitance with charac-
teristic frequency:

f L ¼ ð2π ⋅ RLCLÞ�1 (4)

¼ ð2π ⋅ ðρL ⋅ dLÞðCL=AÞÞ�1 (5)

where ρL is the resistivity of layer L. In our TCAD model, we can
calculate the resistivity ρL in dependence of the depth z via the
parallel resistivity of electrons and holes according to

ρLðzÞ ¼ ðσeðzÞ þ σhðzÞÞ�1 (6)

where σe,h ¼ q ⋅ μe,h ⋅ ne,h is the electron (hole) conductivity,
respectively. For each layer L, the local resistivity can be integrated
to obtain the total contribution of the layers’ series resistance:

RL ⋅ A ¼ ρtot ⋅ dL ¼
Z

dL

0
ρLðzÞdz (7)

which can be used in Equation (5) to calculate f L and is further-
more used as input value for comparison with the EC model.
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In the following, we will present four scenarios which show the
conformity of our TCAD model with previous work (i.e., the EC
model) and afterward we elaborate on why the models differ:

The first scenario can be seen in Figure 1b, where the band
diagram of a simple PSC is shown as obtained from the TCAD
model for the case of intrinsic (i.e., undoped) layers. It consists of
an undoped ETL with very low mobility of 10�5 cm2 Vs�1, next to
a Schottky contact with a work function of 4.2 eV and aligned to
the conduction band of the intrinsic perovskite. The hole contact
consists of an intrinsic HTL with the same low mobility of
10�5 cm2 Vs�1, next to a Schottky contact with a work function
of 5.2 eV and aligned to the valence band of the perovskite.

The detailed simulation parameters can be found in Table S1,
Supporting Information. The right axis of Figure 1b shows
the electron and hole densities as red dotted and blue dashed
lines, respectively, as well as the corresponding resistivity ρLðzÞ
as solid green line according to Equation (6) (note the different
units for the resistivity on the right axis). One can see that the
simulation parameters have been chosen in a way to obtain
“symmetric” electron/hole densities and resistivities; however,
the intrinsic layers lead to an inhomogeneous resistivity distribu-
tion throughout each layer. Furthermore, Figure 1b shows a
second example for lower resistive CTLs by choosing higher
charge-carrier mobilities of 10�3 and 1 cm2 Vs�1 for the ETL
and HTL, respectively. While the band diagram and electron/
hole densities stay unchanged, the resulting resistivity in the
CTLs is decreased by two and five orders of magnitude, respec-
tively, as can be seen by the solid orange line in Figure 1b.

A third scenario can be seen in Figure 1c which shows the
band diagram of a PSC from the DD model with doped layers
(and with ohmic contacts instead of Schottky contacts). The elec-
tron (hole) density within the ETL (HTL) was chosen in such a
way that the ETL (HTL) Fermi level is very close to the conduction
(valence) band. Furthermore, the perovskite layer features a work
function which is slightly shifted from mid-bandgap toward the
conduction band (realized by very low n-doping). The conduction
(valence) band offset at the ETL/perovskite (perovskite/HTL)
interface was chosen in such a way that the vacuum Fermi levels
of each layer are equal and therefore no built-in potential can be
seen within the perovskite layer. All parameters have been cho-
sen to achieve a homogeneous (i.e., constant) electron and hole
density, and thus, resistivity within each layer, as can be seen by
the red dotted, blue dashed, and solid blue line, respectively,
which all refer to the right axis in Figure 1c. As a fourth scenario,
we modeled a Schottky contact with a very high work function of
6 eV in contact with the HTL, which accumulates holes in the
proximity of the HTL/Schottky interface leading to a lower resis-
tivity, as shown by the highlighted lines in magenta on the right
side of Figure 1c.

These four scenarios in Figure 1b,c are now used to elaborate
on where the DD model is in agreement with the EC model and
in which cases it would predict a different behavior of the total
capacitance of the perovskite device. Figure 1d shows the simu-
lated capacitances C (per area A) as a function of the small-signal
AC frequency f at a DC voltage VDC= 0 V for both the EC (dotted
lines) and DD model (solid lines), whereby the colors are consis-
tent with the colors used for the resistivity distributions of the
four scenario in Figure 1b,c.

We first compare the first scenario of the perovskite device
with “intrinsic layers, high resistive CTLs” in Figure 1b, green.
As all three layers L are undoped and featuring low mobility, the
overall resistivities are quite high (i.e., each RL ⋅ A > 108Ω cm2);
therefore, the characteristic frequencies are all quite low (i.e.,
each f L < 10�2 Hz). Both models yield the same baseline capac-
itance (shown in Figure 1d, green lines) which is the total
geometrical capacitance Cg,tot calculated as a series connection
of the three single capacitance Cg,L (according to Equation (3)):

1
Cg,tot=A

¼ 1
ε0εr,ETL=dETL

þ 1
ε0εr,Pero=dPero

þ 1
ε0εr,HTL=dHTL

(8)
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(b) Drift Diffusion Model: Intrinsic layers
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(c) Drift Diffusion Model: Doped Layers

R
es

is
tiv

ity
 r

[�
cm

]

VDC=0, dark, w/o mobile ions

100

105

1010

1015

1020

1025

1030

1035

Electrons Holes

Resistivity

Schottky
barrier

10-2 10-1 100 101 102 103 104 105 106
20

40

60

80

100

120

140 Simulation model
 Equivalent Circuit
 Drift Diffusion

         (this work)

Modelled perovskite device
 Intrinsic, high resistive CTLs
 Intrinsic, lower resistive CTLs
 Doped CTLs
 Doped CTLs + HTL Schottkyaer

Arep
ecnat icapa

C
C

/A
]²

mc /Fn[

Frequency [Hz]

(d) Model Comparison

VDC=0, dark, w/o mobile ions

fETL

fHTL
fHTL

fHTL

Figure 1. a) Schematic overview of a typical EC model. b) Band diagram
(without applied DC bias in the dark) of an all-intrinsic perovskite single
junction with Schottky contacts derived from the DD model in Sentaurus
TCAD; the right axis refers to the electron/hole densities and local resis-
tivity. c) Band diagram from the DDmodel of an perovskite single junction
with doped CTLs and band offsets chosen to get constant resistivity within
each layer. d) Frequency-dependent capacitance per area C/A for four dif-
ferent scenarios comparing the EC model of (a) dotted lines, with the DD
model of (b) and (c) solid lines (this work).
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Therefore, the simulation results are equal as long as the
characteristic frequencies of the intrinsic layers are lower than
the regarded frequency regime. However, when regarding the
second scenario with “intrinsic layers, lower resistive CTLs” as
shown in Figure 1d in orange, the ECmodel predicts three capac-
itance plateaus (orange dotted lines) due to the two characteristic
frequencies f L of the ETL and HTL at 0.13 and 130Hz, respec-
tively, while the DD model predicts the same baseline capaci-
tance as before (here, the εr,Pero has been slightly increased
from 30 to 31 to make the two cases distinguishable). This is
a serious discrepancy inside an experimentally relevant fre-
quency range which has to be discussed: One main difference
between the EC model and the DD model is the assumption that
the depth-dependent resistivity ρLðzÞ inside an intrinsic layer can
be represented by a single ohmic (therefore homogenous) resis-
tor RL according to Equation (7). As can be seen in Figure 1b, the
resistivity is distributed highly inhomogeneous in all three intrin-
sic layers (note the logarithmic scale of the right axis). The two
CTLs feature the highest resistive contribution at the proximity to
the respective perovskite interface while ≈94% of the total resis-
tivity of the (intrinsic) perovskite layer lie inside the middle third
of the perovskite bulk, while the two outer thirds of the perovskite
bulk contribute only ≈3%, respectively. However, for “doped”
perovskite layers, this asymmetry in resistivity distribution
within the perovskite layer would be lower. Note that for multi-
layer models like in Ravishankar et al.[10] the perovskite bulk
resistance is also a recombination resistance, where they assume
shielding of the electric field in the perovskite by mobile ions.
This assumption leads to a more homogenous resistivity distri-
bution within the perovskite absorber which could result in a bet-
ter overlap between the DD model and the EC model for the case
of undoped layers.

The third example as shown in Figure 1c with “doped CTLs”
showcases a device where the resistivity is homogenously distrib-
uted within each layer. In Figure 1d, it can be seen by the blue
lines that the EC model (dotted blue) and DD model (solid blue)
show a good agreement under this assumption of homogenous
resistivity. The characteristic frequency of the HTL, which can be
calculated according to Equation (4) to be f HTL ¼ 966Hz, is
consistent with both modeling approaches. We also tested the
influence of an (almost) infinite dielectric permittivity of
the perovskite absorber (see Figure S1a, Supporting
Information) and the influence of a very high ion concentration
(see Figure S1b, Supporting Information), both resulting in a
complete screening of the electrical field within the perovskite
bulk leading to a constant resistivity distribution. However,
the built-in field is then present within the ETL/HTL layer.
This results in a very inhomogeneous resistivity distribution
within these layers that leads to differences between the EC
and DD model.

As a last example, the influence of a potential Schottky barrier
is showcased in Figure 1c. The resistivity ρHTLðzÞ is lowered in
proximity to the Schottky contact (shown in magenta), which
leads to a lower RHTL as input for the EC model. Figure 1d shows
that both the EC (dotted magenta) and the DD model (solid
magenta) predict a higher characteristic frequency of the HTL
f HTL ¼ 1390Hz which is consistent with the lowered resistivity
according to Equation (4). However, the slightly increased

inhomogeneity of the layer’s resistivity increases the discrepancy
between the models; while Sentaurus predicts the same low-
frequency capacitance plateau as in the third case (solid blue
vs solid magenta), the EC model predicts a higher low-frequency
capacitance plateau (dotted blue vs dotted magenta) due to the
overall lower resistor RHTL which lead to a higher “bypass” of
the Cg,HTL within the series connection of capacitances.

In conclusion, we have seen that the DD model is consistent
with previous EC modeling. However, discrepancies with equiv-
alent circuit models were shown for cases where the depth
dependence of one or several layers is highly inhomogeneous.
In these cases, we would recommend the detailed device model-
ing over equivalent circuit approaches.

3. Results

In this section, mobile ions are included in the TCADmodel and
their influence on the frequency-dependent capacitance is
assessed. In the first subsection, the general impact is discussed
in terms of a simulation study. In the second subsection, the
TCAD model is validated by experimental data showing the link
between capacitance and J–V hysteresis. The detailed simulation
parameters used for this section can be found in Table S2,
Supporting Information. In the third subsection, an in-depth
analysis of the origin of the capacitance plateaus originating from
ionic movement is carried out. The last subsection extends the
study to illuminated capacitance–frequency analysis where
recombination properties play an important role.

3.1. Ion-Induced Capacitances in Perovskite Absorbers:
Simulation Study

Figure 2 shows the simulated capacitance C per area A of a perov-
skite single junction as function of the applied frequency f of the
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Figure 2. Simulated capacitance C per area A of a perovskite single junc-
tion as function of the frequency for varied anion densities (Nion, different
colors) and anion diffusivities at 25 °C (Dion, different line styles), as well as
without any ions in the model (“geometrical capacitance,” black line), all
for VDC= 0 and without illumination. One can see the influence of
increased ion density and diffusivity as shown by the arrows as well as
the impact of the cell series resistance RS in the high-frequency region.
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AC signal for a fixed DC voltage of 0 V and for varied anion prop-
erties (while the cations are assumed to be homogenous distrib-
uted and immobile). First, the black line shows the behavior of
the capacitance C in the absence of mobile ions in the perovskite
absorber. One can see a constant capacitance plateau of around
C/A= 41 nF cm�2 for frequencies below 105 Hz which corre-
sponds to the geometrical capacitance Cg,Pero of the perovskite
absorber according to Equation (3) with εr,Pero ¼ 19.5 and
dPero = 420 nm. Since the ETL and HTL were assumed to be
low resistive (ρ< 10�4Ω cm2), the geometrical capacitances of
the ETL and HTL do not contribute to the effective Cg in this
special case which is in line with the EC model for low resistan-
ces RETL/RHTL.

[10] The high-frequency drop above 100 kHz can
be attributed to the ohmic series resistance RS of the device
and was adapted to 3Ω cm2 according to measurements of simi-
lar perovskite single junctions that were fabricated.

In a second step, anions are included in the model featuring
variations of the anion density Nion (Figure 2, different colors)
and anion diffusivity Dion (different line styles), while cations
with density Nion are assumed to be immobile (which is a good
assumption due to their commonly very low diffusivities, so
that they would barely move at all during typical times of
measurement, see ref. [5]) and homogeneously distributed
(Note that the concrete distribution of cations has influence
on the results, as it impacts the effective built-in potential and
effective charge-carrier extraction. This will be discussed in
Section 3.3. However, the assumption of a fixed and homoge-
neous cation distribution is still valid since the effective proper-
ties of the extraction layers and the effective built-in potential
within the simulation were chosen according to the choice of
cation distribution.) within the perovskite absorber. For Nion

smaller than 1� 1015 cm�3, no difference can be observed with
respect to the black line in Figure 2 (not shown). This is in line
with the lower limit of resolution Nd,min according to ref. [14]
ranging between 1� 1015 and 5� 1015 cm�3 for a perovskite
absorber thickness of d= 420 nm and the dielectric permittivity
of εr ¼ 19.5. Starting in this range of Nion, both a noticeable dif-
ference in C–f signal (with respect to the black line in Figure 2)
and a significant J–V hysteresis in the simulated reverse and for-
ward scan occur (as shown in the Supporting Information, see
Figure S1, Supporting Information). ForNion>>Nd,min, a capac-
itance plateau with increasing magnitude for increasing Nion

occurs. For an anion diffusivity of Dion= 10�8 cm2 s�1 (solid
lines), the characteristic frequency of the transition occurs in
the range of ≈102 to 103 Hz. For slower diffusivities, the plateau
shifts to the left, i.e., to lower frequencies (shown by different
line types). Each order of magnitude in higher diffusivity corre-
sponds to an order of magnitude in lower frequency.

3.2. Relation of C–f Characteristics and J–V Hysteresis:
Experimental Evidence

In a next step, we elaborate on the impact of ion migration on the
capacitance–frequency characteristics and its relation to typically
observed J–V hysteresis, based on both simulation and experi-
mental devices. For experimental validation, a perovskite single-
junction solar cell with an active area of 0.125 cm2 was fabricated
at IMEC. Figure 3a shows the layer stack of the device.

The 420 nm thick perovskite with bandgap of 1.53 eV was depos-
ited via “hybrid route” on an indium tin oxide (ITO)-coated glass
substrate with a 15 nm thick nickel oxide (NiO) layer acting as
hole-transport material. The electron contact is featuring a
1 nm thick lithium fluoride (LiF) layer which acts as contact dis-
placement layer[15] for the 40 nm thick C60/BCP layer, serving as
electron-transport material, followed by a full-area silver contact.

Figure 3b shows the measured capacitance per area C/A as
function of the frequency f for the experimental perovskite test
structure as blue dotted line, as well as the simulated data from
the TCAD model for an ion density of Nanion= 5.2� 1016 cm�3

and an anion diffusivity ofDanion= 6.0� 10�10 cm2 s�1 (at 25 °C)
shown as blue solid line. The cations were assumed to be immo-
bile during the simulated measurement procedure. First of all,
one can see a very good quantitative agreement of the simulation
and experiment, with a slightly smoother transition between the
two capacitance plateaus for the experiment with respect to sim-
ulated data which has been observed before when comparing
experimental to modeled data.[16] This could be explained by
device inhomogeneities which smoothen out the sharpness of
this transition in the experiment, such as, e.g., laterally inhomo-
geneous perovskite thickness or other nonuniformities of the
perovskite layer. Generally, it is important to understand which
device properties and, thus, which simulation input parameters
have an impact in the modeling of the frequency-dependent
capacitance, and how ambiguous the choice of simulation
parameters actually is. Starting with the intermediate frequency
plateau CIF/A in Figure 3b, we assumed for the simulation that
the electron and hole densities in the respective C60 and NiO
layer is high enough to ensure good extraction properties (despite
their typically low charge-carrier mobilities[17]); therefore, they
feature a low resistivity (i.e., each RL ⋅ A < 10�3Ω cm2). Under
this assumption, the geometrical capacitances of both CTLs
can be neglected and the intermediate capacitance plateau can
be approximated by

CIF=A ≈ ε0εr,Pero=dPero (9)

where dPero ¼ 420 nm is known from measurements. Therefore,
in this case the relative permittivity of the perovskite absorber
could be determined from the intermediate capacitance plateau
to εr,Pero ¼ 19. Note that the approximation of Equation (9) is not
only valid when the resistances of the transport layers play a role,
as it could be the case for low-mobility/low-doped CTLs which
are well known in the literature.[17–19]

Furthermore, from the high-frequency transition in Figure 3b,
typically the effective ohmic series resistance RS can be extracted.
Unfortunately, the high-frequency regime above 105 Hz was not
measured for the very same sample. However, it could be mea-
sured for a follow-up batch, which is shown in Figure 3b as an
inset (top right corner). The experimental capacitance C divided
by the designated area A (transparent dots) is slightly higher than
for the first batch which could be due to a slightly different dielec-
tric constant εr,Pero and/or uncertainties of the designated area of
A= 0.125 cm2 (The contact deposition that was done by evapo-
ration through a mask might have some not well-defined edges
that could increase the area to a higher value than intended.).
The variation of the RS in the simulation model is shown as solid
lines from 0 (black) to 4Ω cm2 (yellow). When shifting the
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experimental data to the plateau of the simulation at 104 Hz
(black dots, “effective area”), the comparison of experiment
and simulation gives an estimate for the experimental series
resistance of RS≈ 3Ω cm2 (blue line) which has been used as
input for the simulation model both in Figure 3.

Finally, the low-frequency plateau CLF/A in Figure 3b was
assigned to originate from ionmigration. Generally, the interpre-
tation of the origin of capacitance steps has to be handled with
care, as, principally, also characteristic frequencies of purely geo-
metrical capacitances could occur in the respective experimen-
tally accessible frequency range as showcased in Section 2.2,
Figure 1d, by the blue solid line. However, there is some indica-
tion that the experimentally measured frequency dependence
originates from mobile ions. First, the characteristic frequencies
of the ETL and HTL can be estimated to be fETL,HTL> 106 Hz due
to their low resistivity. Furthermore, the extracted ionic diffusiv-
ity Danion= 0.6� 10�9 cm2 s�1 is in line with prior publications,
where the anion diffusivity was determined from scan-time-
dependent J–V measurements to lie in the order of magnitude
of Danion= 10�9 cm2 s�1.[5] Third, the scan-time-dependent J–V
measurements match quite well using this diffusivity of ions.

Figure 3c shows the current density–voltage ( J–V ) curves of
the experimental (dotted curves) and the simulated PSC (solid
curves) using the same simulation parameter set as obtained
from Figure 3b. Both the experimental and simulated cell have
been preconditioned under 10min of light soaking at open-
circuit conditions, followed by a subsequent reverse scan

(dark blue) and a forward scan (light blue). One can see that
the observed J–V hysteresis can be very well described by the sim-
ulation model using the ionic properties as priorly determined
from C–V measurements.

Figure 3d shows that also the scan-time characteristics of the
J–V hysteresis,[5] represented by the difference in fill factor
between reverse and forward J–V scan, can be replicated very well
by the simulation (cross-hatched bars) compared to the experi-
mental measurements for three different orders of magnitude
in scan time variation, ranging from a J–V scan time of 1 s (blue
bars, corresponding to J–V scan of Figure 3c), 10 s (red bars), and
100 s (green bars). The respective scan-time-dependent J–V
curves can be found in Figure S3, Supporting Information.

While the relation of the characteristic frequency in the C–f
curves to the ion diffusivity is obvious and seems to be relatively
unambiguous (also indicated by the simulation study in
Figure 2), the interpretation of the height of the low-frequency
plateau CLF/A has to be interpreted with great care. The simula-
tion study of Figure 2 seems to suggest that the height of the low-
frequency plateau CLF/A could be directly linked to the ion
density present in the absorber. However, the relation of CLF/A
to the ion density is not as straightforward as it is entangled with
other device properties, especially the built-in electric field within
the perovskite absorber, and therefore dependent on both charge-
transport layers (CTLs) and the band alignment at the ETL/
perovskite and perovskite/HTL interface (not shown here).
Thus, the same amount of ion concentration could lead to
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Figure 3. a) Layer stack of the investigated perovskite single junction as built in-house at IMEC. b) The measured frequency-dependent capacitance (blue
diamonds) for VDC= 0 V in the dark can be well replicated by the simulation model with an anion density of Nanion= 5.2� 1016 cm�3 and an anion
diffusivity of Danion= 6.0� 10�10 cm2 s�1, derived from the characteristic frequency fchar (blue shaded area), as well as the effective ohmic series resis-
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can be replicated very well by the simulation (cross-hatched bars) compared to the experimental measurements.
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different heights of CLF/A when the band offset between layers is
altered in the simulation model. (An explanation for this will be
given in the next subsection, where an in-depth analysis of the
increased device capacitance caused by ionic displacement is
showcased.)

Summing up this section, we see that the capacitance–
frequency measurements and simulations can contribute to
the analysis of device properties; however, the interpretation
of capacitance plateaus and characteristic frequencies has to
be handled with great care. It is stressed again that the low-
frequency plateau CLF/A in Figure 3b as a separate result does
not allow to assess the ion concentration. Only with a compre-
hensive set of data, e.g., including (scan-time-dependent) J–V
measurements and further characterization, an incremental
interpretation of the internal device properties and correlation
of ionic migration to performance losses of the J–V characteris-
tics is sensible.

3.3. In-Depth Analysis of Ion-Induced C–f Plateaus

After comparing the simulation model to previous work in
Section 2.2 and careful validation by means of the experimental
data in Section 3.2, we would like to share insights obtained from
the simulation model to contribute to the understanding of the
ion-induced frequency dependence of the device capacitance of
the PSC and give a quantitative interpretation of the device phys-
ics as well as where the additional capacitance is originating from.

Figure 4a shows the simulated band diagram in the dark with-
out externally applied voltage as derived from Figure 3. It consists
of an ETL with high electron density and a low conduction band
offset toward the perovskite layer which effectively takes into
account the contact displacement due to the 1 nm thick LiF layer
(which is not explicitly modeled here). The HTL is modeled as a
p-type NiO layer in direct contact with the n-type ITO electrode.
The transport of majority charge-carriers is realized by efficient
recombination of holes from the NiO side with electrons from
the ITO side, which is modeled by Shockley-Read-Hall recombi-
nation at the ITO/NiO interface with a lifetime of 1 ps, which
ensures that the transport at this interface is nonlimiting. The
right axis refers to the electron (red), hole (blue), anion (green),
and cation (magenta) densities across the device. This band dia-
gram and the charge-carrier densities refer to the “initial state”
right before the C–f analysis; therefore, all changes in carrier den-
sities are understood as difference to Figure 4a.

Figure 4b then shows the change in carrier densities ΔN for
electrons (red colors), holes (blue colors), and anions (green col-
ors), while the cations have too low diffusivity to move during the
regarded time scale (therefore not shown) (As the in-house AC
tool of Sentaurus TCAD does not allow to assess band diagrams
at specific intermediate points, we decided to additionally
develop an own tool which approximates the sine wave by a linear
voltage function and extracts the band diagrams and charge-
carrier densities at the maximum voltage of the AC excitation
signal, which has been chosen to be 100mV in this case. The
difference in densities shown in Figure 4b refers to the differ-
ence between the state of maximum AC excitation and no exci-
tation. We also tested the influence of the AC excitation voltage
(ranging from 10 to 100mV), which influences the delta in

charge-carrier densities in a linear behavior, while the capacitan-
ces as calculated and shown in Figure 4c are in accordance (with
only minor deviations) with the capacitances from the sophisti-
cated in-house Sentaurus AC tool, which was used everywhere
else in this work, which shows that the linear approximation
made for Figure 4 can be justified in this case.). The different
shadings refer to the high-frequency case of 106 Hz (light colors),
intermediate-frequency case of 105 Hz (normal colors), and low-
frequency case of 1 Hz (dark colors), all three cases correspond to
the respective arrows highlighted in Figure 3b.

Starting with the high-frequency case of 106 Hz (light colors),
one could see a high electron accumulation in the proximity of
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Figure 4. a) Band diagram (left axis) of the experimentally validated model
of Figure 3 in the dark without applied voltage featuring an ETL/perov-
skite/HTL/ITO layer stack. The right axis shows the electron, hole, anion,
and cation carrier densities, respectively. b) Change in carrier densities
with respect to (a) for electrons (red), holes (blue), and anions (green),
when a small AC signal is applied, shown for a high frequency (106 Hz,
light colors), an intermediate frequency (105 Hz, normal colors), and a
low frequency (1 Hz, dark colors); for the latter case the anion shift from
the ETL interface toward the bulk is highlighted. c) The cumulated
(i.e., integrated) charges per voltage (i.e., capacitance) according to
Equation (10), showcasing the depth dependence of the device capaci-
tance of Figure 3b. d) A schematic sketch of the low-frequency case.
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the ETL/perovskite interface (light red) with a peak of
≈3� 1017 cm�3 (note the logarithmic scaling after the disruption
of the y-axis), and a high hole accumulation in the proximity of
the HTL/perovskite interface (light blue) with the similar peak
height of ≈3� 1017 cm�3. Note that these densities are depen-
dent on the used AC excitation voltage, which has been chosen
to be 100mV in this case. Furthermore, a very low additionally
accumulation of electrons can be seen in the perovskite bulk
around z= 0.3 μm. This first case corresponds to an AC
frequency that is in the transition regime of the ohmic series
resistance RS.

The second case with the frequency of 105 Hz corresponds to
the case where the ohmic series resistance RS is nonlimiting, but
the characteristic frequency of the anions is too low (or, in other
words, they are “too slow”). Figure 4b shows an additional elec-
tron accumulation in the proximity of the ETL/perovskite inter-
face (normal red) with a peak of around 5� 1017 cm�3 and an
additional hole accumulation in the proximity of the HTL/
perovskite interface (normal blue) with the similar peak height
of ≈5� 1017 cm�3. Furthermore, an additional accumulation of
electrons can be seen in the perovskite bulk around z= 0.3 μm.

Finally, the third case with the frequency of 1 Hz (dark colors)
corresponds to the case where anions can move. Figure 4b shows
an anion displacement from the ETL/perovskite interface (i.e.,
ΔNanions is negative) represented by the dark green line toward
the perovskite bulk (i.e., positive ΔNanions) with a maximum
ΔNanions around z= 0.35 μm. As the negatively charged anions
“compete” with the negatively charged electrons, as a result,
Figure 4b shows that the ionic displacement away from the inter-
face results in another additional electron accumulation in the
proximity of the ETL/perovskite interface (dark red) with a peak
of around 1.5� 1018 cm�3; the hole accumulation at the
HTL/perovskite interface is increased analogously (dark blue).

Figure 4c finally shows the cumulated (i.e., integrated) capaci-
tance per area in dependence of the device depth according to

CðzÞ=A ¼ e
ΔVac

Z
z

0
ΔNðz0Þdz0 (10)

where e is the elementary charge, ΔNðz0Þ is the change in carrier
density at depth z0 (according to Figure 3b), and ΔVac is the
amplitude of the applied AC voltage. Figure 4c shows for the
three capacitances CHF, CIF, and CLF of Figure 3b (that are
highlighted by the arrows, respectively), and how they are quan-
titatively distributed within the perovskite device. Starting with
the high-frequency case, we can see in Figure 4c that the cumu-
lated CHF=A (shown by the arrow in light blue) amounts to
23 nF cm�2 for the total device (which is in line with the
high-frequency case in Figure 3b), whereby the total hole capaci-
tance of 23 nF cm�2 is located at the Pero/HTL interface (shown
in light blue), and the electron capacitance is divided between
≈70% at the Pero/ETL interface (≈16 nF cm�2) and ≈30% in
the middle of the bulk (≈7 nF cm�2). For the intermediate capac-
itance plateau (i.e., f= 105 Hz), Figure 4c shows a cumulated
CIF=A (shown by the arrow in normal blue) amounts to
44 nF cm�2 for the total device (which is in line with the
intermediate-frequency case in Figure 3b), whereby the total hole
capacitance of 44 nF cm�2 is located at the Pero/HTL interface
(shown in normal blue), and the electron capacitance is again

distributed within the device, with around 61% at the Pero/
ETL interface (≈27 nF cm�2) and a ≈39% in the middle of the
bulk (≈17 nF cm�2). For the low-frequency capacitance plateau
(i.e., f= 1Hz, Figure 3b), where anions could move, Figure 4c
shows that CLF=A (shown by the arrow in dark blue) amounts
to 86 nF cm�2 for the total device (which is again in line with
the low-frequency case in Figure 3b), whereby the total hole
capacitance is again located at the Pero/HTL interface (shown
in dark blue), and the electron capacitance is now mostly located
at the Pero/ETL interface (≈83 nF cm�2) and only a minor frac-
tion in the perovskite bulk (≈3 nF cm�2). Additionally,
Equation (10) was also applied to the anions as shown in
Figure 4c by the green curves. Only for the low-frequency case,
anions could move, which is reflected by the dark green curve
showing a negative slope in the local capacitance in the proximity
of the ETL/perovskite interface (i.e., anions vanished there) and a
positive slope of the local capacitance between z= 0.3 and 0.4 μm
(i.e., anions accumulated there). The total integral is zero, as
anion density is constant within the simulation model.
Most interestingly, the minimum value of the anion capacity
of �81 nF cm�2 around z= 0.2 μm quantifies the amount of
anion charges which moved away from the ETL interface,
namely, Q/A=�5� 1010 e/cm2, which is only about 2.3%
of the total anion charges within the whole perovskite
absorber (Nanions= 5.2� 1016 cm�3; dPero= 420 nm!Qanions/
A=�2.2� 1012 e cm�2). Therefore, to draw inferences from
the low-frequency capacitance plateau CLF=A in Figure 3b about
ion concentrations within the perovskite is not (directly) possible.
However, one can learn a lot from this capacitance plateau about
the ability of the device to displace ions from interfaces which in
the end is also entangled with the electric field of the perovskite
absorber (thus built-in potential from the extraction layers). The
latter could also be influenced by long-term migration of the rel-
atively slow cations,[20] which effectively deteriorate the built-in
potential and selectivity of the extraction layers. Generally, this
also indicates that other closely related characterization methods
such as the bias-assisted charge extraction method[21] should be
interpreted with great care, as the amount of charges extracted in
a low-frequency (i.e., larger timescale) regime does not coincide
with the extract amount of ions within the perovskite absorber.

3.4. Frequency-Dependent Capacitance under Illumination

In this section, the capacitance response of illuminated PSCs was
studied by means of the TCAD model, and experimental test
structures were fabricated at Fraunhofer ISE and measured at
IMEC.

3.4.1. Simulation Study

Figure 5a shows the simulated capacitance per area C/A as a
function of the AC frequency at a DC voltage VDC= 0 V under
illumination of 1 sun equivalent (colored solid lines). The impact
of varied ETL/perovskite interface properties is shown by the dif-
ferent colors: First, the solid blue line shows the TCAD simula-
tion of the experimentally validated perovskite device (as shown
in Figure 3) with a conduction band offset at the ETL/perovskite
interface ΔEETL

C of 0.1 eV (which is in line with literature values
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measured for C60/LiF/perovskite layer stacks[22]) and a surface
recombination velocity at the interface of SETL0 = 104 cm s�1

(referring to the minorities, i.e., in this case the holes). (Note that
SETL0 is a quantity for the chemical surface passivation and that
the effective surface recombination is influenced by the interplay
between the chemical and field-effect passivation. As the
field-effect passivation of a C60/LiF/perovskite layer stack is
improved,[22] the recombination is suppressed despite a high
SETL0

[15]) It can be seen that the low-frequency plateau is now sev-
eral orders of magnitude higher with around 2� 104 nF cm�2

(note the logarithmic scale of the y-axis) than it has been for
the dark case which is shown as solid dark line (equal to
Figure 3b). Figure 5a shows that the low-frequency capacitance
of the illuminated perovskite device presents a clear dependency
for varied SETL0 : For a very high SETL0 of 105 cm s�1 (purple line),
the capacitance under illumination lies at 1� 105 nF cm�2 which

is 5 times higher than for the blue case. For lower SETL0 of
103 cm s�1 (light green line), the capacitance under illumination
lies at about 8� 103 nF cm�2, while without any recombination
at the interface (yellow line) the capacitance slightly drops to
about 6� 103 nF cm�2. All values are significantly higher than
the dark case which lies at 90 nF cm�2 for all SETL0 and is there-
fore independent of the surface recombination at the ETL inter-
face. This is due to the reason that in the dark the asymmetry
between electron and hole concentration at the ETL/perovskite
interface (n/p) is very high; therefore, surface recombination
is negligible as (almost) no holes are available at the interface
to recombine. However, the transparent dashed lines in
Figure 5a show the impact of a very low illuminated of only
10�3 suns equivalent (i.e., “almost dark”) which yields a signifi-
cant difference for the high recombination device (purple dashed
line) of about factor 2 compared to the absolute dark case
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Figure 5. a) Simulated capacitance per area C/A as a function of the AC frequency at a DC voltage VDC= 0 V for varied surface recombination velocities at
the perovskite/ETL interface (SETL0 ) for both illuminated case (solid lines) and dark case (black line). The transparent dashed lines show the impact of very
low illumination. b) Simulated capacitance per area C/A as a function of the AC frequency at a DC voltage VDC= 0 V for varied conduction band offset at
the perovskite/ETL interface ΔEETLC and SETL0 for both illuminated (solid lines) and dark case (dotted lines). c) Layer stacks of two experimental test
structures built at Fraunhofer ISE: the first stack is without passivation of the C60/perovskite interface (shown in red) and the second with C60 passivation
(green). d) C(f ) for the two top cell stacks of (c) measured at IMEC for illuminated case (solid lines) and dark case (dotted lines).
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(in black). This underlines that it is important for “dark” capaci-
tance measurements to ensure complete darkness (by sufficient
coverage of the sample) and that only darkening the lab is not
sufficient for reliable measurements. For all measurements car-
ried out in this article, we ensured that the experimental condi-
tions for the perovskite were indeed completely dark. Note that
this very-low-light dependence is typical to perovskite cells which
have a very high absorption coefficient and it would not be seen
in, e.g., for silicon technologies to the same extent.

Figure 5b shows the impact of varied conduction band offset at
the ETL/perovskite interface ΔEETL

C . Starting with the case of the
blue solid line (which is equal to the blue solid line of
Figure 5a), we first change the surface recombination SETL0 from
1� 104 cm s�1 (blue solid line) to 2� 104 cm s�1 (green solid
line) which increases the low-frequency capacitance of the illu-
minated sample, while the capacitance of the sample in the dark
is unchanged (i.e., the dotted blue and dotted green lines match
exactly). This is in line with what was discussed in Figure 5a.
When the conduction band offset at the ETL/perovskite interface
ΔEETL

C is changed from 0.1 eV (green) to 0.3 eV (orange), the
TCAD simulation of the illuminated perovskite device predicts
a low-frequency capacitance plateau that is further increased,
while the high-frequency plateau (around 104 Hz) is decreased.
When further increasing the surface recombination SETL0 from
2� 104 cm s�1 (solid orange line) to 5� 104 cm s�1 (red solid
line), again only the low-frequency capacitance of the illuminated
sample is increased, while the capacitance of the sample in the
dark is unchanged (i.e., again, the dotted orange and dotted red
line match exactly). Most interestingly, while the surface recom-
bination SETL0 does not change the capacitance response of the
dark case, it is influenced by the change in band offset ΔEETL

C
(red dotted vs green dotted line). This is due to the reason that
a decreasing ETL/perovskite band offset increases the built-in
potential of the device, thus the electric field within the perov-
skite absorber, which hampers the displacement of anions away
from the interface according to Section 3.3. This leads to a lower
capacitance response for low-frequency AC signals. For high fre-
quencies the capacitance response increases with better band
alignment, as the quasi-Fermi levels are closer to the band edges
leading to higher charge-carrier concentrations, which, when
modulated by an AC signal, are reflected in a higher capacitance
response. Consequently, the changes in band alignment and
recombination velocities could be differentiated principally by
analyzing the respective changes in capacitance response for
both dark and illuminated cases (as indicated by the black
arrows). Practically, this might be difficult as the capacitance
under illumination also depends on the HTL properties and bulk
recombination properties (not shown).

3.4.2. Experimental Evidence

Experimental test structures were fabricated at Fraunhofer ISE
and measured at IMEC to compare to the TCAD simulation
model. Figure 5c shows the layer stack of the two samples.
The first sample (“without C60 passivation,” framed in red) is
a 0.25 cm2-sized perovskite single-junction device, featuring an
ITO-coated glass substrate, a 1 nm thick 2PACz layer (i.e., a
self-assembled monolayer) acting as HTL, a 300 nm thick

triple-halide perovskite layer with a bandgap of 1.83 eV
(FA0.78Cs0.22Pb(Br0.3I0.7)3þ 10%MAPbCl3), a 15 nm thick C60

layer acting as ETL, a 20 nm thick tin-oxide SnOx capping layer
followed by a 25 nm top ITO for lateral conductance, 200 nm sil-
ver (Ag) front contact, and an MgF2 layer acting as antireflection
coating. The second structure is processed identically with the
only difference of adding an ultrathin spin-coated passivation
layer of piperazinium iodide (highlighted in green) to the C60/
perovskite interface, from which better device performance is
expected, either due to better chemical passivation at the interface
or better band alignment (i.e., field-effect passivation), or both.

Figure 5d shows the measured capacitance per area as a func-
tion of the AC frequency around a DC bias voltage of 0 V for both
the nonpassivated (shown in red) and the passivated sample
(shown in green). The dotted lines show the dark case. One
can see a high-frequency plateau around 4� 104 Hz of about
C/A= 100 nF cm�2, which is significantly higher than for the
perovskite device regarded in Section 3.2 due to the lower perov-
skite thickness and probably higher dielectric permittivity of the
triple-halide perovskite composition. This plateau drops toward
very high frequencies, from which the combined series resis-
tance of the device could be adapted by the TCAD simulation
model (similar as for the inset of Figure 3b, not shown here)
to a value around RS= 2.5Ω cm2. We see that the nonpassivated
(red dotted line) and passivated (green dotted line) are mostly
equal (despite somemeasurement artifacts for the nonpassivated
sample at low frequencies). However, one could argue to see a
slight trend toward an upshift at the high-frequency plateau and a
downshift of the low-frequency plateau for the passivated sample
with respect to the nonpassivated sample, which could be a hint
for a slightly improved band alignment ΔEETL

C since a change in
SETL0 would not be expected to change the capacitance response of
the dark case as discussed in Section 3.4.1. However, as the
respective differences are quite low and therefore within the
uncertainty of the capacitance measurement technique, this
should be subject to future investigations.

Looking at the measured capacitance response of Figure 5d for
the case with 1 sun equivalent illumination, we see that for fre-
quencies below 104 Hz, the capacitance drastically increases by
around three orders of magnitude which is consistent with
the expected trend from the TCAD simulation of Figure 5b.
Most interestingly, the capacitance for the nonpassivated sample
under illumination (solid red line) lies around 1� 105 nF cm�2

for f= 1Hz, while the capacitance for the passivated sample
under illumination (solid green line) is significantly lower and
lies only at ≈3� 104 nF cm�2. Furthermore, for the 10–100 kHz
regime, the capacitance for the passivated sample is slightly
higher. Both trends are indicated by the black arrows and corre-
spond to the trend that was seen in the TCAD modeling of
Figure 5b when the conduction band alignment at the ETL inter-
face ΔEETL

C and surface recombination SETL0 was improved (from
red to green case).

To sum up, when comparing Figure 5b,d, we obtained a very
good agreement of the TCAD model with measured experimen-
tal test structures for both the dark and illuminated case and dis-
cussed two key parameters of the altered ETL/perovskite
interface and their impact on the capacitance response for the
dark and illuminated case.
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4. Conclusion

In this study, we investigated the role of mobile ions in PSCs and
their influence on device performance, particularly through a
combined analysis of experiments and simulation of both
capacitance-based characterization methods and current–voltage
(J–V ) characteristics. Within the scope of this work, the optoelec-
trical simulationmodel of Sentaurus TCADwas extended to model
frequency-dependent capacitance (C–f ) characteristics. Our
research primarily focused on single-junction solar cells applied
in tandem structures with varying bandgaps, but the modeling
approach is applicable to a wide range of perovskite-based devices.

The findings of this study underscore the complexity of inter-
preting capacitance-based measurements in the context of PSCs,
particularly when considering the contributions of mobile ions
together with the role of transport layers. The TCAD model
was compared to equivalent circuit modeling highlighting the
importance of considering the depth-dependent inhomogeneities
in resistivity, especially in devices with intrinsic transport layers.

The TCAD simulation results were compared and validated
against experimental data, showing strong agreement in the
capacitance–frequency (C–f ) behavior and current–voltage
(J–V ) characteristics. The correlation between ion migration
and scan-time-dependent J–V hysteresis was demonstrated, link-
ing specific ion properties to observable device behavior. This
validation confirms the effectiveness of our model in accurately
capturing the dynamics of mobile ions within PSCs. An in-depth
analysis of the simulated devices reveals how the capacitance is
increased for frequencies below the characteristic frequency of
the ion species due to the displacement of mobile ions facilitating
additional charge-carrier accumulation in the device.

In a last section, we elaborated on the C–f characteristics of
PSCs under illumination. By means of the TCAD simulation,
we could show the impact of the surface recombination velocity
and band alignment at the perovskite/ETL interface for both
dark and illuminated cases. Experimental PSC test structures
that were fabricated with and without ETL passivation at
Fraunhofer ISE and measured at IMEC, revealing a very good
agreement with the simulation model, and revealing that the
expected reduction of interface recombination due to the ETL
passivation indeed leads to the expected reduction in capacitance
response for low frequencies. The dark characteristics indicated
that the surface modifications due to the ETL passivation layer
are not only linked to a reduced surface recombination velocity,
but probably also linked to an improved band alignment at the
ETL/perovskite interface.

In conclusion, our work enhances the understanding of the
mobile ion dynamics in PSCs and the relation to capacitance-
based methods for evaluating device parameters. Future work
should focus on further refining the simulation model to incor-
porate additional physical phenomena like different DC voltages
and expanding the experimental validation across a wider range
of perovskite compositions and device architectures.
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