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ABSTRACT

For understanding the operation of perovskite solar cells and light-emitting diodes, knowledge of the dielectric properties is indispensable.
The dielectric properties of perovskites are frequency dependent due to the presence of moving ions, which complicates the interpretation
of impedance spectra. Using Au/CsPbI,Br/Au capacitors with varied layer thickness as a model system, we demonstrate that in the dark, an
extended Maxwell circuit consistently describes the impedance data. From the thickness dependence of the resistivities, both the electronic
and ionic conductivities are obtained, whereas the combination of electronic and ionic capacitances with the characteristic frequencies for
space-charge formation determines the ion diffusion coefficient and ion density. At low frequencies, a slow transient process with a fixed
time constant of ~0.1's occurs, governed by the electronic conductivity, being independent of illumination strength and sample thickness.
As a possible mechanism, we propose the spatial reorganization of ions within the ion accumulation layer at the electrode/perovskite
interface.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0123547

I. INTRODUCTION

Hybrid organic-inorganic lead halide perovskites have
emerged as a promising material for opto-electronic devices, such
as solar cells' and light-emitting diodes.” Despite the impressive
progress in efficiency, understanding of the device physics is still in
early development. A complication in the analysis of electrical data
is the occurrence of hysteresis due to slow moving ions.” Upon
the application of an electric field, ions move toward the biased
electrode, thereby altering the charge injection properties as well as
screening the electric field in the rest of the device. The amount of
screening depends on the ion concentration and their ability to
follow the applied field. As a result, the dielectric properties of
perovskites are frequency dependent, which, in device modeling,
can be incorporated as an effective dielectric constant.” Impedance
spectroscopy is a powerful technique to study such dynamical pro-
cesses, since it is able to differentiate between processes that are rel-
evant on different time scales.” Typically, impedance spectra are
analyzed using equivalent circuits, consisting of resistors and capac-
itors. The obtained magnitudes of these passive elements then
provide information about the microscopic physical processes
occurring in the device under test. A challenge for this approach to

be useful is the validation of the equivalent circuit used. For
perovskite-based devices, it appeared that the interpretation of
impedance spectra is not straightforward. In the dark, it was noted
that the impedance spectra of the workhorse material methylam-
monium lead iodide (MAPbI;) using Au/MAPbI;/Au capacitors
resemble those of electrolytes.” For an electrolyte containing mobile
positive ions sandwiched between blocking contacts, meaning that
the ions cannot penetrate the electrodes, the application of an elec-
trical signal with frequency f (or angular frequency = 2xf) will
move positive ions toward the negatively biased electrode, leaving
fixed negatively charge ions behind. The accumulated positive ions
at the electrode behave as an additional capacitor C;, in series with
a parallel RC-circuit, where C and R represent the capacitance and
resistance of the bulk, respectively (C; > C). One difference with
regard to an electrolyte is that in a perovskite capacitor also, an
electrical current can flow. For this reason, the equivalent circuit of
the electrolyte was expanded with an additional parallel resistor R;.
As shown in Fig. 1(a), such an interfacial resistance R; can then be
regarded as a contact resistance for a device of which the electrical
current is contact-limited. Using a theoretical model derived for
electroly‘[es,9 the ion diffusion coefficient and ion concentration
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FIG. 1. Equivalent circuits used for perovskite capacitors including (a) two Voigt elements in series and (b) Maxwell elements.

could be extracted from characteristic frequencies in the impedance
spectra.

Alternatively, an equivalent circuit, also known as the Maxwell
circuit, was proposed for MAPbI; thin films taking into account
ion migration, as shown in Fig. 1(b)."” In this circuit, the applica-
tion of voltage leads to the polarization of the dielectric via C, and
also to the accumulation of ions at the interface via C;,,,. The speed
of ionic charging is governed by R;,,, whereas the resistance R, due
to an electronic current is in parallel to the ionic channel. However,
we note that it can be shown that both circuits can give an identical
frequency dependence of Z' and Z” and that their parameters
are similar and directly related (Sec. S1 in the supplementary
material).” As a result, from the dark impedance data, it cannot be
discriminated which circuit, Voigt or Maxwell, is more appropriate
for perovskite capacitors.

Upon the illumination of perovskite solar cells, a giant
increase in the capacitance has been observed.'' Several explana-
tions for this phenomenon have been proposed, ranging from a
giant dielectric constant related to ferroelectricity,'' ion accumula-
tion,"” and surface charges."” Furthermore, next to the giant capaci-
tance also, a negative capacitance was observed under
illumination.'* Such an inductive effect cannot be interpreted in
terms of the accumulation of charges. In recent work, the occur-
rence of high capacitances under illumination at low frequencies
has been attributed to transient currents that are delayed with
regard to the applied voltage, termed as the ionic-to-electronic
current amplification model."”™'* Upon illumination, the ions accu-
mulating at the biased electrode due to the built-in electric field in
a solar cell can modify the extraction of photogenerated charge car-
riers, giving rise to an increase or decrease in photocurrent.'® As
demonstrated by Tress et al., the gradient of the transient current
then determines whether the observed apparent capacitance is posi-
tive or negative.” The impedance response due to the transient
current is represented by an RC element of which the RC time is a

constant, independent of voltage or light intensity, with a typical
value of 0.1s."” Since the current transient is of electrical origin,
the resistance of the RC element representing its impedance
response is given by the electrical resistance R,, which is dependent
on voltage and light intensity, whereas the apparent transient
capacitance C,, equals the fixed time constant of the transient effect
divided by R,."”

One fundamental question that remains is whether transient
effects also affect the low frequency impedance data of perovskite
capacitors in the dark and how far this affects their interpretation
in terms of ion dynamics, more specifically the ion concentration
and diffusion coefficient. The ion migration under illumination
and bias, as well as the volatility of an organic cation as methyl-
ammonium, makes MAPDI; less suited as a model material to -
disentangle the various contributions to the impedance.
All-inorganic perovskites such as CsPbl; are thermally more
stable and also exhibit improved photostability. Furthermore, it
was found that ion migration in all-inorganic perovskites was less
prominent as compared to hybrid compounds like MAPbI;'” and
the power efficiency of solar cells based on all-inorganic solar
cells now exceeds 20%.”° Therefore, we study Au/CsPbI,Br/Au
capacitors as a function of CsPbI,Br thickness to disentangle the
various contributions to the impedance and validate the obtained
ion dynamics. We demonstrate that the impedance spectra of
Au/CsPbLBr/Au capacitors are consistently described by a
Maxwell element with the common branch of a resistor and a
capacitor in series representing the charging of ions at the elec-
trode, extended with a second branch representing the transient
current effect [inset in Fig. 2(a)]. The observed correlation
between the obtained characteristic frequencies and capacitances
validates the extraction of the ion concentration and diffusion
coefficient from the dark impedance data. The impedance under
illumination is governed by the strongly reduced electrical resis-
tance that overrules the ion dynamics.
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FIG. 2. (a) Real Z and (b) imaginary Z” part of the impedance Z (symbols) as a function of frequency f for an Au/CsPbl,Br/Au capacitor with a thickness of 130 nm. The
solid lines are a fit with the circuit shown in the inset in (a) using R,=1.4x10%Q, C,=7.5%x107"°F, R, =6x 10" Q, Cioy =4 x1078F, and C, =4 x10~"°F. The bulk
capacitance C, corresponds to a (high frequency) dielectric constant e, of 11. The dashed lines represent the fit where the transient branch is omitted.

Il. RESULTS AND DISCUSSION

As a first step, the impedance data of a series of Au/CsPbL,Br/Au
capacitors with varying thickness are investigated in the dark. As an
example, the real part of the impedance Z' and the imaginary part
Z" are shown as a function of frequency in Fig. 2. Also shown
(lines) are the fits using the equivalent circuit shown in the inset in
Fig. 2(a), representing the Maxwell circuit used to analyze MAPDI;
capacitors10 but now extended with a second R,C, branch
representing the transient current effect [inset in Fig. 2(a)] with
parameters R,=14x10°Q, C,=75x107'°F, R, =6x10"Q,
Cion=4%x10"8F and C,,=4x 107'°F.

For the Maxwell circuit [Fig. 1(b)], the frequency (f,) where
the minimum in Z” occurs [Fig. 2(b), dashed line] can be estimated
from the values of the fitted circuit elements (Sec. S2 in the
supplementary material). When using the extended Maxwell circuit
including the R,C;, branch to fit the impedance data, we note that
this introduces one additional parameter C,, since the transient
effect scales with the electrical resistance R,.'” Using light intensity
dependent measurements, we will also verify that the resistance in
this additional transient branch is indeed governed by the electrical
resistance R,. To validate the application of this extended Maxwell
circuit to the impedance data of perovskite capacitors, we have
investigated a series of Au/CsPbl,Br/Au capacitors with varying
thickness d. In Table I, the obtained fit parameters are listed.

A subset of the experimental data and fits are also graphically
represented in the Nyquist plots shown in Fig. 3. Similar to Fig. 2,
there is good agreement between measurements and fits.

To give an indication of the accuracy of the obtained values
for the circuit elements, we have also performed a statistical analy-
sis, showing a relative error margin of the fits in between 5 and
15% (Sec. S3 in the supplementary material). Furthermore, the
effect of a variation in R, on the Z’-f dependence has also been

included (Fig. S1 in the supplementary material), showing that a
large variation of 30% also has a large effect on the calculated
impedance. As expected, the geometrical bulk capacitance C, scales
with d~’, and the resulting scaling corresponds to a (high fre-
quency) dielectric constant €, of 11, which is in line with the
earlier results.”’ In contrast, the capacitance of the ionic interface
layer is nearly thickness independent. Furthermore, the electrical
resistance (R,) and ionic resistance (R;,,) exhibit a linear depen-
dence on thickness d, as shown in Fig. 4.

From the slope of the resistance vs thickness, characterized by
R=0"1d/A, with A being the device area of 10~° m?, the electrical
conductivity o, and ionic conductivity o;,, can be obtained. We
find 6,=1x10"°S/m and o;,,=2.5x%10"°S/m, showing that in
these capacitors, the resistance is mainly governed by the ionic con-
ductivity. The large electrical resistance R, is the result of the block-
ing nature of the Au/CsPbl,Br contact. We note that the presence
of such a large injection barrier strongly lowers the dark current,
but not necessarily the extraction of carriers under illumination,
since extraction is energetically a downhill process at the contact.
This is evidenced by the strong decrease in R, under illumination
as shown later (Fig. 6). A consistency check is to analyze the imagi-
nary part of the dielectric constant &, obtained from the imped-
ance data, which according to Jonscher’s law”” scales with 1/f
according to &,” = oey' @™, with @ = 2nf. In Fig. 5(a), £," is shown
as a function of 1/f for an Au/CsPbl,Br/Au capacitor with a thick-
ness of 600 nm. The slope shows a 1/f behavior in the frequency
range of 107°-10° Hz giving rise to Oy, = 2.9 x 1077 S/m, which is
nearly equal to o;,, obtained from the thickness dependence of the
ionic resistance [Fig. 4(b)].

Having established that the low frequency part of the imped-
ance is governed by the ionic conductivity, we can now analyze the
ion dynamics. Recently, it has been noted that the impedance data
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TABLE 1. Values of circuit elements [inset of Fig. 1(a)] obtained from fitting Z’ and Z” for Au/CsPbl,Br/Au capacitors with varying thickness as well as frequencies of the

maximum (f;) and minimum (f,) in Z".

d (nm) Re (Q) Ce (F) Rion (Q) Cian (F) Ctr fl (HZ) f2 (HZ)
130 1.4x108 7.5%x1071° 6.0 x 107 40x1078 45%x1071° 42 0.75
150 1.0 x 10° 6.5x107"° 6.0 x 10 40x1078 3.0x107%° 42 0.48
170 1.3x 108 58x 10710 6.0 x 107 40%x1078 40%x1071° 42 0.6
200 1.6 x 108 50x1071° 8.0 x 107 3.0x 1078 3.0%x1071° 42 0.48
250 2.0x10° 40%x1071° 1.5x 108 40x1078 40%x1071° 42 0.39
350 22x108 2.8x1071° 8.5x 107 3.0x1078 3.0x 1071 5.3 0.48
400 7.0 x 10® 24x1071° 3.0x 10® 35x 1078 1.5%x 1071 1.78 0.13
500 8.0 x 10® 20x1071° 3.0x 10% 3.0x 1078 1.0x 1071 1.15 0.08
600 6.0 x 10® 1.7x1071° 2.5x% 108 35%x 1078 12x107%° 3.5 0.2
700 7.0 x 108 14x 1071 3.0x 108 40x1078 1.0x 107 2.73 0.2
1100 1.1x10° 9.0x 107! 6.0 x 10® 3.0x 1078 6.0x 10710 2.73 0.13
2000 2.0 x 10° 5.0x 107! 1.0x 10° 3.0x 1078 20x1071° 1.78 0.08

of an Au/ MAPDI;/Au capacitor look very similar to those of an
electrolyte,” which enabled the extraction of the ion diffusion coef-
ficient and ion concentration from characteristic frequencies in the
impedance spectra. For an electrolyte, the imaginary part of the
impedance Z” exhibits a maximum at angular frequency w; =1/7;
and a minimum at @, = 1/7,.” This maximum and minimum, thus,
provides us with two characteristic time constants, representing the
relaxation of the space-charge in the bulk and interface, 7; and 7,
respectively, which are related via

7, =1V8, (1)

with & being defined as C;,,/C, = d/A, where 4 is the Debye length.
The Debye length is equal to /Dy, 72, with D, being the ion dif-
fusion coefficient. As a result, with 7; and 7, known, the ion diffu-
sion coefficient D, is then directly given by

(2

As a result, the obtained frequencies for the maximum and
minimum (Table I), representing the built-up of ionic space
charge, are quantitatively related to the proportion between the
ionic and electrical capacitance. We note that 1072-10% Hz is also
the relevant frequency range where the maximum and minimum
frequencies f; and f, occur. An important consistency check to vali-
date that the obtained frequencies/time constants are indeed repre-
senting the formation of an ionic space charge layer at the contact
is to compare the parameter & obtained from the observed time
constants [Eq. (1)] and from C;,,/C, (Table I). Figure 5(b) shows &
as the function of layer thickness. It is demonstrated that the &
values from the characteristic time constants (blue symbols) agree
well with the ratio of the capacitances (orange symbols).
Furthermore, § as expected from C;,,/C, using C,, =3.5 X 107%F
and C,=gpg,A/d with €,=11 is indicated by the solid line.
The agreement demonstrates that this model can, indeed, be
applied to perovskite capacitors, under the condition that the ionic
conductivity dominates the low frequency impedance. Using the

obtained values for &, we obtain the diffusion coefficient
Dipn=2x 107" m?/s. With the ion diffusion coefficient D,,, and,
thus, ion mobility 4 known via the Nernst-Einstein relation
(1 =eD/kT), knowledge of the ion conductivity o;,, then directly
gives the ion concentration N;,, = 0;,,/eu. Using 0;,,, = 2.5 X 107°8/
m, we obtain for the ion density Nj,, =2 x 10 m~>. Compared to
MAPDI;, the diffusion coefficient is two orders of magnitude
slower and the ion concentration is nearly equal. This confirms the
earlier observations that in all-inorganic perovskites, ion migration
is less prominent since the ions move very slowly.”’ With the ionic
parameters known, also the frequency dependence of the effective
dielectric constant &/ of CsPbl,Br can be predicted using the

2,0x108
= 130nm Experiment
= 300nm Experiment
® 600nm Experiment
15%10° 1 130nm Ext. Maxwell
——300nm Ext. Maxwell
——600nm Ext. Maxwell
@ 1,0x108
N D
[ ]
5,0x107 -
0,0
T T T T T T T
0 1x108 2x108 3x10°8

Z'(Q)

FIG. 3. Real Z' vs imaginary Z” as a function of frequency f for Au/CsPbl2Br/
Au capacitors with a thickness of 130, 300, and 600 nm. The solid lines are a fit
with the circuit shown in the inset in Fig. 2(a).
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using o, =1x107° S/m and oy, =2.5 x 10~° S/m.

model of Bandara and Mellander,’ given by

=& (1 R ) (©)
Er = Eo 1+ (wr18)?)°

In Fig. 5(c), the calculated effective dielectric constant &, vs
frequency [Eq. (3)] is shown (line), together with the measured
epsilon &, (symbols) obtained from

Z
8/ = % . (4)

COCQ(Z +Z )

The model qualitatively describes the increase in the dielectric
constant at low frequencies due to the ionic polarization, although
it rises more steeply as compared to the experiment. It should be
noted that in the model, all ions have the same mobility, and a
slight dispersion in the ion mobility values would smoothen this
increase at low frequencies.

So far, we have not paid attention to the branch representing
the current transient effect. From the obtained values for R, and
C,, we obtain a thickness independent time constant R, C, of
~0.1s. This is very similar to the value reported by Tress et al.'”
However, we observe that also without this branch, a reasonably
good fit can be made with nearly identical values for R,, C,, R
and C,,, (Fig. 2, dotted lines). This shows that the influence of the
transient process in the dark is not dominating the impedance due
to the large values of R;,, and R, that play a dominating role at low
frequencies. However, an important observation is that the product
R, x Cy, is thickness independent, even when the thickness is varied
over a large range of 130-2000 nm.

As a final step, we need to verify that the transient process is
indeed governed by the electrical resistance R, or, in other words,
showing that the incorporation of R, in the transient branch is

correct. For this purpose, we illuminate the Au/CsPbI,Br/Au capac-
itors, which have a semi-transparent Au contact with a thickness of
18 nm on one side. It is expected that due to photoconduction, the
electrical resistance R, will strongly decrease, whereas the ionic
resistance might not be affected. In Fig. 6, it is demonstrated how
Z' (a) and Z" (b) vary as the function of the illumination intensity
I, given in the arbitrary units of 1, 5, 10, 25, and 50. Here, an illu-
mination intensity of 100 corresponds to 1 Sun. For this purpose,
7' is multiplied with the light intensity I, whereas Z” is normalized
to its value at 0.01 Hz.

For Z" [Fig. 6(a)], we observe that the plateau value around
10 Hz, as well as the larger values at low frequencies, scales inversely
linear with light intensity since all curves coincide (Z'1 is constant),
indicating they are indeed related to R, via the electrical photocon-
duction. The decay at higher frequencies, governed by R, and C,
shifts linearly to larger frequencies with increasing light intensity due
to the reduction in R, Similarly, in the normalized Z” plot
[Fig. 6(b)], the maximum at higher frequencies also shifts with fre-
quency to higher frequencies with increasing light intensity, since
this maximum is also governed by 1/R,C, since C, has a constant
value of C,=1.6x107'°F, this shift is governed by the linear
decrease in R, with light intensity. We also observe that the low fre-
quency part of the spectrum is light-intensity independent. This
indicates that the time constant of the transient process does not
depend on light intensity, as observed before.'” The time dependence
of the transient electrical current then shows up as an apparent
capacitance in the impedance spectra. In that case, the high capaci-
tance of 10™°F obtained from the fits under illumination is not
related to charge or ion accumulation but is an artificial value result-
ing from a transient process with a fixed time constant. For increased
light intensities, R, decreases linearly with light intensity, such that
C;, needs to be adjusted in order to keep R, x C,, constant.

We also observe for every light intensity that the plateau value
of Z' around 10 Hz has a value that is exactly half of the value of
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FIG. 5. (a) Dielectric loss &/ as a function of frequency f for an Au/CsPbl,Br/Au capacitor with a layer thickness L of 600 nm. The 1/f dependence of £, (Jonscher’s law)
is indicated by the solid line. (b) Parameter & vs layer thickness obtained from the characteristic frequencies in Z” (red symbols) as well as from the measured (blue
symbols) and expected (line) capacitance ratio Ci,/Ce. (c) Effective dielectric constant £, (symbols) as a function of frequency f for an Au/CsPbl,Br/Au capacitor with a
layer thickness d of 130 nm. The calculated frequency dependence of &, [Eq. (3)] is given by the line, representing the polarization due to ions.

R.. Due to the much lower values of R, under illumination, the
ionic branch is basically short-circuited by C, at high frequencies
(>100 Hz), by the branch with R, and C,, in series at intermediate
frequencies (0.1-100 Hz) and by R, at low frequencies (<0.01 Hz).
For this reason, when using the extended circuit shown in the inset
in Fig. 2(a) for the illuminated samples, the fits are insensitive for
the ionic parameters. At the intermediate frequencies (0.1-100 Hz),
the net impedance of the circuit is dominated by two branches: the
branch with R, and the branch with R, and C,, in series. The total
impedance of R, and C,, in series is dominated by R,, since in the

frequency range of 0.1-100 Hz, the impedance of 1/j0C,, is still
considerably smaller as compared to R.. As a result, the total
impedance of the circuit in the range of 0.1-100 Hz is governed by
a parallel resistor of R, in the two branches, which, in total, gives a
resistance of 0.5R,. This then provides a logical explanation why
under illumination at intermediate frequencies of ~10Hz, the
plateau value of Z' is exactly half of R,.

This confirms the dominant role of the electrical resistance R,
in the transient current effect, validating the inclusion of R, in the
branch representing the transient effect. Furthermore, due to the

J. Appl. Phys. 133, 045501 (2023); doi: 10.1063/5.0123547
© Author(s) 2023

133, 045501-6


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

8.0x10°
®'6.0x10°
c
=}
{-3'40 10°
3 X Intensity (1): ‘-\ o %
5 | —m—1 . \.‘\ "
——5 \ \A \
20x10°F —A—10 B L\ \® 1
\ AV
I 25 o YL ]
——50 et e
o_owww&m
10% 10" 10° 10" 10* 10° 10* 10° 10°
Frequency (Hz)

ARTICLE scitation.org/journalljap
14 LAY B AL ALLL B ALY B LA B AL ALY B L B ALY B LY
12+ Intensity (1):
L —u—1 ™ W
10 —e—5 \ /

Normalized Z" (arb. units)

10" 10*° 10°
Frequency (Hz)

FIG. 6. (a) Real Z' multiplied by the light intensity / and (b) normalized imaginary part of the impedance Z”/Z” (0.01 Hz) as a function of frequency for an Au/CsPbl,Br/Au
capacitor with a thickness of 130 nm, illuminated with different relative light intensities of 1, 5, 10, 25, and 50.

insensitivity to the ionic parameters, an answer to the question
whether the ion conduction changes under illumination cannot be
obtained from the impedance spectra.

In earlier work, it was proposed that the transient effect in the
electrical current/resistance originates from a change of the injec-
tion/extraction barrier due to the movement of ions.'”'* The inde-
pendence of the time constant of the transient on light intensity
basically rules out charge carriers as a source for this effect. The
obtained ion diffusion coefficient D,,, =2 x 107" m?/s corresponds
to an ion mobility of 8 x 107'° m?/s. Even for a 130 nm sample, the
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FIG. 7. Transient time constant R, x C;, as a function of the applied electric
field for Au/CsPbl,Br/Au capacitors with a thickness of 700, 900, and 1300 nm,
respectively.

transit time of an ion to cross the sample would amount to ~200 s
for an applied voltage of 0.1V, being three orders of magnitude
larger than the observed time constant of 0.1s. Furthermore, if
such ion diffusion process would be the dominant source of the
transient effect, a dependence of the characteristic time on sample
thickness would be expected, which is not observed. From our
analysis, we also obtained the thickness independent ionic capaci-
tance C;,, of 3.5x 107 F, which corresponds to a Debye length of
3 nm. The time for an ion to move 3 nm inside the ion accumula-
tion layer at 0.1 V amounts to 0.1 s, which is in agreement with the
experimental value and is independent of the sample thickness.
We, therefore, propose that the slow current transients leading to
anomalous capacitances in the impedance originate from the reor-
ganization of ions within the ion accumulation layer adjacent to the
electrode under bias. This leads to the modification of the electric
field at the interface, which, in turn, modulates the charge injection
and extraction, leading to a transient current effect. This explana-
tion is further strengthened by a decrease in the transient time
constant with applied bias voltage V., as shown in Fig. 7, using
capacitors with varying thickness. Such a decrease would be
expected for a time constant governed by the drift of an ion in an
applied electric field. A more quantitative analysis would require
the exact spatial electric field distribution in the film, which is
beyond the scope of this paper.

Understanding of the various contributions to the experimen-
tal dielectric properties of perovskite capacitors lays the foundation
for the device models of perovskite devices as solar cells and LEDs.

1Il. CONCLUSIONS

In conclusion, we have analyzed the impedance spectra of
perovskite capacitors to disentangle the processes of charge and ion
movement in the dark. The impedance data of perovskite-based
capacitors in the dark are well described using an extended
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Maxwell circuit including a branch with a fixed time constant of
~0.1s. From the thickness dependence of the electrical and ionic
resistance, the electrical and ionic conductivities can be obtained.
The dominance of ionic conduction allows for a quantitative analy-
sis of the impedance spectra to reveal the ion dynamics. It is dem-
onstrated that the characteristic frequencies of the spectra are
directly correlated with the formation of an ionic space-charge
layer. Compared to MAPDI;, the ion diffusion coefficient in
CsPbLLBr is about two orders of magnitude lower, making the
impedance data at low frequencies less sensitive to ion motion. The
impedance spectra under illumination are dominated by the
strongly reduced electrical resistance as a result of photoconduc-
tion. As a mechanism for the current transient, we propose the
spatial reorganization of ions within the ionic space-charge layer.

IV. EXPERIMENTAL SECTION
A. Device fabrication

Cr(1 nm)/Au(18 nm) was deposited as the bottom electrode
on a glass substrate by thermal evaporation in high vacuum. A
mixture of 0.72M Pbl,, 0.72M PbBr,, and 1.44 M CslI in DMSO
was prepared, filtered, and then spin coated on the substrate inside
a glovebox under an N, atmosphere. Finally, a 60 nm Au layer was
deposited on top of perovskite films to form capacitors with a
device area of 1 mm®.

B. Thickness of the perovskite layer

The spin coating was performed at 500 rpm for 3 s, followed
by 2000 rpm for 30s. After repeating the process three times, the
films were annealed at 40 °C until turning red at the surface and
then further annealed at 160 °C for 10 min. A perovskite film with
a thickness of 600 nm could be formed with this procedure. For dif-
ferent thicknesses, the speed of the second spin coating step was
adapted accordingly from 500 to 4000 rpm.

C. Device characterization

Impedance measurements were conducted in a nitrogen-filled
glovebox, using a high-performance frequency analyzer,
Novocontrol, Alpha-A. The samples were illuminated with a white
light-emitting diode from a Paios system from Fluxim AG, with a
maximum light intensity equivalent to approximately 1 Sun.

SUPPLEMENTARY MATERIAL

See the supplementary material for a derivation of the fre-
quency of the minimum in Z” as well as a statistical analysis
including a figure showing the impact of the change of the electri-
cal resistance on the impedance spectrum.
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