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Introduction

1.1 The Role of Solar Energy in the Energy Transition

drastic increase in renewable energy production is necessary to keep the

global temperature increase below 2°C. At the United Nations Climate

Change Conference 2023, nearly 200 countries pledged to triple global
renewable energy capacity by 2030 [1]. One of the core technologies already playing
a significant role in transforming the global energy system to electrical energy is
solar energy. Within only ten years, the total installed capacity of solar energy has
increased almost 10-fold from around 180 GW in 2014 to 14 TW in 2024 [2, 3]. In 2024,
solar energy made up 18 % of the total electricity production in the Netherlands [4].
On a global scale, solar energy made up 54 % of the total electricity demands and is
expected to increase to 16 % in 2030 [5].
Next to increasing the number of solar modules, increasing their efficiency is a
promising way to increase solar energy capacity. However, the efficiency of silicon
solar cells has increased only slowly, improving from 25 % to 27.8% in the last 25
years [6, 7). This is mainly because single junction silicon solar cells are already
approaching their practical limit of around 29 % (the detailed balance limit is 33.7 %
[8], but accounting for Auger recombination, the practical limit is around 29 % [9, 10]).
However, within the last 16 years, a new research field has been developing, focusing
on metal halide perovskite solar cells. First utilized by Kojima et al. in 2009 [11], the
efficiency of metal halide perovskite solar cells has increased from 3.8 % in 2009 to
26.7 % in 2024 [11,12]. This is only 1.1 percentage points below the most efficient silicon
solar cells [12]. Additionally, in perovskite-silicon tandem solar cells, the efficiency
has reached 34.6 % in 2024, which is already 0.9 percentage points above the detailed
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balance limit of single junction solar cells (33.7%). This rapid increase in efficiency
illustrates that perovskite solar cells can be a key technology to increase the global
solar energy capacity. However, compared to silicon solar cells, which are stable
for more than 20 years, perovskite solar cells already lose significant parts of their
efficiency after thousands of hours [13, 14].

1.2 Perovskite Solar Cells

The first report of solar cells based on metal halide perovskites was released in 2009
by Kojima et al. [11]. The typical device stack of a perovskite solar cell is shown in Fig-
ure 1.1(a). It consists of the perovskite absorber layer, the hole and electron transport
layers, and the anode and cathode.

(a) (b)

Cathode

Electron transport layer

oA

Perovskite o8B

o X

Hole transport layer
Anode

Figure 1.1: (a) lllustration of the device stack of a typical perovskite solar cell. (b) Perovskite ABX; crystal
structure.

The term perovskite generally describes a crystal structure of the form ABX,, shown in
Figure 1.1(b). In metal halide perovskites, the A site is occupied by organic or inorganic
cations like methylammonium (MA), formamidinium (FA), or cesium (Cs), the B site is
occupied by metal cations like lead (Pb) or tin (Sn), and the X site is occupied by halides
like iodide (I), bromide (Br), or chloride (Cl). By combining different A-site cations and
halides, the structural properties of metal-halide perovskites can be altered. It has, for
example, been shown that alloying MA with FA stabilizes the photoactive phase of the
otherwise unstable FAPbI,, leading to a higher short-circuit current density because
of the more ideal bandgap of FAPbI; compared to MAPbI, [15]. Changing the X-site
halide ion has a large effect on the absorption and stability of the perovskite. For ex-
ample, MAPb(X, Y ,,); has been shown to cover a bandgap range of 1.61eV from 3.17 eV
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for MAPbC, through 2.23 eV for MAPbBr5 to 1.56 eV for MAPbI, [16, 17]. Substituting Pb
with Sn can further lower the bandgap, resulting in a bandgap of 1.36 eV, close to the
optimal bandgap for single junction solar cells (1.34 eV) [18]. Next to the compositional
freedom, metal halide perovskites have some properties that make them ideal candi-
dates for absorberlayers in solar cells. Metal halide perovskites show strong optical ab-
sorption near the band edge [19]. Furthermore, diffusion lengths of electronic carriers
ofhundreds of nanometers to micrometers in thin films and hundreds of micrometers
in single crystals have been reported [20-22]. These long diffusion coefficients can be
explained by high electronic mobilities [23], and long charge carrier lifetimes [24-26].
To facilitate an efficient and selective extraction of photogenerated charge carriers
from the perovskite absorber, charge transport layers are utilized in perovskite solar
cells, as shown in Figure 1.1(a). Some popular hole transport layers (HTLs) include thin
organic molecules like PTAA or self-assembling monolayers like 2PACz or MeO-2PACz
due to low observed losses at the perovskite/HTL interface [27, 28]. For the electron
transport layers, fullerene derivatives like C,, or PCBM are common choices due to
good energetic alignment with the perovskites and efficient charge extraction [29].

1.3 Mobile lons in Metal Halide Perovskites

1.3.1 lonic Defects

The bond nature in metal halide perovskites is partially ionic [30, 31]. Compared to co-
valent bonds, present in semiconductors like silicon or GaAs, ionic crystals are softer
and, therefore, more deformable. Ionic bonds can easily break, and ions canleave their
position in the crystal to form point defects like vacancies, interstitials, or anti-sites
[32]. A defect pair consisting of a vacancy and an interstitial, e.g., a halide vacancy Vy
and a halide interstitial X; , is also called a Frenkel defect (see Figure 1.2(b)). In contrast,
Schottky defects describe paired defects of a cation vacancy and an anion vacancy, e.g.,
a A-site cation vacancy V, and a halide vacancy Vy, (see Figure 1.2(c)) [33, 34]. In metal
halide perovskites, various point defects can form due to their relatively low formation
energies. For example, formation energies of below 0.1 eV have been calculated for the
formation of both Frenkel and Schottky-type defects in MAPbI, [35, 36]. It has further
been shown that most of the point defects in MAPbI, are shallow [37], which is consis-
tent with experimentally observed shallow traps [26, 38].

After creating ionic defects, these ions can undergo temperature-activated migration
through the perovskite lattice. The migration occurs via hopping of the ionic defects
from one lattice site to another. The ionic conductivity oy, is dependent on the ionic
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(a) (b) (c)

Without defect Frenkel defect Schottky defect

Vv Vi
Tf .A =

Ix
X
' Vs
o o5 o
Figure 1.2: lllustration of a crystal lattice (a) without a defect, (b) with a Frenkel defect, and (c) with a
Schottky defect.

mobility 0, and the density of mobile ions Nioy:
Oion = qﬂionNion (11)

with the charge ¢. The ionic mobility u;,, can be expressed in terms of the diffusion
coefficient D;,, via the Nernst-Einstein relation:

. — quon
Hion kBT

(12)

with the Boltzmann constant kg, and the temperature T'. The diffusion coefficient fol-
lows a temperature-activated Arrhenius relationship with activation energy E,, and a
prefactor Dy according to [36, 39, 40]:

’Uod2
6

_aG _ By
e *BT = Dye BT (1.3)

D =

where vy is the attempt-to-escape frequency, d is the jump distance, and AG is the
change in Gibbs' free energy [36].

In metal halide perovskites, ion migration can occur through either vacancies or
interstitials. In vacancy-mediated migration, ions move through the perovskite via
neighboring vacancies, as illustrated in Figure 1.3(a)-(c) for the A, B, and X-site ions
[40]. Interstitials of, for example, halides, move through the crystal by hopping and
form Pb-halide-Pb bridges [36], shown in Figure 1.3(d).

A body of work exists focusing on determining the dominant migrating species.
Eames et al. computationally predicted via first-principles calculations that vacancy-
mediated iodide migration Vi has the lowest activation energy of 0.58 eV in MAPbI,,
followed by the migration of methylammonium vacancies V;, (0.84eV) and lead
vacancies Vi (2.31eV) [41]. Other studies have also predicted that vacancy-mediated
halide migration has the lowest activation energy, followed by migration of the
A-site cation and Pb [42, 43]. Therefore, when modeling mobile ions in this thesis,
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Figure 1.3: Migration paths of (a) A-site vacancies, (b) B-site vacancies, (c) X-site vacancies, and (d) X-
interstitials.

ﬂ
]

s
pad

Tf

we assume that halide vacancies dominate ion migration in the perovskite layer, as
similarly done in other studies [44-46].

In a more macroscopic view, it has been found that ion migration along grain
boundaries is preferred compared to migration through the perovskite grains [47,
48]. It has also been shown that light can increase the ionic conductivity [49, 50].
Additionally, Hoke et al. reported the formation of bromide and iodide-rich regions
in mixed-halide perovskites after constantly illuminating the perovskite [51]. This
light-induced phase segregation leads to an effective reduction of the band gap of
the perovskite, resulting in a plateauing V. for higher-band gap perovskites [52].
Understanding and minimizing phase segregation has been a strong topic of interest
in the perovskite field [53-55]. Next to light, electric fields applied to perovskite solar
cells lead to the redistribution of mobile ions within the perovskite.

1.3.2 lonic Field Screening

The current understanding in the perovskite field is that well-performing lead-based
perovskites have low electronic carrier densities below 102 cm™ [56]. This entails
that, when sufficient mobile ions are present in the perovskite, these ions can alter
the potential distribution and, consequently, the energy band diagram of the per-
ovskite solar cell. Figure 14 illustrates this effect utilizing drift-diffusion simulations
of a perovskite solar cell for two applied voltages of 0V and the built-in voltage
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V4 in the first and second column, respectively. The rows correspond to different
ion densities of 10*° cm™ (few ions), 3-10'® cm™, and 10*® cm™ (many ions). At 0V,
mobile ions accumulate at the perovskite/CTL interfaces due to the built-in potential
of the perovskite solar cell. This is, for example, illustrated in Figure 14(a) for low
ion densities. Even though ions accumulate at the interfaces, their charge density
is not high enough to alter the potential of the perovskite solar cell. Therefore, the
conduction and valence band energy decreases linearly in the perovskite, as would be
the case for a device without ions. When applying a forward bias to the device, mobile
ions no longer accumulate at the interface, as illustrated in Figure 1.4(b). Because the
ionic carriers are of opposite charge, they cancel out and do not impact the potential.

vV, =0V V. =V_
pp app bi
5 % E ( a) Perovskite E % E (b) Perovskite 5
< < 2}
S 14 5
o ® CB | 2
5 0+ ) ~ | 3
8 © @ (N
_1 - e
L VB __
. VB |
5] (c) (d)
= 11 2
o ® cB 1 5
> 0+ ©) S CB =
o @ © g
g 3 DD D B
2 ] s ~ ©90 =
N VB L
2 (e) (f)
S 1 h\ 2
- @ CB fe) I (@]
5 04 ~eo ee\’ cB >
S @ ©5 PO S
2 - k 00000 =
VB
=l B
T 1

1 1 1 1 T
200 400 600 O 200 400 600
Position (nm) Position (nm)

o

Figure 1.4: Simulated impact of mobile ions on the conduction band (CB) and valence band (VB) of a per-
ovskite solar cell for three different ion densities and two different applied voltages. (a) and (b) low ion
density, (c) and (d) medium ion density, (e) and (f) high ion density. The applied voltage is OV in the first
column and V4; in the second column. The circles indicate positively and negatively charged ions.
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For a medium ion concentration in Figure 1.4(c) at 0V, the ions start to impact the
energetics of the conduction and valence band. Ions that accumulate at the per-
ovskite/charge transport layer (CTL) interfaces introduce a significant potential drop.
This potential drop occurs because 1) the potential drops in the ionic accumulation
layers and 2) ions lead to a depletion of electronic carriers in the CTLs, increasing the
potential drop in the depletion layers in the CTLs. The effect of mobile ions accumu-
lating at the perovskite/CTL has been the focus of many studies and is known as ionic
field screening [57, 58]. When V4,; is applied to the perovskite solar cell (see Figure
1.4(d)), the ions alter the energy band diagram less significantly, because not as many
ions are accumulated at the perovskite/CTL interface. The energetics in this case are
very similar to those in the case with few ions.

For a high ion density, the effects of ionic field screening become much more pro-
nounced, as shown in Figure 14(e). At 0V, most potential drops at the interface,
leading to largely flat bands in the perovskite bulk. When V4,; is applied to the device
and fewer ions are accumulated at the perovskite/CTL interfaces, the impact of ions
is not significant, illustrated by similar energetics compared to the cases with fewer
ions. This demonstrates that the impact of ions at 0 V on the potential and energetic
distribution in perovskite solar cells is more pronounced than when forward bias is
applied.

Ionic field screening can have a significant impact on the device performance in
perovskite solar cells. A study by Thiesbrummel et al. showed that losses due to
ionic-field screening can significantly reduce the J;. and, consequently, the PCE of
perovskite solar cells [57]. By carrying out JV measurement with different sweep
speeds [57] while aging a device, they could attribute most efficiency losses to mobile
ions, as shown in Figure 1.5(a). At slow scan speeds, mobile ions can accumulate the
perovskite/CTL interface, reducing the efficiency of charge extraction by screening
the electric field (similar to the high ion density case in Figure 1.4(d)) and reducing the
Jsc in Figure 1.5(b). At high sweep speeds, the ions can not follow the potential change.
Therefore, the bulk electric field is significantly higher (similar to the low ion density
case in Figure 14(a)), facilitating efficient charge extraction. This effect has also been
observed in other studies [58, 59].

Next to the impact on the J,., mobile ions have also been assigned to losses in the
open-circuit voltage V,.. Hart et al. showed that the distribution of mobile ions can
significantly impact the surface recombination currents, resulting in differences
of tens to hundreds of millivolts in V,. [60]. They further suggested that ions can
even be beneficial for the V,,. and efficiency because they decrease the sensitivity to
band-misalignment in perovskite solar cells.

These different results illustrate that the impact of mobile ions on the device per-
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Figure 1.5: (a) PCE of a perovskite solar cell during aging, measured with fast and slow sweep speeds. (b)
JV -measurements at different sweep speeds of an aged device. Reproduced from [57].

formance cannot be linked to a single loss process. Instead, how and to what extent
mobile ions impact the efficiency is strongly dependent on other inherent device
properties like the non-radiative recombination velocities, charge extraction effi-
ciencies, energetic alignment between perovskite and CTLs, and mobilities in the
perovskite and CTLs. These properties can significantly vary between devices with
different perovskites and CTLs, resulting in various loss processes assigned to mobile

ions.

1.4 Characterization of Mobile lons

1.4.1 Qualitative Characterization

The characterization of mobile ions has been the focus of many studies, and various
techniques have been applied to characterize them. Some techniques focus on the
qualitative characterization of ions. Prominent examples include Kelvin-probe force
microscopy (KPFM), Time-of-Flight secondary-ion mass spectroscopy (ToF-SIMS),
and lateral photoluminescence (PL) measurements. For example, Weber et al. mea-
sured the redistribution of ions upon the application of voltage or light by conducting
later KPFM measurements [47]. In ToF-SIMS, the position-dependent chemical
composition of the perovskite can be studied by gradually sputtering ions off the
surface. This technique has been applied to study the impact of degradation on the
composition [61]. However, ToF-SIMS is prone to measurement artifacts due to its
destructive nature [62].
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Lateral PL measurements have been used to visualize the migration of mobile ions.
This measurement is usually carried out on a device with lateral contacts. When a
bias is applied to the lateral contacts, mobile ions redistribute within the perovskite.
This can result in a change of the PL. measurement, given that ions impact the recom-
bination dynamics in the perovskite. One prominent work by Li et al. [63] is shown
in Figure 1.6. They observed quenching of the PL starting at the positive electrode in
Figure 1.6(a). Then, after tens of seconds, the quenching extended over most of the
channel, as illustrated in Figure 1.6(b) and (c). They explain the quenched PL with
an initial doping due to iodine interstitials in the high PL sections of the perovskite.
Then, when applying the potential, iodine vacancies start drifting into this region,
compensating the doping, which lowers the electronic carrier density and, conse-
quently, the PL. Lateral PL measurements have shown quenching of the PL [63, 64],
but also photo-brightening [65], which has both been attributed to the redistribution
of mobile ions.

(a) (b) (0

-_ 7

Figure 1.6: Spatially resolved photoluminescence measurement of a perovskite thin film (a) Os, (b) 16's, and
(c) 44 s after turning on a voltage. With increasing time, the photoluminescence gets quenched, resulting
in a darker appearing channel in Figure (b) and (c). Reproduced from [63].

1.4.2 Electrical Measurements

Electrical measurement techniques build the foundation when characterizing com-
plete perovskite solar cells, with the most important one being JV measurements to
evaluate the efficiency. In 2014, Snaith et al. observed anomalous hysteresis in per-
ovskite solar cells, where the efficiency was significantly dependent on the direction
and speed of the voltage sweep, as shown in Figure 1.7 [66]. They and others proposed
different mechanisms as possible explanations, among others, filling and emptying of
traps at the interfaces during the sweeps, ferroelectric polarization impacting charge
collection, and mobile ions [66, 67]. Since then, many studies have focused on explain-
ing hysteresis in perovskite solar cells, with the most prominent explanation being mo-
bile ions that impact recombination at the perovskite/CTL interfaces [68-70].
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Figure 1.7: Current density vs. voltage measurements of a perovskite solar cell with different sweep speeds
from short circuit (SC) to forward bias (FB) and back. The hysteresis is more pronounced for slow sweep
speeds. Reprinted with permission from [66]. Copyright 2025 American Chemical Society.

Another popular subsection of electrical characterization is impedance spectroscopy.
Impedance spectroscopy is a powerful technique that is based on exciting and probing
different processes in the perovskite solar cell based on their characteristic times. The
basics of impedance spectroscopy are shown in Figure 1.8. A small perturbation volt-
age is applied to the perovskite solar cell around a DC operating point, as illustrated in
Figure 1.8(a). The voltage amplitude must be low enough to ensure a linear current re-
sponse by the probed device. The voltage can be expressed in terms of the DC voltage
Vbe, AC amplitude V¢, and frequency w = 27 f:

V(t) = Vbc + Vace™" (14)

where i istheimaginary unit. The current is measured, which also consists ofa DC part
Ipc,an ACamplitude /¢, and has the same frequency w. Additionally, the current can
be phase-shifted by ® compared to the voltage, as illustrated in Figure 1.8(a). In total,
the current is then:

I(t) = Ipc + Ixce'®e™? (15)
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With the applied voltage and the current response, the impedance can be calculated
from the AC amplitudes:

_Vac s

Z e ' =|Z|e? (16)

~ Iac

The impedance can also be expressed in terms of its real and imaginary parts:
Z = Real(Z) + iImag(Z) (17)

which is illustrated in the complex plane in Figure 1.8(b). The amplitude and phase
of the impedance depend on the response of the excited process. By varying the
frequency of the perturbed voltage, different processes in perovskite solar cells can
be excited. Then, the impedance is determined for each frequency, resulting in the
Nyquist diagram, plotting the imaginary against the real part of the impedance for
each frequency. Under illumination or bias, the Nyquist diagram consists of charac-
teristic semicircles, which are illustrated in Figure 1.8(c).

A common analysis technique to extract information from impedance measurements
is to fit equivalent circuit models to the semicircles. However, choosing the correct
equivalent circuit is a difficult process. Over the years, many different equivalent
circuits have been proposed to extract information from perovskite solar cells [71].
Alvarez et al. showed that multiple equivalent circuits can fit the same impedance
spectrum. Only by combining impedance measurements with additional small-signal
techniques were they able to ensure the correct choice of the equivalent circuit [72].
Another issue when using equivalent circuits is that there is no general connection
between the components in the equivalent circuit and the physical process in the de-
vice. Often, the low-frequency response is connected to mobile ions. However, when
carrying out impedance spectroscopy under illumination and/or bias, a convolution
of ionic, electronic, and recombination processes is measured [73].

One way to probe mainly the ionic response of a perovskite solar cell is to measure in

(c)
Q =
E

Real(Z) Real(2)

Figure 1.8: (a) lllustration of the time-dependent perturbed voltage and current response during an
impedance measurement. (b) Complex plane representation of the impedance. (c) Nyquist plot of a
frequency-dependent impedance measurement.
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the dark and at 0V DC bias. Then, it is helpful to express the impedance in terms of
the conductance and capacitance:

1

where Y is the complex admittance, GG is the conductance, and C is the capacitance. G
is dependent on the in-phase processes of the perovskite, like recombination or elec-
tronic charge transport. Because the electronic carrier density in the dark at 0 Vis low,
G does not contain much information. We, therefore, focus mainly on the capacitance
of the device, which can be calculated from the impedance:

C= %Imag(%) (1.9)

In perovskite solar cells, capacitance frequency measurements have been applied to
characterize mobile ions [73-75]. The advantage of capacitance frequency measure-
ments in the dark at 0 V compared to measurements under bias and light is that we
do not have a strong convolution of different processes. Figure 1.9(a) shows a sketch
of a capacitance frequency spectrum. In perovskite solar cells, we generally observe
a high-frequency plateau and an increase in the capacitance at lower frequencies.
At lower frequencies, mobile ions can follow the perturbed electric field, leading
to ionic polarization at the perovskite/CTL interface, as illustrated in Figure 1.9(b).
This ultimately leads to the capacitance C;,, in Figure 1.9(a). At higher frequencies,
mobile ions cannot follow the perturbed electric field. Therefore, the capacitance at
higher frequencies, often called the geometrical capacitance Clg,, is just the series
connection of the geometrical capacitances and/or depletion layers of the individual
layers, as illustrated in Figure 1.9(c).
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Figure 1.9: (a) lllustration of a capacitance frequency measurement. (b) shows the origin of the low-
frequency capacitance Clon, due to ionic polarization. (c) illustrates the origin of the high-frequency ge-
ometrical capacitance Cieo in a perovskite device. The ions in the perovskite are transparent because they
do not directly contribute to the capacitance.
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Another method to study mobile ions is based on deep-level transient spectroscopy
(DLTS), which was first introduced by Lang et al. to study traps in silicon semiconduc-
tors [76]. DLTS is based on filling traps in the semiconductor during a voltage pulse.
Then, after removing the voltage pulse, electrons and holes are emitted back to the
conduction and valence bands. This re-emission of electronic carriers alters the de-
pletion layer capacitance in doped semiconductors. Therefore, measuring the change
of the capacitance as a function of time and temperature contains information about
the density of traps, whether the trap levels are close to the conduction or valence
band, their capture cross section, and their activation energy [76]. To quantify mobile
ions, Futscher et al. applied DLTS, also called transient ion drift (TID), to perovskite
solar cells [77]. However, mobile ions cannot be treated in the same way as traps, and
the device properties of perovskite solar cells significantly differ compared to p-n
junctions in silicon semiconductors. Therefore, the interpretation of capacitance
transients differs from the originally proposed one, as we will show in Chapter 2.

Our current understanding of capacitance transients is sketched in Figure 1.10. Figure
1.10(a) illustrates a capacitance transient after a voltage pulse is removed. For sim-
plicity, we assume highly doped transport layers. During the voltage pulse, mobile
ions diffuse away from the perovskite/CTL interfaces into the bulk, resulting in a
homogeneous distribution of ions as illustrated in Figure 1.10(b). The capacitance is
probed at high frequencies. The initial capacitance can then be approximated with
the geometrical capacitance of the perovskite. Then, because of the built-in field
FE, mobile ions start to drift and accumulate at the perovskite/CTL interfaces. The
accumulation results in a depletion of electronic carriers in the CTLs, as shown in
Figure 1.10(c). This depletion of electronic carriers from the CTLs results in a decrease
in the high-frequency capacitance, which is measured in Figure 1.10(a).

Another electrical measurement technique used numerous times to characterize
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Figure 1.10: (a) lllustration of a capacitance transient measurement. (b) illustrates the origin of the initial
capacitance Cj, when the ions are homogeneously distributed in the bulk. The ions in the perovskite
are transparent because they do not directly contribute to the capacitance. (c) shows the origin of the
capacitance C's due to depletion of electronic carriers from the CTLs, caused by the accumulation of ions.
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mobile ions in perovskite solar cells is current transient measurements [57, 78-80],
also known as bias-assisted charge extraction. An illustration and a basic principle
are shown in Figure 111. Similar to capacitance transient measurements, a voltage
pulse is applied to the device, during which ions diffuse into the perovskite bulk. Then,
the voltage pulse is removed. The built-in potential of the device leads to an electric
field that drives mobile ions to the perovskite/CTL interface, leading to an initial
current Jy, as shown in Figure 1.11(a) and (b). This current is dependent on the ionic
current and the displacement current in the device. When no more ions remain in
the bulk or enough ions are accumulated to screen the built-in potential (see Figure
111(c)), the current decreases, as illustrated in Figure 1.11(a).
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Figure 1.11: (a) lllustration of a current transient measurement. (b) illustrates the origin of the initial current
Jo, when the ions are homogeneously distributed in the bulk. The built-in field E leads to an ionic current
that drives mobile ions to the perovskite/CTL interfaces. Ultimately, the field is screened, as shown in (c),
leading to a reduction of the current.

A variation of current transient measurements is the thermally activated ion current
measurements (TAIC), which we will introduce in Chapter 6. In the TAIC technique,
the device is cooled down during the applied voltage pulse, freezing mobile ions. Then,
when slowly heating the device, ions drift to the perovskite/CTL interface, leading to a
current. The advantage of TAIC is that the measurement allows for the extraction of
the activation energy and distinguishes between different ionic species.

Generally, measurements in the time domain, like capacitance transients, current
transients, and TAIC measurements, are well suited to characterize slow ionic migra-
tion processes that last seconds to hours. Resolving these processes in capacitance
frequency measurements would require long measurement times because of the
necessity of measuring and averaging multiple periods of the perturbed current re-
sponse. In contrast, capacitance frequency measurements are well suited to measure
faster ionic processes with characteristic times of milliseconds or lower, which can
be challenging to capture with common source measure units, especially in the case
of low currents.
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1.5 Drift-Diffusion Simulations

Drift-diffusion simulations are an essential and powerful tool that has become in-
creasingly important in the perovskite field. They allow the simulation of interactions
between mobile electronic and ionic charge carriers, recombination processes, and
the potential of perovskite solar cells. Drift-diffusion simulations have been used to
study numerous electrical measurements like JV measurements with hysteresis [44,
81], space-charge limited current measurements [82], fast-hysteresis measurements
[83], and impedance spectroscopy [73].
Drift-diffusion simulations are based on numerically solving the current continuity
and Poisson equations. The Poisson equation describes the potential introduced by
charges. In one dimension, it is defined as:
2

fl% = —z(p —n+G) (110)
where @ is the potential, e is the elementary charge, p is the hole density, n is the elec-
tron density, and G are other charges, e.g., dopands or ions. The current continuity
equation for electrons and holes in one dimension is defined as:

U XL — (111)
dt e dx
dp 1 dj,
e _ _-Zp — 112
dt e dx T T 112

where j, and j;, are the electron and hole current densities, g,, and g, are the electron
and hole generation rates, and r,, and r, are the recombination rates of electrons and
holes. The current densities can be expressed in terms of drift and diffusion currents:

d

Jn = enu, E + eDn—n (113)
dx

. dp

Jp = epup B — er% (114)

where p, and p1, are the electron and hole mobilities, F is the electric field, and D, and
Dy, are the electron and hole diffusion coefficients. The diffusion coefficients relate to
the mobility via the Einstein relation:

_ pnpkeT

Dyp =" (115)

where kg is the Boltzmann constant and 7 is the temperature.
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1.5.1 Generation and Recombination

The current continuity equations in Equations 1.11 and 112 depend on the generation
and recombination terms g and r. The generation term accounts for the creation of
electronic carriers by photo-absorption. The recombination term accounts for differ-
ent recombination processes, which can be separated into radiative and non-radiative
recombination processes:

T = Trad + Tnon—rad (116)

where r,,4q is the radiative recombination rate, and r,on—raq iS the non-radiative re-
combination rate. The radiative recombination depends on both the electron and hole
density as:

Trad = Bnp (117)

where B is the radiative recombination coefficient. The non-radiative recombination
rate Tnon—rad iN perovskites is dominated by Shockley-Read-Hall recombination.
Auger recombination can be neglected in cases of non-concentrated solar illumina-
tion [84]. The non-radiative recombination can then be expressed as [8]:

np —n?
Tp(n +n1) + m(p +p1)

Tnon—rad = T'SRH = (118)

where n; is the intrinsic carrier density, 7, and 7, are the electron and hole carrier life-
times and n; and p; account for thermal emission from traps and are defined as:

Et—Ecp

n1 = Ng,ce *BT (119)
Eyp—Fy
p1 = No,vee F5T (1.20)

where Ny cp and Ny vp are the effective density of states in the conduction and
valence band, Ecp and Fyp are the conduction and valence band energies, and F; is
the energy level of the trap. For shallow traps, which have been shown to be dominant
in perovskite solar cells [26], the trap level is close to either the conduction or valence
band. Then, trapped electronic carriers from the conduction or valence band are likely
to be emitted back into that band. This results in a lower non-radiative recombination
rate compared to when the trap energy is in the center of the band gap, i.e., deep traps.

1.5.2 Mobile lons in Drift-Diffusion Simulations

To account for mobile ions in drift-diffusion simulations, the Poisson and current con-
tinuity equations need to be adapted. In the Poisson equation, the constant GG can be
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adapted to also account for ions. GG then becomes:
G=c—a (1.21)

where c is the cation density and «a is the anion density. In addition to electronic
charges, the ions also need to be accounted for in a current continuity equation:

do _ ,1di,

— = 1.22
dt + e dr (1.22)
dc 1 dj.

—_— = ——— 1.23
dt e dr (1.23)

Generally, the generation and recombination of mobile ions are omitted in drift-
diffusion simulations. The ionic current depends on a drift and a diffusion term:

d

Ja = enp, B + eDa—a (1.24)
dx
d

Je = ecucF — eDC—C (1.25)
dx

1.5.3 Solving the Semiconductor Equations

The semiconductor equations are coupled, meaning that the potential in the Poisson
equation in Equation 110 depends on the charge densities, and the charge densities,
in turn, depend on the potential via the current continuity equations in Equations 1.11,
112,122, and 1.23. Therefore, the equations can only be solved numerically by itera-
tively solving the Poisson and continuity equations.

Multiple drift-diffusion solvers exist to simulate perovskite solar cells. These include
SIMsalabim [85], lonMonger [86, 87], Driftfusion [88], and Setfos [89]. In this thesis, we
will use Setfos because we require demanding simulation settings (e.g., voltage steps
and simultaneous impedance calculation, large ranges of ion densities), and only Set-
fos could reliably solve the semiconductor equations under these conditions.

1.6 Outline of This Thesis

This thesis focuses on how electrical measurements can be utilized to characterize
mobile ions in perovskite solar cells. In Chapter 2, we evaluate the established the-
ory behind capacitance transient measurements. By combining drift-diffusion simu-
lations and intensity-dependent capacitance transient measurements, we show that
the polarity of mobile ions cannot be extracted from these measurements. We further
propose that the direction of capacitance transients depends on which capacitance
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is modulated by mobile ions. In Chapter 3, we then apply capacitance frequency, ca-
pacitance transient, and current transient measurements in combination with simu-
lations to characterize mobile ions of a simple MAPbI; perovskite device without trans-
port layers. In Chapter 4 we illustrate that ionic field screening limits the density of
mobile ions that can be determined with various electrical measurements. Chapter
5 focuses on the derivation and application of a drift-diffusion approximation that al-
lows the extraction of ionic properties from capacitance frequency, capacitance tran-
sient, and current transient measurements. Finally, in Chapter 6, we introduce the
thermally activated ion current (TAIC) technique. A powerful measurement to charac-
terize activation energy, diffusion coefficient, and, under certain conditions, the mo-
bile ion density.
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Abstract

Mitigating the migration of mobile ions within perovskite solar cells is a crucial step
on the way to improving their stability. In the past, transient capacitance measure-
ments have been applied to extract information about mobile ions, including their ac-
tivation energy, diffusion coefficient, density, and polarity. However, in this work, we
show that the interpretation of capacitance transients is more complex than originally
proposed because of the intrinsic nature of the perovskite and the contributions of
charge transport layers to the capacitance. Using drift-diffusion simulations and light
intensity-dependent capacitance transient measurements we show that the direction
of capacitance transients is not linked to the polarity of the migrating species. Instead,
the direction of the transients is linked to the layer of the cell that dominates the ca-
pacitance modulation. This work illustrates that transport layers can be crucial for the
capacitance and impedance response of perovskite solar cells, and therefore for char-
acterizing mobile ions in perovskites.
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2.1 Introduction

VEN though the efficiency of perovskite solar cells (PSCs) has increased signif-

icantly to 26.7 % in 2024 [1], their commercialization is still hindered by their

poor stability, which has been attributed to the migration of mobile ions in the
perovskite layer [2]. Thus, in order to improve the stability of PSCs, significant efforts
have been made to mitigate ion migration [3-5]. Based on calculations of defect for-
mation energies, it has often been suggested that vacancy-mediated migration of io-
dide I~ and methylammonium MA" contribute to ion migration in methylammonium
lead triiodide (MAPbI,), where iodide vacancies V; generally show an activation energy
around 0.25 - 0.4 eV lower than methylammonium vacancies Vy, [6-8]. Experimen-
tally, a variety of characterization techniques have been applied to understand the for-
mation and migration of mobile ions. Some of these techniques focus on qualitatively
understanding which mobile ions are present in the perovskite. These techniques in-
clude Time-of-Flight Secondary Ion Mass Spectrometry [9, 10], photothermal induced
resonance microscopy [11], and Kelvin probe force microscopy [12]. Other techniques
focus on quantifying the density of mobile ions, their activation energy, or diffusion
coefficient. These include electrical measurements like impedance spectroscopy [13],
bias-assisted charge extraction [2], and ionic conductivity measurements [14, 15].
One popular technique that has been applied to quantify the density, diffusion coeffi-
cient, activation energy, and polarity of mobile ions is transient ion drift (TID) [16-20].
TID is closely related to impedance-based techniques and relies on measuring capac-
itance transients after an applied voltage pulse is released. The capacitance is modu-
lated by mobile ions drifting within the perovskite layer, which allows measuring the
properties of these ions. The physical model behind TID is typically based on a few core
assumptions, namely that the perovskite has a high doping density, that the ion den-
sity ismuch smaller than the doping density, and that charge transport layers (CTLs) do
not significantly contribute to the capacitance transients. Additionally, the direction
of the capacitance transients was directly related to the polarity of ionic species, mean-
ing that decreasing capacitance transients (for p-doped perovskites) were assigned to
mobile anions (e.g. mobile I, Br;"), and increasing capacitance transients were as-
signed to mobile cations (e.g. mobile MA;) [16, 18].
Here, by utilizing drift-diffusion simulations of capacitance transients, we show that
the interpretation of TID is more complex than originally expected. We show that the
direction of the transients is not related to the polarity of the ionic species. Instead, it
depends on the layer in the device that dominates the capacitance modulation by mo-
bile ions. When the perovskite is fully depleted (low doping density), the accumulation
of mobileions at the perovskite/CTL interface leads to a depletion of electronic carriers
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in the CTLs, resulting in decreasing capacitance transients. In contrast, when the per-
ovskite layer is only partially depleted, the modulation of the depletion layer in the per-
ovskite results in increasing capacitance transients. Between these regimes, the tran-
sients consist of a mixed regime, with an initial decrease, followed by an increase in the
capacitance. Lastly, we show experimentally that increasing the photogenerated car-
rier density of a PSC alsoleads to a change of the transient direction from decreasing to
increasing, because of the change of the electric field distribution by photogenerated
charges. Similar to doping, increasing the density of photogenerated carriers changes
the layer that dominates the capacitance modulation by mobile ions.

2.2 Results and Discussion

To investigate the role of the polarity of mobile ions in capacitance measurements,
we simulate the behavior of the capacitance as a function of time after a voltage pulse.
This simulation emulates the TID measurement. For the simulation of capacitance
transients, we used the drift-diffusion solver Setfos by Fluxim. The device structure
resembling a perovskite solar cell is shown in Figure 2.1, and all simulation param-
eters are listed as parameters set 1 of Table 2.A1 in the Appendix. For the charge
transport layers (CTLs), we selected parameters that are in the range of typical organic
semiconductors used in PSCs (e.g. PTAA and Cg,). However, in order to simplify the
device structure, we used the same band gaps, effective density of states, mobilities
of electronic carriers, and dielectric constants for both the hole transport layer (HTL)
and electron transport layer (ETL). The simulation parameters for the perovskite layer
are based on MAPbI;. Throughout this work, we assume that two ionic species with
opposite charges are present in the perovskite, where one species is mobile within
the perovskite, while the other one is immobile and homogeneously distributed
throughout the perovskite [21, 22]. The density of immobile and mobile ions is the
same to ensure charge neutrality. We differentiate between positive ions and negative
ions, where positive ions refer to positively charged interstitials and vacancies (e.g.
iodide vacancies Vi or MA interstitials MA]), while negative ions refer to negatively
charged interstitials and vacancies (e.g. iodide interstitials I, or MA vacancies Vy,).
Additionally, we assume that the mobile ions are confined in the perovskite and
cannot migrate into the CTLs.
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2.2.1 Principle of Capacitance Transient Measurements

Figure 2.1 shows a schematic of transient ion drift, considering positive mobile ions.
Note that the device is symmetric, so with negative mobile ions, we would see the same
mechanism in the opposite direction. Initially, an external voltage equal to the built-in
voltage Vi, = Vhi isapplied to the device (see Figure 2.1(a)). Because of the compensa-
tion of the built-in field, mobile ions distribute homogeneously within the perovskite
(see Figure 2.1(b)). We note that experimentally, the device might not reach this steady-
state if the voltage pulse is too short, and that some potential drops across the trans-
port layers [23]. When the applied voltage is removed, V,,, = 0V, positive mobile
ions drift to the perovskite/HTL interface to screen the built-in field (see Figure 2.1(c)).
During the drift of ions, we simulate the modulation of the capacitance using a per-
turbation voltage with a frequency of 10 kHz and an amplitude of 10 mV. At 10 kHz, the
capacitance is determined by the density and distribution of electronic charge carriers
within the PSC. Mobile ions do not directly contribute to the capacitance because they
cannot follow the perturbed electric field due to their low mobility. However, they im-
pact the distribution of electronic carriers within the PSC and consequently indirectly
change the capacitance [24]. In other words, at the frequency of the perturbation, we
are measuring a static distribution of ions, but over the timescale of milliseconds to
seconds, the change in ion distribution changes the electronic capacitance of the de-
vice, resulting in a capacitance transient as illustrated in Figure 2.1(d).

2.2.2 Does the Transient Direction Depend on the lon Polarity?

We now use the drift-diffusion simulations to better understand the transient ca-
pacitance measurements. First, we investigate how the polarity of the mobile ions
influences capacitance transients. So far, in literature, it has been assumed that
the polarity of ionic charge carriers determines the direction of the capacitance
transients. This was done in analogy to the polarity of trap states in deep-level
transient spectroscopy [25], which is very similar to TID. More specifically, decreasing
transients were assigned to negative mobile ions like I] or Bry, while increasing
transients were assigned to positive mobile ions like MA; [16, 18] in a p-doped per-
ovskite. The basis for this assignment was the assumption that the perovskite is
doped, leading to a partially depleted perovskite, and the assumption that the density
of mobile ionic carriers is smaller than the acceptor-like defect (or doping) density
(Na > Nion). When applying a voltage pulse close to V4, the depletion layer would
collapse, and mobile ionic charge carriers would distribute homogeneously within
the perovskite. After removing the applied voltage, mobile negative/positive ions
would drift out of the depletion layer, leading to an increase/decrease in the depletion
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Figure 2.1: (a) lllustration of the voltage profile applied to a perovskite solar cell during transient ion drift.
After the voltage pulse, the capacitance of the device is probed with a high-frequency perturbation voltage
Vac. (b) During the voltage pulse of V., = Vi, positive mobile ions that were previously accumulated
at the HTL interface diffuse into the perovskite and distribute more homogeneously. (c) When the voltage
pulse is removed (Vapp = 0V), positive mobile ions drift back to the HTL interface, changing the device
capacitance. (d) lllustration of a capacitance transient.

layer width. Because the depletion layer capacitance is proportional to the inverse
of the depletion layer width Cy; ~ 1/wgq this would ultimately result in increasing
capacitance transients for negative ions and decreasing capacitance transients for
positive ions [17]. Considering these conditions, we simulated capacitance transients
for positive and negative mobile ions, respectively. We chose an acceptor doping
density of 1-10” cm™ and ionic carrier densities from 1-10% - 5-10% cm™ (typical
values for mobile ion densities extracted using TID lie between 1-103-1-10% cm3,
while the assumed doping densities were around 1-2 orders of magnitude higher
than the extracted ion densities [16, 18-20]). The results are shown in Figure 2.2,
where dC(t) is the capacitance change compared to the initial capacitance value
dC(t) = C(t) — Cy (the transients of the absolute capacitance values are shown in
Figure 2.C.1).

As expected, the capacitance transients for mobile positive ions are increasing.
However, contrary to the original prediction, the capacitance transients for negative
mobile ions are also increasing. To better understand why both positive and negative
mobile ions lead to increasing transients, we can study the energy band diagram and
charge carrier distributions within the device. These are shown in Figure 2.3(a)-(c)
for positive mobile ions. As expected, the p-doping of the perovskite leads to the
formation of a depletion layer at the perovskite/ETL interface, where the depletion
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Figure 2.2: Simulated capacitance transients for different ion densities in the case of (a) positive mobile
ions and (b) mobile negative ions. In both cases, the acceptor doping density is 107 em™® (p-doping).

layer width (illustrated as wq in Figure 2.3(c)) depends on the doping density and the
density of ionic charge carriers in the depletion layer. Initially, when V4 is applied
to the device, mobile positive ions are distributed across the perovskite. Then, after
removing V},;, these mobile ions drift out of the depletion region towards the HTL (see
Figure 2.3(b)). Because the acceptor atoms N, and the positive mobile ions have the
opposite polarity, the net charge density in the depletion layer increases. This, in turn,
reduces the depletion layer width (to w; in Figure 2.3(c)) and results in an increase
in capacitance. In contrast, mobile negative ions accumulate at the perovskite/ETL
interface after removing V4, (see Figure 2.C.2). Now, the doping density and the mobile
negative ions have the same polarity. Consequently, the net charge density within the
depletion layer increases upon the accumulation of mobile negative ions, leading to a
decrease in the depletion layer width and an increase in capacitance.

With this, we have established that the direction of capacitance transients cannot
be correlated with the polarity of mobile ionic charge carriers. Instead, when con-
sidering high defect/doping densities, both negative and positive mobile ions lead to
increasing capacitance transients. Comparing the duration of the transient in Figure
2.2(a) and (b), it is apparent that mobile negative ions lead to longer transients. These
negative ions must partially diffuse through the field-free region of the perovskite
before they accumulate in the depletion layer. In contrast, positive mobile ions only
have to drift out of the depletion layer, leading to faster capacitance transients.

2.2.3 Origin of Decreasing Capacitance Transients

In the simulations shown so far, the capacitance transients were always increasing.
However, decreasing or mixed transients are often observed in the literature, where
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Figure 2.3: Simulated energy band diagrams, positive mobile ion densities, and hole densities at different
times during the transients. The ion density is 5 - 10% em™3, Figures (a)-(c) contain the simulations in the
case of an acceptor doping density of 1 - 10" em™ (p-doping). The corresponding increasing capacitance
transient is shown in Figure 2.2(a) and panel C of Figure 2.4. Figures (d)-(f) show the simulations for an
acceptor doping density of 5 - 10 cm™. The corresponding negative capacitance transient is shown in
panel A of Figure 2.4. The electron density distributions are shown in Figure 2.C.5.

mixed transients consist of an initial decrease followed by an increase of the capaci-
tance [17-20]. Additionally, recent studies using intensity-dependent transient photo-
luminescence measurements, Hall measurements, and charge extraction by linearly
increasing voltage (CELIV) measurements suggest that Pb-based PSCs are not signif-
icantly doped [26]. Therefore, we investigate the influence of doping density on ca-
pacitance transients next. Figure 2.4 shows the capacitance change of the decreasing
and increasing components of simulated transients when considering acceptor dop-
ing densities between 5 - 10'*- 10'® cm™, positive mobile ions resembling halide vacan-
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cies (as similarly donein [21, 22, 27]), and a mobile ion density of 5 - 10 cm™. Three dif-
ferent regimes are present (decreasing, mixed, and increasing), where one exemplary
transient for each regime is shown in panels A-C (the transients with absolute capaci-
tance values are shown in Figure 2.C.3). At doping densities until around 2 - 10 cm™3,
the capacitance transients decrease. Then, until 8 - 10 cm™3 the transients consist of
a decreasing and an increasing part. For doping densities above 8 - 10'® cm™3, the ca-
pacitance transients increase. We note that the same three regimes are also observed
for mobile negative ions, as shown in Figure 2.C4. This suggests that rather than the
polarity of mobile ionic species, the doping density of the perovskite determines the
direction of the capacitance transients.

We have already established that the increasing capacitance transients for high per-
ovskite doping densities originate from a decrease in the depletion layer width in the
perovskite when positive mobile ions drift out of the depletion layer. In contrast, in the
case of low perovskite doping densities, the perovskite layer is depleted of electronic
charge carriers, and its capacitance is given by the geometrical capacitance Cyeo,pero-
Because Cyeo,pero is independent of the redistribution of ionic charge carriers, the per-
ovskite layer does not contribute to the change of capacitance during the transient. In-
stead, the capacitance change originates from the transport layers. Upon application
of the perturbation voltage, the density of the charge carriers injected into the device
changes, which can be expressed as the capacitance

— innj
AVapp

w
Cu = ei / (n(z) + p(x))dz (21)
av Jo
where Qiy; is the injected charge, V,;,, is the applied voltage, e is the elementary
charge, w is the thickness of the device, and n(x) and p(x) are the position-dependent
electron and hole densities. This capacitance C), is sometimes termed chemical
or charge storage capacitance [28, 29]. A more detailed explanation of C}, and the
influence of mobile ions on it is given in Section 2.B in the Appendix. Now, when
positive mobile ions drift to the HTL/perovskite interface and accumulate there, the
HTL gets more depleted of holes, as illustrated in Figure 2.3(d)-(f). At the same time,
the depletion of positive ions at the perovskite/ETL interface leads to a reduction of
electrons in the ETL (see Figure 2.C.5(b)), because they are repelled by the net negative
charge at the perovskite/ETL interface. The difference between the Fermi-level and
the VB on the HTL side, and the Fermi-level and the CB on the ETL side increases (see
Figure 2.3(d)). This results in a reduction of injected charge carriers upon application
of the perturbation voltage, leading to a decrease of the capacitance C,. We note that
the injection of carriers into the perovskite could also contribute to C,,. However, in
the discussed case, the difference between the Fermi-level in the perovskite and its



2.2. RESULTS AND DISCUSSION | 35

&
15 g
° ACd T
£
10 g
_C
5 -
9 2
c 07 Sedssseies,, ~ -15' o T T T T <
3 ST 5
Ao 3
-5 ° e
°
~10 4 Decreasing Mixed Increasing Kg
TL depletion TLdeEIetion Reduced depletion| ° 5.0
charge injection in perovskite UC-
into perovskite = 2.5
-15 “4rrrr——rrr——rrrr——rrr =
1015 1016 1017 1078 % 0.0 l l
Acceptor doping density (cm~3) 0.0 7.5 15.0

Time (s)

Figure 2.4: Capacitance change AC of simulated capacitance transients depending on the acceptor doping
density of the perovskite. Simulated mobile ions are positive with a density of 5 - 10"%em™=. AC'is sepa-
rated into AC'y of decreasing transients (blue circles) and AC; of increasing transients (orange crosses).
Depending on the acceptor doping density, three regimes are visible. The panels A, B, and C show example
transients of the decreasing (A), mixed (B), and increasing (C) regimes.

CB and VB is too large, and no significant density of electronic carriers is injected into
the perovskite bulk.

In the intermediate perovskite doping regime, the capacitance transients are
mixed, consisting of an initial decrease followed by an increase in the capacitance.
After releasing the voltage pulse, positive mobile ions start accumulating at the
HTL/perovskite interface, decreasing the density of holes in the HTL and in the per-
ovskite close to the HTL (see Figure 2.C.6). This decrease, similar to the low-doping
case, results in the initial decrease of the capacitance. Then, as more positive mobile
ions accumulate at the HTL/perovskite interface, the built-in field is screened, result-
ing in a large portion of the perovskite being field-free. In contrast to the low-doping
case, the energy difference between the Fermi level and the VB in the perovskite is
smaller. Consequently, the injection of holes into the perovskite upon application
of a perturbation voltage is significantly higher and increases as a larger fraction of
the built-in field is screened. This ultimately results in the observed increase of the

capacitance.
Next to the doping density of the perovskite, other parameters of the PSC can impact
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the density of injected electronic carriers into the perovskite and subsequently C,,
and the increasing part of the transient. Because we assume the mobile ions to be
positive, the injection of holes dominates C), of the perovskite. We, therefore, focus
on the parameters of the HTL and the perovskite. We simulated the onset of the mixed
transient regime, i.e. at which doping density the transients switch from decreasing
to mixed (in Figure 2.4 the onset would, for example, be at around a doping density
of 2-10% cm™), as a function of ion density, thickness of the perovskite, VB offset
between HTL and perovskite, doping density of the HTL, and dielectric constant of the
perovskite. The results are shown in Figure 2.C.7. Increasing the density of mobile ions
within the perovskite shifts the onset of the mixed regime to slightly higher doping
densities (see Figure 2.C.7(a)). This shift is strongly sub-linear and can be explained in
the following way: A higher ion density also leads to a higher density of accumulated
positive ions at the HTL/perovskite interface. This results in a stronger depletion of
holes at the HTL/perovskite interface and consequently reduces the overall density
of injected holes in the perovskite, shifting the onset of the mixed regime to higher
doping densities. When increasing the perovskite thickness, we observe that the
onset of the mixed regime shifts almost linearly to lower doping densities because
the built-in potential drops over an increasing distance (see Figure 2.C7(b)). For
thicker films, a lower density of accumulated ions at the HTL/perovskite interface is
necessary to screen the electric field. Consequently, more holes are injected into the
perovskite, which results in a lower onset of the mixed regime. A higher dielectric
constant of the perovskite results in a higher fraction of the potential dropping over
the CTLs. Consequently, the density of holes injected into the perovskite is reduced,
shifting the onset of the mixed regime to higher doping densities (see Figure 2.C.7(c)).
Changing the VB offset between the HTL and perovskite from -0.2 eV to 0.2 eV results
in a stronger injection of holes into the perovskite. This leads to a shift of the onset of
the mixed regime to lower doping densities (see Figure 2.C.7(d)). Lastly, increasing the
doping density of the HTL leads to an increased injection of holes into the perovskite,
shifting the onset of the mixed regime to dramatically lower doping densities (see
Figure 2.C.7(e)). Here, at an HTL doping density of around 9 - 107 cm 3, even undoped
perovskites show a mixed transient, illustrating that injection of electronic carriers
from the HTL into the perovskite is leading to an effectively doped perovskite layer.

2.2.4 Switching the Transient Direction

In the previous section, we established that the direction of capacitance transients
depends on the layer that contributes to the capacitance. If the electronic carrier
density of the perovskite is low, the CTLs dominate the change in capacitance, and
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the transients decrease. A sufficiently high electronic carrier density within the
perovskite introduces an increasing component. This increasing component can
dominate the complete transient for significantly high doping in the perovskite. In
order to verify these trends experimentally, we would ideally measure capacitance
transients of PSCs with doping densities that span multiple orders of magnitude.
However, accurate control of the doping density of perovskites is difficult to achieve
to date [30]. Instead, we chose light excitation with a white high-power LED to alter
the electronic charge carrier density within the PSC. The PSC was based on the stack
ITO/PTAA/PFN-P2/(CS(s(FAp g3 MA[17)09sPD(1o84Bro16)3/Co/BCP/Cu.  The fabrication
is described in Section 2.A in the Appendix. These PSCs have been previously shown
to have doping densities below 103 cm™3 [26]. In addition, we use undoped organic
CTLs to ensure decreasing transients in the absence of light excitation. Exemplary
JV curves at different light intensities, showing a good diode character, are shown
in Figure 2.C.8. In Figure 2.5(a), the measured capacitance transients for different
illumination intensities (from dark to 27.8 mW/cm?) at 300K are shown. We find
that the transient direction switches with increasing light intensity. In the dark, the
transient decreases across the entire time range. This is expected for a PSC with a
lowly doped perovskite. For low light intensities (e.g. 0.2 mW/cm?), the transients
show a decreasing and increasing component, where the magnitude of the increasing
component strongly increases with light intensity. For the highest light intensity
measured (27.8 mW/cm?), we see a mostly increasing transient, with a small initial de-
crease remaining (see Figure 2.C.9 for a magnification at short times). We additionally
measured the capacitance transients at a range of different temperatures (172-330 K
in steps of 8 K, see Figure 2.C10). At lower temperatures, both components become
slower, which means that at lower temperatures the decreasing transient becomes
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Figure 2.5: (a) Measured capacitance transients of a perovskite solar cell at 300K and different LED in-
tensities. (b) Simulated capacitance transients of a perovskite-like semiconductor stack at different LED
intensities, assuming 10" cm™ ions and positive mobile ions with a mobility of 3 - 107 cm?/Vs.
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more obvious (see Figure 2.C10(d)). On the contrary, the decreasing component
vanishes completely from the measurement at high temperatures (>318 K). This
temperature dependence corresponds to the activation energy of the ionic processes
leading to the transients.

We qualitatively reproduce the light-intensity dependence of the measured capaci-
tance transients using the drift-diffusion simulations described above and in Section
2.A in the Appendix. The changes made to the model to approximate the device struc-
ture are listed as parameter set 2 in Table 2.A.1. The results are shown in Figure 2.5(b).
We note that the simulations do not match the absolute capacitance values, which
is most likely caused by differences in the doping density of the CTLs, and dielectric
constants of the CTLs and the perovskite. However, qualitatively the simulations
reproduce the trend that the capacitance transients transition from decreasing in the
dark to mixed transients at higher light intensities. The light-induced splitting of the
Fermi-level and the subsequently decreased difference to the CB and VB leads to an
increase of C), of the perovskite. This is analogous to the case of higher doping, where
an increase in the charge carrier density also led to a contribution of the perovskite
layer to the capacitance transient. Interestingly, while the decreasing transient in
the dark reproduces the time constant measured experimentally, the illuminated
transients are much slower than the experimental data. A possible explanation for
this discrepancy is that the mobility of mobile ions increases under illumination,
as also found elsewhere [31, 32]. This change would result in faster transients as
illustrated in Figure 2.C.11.

Finally, we note that the ionic contributions measured by the capacitance transients
on these timescales (10s of seconds) are different from the ones typically measured
by impedance spectroscopy and capacitance-frequency (C-f) methods. Because of
low signal-to-noise ratios at low frequencies, C-f spectra are usually measured to
around 0.1Hz or 1Hz, thus limiting the minimum resolvable mobility of ionic carriers.
In contrast, capacitance transients can be measured for 10s of seconds, allowing the
characterization of mobile ionic carriers with a lower mobility compared to C-f. To
illustrate this point, we measured the capacitance of our PSCs as a function of fre-
quency, varying the temperature and light intensity. The results are shown in Figure
2.C12. In the dark, we observe an increase of the capacitance at around 1kHz, which
shifts to lower frequencies as the temperature decreases, in accordance with the
literature [33]. We attribute this signature to mobile ions, whose mobility decreases
with decreasing temperature. We can qualitatively reproduce the C-f measurements
in simulations with ion mobilities of 1- 10”7 cm?/Vs at 332 K to 107° cm?/Vs at around
200K, as shown in Figure 2.C13. Under illumination, the measurements and simu-
lations are also in good agreement, as depicted in Figures 2.C.12 and 2.C.13. Here, we
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attribute the light-enhanced capacitance at low frequencies to phase-delayed recom-
bination, as reported in the literature [34, 35]. From the simulations, we can estimate
the mobility of mobile ions at 300K to be around 51078 cm?/Vs. This value is much
higher compared to the ionic mobility needed to reproduce the capacitance transients
in the dark (g;on =3 - 107" cm?/Vs, see Figure 2.5). This difference shows that the ionic
response probed in the C-f measurements is not the same as the one observed at
long times in the capacitance transients. Possibly, two mobile ionic species with very
different mobilities are present in the perovskite, leading to dynamics on different
timescales. This has similarly been proposed in [34, 36, 37] and shows the importance
of both complementary methods. It also illustrates that a thorough investigation of
the impact of multiple mobile ions with different ratios and mobilities on capacitance
transients and C-f measurements is necessary. We note, however, that accounting for
multiple mobile ions with varying mobilities and densities significantly increases the
parameter space for drift-diffusion simulations and is, therefore, beyond the scope of
this work.

2.3 Conclusion

To conclude, we have shown that the transient ion drift method, as applied in litera-
ture so far, is more complex than originally proposed. An assignment of the polarity
of mobile ions to the direction of the capacitance transients is not possible. When, as
assumed in the original transient ion drift model, the doping density of the perovskite
is high, both positive and negative mobile ions result in an increase of the capacitance
transient. When considering lower doping density, the direction of the capacitance
transient depends on whether the capacitance of the perovskite or CTLs is modulated
when mobile ions drift through the perovskite. An accumulation of ions at the CTLs
leads to a decrease in the capacitance. Meanwhile, if the difference between Fermi
level and VB or CB is low enough, ie. the perovskite is slightly doped, the chemical
capacitance of the perovskite is modulated when mobile ions accumulate at the per-
ovskite/CTL interfaces due to increased injection into the perovskite, leading to an in-
crease of the overall capacitance. Experimentally, we have verified these findings by
decreasing the difference between Fermilevel and VB/CB using illumination, whichre-
sulted in a change of the capacitance transients from decreasing to increasing. Finally,
differences in time constants between C-f measurements and transient ion drift mea-
surements suggest that multiple ionic species are present in the PSC. Hence, our re-
sults show the breadth of timescales that is required to understand ion migration and
perovskites, and that further understanding of these techniques considering multiple
mobile ionic species is needed.



Chapter appendix

2.A Experimental Details

Drift-Diffusion Simulations

For drift-diffusion simulations, we used the software Setfos by Fluxim. The device

structures simulated are described in the main text, with the parameter sets outlined

in Table 2.A.1. The capacitance transients were simulated using the transient voltage

simulation module with an initial voltage V,;,, and a subsequently applied voltage of

0 V with a voltage modulation of 0.01 V at 10 kHz. The transients were simulated for

a maximum time of 60 s or until they reached a steady state. We chose a logarith-

mic time step with the initial value being 0.1 ms and increasing to a maximum value

of 50 ms. For simulations with illumination, we used the same spectrum and intensi-

ties of the High-Power LED Solis-3C used in the measurements.

Table 2.A.1: Parameters used for the drift-diffusion simulations.

Parameter set 1

Parameter set 2

Applied voltage Vapp, (V) 1.3 14
Work function anode Wk anode (€V) 5.35 54
Work function cathode Wk cathode (€V) 4.05 4.0
Effective density of conduction band states 2.1-10% [38] 2.1-10% [38]

HTL No,cB,uTL (cm™)

Effective density of valence band states HTL
No,vB,uTL (cm™)

2.1-10% [38]

2.1-10 [38]

Dielectric constant HTL € gL 4.1 (same as ETL) 3.0[39]
Acceptor doping density Na uTL (em™) 0 0
Thickness HTL diT1, (nm) 30 (same as ETL) 10 [40]
Electron affinity HTL E'a uTrL (€V) 3.6 3.6
Band gap HTL Eg uL (eV) 1.8 1.85
Mobility holes in HTL g mrrr (cm?/Vs) 0.02 (same as ETL) 3-107° [41]
Effective density of conduction band states 2.1-10 [42] 2.1-10% [42]

perovskite No,cB,Pero (cm™)




2.A. EXPERIMENTAL DETAILS | 41

Parameter set 1

Parameter set 2

Effective density of valence band states per-
ovskite No vB,Pero (cm™)

2.1-10% [42]

2.1-10% [42]

Dielectric constant HTL €; pero 24.1[43] 22.0[36]
Acceptor doping density Na wuTL (cm™®) variable 0
Thickness perovskite dpero (M) 350 400
Electron affinity perovskite EA ur (€V) 3.9 [44] 3.9 [40]
Band gap perovskite Eg pero (€V) 1.6 [44] 1.6
Mobility electrons in perovskite fie Pero 17 [45] 1[36]
(cm?/Vs)

Mobility holes in perovskite fin Pero 17 [45] 1[36]
(cm?/Vs)

Radiative recombination constant perovskite 107 [46] 107 [46]
(cm®/s)

Positive ion density Np1 (cm™) variable 1-10Y
Negative ion density NNt (cm™) variable 1-10Y
Mobility positive ions pp1 (cm?/Vs) 107 or static variable
Mobility negative ions N1 (cm?/Vs) 1077 or static static

Effective density of conduction band states
ETL No,cB,eTL (cm™)

2.1-10% [38]

2.1-10% [38]

Effective density of valence band states ETL
No,vs,eTL (€m™®)

2.1-10% [38]

2.1-10% [38]

Dielectric constant ETL €, gL, 4.1 [47] 4.1 [47]
Donor doping density ETL Np g1, (cm™) 0 0
Thickness ETL dgr, (nm) 30 [40] 10 [40]
Electron affinity ETL ' gL (€V) 4.0 3.95
Band gap ETL Eg L (eV) 1.8 1.85
Mobility electrons in ETL fte, ETL (cm?/Vs) 0.02 [48] 0.02 [48]

Device Fabrication

Substrate: Pre-patterned 2.5x2.5cm? 15Q/sq ITO (Automatic Research, Germany),
glass or fused silica substrates were cleaned with acetone, 3 % Hellmanex solution,
DI-water, and isopropanol, by sonication for 10 min in each solution. Afterwards
a microwave plasma treatment (4 min, 200 W) was performed. The samples were
transferred to an N, -filled glovebox where PTAA was spin-coated from solution.
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Hole transport layers (HTLs): PTAA (Sigma Aldrich) was spin-coated from a 2 mg/ml
Toluene solution at 6000 rpm for 30 s (acceleration 2000 rpm/s) onto the substrates
and subsequently annealed at 100°C for 10 min. Afterwards, a 60l solution of
PFN-P2 (0.5 mg/mL in methanol) was added onto the spinning substrate at 4000 rpm
for 30 s resulting in a film with a thickness below the detection limit of our AFM (<
5nm).

Perovskite Layer: The triple cation perovskite solution was prepared by mixing two
12 M FAPbI, and MAPbBr, perovskite solutions in DMF: DMSO (4:1) in a ratio of 83:17,
which we call “MAFA” solution. The 1.2 M FAPbI, solution was prepared by dissolving
FAI (722 mg) and PbI, (2130 mg) in 2.8 ml DMF and 0.7ml DMSO (note there is a 10%
excess of Pbl,). The 12 M MAPbBr; solution was made by dissolving MABr (470 mg)
and PbBr, (1696 mg) in 2.8 ml DMF and 0.7ml DMSO (note there is a 10% excess of
PbBr,). Lastly, 40 pl of a 1.5M CsI solution in DMSO (389 mg CsI in 1ml DMSO) was
mixed with 960 pl of the MAFA solution resulting in a final perovskite stoichiome-
try of (CsPbls)qgs[(FAPDI,), 55(MAPDBr;), 1,195 in solution. The perovskite film was
deposited by spin-coating at 4000 rpm (acceleration 1300 rpm/s) for 40 seconds; 13
seconds after the start of the spinning process, the spinning substrate was washed
with 300l of the anti-solvent Ethyl Acetate for approximately 1s (the anti-solvent
was placed in the center of the film). The perovskite film was then annealed at 100 °C
for 1hr on a preheated hot plate.

Electron transport layers (ETLs): After annealing, the samples were transferred to
an evaporation chamber where 30 nm of fullerene-Cg, (Sigma-Aldrich) followed by
8nm of 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, Sigma-Aldrich) were
thermally deposited under vacuum (pressure = 107 mbar).

Metal contacts: Similarly to the ETL, 100 nm copper (Sigma-Aldrich) at 0.6 A/s were
deposited under vacuum (pressure = 10”7 mbar). The overlap of the copper and the
ITO electrodes defined the active area of the pixel (6 mm?).

Electrical Characterization

The samples were loaded into a Janis VPF-100 liquid nitrogen cryostat in a glovebox un-
der a nitrogen atmosphere. During the measurements, the pressure inside the cryo-
stat was 5 - 107® mbar, and the temperature was stabilized at 300 K using a Lakeshore
335 temperature controller. JV measurements were recorded using a Keithley 2401in
a voltage range from -0.2-1.2 V with a voltage step size of 0.04 V and a sweep speed of
01V/s. All capacitance measurements were recorded using the Zurich Instruments
MFIA with an AC voltage amplitude of 20 mV. The capacitance-frequency (C-f) mea-
surements were acquired in a frequency range from 1 Hz-500 kHz. The capacitance
transients were recorded by applying a 2 s-long voltage pulse 0f 1.2 V before measuring
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the capacitance at 0 V for 30 s. For measurements with illumination, we used the high-
power LED Solis-3C from Thorlabs and light-soaked the devices for 15 s. The LED’s
intensity was determined using a monocrystalline silicon solar cell by G2V. We mea-
sured the J at different illumination intensities. Then, with the spectrum of the LED
(measured with an OceanOptics spectrometer) and the EQE of the silicon solar cell, we
determined the irradiance and the intensity.

2.B Chemical or Charge Storage Capacitance

The chemical or charge storage capacitance of a semiconductor is related to the filling
of the density of states (DOS) of a semiconductor upon moving the Fermi-level by e.g.
applying a voltage bias. We can generally define the chemical capacitance of the CB
and VB as:

dQcs d v
= = 2.2
C,.cB Wiy edVapp/O n(x)dz (2.2)
dQvs d v
= = d 23
o = By =T Jy P S

where ¢, and Qvp are the charges of the conduction, and the valence band, respec-
tively. V,pp, is the applied voltage, e is the elementary charge, w is the thickness of the
device, and n(z) and p(x) are the electron and hole density as a function of position.
In other words, the chemical capacitance describes the change of electrical charges
in the semiconductor per change of applied voltage. In the case of a simple intrinsic
semiconductor, this capacitance is mostly relevant at large forward bias when a sig-
nificant density of electronic carriers is injected into the semiconductor (see [23, 28]
for amore detailed explanation). When mobile ions are present, like in the perovskite,
these ions screen the built-in potential and lead to a larger injection of electronic car-
riers upon changing the applied voltage. This can be seen in Figure 2.B.1(a), where the
VB gets closer to the Fermilevel as the ion density increases. The charge density scales
exponentially with Fr (z) — Evp(z) as:

_ Ep(z)—Eyp(z)

p(z) = Novpe F5T (2.4)

where Ny vp are the effective density of states in the valence band. For holes, or sym-
metrically for electrons, assuming a parabolic band structure. Upon perturbation of
the Fermi level, more charges are injected into the perovskite in the case of a high mo-
bile ion density. For high mobile ion densities (from around 10 cm™), this ultimately
leads to a significant increase in the capacitance as a function of ion density as shown
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in Figure 2.B1(a). Then, an approximation of the device capacitance with the geomet-
rical capacitance Cge, = “4* isnot accurate anymore.
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Figure 2.B.1: (a) Energy band diagram of an intrinsic perovskite with different mobile ion densities. (b)
Simulated capacitance C}ot depending on the ion density and the geometrical capacitance C’gco of the
perovskite.
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Figure 2.C.1: Capacitance transients of (a) mobile positive ions and (b) mobile negative ions. The acceptor
doping density of the perovskite is 10V emS.
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Figure 2.C.2: (a) Band diagram, (b) mobile negative ion distribution, (c) hole distribution, and (d) electron
distribution of a PSC with a density of mobile negative ions of 5 - 10" cm™ and an acceptor doping density
of 1-10Y em™. As mobile negative ions drift to the perovskite/ETL interface, into the depletion layer,
the depletion layer width in the perovskite decreases from wg to w1, as illustrated in (c). Because of
Cq l/wdl, the capacitance of the device increases.
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Figure 2.C.3: Absolute value of the capacitance of the example transients shown in panel A-C of Figure
2.4 in the main text. The mobile ion density is 5 - 10 em™3, while the acceptor doping densities of the
perovskite are (a) 5 - 10%em™3, (b)) 2-10% ecm™3, and () 1 - 10" ecm™S.
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the perovskite increases, overall resulting in a mixed transient.
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Abstract

The migration of mobile ions through the metal halide perovskitelayeris still one of the
main reasons for the poor stability of perovskite solar cells, LEDs, and photodetectors.
To characterize mobile ions in the perovskite layer, time- and frequency-based elec-
trical measurements are promising techniques. However, the presence of transport
layers complicates their interpretation, limiting the information about mobile ions
that can be extracted, and it is not clear how different features in frequency- and time-
domain measurements relate to mobile ions. Here, we characterize a transport-layer-
free device with capacitance frequency, capacitance transients, and current transient
measurements in the dark, under illumination, and at different temperatures. We
extract characteristic ionic signatures from the measurements, which we reproduce
with drift-diffusion simulations for each technique. This allows us to explain the ori-
gins of the different ionic signatures, advancing the understanding of how electronic
characterization techniques can be used to study the properties of mobile ions.

Authors: Moritz C. Schmidt, Agustin O. Alvarez, Jeroen J. de Boer, Larissa J.M. van de
Ven, and Bruno Ehrler

Published in: ACS Energy Letters, Volume: 9, Issue: 12, Pages: 5850-5858, November
2024

https://doi.org/10.1021/acsenergylett.4c02446


https://doi.org/10.1021/acsenergylett.4c02446

58 | 3. TIME- AND FREQUENCY-DOMAIN TRACES OF ION MIGRATION

3.1 Introduction

LL commercial applications of perovskite semiconductors are currently ham-

pered by their poor intrinsic stability [1]. Long-term degradation occurs due

to several mechanisms. For example, thermally induced reactions of the soft
perovskite crystal release volatile methylammonium (MA) from MAPbI, [2, 3]. Humid-
ity andlight introduce the decomposition of the perovskite into photo-inactive Pbl, [4].
Some of these degradation pathways can be avoided by encapsulation, reducing the
evaporation of volatile species and the intrusion of moisture [5, 6]. Additionally, per-
ovskite layers exhibit large densities of mobile ions [7, 8], which dominate the potential
distribution within perovskite devices. Recently, these mobile ions have been shown
to be the leading cause of the reduction of current extraction of perovskite solar cells,
introducing significant efficiency losses on short time scales [9]. Other perovskite-
based devices, such as LEDs and photo-detectors, also suffer from ion-induced degra-
dation [10-12]. However, mobile ions can also lead to the recovery of perovskite-based
devices, also known as self-healing [13], and increase the design tolerance for efficient
solar cells [14]. Consequently, reliable ways to quantify mobile ions in perovskite lay-
ers are necessary. However, so far, most techniques to study ion migration have sig-
nificant downsides. Optical techniques, for example, using photoluminescence spec-
troscopy to study phase segregation [15], only extract quantitative information about
the timescale of ion migration and provide no chemical resolution or sensitivity to
ions that do not change optical properties. Techniques that offer chemical resolution,
such as X-ray fluorescence [16] and Time-of-Flight Secondary lon Mass Spectrometry
(ToF-SIMS) [17], require elaborate measurement equipment. Furthermore, X-ray flu-
orescence requires special sample geometries, usually with larger distances between
electrodes, and ToF-SIMS is a destructive technique, not allowing the study of ion mi-
gration while applying a bias. A common way to study ion migration is by electrical
measurements, for example, impedance spectroscopy [18, 19], transient current [20],
transient voltage [21, 22], or transient capacitance measurements [23, 24]. While these
techniques are often used to extract quantitative information, their interpretation is
not trivial, as they are based on complex interactions between ionic and electronic car-
riers and recombination [8, 25, 26]. In addition, it has been shown that transport layers
in complete devices complicate the interpretation of many electronic measurements
[26-28].
To circumvent these issues, this work focuses on characterizing the simplest possible
perovskite device, a MAPbI, perovskite layer sandwiched between two electrodes with-
out charge transport layers. We compare three different electronic measurements:
capacitance frequency (Cf), capacitance transients (Ct), and current transients (Jt) in
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the dark and under illumination. In most of the measurements, we can identify a sig-
nature of an ion migration process. Tracing this feature for various temperatures al-
lows us to extract its activation energy. With drift-diffusion simulations, we can qual-
itatively reproduce and explain all measurements when considering a non-radiative
recombination process in addition to the mobile ions. While focusing on a single tech-
nique to study ion migration often leaves parameters ambiguously defined, using sev-
eral techniques to measure the same system narrows down the parameter set used for
the simulations to reproduce the experimental observations. Therefore, we can esti-
mate the mobile ion density, mobility, and activation energy.

3.2 Results and Discussion

We fabricated a simple perovskite device by sandwiching a polycrystalline thin film
of MAPDI, between an ITO and a gold electrode (see Figure 31(a)). The MAPbI, thin
film covers the ITO pinhole-free, as shown in a scanning electron microscopy image
in Figure 3.D.1. Using X-ray diffraction, we can identify all the characteristic peaks for
MAPbDI, (see Figure 3.D.2). Figures 3.D.3(a) and (b) show current-density vs. voltage
(JV) measurements at 280, 300, and 320 K in the dark and light. The JV measurements
are mostly symmetric except for a diode behavior at forward bias. This diode shape
is temperature-dependent, and we attribute it to an interfacial barrier. Under illumi-
nation, the overall current density of the device increases due to photoconductivity.
We chose this device structure to avoid the influence of transport layers on the
frequency and time-dependent electrical measurements. We [26] and others [27, 28]
have previously shown that the transport layers can influence these measurements,
complicating their interpretation.

The techniques we focus on are capacitance frequency, capacitance transients, and
current transients, illustrated in Figure 3.1(b). In the capacitance frequency technique,
we measure the capacitance with a small voltage perturbation of 20 mV at frequen-
cies ranging from 1Hz to 500 kHz at 0 V DC voltage. This technique is often applied
to perovskite solar cells to study ion migration [24]. However, it has been shown that
the interpretation is difficult, especially when applied to complete devices [8]. Capac-
itance transient measurements, originating from deep-level transient spectroscopy
[29], are less established when characterizing perovskite solar cells. Here, we apply
a DC voltage pulse of 1V and 2.5s to the ITO (anode). After the voltage pulse, thus at
0V DC voltage, we measure the change of the capacitance using a high-frequency
voltage perturbation of 20 mV and 10 kHz. Even though capacitance transients are
difficult to interpret, they contain valuable information about the device properties,
as the transients are influenced by the mobility and density of mobile ions [26]. In
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current transients, we apply the same DC voltage pulse of 1V and 2.5s to the device
and then measure the current as a function of time once the voltage pulse is switched
off. This technique has been previously used in complete devices, thin films, and
single crystals in attempts to quantify the density of mobile ions [20, 30, 31].

We perform all measurements in the dark and under moderate illumination with a
2.3 mW/cm? white light LED. Additional information about the fabrication process and
the experimental setup is available in the Appendix. To understand the mechanism
behind the measurements, we additionally carry out drift-diffusion simulations
with the software Setfos by Fluxim. For the ionic parameters, we choose mobile
positive ions, accounting for mobile iodide vacancies V;", and immobile negative ions
to conserve charge neutrality (e.g. iodide interstitials I,~ and MA vacancies Vy, ")
[7, 32]. To reproduce the measurements, we choose a work function difference of
0.3 eV between the electrodes, leading to accumulation of mobile positive ions at
the anode at steady-state when no voltage is applied. We note that the choice of
work function difference affects the steady-state ion distribution, which has a large
effect on the simulation results. Furthermore, we additionally include hole traps in
the semiconductor layer. We note, however, that we do not know the polarity of the
traps in the semiconductor. Therefore, electron traps are also a possibility. Table 3.D.1
shows the complete list of simulation parameters.

(b)
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Figure 3.1: (a) Schematic of the device stack. (b) The three different techniques used in this work: capaci-
tance frequency, capacitance transient, and current transient.
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3.2.1 Capacitance Frequency Measurements

The first technique we focus on is capacitance frequency, where we measure the ca-
pacitance C of the device at different frequencies f. The capacitance can be deter-
mined from the impedance Z:
1 1
=Ll o1

2n f Z )
The measured capacitance in the dark for different temperatures from 280-320 K is
plotted in Figure 3.2(a). At intermediate frequencies from 50 Hz to 50 kHz, we observe
a plateau in the capacitance value. Because no transport layers are present, we can

assume that the geometrical capacitance dominates the capacitance in this regime.
Using the approximation of a parallel plate capacitor:

€0€r

C:d

(32)
with ¢ being the vacuum permittivity and d the thickness of the perovskite of 330 nm,
we can approximate the permittivity ¢,. of the perovskite to be 54 at 300 K, close to val-
ues previously observed in literature [33]. At frequencies below 50 Hz, mobile ions in
the perovskite start to polarize, increasing the capacitance [34, 35]. We reproduce this
capacitance increase at low frequencies using drift-diffusion simulations, as shown
in Figure 3.D.4(a). The drift-diffusion simulations allow us to distinguish between the
contributions to the total capacitance C' from electrons C',, holes C},, positive ions
Cion, and the time-dependent change of the electric field, i.e., displacement, Cyjsp.
These contributions are shown in Figure 3.2(c) for a capacitance frequency simulation
inthedarkat 300 K. At frequencies smaller than 20 Hz, mobile ions dominate the total
capacitance. At higher frequencies, the device's capacitance is entirely dominated
by the displacement current, confirming that an approximation of the geometrical
capacitance is valid.
The characteristic time of the ionic signature can be estimated with the peak of the
phase of the impedance. The measurement of the phase angle is shown in Figure
3.2(a), and the simulations in Figure 3.D.4(a). This characteristic time is inversely
proportional to the ionic conductivity:
1
Jion = —— X Tion = €flion Nion (33)
Tion

where 0o, is the ionic conductivity, 0, is the mobility of ions, and Ve, is the density
of mobile ions. This relationship between phase peak and ionic conductivity is illus-
trated in Figure 3.D.5. As the mobility of the ions decreases with temperature [36], the
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characteristic frequency also decreases with decreasing temperature.

Next, we perform the same Cf measurements while illuminating the device with a low-
intensity white light LED. Compared to the dark measurements, the capacitance in-
creases around one order of magnitude at low frequencies, as shown in Figure 3.2(b).
We can reproduce this large capacitance rise with illumination at different tempera-
tures in drift-diffusion simulations, as shown in Figure 3.D.4(b). We attribute this to
the contribution of electronic carriers in the device in combination with a phase de-
lay due to mobile ions. According to Jacobs et al. [25], electronic carriers contribute
to the impedance of a device with a charge storage Zq and recombination Zr term.
Based on the current continuity equation, these contributions for e.g. electrons can
be expressed as:

Zn = Vae(iw / en dx + / eRy dx 4 Jrno) ! (34)

ZQ Zr

where V. is the perturbation voltage, 7 is the AC electronic carrier density, R, is the
AC recombination rate of electrons in the bulk, and jrno is the AC recombination cur-
rent of photogenerated electrons at the anode. By substituting Equation 3.4 into Equa-
tion 3.1, we get the contributions of the charge storage and recombination term to the
capacitance:
Ch = L Im (i> -1 / eRe(n) dx + N eIm(R,) dx + Im(jrno)
2 f Zn Vac Vac 27 f
Cq Cr

(35)
We want to emphasize that the contribution Cf is not a capacitance in the classical
sense, i.e., it does not describe the device's ability to store charge. Instead, recombina-
tion processes can lead to phase-delayed currents similar to the conventional charge
storage capacitance Cq. Therefore, the capacitances of, e.g,, electrons C,, mentioned
here only describe the phase delay of the electron current and the applied voltage
rather than the device’s ability to store electrons. At low frequencies, mobile ions
introduce a phase shift in the potential and the electronic carrier densities, resulting
in significant contributions of the recombination term Cg to the capacitance, which
is responsible for the large rise of the capacitance. In other words, the photogen-
erated carriers recombine, and the phase delay that the mobile ions induce in this
recombination process leads to a large increase in capacitance.
In the simulations, we again break down the different contributions to the capaci-
tance at 300K and see that the electron and hole capacitances dominate the total
capacitance at low frequencies (see Figure 3.2(d)). Furthermore, we calculate the con-
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tributions of charge storage and recombination to the overall capacitance according
to Equation 3.5 (the derivation of the AC recombination is described in the Appendix).
The result in Figure 3.D.6(a) illustrates that the out-of-phase recombination of elec-
trons and holes, i.e., Cg in Equation 3.5 for electrons, dominates the capacitance rise
at low frequencies. As this out-of-phase recombination is caused by the movement
of ions, we can still estimate a characteristic time, for example, by choosing the
inflection point between the low-frequency dip and peak, as illustrated in Figure
3.2(b) and reproduced with simulations in Figure 3.D.4(b). We note that we would
ideally choose the minimum of the phase as the characteristic time, as it correlates
to the characteristic time of the low-frequency semicircle in the Nyquist plot of the
impedance. However, we cannot resolve this characteristic point at low temperatures
because it is too slow to be measured within a reasonable time. This effect is also
illustrated in the Nyquist plots in Figure 3.D.7, where only a small fraction of the
low-frequency arc is visible at low temperatures (280 K). It is noteworthy that the
observed large increase of the capacitance at low frequency is not limited to devices
with perovskite/metal interfaces, i.e., devices with high interfacial recombination. It
is commonly observed in high-performing perovskite solar cells and can generally be
attributed to phase-delayed recombination due to mobile ions [25, 26].

3.2.2 Capacitance Transient Measurements

Next, we focus on the impact of mobile ions on transient capacitance measurements.
In these, we measure the capacitance after applying a voltage pulse to the device.
During the voltage pulse, mobile ions drift and accumulate at the perovskite/cathode
interface. After the pulse, mobile ions drift back into the perovskite bulk, and we mea-
sure the capacitance. Figure 3.3(a) shows the transients measured in the dark. While
the capacitance decreases with increasing temperature, the transients do not show
significant changes over time. We attribute this to the fact that we mainly probe the
geometrical capacitance at 10 kHz, which is not significantly modulated when ionic
carriers redistribute within the device. In simulations, we only see a slight modulation
of the capacitance in the dark (see Figure 3.D.4(c)), which might be hidden by noise in
the experiment. This minor change of the capacitance originates from a modulation
of Cyisp as illustrated in 3.3(c). The observed temperature shift could originate from a
temperature-dependent dielectric constant of the perovskite, as similarly observed
in the literature [37]. In contrast to the device studied here, significant dynamics are
usually observed when measuring capacitance transients of complete solar cells in
the dark [23, 24], which we mainly attribute to the modulation of the transport layer
capacitances in our previous work [26]. As no charge transport layers are present in
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the devices studied here, the measured transients do not show any dynamics.
Interestingly, we observe significant dynamics when measuring capacitance tran-
sients while illuminating the device, as shown in Figure 3.3(b). The capacitance first
decreases, followed by a rise before it stabilizes. The dip is strongly temperature-
dependent, shifting from around 1s at 280K to 0.2s at 320K. We carry out drift-
diffusion simulations of the capacitance transients with the same device parameters
used in the capacitance frequency simulations. Initially, the mobile ions are ac-
cumulated at the cathode. Then, after removing the voltage pulse, the ions drift
away from the cathode and accumulate at the anode (see Figure 3.D.8). Simulat-
ing the capacitance transient during the redistribution of ions reproduces the
temperature-dependent dip of the capacitance, as shown in Figure 3.D.4(d). We can
again distinguish between the different contributions to the capacitance, or more
specifically, the modulation of the capacitance AC. These are illustrated in Figure
3.3(d) for 300 K. The capacitance decrease originates mainly from a decrease of Claisp
and C},, whereas the rise is dominated almost entirely by C},. The contributions of
Cy and C,, are again a result of the out-of-phase recombination, as Figure 3.D.6(b)
clarifies. In contrast to the low-frequency capacitance, however, the out-of-phase
recombination at 10 kHz is not impacted by the slow response of mobile ionic carriers
tothe AC perturbation. Instead, it mainly depends on the AC recombination dynamics
at the electrode and the bulk due to electronic trap states. These AC recombination
dynamics depend on a complex interplay between the electronic carrier distributions,
capture coefficients, and the frequency of the applied AC potential. This can be seen
in Equations 3.16 and 317 for the AC recombination rates of holes and electrons.
When, for example, the trap capture rates of electrons c,, or holes c, are varied, the
amplitude of the rise of the capacitance changes (see Figure 3.D.9(a) and (b)). The
probing frequency also impacts the rise of the capacitance, as illustrated in Figure
3.D.9(c). Even though the recombination rates are not directly dependent on mobile
ions, they are indirectly dependent, as the distribution of mobile ions impacts the
band profile. This is illustrated in Figure 3.3(e) for four specific times marked with
dashed lines in Figure 3.3(d). Initially, when most ions are still accumulated at the
cathode, the valence band at the anode and the conduction band at the cathode
side have a high electronic carrier density. Then, as mobile ions drift away from the
cathode and redistribute, the conduction and valence bands are flatter and populated
more homogeneously across the perovskite. This change of the electronic carrier
distribution across the perovskite ultimately impacts the AC recombination, resulting
in the dip of the capacitance transients.

Interestingly, we have observed a dependency of the capacitance rise on illumination
intensity in full perovskite solar cells in our previous work [26], which we attributed to
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the modulation of the charge storage capacitance due to mobile ions. However, based
on the results presented here, we hypothesize that the modulation of phase-delayed
recombination can also impact the capacitance transients of complete devices.

3.2.3 Current Transient Measurements

Finally, we carry out current transient measurements. The results in the dark are
shown in Figure 34(a). Here, we measure the current density after applying the
same voltage pulse as in the capacitance transient measurements. Mobile ions are
first accumulated at the cathode and then drift into the perovskite bulk, leading to a
compensation current on the electrodes that can be extracted from the device. With
drift-diffusion simulations, we can reproduce this behavior (see Figure 3.4(c)) and
observe that the entire current is dominated by the ionic current Jj,,. A decrease of
the amplitude with lower temperatures is observed in Figure 3.4(a). This trend can be
explained by the lower mobility of mobile ionic carriers at lower temperatures and
can also be seen in the corresponding temperature-dependent simulations in Figure
3.D.4(e). To extract a characteristic time of the ionic signature, we fit a stretched
exponential to the transients (see the Appendix for more details) and extract the
amplitude Jy and the characteristic times 7 of the transients, which are shown in
Figure 3.5(a).

The current transients under illumination are shown in Figure 3.4(b). Here, the cur-
rent is not dominated by mobile ions, in contrast to the dark measurements. Instead,
we are measuring the extraction of photogenerated carriers from the device. After the
voltage pulse, mobile ions are accumulated at the cathode and depleted at the anode,
as illustrated in Figure 3.D.8. This leads to a non-zero electric field in the perovskite
bulk and, consequently, the extraction of electronic carriers. However, when the
mobile ions redistribute, the electric field in the bulk vanishes (the conduction and
valence bands in the bulk are flat at later times, see Figure 3.3(e)), and the recombi-
nation of photogenerated carriers in the bulk increases. This reduces the extracted
electron and hole current, as shown in the simulations in Figure 3.4(d). Notably, the
total currents of the simulations in Figure 3.4(d) and 3.D.4(f) do not match the absolute
values of the measurements. We attribute this discrepancy to differences in the trap
distribution in the measurements and simulations. From the measurements, we
extract a characteristic time similar to the dark current transient measurements by
fitting a stretched exponential to the transients.
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3.2.4 Extraction of lonic Parameters

Now, we have qualitatively understood the origin of the different ionic signatures of
the different measurements, and we can compare their characteristic times quantita-
tively. The extracted time constants are shown in Figure 3.5. Assuming a temperature-
activated diffusion coefficient of the mobile ionic carriers [36, 38]:

Ea

Dion (T) = Dion,Oe_ kT (3.6)

where kg is the Boltzmann constant, and 7' is the temperature, we extract the activa-
tion energies E'5 for each technique, listed in Table 3.1. For the capacitance frequency
measurements in the dark and light, we extract activation energies of 0.40eV and
042 eV, respectively. For the current transients, we extract 0.40 eV for the dark mea-
surements and 0.35eV for the light measurements from fitting the time constants.
We additionally used the fitted amplitude of the current transients to determine the
activation energy to be 0.40 eV in the dark, as shown in Figure 3.D.10. Lastly, we extract
0.34 eV for the capacitance transient measurement under illumination.

(a) (b)
Measurement Simulations
Temperature (K) Temperature (K)
320 310 300 290 320 310 300 290 280
1 1 1 1 1 1 1 1 1
e Cfdark
= Cflight
Ct light
v Jtdark
¢ Jtlight

1/(kgT)(1/eV) 1(kgT)(1/eV)

Figure 3.5: (a) Characteristic times of the ionic signatures at various temperatures of capacitance frequency
(Cf), capacitance transient (Ct), and current transient (Jt) measurements. (b) Characteristic times of the
simulations shown in Figure 3.D.4. The lines represent exponential fits accounting for the temperature-
activated diffusion coefficient of the mobile ions to extract their activation energies listed in Table 3.1.
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When comparing the extracted characteristic times for the different techniques, it is
apparent that the ones measured under illumination are similar. The characteristic
time of the capacitance frequency measurement in the dark is lower, followed by
the characteristic time of the current transient measurements in the dark. We can
roughly reproduce this trend when extracting the same characteristic time constants
from simulated data, assuming an activation energy of 0.35eV, as depicted in Figure
35(b). The capacitance transient and current transient simulations under illumi-
nation show the same time constants. In contrast, the extracted time constants of
the capacitance frequency simulations under illumination are slightly higher. We
attribute this to the fact that the low-frequency response of capacitance frequency
is heavily influenced by the recombination dynamics in the device, leaving more
parameters to influence the characteristic time. This also becomes clear in the
extracted activation energy for the capacitance frequency simulation under illumi-
nation, which is 0.01eV off from the set value of 0.35eV. In contrast, the extracted
activation energies of the other techniques are accurate. Lastly, the extracted time
constants of the two dark methods, capacitance frequency and current transient, lie
at lower values than the light simulations, following the same trend observed in the
measurements.

Because we can reproduce all the different features observed in the different methods
in the dark and under illumination, and the extracted characteristic times follow a
similar trend, we can estimate the mobile ion density for the MAPbI; thin film to
be around the values used for the drift-diffusion simulation, i.e., 2 -10® cm™ and a
diffusion coefficient of 3.96 - 10" cm?/s at 300 K. Lastly, we estimate the activation
energy as the average of the different measurements to be around 0.38+0.03 eV.

Activation energy (eV)

Technique Measurement Simulation
Cf dark 0.40 £+ 0.01 0.35
Cf light 0.42 +0.01 0.34
Ct light 0.34 +0.01 0.35
Jt dark 0.40 + 0.02 0.35
Jtlight 0.35+0.01 0.35

Table 3.1: Extracted activation energies of the different techniques capacitance frequency (Cf), capacitance
transient (Ct), and current transient (Jt) in dark and light. The error corresponds to the error of the fit. If a
value does not have an error, the error of the fit is lower than the least significant digit. The corresponding
fits to extract the activation energies are shown in Figure 3.5.
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3.3 Conclusion

In this work, we have successfully combined three different measurements, namely
capacitance frequency, capacitance transient, and current transient, to characterize
mobile ions in a simple ITO/MAPbI,/Au device. By choosing this simple structure, we
could avoid the impact of transport layers, which often complicate the characteriza-
tion of mobile ions. We measured all techniques at various temperatures, both in the
dark and under low illumination conditions. We were able to identify ionic signatures
in all measurements except for the dark capacitance transients. Using drift-diffusion
simulations, we offered explanations for the origins of the different ionic features. In
the dark, the observed features originate directly from the ionic carriers within the de-
vice. In contrast, the features in the light measurements are dominated by the modu-
lation of recombination dynamics due to mobile ions. More specifically, the mobile ion
distribution within the device directly impacts the electronic carrier distribution and,
inturn, the recombination dynamics, ultimately resulting in observable ionic features
in the different measurements. These findings underline the importance of taking
mobile ions into account when characterizing recombination dynamics of perovskite
semiconductors. Lastly, we extracted and compared the characteristic time constants
of the different ionic features in the measurements and the simulations. This allowed
us to estimate the mobile ions’ density, diffusion coefficient, and activation energy in
the MAPbI,; semiconductor.



Chapter appendix

3.A Experimental Details

Device Fabrication

Materials: Acetone (anhydrous, >99.8%) and iso-propanol (IPA, anhydrous, >99.8%)
were purchased from Biosolve. Pbl, (99.99%) was purchased from TCIL Methy-
lammonium iodide (MAI, purity not listed) was purchased from Solaronix. N,N-
Dimethylamine (DMF, anhydrous, >99.8%) and chlorobenzene (anhydrous, >99.8%)
were purchased from Sigma Aldrich. All materials were used without further purifi-
cation.

Substrates: Patterned quartz/ITO substrates were cleaned by scrubbing with water
and soap, followed by sequential sonication in deionized water, acetone, and IPA (15
min. per liquid).

Perovskite layer: All processing steps were performed in a nitrogen-filled glovebox.
For the precursor solution, 322.8 mg MAI was dissolved in 2 ml dimethylformamide
in a vial. The vial was stirred vigorously, and the clear, colorless liquid was added
to another vial containing 936.0 mg Pbl,. The solution was then stirred overnight
(400 rpm, 50 °C) to ensure complete dissolution of the powders. The MAPbI, precur-
sor solution was then filtered with a 0.2 um PTFE filter. The resulting bright yellow
mixture was spin-coated using a spin coating robot (Sciprios SpinBot, 4000 rpm, 30s,
4000 rpm/s acceleration) on the quartz/ITO substrates. As an anti-solvent, 250 pl of
chlorobenzene was added to the spinning substrates after 5s of spinning. The sub-
strates were annealed (100 °C for 10 min) immediately after spin coating, resulting in
MAPbI; perovskite thin films.

Top electrode: For the top electrode, a thermal evaporator was used to evaporate
100 nm of gold through a shadow mask at a pressure of 1-107® mbar onto the per-
ovskite layer.

Electrical Characterization

All electrical measurements were carried out inside a Janis VPF-100 liquid nitro-
gen cryostat. During the measurements, the pressure in the cryostat was below
5-10"° mbar. The temperature was controlled using a Lakeshore 335 temperature
controller and was stabilized for 10 min before each measurement cycle. We used the
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white-light LED SOLIS-3C by Thorlabs for measurements with illumination.

The capacitance frequency measurements were carried out using the MFIA by Zurich
instruments with an AC voltage perturbation of 20 mV and sweeping the frequency
from 1Hz to 500kHz. The capacitance transient measurements were carried out
with the same voltage perturbation of 20 mV at a constant frequency of 10 kHz. For
the voltage pulse, 1V was applied to the ITO electrode for 2.5s. The current transient
measurements were acquired using an Agilent B2902A. Here, we also applied a
voltage pulse of 1V for 2.5s. The JV measurements were acquired with the Agilent
B2902A from -1to 1V with a scan speed of 0.5 V/s.

Thin Film Characterization

Scanning electron microscopy (SEM) images of the perovskite devices on ITO were
recorded in vacuum on a FEI Verios 460. The accelerating voltage used was 5kV and
100 pA current was used.

X-ray diffraction (XRD) patterns of the perovskite solar cell devices on ITO were
recorded on a Bruker D2 Phaser with Cu Ko X-rays with A = 1.54A as the X-ray
source. A 0.1 s exposure time, 0.6 mm slit width, 1 mm knife height, and 0.016° (26) step
size were used.

Drift-Diffusion Simulations

Drift-diffusion simulations were carried out with Setfos by Fluxim, and the parameter
setin Table 3.D.1.

3.B Fitting of Current Transients

To extract characteristic times from the current transient measurements, we fit the
decays with stretched exponential decays:

J(t) = JOei(ﬁ)a + Joffset

We chose to fit the transients with a stretched exponential because the quality of fits
was better compared to single exponential fits. The stretched exponential function
could indicate that a distribution of timescales describes the long-time decay most ac-
curately [39]. Figure 3.B.1 shows an example fit of the current transient in the dark at
300K.
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Figure 3.B.1: Example fit of a current transient measured in the dark at 300 K

3.C Derivation of AC Recombination

We can derive the AC recombination constants of electrons R, and holes R, assuming
hole traps similar to [40]. We start with the DC recombination rates R,, and R,, [41]:

Ry, = cpp(Ny — pt) — eppy (37)

Rn = CnMPy — 6n(]\]t - pt) (38)

where ¢, and c;, are the capture coefficients for electrons and holes, n and p are the
electron and hole densities, IV; is the trap density, p; is the density of trapped holes,
and e, and e, are the electron and hole emission rates. The rate of change of trapped
holesis:

dpy

We then extend the different variables into DC and AC parts, for example, for holes by:
p = po + pe’’ (310)

If we assume that emission is negligible compared to recombination (as is the case for
deep traps in our simulations), we can omit the emission terms in Equations 3.7 and
3.8. Together with Equation 3.9 this results in:

iwpre™t = cp(po + pe™t) (Ny — (pro + Pre™?)) — en(no + 7€) (peo + pre™?) (311)
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We divide this into an DC and an AC part, where we omit the terms of higher order
frequency:

0 = cppo(Ny — Pro) — canoPro (312)
iwpy = cp(P(Ny — pro) — Popt) — cn(noPe + Mpro) (313)

Solving for py and p; we get:

Nie
po = ——2P0 (314)
CnNo + CpPo
- .
by = cpD(Ne — Pro) — cafipro (315)

1w + ¢cpPo + Cang

Substituting Equation 315 into the AC extension of Equation 3.7 and 3.8, we finally get
an expression for the AC recombination rate for holes and electrons:

Rp = ¢p(P(Ny — pro) — Pobr)
D(Ny — pro)(no + iw/cn) + Aipropo

= cnc - (316)
P w + cpPo + cuno

=}
=1
|

= CaNoPt + CaNPro

nop(Ny — pro) + npro(po + iw/cp)

CnCp (317)

1w + ¢cpPo + cang

3.D Additional Information

Figure 3.D.1: Scanning electron microscopy image of a MAPblI; thin film on ITO.
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Figure 3.D.2: X-ray diffraction pattern of the MAPDbI; thin film on ITO. The crystal planes were assigned by
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Figure 3.D.4: Different simulations of a perovskite semiconductor at temperatures from 280-320 K in steps
of 4K, using the parameters in Table 3.D.1. All figures in the left column contain simulations in the dark.
The right column contains simulations under illumination with a white LED at an irradiance of 2.3 mW/cm?.
(a) Capacitance frequency simulations in the dark and (b) in the light. (a) Phase(Z) simulations in the dark
and (b) under illumination. (c) Capacitance transient simulations in the dark and (d) in light. (e) Current

transient simulations in the dark and (f) in light.
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Figure 3.D.5: lllustration of the proportionality between the characteristic time of the phase peak of the
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Figure 3.D.7: Nyquist plots of the impedance measurements of the device under illumination at 280 K and
320K. The lines correspond to fits with the illustrated equivalent circuit. At 280 K, the majority of the low-
frequency semicircle is not resolved. At 320K, the low-frequency fit diverges from the data, presumably
because of the distribution of timescales for the low-frequency regime.
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Figure 3.D.8: Simulations of mobile positive ions at 300 K within the perovskite at different times after

removing a voltage pulse.
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Figure 3.D.9: Simulations of capacitance transients, illustrating the dependency of the capacitance rise on
the (a) electron capture rate, (b) hole capture rate, and (c) probing frequency.
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transient current measurements shown in Figure 3.4(a) in the main text.
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Table 3.D.1: Parameters used for the drift-diffusion simulations.

Parameter Value Comment
Band gap perovskite (V) 1.6 From [43]
Electron affinity (eV) 3.9 From [43]
Dielectric constant €, 54 Estimated from capacitance at

10kHz and 300 K

Thickness perovskite (nm) 330 Measured with profilometer

Effective density of states conduction band 8.10%®
No,cg (cm™)

Effective density of states valence band 8.10®
No,vB (cm™)

Bimolecular recombination coefficient 1.107%

(cm®/s)

Hole trap density V¢ (cm™) 9.10%

Capture rate electrons ¢, (cm®/s) 5.1077

Capture rate holes cp, (cm®/s) 5.107

Trap energy with respect to VB E; (eV) 0.7

Mobility electrons i, (cm?/Vs) 11 In the range of [25, 44]
Mobility holes 1, (cm?/Vs) 11 In the range of [25, 44]
Mobile positive ion density Nion (em™) 2.10%

Immobile negative ion density Npion 2.10%

(em™)

Diffusion coefficient of ions at 300K 3.96-10

Dion, 300K (cm?/s)

Activation energy of diffusion coefficient 0.35

of ions E ion (€V)

Anode work function Wk anode (€V) 4.65

Cathode work function Wt cathode (€V) 4.35

Series resistance Rs (€2 cm?) 18.375
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How Many lons Can Electrical Measurements
Detect?

Abstract

Mobile ions in perovskite solar cells are one of the main reasons for their limited sta-
bility. Electrical measurements like current transient, capacitance transient, capaci-
tance frequency, and low-frequency Mott-Schottky measurements are becoming in-
creasingly popular in quantifying the density of mobile ions. However, here, we show
that these techniques suffer from a limit for the maximum determinable ion density.
With the help of drift-diffusion simulations, we show that when mobile ions screen
the built-infield, current transient, capacitance transient, capacitance frequency, and
low-frequency Mott-Schottky measurements saturate. Then, only the ionic conduc-
tivity can be determined, but not the ion density. The exact value of this upper limit
depends on many device parameters. Therefore, a reasonable estimation of various
device parameters, like the potential drops in the charge transport layers, is necessary
when quantifying mobile ion densities.
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4.1 Introduction

N recent years, mobile ions have been assigned to various degradation mecha-

nisms in perovskite solar cells. Some of these include non-reversible degradation

like migration into charge transport layers (CTLs) [1], or reaction with electrodes
[2]. Others focus on the electrostatic effects due to mobile ions. Most importantly, the
accumulation of a large density of mobile ions at the interface between perovskite
and charge transport layers can lead to screening of the built-in potential, which
can result in enhanced interface and bulk recombination, reducing the short-circuit
current density and fill-factor [3]. The accumulation of mobile ions has also been
connected to a decrease in open-circuit voltage [4]. To obtain a comprehensive
understanding of the impact of mobile ions on the device physics of perovskite solar
cells, accurately determining the density and diffusion coefficient of mobile ions in
perovskites is of utmost importance. However, measured ion densities cover multiple
orders of magnitude from 10 cm™ to 10° cm™ [3, 5-7]. To determine ion densi-
ties, electrical measurements like transient current measurements, also known as
bias-assisted charge extraction [3], capacitance-frequency, also known as impedance
spectroscopy [8, 9], transient capacitance measurements, also known as transient
ion drift measurements [9], and low-frequency Mott-Schottky measurements [5]
have been applied. Here, we illustrate that it becomes impossible to determine the
ion density if it is high enough to screen a significant portion of the built-in field.

4.2 Results and Discussion

To illustrate the difficulty of extracting high ion densities from the different electrical
measurements, we carried out drift-diffusion simulations. For the transport layers,
we chose parameters resembling thin organic transport layers 2PACz and C,,. We
assume that ionic transport is mediated by halide vacancies [10-12], and their charge
is compensated by non-mobile negatively charged ions [13]. We carried out the
simulations for different mobile ion densities ranging from 10 cm™ to 102° cm 3,
and a typical ionic conductivity gion, = eftionNion Of 1.6 -107° S/cm, where e is the
elementary charge, pion is the ionic mobility, and N, is the density of mobile ions.
The complete simulation parameters are listed in Table 4.A.1 in the Appendix. We
emphasize that the absolute values of the presented results are only valid for the
parameter set studied in this work.
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4.2.1 Impact of lonic Field Screening on Electrical Measurements

The resulting simulations of the potential distribution at 0V, steady state JV simu-
lations, and simulations of the various techniques are shown in Figure 4.1. At low
ion densities of 10 cm™, the ion density is not high enough to screen the built-in
field, resulting in a significant potential drop in the perovskite, as shown in Figure
41(a). Increasing the ion density leads to increased screening of the built-in field
until almost no potential drops in the perovskite bulk for ion densities of 10'® cm™
and higher. Due to the increased field screening, the bulk and surface recombination
around J,. and at low forward bias increases, resulting in a significant drop of J,. with
increasing ion densities (see Figure 4.1(b)), which has been experimentally observed
[31.

Next, we illustrate how the screening of the built-in potential impacts the different
techniques used to quantify ion densities. First, we focus on the transient measure-
ments, transient capacitance, and transient current. In both techniques, a forward
bias is applied to the device, resulting in mobile ions diffusing away from the per-
ovskite/CTL interface into the perovskite bulk [3, 14]. Then, after removing the applied
bias, ions drift back to the interface, resulting in an ionic current. Additionally, the
screening of the built-in potential and the change of the bulk electric field result in a
displacement current. The sum of these currents is measured. Generally, the ampli-
tude of the ionic current depends on the ionic conductivity. The integral of the current
has been used to approximate the overall ion density [3]. However, as illustrated
in Figure 4.1(c), the transients saturate for ion densities at around 10 cm™3. With
increasing ion density, more potential drops close to the interface between perovskite
and CTLs, resulting in only a fraction of the ions contributing to the current. This
limit for extracting high ion densities for transient current measurements has also
been observed elsewhere [5]. We note that higher ion densities than the theoretical
maximum for one ion have been observed in degraded devices [3, 5], suggesting that
additional effects, like additional ions may contribute to the current transients.

In transient capacitance measurements, the modulation of the device capacitance
is measured while mobile ions accumulate at the perovskite/CTL interface following
a voltage pulse [14]. This leads to a reduction of capacitance, as the accumulation
of ions leads to a depletion of electronic carriers from the CTLs and consequently a
reduction of the high-frequency capacitance [14]. Both, the initial capacitance and
the steady state capacitance can be impacted by mobile ions, as illustrated in Figure
41(d). In the presented case, the higher ion densities lead to a larger potential drop
in the perovskite layer and, consequently, a lower depletion of electronic carriers
from the transport layers, resulting in a higher initial capacitance. As can be seen,
at ion densities of 10'® cm™ and higher, the initial capacitance is saturating. The



90 | 4. HOW MANY IONS CAN ELECTRICAL MEASUREMENTS DETECT?

(a) (b)
8 Perovskite - w2
0.00 E: 1 g
= < 2 0
3 -0.25 é
S -0.50 2
£ -0.50 Z 10
2 @
nc_) -0.75 °
C
-1.00 g -20
I I I T 8 T T T
0 200 400 600 0.0 0.5 1.0
Position (nm) Voltage (V) 1020
() (d)
“g 0.0 N 70 19
é’ c 10
S -05- 2 e
> £ 65 5
= s S
-1.0 18 2
g = 10" F
2 60 — )
€ -15- ® \ 3
o Q c
= ® \ (o]
8 UNSUBELLIL B R LD R | O 55 e 17 T
4 -3 2 1 0 l|7:‘llllllq_|3|lllllq_éllmq_; Ty 0| TTITy ] 10
1010 10 10 10 1071071010 10" 10
Time (s) Time (s)
() (f) 10'°
- 300
€ 120 -
2 N
[T L
£ . | S
Py 100 vg 200
% o Nion
= 804 \ =
-g N \ 5
=3 \ ~ 100
S 60 —————
Oy T TRy T Ty T Ty T YTy T YTy T YTy T 77Ty T T T

10™10%10"10%10%10%10° 10° -02 00 02
Frequency (Hz) Voltage (V)

Figure 4.1: Drift diffusion simulations of a device resembling a perovskite solar cell with different ion den-
sities. Simulation of (a) potential distribution, (b) current-density vs. voltage, (c) current transient (d), capac-
itance transients (e), capacitance vs. frequency, and (f) low-frequency Mott-Schottky measurements.

steady-state capacitance depends on the level of depletion when ions accumulate
at the perovskite/CTL interfaces. Here, starting at 10" cm3, the transport layers are
depleted, leading to the same capacitance values for these ion densities. Due to the
saturation of the initial capacitance, ion densities higher than 10® cm™ cannot be
accurately determined.

Next, we focus on impedance (capacitance vs. frequency) measurements. Here, the
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device capacitance at 0V is measured at various frequencies. At 0V, the mobile ions
are accumulated at the perovskite/HTL interface and depleted from the perovskite/ETL
interface. At high frequencies, the dielectric capacitance of the semiconductor stack,
ie., the series connection of the dielectric capacitance of the perovskite and the
depletion layer capacitances of the transport layers, is probed. At low frequencies, the
polarization capacitance due to mobile ions is probed, resulting in a rise, as shown
in Figure 4.1(e). The ionic conductivity determines the onset of the rise, while the
amplitude depends, to some extent, on the density of ions. As shown in Figure 4.1(e),
as the density of ions increases, the low-frequency capacitance also increases until
a density of around 3-10% cm™. At higher ion density, more ions are accumulated
at the perovskite/CTL interfaces. However, the AC-potential drops in an increasingly
small region close to the perovskite/CTL interface, limiting the density of excited ions
and, therefore, also the capacitance.

Lastly, in low-frequency Mott-Schottky measurements, the low-frequency capac-
itance at small DC voltages around 0V is measured. The DC bias modulates the
depletion/accumulation layer of mobile ions at the perovskite/CTL interfaces. This
modulation is then probed by determining the low-frequency capacitance [5]. Figure
4.1(f) shows the low-frequency Mott-Schottky plot for various ion densities. For low
ion densities, the slope changes considerably. However, for ion densities of around
10 cm™3, the Mott-Schottky response stabilizes, and an accurate determination
of the ion density is no longer possible. Interestingly, similar to the limitation of
extracting ion densities, it was previously shown that the conventional Mott-Schottky
analysis also suffers from limitations when applied to perovskite solar cells to extract
electronic defect densities. [15, 16]

We note that the upper limit for determinable ion densities of around 10 cm™
is only valid for the presented device and can not be generalized. The ion density
necessary to screen the built-in potential depends on numerous device parameters.
These include all parameters that impact the potential of the device, specifically the
potential under dark conditions. These parameters include the built-in potential, the
thicknesses, doping densities, and the dielectric constants of the individual layers. For
example, a smaller built-in potential would decrease the density of ions necessary to
screen the built-in potential. Consequently, the maximum determinable ion density
would decrease. Similarly, a larger potential drop in the CTLs, for example, due to
lower dielectric constants or thicker layers, would also decrease the necessary ion
density to screen the built-in potential, lowering the maximum ion density that can
be determined. Parameters like the ionic diffusion coefficient or recombination
velocities do not significantly impact the device’s potential in the dark. Therefore,
these parameters will also not impact the maximum determinable ion density. We
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note that we only account for effects covered by drift-diffusion simulations. Processes
like the annihilation of ionic defects [17] can lead to a reduced field screening effect
due to ionic carriers and, therefore, impact the maximum determinable ion density.
Additional polarization effects at the transport layers [18] can also impact how many
ions can accumulate at the perovskite/CTL interface before the built-in potential
is screened. In very small devices, collection from the sides next to the contacts
could also add to the measured ion density. These effects could also explain why
high ion densities of up to 5-10'® cm™ have been measured [3]. Generally, a good
approximation of the potential drop within the different layers is necessary to ensure
that the extracted ion density lies in a regime where an accurate extraction is possible.
For ion densities above the maximum that is possible to determine with electrical
measurements, only the ionic conductivity can be accurately determined.

4.3 Conclusion

In summary, we have shown that accurately determining ion densities becomes im-
possible if mobile ions screen significant parts of the built-in potential. The current
transient, capacitance transient, and capacitance frequency measurements saturate
at high ion densities. In low-frequency Mott-Schottky measurements, the slope satu-
rates. Accordingly, ion densities can not be determined accurately anymore. We also
note that the built-in potential and the potential drops in the device can impact the
maximum determinable ion density. Therefore, a good understanding and estimation
of the device parameters are crucial when applying any of the studied measurement
techniques to extract ion densities. To ensure ion densities can be determined, drift-
diffusion simulation can be of great help. After extracting an ion density using one of
the discussed techniques, one can, for example, simulate the technique with various
ion densities to determine if the regime is suitable to accurately extract ion densities.
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4 A Drift-Diffusion Parameters

Table 4.A.1: Parameters used for the drift-diffusion simulations.

Parameter Value
Band gap perovskite (eV) 1.6
Electron affinity perovskite (eV) 3.9
Dielectric constant perovskite 62
Thickness perovskite (nm) 550
Effective density of states conduction band perovskite (cm™) 2.1-10%
Effective density of states valence band (cm'3) 2.1-10%
Mobility electrons in perovskite (cm?/Vs) 1
Mobility holes in perovskite (cm?/Vs) 1
Mobile positive ion density in perovskite (em™) variable
Electron SRH lifetime in perovskite (ns) 200
Hole SRH lifetime in perovskite (ns) 200
Electron recombination velocity at HTL/perovskite interface (cm/s) 100
Hole recombination velocity at HTL/perovskite interface (cm/s) 100
Electron recombination velocity at perovskite/ETL interface (cm/s) 1000
Hole recombination velocity at perovskite/ETL interface (cm/s) 1000
Immobile negative ion density (cm™®) variable
lonic conductivity (S/cm) 1.6-107%°
Band gap HTL (eV) 1.9
Electron affinity HTL (eV) 3.4
Dielectric constant HTL 3.0
Thickness HTL (nm) 3
Effective density of states conduction band HTL (cm™) 2.1-10'
Effective density of states valence band (cm™) 2.1-10'
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Parameter Value
Mobility holes in HTL (cm?/Vs) 1-10™
Work function anode (eV) 5.2
Band gap ETL (eV) 2.0
Electron affinity ETL (eV) 4.0
Dielectric constant ETL 5.0
Thickness ETL (nm) 30
Effective density of states conduction band ETL (cm™®) 2.1-10'
Effective density of states valence band (cm™®) 2.1-10'
Mobility electrons in ETL (cm?/Vs) 1-10™
Donor doping density in ETL (em™) 3.10Y
Work function cathode (eV) 4.1
Capacitance transient probing frequency (Hz) 20-10°
Capacitance transient voltage pulse amplitude (V) 1.2
Current transient voltage pulse amplitude (V) 1.2
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Approximating Drift-Diffusion Simulations to

Characterize Mobile lons

Abstract

The migration of mobile ions is one of the leading causes of the degradation of per-
ovskite 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 lay-
ers 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
expressing 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 distribution of perovskite solar cells. Furthermore, we can simu-
late electrical measurement techniques commonly used to quantify mobile ions: ca-
pacitance transient, current transient, and capacitance frequency measurements. 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 developed step model to estimate the ionic con-
ductivity and activation energy of perovskite solar cells.
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5.1 Introduction

HE efficiency of single-junction perovskite solar cells reached 27.0 % in 2024,

directly competing with silicon-based solar cells, with an efficiency of 27.8 %

[1,2]. Also, the longevity of perovskite solar cells has significantly improved 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 perovskite solar cells by
screening the built-in voltage, which can lead to significant short-circuit current
losses [8-10]. To better understand the impact of mobile ions on the stability of
perovskite solar cells, an accurate characterization of the ionic conductivity and the
ion density is important. Electrical measurements are becoming increasingly popular
to quantify mobile ions due to their ease of use and non-destructive nature. These
techniques include transient current measurements (also known as bias-assisted
charge extraction) [9, 11-13], impedance and capacitance spectroscopy [14-16], and
capacitance transients (also known as transient ion drift) [17, 18]. However, the
interpretation of these techniques is difficult, as transport layers can significantly
impact electrical measurements [19, 20]. One prominent example is capacitance
transient measurements. Contrary to our initially proposed interpretation [18], we
have later shown 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 electrical measurements
is to focus on the characterization of transport-layer-free devices [13, 14, 16]. An-
other option is to account for the impact of transport layers using drift-diffusion
simulations, a common tool to understand the device physics of perovskite solar
cells [22, 23]. However, 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 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.
[24, 25], which is based on an accurate, yet still complex approximation of the Debye
accumulation layers. Bertoluzzi et al. developed an elegant approximation of the
potential distribution in the perovskite by approximating the net charge density of
the ionic accumulation and depletion layers as step functions and estimated mobile
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ion densities based on current transient measurements [26]. However, their model
did not account for potential drops in the transport layers and only allowed for the
approximation of current transients.

Here, we extend the model proposed by Bertoluzzi et al. to approximate current tran-
sient, capacitance transient, and capacitance frequency measurements of complete
devices in the dark. The model is based on approximating 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 for an accurate approx-
imation of the potential through perovskite solar cells. We further extend the model
by computing the time-dependent charge and potential distributions depending on
the ionic conductivity of the perovskite, resulting in an approximation of current
transient measurements. Additionally, we solve the small-signal solution, allowing
us to compute capacitance transient measurements and capacitance frequency
measurements at 0V DC bias. From hereon, we will refer to the approximation as
the step model. By benchmarking the step model with drift-diffusion simulations, we
demonstrate that we can accurately determine the ionic conductivity and, in a range,
also the ion density of perovskite 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 quantify mobile ions in perovskite solar cells and is openly
accessible [27].

5.2 Results and Discussion

To derive a model for the capacitance transient, current transient, and capacitance fre-
quency measurements, we first have to make some assumptions about the perovskite
solar cell. Similar to other studies [26, 28, 29], we assume that halide vacancies Vi
are the dominant migrating species due to their lower activation energy, which has
been theoretically predicted [30-32]. We further assume that these mobile halide va-
cancies are compensated by immobile anion vacancies V, [33] or halide interstitials
X; [34],1eading to overall charge neutrality in the perovskite. We additionally assume
thatdefect doping is negligible, which has been shown forwell-performinglead-based
perovskite solar cells [35]. Consequently, we assume that the mobile ionic carriers
dominate the potential profile in the perovskite. The impact of mobile halide vacan-
cies on the potential of a device is illustrated in Figure 5.1. In Figure 5.1(a), positively
charged mobile halide vacancies are distributed homogeneously throughout the per-
ovskite. In this case, because the net charge density in the perovskite is zero (due to
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Figure 5.1: lllustration of the 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 are accumulated at the HTL/perovskite interface,
screening the built-in voltage of the device, resulting in a flat potential in the perovskite bulk. (c) lllustrations
of a capacitance C(t) and a current transient J(t) after a voltage pulse V(t), and a capacitance frequency C(f)
measurement.

compensation by negative ions), the potential drops linearly within the perovskite. We
refer to this case as No screening. In the second case in Figure 5.1(b), the halide vacan-
cies accumulate at the HTL/perovskite interface, screening the built-in voltage of the
device. The accumulation of halide vacancies comes with a simultaneous depletion of
halide vacancies at the perovskite/ETL interface and a depletion of electronic carriers
in the CTLs [21]. Altogether, the potential drops mainly in the CTLs and the ionic accu-
mulation and depletion layers. We refer to this case as Screening. In equilibrium at 0 V
applied bias, the device is in the Screening case. When a voltage pulse is applied to the
device, like in current transient or capacitance transient measurements, as illustrated
in Figure 5.1(c), mobile ions diffuse away from the interface. Then, after removing the
applied bias, the device potential is similar to 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 isin the
Screening case. At high frequencies, the geometrical capacitance Cy, of the device is
probed, as illustrated in Figure 5.1(c). At low frequencies, the capacitance increases
due to ionic polarization [20, 36].

Toillustrate the step model, we will compare it to drift-diffusion simulations of a semi-
conductor stack resembling a perovskite solar cell. The device stack is illustrated in
Figure 51(a), and the simulation parameters are listed in Table 5.A.1 in the Appendix.
For illustration purposes, we use a slightly doped hole transport layer (HTL) and elec-
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tron transport layer (ETL), Np g1, = Na L = 5-107 cm™ with different dielectric
constants (¢, g1, = 4 and e, grr, = 8). First, we will focus on approximating the DC
solution of the potential and net charge density, which will enable the calculation of
current transients. Then, we will focus on applying the sinusoidal steady state analysis
[37] to approximate capacitance transient and capacitance frequency measurements.

5.2.1 Approximation of the DC Solution

Our first focus is to approximate the DC potential profile within the perovskite solar
cell, which is dominated by mobile ions. Bertoluzzi et al. showed that approximat-
ing the charge density of the ionic accumulation and depletion layers within the per-
ovskite with step functions leads to good agreement compared to drift-diffusion sim-
ulations [26]. However, their model only accounted for the approximation of the po-
tential in the perovskite layer (not taking CTLs into account). Therefore, we extend the
step function approximation and apply it to the depletion layers in the CTLs. Figure
5.2(a) and (b) illustrate the approximation of the net charge densities for the earlier
described No screening and Screening cases. We divide the device into five regions,
shown in Figure 5.2(a) and (b). At the interfaces between the perovskite and the CTLs,
we define the ionic accumulation and the ionic depletion layer in the perovskite (re-
gions IT and IV). Their widths and net charge densities are eny1, w1, and enyy, wry, re-
spectively. In the perovskite bulk, the net charge density enyy is zero, as the mobile
ions and the immobile ions compensate 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 en; and wy. Similarly, the
depletion of mobile ions at the perovskite/ETL interface leads to a depletion of elec-
trons from the ETL (region V), which we describe with the charge density and width
eny and wy. With this, we can summarize the net charge density in the device as:

—en; inregionl
eng inregionII
0 inregion III
—enyy inregionlIV
eny inregionV

0 otherwise




102 | 5. APPROXIMATING DRIFT-DIFFUSION SIMULATIONS TO CHARACTERIZE MOBILE IONS

where e is the elementary charge. Now, we can calculate the position-dependent one-
dimensional electric field F(x) through the device with Gauss' law [38]:

dbte) _ olo) (52)

dx €

and the potential profile ®(z) through the device with:

d®(x)
dx

=—E(z) (5.3)

A detailed derivation of the electric field and potential is given in the Appendix.
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Figure 5.2: Comparison of the net charge density simulated with drift-diffusion simulations and the step
model for the (a) No screening and (b) Screening case. (c) Comparison of the potentials simulated with the
step model and drift-diffusion simulations.
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Ultimately, we arrive at an expression for the individual potential drops within the dif-

ferent regions:
2
Teoer in region I
€0€r,HTL
2
_enuwy . .
Seoer pory — DbulkWII inregion II
A® = ¢ —Epuk(dpero — wir — wry)  inregionIII (5.4)
2
Cniviury . .
Serer o — EbulkWiv in region IV
2
Teom o inregionV
€0€r ETL

where Ey,,ik is the electric field in region III, ¢ is vacuum permittivity, and €, g,
€r,Pero, aNd €; g1, are the relative permittivities in the different layers.

The overall sum of these potential drops has to equal the potential difference at the
electrodes, which is dependent on the built-in potential V},; and the externally applied
bias V,pp [25]:

Vbi—VappZA(I)I+A‘I)]1+A(I)III+A(I>IV+A(I>V (5.5)
2 2 2 2
(& niw niw nyyw nyw
= —( Lt + 1 + Vv + v V) — Epuikdpero (5.6)
260 €r,HTL €r,Pero €r,Pero €r,ETL

Some of the densities and widths are readily accessible from the device parameters.
For example, the carrier density in the ionic depletion region nry can be approximated
with the density of immobile negative ions, which is simply the ion density N;op,. Fur-
thermore, the carrier densities in the depletion layers are the doping densities of the
transport layers Na g1, and Np grr.. Additionally, the total charge in the ionic accu-
mulation and depletion layer has to be equal (enjjwy; = enrywry). The electric dis-
placement field through the device has to be constant, resulting in expressions for the
depletion and accumulation widths in the transport layers as a function of ny;. Lastly,
we can approximate the width of the ionic accumulation layer with the Debye length

[26]:
€0€r,Pero kB T
Io=\—aN (57)

where kg is the Boltzmann constant, and 7" is the temperature. With these constraints
and simplifications, we finally arrive at an expression for the bulk electric field Ey, ik
that depends only on the density of accumulated ions at the HTL/perovskite interface
(see Section 5.A in the Appendix for the complete derivation).

Next, we introduce time dependence into the step model. The starting point is the No
screening case depicted in Figure 5.2(a) and (c), which illustrates the charge densities
and potential after applying a voltage pulse. In this case, the density of accumulated



104 | 5. APPROXIMATING DRIFT-DIFFUSION SIMULATIONS TO CHARACTERIZE MOBILE IONS

ions at the HTL/perovskite interface is low (see Figure 5.2(a)), leading to a large poten-
tial drop in the perovskite bulk (see Figure 5.2(c)), and consequently a large bulk elec-
tric field Eyx. 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 [29, 39]:

dnn(t) 1
= - Nion ionE ulk (¢ 5.8
il ey Nionttion B k() (5.8)
Jion(t)
1
= —————¢eNionDion Fouik (¢ 59
e k() 59)

where uon is the mobility and D, is the diffusion coefficient of mobile ions. This is
an ordinary differential equation, as the electric field F},,x(¢) depends on the density
of accumulated ions ny(¢) (see Equation 5.59 in the Appendix). After the applied bias
is removed, more and more mobile ions accumulate at the HTL/perovskite interface.
Simultaneously, the potential drops in all depletion and accumulation layers increase,
resulting in a smaller bulk electric field and, consequently, a smaller ionic current. Fi-
nally, when enough mobile ions accumulate at the HTL/perovskite interface, the built-
inpotentialis screened, and no more ions will accumulate at the interface, resulting in
the Screening case in Figure 5.2(b) and the corresponding potential in Figure 5.2(c). We
can solve the differential equation numerically. The result is a time-dependent den-
sity of accumulated ions at the HTL/perovskite interface nyy (¢). With ny1(t), we can cal-
culate the time-dependent net charge densities in all other regions and approximate
the time-dependent potential within the device. Figure 5.2(a) and (b) show good agree-
ment between the approximated net charge densities and drift-diffusion simulations.
The approximated potential distribution within the device for both the No screening
and the Screening case also agree well with the drift-diffusion simulations, as shown
in Figure 5.2(c).

When the applied bias is high enough, mobile ions can accumulate at the opposite per-
ovskite/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 illus-
trated in Figure 5.A.5(a). At even higher voltages, electronic carriers will screen the ac-
cumulated ions at the perovskite/CTL interfaces (see Figure 5.A.5(b)). The step model
can also approximate the potential in undoped CTLs as shown in Figure 5.A.6.

With the DC solution of the potential, we can compute the current transient after ap-
plying a voltage pulse. In the center of the perovskite, the current density depends on
the ionic current and the displacement current due to the change in the electric field.
Because the current density is constant throughout the device, we can define the ex-
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tracted current as:

dEpuik(t)

7 (5.10)

Jdc(t) = eNiOnMionEbulk(t) + €0€r,Pero

A comparison of the approximated current transient simulations with drift-diffusion
simulations is discussed in Section 5.A in the Appendix.

5.2.2 Approximation of the AC Solution

Now that we have found an approximation of the DC potential and net charge den-
sity, we can focus on solving the device capacitance. We aim to approximate the high-
frequency capacitance as a function of time after applying a voltage pulse (capacitance
transients) and the capacitance at 0 V at different frequencies (capacitance frequency).
To compute the capacitance, we choose the sinusoidal steady state analysis (S34), first
introduced by Laux [37] and previously applied to organic and inorganic semiconduc-
tors [40-42]. This method is based on linearizing the Poisson equation and the elec-
tron 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 cur-
rent continuity equations in terms of Fg, Fy,, and Fj;:

ed*®
Fgp(®,n,p) = -zt (p—n)=0 (s12)
dn  1djy dn
Fn((b,nqt)_ﬁ—g%_rn—a—o (512)
dp  1dj, dp
Fp((I),n7t) — E = g@ Tp E =0 (513)

where j,, and j, are the electron and hole current density, r,,, and r,, are the electron
and hole recombination. Because the techniques we focus on are carried out in the
dark, we can assume that r,, and r, are negligible. We then extend the electron and
hole density and the potential into a DC and an AC term:

P = pd°  paceiwt (514)
n= TLdC + naceiwt (515)
p — pdC + paceiwt (516)

where ¢ is the imaginary unit, and w = 2 f is the angular perturbation frequency.
After linearizing the Poisson and current continuity equations, we arrive at a system
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of equations:
dFg dFg dFg Hac
dd dn dp
dF, dF, _ dFy N ae | —
jlz? dndF w . ap n =0 (5.17)
P P P _ g ac
T an ap W p

which we can solve numerically for the position-dependent AC potential $2¢, AC elec-
tron density n®¢, and AC hole density p*°. We can add a time dependency by solving
Equation 5.17 for the DC potentials and carrier densities during the transient. A de-
tailed explanation of this derivation and the discretization of the semiconductor equa-
tions following Selberherr [43] is given in Section 5.A in the Appendix. 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 AC 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 capacitance transient and capac-
itance frequency measurements with drift-diffusion simulations is given in Section
5.Ain the Appendix.

5.2.3 Validation of the Step Model

We can now approximate the three measurement techniques: capacitance transient,
current transient, and capacitance frequency. For the capacitance transient and cur-
rent transient approximation, we solve the DC solution after applying a voltage pulse.
The current density then follows from Equation 5.10. For the capacitance 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 capacitance, in
this case 20 kHz. For the capacitance frequency technique, we solve the AC solution
at 0V DC bias and various frequencies. When directly comparing the step model
with drift-diffusion simulations, as illustrated in Figures 5.A.7, 5.A.10, and 5.A11 in
the Appendix, 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 differences in the DC solution between the step model and the
drift-diffusion solution.

To validate the developed step model, we, therefore, choose to fit data generated with
drift-diffusion simulations. We use the parameter set in Table 5.A.1 in the Appendix
for the drift-diffusion simulations and the step model. We simulate transients with
voltage pulses of 0.8, 0.9, 1.0, and 11V with drift-diffusion simulations and use the
step model to fit the free parameters. We are mainly interested in determining the
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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
Np g1, and the dielectric constant of the perovskite €, pero. Figure 5.3 shows the three
different techniques for an ion density of 10" cm™ and an ionic diffusion coefficient
of 91-10 " cm?/s at 300K fitted with the step model. The extracted ion density is
11-10Y cm™3, which is in good agreement with the density set in the drift-diffusion
simulations. The extracted diffusion coefficient of 1.0 - 107° cm?/s also matches the
diffusion coefficient set in the drift-diffusion simulations well.
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Figure 5.3: Drift-diffusion simulations of (a) capacitance transients, (b) current transients, and (c) capaci-
tance frequency measurements. The dashed lines are fits with the step model. The ion density set in the
drift-diffusion simulations is 10'” cm™. The fitted ion density and diffusion coefficient are listed in Table
5.1.

To test the limitations of the step model, we then fit a range of ion densities between
5-10 cm™ and 5-10% cm™3, which are shown in Figure 5.B1 in the Appendix. The
extracted ion densities, diffusion coefficients, and ionic conductivities are listed in



108 | 5. APPROXIMATING DRIFT-DIFFUSION SIMULATIONS TO CHARACTERIZE MOBILE IONS

Table 51. Ion densities below 5-10" cm™ can be determined accurately. For ion
densities of 5-107 and higher, the drift-diffusion simulations can be fitted with a
range of ion densities and diffusion coefficients. Consequently, ion densities can
not be determined anymore [44]. This is illustrated in Figure 5.B.2 in the Appendix,
where we compare the fit residual of the drift-diffusion simulations with ion densities
of 107 cm™ and 10 cm™. For an ion density of 107 cm™, the fit in Figure 5.B.2(a)
converges to one ion density and diffusion coefficient. In contrast, for an ion density
of 10® cm™3, the fit converges to a product of ion density and diffusion coefficient,
which is proportional to the ionic conductivity (see Figure 5.B.2(b)). This limitation
is further illustrated in Figure 5.B.2(c), where a clear minimum for a set ion density
of 107 cm™ is visible. In contrast, for a set ion density of 10 cm™3, the residual
decreases as the ion density increases and does not show a significant difference
for ion densities of 5-10" cm™ and higher. Even though we can not determine the
ion density, we can still accurately estimate the ionic conductivity, which is listed in
Table 51. We additionally fit temperature-activated capacitance transients, current
transients, and capacitance frequency measurements, shown in Figure 5.B.3. With
the developed step model, we can accurately predict the activation energy of 0.3 eV,
set in the drift-diffusion simulations.

Table 5.1: lon densities Nion, diffusion coefficients Djon, 300K, and ionic conductivities gion, 300k When
fitting drift-diffusion simulations with the step model. For ion densities of 5- 10" cm™ and higher, only
the ionic conductivity can be determined.

Nion (cm™) Dion,300K (cm?/s) Oion,300K (S/cm)

Set Fit Set Fit Set Fit
5.0-10% 5.8-10% 9.1-10™1 1.2-107%° 28-101 43-10"
1.0-10" 1.1-10Y 9.1-10" 1.0-107%° 57-10" 7.1-10"
5.0- 10" - 9.1-10™ - 2.8-107% 3.1-10%
1.0-10"® - 9.1-10" - 57-107% 6.5-107%
5.0-10% - 9.1-10™ - 2.8-1077 3.1-107

5.2.4 Application of the Step Model to a Measured Device

Now, we can apply the step model to quantify the properties of mobile ions in an
experimental realization of a perovskite solar cell in the configuration ITO/Meo-
2PACZ/CSg s (MAg s FAgos)gos PbIgs Brogs)s/Ceo/BCP/Cu [45]. An exemplary current
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density vs. voltage measurement is shown in Figure 5.D.1in the Appendix. We carried
out capacitance transient, current transient, and capacitance frequency measure-
ments at different temperatures, which are shown in Figure 5.D.2. Details about
the fabrication process and the characterization are described in Section 5.C in the
Appendix. With increasing temperature, the capacitance transient measurements in
Figure 5.D.2(a) shift to shorter times, while the capacitance in Figure 5.D.2(c) shifts to
higher frequencies. This trend is in line with a temperature-activated ionic conductiv-
ity. Interestingly, we observe a decrease of the initial current amplitude in the current
transient measurements in Figure 5.D.2(b) for temperatures greater than 280 K. How-
ever, we expect the current amplitude to increase with increasing temperature due
to the higher ionic conductivity, as illustrated in the temperature-dependent current
transient simulations in Figure 5.B.3. Possibly, the current transient measurements
at higher temperatures are impacted by additional temperature-activated processes
influencing, for example, the charge transport layers [20], or creating additional ions
[32]. 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 out of the scope of this work. We therefore focus on the regime
between 260 K and 280 K, the region where we observe the expected behavior of an
increasing current amplitude. The measurements at 260 K are shown in Figure 54.
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 11V. In
the capacitance transient measurements in Figure 5.4(a), the capacitance remains
almost unchanged for voltages of 0.8V and 09V. Then, at 1.0V and 11V the initial
capacitance increases significantly. Also, in the current transient measurements in
Figure 5.4(b), we observe an increase in the current amplitude with applied voltage.
The capacitance frequency measurement in Figure 5.4(c) shows the expected increase
of the capacitance at low frequencies due to ionic polarization [20, 36].

To unravel the device parameters and ionic properties, we fit the measurements
with the developed step model. The device parameters used in the step model are
listed in Table 5.D.1. 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 mea-
surements. 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 dielectric
constants of the different layers, we can only estimate a range. We, therefore, start by
globally fitting the capacitance transient and capacitance frequency measurements
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Figure 5.4: (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 10 ms and
10's after the voltage pulse for voltages of 0.8V and 1.1 V. The markers link the potential distributions to
the capacitance and current transient plots.

to estimate these parameters. The results are listed in Table 5.D.2 in the Appendix.
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 10V. We then individually fit the different techniques,
focusing only on the ionic parameters, which are illustrated as dashed lines in Figure
5.4 and show good agreement with the measurements.

As aresult, we get insight into the approximated potential and net charge density (see
Figure 5.4(d)) and can explain the origin of the increasing amplitude in the capacitance
transient measurements and current transients. The increase of the capacitance at
voltages of 1.0 and 11V is due to mobile ions that accumulate at the perovskite/ETL in-
terface during the voltage pulses. Simultaneously, mobile ions are depleted from the
HTL/perovskite interfaces. The accumulated ions at the perovskite/ETL interface are
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then screened by electrons at the interface (evident in the flat and slightly increasing
potential for V,,, =11V and ¢ =10 ms at the perovskite/ETL interface in Figure 5.4(d)).
The accumulation of electronic charges then leads to the larger initial capacitance. In
contrast, for a voltage pulse of 0.8V, the ETL is already depleted at 10 ms (see Figure
54(d)), explaining the low value of the initial 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 Figure 5.4(d)), explaining the increased amplitude
in the current transient measurements. We note that the shoulder at short times in
the 11V 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 are in the range where only the conductivity can be
extracted from electronic measurements (see Figure 5.D.3 in the Appendix). At 260K,
the extracted ionic conductivities show good agreement between the techniques
with ionic conductivities of 1.0 - 107° S/cm for capacitance transient measurements,
0.7 -10719 S/em for the current transient measurements, and 2.0 - 107° S/cm for capac-
itance frequency measurements (see Table 5.2).

Table 5.2: Average values for the ionic conductivity at 260 and 300K and the activation energy of the
diffusion coefficient Ea,ion extracted from fitting capacitance transient (Ct), current transient (Jt), and ca-
pacitance frequency (Cf) measurements. The values are the average values and standard deviations from
fitting three different devices.

Technique Oion,260K (S/cm) Tion,300K (S/cm) Eaion (eV)
ct 1.0+ 04-107%° 40+1.6-10% 0.2540.01
Jt 0.74£0.2-107%° - -
cf 2.0+0.8-107%° 1.440.3-107° 0.3640.03

Lastly, we determine the activation energy based on the capacitance transient and
capacitance frequency measurements at different temperatures. We do not extract
the activation energy from the current transient measurements because we cannot
capture the decreased current amplitude at higher temperatures with the step model.
Assuming a temperature-activated ionic diffusion coefficient [46, 47]

Ea,ion

Dion = Dge *8T (518)

with prefactor Dy and activation energy F, jon, We fit the capacitance transients
and frequency measurements, as Figure 5.5 illustrates. We extract an activation
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energy of 0.25eV for the capacitance transient measurements and an activation
energy of 0.36eV 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
measurement is carried out at 0V DC bias. Additionally, the capacitance and cur-
rent transient measurements 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 properties of the mobile
ions. Finally, we calculate the ionic conductivities at 300 K, which are listed in Table
5.2. For the capacitance transient measurements, we extract an ionic conductivity
of 40-107° S/cm. For the capacitance frequency measurement, we get a value of
14-1079 S/cm. These values lie in a typical range of ionic conductivities observed in
perovskite solar cells [12, 48].
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Figure 5.5: (a) Capacitance transient and (b) capacitance frequency measurements at temperatures from
260K to 320K in steps of 10 K. The dashed lines are fits with the step model.

5.3 Conclusion

In this work, we have developed a novel 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
accumulation and depletion layers and, crucially, the depletion layers in the CTLs
leads to an accurate approximation of the DC potential. After introducing a time de-
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pendency in the DC solution and calculating the AC solution based on 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 conductivity.
Lastly, we applied the step model to characterize perovskite solar cells. We fit the
three measurement techniques, capacitance transient, current transient, and capaci-
tance frequency, with the step model, resulting in valuable information about device
parameters like 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 -107° and
14-1079 S/cm and an activation energy between 0.25 and 0.36 eV.

Overall, the balance between the simplicity and accuracy of the developed step model
allows for an accurate characterization 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 [27].



Chapter appendix

5.A Derivation of the Step Model

In this section, we derive the approximation of the capacitance transient, current tran-
sient, and capacitance frequency techniques, which we call step model. We will start
with deriving the approximation of the DC potential and charge densities, followed by a
detailed explanation of how we calculate the device’s capacitance. For illustration pur-
poses, we will compare the step model to drift-diffusion simulations, where both are
simulated with the parameter set listed in Table 5.A.1. We will compare the step model
with drift-diffusion simulations of a transient simulation, where we apply a 1.1V volt-
age pulse and then approximate the device properties 0.1ms and 10 s after removing
the voltage pulse. These points are equal to the No Screening and Screening cases in
the main text.

Derivation of the DC Solution

Electric Field

We start with the derivation of the DC solution. Our goal is to compute the time-
dependent charge carrier densities and the time-dependent potential. As described
in the main text, we define the accumulation and depletion layers within the device,
as illustrated in Figure 5.A.1. The net charge density p(x) in the device is then:

—en; inregionl

eng inregionII
0 inregion III
plx) = ' . (519)
—enyy InregionIV
eny inregionV
0 otherwise

where e is the elementary charge, and n;, ny;, nv, and ny are the net carrier densities

in the different regions. We can then calculate the electric field F(z) at position « fol-

dBE(@) _ pla)

lowing Gauss’law in one dimension —.~ = = for every region.
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Figure 5.A.1: Comparison of the approximated net charge densities with drift-diffusion simulations of a
transient simulation 10s after the voltage pulse.
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* en
N
dgr—w; €0€r,HTL
eng
=————(2 — (dgrL —wr)) +C (5.20)
€0€r, HTL

where ¢ is the vacuum permittivity e, g, is the relative permittivity of the HTL, dyr,
is the thickness of the HTL, and wy is the width of region I. At the contacts, the electric

field is zero:
1

EI(dHTL - wI) =C=0 (5.21)
We finally get:
en
Ei(z) = —————(z — (dgrr, — wr)) (5.22)
€0€r, HTL
Region IL:

Eu(x) = / gy
d

uTi €0€r,Pero

= ﬂ(.’ﬁ - dHTL) +C (5.23)
€0€r,Pero

where €, pero is the relative permittivity of the perovskite. Assuming no surface
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charges at the interface, the electric displacement field must be constant, leading to:

enpw !
En(dsrr, + wn) = ——% + C = By (5.24)
€0€r,Pero
where wyy is the width of region II. We finally get:
eniy
En(r) = ——— (2 — (dgrr + wn)) + Bm (5.25)
€0€r,Pero
Region III:
Inregion I1I the electric field is constant:
Emi(r) = Eyux (5.26)
Region IV:
x
o= [ oy,
duTL+tdpero —Wrv 6061",1)61"0
enyy
== ({I? - (dHTL + dPero - wIV)) +C (527)
€0€r,Pero

where dpe,, is the thickness of the perovskite, and wry is the width of region IV. Again,
assuming no surface charges, the electric displacement field must be constant, lead-
ingto:

!
Erwv (durr + dpero — wiv) = C = Em (5.28)
We finally get:
enyyv
Ew(z) = _WT(x — (dutL + dpero — wiv)) + Ernt (5.29)
r,Pero
Ey(z) = / A A (530)
darL+dpero €0€r,ETL
en
= 7\/(3j - (dHTL + dPero)) + c (531)
€0€r,ETL

where ¢, g7, is the relative permittivity of the ETL. At the contacts, the electric field is
zero, leading to:

enyw |
Ev(dury + dpero + wv) = VIV Loto (5.32)

€0€r,ETL
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where wy is the width of region V. We finally get:

Ey(z) = o (z — (duTL + dpero + WV)) (5.33)

€0€r,ETL

Summarizing Equations 5.22, 5.25, 5.26, 5.29, and 5.33, we get:

e (x = (durr — wr)) inregion
ﬁ(”ﬁ — (duTL + wi)) + Ebuik in region I
Epuik in region I1I
B@) =y ", o (5.34)
wo—(2 — (durL + dpero — wiv)) + Epuic - inregionIV
605:,11?:/TL (iL’ - (dHTL + dPCro + U)V)) in regionV
0 otherwise
Potential
With the relationship
d®(x)
=L 535
dzx () ( )

we can now calculate the potential ®(z) within the different regions of the device. The
potential needs to be continuous throughout the device.
RegionI:

By(z) = — /d " BG)a

HTL —WI
= —/ —i(x/ — (dHTL — wl))d:v’
dutr,—w; €0€r,HTL
- ENng 2
= 7(33 — (dHTL — U}I)) +C (5.36)
2€p€r, HTL
(I)I(dHTL - wI) =C ; V+ (5.37)

where V is the potential at the anode.

Oy (z) M (o (dyrr, —w)? + Vo (538)

2€0€r, HTL
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Region II:

xr
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duTL

en
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Py (x) = Prv(duTr + dpero) — / By (2')dx'
daTtL+dpero

= Oy (durr, + dpero)

T

envy

- / ———— (2’ — (durL + dpero + wv))da’
durL+dpero €0€r,ETL

en
= Oy (durr, + dpero) — 27\/(962 — 2z(dpTL + dpero + Wv)
€0€r, ETL
+ (dHTL + dPero)2 + 2u}V(dHTL + dPero)) (542)

With the expression of the potential in the different regions, we can now define the
voltage drops in the regions:



Region I:
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APy = O1(durr) — Pr(duTL — wi)

enjw?

2€0€r HTL

A®y = Oy (dyrr + win) — Prr(dur)
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Summarizing Equations 543, 5.44, 545, 546, and 5.47 leads to:

Ad =

enjwy
2€0€r, HTL

2

ENIIWT

Seoeroon Epukwrn

—Epuik(dpero — Wit — wry)

2
ENTV Wiy E
5 — w
Teoer Por bulk WV
envw%
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inregionI
inregionII
inregion III
inregion IV

inregionV

(543)

(5.44)

(5.45)

(546)

(547)

(548)

The sum of all potential drops in all layers equals the built-in voltage V},; minus the ap-
plied voltage V.. Expressing the potential drops as functions of the charge densities
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leads to:

Voi = Vapp = A®; 4+ APy + Adyyp + Adpy + Ay

2 2 2 2
e ( niwy + N wy + nivwyy n nvwy,

= ) - Ebuldeero (549)
260

€r,HTL €r,Pero €r,Pero €r,ETL
Ultimately, we aim to arrive at an expression for the bulk electric field Fj,,1x as a func-
tion of the density of accumulated ions in region II, nyz, as that will allow us to solve a
simple differential equation for n1;. Therefore, we express the charge in the other ac-
cumulation and depletion regions in terms of the accumulated ion density.

In region IV the charge density is dominated by the immobile anions Nj,,. We can
therefore assume that:

niv = Nion (5.50)

The charge density in the depletion regions in the CTLs can just be approximated with
the doping densities of the CTLs:

nr = Na HTL (5.51)
ny = Np ETL (5.52)

The total charge in regions II and IV must be equal. We can therefore express wryy as:

!
nivwry = Niwit
niwin
= wpy = I (5.53)
niv

Furthermore, the electric displacement field at the perovskite/CTL interfaces is con-
stant (assuming no surface charge). Consequently, we can find an expression for wr:

!
co€r,uTLE 1 (duTL) = €06 Pero Er1(duTL) (5.54)
—enJWI = €€r,Perobulk — EWITNIT
EWITTIT — €0€r,Pero V11T

= wy = o (5.55)
I

And similarly for wy.

|
€0€r, ETLEV (dutr + dpero) = €0€r,Pero Erv (duTL + dPero) (5.56)

—enywy = €9€r,PeroLbulk — CWIVNIY

EWIVNIV — €0€r Pero L1
= wy = - r,Pero (557)
v
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Lastly, we approximate the accumulation width of ions in regions II wyy with the Debye
length Lp [26]:

€0€r,Pero VT

wip = Lp =
eNion

(5.58)

where Vr is the thermal voltage Vi = %

. With these relationships, we can express
the overall potential dependent on only ny; (because replacing all variables with the
simplifications defined in Equations 5.50 - 5.58 leads to large expressions, we omit this

step here).

2 2 2 2
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ENTTWII enry (nnwn ) 2
26Oer,Pero 2€0€r,Pero nrv

eny (ennwn — €0€r,PeroEbulk

2
) - Ebuldeero (559)
eny

2€06r,ETL
This is a quadratic equation that can be solved for Ey, .
Time Dependence

Next, we focus on introducing the time-dependence of the solution. The ionic current
in the perovskite bulk leads to a time-dependent change of the accumulated charge in
region II [29, 39]:

dqt
- _Ji n t
9 )
dnir
cwn— = = —Cion Ebuik (t)
anI Oion
o Tion et
dt eWwI1 b lk( )

o —76]\7;‘;3:; 0 B () (560)
where Jjo, () is the time-dependent ionic current in the bulk and o,,, is the ionic con-
ductivity. According to Equation 5.59, E,uk(t) is dependent on ny;(¢). Hence, Equa-
tion 5.60 is an ordinary differential equation that can be solved numerically for ry; (¢).
After solving for ny1(t), we can compute the potential ®(z) through the device as a
function of time. Figure 5.A.2 shows the potential 0.1 ms and 10 s after removing a volt-
age pulse. They show good agreement when compared to the potential simulated with
drift-diffusion simulations.
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Figure 5.A.2: Comparison of the approximated potential with drift-diffusion simulations of a transient sim-
ulation 0.1 ms and 10's after the voltage pulse.

Charge Carrier Densities

In order to later compute the AC charge carrier densities of the device, we first need
to approximate the DC charge carrier densities. With the potential (), we can ap-
proximate the energy of the conduction and valence band with respect to the Fermi
level:

ECB (x) — EF = ECB,ETL,O — EF — e@(x) (5.61)
Er — Eve(z) = Er — [Eve,aTL,0 — e(®(2) + (Vii — Vapp))] (5.62)

where Fcp rr1,0 and Evg utr,o are the energy of the conduction and valence band
atthe cathode and anode, respectively. At the interfaces between transport layers and
perovskite, we adapt the energies of Ecp and Evyp according to the band offset be-
tween the perovskite and the CTLs. Figure 5.A.3(a) and (b) show the approximated en-
ergy of the conduction band (CB) and valence band (VB) with respect to the Fermi level
(defined at 0 eV) 0.1 ms and 10 s after removing a voltage pulse. The step model shows
good agreement with the drift-diffusion simulations.

We can then calculate the electron and hole densities at each position:

_ Ecp(z)—Ep

n(x) = no,ce(r)e FeT (5.63)
_Ep—Eyp(x)
p(z) = pove(x)e” ~ F5T (5.64)

where ng cg(x) and po vg () are the effective density of states of the conduction and
valence band, respectively. We note that we generally assume that the electric charges
do not significantly impact the potential. This is valid as long as the densities of elec-
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Figure 5.A.3: Comparison of the approximated conduction and valence band with drift-diffusion simula-
tions of a transient simulations (a) 0.1 ms and (b) 10's after the voltage pulse.

trons and holes are not very high. This assumption is valid for the presented device
because the device is not doped and not illuminated. The results compared to drift-
diffusion simulations are shown in Figure 5.A.4(a) and (b) 0.1 ms and 10 s after remov-
ing a voltage pulse, respectively.

=10"s t=10's

Density (cm 3)

0 200 400 600 0 200 400 600
Position (nm) Position (nm)

Figure 5.A.4: Comparison of the approximated DC electron and hole densities with drift-diffusion simula-
tions of a transient simulations (a) 0.1 ms and (b) 10's after the voltage pulse.
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Reverse Accumulation

In cases of initial applied biases in the range of the built-in potential or higher, the
depletion and accumulation layers can be reversed. We can generally distinguish be-
tween two special cases:

First, when the ionic accumulation and depletion layers are reversed. This means that
after the voltage pulse, mobile ions are accumulated at the perovskite/ETL interface.
We then still assume the same properties of the accumulation and depletion region as
before, but define the Debye accumulation layer at the perovskite/ETL interface and
the ion depletion layer at the perovskite/HTL interface. This is illustrated in Figure
5.A.5(a).

In the second case, electronic carriers within the transport layers accumulate at the
perovskite/CTL interfaces. We assume that their accumulation can also be approxi-
mated with a Debye layer. This case is illustrated in Figure 5.A.5(b).

Switching between these cases can lead to discontinuities in the calculation of the ca-
pacitance transients and current transients, because the potential drops within the ac-
cumulation and depletion layers are different. Therefore, when transitioning between
the different regimes, the time-dependent derivative of, e.g., the electric field, can be

discontinuous.
(a) (b)
_ e _ e
Vop =15V, t=10 ' s Vapp =18V, t=10 ' s

7 1040 o Perovskite o i 1.04s Perovskite =
g ?é E TOVSKI' E g ?é ’:_:1‘”’1 TOVSKI' m
© < © <

o =)

"o wy =} eny wiy
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> > €en;
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S 004 = = S 00
) i ) eny
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en
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Figure 5.A.5: Approximated net charge density for a transient simulation 0.1 s after the voltage pulse of (a)
1.5V and (b) 1.8 V.
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Undoped Transport Layers

In case of undoped transport layers, we simply adapt the derived solution and assume
a constant electric field and linear potential drop within the transport layers. If both
CTLs are undoped, the potential drops, for example, become:

SH dyry — 22 Epundurr  inregion
% — Epukwin inregion I
A =< — By (dpero — wir — wrv) inregion III (5.65)
% — Epuwry inregion IV
DI gy, — S Epukdprr  inregionV

When only one CTL is doped, the solution is adapted accordingly. Figure 5.A.6 shows
good agreement between the drift-diffusion simulations and the step model for (a)
both HTL and ETL being undoped, (b) HTL being undoped and ETL being doped, and
(c) HTL being doped and ETL being undoped.

Comparison Current Transients

We can now compute current density transients using the time-dependent ionic cur-
rent Jion = €Nion fion Ebuik (t) and displacement current Jygisp = ewb%w. Through-
out the device, the current density is constant. If we assume that the current in the
center of the perovskite bulk is dominated by the ionic current and the displacement
current (which is valid if we assume that contributions by electronic carriers are neg-
ligible, because the perovksite is undoped and the measurement is carried out in the
dark), we can define the current density of the transient Jy. (¢):

dEbuik(t)

o (5.66)

Jdc (t) = e]\fion,uionE‘bulk (t) + €0€r,Pero

Figure 5.A.7 shows the approximated current density transient compared to one com-
puted using drift-diffusion simulations. Here, the step model and drift-diffusion sim-
ulation slightly deviate from each other due to small differences in the computed elec-
tric field, but the timescales match well.
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Figure 5.A.6: Comparison of the approximated DC potential with drift-diffusion simulations of a transient
simulations 0.1 ms and 10s after the voltage pulse for (a) undoped HTL and ETL, (b) undoped HTL and
doped ETL, and (c) doped HTL undoped ETL.

Derivation of the AC Solution
AC Semiconductor Equations

Next, we derive the device’s AC solution to approximate its capacitance at 0 V DC bias.
Generally, the solution is based on the sinusoidal steady state analysis (S3A), first in-
troduced by Laux [37]. Compared to a parallel plate capacitor approximation, the S3A
approximation accounts for the charge injection capacitance within the perovskite,
which can lead to increasing capacitance transients [21]. Additionally, we can easily
calculate the capacitance of the device when it is in different accumulation and deple-
tion regimes. Lastly, the S3A solution of the step model will allow us to compute the
frequency-dependent capacitance.

To simplify the derivation, we start by combining the time-independent terms in the
DC Poisson equation and the current continuity equations for electrons and holes. For
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Figure 5.A.7: Drift-diffusion simulation and step model approximation of a current transient measurement
with the parameters listed in Table 5.A.1 and an ion density of 10 cm™.

this purpose, we define Fg, F},, and F;, [49]:

dE ’® e

i el )
€ d?>d
= Fo(@,n,p) = ———5 +(p-n)=0 (5.67)
dn _ 1dj,
dt — edz "
:>—d77Z+Fn((I)7n7p):_d77Z g;iz_rn:() (568)
dp _ 1djp
dt ~  edr P
d d 1dj
= P+ R@np) = -5 - Ly =0 (569

where we simplify the permittivity of a layer to € = ¢ge;,.
Next, we extend the potential and the electron and hole density into a DC and a com-
plex AC part [49].

® = @I 4 et (570)
n = nd® 4 pceit (571)

p= pdc + paceiwt (572)
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We can then linearize the semiconductor equations around a DC operating point with
a first-order Taylor series expansion [49]. For the Poisson equation we get:

0= Fq)((I)dC + (I)aceiwt’ ndc + naceiwt,pdc + paceiwt)

. rdF dF dF
~~ Fi (Pde pde pde zwt( ¢q)ac P ac @ ac) 573
2 (€, %, pt€) + €™ - @ + — =0 + o P (573)

According to Equation 5.67, Fp (®4¢, nd¢, pi¢) equation at steady state is zero. We can
therefore simplify the equation and get:

dF. dF. dF.
_ P pae 4 P nac 4 Cppac (5.74)

0 dd dn dp

Similarly, we treat the current continuity equation for electrons:

d(ndc + naceiwt)

0=— o + Fn(q)dc + q)acei“t, nde + naceiwt’pdc + paceiwt)

Taylor d(ndc + naceiwt) de _de d . dF;, . dF, dF, .
N o—— )4 (e pde pde zwt( n pac n_ac n dc)
i FE(OT TP T G O g P
; . dF; dF; dF,

- ac iwt de  dc ,.dc iwt n xrac n __ac n _ac
== Fy (2%, n"", (—<I> —= ) 575
wn®e™” + Fy (0, n%, p€) + e 2 0% + —=n P (5.75)

Again, the DC solution F}, (®9¢, n4¢, pd°) at steady state is zero. The equation simplifies

to:
dF, dF dF,
— ac H(I)ac n __ac n_ac 576
0 = —iwn™ + —= TP (5.76)

We can derive the expression for the hole current continuity equation in the same way:

dF dF dF;
0= —i ac 7P(I)ac -~ P _ac ~~ P, ac 5.77
WP e T T P 577)

We can write Equations 5.74, 5.76, and 5.77 in matrix notation.

dd dn dp

dFy dF, _ dF, ac —

at o w b n*| =0 (5.78)
el Pl = P __ ac

ao dn dp W b

This is the linear system of equations that we can solve at different frequencies w to
compute the AC potential, electron, and hole density of the device. To solve this linear
system of equations, we first have to define boundary conditions.
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Boundary Conditions at Interfaces

At the contacts, we impose AC Dirichlet boundary conditions [37], nae = pac = O,
implying that charge carrier recombination is infinite at the contacts. Furthermore,
we excite the system with an AC voltage perturbation ®,.o = Va. [37]. With these
boundary conditions, the solution of the system of Equations in 5.78 will yield the AC
solutions for the potential ., electrons n,., and holes p,..

Grid

Before we can solve Equation 5.78 numerically, we have to choose a suitable grid to
carry out the discretization. Often, a linear grid is possible. However, as we expect
most dynamics to occur at the interface between perovskite and CTLs, we choose a grid
suggested by Courtier et al. [50] with a higher resolution at the interfaces. The position
x; of grid point 7 in for example the perovskite is then:

/ /
Ti Pero — L0,Pero

Zi,Pero — dHTL + dPero 7 7 (579)
Npero—1,Pero L, Pero
where 7{ p,,, is:
Y o G v k) +1 (5.80)
LPero ™ 9 tanh(o) ’
fori = 0, ..., Npero — 1 and Nper, the total number of grid points in the perovskite.

o impacts the resolution at the interface. For HTL and ETL, we choose a similar grid
but with a higher resolution only at the perovskite/CTL interface. For the HTL, we, for
example, get

! /
LinTL — Lo,HTL

TiuTL = duTL—; ; (5.81)
Nurr,—1,HTL — T0,HTL
where z; yrp, is:
2(i+N
! = 1 tanh (0( (]GIETLH;F?) _ 1)) +1 (5.82)
LHTL ™ 9 tanh(o) ’
(5.83)

fori =0, ..., Ny, — 1 and Ny, the total number of grid points in the HTL.
Based on the total number of grid points NV, we can define the potential, electron den-
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sity, and hole density at grid point ¢ as ®;, n;, and p;. We additionally define h; as

hi = Tig1 — T4 (5.84)

Variable Scaling

To solve the linear system of equations numerically, we have to scale the variables.
Here, we choose the same scaling as suggested by Selberherr [43], with some modi-
fications. We first define the scaling factors:

xs = max(h) (5.85)
T
P, = keT (5.86)
e
Cs = max(pyrr, NETL) (5.87)
Ds = maX(DmPeroa Dpf’ero) (588)

where pyry is the hole density in the HTL, ngry, is the electron density in the ETL,
and D, pero and D, pero are the diffusion coefficients of electrons and holes in the
perovskite. The scaled variables, indicated with a prime, are then:

o == (5.89)
Ts
o = ;% (5.90)
n = Cﬁ (591)
p = Oﬁs (5.92)
D) = gz (593)
D, = %: (5.94)
t' = %Ds (5.95)
T
We group the scaled variables, resulting in the variable \:
= 62:22 (5.96)

For simplicity, we omit the prime in the following derivation.
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Discretization of Semiconductor Equations

To solve for the AC solution in Equation 5.78 numerically, we need to express the solu-
tion in a discretized fashion. If we define a one-dimensional grid with V grid points,
the linear system of equations at each grid point 7 can be expressed as:

dFy, dFg, dFg, ac
N-1 dd; dn; dp; (pj
dF,. dF,. . dF,.
n; n; n; . ac | —
i el i n3 =0 (5.97)
=0 | dF,, dF,, dry pie
AP dn dp; J

In order to solve Equation 5.97, we need to take the partial derivative of the discretized
Poisson and current continuity equations. As a starting point, we refer to the dis-
cretized semiconductor equations derived by Selberherr [43]. The discretized Poisson
equation in one dimension is:

hioi  hioi hi h; i1+ hi

where ) is a scaling factor, which we introduced in Section 5.A.

Based on Equation 598 we can now derive the partial derivatives of the discretized
Poisson equation.

Generally, the partial derivatives of the Poisson equation are zero in most cases. We
can, therefore, distinguish between only a few cases:

Ifj =1
dF, o 1 1 2
Y —)— 5.99
dFs.
LA (5100)
dni
Fg.
U2 T (5101)
dp;
jg=1—1
dFp. , 1 2
L=\ 5102
dd;_, i1 hi—1+ h; ( )
dFs.
= (5103)
dn;_q
dFs.
% _ (5104)
dp;—1
fj=i+1
dFs, 51 2

(5.105)

N2
d®; 1 hi hi—1 + hy
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dFy.
i (5106)
dnipq
dFy.
9 (5107)
dpi+1
Else:
dFy.

! 5108
d®; ( )
dFy.

T (5109)
dn]-

dFs.

Rl (5110)
dpj

Next, we derive the partial derivatives of the electron current continuity equation. Fol-
lowing Selberherr, the one-dimensional discretized current continuity equation for

electrons is [43]:

D, 1 — D, 1
B it
n,zfé ( ‘/t )hz_l
By — B, 1
Vi h;
P, —d,_4 1
( Vi )hi—l

D, — Dy 1}

E,i=|ni-1D

+ niv1D, 41 B(

2

— Ny |:Dn,i— 1 B

=0 (5.111)

where D,, is the diffusion coefficient of electrons, r is the recombination term, and

B(x) is the Bernoulli function, which is defined as:

B(z) = (5112)

The derivative of the Bernoulli functionis 5(z) = di(f) . We can now write down the

partial derivatives of the electron continuity equation:
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Ifj=u
dF,,; 1 &, 11—, 1
LA Y ) Y
do; M1 niog Vtﬁ( Vi )hi—l
1 ®i+1 —-o, 1
gD 1 — BT Ty 2
Nj41 ’I’L,’L+é‘/'tﬂ( V;& )hz
1 P, — D, _4 1
—n|D, . 1 — (it
n |: n,i é‘/;ﬂ( Vvt )hifl
1 @ — By 1 2
D, .. 1— — 5.113
M S T )hi] hi t (s13)
dF, ; O, -0, 1
d_ | _p . B2t st
= |- Da R
S S 2
—-D . 1B — 5114
it ( Vi )hj hi 4+ hi—1 (514
F .
i _ 0 (5.115)
dp;
Ifj—i—1:
dF, ; 1 D1 —D;
S e P |k
d@i,1 71,,1—% V;, |:7’l 16( V;g )
P, — D, _4 1 2
i 5116
il Vi )] hi—1 hi + hi—y ( )
dr, ; ;1P 1 2
—_—™ —-D . 1B 5.117
dn;_q ni-3 B Vi )hi—l hi 4 hi—1 G17)
dF,, ;
— =0 (5.118)
dp;—1
I =i+ 1:
dF,, ; 1 D1 — Dy
LD —|n; *
d@ZJrl n,l—‘—% ‘/'t |:n +1/B( ‘/t )
P, — CI)H-I 1 2
i -— 5119
+n; B( V. )} T (5.119)
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iy —®; 1 2

—D ..1B — 5120
dniyq nit 3Bl Vi )hi hi 4+ hi—1 ( )
— =0 (5121)
dp; 11
Else:
dF,, ;
~ =0 5122
i (5122)
— =0 (5.123)
dTLj
F .
i _ 0 (5124)
dpj

Next, we derive the partial derivatives of the hole current continuity equation, which
is defined as [43]:

(I)i — (I)i,1 1
= [pile’iéB(w)h'—l

‘I%‘ - (I)H-l 1

A
(I)i—l - (I)i 1
— v )

+ piv1Dy iy 1 B(

- Di |:Dp,i—1B(

2

>

i—1
2
hi 4+ hi—1

Qi1 — D5, 1
+ Dy B

—r; =0 (5125)

The partial derivatives are then:
Ifj=u

(5.126)




Ifj=i—1
Ifj=i+1
dFpi _
d®ip1
Else:
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i 5127
dei @i71 — ¢2 1
) - D . 1B
dp; [ pi=3 Bl Vi )hz—l
D1 — P 1 2
D B = 5128
p.it+3 Bl v )hz] hi +hi—1 5128
dei 1 q)z ¢'L—1
> =D . — | Pi—
d®; 4 Pi=3 Y, {p 1 Vi )
D1 — Py 1 2
4 5129
+ piB( V, )] hi—1 h;y +h;_1 ( )
A _ (5130)
dn; 1
de?i D; —D;_ 1 2
i_p . 5131
dp;_1 Pi=3 ( Vi )hi—l hi + hi—1 ( )
(5132)
1 P, — q)i+1 (I)iJrl - 1 2
T s ST = 5133
Dp’”%Vt Pit15( v, ) +pifi( V; ) hi hi +hi—1 ( )
Aéfkﬁ,::o (5134)
dnit1
dF,; Di — Piv1 1 2
i B L 5135
dpips | Pits ( Vi )hi hi + hi— 5139
dFy,
i 5136
o (5136)
aFi (5137)
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dF,
dp;

Now, we can construct the matrix in Equation 5.97.

=0 (5138)

Calculation of AC Potential and Charge Densities

With the boundary conditions and the scaled variables, we can now numerically solve
the linear system of Equations in 5.97 for the complex variables ®,., n,., and p,.. Fig-
ures 5.A.8(a) to (d) show the real and imaginary parts of these variables compared to
drift-diffusion simulations 10 s after removing a voltage pulse at a frequency of 20 kHz.
The real part of the potential and the real and imaginary parts of the hole and electron
densities in Figures 5.A.8(a), (c), and (d) are in good agreement with the drift-diffusion
simulations. The imaginary part of the potential in Figure 5.A.8(b) slightly deviates
from the drift-diffusion simulations because we do not account for mobile cations in
the AC solution in the step model (we will later introduce the ions in the AC solution),
which impact the imaginary part of the potential. Note, however, that the imaginary
part of the potential is orders of magnitude lower than the real part. Therefore, the
error is negligible.

Calculation of Capacitance

Now that we have the AC potential, electron density, and hole density, we can calcu-
late the device's impedance. Based on the current continuity equation for electrons
and holes in Equations 5.68 and 5.69 and the AC extension of electrons and holes in
Equations 5.71and 5.72, we can define the AC electron and hole continuity equations:

. 1d .

iWNac(2) = g%]n,ac(x) — T ac(®) (5139)
. 1d .

iWPac(T) = _g@jp,ac(x) — Tpoac(T) (5140)

We assume that the recombination is negligible as we focus on techniques that are
measured in the dark, and that the ETL and HTL completely block minority carriers.
Therefore, the AC electron and hole currents are zero at the anode and cathode, re-
spectively. To get ji, ac and jp, ac at position z, we can then simply integrate the current
continuity equations across the device.

Jnac(z) = iwe/ Nac(x')dx’ (5.141)
0

Ip.ac(®) = fiwe/ Pac(z)dz’ (5.142)
d
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Figure 5.A.8: Comparison of approximated AC currents with drift-diffusion simulations of a capacitance
transient simulation 10's after the voltage pulse. The simulation parameters are listed in table 5.A.1. The
ion density is 10" em™3. (a) Real part of the AC potential, (b) imaginary part of the AC potential, (c) real part
of the AC hole and electron density, and (d) imaginary part of the AC hole and electron density.

where d is the device thickness.

Additionally, we need to calculate the AC displacement current. The DC displacement

current is defined as:
dE(x)

dt
After expressing the displacement current jq;sp, and electric field £ as a DC and AC
part, we can define the equation for the AC displacement current.

jdisp(x) =€ (5143)

Jdisp,ac(T) = tweEac(T) (5.144)

where is AC electric field is accessible from the AC potential.

The approximated real and imaginary parts of the currents are shown in Figure 5.A.9(a)
to(d) 10 s after removing a voltage pulse. The real parts deviate from the drift-diffusion
simulation because we do not account for mobile ions when solving the AC solution for
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Figure 5.A.9: Comparison of approximated AC currents with drift-diffusion simulations of a capacitance
transient simulation 10 s after the voltage pulse. The simulation parameters are listed in Table 5.A.1. Theion
density is 107 cm™. (a) Real part of the AC displacement currents, (b) imaginary part of the AC displacement
currents, (c) real part of the AC hole and electron currents, and (d) imaginary part of the AC hole and electron
currents.

capacitance transient simulations; the ions only influence the capacitance via the DC
electric field. This is valid as long as we are in a frequency regime where we do not
expect ions to impact the impedance significantly. This is the case at high frequencies,
where we mainly probe the geometrical capacitance. We will later also account forions
inthe AC solution. The imaginary parts are in good agreement with the drift-diffusion
simulations. At each position through the device, the total AC current density is the
sum of the individual current densities, which is constant:

Jac,tot = jn,ac(x) + jp,ac(m) + jdisp,ac (l’) (5145)
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Now, with the total current density and the perturbation voltage V,., we can calculate
the impedance of the device:

Ve
Z =" (5.146)
Jac,tot
The capacitance is only dependent on the imaginary part of the impedance:
1 1
C=-I (—) 5147
w o Z ( )

Comparison Capacitance Transients

Now we can simulate the capacitance transients of a device, by first calculating the
time-dependent DC solution, according to Section 5.A. Then, at every point in time we
compute the capacitance according to Section 5.A, leading to capacitance transients.
In Figure 5.A10, the capacitance calculated with the step model is plotted compared
with drift-diffusion simulation. We note that even though the previously shown AC so-
lution is in good agreement with the drift-diffusion simulation, the capacitance tran-
sients have some offset compared to the drift-diffusion simulations due to slight dif-
ferences at the depletion layer edges in the CTLs. This illustrates how sensitive the ca-
pacitance is to small differences in the solutions.
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Figure 5.A.10: Drift-diffusion and step model simulation of a capacitance transient measurement with the

parameters listed in Table 5.A.1 an ion density of 10" cm™.

Frequency Dependent Capacitance

In order to simulate the frequency dependent capacitance of the device, we need to ex-
tend Equation 5.78 by an ionic term, because ionic carriers dominate the capacitance
atlow frequencies. Aswe assume that mostly halide vacancies contribute to the capac-
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itance, we only add a term for cations. The system of Equations in 5.78 then becomes:

dFy
dd
dF,
dd
dF,
dd
dF.
dd

dFg

dFy

Pac
dn dp dc
dF, iw dFy, dFy, ac
dn dp dc —
dF, dF, dF, e | = 0 (5148)
dn dp w de
dF. dF. aF. _ ac
dn dp de tw ¢

where c?¢ is the AC cation density. The discrete partial derivatives of the Poisson equa-

tion and the current continuity equation for cations can be derived in a similar fashion

compared to holes in Section 5.A. We extend the Poisson equation to:

Ifj =1
dFs,
P (5149)
dCi
Else:
dFs,
i (5150)
dC,‘
The partial derivatives of the current continuity equations for cations become:
Ifj=u
dF.; 1 &, -, 1, 1
av, ~ | Pemty
1,8 -9, 1
+eiv1 Doyt Vtﬁ(T)E_
1 (I)i,1 — (I)l 1
i| Doy = B(———
b Doy A
1 & —®; 1 2
D, .. 1— — 5151
T Peinsy Py, )h@} Bt b (6150
dF,;
— =0 (5152)
dni
dF,;
L =0 (5153)
dpi
chi (I)i—l - (I)i 1
— = D., 1B —
dCi C,Z*% ( ‘/t )hlfl
D1 — P, 1 2
—D_...1B — 5154
¢it3 ( Vi )hz hi +hi—1 ( )
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—— =D . 1B 5.158
de;_1 ci=3 ( Vi )hi71 hi +h;—1 ( )
(5159)
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dF(' [
) (5166)

dp;
e _ (5167)

de

Aswe assume that the halide vacancies do not migrate into the charge transportlayers,
we impose the boundary conditions that the cation density at the perovskite/CTL inter-
faces is zero. We can then solve Equation 5148 at different frequencies w = 27 f. Fig-
ure 5.A.11 shows the capacitance vs frequency simulation at 0 V of the drift-diffusion
simulations and the step model. Here, we also see a slight difference between the step
model and the drift-diffusion simulation, illustrating the sensitivity of the technique.
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Figure 5.A.11: Drift-diffusion and step model simulation of a capacitance frequency measurement with the
parameters listed in Table 5.A.1 and a mobile ion density of 10"’ emS,
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Table 5.A.1: Parameters used for the drift-diffusion simulations.

Parameter Value
Band gap perovskite Eg pero (€V) 1.6
Electron affinity perovskite Eag pero (€V) 3.9
Dielectric constant perovskite €; pero 62
Thickness perovskite dpero (nm) 550
Effective density of states conduction band perovskite No, cB,Pero (ecm™) 2.1-10%
Effective density of states valence band perovskite No vB,Pero (cm™) 2.1-10%
Mobility electrons in perovskite tin Pero (cm?/Vs) 1
Mobility holes in perovskite (i pPero (cm?/Vs) 1
Mobile positive ion density in perovskite Nion (cm’s) variable
Immobile negative ion density Nnion,Pero (cm™) variable
Diffusion coefficient of ions at 300 K Dion, 300K (cm?/s) 9.1-107%
Band gap HTL Eg ur (€V) 20
Electron affinity HTL Fag nrr (€V) 3.4
Dielectric constant HTL €; gL 4.0
Thickness HTL dgTr, (hm) 50
Effective density of states conduction band HTL Ny cB,HTL (cm™) 2.1-10%
Effective density of states valence band HTL No vB HTL (em™) 2.1-10%
Mobility holes in HTL f1p mrrr, (cm?/Vs) 10™
Acceptor doping density in HTL Na uTrL (cm™) 5.10Y
Band gap ETL Eg ETL (€V) 2.0
Electron affinity ETL Eag urL (€V) 4.0
Dielectric constant ETL €, gTL 8.0
Thickness ETL dgT1, (hm) 50
Effective density of states conduction band ETL Ny, cB,ETL (cm™) 2.1-10%
Effective density of states valence band ETL Ny vB,ETL (cm™) 2.1-10%
Mobility electrons in ETL tin ETL (cm?/Vs) 10
Donor doping density in ETL Np g1, (cm’s) 5.10"
Capacitance transient probing frequency (Hz) 20-10°
Capacitance measurements perturbation voltage amplitude (V) 20-107°
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5.B Fitting of Drift-Diffusion Simulations
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Figure 5.B.1: Drift-diffusion simulations of capacitance transient measurements (column 1), current tran-
sient measurements (column 2), and capacitance frequency measurements (column 3). The different rows
are simulations with different ion densities. The dashed lines are the fits with the step model. For the ion
density of 5 - 10" ecm™3, we used a higher time resolution to still be able to fit the amplitude accurately.
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cient at 300K for set ion densities of (a) 107 cm™ and (b) 10'® cm™. (c) Minimum residuals of fits of the
same drift-diffusion simulations as in (a) and (b), but keeping the ion density constant in individual fits.
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Figure 5.B.3: Global fit of (a) capacitance transient, (b) current transient, and (c) capacitance frequency drift-
diffusion simulations at different temperatures with the developed model. The drift-diffusion simulation
parameters are listed in Table 5.A.1. The ion density is 10V em.

5.C Experimental Details

Device Fabrication

The solution was prepared by adopting the procedure reported by Seid et al. [45]. First,
we mixed PbI, (909.00 mg), FAI (276.06 mg), MABr (3.68 mg), CsI (22.47 mg), and MACI
(1811 mg) in solvent mixture of DMF/DMSO (5/1v/v). We stirred the solution for 4 hours
at 60 °C, resulting in a 1.73 M Cs55(MA s FA95) 0,95 PD(15 95 B o5 )5 perovskite solution.

We fabricated planar inverted perovskite solar cells using the following layer struc-
ture:  glass/ITO/MeO-2PACZ/CSy0s(MAg s FAqos)00sPb(Ig9s Brogs)3/Ceo/BCP/CU.  We
started by cleaning the ITO-coated glass substrates in an ultrasonic bath using
acetone, Hellmanex (3 % in deionized water), deionized water, ethanol, acetone, and
isopropanol. Each cleaning step lasted 15 minutes. Then, we cleaned the substrates
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with an ultraviolet ozone for 30 minutes before placing them in a nitrogen-filled
glovebox.

Next, we spin-coated a MeO-2PACz layer from a 1 mmolmL~! ethanol solution at
3000 rpm for 30 seconds, which was annealed at 100 °C for 10 minutes. Once cooled
down, we spin-coated a triple-cation perovskite solution onto the substrate at 4000
rpm for 40 seconds with a 5-second acceleration time. As an antisolvent, we added
300 pl of chlorobenzene 7 seconds before the end of the process. Subsequently, the
perovskite film was annealed at 100 °C for 1 hour. After transferring the samples
into an evaporation chamber, 30 nm of C,, was deposited at 0.3 A/s, followed by 8 nm
of BCP and 100 nm of copper. BCP and copper were both evaporated at 0.3 A/s and
0.6 A/s, respectively, under a high vacuum of 107 mbar.

Electrical Characterization

The capacitance transient, current transient, and capacitance frequency measure-
ments were carried out in a Janis VPF-100 liquid nitrogen cryostat. During the
measurements, the pressure inside the cryostat was around 5-10°® mbar. The tem-
perature was stabilized at each temperature step for 10 minutes. All capacitance
measurements were recorded using the Zurich Instruments MFIA with an AC voltage
amplitude of 20 mV at a frequency of 20 kHz. The capacitance-frequency measure-
ments were acquired in a frequency range from 01Hz-500 kHz. The capacitance
transients were recorded by applying a 60 s-long voltage pulse before measuring
the capacitance at 0V for 60s. The current transient measurements were carried
out with an Agilent B2902A source-measure unit. After applying a voltage pulse, we
measured the currentat 0 V.

Current density vs voltage measurements were carried out in a nitrogen-filled glove-
box with a Keithley 4200 source-measure unit. The devices were illuminated with a
G2V Pico solar simulator.



148 | 5. APPROXIMATING DRIFT-DIFFUSION SIMULATIONS TO CHARACTERIZE MOBILE IONS

5.D Measurements and Fitting
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Figure 5.D.1: Exemplary current density vs. voltage measurement in the dark and under one-sun illumina-
tion. The extracted photovoltaic parameters are the average values of the forward and backward measure-
ments.
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Figure 5.D.2: Temperature dependent measurements in 10K steps from 260K to 320K. (a) Capacitance
transient measurements, (b) current transient measurements, and (c) capacitance frequency measurements.
In the capacitance transient and current transient measurements, a voltage pulse of 1.1V was applied for
60satt < Os.
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Figure 5.D.3: Fit residuals of (a) capacitance transient, (b) current transient, and (c) capacitance frequency
measurements in Figure 5.4 in the main text. We note that residuals below 0.01 lead to similar fits. So,
even though a local minimum is visible for the current transient measurements, the ion densities cannot be
extracted from these fits.
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Table 5.D.1: Parameters used for fitting the measurements.

Parameter Value Comment

Band gap perovskite Eg pero (€V) 1.63 [51]

Electron affinity perovskite Eag, pero (€V) 3.9 [51]

Dielectric constant perovskite €, pero 50-60 Fitting parameter

Thickness perovskite dpero (NM) 560 Measured with AFM

Effective density of states conduction band 2.10%

perovskite No,cB, pero (cm ™)

Effective density of states valence band 2.10%

NovB,Pero (cm™)

Mobility electrons in perovskite tin pero 1

(cm?/Vs)

Mobility holes in perovskite fip Pero 1

(cm?/Vs)

Mobile positive ion density in perovskite 3.10%-5.10% Fitting parameter

Nion (cm™)

Immobile negative ion density Njon (cm™) 3.10%-5.10"® Fitting parameter

Diffusion coefficient prefactor Do jon 1-10%°-1.107® Fitting parameter

(cm?/s)

Band gap HTL Eg nL (V) 2.3

Electron affinity HTL E.g¢ a1, (€V) 3.0

Dielectric constant HTL €; gL 3-4 Fitting parameter

Thickness HTL dgTr, (nm) 2

Effective density of states conduction band 2-10"

HTL No,cB,mTr (cm™)

Effective density of states valence band 2.10%

No,vB,HTL (cm™)

Mobility holes in HTL pip HTL (cm?/Vs) 0.02

Work function anode Wt anode (€V) 4.9-5.3 Fitting parameter

Valence band ETL Eg g1, (€V) 6.0

Electron affinity ETL Eag ETL (€V) 3.9-4.1 Fitting parameter

Dielectric constant ETL €; ETL 4-5 Fitting parameter,
around [52]

Thickness ETL dgT1, (nm) 30

Effective density of states conduction band 2.10%

ETL No,cB e (cm™)

Effective density of states valence band 2.10%

No,vB,eTL (€m™)

Mobility electrons in ETL iy, ETL (cmz/Vs) 0.02

Donor doping density in ETL Np ETL 5.10'-5.10" Fitting parameter

(cm™)

Capacitance transient probing frequency 20-10°

(Hz)

Capacitance measurements perturbation 20-107°

voltage amplitude (V)
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Table 5.D.2: Device parameters extracted from a global fit of the capacitance transient and capacitance
frequency measurements at 260 K. The values are the average values and standard deviations of fits of
three devices.

Parameter Value
Dielectric constant perovskite €, pero 49.6+2.5
Dielectric constant HTL €, uTL 4.0
Work function anode Wt anode (€V) 5.0+0.1
Dielectric constant ETL €, gTL 5.0
Conduction band ETL Ecg, ETI, (€V) 4.014+0.08

Donor doping density ETL Np gL, (cm’s) 2.14+0.4- 10"
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Mobile ions play a key role in the degradation of perovskite solar cells, making their
quantification essential for enhancing device stability. Various electrical measure-
ments have been applied to characterize mobile ions. However, discerning between
different ionic migration processes can be difficult. Furthermore, multiple measure-
ments at different temperatures are usually required to probe different ions and their
activation energies. Here, we demonstrate a new characterization technique based
on measuring the thermally activated ion current (TAIC) of perovskite solar cells. The
method reveals density, diffusion coefficient, and activation energy of mobile ions
within a single temperature sweep and offers an intuitive way to distinguish mobile
ion species. We apply the TAIC technique to quantify mobile ions of MAPbI; and
triple-cation perovskite solar cells. We find a higher activation energy and a lower
diffusion coefficient in the triple-cation devices. TAIC measurements are a simple yet
powerful tool to better understand ion migration in perovskite solar cells.
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6.1 Introduction

N recent years, mobile ions have been assigned to various losses in perovskite

solar cells. They have been attributed to losses in short-circuit current density

(Jse), open-circuit voltage (V,.), and fill-factor (FF) [1-3]. To understand the
impact of mobile ions on device characteristics, quantifying key parameters like the
ion density, diffusion coefficient, and activation energy is essential. With the aim
of extracting these parameters, various electrical measurements have been applied.
The density of mobile ions has been estimated with current transient measurements
(also known as bias-assisted charge extraction) [1] and low-frequency Mott-Schottky
measurements [4, 5]. Techniques that are commonly employed to characterize elec-
tronic traps in semiconductor materials were transferred to quantify mobile ionic
defects in perovskite solar cells, even though their interpretation must be adapted [6].
These techniques include thermal admittance spectroscopy (TAS) [7] and deep level
transient spectroscopy (DLTS) [8], which have been employed in efforts to quantify
the density, diffusion coefficient, and activation energy of mobile ions [6, 9-12]. All
of these techniques can be used to quantify the diffusion coefficient and density of
ions within some boundary conditions [13]. However, multiple measurements at
different temperatures are necessary to extract the activation energy of the diffusion
coefficient. Additionally, overlapping time constants can make it difficult to discern
between different ionic species, especially in transient measurements.
Here, we propose an intuitive technique to quantify the density, diffusion coefficient,
and activation energy of mobile ions within a single measurement. The method is
inspired by thermally stimulated current (TSC) measurements, which have previously
been applied to characterize traps in perovskite solar cells [14-20]. Similar to current
transient measurements, we apply a bias during which mobile ions migrate away
from the perovskite/charge transport layer (CTL) interfaces. While applying the bias,
we decrease the temperature to 175 K, lowering the diffusion coefficient of the mobile
ions. At 175K, we then remove the applied bias, resulting in an electric field in the
perovskite bulk due to the built-in potential of the device. However, because of the
low diffusion coefficient of the mobile ions, they do not immediately drift to the
interfaces. Mobile ions only begin to drift back to the perovskite/CTL interface when
the temperature is increased at a constant rate, resulting in a thermally activated
current. To emphasize that we are probing mobile ionic defects, we refer to this as the
thermally activated ion current (TAIC).
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6.2 Results and Discussion

We use the TAIC technique to quantify mobile ions of two different perovskite solar
cells, one with a MAPbI, perovskite and one with a triple-cation perovskite. Figure
6.1(a) and (b) show the device stack and JV measurements of the MAPbI, device. In
Figure 6.1(c) and (d), the device stack and JV measurements of the triple-cation device
are shown. In both devices, we use the self-assembling monolayer MeO-2PACz as the
hole transport layer (HTL). For the electron transport layer (ETL), we use PCBM in the
case of the MAPbI; perovskite solar cell and C, in the case of the triple-cation device.
The surface of the triple-cation perovskite is passivated with a dual passivation of EDAI
and PEAI Details of the fabrication process are available in Section 6.A in the Appendix.
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Figure 6.1: (a) Device stack of the MAPbI; perovskite solar cell. (b) JV measurement of a fresh MAPbl;
device and the same device stressed for 32 h at V.. (c) Device stack of the triple-cation perovskite solar
cell. (d) JV measurement of a fresh triple-cation device and the same device stressed for 78 h at V.. The
dashed lines are the forward, and the solid lines are the reverse voltage scans. The extracted photovoltaic
parameters are the mean values of the forward and reverse measurements.
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It has previously been demonstrated that stressing perovskite solar cells at V,. can
lead to degradation by increased ion densities [1]. We therefore stress the devices at
Voc under a high-intensity white-light LED with 1-sun equivalent carrier excitation.
During stressing, we repeatedly carry out electrical measurements, including JV, ca-
pacitance frequency, and TAIC measurements. For the MAPbI, device, for example, we
perform measurements of the fresh device and after 12, 22, and 32 hours of stressing
at V. The JV measurements are measured under illumination, while the capacitance
frequency and TAIC measurements are carried out in the dark. Figure 6.1(b) shows the
JV measurement of a fresh MAPbI, device and the same device stressed for a total of 32
hours at V,,, resulting in a significant decrease in Vi, Js., and FF. The triple-cation
device is more stable, with a decrease in mainly V,,. and FF after the maximum stress-
ing time of 78 hours at V., as shown in Figure 6.1(d).

6.2.1 Principle of TAIC

We then carry out TAIC measurements of the devices under the different stressing
conditions. The principle of the TAIC measurements is illustrated in Figure 6.2. At
steady state and no applied bias, mobile ions are accumulated at the perovskite/CTL
interfaces due to the built-in field of the perovskite. In the first step, we apply a
forward bias voltage to the device at 300 K. During this applied bias, mobile ions
migrate away from the perovskite/CTL interface into the perovskite bulk, as illustrated
in panel A in Figure 6.2.

While still applying the voltage bias, we then decrease the temperature, leading to a
decrease in the diffusion coefficient of the mobile ions. Consequently, the ions are
'frozen’ when the voltage pulse is removed at 175K, and they do not drift back to the
perovskite/CTL interface, as shown in panel B. In the last step, we slowly increase
the temperature with the device at short-circuit. As the temperature increases, the
temperature-activated diffusion coefficient of the mobile ions increases exponen-
tially. Consequently, mobile ions start drifting back to the perovskite/CTL interfaces.
This results in the thermally activated ion current, which is illustrated in panel C in
Figure 6.2.

6.2.2 Extraction of lonic Parameters

The TAIC measurements of the MAPbI; device and the triple-cation device after differ-
ent stressing durations are shown in Figure 6.3(a) and (b), respectively. In both cases,
we increase the temperature from 175K to 300K at a rate of 0.1K/s and then stabilize
at 300 K. Exemplary temperature sweeps are shown as gray lines in Figure 6.3(a) and
(b). We expect the MAPbI, perovskite to be in the tetragonal phase during the entire
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Figure 6.2: lllustration of the thermally activated ion current measurement. (A) At 300 K, a voltage is applied
to the device, during which mobile ions migrate into the perovskite bulk. While the voltage is applied, the
temperature is decreased, resulting in a decrease in the ionic diffusion coefficient. (B) At 175 K the applied
voltage is removed. Because of the low temperature, the ions do not drift back to the interface. (C) When
the temperature is gradually increased, the diffusion coefficient of the mobile ions increases, resulting in
mobile ions drifting back to the perovskite/CTL interfaces, generating the thermally activated ion current
(TAIC).

temperature sweep [21, 22] and see no obvious signs of a phase transition in the triple-
cation devices. For both devices, we observe an increase in the current as the tem-
perature increases. At some point, the current peaks and decreases again. For the
MAPDI, device, this increase and decrease of the current occur during the tempera-
ture sweep. In contrast, the current peak in the triple-cation device occurs only when
the temperature sweep is stopped at 300 K. Notably, in both cases, the integral of the
currentincreases with increasing stressing time, suggesting that stressing the devices
at V.. increases the ion density in both devices. We also measured a second MAPbI,
and triple-cation device, yielding similar trends but slightly different absolute values
as shown in Figure 6.D.1.

We note that for both devices, some charges are extracted immediately after switch-
ing off the voltage at 175K as shown in Figure 6.D.2(a) and (b). These could be caused
by electrical or fast ionic carriers that are still mobile at low temperatures.

The current .J; during the TAIC measurements depends on the density of mobile ions
in the bulk Njo, bulk, the temperature activated diffusion coefficient with prefactor
Dy ion and activation energy E, [23], and the electric field in the perovskite bulk E},yx
as:

___Ea
Jtot(t) = b62]Vion,bulk(t)DO,ion6 kBT (®) Ebulk(t) (61)

1
ksl (1)
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Figure 6.3: Thermally activated ion current measurements of (a) a MAPbI; and (b) a triple-cation perovskite
solar cell for different stressing durations. The black dashed lines represent fits. The gray line represents
an exemplary temperature sweep. The extracted ion parameters are shown in Table 6.1.

where b is a correction factor accounting for the displacement current in the per-
ovskite, e is the elementary charge, kp is the Boltzmann constant, and T is the
temperature. A detailed derivation of Equation 6.1 is given in Section 6.B in the
Appendix.

At low temperatures, we can assume that the density of ions in the bulk is constant
Nion,buik (t) = Nion, because the bulk is not yet depleted of mobile ions. Furthermore,
we can approximate the bulk electric field based on an estimated built-in potential
of the devices and a potential drop in the transport layers as described in Section
6.C in the Appendix. With these simplifications, we can then fit Equation 6.1 to the
low-temperature part of the TAIC measurements to determine the activation energy
and product of ion density and diffusion coefficient N;on Do ion-

To verify this approach, we fit Equation 6.1 to drift-diffusion simulations of TAIC
measurements, shown in Figure 6.4. We note that the drift-diffusion solver we use
only allows for a temperature-activated mobility instead of the diffusion coefficient.
We therefore extract the temperature-independent prefactor of the ionic conductivity
00,ion = €Nion/l0,ion, Which we can estimate with good accuracy as shown in Table
6.D.3.

For the devices in Figure 6.3(a) and (b), we assume a built-in voltage of 1V. With the
correction factor described in Section 6.C in the Appendix, we estimate an electric
field of 16 kV/cm for the MAPbI,; device and 12 kV/cm for the triple-cation device. The
fits of Equation 6.1 are illustrated as dashed lines in Figure 6.3(a) and (b). We fit the
activation energy as a global parameter and the product of density and diffusion
coefficient Njon Do jon as local parameters. For the MAPbI,; and the triple-cation de-
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vice, we extract activation energies of 0.28 eV and 0.35 eV, respectively. The extracted
values for Njon Do ion are listed in Table 6.D.2 in the Appendix. With the activation
energy, Nion Do ion, and Equations 6.4, 6.5, and 6.6 we can now determine the ionic
conductivity at different temperatures, for example 300 K, which are listed in Table
6.1. For both devices, we extract an increasing ionic conductivity with increasing
stressing duration, most likely caused by an increasing ion density in the stressed
devices. Furthermore, due to the higher activation energy, the ionic conductivity at
300K of the triple-cation device is 1-2 orders of magnitude lower compared to the
MAPbI, device.

To extract the density and diffusion coefficient from Njo, Do jon, we need to determine
either the density Vo, or the diffusion coefficient Dy ;on. In principle, the integral
of the TAIC current can be used to determine the ion density. This is, however, only
possible aslong as the electric field within the perovskite bulk in Equation 6.1 does not
significantly change over time. If the electric field is constant, more and more ions
drift from the bulk to the perovskite/CTL interfaces, until the bulk becomes depleted
of mobile ions, decreasing the current. Then, the integral of the current can be used
to approximate the ion density. Because the depletion of ions in the bulk limits the
current, we refer to this case as ion-limited.

In contrast, the electric field Fy,k(t) in Equation 6.1 can also limit the current. This
occurs when ions that accumulate at the interface between perovskite and CTLs
screen the built-in potential [1, 24], decreasing the electric field in the perovskite bulk
and therefore the current. In this case, only a fraction of ions drift from the bulk to the
interfaces, and the ion density is underestimated when integrating the current [5].
We refer to this case as the field-limited case.

To illustrate the ion-limited and the field-limited cases, we carried out drift-diffusion
simulations of the TAIC measurements for different ion densities and activation
energies, which are shown in Figure 6.4. In the ion limiting case for an activation
energy of 0.3eV, the peak of the TAIC measurements does not shift significantly
when the ion density increases, as illustrated in Figure 6.4(a). For a higher activa-
tion energy of 0.6 eV in Figure 6.4(b), the TAIC currents decay similarly fast for the
different ion densities. In contrast to these observations stands the field limiting
case. Here, the peak shifts to shorter times for an activation energy of 0.3 eV due to
the earlier screening of the built-in field, as shown in Figure 6.4(c). For an activation
energy of 0.6 eV, the earlier screening of the built-in field results in faster decays
for higher ion densities, as shown in Figure 6.4(d). Based on these observations,
TAIC measurements can be used to determine if the device suffers from ionic field
screening when devices with different ion densities are measured (e.g., during aging).
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Table 6.1: Estimated values of the activation energy E,, ionic conductivity at 300 K Oion,300K, ion density
Nion, and diffusion coefficient at 300 K Djon,300K for the MAPbI; and the triple-cation device at different
stressing conditions. The values were extracted from the low-temperature fit and the integral of the TAIC
measurements. The error of Njoy, is estimated from the minimum detectable ion density based on the
noise of the current and the diffusion coefficient at the temperature of the current peaks. The errors of
the Fion,300K correspond to the fitting error. The error of Dion 300K is propagated based on the errors of
Nion and Tion,300K -

Device Stressing . (eV)  Cion,300K (S/cm) Nion (cm™) Dion, 300k (cm?/s)
Fresh 394+03-10"8 1.8+ 02-10" 35+04-108
12h 26+02-10%  88+0.1-10Y 49+03-107%
MAPbI, 0.28
22h 39+02-10% 105+01-10Y 60+03-10%
32h 51+03-10% 137+01-10Y 60+03-10%
Fresh 1.0+01-10% 19+ 12.10Y 87+54-10"
22h 97+03-10* 159+12-10Y 98+07-10"
Triple-cation 42h 0.35 140+05-10"* 209+09-107 108+0.6-10"

60h
78h

31.8+10-10*
563+19-10*

32.1+0.6-10"
4384 0.5-10"

160+ 06-10
2084+0.7-10%

In the ion-limited case, most mobile ions drift from the bulk to the perovskite/CTL in-
terfaces. We can therefore estimate the ion density by integrating the overall current
according to:

Nion = (62)

1 o0
/ Juon (D)t
0

bdp—gme

where b is a correction factor accounting for the drop of the potential in the CTLs.
Section 6.C in the Appendix contains details about the correction factor. dpe,o is the
perovskite thickness, and J; is the measured current. The factor % originates from
the assumption that the mobile ions are distributed homogeneously across the bulk.
Then, the average distance that mobile ions migrate is dl’T° When applying Equation
6.2 to drift-diffusion simulations, we can accurately determine the ion density in the
ion-limited case, as shown in Figure 6.4(e) and (f) and Table 6.D.3 in the Appendix.
For increasing ion densities in the field limited case, the estimated ion density in
Figure 6.4(e) and (f) plateaus, and the extracted ion densities are significantly under-
estimated. This is consistent with the observation that no electrical measurement
can accurately extract ion densities in the field-limited case [13]. With the ionic
conductivity and the density, we can now also determine the mobility of ions in the
ion-limited case with good accuracy, as shown in Table 6.D.3.
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Figure 6.4: Drift-diffusion simulations of TAIC measurements with different ion densities for the ion-limiting
case with (a) an activation energy of 0.3 eV and (b) 0.6 eV and the field limiting case with (c) an activation
energy of 0.3eV and (d) 0.6eV. All other parameters used for the drift-diffusion simulations are listed
in Table 6.A.1. The dashed black lines represent fits. (e) Estimated ion density for the simulations with
activation energy of 0.3 eV and (f) 0.6 eV.
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In the measurements in Figures 6.3(a) and (b), we do not observe a significant shift of
the current peak or a faster decay for the more stressed devices. We can therefore as-
sume that the TAIC current is ion-limited. Consequently, we estimate the ion density
by integrating the current according to Equation 6.2. We note that the current in the
triple-cation device does not fully decay within 5000 s. We therefore extrapolate the
data with exponential decays. The estimated ion densities for the different stressing
conditions are listed in Table 6.1. We determine that ion densities for both devices
increase by around one order of magnitude due to stressing. For the MAPbI, device,
the ion density increases from 1.8 - 107 cm™ to 1.4 - 10'® cm™. Similarly, stressing the
triple-cation device increases the ion density from 1.9 - 107 cm™ to 4.4 - 10 cm ™. We
can now also determine the diffusion coefficients at 300 K, which are listed in Table
6.1. For both devices, the diffusion coefficient increases slightly by a factor of two due
to stressing. Notably, the diffusion coefficient and ionic conductivity of the MAPbI,
device are higher than those of the triple-cation device, suggesting that ion migration
in the triple-cation devices is suppressed.

We note that, just accounting for the electrostatic effects of mobile ions, we would
expect ionic field screening to limit the extracted current for ion densities of 10V cm™
and higher (similar to the drift-diffusion simulations in Figure 6.4). However, we ex-
tract much higher ion density from the TAIC measurements. Possibly, more ions can
accumulate at the interface between perovskite and CTLs before the field is screened,
which has previously been suggested [25]. It is also possible that ions recombine
when drifting back to the interfaces, not impacting the potential anymore [26], or that
lateral ion migration [27] impacts the current, leading to an overestimation of the ion
density. Pinpointing the exact cause for the high extracted ion densities is a crucial
next step to better understand ion migration, but it is out of the scope of this work.
Interestingly, the extracted diffusion coefficients of both devices are significantly
lower than those associated with halide vacancy-mediated ion migration, which is
often assumed to be the dominating ionic species. For MAPbI,, diffusion coefficients
of around 4-10™"cm?/s up to 107 cm?/s have been previously assigned to iodide
vacancy migration [28-30]. For double cation perovskite solar cells, diffusion co-
efficients were determined to be in the range of 107° cm?/s [4]. Possibly, we probe
the migration of a slower ionic migration process in the TAIC measurements. To
verify this, we carried out capacitance frequency measurements, which allow us to
probe faster ionic processes. The resulting capacitance frequency measurements
for different stressing times are shown in Figure 6.D.3. We observe a rise of the
capacitance at around 100 Hz for both the MAPbI; and the triple-cation device in
Figure 6.D.3(a) and (b), respectively. A similar capacitance rise has been observed in
other capacitance frequency measurements and can be associated with ionic defects
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[9, 25, 30]. Interestingly, the capacitance at lower frequencies increases when the
devices are stressed. This suggests the presence of another ionic migration process
[25], which is slower than the ionic process at around 100 Hz. This process can not be
completely resolved with capacitance frequency measurements. However, carrying
out capacitance frequency measurements at 360 K shifts the fast defect to higher
frequencies and also reveals more of the capacitance increase of the slower ionic
defect, as shown in Figure 6.D.3(c) and (d) for the MAPbI, and the triple-cation device,
respectively. Additionally, we extracted some current after switching off the voltage
at 175K, shown in the current transient measurements in Figure 6.D.2. Possibly, this
currentis due to the fast defect observed in the capacitance frequency measurements.
From these current transient measurements, we estimate the densities of the fastion
migration process for the MAPbI, and the triple-cation device to be around 10 cm™
and 5-10% cm™3, see Table 6.D.4. These low ion densities are difficult to resolve in
TAIC measurements.

Altogether, we assign the fast process in the capacitance frequency and low tem-
perature current transients to the migration of halide vacancies. In the TAIC
measurements, we then measure the slower ionic migration process, which we probe
only partially at low frequencies in the capacitance frequency measurements. The
slow ionic process could be due to cation vacancies, which have been associated
with lower diffusion coefficients [31, 32]. However, the activation energy associated
with cation migration is expected to be around 0.8-1.2 eV [32-34], significantly larger
than the values found here. A more likely explanation is, therefore, that the fast
and slow migration processes are due to different migration pathways of the same
ion. It has, for example, been previously reported that ion migration along grain
boundaries is significantly faster than migration through perovskite grains [12, 35,
36]. Consequently, the current in the TAIC measurements and the slow process in
the capacitance frequency measurements could originate from halide vacancies
migrating through perovskite grains, whereas the fast process is caused by halide
vacancy migration along grain boundaries.

To verify that the TAIC signal is due to ionic carriers, we also carried out the TAIC
measurement with an applied voltage of 0 V during the cool-down. Then, as shown
in Figure 6.D.4(a), we do not observe any current peak, because no ions were moved
into the perovskite bulk. To exclude that we are probing trap emission, we illuminated
a device at low temperatures, during which traps would be filled. The emission of
electronic charges from these traps would result in a similar current to that with
applied bias. However, we do not measure any significant current, as shown in Figure
6.D.4(b). We can therefore assign the measured TAIC signal to mobile ions in the
perovskite.
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Finally, we carried out TAIC measurements starting and finishing at a higher temper-
ature of 360 K with the aim of observing additional ionic processes. Figure 6.D.5(a)
and (b) show exemplary measurements of a MAPbI; and the triple-cation device,
respectively. We note that the devices degrade while keeping them at 360K for
extended durations, complicating a controlled stressing profile. In the MAPbI, device,
we observe an additional peak and a shoulder at around 310 K and 340 K, indicating
additional ionic processes. For the triple-cation device in Figure 6.D.5(b), we observe
a distinct second peak for which we can extract an activation energy of 0.94 eV. Sim-
ilarly high activation energies have been previously associated and computationally
predicted with the migration of cations in perovskites [32-34, 37].

6.2.3 Comparison to Other Techniques

These measurements illustrate that we can distinguish between different defects
within a single temperature sweep. In other techniques like transient current,
transient capacitance, and capacitance frequency measurements, multiple mea-
surements at different temperatures are necessary to probe different defects. And
even then, it can be difficult to distinguish between different defects in transient
measurement, as their characteristic time constants can overlap. The main disad-
vantage of TAIC measurements is, however, that low ion densities cannot easily be
resolved (like the fast defect probed in capacitance frequency measurements). To
clarify the position of TAIC measurements within electrical characterization methods,
we summarize the capabilities and limitations of commonly-used techniques in Table
6.2. We note that all the methods can only quantify mobile ion densities if mobile ions
do not significantly screen the electric field [13].

6.3 Conclusion

In summary, we have introduced a new measurement technique, thermally acti-
vated ion current (TAIC), to characterize mobile ions in perovskite solar cells. TAIC
is based on measuring the current due to thermally activated ions. With a simple
expression for the TAIC current, we extracted the ionic conductivity by fitting the
low-temperature tail of the TAIC measurements. Furthermore, the ion density can
be determined by integrating the current in the TAIC measurements, if electric field
screening does not limit the overall current. Conveniently, the peak shift in the TAIC
data indicates if perovskite solar cells suffer from electric field screening. We applied
TAIC measurements to quantify the mobile ion density, diffusion coefficient, and
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Table 6.2: Comparison of capabilities and limitations of common electrical measurement techniques used
to quantify mobile ions in perovskite solar cells.

Technique

Capabilities

Limitations

Thermally activated
ion current (TAIC)

Measurement of ion density and
diffusion coefficient

Single temperature sweep to de-
termine activation energy
Intuitive measurement to distin-
guish between different ions

Difficult to measure low ion den-
sities

Transient current [1,
4,38, 39]

Measurement of ion density and
diffusion coefficient

Slow and fast ions can be mea-
sured

Sensitive to low ion densities

Difficult to distinguish between
different ions

Multiple measurements at dif-
ferent temperatures are neces-
sary to determine the activation
energy

Transient capaci-
tance [10, 30, 31, 40]

Measurement of ion density and
diffusion coefficient

Slow and fast ions can be mea-
sured

Sensitive to low ion densities

A more complex model is neces-
sary to evaluate the data
Difficult to distinguish between
different ions

Multiple measurements at dif-
ferent temperatures are neces-
sary to determine the activation
energy

Capacitance fre-
quency [9, 25, 30]

Measurement of ion density and
diffusion coefficient
Sensitive to low ion densities

A more complex model is neces-
sary to evaluate the data
Measurement of slow ions takes
along time

Multiple measurements at dif-
ferent temperatures are neces-
sary to determine the activation
energy

Low-frequency Mott-
Schottky [4, 5]

Measurement of ion density
Sensitive to low ion densities

Multiple ions can not be mea-
sured/distinguished

Does not contain information
about the diffusion coefficient
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activation energy in a MAPbI; and a triple-cation perovskite solar cell at different
stressing conditions. For the MAPbI; device we determined an activation energy
of 0.28 eV, mobile ion densities of 1.8-10" cm™ to 14-10"® cm™ depending on the
stressing condition and a diffusion coefficient of around 5-107"* cm?/s at 300 K. For
the triple-cation device we determined an activation energy of 0.35eV, mobile ion
densities of 1.9-107 cm™ to 44-10® cm™3, and a diffusion coefficient of around
107 cm?/s at 300 K, lower than that of the MAPbI, device. We attribute the migration
process to halide vacancy migration within perovskite grains. We also observed a
faster ionic process in capacitance frequency measurements, which we assign to
halide vacancy migration along grain boundaries. Lastly, we showed that it is possible
to distinguish between different ionic processes by increasing the temperature
range of the TAIC measurements and found a third ion migration process with a high
activation energy of 0.94 eV in the triple-cation devices, which we assign to cation
migration. In total, TAIC measurements are a promising technique because they are
easy to perform, their interpretation is straightforward, and they offer an intuitive
visualization of ion migration in perovskite solar cells.



Chapter appendix

6.A Experimental Details

Fabrication of the MAPbI, Devices

Materials: Chlorobenzene (CB, extra dry, 99.8%), dimethyl sulfoxide (DMSO, >99.9%
extra dry), N,N-dimethylformamide (DMF, extra dry, 99.8%), and chloroform (CF,
extra dry 99.8%) were purchased from Acros Organics. 2-propanol (IPA, > 99.8%),
lead iodide (Pbl,, >98.0%), and MeO-2PACz were purchased from TCI. Methylam-
monium iodide (MAI, >99.99%) was purchased from GreatCell Solar Materials.
Phenyl-C61-butyric acid methyl ester (PCBM, >99.99%) was purchased from Lumatec.
Bathocuproine (BCP) was purchased from Sigma Aldrich. All solutions were prepared
in an Ar-filled glovebox, while the deposition of each layer of the solar cell was per-
formed in an N, -filled glovebox.

Device Fabrication: For the fabrication of the MAPbI, devices, indium tin oxide (ITO)-
coated glass substrates (purchased from Yingkou Shangneng Photoelectric material
Co. Ltd.) were consecutively cleaned in acetone and IPA by ultrasonicating for 15 minin
each solvent. Substrates were dried with N, airflow and O, plasma treated for 10 min.
MeO-2PACz was dissolved in ethanol in a concentration of 0.33 mg/ml and 50 pl were
spin-coated onto ITO/glass substrates at 3000 rpm for 30 s and annealed at 100 °C for
10 min. The perovskite precursor solution was prepared by dissolving 0.553 g of Pbl,
and 0.191g of MAI powders in 1 ml DMF/DMSO 4/1v/v solvent. 25 ul of the final solution
were deposited on the MeO-2PACz coated substrates and spin-coated with a three-
step procedure: the first step proceeded at 1000 rpm (500 rpm/s) for 6 s, the second
step proceeded at 5000 rpm for 27 s (2500 rpm/s), while the last step was a speed de-
celeration of 1250 rpm/s to O rpm/s. 150 pl of chlorobenzene were dropped onto the
spinning substrate for an antisolvent procedure 6 seconds after the beginning of the
second step. Subsequently, substrates were annealed at 100 °C for 15min. To fabri-
cate the ETL, PCBM was dissolved in chloroform to produce a 15 mg/ml solution. 20 pl
of the solution were spin-coated at 2000 rpm for 20 s onto the perovskite layer. To
prevent the diffusion of the metal contact into the perovskite, 50 ul of 1 mg/ml solu-
tion (inisopropanol) of bathocuproine was deposited on PCBM. For all the deposition, a
vacuum-based chuck was used. Finally, 80 nm of Ag was thermally evaporated on the
device with a shadow mask of 0.0825 cm? area. The evaporation speed was adjusted to
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0.01nm/s for the first 5nm, 0.02 nm/s from 5 to 15 nm, and 0.06 nm/s for the rest of the
procedure.

Fabrication of the Triple-Cation Devices

Solution preparation: The perovskite solution was prepared by adopting the proce-
dure reported by Seid et al. [41]. PbI, (909.00 mg), FAI (276.06 mg), MABr (3.68 mg), Csl
(22.47 mg), and MACI (18.11 mg) were mixed in a DMF/DMSO solvent mixture (5/1 v/v)
and stirred for 4 hours at 60 °C to form a 173 M Csygs(MAq0sFAy65)005PD(10e5Bro0s)3
perovskite solution. The passivation layers were prepared using high-purity materials
from Sigma-Aldrich: PEAI (98%) and EDAI, (>>98%). 3.5 mg of PEAI was dissolved in
1ml of isopropanol (IPA), sonicated for 30 minutes. The EDAI, solution was prepared
by dissolving 2 mg of EDAI, in a 2 ml 1:1 (v/v) mixture of IPA and toluene

Device fabrication: Planar inverted perovskite solar cells were fabricated using the fol-
lowing layer structure: glass/ITO/MeO-2PACZz/CS s (MA 05 FAg95)095Pb(IoosBTo0s)3/Ceo
/BCP/Cu. The fabrication started with ITO-coated glass substrates, which were cleaned
sequentially in an ultrasonic bath using acetone, Hellmanex (3 % in deionized water),
deionized water, ethanol, acetone, and isopropanol, with each solvent being used for
15 minutes. The cleaned substrates were then exposed to ultraviolet ozone for 30
minutes before being placed in a nitrogen-filled glovebox.

Next, a MeO-2PACz layer was spin-coated from a 1 mmolml~! ethanol solution at
3000 rpm for 30 seconds, followed by annealing at 100 °C for 10 minutes. Once the
substrates had cooled to room temperature, a triple-cation perovskite solution was
spin-coated at 4000 rpm for 40 seconds with a 5-second acceleration time. 7 seconds
before the end of the spin-coating process, 300l of chlorobenzene was added as
an antisolvent, and the perovskite film was annealed at 100 °C for 1 hour. For the
bi-layered passivation, the EDAI, solution was spin-coated onto the perovskite at
5000 rpm for 40 seconds, and annealed at 100°C for 10 minutes. Then, the PEAI
solution was spin-coated onto the cooled sample at 5000 rpm for 40 seconds. After-
ward, the samples were transferred to an evaporation chamber where 30 nm of Cg,
was deposited at 0.3 A/s, followed by 8 nm of BCP and 100 nm of copper, which were
evaporated at 0.3 A/sand 0.6 A/s, respectively, under a high vacuum of 10”7 mbar.

Electrical Characterization

All electrical measurements were carried out in a Janis VPF-100 liquid nitrogen
cryostat. During the measurements, the pressure inside the cryostat was around
5-10"® mbar.
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JV measurements: ]V measurements were carried out with an Agilent B2902A
source-measure unit and a SOLIS-3C high-power white-light LED from Thorlabs. The
intensity of the LED was set so that the short-circuit current density of the devices
matched with a JV measurement at AM-1.5G illumination (carried out with a Pico
solar simulator by G2V inside a N, filled glovebox).

TAIC measurements: TAIC measurements were carried out using an Agilent B2902A
source-measure unit. At 300K or 360K, a voltage of 11V was applied to the devices.
Subsequently, the devices were cooled down and stabilized at 175 K. When switching
off the voltage, the current transient was measured. Then, the temperature was
increased to 300K or 360 K and stabilized there, while the current was constantly
recorded.

Capacitance frequency measurements: Capacitance frequency measurements were
carried out with the MFIA by Zurich Instruments with an AC amplitude of 20mVina
frequency range of 0.1Hz-500 kHz.

Thickness Measurements

The perovskite film thickness was determined by scratching the films with tweezers
and measuring the depth of the scratch with a KLA Tencor P-7 Stylus Profiler.

Drift-Diffusion Simulations

Drift-diffusion simulations were carried out with Setfos by Fluxim, and the parameter
set listed in Table 6.A.1.

Table 6.A.1: Parameters used for the drift-diffusion simulations.

Parameter Value
Band gap perovskite Eg pero (€V) 1.6
Electron affinity perovskite Elag pero (€V) 3.9
Dielectric constant perovskite €; pero 50
Thickness perovskite dpero (M) 500
Effective density of states conduction band perovskite No,cB,Pero (cm’s) 2.1-10%
Effective density of states valence band perovskite No vB,Pero (cm’3) 2.1-10%
Mobility electrons in perovskite tin, pPero (cm?/Vs) 1
Mobility holes in perovskite tip, Pero (cm?/Vs) 1
Mobile positive ion density in perovskite Nion (cm™) variable
Immobile negative ion density Npion (ecm™) variable
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Parameter Value
Prefactor of mobility of ions 10, ion (cm?/Vs) variable
Activation energy of mobility of ions E, (eV) variable
Band gap HTL Ez ur (€V) 1.9
Electron affinity HTL Fag mrr (€V) 3.4
Dielectric constant HTL €; gL 4.0
Thickness HTL dgT1, (nm) 3
Effective density of states conduction band HTL No cB,HTL (cm™) 2.1-10
Effective density of states valence band HTL No vB,HTL (cm™®) 2.1-10
Mobility holes in HTL g 1, (cm?/Vs) 10™
Acceptor doping density in HTL Na HTL (cm™) 0
Band gap ETL E; g1, (V) 2.0
Electron affinity ETL Eag w1, (€V) 4.0
Dielectric constant ETL €; gTL 5.0
Thickness ETL dgT1, (hm) 50
Effective density of states conduction band ETL Ny, cB,ETL (cm™) 2.1-10
Effective density of states valence band ETL Ny, vB,ETL (cm™) 2.1-10%
Mobility electrons in ETL pn ETL (cmz/Vs) 10
Donor doping density in ETL Np g1, (cm™®) 1-10Y
Work function anode Wt anode (€V) 51
Work function cathode Wt cathode (€V) 41
1.1

Applied voltage before TAIC simulation Vipp, (V)

6.B Derivation of TAIC

Generally, the ionic current Ji,,, can be expressed in terms of the ionic conductivity

Oion and the electric field in the perovskite bulk Ey, i as:

Jion(t) = Uion(t) Eblllk(t)

The ionic conductivity is dependent on the ion density Nion,buik and mobility of the

mobile ions pjon:

Oion (t) =e€ Nion,bulk (t) Hion (t)



6.C. CORRECTION FACTOR | 175

where e is the elementary charge. According to the Nernst-Einstein relation, the mo-
bility depends on the ionic diffusion coefficient D;,,, as[23]:

Dion (t) e

kT (@) (6.5)

Hion (t) =
where kp is the Boltzmann constant and 7'(¢) is the temperature at time ¢. The diffu-
sion coefficient of mobile ions in perovskites is a temperature-activated process, fol-
lowing [23]:

Eq
Dion(t) = DO,ione_ kBT () (66)

where D ;on is a temperature independent prefactor, and F, is the activation energy
associated with the diffusion coefficient. With these relationships, we can define the
ionic current in Equation 6.3 in terms of the mobile ion density and diffusion coeffi-
cient:

_ __Ea
Jion(t) - 62Nion,bulk(t)DO,ione kpT(t) Ebulk(t) (67)

kgT'(t)
Finally, the extracted current is the sum of the ionic current and the displacement cur-
rent. If potential drops in the CTLs, the displacement current results in a lower total
current J;,; compared to the ionic current J;,,,. We can account for the impact of the
displacement current with the correction factor b:

_ _Ea
Jtot (t) =b Jion(t) = bezNion,bulk(t)DO,ione kBT (®) Ebulk(t) (6~8)

kT (t)

Details about the correction factor are discussed in Section 6.C.

6.C Correction Factor

The drift current of mobile ions to the perovskite/CTL interfaces depends on the elec-
tric field in the perovskite bulk according to Equation 6.7. The electric field, in turn, de-
pends on how much of the built-in potential of the perovskite solar cell drops over the
perovskite. If organic CTLs are present, significant parts of the built-in potential can
drop in the CTLs due to their low dielectric constant. Then, less potential drops over
the perovskite, reducing the electric field in the perovskite bulk. This is illustrated in
Figure 6.C.1(a) and (b), which show drift-diffusion simulations of the potential of a per-
ovskite solar cellimmediately after removing the voltage pulse in a TAIC measurement.
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Figure 6.C.1: Simulated potential of a perovskite solar cell with a dielectric constant of (a) €, g1, = 1.0and
(b) €, 1. = 10.0 right after releasing the voltage pulse in a TAIC measurement. (c) Current contributions
of the ionic current Jion and the displacement current Jyisp to the total current Jiot during the TAIC
measurement of the devices with dielectric constant of €, grr, = 1.0 and (d) €;, g1, = 10.0.

In Figure 6.C.1(a), a significantly higher fraction of the potential drops over the ETL com-
pared to Figure 6.C.1(b) due the lower dielectric constant in the ETL (¢, grr, = 1 and
er gL = 10, with €, pero = 50). This difference results in a lower electric field inside
the perovskite. We can estimate the potential drop in the perovskite by considering
the dielectric constants of the individual layers. We first assume that the electric dis-
placement field D throughout the device is constant:

D = eper mTLEHTL = €0€r,Pero EPero = €06r,ETLEETL (6.9)

where ¢ is the vacuum permittivity and €, yrr,, €, Pero, and €, g1, are the relative di-
electric constants of the different layers. Eyrr,, Epero, and Egrry, refer to the electric
field in the individual layers. Next, we express the potential drops in the individual lay-
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ers in terms of the electric field and the dielectric constant in the perovskite:

€r,Per

AVt = Eurndarn, = ———dutL Epero (6.10)
€r, HTL

AVPero = EPerodPero (6-11)
€r,P

AVerr, = Egrrdern, = ———dpTr Epero (612)
€, ETL

where dygrr, dpero, and dg 1, are the thicknesses of the different layers. The sum of the
potential drops has to equal the built-in voltage V4;;:

Voi = AVt + AVpero + AViTL (6.13)
€ €
= Epero(dpero + LR 2 dgrL) (6.14)
€r HTL €r,ETL

We can rearrange this expression for the electric field in the perovskite:

€ € —1
Epero = Voi (dpero + 2 dyypr, + 22 diypy) (6.15)
€r,HTL €r,ETL

S

With Equation 6.11, we can approximate the potential drop in the perovskite:

€r,P €r,P -1
A‘/Pero = dPerOVbi (dPero + B dHTL + L dETL) (616)
€r,HTL €r,ETL

We define the correction factor b as the fraction of the built-in potential that drops
within the perovskite:

o AVvPcro
W

=(1+

b

6r,PerodHTL 6r,PerodETL -1 (6 17)

€r HTL dPero 6r,ETLdPero

For the cases in Figure 6.C.1(a) and (b) and the device parameters in Table 6.A.1 (without
any doping in the ETL) we calculate a correction factor of 0.25 and 0.73, respectively,
meaning that the potential drop within the perovskite is approximately 0.25V and
0.73 V (V4 is 1V). This is in good agreement with the simulations.

Next to impacting the electric field in the perovskite bulk, potential drops within the
CTLs also impact the current that is measured in TAIC and in general current transient
measurements. This is illustrated in Figure 6.C.1(c) and (d) for the dielectric constants
of e, grr, = linand e, g1, = 10 for the ETL. The total extracted current in both cases
consists of the ionic current and a displacement current in the perovskite, which
are opposite in sign. For a lower dielectric constant of ¢, g1, = 1 the displacement
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current makes up a significant part of the total current Ji, and the total current
is only a fraction of the ionic current Jio,. This occurs due to the higher potential
drop and, consequently, the higher electric field in the ETL. Ions that accumulate at
the interface lead to a change of the electric field and consequently a displacement
current. For a higher electric field in the ETL, the relative change of the electric field
due to accumulated ionic carriers becomes lower, limiting the displacement current
in the ETL. This also leads to a displacement current in the perovskite bulk because
the current has to be constant throughout the device.

When integrating the total current, the ion density is significantly underestimated.
Here, it would lead to an estimated ion density of 1.8 - 10*° cm™3, significantly lower
than the actual value of 1.0 - 10 cm ™. We can, however, account for underestimation
due to the displacement current with the correction factor in Equation 6.2, resulting
in a more accurate ion density of 7.2 - 10" cm ™.

With Equation 6.17 and the parameters in Table 6.C.1, we can estimate the correction
factor for the MAPbI; and the triple-cation device to be 0.76 and 0.66, respectively.

Table 6.C.1: Parameter values used to calculate the correction factor of the MAPbI; and the triple-cation
device.

Parameter MAPDbI; Triple-cation Comment

Thickness HTL (nm) 2 2 Estimate
Thickness perovskite (nm) 470.0 550.0 Measured with profilometer

Thickness ETL (nm) 20.0 30.0 Estimate
Dielectric constant HTL 4.0 4.0 Estimate
Dielectric constant perovskite 33.0 43.0 From C-f measurements

Dielectric constant ETL 5.0 5.0 Estimate
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Figure 6.D.1: Thermally activated ion current measurements of a second (a) MAPbI; and (b) triple-cation
perovskite solar cell for different stressing durations. The black dashed lines represent fits. The gray line
represents an exemplary temperature sweep. The extracted ion parameters are shown in Table 6.D.1.
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Figure 6.D.2: Current transient measurements after switching off the applied bias after cooling the devices
down to 175K in a TAIC measurement of (a) a MAPbI; device and (b) a triple-cation device. The noise
changes around 1's because the integration time of the source-measure unit changes.
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Table 6.D.1: Estimated values of the activation energy F,, ionic conductivity at 300K ¢ion,300K, ion den-
sity Nion, and diffusion coefficient at 300K Djon 300K for the second MAPbI; and the triple-cation de-
vices in Figure 6.D.1. The values were extracted from the low-temperature fit and the integral of the TAIC
measurements. The error of Njon is estimated from the minimum detectable ion density based on the
noise of the current and the diffusion coefficient at the temperature of the current peaks. The errors of
the 0ion,300K correspond to the fitting error. The error of Djon 300k is propagated based on the errors
of Nion and Tion,300K. For the fresh MAPbI; device, we could not extract any values because the current
is below the noise.

Device Stressing  Fa (€V)  Gion 300Kk (S/cm)  Nion (€m™)  Dion 300K (cm?/s)
Fresh - - -

MAPbL, 12h 025 9.04+07-10® 58402-10Y  2.5+02-107%
22h 1.84+0.1-10" 93402-10Y  3.1+02-107%
32h 32402-10™ 12140.1-10Y 4.2+03-107%
Fresh 574+08-10" 29403-10Y  3.1£05-10™
22h 1.84+02-10" 13.1404-107 22403-10™

Triple-cation  42h 042  24403-10" 19.1405-107 2.0403-10™*
60h 3.6+05-10™ 27.1+05-10Y 21+03-10™
78h 34+04-10™ 242+05-10Y 22403-10™

Table 6.D.2: Fitting value of the product of ion density and diffusion coefficient prefactor Nion Do ion
extracted from the low temperature fits in Figure 6.3. The errors correspond to the fitting error.

Device Stressing Nion Do ion (cms)™
Fresh 2.740.2-10°
MAPbL, 12h 1.840.1-10%
22h 2.74£0.2-10%
32h 3.5+0.2-10%
Fresh 1.540.1-10°
22h 1.440.1-10%
Triple-cation 42h 2.040.1-10%
60h 4.540.1-10%

78h 8.0+£0.3- 10"




Table 6.D.3: Values for the activation energy FE,, ion density Vion, and mobility J0,ion €xtracted from
the drift-diffusion simulations in Figure 6.4. The values were extracted by fitting the low-temperature
current and integrating the total current of the TAIC measurements. Because the ion density is significantly
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underestimated in the field-limited case, we do not determine the ionic mobility.

Set E, Fit Ey Set 00,ion Fit 00,ion Set Nion Approx. Nion Set [t0,ion APProX. (L0, ion

(ev) (eV) (S/cm) (S/em)  (1/em®) (1/cm?®) (cm?/Vs) (cm?/Vs)
11-107 73.10° 10% 1.2-10" 39-10°°
24.107 16-107 22-10° 25.10" . 41.107
03 029 s _9 s s 7-10 .
52-107 3.6-107 4.6-10® 52-10 44-10
o 11-10° 7.8-107 10% 1.0-10% 48-10°¢
lon-limited 48-10° 65-10° 10°  1.2-10% 34.10°7
10-10° 1.6-10° 22-10° 25.10" ., 41-107
0.6 061 . & s ;s 30-10 >
22-10° 3.8-10° 4.6-10"° 52.10 45.10
48-.10° 83-10° 10% 1.0-10" 5.1-1072

11-10° 49.107 10V 2.6-10% -

24.10° 10-10® 22.10Y 34.10% = -

03 028 . & 5 . 70-10
52-10° 2.1-10° 4.6-107 3.8-10 -
1.1-107 44-10°% 10 4.0-10"% -
Field-limited = = = %
48-10° 1.1-10 10 3.1-10 -
1.0-10" 25-107° 2.2-10Y 3.5.10% s -
0.6 056 L & 5 . 30-10
22-10* 53-10° 4.6-10Y 3.8-10 -
48-10* 11-10" 10 4.0-10% -

Table 6.D.4: lon density estimated from current transient measurements measured at 175 K in Figure 6.D.2.

Device Stressing Nion (cm™)
Fresh 9.8-10"
MAPbL. 12h 1.2-10%
22h 1.3-10%
32h 1.8-10%
Fresh 48-10"
22h 55.10%
Triple-cation 42h 5.1-10%
60h 6.8-10"
78h 57-10%

| 181



182 | 6. THERMALLY ACTIVATED ION CURRENT MEASUREMENTS

(@) (b)
MAPDI, ; T=300K Triple-cation ; T=300K
N 1009\ Slow ionic Degradation o \\} slow ionic Degradation
= \ process —— Fresh £ 150 4 process — Fresh
(&) o \
L 80 — 12h Voc T — 22h Voc
£ ~ —— 22h Voc £ =~ —— 42h Voc
8 32h Voc 8 100 — 60h Voc
c 60 c 78h Voc
) N 3
© Fast ioniH )
S 40 H process \ S 50 + B
© @ Fast ionic
o \ o process \
m IIIIII‘ T IIIII‘ T IIIII‘ TTTTIm IIIIII‘ T IIIII‘ TTTTm II‘ T IIIIII[ IIIIII[ T IIIII‘ T IIIII‘ T IIIIII[ IIIIII‘ TTITm
10° 10" 10” 10> 10" 10° 10° 107" 10° 10" 10” 10> 10" 10° 10°
Frequency (Hz) Frequency (Hz)
(c) (d)
MAPDI; ; T=360K Triple-cation ; T=360K
—~ Slow ionic —~ 500 1
o - process NE
g 100 S 400 Slow ionic
[ E process
C
£ 804 £ i
° ° 300
g g
& 60 S 200
‘© ‘©
2 4
T 40+ Fast ionic g 100 Fast ionk
O process o process
III[ IIIIII‘ T IIIII‘ T IIIII‘ T IIIIII[ IIIIII‘ T IIIII‘ TTTTm O II‘ T IIIIII[ IIIIII[ T IIIII‘ T IIIII‘ T IIIIII[ IIIIII‘ TTITm
107" 10° 10" 10° 10 10* 10° 10° 107" 10° 10" 10° 10> 10" 10° 10°
Frequency (Hz) Frequency (Hz)

Figure 6.D.3: Capacitance frequency measurements of (a) a MAPDbI; device at 300 K after different stressing
durations at V5., (b) a triple-cation device at 300 K after different stressing durations at Vo, (c) a MAPblI,
device at 360K and (d) a triple-cation device at 360 K.
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Figure 6.D.4: TAIC measurement of a triple-cation device (a) without any applied voltage during the cool-
down and (b) without any applied voltage during the cool-down and briefly illuminated at 175 K.
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Summary

Perovskite solar cells have shown impressive efficiency gains over the last years.
However, their limited stability is still hindering their commercialization. Mobile ions
that migrate within the perovskite layer have been linked to various loss mechanisms,
decreasing the short-circuit current density, open-circuit voltage, and fill factor.
Therefore, accurately quantifying mobile ions in perovskite solar cells is an essential
step to decrease losses that are linked to ion migration. In this thesis, we focus on
understanding and applying various electrical measurement techniques to quantify
mobile ions in perovskite solar cells. By combining electrical measurements with
drift-diffusion simulations, we connect the migration of mobile ions to observables
like the capacitance and electric current in measurements of the time-dependent
capacitance and current, as well as the frequency-dependent capacitance. The com-
bination of these techniques, together with simulations, results in a comprehensive
understanding of the impact of mobile ions, allowing for the quantification of mobile
ionic defects.

In Chapter 1, we introduce metal halide perovskites, including their crystal struc-
ture, advantageous properties like their tunable bandgap, strong absorption, and
long diffusion lengths of electronic carriers. Furthermore, we discuss the different
ionic defects, i.e., Frenkel and Schottky defects, and the migration of vacancies and
interstitials. We showcase the electrostatic effect that mobile ions can have on the
energy band distribution of a perovskite solar cell. After discussing measurement
techniques used for qualitatively characterizing mobile ions in perovskite solar cells,
we introduce the three main measurement techniques used to quantify mobile ions
throughout this thesis: capacitance frequency, capacitance transient, and current
transient measurements. Finally, we discuss the fundamentals of drift-diffusion
simulations, one of the main tools used in this thesis to explain the impact of mobile
ions on the different electrical measurement techniques.

In Chapter 2 we focus on the origin of the transient direction in capacitance transient
measurements. Contrary to the model originally proposed in the literature, we show
with drift-diffusion simulations that the transient direction is not caused by the po-
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larity of the migrating ionic defect. Instead, we demonstrate that the direction of the
transients depends on which capacitance is modulated when mobile ions redistribute.
In case of high electronic carrier densities, mobile ions modulate the depletion layer
in the perovskite, resulting in an increase in the transient, independent of the polarity
of the ions. In case of low electronic carrier densities, i.e., intrinsic perovskites, the
capacitance of the transport layers is modulated, resulting in decreasing transients.
We verify these results by changing the electronic carrier density via photo excitation,
allowing us to switch between decreasing and mainly increasing transients.

Charge transport layers are usually not accounted for when characterizing mobile
ions in complete perovskite solar cells, even though they can significantly impact the
measurements. Therefore, we characterize a simple device consisting of only elec-
trodes and a MAPbI, perovskite in Chapter 3. This way, we do not have to account for
the impact of charge transport layers on the measurement response. We characterize
the perovskite device with capacitance transient, current transient, and capacitance
frequency measurements in the dark and under illumination. By reproducing the
measurements with drift-diffusion simulations, we can link the different observed
signatures to mobile ions. We find that the measurements in the dark directly probe
the ionic process. In contrast, under illumination, we measure the modulation of
recombination processes due to mobile ions. Because of the good agreement of
experimental results and simulations, we can estimate the ionic properties, namely
the density, diffusion coefficient, and activation energy of the mobile ions of the
MAPbI, perovskite.

If the density of mobile ions in perovskite solar cells is high enough to screen the built-
in field, electrical measurements no longer allow for an estimation of the ion density,
which we illustrate in Chapter 4. The studied techniques include capacitance tran-
sient, current transient, capacitance frequency, and low-frequency Mott-Schottky
measurements. Using drift-diffusion simulations, we show that if the ion density
is high enough to screen the built-in potential, only a fraction of the mobile ions is
probed, resulting in a saturation of the capacitance or current. Then, the ion density
cannot be determined accurately anymore.

In Chapter 5 we develop a computationally inexpensive, yet accurate approximation
of drift-diffusion simulations. By expressing the ionic accumulation and depletion
layer in the perovskite and the depletion layers in the charge transport layers as
step functions, we approximate the net-charge density and potential distribution
within perovskite solar cells. Accounting for the drift of mobile ions after removing
an applied bias and computing the frequency-dependent small-signal solution of the
perovskite device allows for the approximation of capacitance transient, capacitance
frequency, and current transient measurements. We validate the model by extracting
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the ionic conductivity, and for lower ion densities, also the density and diffusion
coefficient from drift-diffusion simulations. Finally, we apply the model to quantify
the ionic conductivity and activation energy by fitting experimental capacitance
transients, capacitance frequency measurements, and current transients of triple
cation perovskKite solar cells.

To simplify the characterization of mobile ions in perovskite solar cells, we introduce
a new electrical measurement technique, thermally activated ion current (TAIC) in
Chapter 6. The technique is based on measuring the ionic current during a tem-
perature sweep. At low temperatures, mobile ions hardly migrate due to their low
diffusion coefficient. Increasing the temperature results in an exponential increase in
the current due to the temperature-activated diffusion coefficient of the mobile ions.
Once the perovskite becomes depleted of mobile ions, the current decreases. We can
express the current in the TAIC measurement with a simple equation accounting for
the ion density, diffusion coefficient, and activation energy. Using TAIC, we quantify
a MAPDI, and a triple-cation perovskite, finding a higher activation energy and lower
diffusion coefficient in the triple-cation device. Because of its simplicity and intuitive
nature, TAIC measurements are a promising technique to quantify mobile ions in
perovskite solar cells.
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Samenvatting

Perovskiet zonnecellen hebben de afgelopen jaren indrukwekkende efficiéntiever-
beteringen laten zien. Toch wordt hun commercialisering nog steeds belemmerd
door hun beperkte stabiliteit. Mobiele ionen die migreren binnen de perovskietlaag
zijn gekoppeld aan verschillende verliesmechanismen, waardoor de Kkortsluit-
stroomdichtheid, nullastspanning en vulfactor afnemen. Daarom is het nauwkeurig
kwantificeren van mobiele ionen in perovskiet zonnecellen een essenti€le stap om
verliezen die gekoppeld zijn aan ionenmigratie te verminderen. In dit proefschrift
richten we ons op het begrijpen en toepassen van verschillende elektrische meet-
technieken om mobiele ionen in perovskiet zonnecellen te kwantificeren. Door
elektrische metingen te combineren met drift-diffusie simulaties verbinden we de
migratie van mobiele ionen met observeerbare grootheden, zoals de capaciteit en
elektrische stroom in metingen van de tijdsafhankelijke capaciteit en stroom, evenals
de frequentie-afhankelijke capaciteit. De combinatie van deze technieken, samen
met simulaties, resulteert in een uitgebreid begrip van de impact van mobiele ionen,
wat de kwantificering van mobiele ionische defecten mogelijk maakt.

In Hoofdstuk 1 introduceren we metaalhalogenide perovskieten, inclusief hun
kristalstructuur, gunstige eigenschappen zoals hun afstembare bandkloof, sterke
absorptie en lange diffusielengtes van elektronische ladingdragers. Verder bespre-
ken we de verschillende ionische defecten, te weten Frenkel- en Schottky-defecten,
en de migratie van vacatures en interstiti€len. We tonen het elektrostatische effect
dat mobiele ionen kunnen hebben op de energiebandverdeling van een perovskiet
zonnecel. Na het bespreken van meettechnieken die worden gebruikt voor het
kwalitatief karakteriseren van mobiele ionen in perovskiet zonnecellen, introduceren
we de drie belangrijkste meettechnieken die in dit proefschrift worden gebruikt
om mobiele ionen te kwantificeren: capaciteit-frequentie-, capaciteit-transiént-
en stroom-transiéntmetingen. Ten slotte bespreken we de grondbeginselen van
drift-diffusie simulaties, een van de belangrijkste hulpmiddelen die in dit proefschrift
wordt gebruikt om de impact van mobiele ionen op de verschillende elektrische
meettechnieken te verklaren.
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In Hoofdstuk 2 richten we ons op de oorsprong van de transiénte richting in capaciteit-
transiéntmetingen. In tegenstelling tot het model dat oorspronkelijk in de literatuur
werd voorgesteld, tonen we met drift-diffusie simulaties aan dat de transiénte rich-
ting niet wordt veroorzaakt door de polariteit van het migrerende ionische defect.
We laten zien dat de richting van de transiénten in plaats daarvan afhangt van welke
capaciteit wordt gemoduleerd wanneer mobiele ionen zich herverdelen. In het
geval van hoge elektronische ladingdragerdichtheden moduleren mobiele ionen
de depletielaag in de perovskiet, wat resulteert in een toename van de transiént,
onafhankelijk van de polariteit van de ionen. In het geval van lage elektronische
ladingdragerdichtheden, oftewel intrinsieke perovskieten, wordt de capaciteit van de
transportlagen gemoduleerd, wat resulteert in afnemende transiénten. We verifié-
ren deze resultaten door de elektronische ladingdragerdichtheid te veranderen via
foto-excitatie, waardoor we kunnen schakelen tussen afnemende en voornamelijk
toenemende transiénten.

Ladingtransportlagen worden meestal niet meegenomen bij het karakteriseren van
mobiele ionen in complete perovskiet zonnecellen, hoewel ze de metingen signifi-
cant kunnen beinvloeden. Daarom karakteriseren we in Hoofdstuk 3 een eenvoudig
apparaat dat alleen bestaat uit elektroden en een MAPbI, perovskiet. Op deze manier
hoeven we geen rekening te houden met de impact van ladingstransportlagen op de
meetrespons. We karakteriseren het perovskietapparaat met capaciteit-transiént-,
stroom-transiént- en capaciteit-frequentiemetingen in het donker en onder belich-
ting. Door de metingen te reproduceren met drift-diffusie simulaties, kunnen we de
verschillende waargenomen signalen koppelen aan mobiele ionen. We stellen vast
dat de metingen in het donker direct het ionische proces peilen. Onder belichting
meten we daarentegen de modulatie van recombinatieprocessen als gevolg van
mobiele ionen. Vanwege de goede overeenkomst tussen experimentele resultaten en
simulaties, kunnen we de ionische eigenschappen inschatten, namelijk de dichtheid,
diffusiecoéfficiént en activeringsenergie van de mobiele ionen van de MAPbI, pero-
vskiet.

Als de dichtheid van mobiele ionen in perovskiet zonnecellen hoog genoeg is om het
ingebouwde veld af te schermen, is het niet langer mogelijk een inschatting te maken
van de ionendichtheid met elektrische metingen, wat we in Hoofdstuk 4 illustre-
ren. De bestudeerde technieken omvatten capaciteit-transiént, stroom-transiént,
capaciteit-frequentie, en laagfrequentie Mott-Schottky-metingen. Met behulp van
drift-diffusie simulaties laten we zien dat als de ionendichtheid hoog genoeg is om
de ingebouwde potentiaal af te schermen, slechts een fractie van de mobiele ionen
wordt gemeten, wat resulteert in een verzadiging van de capaciteit of stroom. In dat
geval kan de ionendichtheid niet langer nauwkeurig worden bepaald.
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In Hoofdstuk 5 ontwikkelen we een computationeel efficiént maar nauwkeurige be-
nadering van drift-diffusie simulaties. Door de ionische accumulatie- en depletielaag
in de perovskiet en de depletielagen in de ladingstransportlagen uit te drukken als
stapfuncties, benaderen we de netto-ladingsdichtheid en potentiaalverdeling binnen
perovskiet zonnecellen. Door rekening te houden met de drift van mobiele ionen na
het verwijderen van een aangelegde spanning, en door de frequentie-afhankelijke
klein-signaaloplossing van perovskiet zonnecellen te berekenen, wordt het mogelijk
om capaciteitstransiénten, capaciteit-frequentiemetingen en stroomtransiénten te
benaderen. We valideren het model door de ionische geleidbaarheid, en voor lagere
ionendichtheden ook de dichtheid en de diffusiecoéfficiént, uit drift-diffusie simula-
ties te extraheren. Ten slotte passen we het model toe om de ionische geleidbaarheid
en activeringsenergie te kwantificeren door experimentele capaciteitstransiénten,
capaciteit-frequentiemetingen en stroomtransiénten van drievoudig-kation perovs-
kiet zonnecellen te fitten.

Om de karakterisering van mobiele ionen in perovskiet zonnecellen te vereen-
voudigen, introduceren we in Hoofdstuk 6 een nieuwe elektrische meettechniek,
thermisch geactiveerde ionenstroom (TAIC). De techniek is gebaseerd op het meten
van de ionenstroom tijdens een temperatuurscan. Bij lage temperaturen migreren
mobiele ionen nauwelijks vanwege hun lage diffusiecoéfficiént. Het verhogen van
de temperatuur resulteert in een exponentiéle toename van de stroom als gevolg
van de temperatuur-geactiveerde diffusiecoéfficiént van de mobiele ionen. Zodra
de perovskiet is uitgeput van mobiele ionen, neemt de stroom af. We kunnen de
stroom in de TAIC-meting uitdrukken met een eenvoudige vergelijking die reke-
ning houdt met de ionendichtheid, diffusiecoéfficiént en activeringsenergie. Met
behulp van TAIC kwantificeren we een MAPbI; en een drievoudig-kation perovskiet,
waarbij we een hogere activeringsenergie en lagere diffusiecoéfficiént vinden in
de drievoudig-kation perovskiet zonnecel. Vanwege de eenvoud en intuitieve aard
zijn TAIC-metingen een veelbelovende techniek om mobiele ionen in perovskiet
zonnecellen te kwantificeren.
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