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Abstract: The presence of intrinsic ion migration in metal halide perovskites (MHPs) is one of the
main reasons that perovskite solar cells (PSCs) are not stable under operation. In this work, we
quantify the ion migration of PSCs and MHP thin films in terms of mobile ion concentration (No) and
ionic mobility (µ) and demonstrate that No has a larger impact on device stability. We study the effect
of small alkali metal A-site cation additives (e.g., Na+, K+, and Rb+) on ion migration. We show that
the influence of moisture and cation additive on No is less significant than the choice of top electrode
in PSCs. We also show that No in PSCs remains constant with an increase in temperature but µ
increases with temperature because the activation energy is lower than that of ion formation. This
work gives design principles regarding the importance of passivation and the effects of operational
conditions on ion migration.

Keywords: perovskite solar cells; mobile ion concentration; ionic mobility; stability; defects; vacancies;
degradation; activation energy; impedance spectroscopy; transient current

1. Introduction

MHPs with the general formula ABX3 (where A is a cation, B is a divalent metal ion, and
X is a halide) are a family of semiconductor materials that have shown significant growth
in efficiencies of PSCs from 3%, when they were introduced in 2009, to 25.7% in 2023, along
with reduced manufacturing costs [1–8]. MHPs are known for their applications that span
across various fields such as information display, electronic communication, health, and
medical systems, and they are also widely used in solar cells, light-emitting diodes (LEDs),
photodetectors, lasers, and X-ray scintillators because of their optoelectronic properties that
include high absorption, high carrier mobility, and long diffusion lengths [9–12]. However,
their commercialization is primarily hindered by instability in MHPs, and ion migration is
one of the main factors that cause degradation in MHPs [13–15].

Ion migration is a challenge in MHPs because MHPs have ionic bonding as semicon-
ductors that typically exhibit a soft crystal lattice and a mixed ionic-electronic behavior. This
is different compared to conventional covalently bonded semiconductors [16–18] that are
used for photovoltaic devices such as silicon, germanium, gallium arsenide, and cadmium
telluride. Ion migration is a solid-state electrochemical phenomenon that happens in MHPs
and is similar to the movement of ions in ionic conductors such as solid electrolytes for
batteries and fuel cells. The mechanism is the redistribution of ionic defects, which happens
both intrinsically and when subjected to external stresses such as light, heat, and an electric
field. Vacancies (V−A , V2−

B , V+
X ) and interstitials (X−i ) in the lattice form ionic defects or

mobile ions that are predominantly halide in nature. Ions in MHPs form intrinsically due
to low activation energies (EA), as shown in Table 1, and these ionic species are mobile in
MHP and at the interfaces of MHP as they also have low migration energies [16,19–21].
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Table 1. Table showing activation energies of different vacancies in MHP lattice [16,19–21].

Vacancy Activation Energy (EA)

V+
I 0.58 eV

V−MA 0.84 eV

V2−
Pb 2.31 eV

It is reported that the concentrations of halide vacancies for different compositions in
the MHP lattice vary between 1015 and 1019 cm−3, whereas concentrations of other ions
such as MA+ have smaller concentrations (≤1015 cm−3). As the electric field is controlled
by the ions with the highest concentrations, the rest of the ions need not be considered [22].
The presence and migration of these ionic species throughout the perovskite absorber,
charge transport layers, and reactions with these layers and electrodes negatively affects
the electrical properties and stability of MHPs [20,23].

In addition to electrostatic effects, ion migration in MHPs has an electrochemical effect
that leads to MHP decomposition. It can cause reduction of uncoordinated Pb+2 ions to
metallic lead and mobile I− ions to react with atomic iodine (I) and methyl ammonium ions
in MHPs to generate iodine (I2) both in darkness and under the influence of light, which
not only can escape PSCs in the form of vapor, but also can trigger chemical chain reactions
that accelerate perovskite degradation, as in Equations (1)–(7) [24]. MAPbI3 with inherent
vacancies exist in the form of mobile ions, as in Equation (1):

CH3NH3PbI3 
 PbI2 + CH3NH+
3 + I− (1)

These I− ions can oxidize to form molecular iodine (I2) as in Equation (2)

I− + I− 
 I2 + 2e− (2)

Under exposure to light, I2 can undergo photolysis to form atomic iodine (I•), and I•

can react with I− to form a series of reactions, as in (3)–(5), to give I2 as a by-product that
again participates in cyclic reactions by (3)–(5).

I2 → 2I• (3)

2I− + 2I• → 2I•−2 (4)

2CH3NH+
3 + 2I•−2 → 2CH3NH2 + 2I2 + H2 (5)

Under darkness, mobile I− ions react with iodine to form tri-iodide ions (I3
−), which

react with methylammonium ions to form I2, as in Equations (6)–(7), and the generated I2
further participates in cyclic reactions.

I− + I2 
 I−3 (6)

CH3NH+
3 + I−3 → CH3NH2 + I2 + HI (7)

It has been shown that mobile ions in the MHP lattice of the perovskite can easily
migrate to the charge transport layers. Ingress of halide ions into the electron transport
layer (ETL) reportedly deteriorates the charge transport properties [25,26] and leads to
the formation of accumulated charges that can interact with the migrated ions and form
defects such as I0 and Pb0, leading to a gradual decay of the PSCs; halide ions can reduce
the hole transport layer into a neutral state that reduces the conductivity of HTL and
can also reduce the p-type doping of HTL to reduce hole extraction [27–29], leading to
severe electronic losses in PSCs. Mobile halide ions also can migrate into and react with
the top metal electrodes of PSCs, causing the irreversible degradation of the electrodes
by forming metal halides; this loss of halide ions from the MHP lattice can lead to MHP
decomposition in the form of volatile iodine-containing species (MAI, HI, I−) [30] that can
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further react with metal electrodes and corrode them, and the consequence is a reduction
in the power conversion efficiency of the PSCs [20,31]. Under exposure to heat, MHPs have
phase transitions with elevated temperatures above 85 ◦C due to the volatilization and loss
of organic species from the MHP [32,33].

The most important parameters for quantifying ion migration in MHPs are mobile ion
concentration (No), which is defined as the number of mobile ions that are present in MHP;
ionic conductivity (σ), which is defined as the capability of the ions to conduct electricity
by the movement of ionic charge; and ionic mobility (µ), which is defined as a measure of
how mobile the ions are under the influence of a voltage or electric field applied to PSCs.
Ionic conductivity and ionic mobility can be related to each other based on their definitions,
as in Equation (10), since σ depends on how effectively the ions can move (µ) in the MHP
lattice. As shown in Table 2, commercialized solar cell technologies made from silicon are
highly electronic in nature and have intrinsically fixed ions that are covalently bonded in
the material for controllable doping to create a pn-junction. Hence, silicon does not exhibit
any mobile ionic nature intrinsically as the ions are fixed in the crystal structure of silicon.
The ions that we see in the silicon modules or silicon solar cells are the ones that are not
intrinsic to the silicon; rather, they are being introduced extrinsically to the silicon modules
based on encapsulation and also contamination due to human touch [34,35].On the other
end of the spectrum, solid-state electrolyte technologies are designed for the purpose of
ion conduction with minimal electronic conductivity, resulting in high No and very low
µ. Note that this can be explained by the working mechanism of batteries, wherein their
working depends more on the diffusion of ions rather than the drift of ions. Diffusion
happens when there is a concentration gradient and is not dependent on µ, whereas drift
of ions is directly dependent on µ. Since their working mechanism is diffusion, they do not
have high µ. MHPs lie in between silicon solar cells and solid state electrolytes in terms of
the number of ions present in them (No) and the mobility of the ions and charges (ionic
mobility and electronic mobility). The presence of such a high No and µ in PSCs is the
reason why ion migration plagues the material system. These two parameters describe ion
migration since more mobile ions facilitate ion migration and higher mobility leads to an
increase in unwanted interactions in MHP lattices. Hence, for a PSC technology to be stable
and reach the commercialization phase, there needs to be a reduction in No and µ without
compromising the electronic nature.

Table 2. Table showing No, µ, and electron mobility of solar and battery technologies. Red indicates
undesirable values and green indicates desirable values for solar cells.

Device No (cm−3) µ (cm2/Vs) Electronic Mobility (cm2/Vs)

Solid State Electrolytes (Lithium
Lanthanum Zirconium Oxide) ~5 × 1018 to 5 × 1020 ~10−10 to 10−14 0.06

MAPbI3 2 × 1017 8 × 10−6 20 to 71
Triple Halide 5 × 1015 3 × 10−4 11 to 40

Silicon 0 0 ~160

In this work, we develop characterization techniques to decouple ion migration pri-
marily into No and µ. We explain the methods used to quantify ion migration in MHPs by
characterizing both MHP films and PSCs. We report on the changes in the ionic parameters
as a function of MHP composition (including both cation and anions), top electrode, and
operational conditions such as temperature, light, and moisture along with associated
morphological changes.

2. Results

We developed a transient current measurement in the dark to measure No and used
electrochemical impedance spectroscopy to measure σ. Then, µwas calculated using Equation
(10). These measurements were performed on triple halide PSCs to compare with MAPbI3



Molecules 2023, 28, 5026 4 of 14

PSCs, which are the most commonly used and are the simplest MHP composition. From
Figure 1a, the No of the MAPbI3 PSCs [22] is in the range of 7× 1016 to 5× 1017 cm−3, whereas
the No of the triple halide PSCs is measured to be ~7 × 1015 cm−3, a reduction of nearly
100× when compared to MAPbI3. This reduction can be attributed to the composition
of MHP and the utilization of chlorine in the PSCs structure [36]. It has been shown that
chlorine does not just remain at the interfaces but also gets incorporated into the MHP
lattice by partially replacing iodine in the MHP lattice. The incorporation suppresses the
iodine vacancy formation by≥0.3 eV [37], an effect that we hypothesize leads to a reduction
in No. From Figure 1b, the µ of the triple-halide PSCs are about two orders of magnitude
higher than in MAPbI3 based on the σ data from the EIS. Since the triple-halide PSCs
are significantly more stable than MAPbI3, this result shows a clear correlation between
reduced No and improved operational stability, based on the suppression of light-induced
phase segregation and reduction in degradation [36].
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We measured the No, σ, and µ of triple-halide PSCs under temperature ramps between
room temperature and 70 ◦C to understand the effect of temperature on the PSCs in terms
of these parameters. From Figure 1c, the No of the PSCs does not have a noticeable change
with increasing temperature. From Figure 1d, EA is 0.14 eV, which is less than the EA that is
needed to form an iodine vacancy (Table 1), which implies that no new vacancies or defects
are created, and this supports why no new mobile ions are generated. Note that this holds
true up to 70 ◦C; higher temperatures were not studied in this work due to the possible
diffusion of the top electrode through the C60 layer and into the MHP, which would lead
to irreversible shunting and device degradation. However, from Figure 1d,e, it is evident
that the σ and µ of the PSCs tend to increase with temperature. This shows that even if
No remains constant, the ions are becoming more mobile with an increase in temperature.
This is a phenomenon that is well-known, documented, and observed in other material
systems such as solid-state electrolytes [38,39] and is also observed in MHPs [40]. With the
ability to quantify mobile ions (No, σ), and using the correlation between No, σ, and µ in
Equation (10), we are able to show for the first time that it is the mobility of the mobile ions
that is changing with temperature. From these measurements, it can be concluded that this
temperature range does not affect the intrinsic properties or defect density of MHPs. We
hypothesize that since the ions are more mobile, they can lead to an increase in the number
of interactions in MHP or faster migration to the interfaces of MHP and the transport layers,
which can increase the degradation of the PSCs.

Passivation of MHP with potassium and rubidium has been shown to improve the
optoelectronic properties and stability of PSCs because of the selective binding of K with
bromine ions and Rb with iodine ions in the MHP lattice [41,42]. It was shown that the
introduction of small cation additives in the MHP lattice can improve both efficiency
and charge carrier mobility after passivation [41,42]. However, this improvement was
dependent on the fraction of small cation additives that is introduced in the MHP lattice
and how tolerant the MHP lattice is to the introduced additive. The electronic response
of PSCs gets negatively affected once the fraction of additives crosses the tolerance level
of MHP [41,42]. Based on the above observation, we hypothesized that the introduction
of small cation additives could improve PSC stability due to a reduction in No. Films
with 5 mol% of the respective additives were fabricated with MAPbI3, a concentration
or fraction that showed an increase in power conversion efficiency, superior photovoltaic
performance, and moisture stability [41,42] for MHP with K and Rb as additives. As such,
a 5 mol% addition of K, Na, and Rb was used. No measurements performed on these
MHPs indicate the direct effect of small cation additives on the intrinsic properties of the
perovskite absorber layer without any effects from other sources, such as interfaces with
the transport layers and the composition of other PSC layers.

High resolution optical microscope images from Figure 2a–d indicate that the MHP
morphology is affected by the additives. We hypothesize that this effect is due to a change
in the crystallization where the MHP films with additives form a visible white intermediate
phase during annealing briefly before crystallizing into a black perovskite phase, an effect
that is not observed with control MHP films. We hypothesize that there is also an atomic-
scale effect due to an increase in binding between the introduced additives and the mobile
ions. K forms a bond with mobile halide ions primarily at the grain boundaries and
interfaces of the MHP layer, an effect that could partially be explained by morphology
change [41]. Rb forms bonds with mobile halide ions in the form of micron-sized crystals
rich in Rb and iodine [41], changing the morphology when compared to the control sample.
Na can form strong ionic bonds with mobile halide ions similar to the bonds we see in
common salt (NaCl). The X-ray diffraction spectrum of the MHP thin films is shown in
Figure 2f. The presence of MAPbI3 is confirmed as the dominant structural component of
the MHP. In the case of the Rb additive MHP film, more peaks are observed, which are
attributed to the higher quantity of residual PbI2 in the film. This effect could be related to
the modified crystallization with the additive. The Na- and K-containing films, however,
show little to no PbI2. No measurements of the MHPs show that these small cation additives
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reduce ion concentration in all cases by nearly a factor of 10. Figure 2e shows that the No of
pure MAPbI3 thin film is ~2 × 1011 cm−3, whereas the No of the films with additives such
as KI, NaI, and RbI is ~6 × 1010 cm−3, 3 × 1010 cm−3, and 4 × 1010 cm−3, respectively.
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Figure 2. Optical microscope images of MHP thin films for control (MAPbI3) and with molar
additives (5% KI, 5% NaI, 5% RbI) showing morphology changes in terms of needle-like structures
and clustering in MHPs with additives. (a) Control, (b) 5% KI, (c) 5% NaI, (d) 5% Rb© (e) No of
MHPs, (f) X-ray diffraction spectrum of the MHP thin films for control (MAPbI3) and with molar
additives (5% KI, 5% NaI, 5% RbI).

As the small cation additives proved to be effective in reducing the No in MHPs,
complete PSCs were made with the same compositions. PSCs are more complicated
systems because there are additional interfaces between the transport layers and the MHPs,
along with the compositions of the transport layers to consider.

Observation of PSCs under a microscope, as shown in Figure 3a–d, depicted the same
trend in morphology as that in MHP with an increase in binding in the MHP with the
introduction of additives. The No measurements of these PSCs, as shown in Figure 3i,
displayed a trend of increase in the concentration of PSCs with the presence of additives in
the absorber layer.

PSCs that were exposed to moisture showed less uniform crystallization of the absorber
layer and produced dendritic morphologies that had needle-like void structures, as shown
in Figure 3e–h. These kinds of structures form when the crystallization process happens at a
slower rate than required, which inhibits the nucleation process and also the grain-forming
process [43]. The No measurements of moisture-exposed PSCs, as shown in Figure 3j,
displayed a trend where the concentration in the PSCs increased with the introduction
of the additives in the absorber layer. This trend or increase in concentration in PSCs is
hypothesized to be because of the presence of needle-like structures in the morphology of
these PSCs. These needle-like structures increase the defects at the grain boundaries and in
turn increase the number of ions that are mobile in the lattice, increasing the No value.
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Since even the PSCs with better morphology displayed a trend that is in exact contra-
diction to the trend observed in the MHPs, the same measurements were conducted on
the PSCs with carbon as the top electrode. As shown in Figure 3k, No measurements with
carbon electrodes exhibited a result that was similar to the trend observed with MHPs, i.e.,
a reduction in No with additives, except in the case of KI as an additive. We hypothesize
that the increase in No with K as an additive is due to the selective binding of K, which
tends to bind more with bromine than with iodine from the halide group and hence binds
less when compared to Rb and Na, which increases No in PSCs.
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3. Discussion

The comparison of the No of the triple-halide PSCs and MAPbI3 indicated that the
reduction in No can improve operational stability. This correlation can be explained as
follows: the reduction in No reduces the ion migration that is happening in the device
when it is under operation.

Small cation additives such as KI, NaI, and RbI reduce the No value in the absorber
layer, an effect that is evident from the No measurements in MHP films. It is also observed
that after the introduction of additives, the MHP layer shows a change in morphology that
can be attributed to slower nucleation, leading to the formation of fewer nuclei and hence
less crystal growth [44–46] and potentially an atomic scale effect based on the selective
binding of the small cation additives with the mobile halide ions. It is important to note
that changes in No might not be dominated by morphology changes in the MHP layer since
the same trend is observed in moisture-exposed PSCs (Figure 3i). We hypothesize that
the trend that is observed with the No in PSCs is more due to changing the top electrode
because No values measured from PSCs with C as the top electrode generally showed a
similar trend compared to MHP films (Figure 3k).

For the same PSCs, if No measurements with the Ag electrode were in the range of
1014 cm−3, the No measurements with the C electrode were in the range of 1011 cm−3, a
reduction of ~1000. This is much more significant than the ~10× reduction when incorpo-
rating small-cation additives into MHP films. We hypothesize that this difference in the
No value is primarily caused by a passivation effect in the case of the C electrode when
compared to the Ag electrode. The carbon ink used to form the C electrode consists of
a small amount of acetone and ethanol, which can interact with MHP and facilitate the
diffusion of C into the MHP. A passivation effect caused by C would reduce the number
of defects and could increase binding to mobile halides, reducing the number of mobile
ions in the area where the electrode is present. There is also a possibility that some of this
can be attributed to the conductivity of C compared to Ag, an effect that needs to be more
thoroughly studied. We believe that this is not as significant of an effect, however.

Future work is planned to better understand the mechanism for the change in No
observed in the PSCs with additives and the effect of carbon electrodes. Carbon-based
mesoscopic perovskite has previously shown an improvement in the stability of PSCs [47]
and can be measured to understand the role of carbon in changes that were observed
with No. There are other methods for creating a carbon top electrode that are solvent-free
and that would not interact or passivate the perovskite, an effect that can be compared
with the measurements from solvent-based carbon top electrodes. We also intend to study
more directly the effect of aging tests (specifically heat, light, and their combination) to
see how No, σ and µ change with time and exposure, similar to the clear variation in σ
observed when the PSCs were measured in the dark vs. when they are measured under
exposure to light (Figure 1f). Further characterization can also be used to correlate the
degradation induced in PSCs due to both intrinsic changes in material chemistry and
thermomechanical properties from external stresses such as light, heat, and moisture. Our
intent is to elucidate the mechanisms and effects of the mobile ions on the stability of PSCs
under operation and to effectively formulate strategies to mitigate these effects to improve
PSCs’ commercial viability.

4. Materials and Methods

PSCs with a composition of pure methylammonium lead iodide (MAPbI3) along with
some additives such as potassium iodide (KI), sodium iodide (NaI), and rubidium iodide
(RbI) were fabricated to quantify and try to reduce ion migration. PSCs were made with
Nickel Oxide (NiOx) as the hole transport layer (HTL) and C60 as the electron transport
layer (ETL). The architecture of these solar cells is as follows: Glass/ITO/NiOx/MAPbI3 or
MAPbI3 + additives/C60/Ag.

The substrate preparation steps are as follows: Glass with ITO (Indium tin oxide)
coating is initially cleaned with an industrial-grade soap solution of extran and water at a
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ratio of 1:10 for 10 min in an ultrasonic cleaner. After sonication, the ITO glass is cleaned
with deionized water and a brush to remove the residual soap, and it is then cleaned with
isopropyl alcohol (IPA) and acetone for 10 min in that order, then cleaned with UV and
ozone treatment for 15 min.

NiOx solution for depositing the HTL is prepared by mixing 1M NiNO3. (H2O)6
(99.999% pure) in 94% ethylene glycol (EG) and 6% of ethylene diamine (EDA); the vial is
then placed in a vortex mixer, and the solution is mixed until it turns into a dark blue color
indicating the solubility of the precursor into the solvent.

The perovskite precursor solution is made by mixing Methylammonium Iodide (MAI)
(99% pure) and Lead Iodide (PbI2) (99.99% pure). A measure of 1 mL, 1:1 molar concentra-
tion solution is made by mixing 0.159 gm of MAI and 0.461 gm of PbI2 in a solvent of 4:1
Dimethyl Fluoride (DMF) and Dimethyl Sulfoxide (DMSO) with 800 µL DMF and 200 µL
DMSO. A vortex mixer is used for mixing the precursor solution, which is then annealed at
80 ◦C until the precursor forms a clear solution.

Once the substrate preparation is done, PSCs are fabricated in a step-by-step process.
The HTL is formed by depositing 50 µL of NiOx on the cleaned substrate and then spin coated
at a speed of 5000 rpm at an acceleration of 2500 rpm/s for 30 s outside the glovebox and
annealed at 315 ◦C for 1 h. The perovskite absorber layer is formed by depositing 200 µL
of perovskite precursor on top of the samples and then spin coated at a speed of 2500 rpm
with an acceleration of 1000 rpm/s for 30 s; 100 µL of Chloro-benzene (CHB) (99.8% pure) is
dropped, which acts as anti-solvent at the half-time mark (15 s), and annealed at 100 ◦C for
30 min with a step at 50 ◦C until initial layer formation. The ETL is formed by evaporating
45 nm of C60 on the top of the samples inside the angstrom evaporator with the help of a
custom mask, and the top electrode is made by evaporating 100 nm of silver (Ag) on top of
the samples through a different mask.

MHP on ITO is fabricated following a similar recipe of perovskite absorber layer, as
mentioned above. A measure of 200 µL of the precursor is then deposited on the ITO glass
and spin coated for 30 s at a speed of 4000 rpm and an acceleration of 1000 rpm/s, and
100 µL of the anti-solvent is dropped on the sample at the half-time mark, and the samples
are annealed at 100 ◦C for 30 min. The top electrode on the films is made using conductive
carbon glue and is painted on the top of the MHP. To create a vertical stack kind of structure
for the measurements, the MHP is scratched off at one edge of the sample to expose the
ITO underneath it. Measurements are carried out by connecting probes to the top carbon
electrode and the bottom ITO electrode.

Reduction of mobile ion concentration is achieved by adding small cation additives
such as potassium iodide (KI), sodium iodide (NaI), and rubidium iodide (RbI) to the
precursor inks in fixed concentrations, as they showed a reduction in hysteresis and
improvement in efficiency in the PSCs [41,42]. The amount of the additive that needs
to be added to the precursor ink for a particular concentration is determined by using
Equation (8) listed below, where x—concentration of the additive to be added, [k]—amount
of the additive to be added to precursor, and [A]—the amount of the precursor present [42].

x =
[k]

[k] + [A]
(8)

A measure of 1 mL 1 molar solution is made by mixing 0.166 gm of KI (99.995% pure),
0.149 gm of NaI (99.5% pure), and 0.212 gm of RbI (99.9% pure) with 4:1 DMF to DMSO
solution, respectively. Then, 52.6 µL of the additive solution is added to the precursor
solution to form a precursor with 5% additive, based on the calculations from Equation (1).
MHPs with additives are formed by following the same spin-coating procedure that was
mentioned above. The same precursors with 5% additives were used when fabricating
PSCs with additives.

The ionic properties measured are ionic conductivity (σ), mobile ion concentration
(No), and ionic mobility (µ). All the measurements were performed with the help of all-in-
one measurement equipment for photovoltaic devices and LEDs—PAIOS in the ambient.
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Ionic property measurements with the variation in temperature were performed with the
temperature control stage and module (T96) from Linkam in integration with PAIOS. The
T96 module from Linkam can increase the temperature of the stage in a controlled way
with the help of resistive heating. The temperature measurements are performed from
room temperature to 70 ◦C by ramping up the temperature of the stage by 5 ◦C at a time
and then holding the temperature of the stage for 5 min so that the PAIOS can perform the
measurements at that temperature before ramping up the temperature again.

Mobile ion concentration (No) in PSCs and MHPs is extracted by using a transient
current measurement on the samples in the dark [48]. As PSCs have both carrier separation
and ion migration simultaneously, they have both drift and diffusion currents. The voltage
applied to PSCs causes the mobile ions to drift into the contacts, leading to drift current
(ionic current). The ionic charge (Qion) of PSCs was measured by letting them equilibrate at
0.8 V in the dark (Figure 4a) based on previous work [22,49]. Then, the applied bias (Vapp)
was removed, and the resulting dark transient current was measured until PSC reached
an equilibrium steady state at 0 V. By doing so, we can probe only ionic currents since
there is no electronic injection (diffusion current) at 0 V, and the electronic carriers initially
present in the absorber at 0.8 V are swept away within the first few microseconds [49]. The
drift (ionic) current is integrated over a time scale to obtain the Qion of the samples. After
the Qion is obtained, by using an empirical relation [22] between charge, concentration,
and applied voltages, we obtain the No of PSCs and MHPs as shown in Equation (9),
where q—electronic charge, εo—permittivity of free space, εr—permittivity of the material,
VT—thermal voltage, Vbi—built-in potential, and Vapp—applied potential (0.8 V). Figure 4c
shows the effect of Vapp on the transient current. The maximum response of transient
current was observed with Vapp = 0.8 V, a result that is validated by previous work [22],
and this was used for all No measurements in this work.

Qion =

√
qNoεoεrVT

8
×

√1 + 16 ∗
(

Vbi
VT

)
−

√
1 + 16 ∗

Vbi −Vapp

VT

 (9)

The ionic conductivity (σ) of PSCs is measured by performing electrochemical impedance
spectroscopy (EIS) [48]. In EIS, a small sinusoidal voltage of 0.05 V is applied to PSC, and
the transient current is measured in the frequency range of 10 Hz to 10 MHz and analyzed
according to a plot between real impedance vs. imaginary impedance (Nyquist plot). An
equivalent circuit that can model the behavior of the device is fit onto the Nyquist plot to
obtain the resistance and capacitance components that affect the ionic characteristics of the
device [50–52]. The σ of the PSCs is then calculated by using the measured ionic resistance,
MHP thickness, and the area of the electrode, as shown in Equation (10) [53], where σ—ionic
conductivity, t—thickness of MHP, Ri—ionic resistance, amd A—the area of the electrode.

σ =
t

Ri × A
(10)

Ionic mobility (µ) is determined separately based on the relationship between ionic con-
ductivity and mobile ion concentration determined by Equation (11), where q—electronic
charge, σ—ionic conductivity, and No—mobile ion concentration.

µ =
σ

q× No
(11)

Triple-cation/triple-halide perovskites have a composition of (FA0.75Cs0.25)Pb(I0.8Br0.2)3
+ 2 to 5 mol% MAPbCl3 [36] and a device structure of Glass/ITO/poly-TPD/PFN-
Br/perovskite/C60/Ag. As the ionic species are mobile in the MHP lattice, it can lead to
reactions with the photoexcited charges and can cause phase segregation to form individual
halide-rich phases in mixed halide PSCs [54,55]. Triple-halide perovskites previously showed
suppression of light-induced phase segregation, even at 100-sun illumination, and also
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showed a 2-fold increase in photocarrier lifetime and charge carrier mobility. They also
showed less than 4% degradation in semitransparent top cells after 1000 h of maximum
power point (MPP) operation at 60 ◦C [36].
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5. Conclusions

In conclusion, this work seeks to fundamentally change the way in which ion migration
in PSCs and MHPs is quantified. Most of the previous works quantified ion migration by
subjecting PSCs or MHPs to stress tests such as exposure to heat, light, moisture and then
correlating the degradation caused by the stress tests to the presence of ion migration by
extracting imaging, compositional changes and activation energy changes after degradation.
However, in this work we have developed a method to quantify ion migration in PSCs
and MHPs in terms of No and µ. In this way, the ion migration can be quantified in situ
and while under stress tests to make eventual degradation quantifiable. We showed that
the introduction of small cation A site additives into MHPs reduced No and changes the
morphology in a noticeable way when compared to control MHP films. However, the use
of a carbon electrode for MHPs and PSCs played a substantially larger role in No even after
introducing additives.

Author Contributions: Conceptualization, S.P. and N.R.; methodology, S.P. and N.R.; software,
S.P.; validation, S.P.; formal analysis, S.P.; investigation, S.P. and R.E.T.; resources, S.P. and R.E.T.;
data curation, S.P.; writing—original draft presentation, S.P. and N.R.; visualization, S.P. and N.R.;
supervision, S.P. and N.R.; project administration, N.R.; funding acquisition, N.R. All authors have
read and agreed to the published version of the manuscript.

Funding: N.R. acknowledges support from the Oak Ridge Associated Universities FY2022 Ralph E
Powe Junior Faculty Enhancement Grant Award: Nicholas Rolston: Control of Ion Motion in Halide
Perovskite Photovoltaics for Improved Reliability.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available upon reasonable request.

Acknowledgments: The authors acknowledge resources and support from the Advanced Electronics
and Photonics Core Facility at Arizona State University. The authors also acknowledge the use
of facilities within the Eyring Materials Center at Arizona State University supported in part by
NNCI-ECCS-1542160 The authors also acknowledge Zhengshan Yu and David Quispe for providing
triple-cation PSCs for characterization. The authors also thank Luca Bertoluzzi and Moritz Futscher
for assisting in the methods of measuring and quantifying mobile ions.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not applicable.

References
1. Zhang, W.; Eperon, G.E.; Snaith, H.J. Metal Halide Perovskites for Energy Applications. Nat. Energy 2016, 1, 16048. [CrossRef]
2. Jeong, M.; Choi, I.W.; Go, E.M.; Cho, Y.; Kim, M.; Lee, B.; Jeong, S.; Jo, Y.; Choi, H.W.; Lee, J.; et al. Stable Perovskite Solar Cells

with Efficiency Exceeding 24.8% and 0.3-V Voltage Loss. Science 2020, 369, 1615–1620. [CrossRef] [PubMed]
3. Song, Z.; McElvany, C.L.; Phillips, A.B.; Celik, I.; Krantz, P.W.; Watthage, S.C.; Liyanage, G.K.; Apul, D.; Heben, M.J. A

Technoeconomic Analysis of Perovskite Solar Module Manufacturing with Low-Cost Materials and Techniques. Energy Environ.
Sci. 2017, 10, 1297–1305. [CrossRef]

4. Kim, J.Y.; Lee, J.-W.; Jung, H.S.; Shin, H.; Park, N.-G. High-Efficiency Perovskite Solar Cells. Chem. Rev. 2020, 120, 7867–7918.
[CrossRef]

5. Seo, J.; Noh, J.H.; Seok, S. Il Rational Strategies for Efficient Perovskite Solar Cells. Acc. Chem. Res. 2016, 49, 562–572. [CrossRef]
6. NREL Best Research Cell Efficiency Chart. Available online: https://www.nrel.gov/pv/cell-efficiency.html (accessed on 17

May 2023).
7. Akman, E.; Ozturk, T.; Xiang, W.; Sadegh, F.; Prochowicz, D.; Tavakoli, M.M.; Yadav, P.; Yilmaz, M.; Akin, S. The Effect of B-Site

Doping in All-Inorganic CsPbIxBr3−x Absorbers on the Performance and Stability of Perovskite Photovoltaics. Energy Environ.
Sci. 2023, 16, 372–403. [CrossRef]

8. Sadegh, F.; Akman, E.; Prochowicz, D.; Tavakoli, M.M.; Yadav, P.; Akin, S. Facile NaF Treatment Achieves 20% Efficient ETL-Free
Perovskite Solar Cells. ACS Appl. Mater. Interfaces 2022, 14, 38631–38641. [CrossRef]

9. Leyden, M.R.; Meng, L.; Jiang, Y.; Ono, L.K.; Qiu, L.; Juarez-Perez, E.J.; Qin, C.; Adachi, C.; Qi, Y. Methylammonium Lead
Bromide Perovskite Light-Emitting Diodes by Chemical Vapor Deposition. J. Phys. Chem. Lett. 2017, 8, 3193–3198. [CrossRef]

https://doi.org/10.1038/nenergy.2016.48
https://doi.org/10.1126/science.abb7167
https://www.ncbi.nlm.nih.gov/pubmed/32973026
https://doi.org/10.1039/C7EE00757D
https://doi.org/10.1021/acs.chemrev.0c00107
https://doi.org/10.1021/acs.accounts.5b00444
https://www.nrel.gov/pv/cell-efficiency.html
https://doi.org/10.1039/D2EE01070D
https://doi.org/10.1021/acsami.2c06110
https://doi.org/10.1021/acs.jpclett.7b01093


Molecules 2023, 28, 5026 13 of 14

10. Zhu, Y.; Liu, Y.; Miller, K.A.; Zhu, H.; Egap, E. Lead Halide Perovskite Nanocrystals as Photocatalysts for PET-RAFT Polymeriza-
tion under Visible and Near-Infrared Irradiation. ACS Macro Lett. 2020, 9, 725–730. [CrossRef]

11. Dong, H.; Ran, C.; Gao, W.; Li, M.; Xia, Y.; Huang, W. Metal Halide Perovskite for Next-Generation Optoelectronics: Progresses
and Prospects. eLight 2023, 3, 3. [CrossRef]

12. He, C.; Liu, X. The Rise of Halide Perovskite Semiconductors. Light. Sci. Appl. 2023, 12, 15. [CrossRef]
13. Motti, S.G.; Meggiolaro, D.; Barker, A.J.; Mosconi, E.; Perini, C.A.R.; Ball, J.M.; Gandini, M.; Kim, M.; De Angelis, F.; Petrozza, A.

Controlling Competing Photochemical Reactions Stabilizes Perovskite Solar Cells. Nat. Photonics 2019, 13, 532–539. [CrossRef]
14. Chen, B.; Rudd, P.N.; Yang, S.; Yuan, Y.; Huang, J. Imperfections and Their Passivation in Halide Perovskite Solar Cells. Chem. Soc.

Rev. 2019, 48, 3842–3867. [CrossRef] [PubMed]
15. Akin, S.; Bauer, M.; Uchida, R.; Arora, N.; Jacopin, G.; Liu, Y.; Hertel, D.; Meerholz, K.; Mena-Osteritz, E.; Bäuerle, P.; et al.

Cyclopentadithiophene-Based Hole-Transporting Material for Highly Stable Perovskite Solar Cells with Stabilized Efficiencies
Approaching 21%. ACS Appl. Energy Mater. 2020, 3, 7456–7463. [CrossRef]

16. Kim, J.; Lee, S.-H.; Lee, J.H.; Hong, K.-H. The Role of Intrinsic Defects in Methylammonium Lead Iodide Perovskite. J. Phys. Chem.
Lett. 2014, 5, 1312–1317. [CrossRef]

17. Zhang, H.; Fu, X.; Tang, Y.; Wang, H.; Zhang, C.; Yu, W.W.; Wang, X.; Zhang, Y.; Xiao, M. Phase Segregation Due to Ion Migration
in All-Inorganic Mixed-Halide Perovskite Nanocrystals. Nat. Commun. 2019, 10, 1088. [CrossRef] [PubMed]

18. Wang, Y.; Gould, T.; Dobson, J.F.; Zhang, H.; Yang, H.; Yao, X.; Zhao, H. Density Functional Theory Analysis of Structural and
Electronic Properties of Orthorhombic Perovskite CH3NH3PbI3. Phys. Chem. Chem. Phys. 2014, 16, 1424–1429. [CrossRef]
[PubMed]

19. Azpiroz, J.M.; Mosconi, E.; Bisquert, J.; De Angelis, F. Defect Migration in Methylammonium Lead Iodide and Its Role in
Perovskite Solar Cell Operation. Energy Environ. Sci. 2015, 8, 2118–2127. [CrossRef]

20. Bi, E.; Song, Z.; Li, C.; Wu, Z.; Yan, Y. Mitigating Ion Migration in Perovskite Solar Cells. Trends Chem. 2021, 3, 575–588. [CrossRef]
21. Mei, H.; Wang, Z.-Y.; Zhai, Y.; Zhu, Q.-Q.; Wang, L.; Liang, P. Understanding the Effect of Intrinsic Defects in Lead-Free

Vacancy-Ordered Double Perovskites Cs2PdBr6. J. Phys. Chem. C 2022, 126, 17875–17884. [CrossRef]
22. Bertoluzzi, L.; Boyd, C.C.; Rolston, N.; Xu, J.; Prasanna, R.; O’Regan, B.C.; McGehee, M.D. Mobile Ion Concentration Measurement

and Open-Access Band Diagram Simulation Platform for Halide Perovskite Solar Cells. Joule 2020, 4, 109–127. [CrossRef]
23. Liu, J.; Hu, M.; Dai, Z.; Que, W.; Padture, N.P.; Zhou, Y. Correlations between Electrochemical Ion Migration and Anomalous

Device Behaviors in Perovskite Solar Cells. ACS Energy Lett. 2021, 6, 1003–1014. [CrossRef]
24. Wang, S.; Jiang, Y.; Juarez-Perez, E.J.; Ono, L.K.; Qi, Y. Accelerated Degradation of Methylammonium Lead Iodide Perovskites

Induced by Exposure to Iodine Vapour. Nat. Energy 2016, 2, 16195. [CrossRef]
25. Zhu, Q.; Cox, D.E.; Fischer, J.E.; Kniaz, K.; McGhie, A.R.; Zhou, O. Intercalation of Solid C60 with Iodine. Nature 1992, 355,

712–714. [CrossRef]
26. Li, X.; Fu, S.; Liu, S.; Wu, Y.; Zhang, W.; Song, W.; Fang, J. Suppressing the Ions-Induced Degradation for Operationally Stable

Perovskite Solar Cells. Nano Energy 2019, 64, 103962. [CrossRef]
27. Kim, S.; Bae, S.; Lee, S.-W.; Cho, K.; Lee, K.D.; Kim, H.; Park, S.; Kwon, G.; Ahn, S.-W.; Lee, H.-M.; et al. Relationship between Ion

Migration and Interfacial Degradation of CH3NH3PbI3 Perovskite Solar Cells under Thermal Conditions. Sci. Rep. 2017, 7, 1200.
[CrossRef]

28. Wang, Y.; Wu, T.; Barbaud, J.; Kong, W.; Cui, D.; Chen, H.; Yang, X.; Han, L. Stabilizing Heterostructures of Soft Perovskite
Semiconductors. Science 2019, 365, 687–691. [CrossRef]

29. Yang, T.-Y.; Jeon, N.J.; Shin, H.-W.; Shin, S.S.; Kim, Y.Y.; Seo, J. Achieving Long-Term Operational Stability of Perovskite Solar
Cells with a Stabilized Efficiency Exceeding 20% after 1000 h. Adv. Sci. 2019, 6, 1900528. [CrossRef]

30. Li, D.; Dong, X.; Cheng, P.; Song, L.; Wu, Z.; Chen, Y.; Huang, W. Metal Halide Perovskite/Electrode Contacts in Charge-
Transporting-Layer-Free Devices. Adv. Sci. 2022, 9, 2203683. [CrossRef] [PubMed]

31. Kato, Y.; Ono, L.K.; Lee, M.V.; Wang, S.; Raga, S.R.; Qi, Y. Silver Iodide Formation in Methyl Ammonium Lead Iodide Perovskite
Solar Cells with Silver Top Electrodes. Adv. Mater. Interfaces 2015, 2, 1500195. [CrossRef]

32. Zhang, D.; Li, D.; Hu, Y.; Mei, A.; Han, H. Degradation Pathways in Perovskite Solar Cells and How to Meet International
Standards. Commun. Mater. 2022, 3, 58. [CrossRef]

33. Haeger, T.; Heiderhoff, R.; Riedl, T. Thermal Properties of Metal-Halide Perovskites. J. Mater. Chem. C Mater. 2020, 8, 14289–14311.
[CrossRef]

34. Bai, Q.; Yang, H.; Nan, C.; Wang, H.; Chen, Z. Analysis of the Electrochemical Reactions and Ions Migration for Crystalline Silicon
Solar Module under High System Voltage. Sol. Energy 2021, 225, 718–725. [CrossRef]

35. Wilson, M.; Savtchouk, A.; Edelman, P.; Marinskiy, D.; Lagowski, J. Drift Characteristics of Mobile Ions in SiNx Films and Solar
Cells. Sol. Energy Mater. Sol. Cells 2015, 142, 102–106. [CrossRef]

36. Xu, J.; Boyd, C.C.; Yu, Z.J.; Palmstrom, A.F.; Witter, D.J.; Larson, B.W.; France, R.M.; Werner, J.; Harvey, S.P.; Wolf, E.J.; et al.
Triple-Halide Wide–Band Gap Perovskites with Suppressed Phase Segregation for Efficient Tandems. Science 2020, 367, 1097–1104.
[CrossRef]

37. Saidaminov, M.I.; Kim, J.; Jain, A.; Quintero-Bermudez, R.; Tan, H.; Long, G.; Tan, F.; Johnston, A.; Zhao, Y.; Voznyy, O.; et al.
Suppression of Atomic Vacancies via Incorporation of Isovalent Small Ions to Increase the Stability of Halide Perovskite Solar
Cells in Ambient Air. Nat. Energy 2018, 3, 648–654. [CrossRef]

https://doi.org/10.1021/acsmacrolett.0c00232
https://doi.org/10.1186/s43593-022-00033-z
https://doi.org/10.1038/s41377-022-01010-4
https://doi.org/10.1038/s41566-019-0435-1
https://doi.org/10.1039/C8CS00853A
https://www.ncbi.nlm.nih.gov/pubmed/31187791
https://doi.org/10.1021/acsaem.0c00811
https://doi.org/10.1021/jz500370k
https://doi.org/10.1038/s41467-019-09047-7
https://www.ncbi.nlm.nih.gov/pubmed/30842434
https://doi.org/10.1039/C3CP54479F
https://www.ncbi.nlm.nih.gov/pubmed/24296525
https://doi.org/10.1039/C5EE01265A
https://doi.org/10.1016/j.trechm.2021.04.004
https://doi.org/10.1021/acs.jpcc.2c05882
https://doi.org/10.1016/j.joule.2019.10.003
https://doi.org/10.1021/acsenergylett.0c02662
https://doi.org/10.1038/nenergy.2016.195
https://doi.org/10.1038/355712a0
https://doi.org/10.1016/j.nanoen.2019.103962
https://doi.org/10.1038/s41598-017-00866-6
https://doi.org/10.1126/science.aax8018
https://doi.org/10.1002/advs.201900528
https://doi.org/10.1002/advs.202203683
https://www.ncbi.nlm.nih.gov/pubmed/36319474
https://doi.org/10.1002/admi.201500195
https://doi.org/10.1038/s43246-022-00281-z
https://doi.org/10.1039/D0TC03754K
https://doi.org/10.1016/j.solener.2021.07.050
https://doi.org/10.1016/j.solmat.2015.06.022
https://doi.org/10.1126/science.aaz5074
https://doi.org/10.1038/s41560-018-0192-2


Molecules 2023, 28, 5026 14 of 14

38. Maurel, A.; Armand, M.; Grugeon, S.; Fleutot, B.; Davoisne, C.; Tortajada, H.; Courty, M.; Panier, S.; Dupont, L. Poly(Ethylene
Oxide)−LiTFSI Solid Polymer Electrolyte Filaments for Fused Deposition Modeling Three-Dimensional Printing. J. Electrochem.
Soc. 2020, 167, 070536. [CrossRef]

39. Porcarelli, L.; Gerbaldi, C.; Bella, F.; Nair, J.R. Super Soft All-Ethylene Oxide Polymer Electrolyte for Safe All-Solid Lithium
Batteries. Sci. Rep. 2016, 6, 19892. [CrossRef]
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