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1
1.1

Introduction
The role of solar cells in the energy
transition

Climate emergency is happening before our eyes. The depth and intensity at which the planet Earth will be hit, and the severity of the threat
to humanity might to this day be unknown, but the forces behind it are
already set in motion. As stated in the latest IPCC report, “Global surface temperature will continue to increase until at least the mid-century
under all emissions scenarios considered 1 .” In 2015, in an unprecedented
international effort to address the climate crisis, the Paris agreements
brought together 191 states to agree on maintaining the temperature
rise to a maximum of 2 °C.
The IPCC report in 2020 unfortunately casts a shadow to this
prospect, as “global warming of 1.5 °C and 2 °C will be exceeded during the 21st century unless deep reductions in carbon dioxide (CO2 ) and
other greenhouse gas emissions occur in the coming decades 1 .” The urgency to reduce greenhouse gas emissions has thus never been so high.
To get a grasp of the challenge ahead of us, we can observe the annual
global CO2 emission per year, presented in Figure 1.1. This shows an
exponential increase in CO2 emissions since the mid-19th century, with
emission peaks exceeding 40 billion tons per year in 2018 and 2019.
The energy sector represents over 70 % of the global greenhouse gas
emissions 2 (see Figure 1.2). To reduce these greenhouse gases emissions,
a global shift in the energy sector is thus needed. This shift is called the
green energy transition, and it is defined by the IRENA (International
Renewable Energy Agency) as the “pathway toward transformation of
the global energy sector from fossil-based to zero-carbon by the second
half of this century” 3 .
An essential lever in that direction is the development and upscaling
of the renewable energy sector, to dramatically increase these energies’
share in the energy mix. Renewable energy sources such as solar, wind,
geothermal or biomass energy indeed differ from fossil fuels - oil, natural gas and coal - in that they are naturally replenished on a human
1
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Figure 1.1. Annual CO2 emissions worldwide, from 1850 to 2019. Reproduced from reference 2.

timescale. This allows for regular and prolonged use of energy, without compromising the availability of these energy resources for future
generations.
The PhotoVoltaic (PV) sector is specifically promising with its total
of 773 GW of installed capacity worldwide, of which 138 GW (18 %) were
installed in 2020 alone 4 . With solar PV becoming the lowest cost-option
for electricity generation in many parts of the world, policy support in
the form of public investment is growing, as well as private investments.
At its core, a solar cell is a device which transforms solar energy
into electrical energy. To do so, a solar cell consists of a photosensitive
“active” layer, necessary to absorb photons from the solar spectrum.
In semiconductors, these photons are absorbed and give rise to excitons,
which are pairs of electrons and holes. The electrons and holes must then
be transported through the active layer to their respective electrodes,
where the current can be extracted.
Nowadays, silicon PV represents the highest share within the PV sector. While this technology might be efficient and reliable, the maximum
theoretical efficiency limit of this technology has already been reached,

1.2
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Figure 1.2. Global greenhouse gas emissions by sector, showing the energy
sector as main contributor - data from 2016. Reproduced from reference 2.

and the silicon solar panels are not very flexible, making them unsuitable for proper integration in a variety of landscapes. The development of
new PV materials with higher efficiencies, lower costs and with desirable
properties such as material flexibility is a constant drive in research. In
recent years, a specific type of material has attracted a lot of attention,
namely the perovskite solar cells. With efficiencies rising dramatically in
just a decade, these materials hold high promises in the PV sector.

1.2

Perovskite solar cells

The term “perovskite” describes a crystallographic structure. It was first
used in 1839 by the German scientist Gustav Rose to name the mineral
CaTiO3 5 . Gustav Rose discovered this new mineral rock in the Oural
mountains in Russia, and the word itself is an homage to the Russian
mineralogist Lev von Perovski. In such a crystallographic structure, a
monovalent A-cation sits in the centre of corner-sharing octahedra composed of divalent B-cations and monovalent X-anions. With its high
bandgap of 3.8 eV 6 , the original perovskite CaTiO3 behaves as an insu-

4
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lating material.
The first use of a perovskite structure in a solar cell device was shown
by Miyasaka et al. in 2009 7 . There, the two studied perovskites were
MAPbI3 and MAPbBr3 , coining the name of “organometal” perovskite,
later labelled hybrid perovskites because of the mixed nature between the
organic A ion and the inorganic B and X ions. In these structures, the
inorganic framework consists of lead (Pb2+ ) as the divalent B-cation, and
a halide species (X− ) as the monovalent X-anion, leading to the general
term of lead halide perovskites (see Figure 1.3). The A-cation can either
be a methylammonium (MA+ ) molecule or a bulkier formadimium (FA+ )
molecule 8 in the case of hybrid lead halide perovskites, or a cesium (Cs+ )
cation 9 in the case of all-inorganic lead halide perovskites. Contrary
to the oxide perovskites, the bandgap of these lead halide perovskites
falls into the visible range, making them suitable for solar cell and LED
applications.

Figure 1.3. Perovskite ABX3 crystallographic structure, with A the monovalent cation shown in purple, B the divalent cation shown in green, and X the
monovalent anion in yellow. In lead halide perovskites, the B-cation is Pb2+
and the X-anion is a halide, either I− , Br− or Cl− .

From the initial demonstration in a solar cell device in 2009, lead
halide perovskite solar cells have shown an outstanding growth in Power
Conversion Efficiencies (PCEs) over the recent decade, a trend which
is unprecedented in the PV sector. The National Renewable Energy
Laboratory (NREL) chart, which collects the record efficiencies of all
PV devices, shows this dramatic increase (see Figure 1.4).
Part of the reason for the great success of lead halide perovskites
comes from their bandgap tunability, where a simple modification of
the halide species allows for a large variation in the bandgap energy:
for example, in the methylammonium-based lead halide perovskites, the

1.2
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Figure 1.4. NREL chart presenting the record efficiencies of each of the PV
technologies. The very rapid increase of the emerging PV sector over the last
decade is shown in red, where perovskites play a crucial role. Reproduced from
reference 10.

bandgap can span all the way from 1.6 eV for X = I to 2.9 eV for X = Br.
An illustration of this bandgap tunability in the field of LED devices is
shown in Figure 1.5.

Figure 1.5. Bandgap tunability of the MAPbX3 perovskites series. Reproduced from reference 11.

Lead halide perovskites also present the key benefit of facile preparation, as they can be made with a variety of deposition techniques, ranging
from wet chemistry (spin coating, drop casting, inkjet printing etc) to
physical deposition by thermal evaporation. Low cost, reproducibility
and large-scale homogeneity of the prepared perovskite layers are all key
factors to consider for mass scale production of this technology.

6
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Finally, a last key for the success of lead halide perovskites comes
from their defect insensitivity. As mentioned above, perovskite layers
can easily be prepared by a variety of fabrication methods. The resulting films often present high densities of structural defects, which could
potentially reduce the efficiency of the resulting devices. In lead halide
perovskites however, these defects have shallow energy levels 12 and thus
do not contribute to non-radiative recombination of the electrons and
holes. This defect insensitivity is essential to understand both the long
carrier diffusion lengths (above 1 µm) 13 and the high effective carrier mobilities (around 20 cm2 V−1 s−1 ) 14 in these materials. The nature of the
defects will be explored further in section 1.3.
Lead halide perovskite devices thus offer key benefits in terms of
bandgap tunability, facile preparation methods, and outstanding efficiencies. There is however a major challenge ahead: while silicon PV
panels last for more than 25 years, the lead halide perovskite devices are
comparatively very instable. If we want these devices to take their full
part within the solar technology portfolio to contribute to the increase
of carbon-neutral energy capacities, this instability issue should thus be
clearly addressed.

1.3

The issue of extrinsic instability...

The instability of lead halide perovskites is not surprising, considering the
low activation energy required in the reaction process from precursors to
perovskite, CH3 NH3 X(s) + PbX2 (s) → CH3 NH3 X3 (s). Using solution
calorimetry, Ivanov et al. found the standard enthalpies of formation
to be on the order of 5 kJ/mol, for the whole halide series, X = I, Br,
Cl 15 . Interestingly, the standard Gibbs free energy of CH3 NH3 X3 is negative, which is commonly interpreted as an indication for the stability of
the hybrid perovskite compared to its constituent halides. However, the
main stabilisation factor is found to be the entropic contribution, which
is larger than the small enthalpic contribution 15,16 . This situation makes
the intrinsic stability of the lead halide perovskites less straightforward
than the negative Gibbs free energy might initially suggest. Indeed, while
in most reactions, the enthalpic contribution is considered the thermodynamically driving factor for the degradation reaction, in some specific
cases, such as reactions involving gaseous phases, high temperatures or
dissociation processes, and especially when the enthalpic contribution is
low, the entropic factor can play a decisive role 16 . This is particularly

1.3
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relevant for lead halide perovskites, which have been observed to degrade
into the volatile gaseous phases of CH3 X and NH3 17 , and CH3 NH2 and
HX 18 . Thermal stress is thus one of the prominent environmental factors
affecting lead halide perovskites stability. Another source of degradation
for perovskites is humidity 19,20 , which can lead both to the formation
of hydrated phases of the perovskite crystal, and/or to the desorption
of the AX species, further degrading the perovskite layer into separate
phases of AX and PbX2 . Other environmental damaging factors include
oxygen exposure 21,22 and UV radiation 23,24 (see Figure 1.6).
While all of these environmental factors can lead to perovskite degradation, mitigation strategies have been developed: these include encapsulation strategies 25 but also passivation strategies in the bulk of the
perovskite, in the grain boundaries or at the interfaces with the transport layers 26 .

Figure 1.6. Schematic representation of different external factors affecting the
stability of lead halide perovskites. Reproduced from reference 27.

Contrary to the most commonly-used PV materials, which are based
on pure covalent bonding, the bond in lead halide perovskites also exhibits some ionicity 12 . Bearing in mind that ionic bonds are weaker in
nature than covalent bonds, this helps to rationalize both the soft structure of the lead halide perovskites 28,29 , and the low formation energies
for defects to occur in the lattice 12,30,31 . Some of the most common
defects include Schottky defects, which are point defects formed when
oppositely charged ions leave their lattice sites. Schottky defects occur
in stoichiometric units so as to keep the charge balance in the perovskite
lattice. In lead halide perovskites, these defects are associated with the
formation of methylammonium vacancies, lead vacancies and halide vacancies 32 . The high concentration of these defect vacancies within the

8
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perovskite lattice is an important contributing factor to ion migration
within the perovskite devices. On top of the extrinsic instability issues
mentioned above, ion migration thus poses a fundamental intrinsic instability challenge for perovskite solar cells.

1.4

... and intrinsic stability, a closer look
at ion migration

Ion migration is the process whereby an ion moves from its original position in the perovskite lattice to a new position within the perovskite
lattice. This process happens through a hopping mechanism and can
either be vacancy-mediated or interstitial-mediated. DFT calculations 33
show that the vacancy-mediated process has a lower activation energy,
making it the most probable process within the lead halide perovskites.
Schematic examples of vacancy-mediated ion migration of the halide ion,
lead ion and methylammonium ion are shown in Figure 1.7 and 1.8.
When calculating the respective migration energies of each of the individual ions MA+ , Pb2+ and I− in the case of MAPbI3 , Eames et al. find
values of 0.84 eV, 2.31 eV and 0.58 eV, respectively 33 . Based on these calculations, the most mobile species should therefore be the halide species,
while the lead ion is assumed to be the least mobile of the ionic species
within the perovskite lattice.

Figure 1.7. Schematic representation of ion migration of the iodide and lead
ionic species towards their respective vacancies in the perovskite crystal lattice.
Reproduced from reference 33.

Azpiroz et al. also use DFT simulations to calculate the migration
activation energies in MAPbI3 and MAPbBr3 . In line with the results
from Eames et al., they also find Ea (X− ) < Ea (MA+ ) < Ea (Pb2+ )
as the general trend, but the values are comparatively lower, with Ea

1.4
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Figure 1.8. Schematic representation of ion migration of the methylammonium ionic species towards the methylammonium vacancy site in the perovskite
crystal lattice. Reproduced from reference 33.

(X− ) < 0.1 eV for both the iodide and bromide ions 34 . Quantitatively,
the results from DFT calculations thus differ and depend on specifics of
the calculation model and computation arithmetic 35 , but qualitatively
they still provide very insightful trends, useful for comparison between
specific conditions. For example, Meggiolaro et al. find a lower formation
energy for the formation of ion vacancies at the surface rather than in
bulk 36 , while Haruyama et al. find that the substitution of MA+ by the
bulkier FA+ cation increases the migration energies for both the halide
ion and the A-cation 37 . DFT simulations screen systems on the order
of 100 atoms, for timescales in the range of picoseconds 38 . To model
larger systems and/or longer timescales, Molecular Dynamics (MD) simulations are more commonly adopted. Using classical MD, Balestra et al.
study ion diffusion from the halide species in the all-inorganic CsPbX3
perovskites, and are able to distinguish the influence of the vacancy concentration from the influence of the migration activation energies 39 . In
the methylammonium-based mixed-halide perovskites, Ruth et al. use
Monte Carlo simulations to show that halide migration is a vacancymediated process in these systems 40 . Modelling of ion migration in lead
halide perovskites thus offers a wealth of information in terms of defect
formation energies and ion migration energies, which together can help
rationalise some of the experimental findings.
Experimentally, there are two main avenues for the observation of
ion migration in lead halide perovskites. The first avenue consists of
the imaging and elemental characterisation techniques, which help visualise and characterise the ion migration processes 35,41 , for instance in
terms of the nature of the migrating ions and their localisation within
the perovskite layers. One of the clearest visualisation of the ion mi-

10
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gration process was achieved by Luo et al., who used a combination of
nano X-Ray Fluorescence (XRF) and spatially resolved PL and were
able to directly observe the migration of the bromide ion in a MAPbBr3
single crystal 42 (see Figure 1.9). Regarding the localisation of the mobile ions within the perovskites layer, Huang et al. used a combination
of Kelvin Probe Force Microscopy (KPFM) and conductive atomic microscopy, and suggested that the mobile ions could aggregate near the
device interfaces 43 . Yun et al. further used KPFM to show the enhancement of ion migration in the grain boundaries versus the bulk of
the grains, in both formadimium and methylammonium lead halide perovskites 44 . Using time-of-flight secondary-ion mass spectrometry, Zhang
et al. could also study the degradation of MAPbI3 and FAPbI3 and profile the spatial distributions of the elements throughout full device stacks.
They found that the iodide ion could transfer into the Hole Transport
Material (HTM) and even through it to the silver electrode, and that
degradation occurred faster in MAPbI3 compared to FAPbI3 45 .

Figure 1.9. Nano-XRF measurement of the changes in elemental distribution
in a CH3 NH3 PbBr3 single crystal under bias. Reproduced from reference 42.

Imaging and elemental techniques are thus critical to visualise the
ion migration process, in order to probe which ions are moving within
the devices and where they travel to. This set of techniques can also be
used to study specific parameters of interest (such as film preparation
conditions 46,47 , grain passivation effects 48 , etc.) and probe local variations within the perovskite layers, for instance bulk migration versus
grain boundary migration. They do, however, lack to a large extent the
quantification of the ion migration processes at hand, and are better at
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characterising the migration processes from the heavy halide or cesium
ions compared to the lighter organic cations such as MA+ and FA+ .

Figure 1.10. Quantification of the ion migration activation energy in MAPbI3
solar cells of various grain sizes, using temperature-dependent conductivity measurements. Reproduced from reference 49.

The second avenue of experimental techniques are temperature dependent transients measurements, such as conductivity and impedance
measurements 35,41 . In these techniques, a physical property related to
ion migration is measured at various temperatures. The characteristic timescales of the migration process are then recovered for each of
these temperature transients, and finally, the activation energy for ion
migration can be calculated by using the Arrhenius equation. Using
impedance measurements, Bag et al. could compare the ion migration
activation energy in pure MAPbI3 with that of the mixed cation system MAx FA1-x PbI3 , finding Ea (MAPbI3 ) < Ea (MAx FA1-x PbI3 ) 50 , while
Xing et al. used temperature-dependent conductivity measurements to
compare the migration activation energy in single crystals with those
found for polycrystalline perovskite films of various grain sizes. There,
they find an activation energy Ea for ion migration under dark conditions
of 1.05 eV in the single crystal, of 0.50 eV in the films with large grains,
and of 0.27 eV in the films with small grains (see Figure 1.10), i.e. a de-
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crease in activation energy for the films with smaller grains 49 . This set
of temperature-dependent transient techniques thus offers a key quantification benefit as they can be used to determine the migration activation
energy. They do, however, lack the possibility of distinguishing which
ionic species is migrating and thus often consider the range of possible
ionic migration processes as a single averaged process. Besides this key
issue of ion species discrimination, parameters other than the migration
energy alone might be key to describe and understand the ion migration
processes at play, such as the density of mobile ions or their diffusion
coefficient. To fill in these gaps, we find Transient Ion Drift (TID) to be
a suitable measurement technique to study the ion migration processes
in lead halide perovskites.

1.5

The transient ion drift technique

In this thesis, we make use of the TID technique to measure, quantify and
analyse the ion migration processes taking place in lead halide perovskite
solar cell devices.
TID relies on the application of a voltage bias to collapse the depletion
layer within the perovskite semiconductor. The ions then diffuse through
the device until they are homogeneously distributed. When releasing
the voltage pulse, the ions will drift towards the electrode following the
built-in electric field across the perovskite layer, changing the depletion
width 51 . Considering the perovskite cell as a parallel-plate capacitor, this
ion drift therefore leads to a change in the thickness of the dielectric layer
(the depleted part of the perovskite layer). The evolution of capacitance
over time thus results in a measurement of the ion dynamics. A more
detailed description is provided below.
In Figure 1.11, we see a simplified scheme of the different steps taking
place in the perovskite device during the TID measurement. In the
first step, shown in Figure 1.11a, the device is in steady-state conditions
and the ions are close to the electrodes of reverse polarity, where they
accumulate. We then apply a voltage pulse V0 to the device, which
redistributes the electrostatic field across the perovskite layer, changing
the bands, as illustrated in Figure 1.11b. In TID measurements, V0
is chosen close to the built-in voltage VBI of the device, such that the
perovskite layer is fully depleted after application of this bias. The ions
then start diffusing within the layer (Figure 1.11c-d) until they are fully
homogenised, and flat band conditions are reached (Figure 1.11e). At
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Ion Drift

Figure 1.11. Schematic illustration of the different steps taking place in the
perovskite layer of the solar cell device, after application of a voltage bias V0 ,
and successive release of this bias. After application of the voltage pulse, the
depletion layer in the device is fully collapsed and the mobile ions diffuse within
the perovskite layer, until they reach steady-state conditions. Then, the pulse
is released, and the ions drift back to their original position – this is the time
during which we record the ion drift dynamics with TID. Design inspired by M.
Futscher 51 .
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that point, we can say that the device has reached its new steady-state
conditions. We then release the voltage pulse V0 , which results in the
bands shifting by discharging of the capacitor (Figure 1.11f), and the ions
starting to drift (Figure 1.11g-h) until they reach their initial position,
accumulating at the electrodes (Figure 1.11a).

Figure 1.12. Measurement sequence of the TID technique. Design inspired
by M. Futscher.

The measurement sequence is shown in Figure 1.12: a voltage pulse
is first applied to the device, after which the capacitance of the sample
is recorded as a function of time. Capacitance is thus recorded from
the release of the voltage pulse, which we label t = 0 (shown in Figure
1.11f), to the moment when the device reaches its steady-state conditions (shown in Figure 1.11a.). Capacitance is measured by applying a
small perturbation voltage VAC ∼ 20 mV to the perovskite device and
measuring its impedance. The impedance signal is then converted to
capacitance assuming a simple circuit model 52 .
TID allows for the discrimination of ion migration from a cation or
an anion species. This can be determined by the sign of the capacitance
transients. Specifically, in the case of a p-type semiconductor, a decay in
capacitance transients signals anion migration and a rise in capacitance
transients signals cation migration - and vice-versa in the case of an ntype semiconductor 53 . We recently found that this determination hinges
on the assumptions made in the analysis (perovskite doping, only one
depletion layer, ion drift dominant over diffusion), which might not be
fulfilled in some devices. Three key parameters can be quantified with
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TID: the activation energy for ions to migrate, Ea , the ion diffusion
coefficient prefactor, D0 , and the mobile ion concentration, Nion . These
can be extracted using the following fitting procedure.
We first fit the capacitance transients to Equation 1.1, where C(t, T )
is the capacitance at time t and temperature T , C∞ (T ) is the steady-state
capacitance at temperature T , ∆Cn (T ) is the amplitude of the process
n in the transient at temperature T and τn is the lifetime of process n.
C(t, T ) = C∞ (T ) +

X

∆Cn (T ) exp



n

−t
τn



(1.1)

Specifically, C∞ (T ) is extracted from the measurements directly from
the steady-state capacitance, before the algorithm is allowed to find the
best values for ∆Cn (T ) and τn . As Equation 1.1 shows, the fit function
can be adapted to contain any number of exponential terms needed to
resolve the full dataset of capacitance transients, where each of these
exponential terms represents one specific ion migration process n, with
its own mobile ion concentration Nion (n) , diffusion coefficient D0 (n) and
migration activation energy Ea(n) .
Once we have extracted τn , it can be rewritten as a function of the activation energy Ea(n) and of the ion diffusion coefficient prefactor D0 (n) ,
following Equation 1.2:
−Ea(n)
kB T  0
τn = 2
exp
q ND D0 (n)
kB T




(1.2)

where kB is the Boltzmann constant,  is the perovskite permittivity,
0 is the vacuum permittivity, q is the elementary charge and ND is the
doping density. Using Equation 1.2, we thus retrieve both D0 (n) and
Ea(n) for each of the n processes.
Finally, the fitted ∆Cn (T ) parameters are used to determine the ion
concentration Nion (n) (T ) using Equation 1.3:
Nion (n) (T ) = 2 ND

∆Cn (T )
C∞ (T )

(1.3)

This fitting procedure thus allows for quantification of Nion (n) , D0 (n)
and Ea(n) , key parameters characterising the ion migration processes
taking place in the lead halide perovskite solar cells studied within this
thesis.
The following chapters illustrate the evolution of the fitting procedure
to the TID datasets obtained, from single temperature transient fitting
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(Chapter 2), to global transient fitting - i.e. fitting all temperature transients from a specific TID dataset in a “single” global step - (Chapters
3 and 4), and global transient fitting in combination with a genetic algorithm approach (Chapter 5). These different methods all rely on the
same set of equations, themselves based on the same assumptions, which
are detailed below.
To write the previous set of equations, several assumptions are necessary. We first assume that the electric field is mostly determined by
the doping density, and that the ions only pose a small perturbation, i.e.
that the depletion width is mostly governed by the electronic charge carriers, and only slightly affected by the migration of ions. We also assume
that the electric field after application of the voltage pulse varies linearly
within the perovskite bulk 54,55 , that the total ion density is conserved,
and that the diffusion is negligible against drift.
With this powerful technique, both able to distinguish anion migration from cation migration and capable of quantifying the relative contributions to ion migration - in terms of activation energy, diffusion coefficient and mobile ion density - we can explore a wide range of perovskite
materials and shed light on the underlying ion migration processes.

1.6

Outline of this thesis

The research question driving this thesis is the following: "How can we
reduce ion migration in lead halide perovskite solar cells?". We aim to
answer this question by studying a range of different factors which might
affect ion migration in these solar cells.
We first look at the effect of the perovskite composition, with two
study cases: first, comparing the ion migration processes in the purehalide systems of MAPbBr3 and MAPbI3 (Chapter 2); second, looking
at the effect of the halide ratio in the mixed-halide MAPb(Brx I1-x )3 perovskites (Chapter 3). We then explore the effect of crystallinity, by
studying the impact of the grain size on ion migration in MAPbBr3 solar
cells (Chapter 4). Finally, we also explore the effect of the dimensionality
of the perovskite, by adding a thin 2D perovskite layer on top of a 3D
perovskite and studying how this affects ion migration in these 2D/3D
heterostructures (Chapter 5).

2

The case of MAPbBr3 versus
MAPbI3
Suppression of methylammonium
migration and reduction of halide
migration

Solar cells based on metal halide perovskites often show excellent efficiency but poor stability. This degradation of perovskite devices has
been associated with the migration of mobile ions. MAPbBr3 perovskite
materials are significantly more stable under ambient conditions than
MAPbI3 perovskite materials. In this chapter, we use transient ion drift
to quantify the key characteristics of ion migration in MAPbBr3 perovskite solar cells. We then proceed to compare them with those of
MAPbI3 perovskite solar cells. We find that in MAPbBr3 , bromide migration is the main process at play and that contrary to the case of
MAPbI3 , there is no evidence for methylammonium migration. Quantitatively, we find a reduced activation energy, a reduced diffusion coefficient, and a reduced concentration for halide ions in MAPbBr3 compared
to MAPbI3 . Understanding this difference in mobile ion migration is a
crucial step in understanding the enhanced stability of MAPbBr3 versus
MAPbI3 .

This chapter is based on the following publication 56 :
Lucie McGovern, Moritz H. Futscher, Loreta A. Muscarella and Bruno
Ehrler, "Understanding the Stability of MAPbBr3 versus MAPbI3 : Suppression of Methylammonium Migration and Reduction of Halide Migration", Journal of Physical Chemistry Letters, vol. 11, no. 17, pp.
7127–7132, 2020.
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2.1

Introduction

Perovskite solar cells, with solution-based, cheap synthesis methods and
a rapid increase in power conversion efficiency, are a promising candidate
for future solar cells. Record efficiencies of 25.2 % and 29.2 % for singlejunction and perovskite/silicon tandem configurations 10 are already competitive with those of existing technologies. However, a major hurdle for
commercialization remains, the degradation of high-efficiency perovskite
materials under a range of environmental factors. Humidity 57–59 , illumination 60–63 , and thermal stress 63,64 have all been shown to degrade the
power conversion efficiency of the devices over time. Ion migration has
been identified as one of the main drivers for degradation 65 .
The stability of metal halide perovskites is composition-dependent.
For example, MAPbI3 is more sensitive to all of the environmental
factors mentioned above than MAPbBr3 66 . Some mechanisms have
been proposed to explain this stability enhancement. In terms of material degradation, decomposition studies link the enhanced stability
of MAPbBr3 to a predominance of the reversible decomposition reaction CH3 NH3 PbX3 (s)
CH3 NH2 (g) + HX(g) + PbX2 (s), compared
to the irreversible decomposition pathway CH3 NH3 PbX3 (s)
NH3 (g)
+ CH3 X(g) + PbX2 (s), in contrast to MAPbI3 that exhibits both
types of decomposition 67 . More recently, the decomposition reaction
4CH3 NH3 PbX3 + O2
4PbX2 + 2X2 + 2H2 O + 4CH3 NH2 has been
shown to slow upon substitution of iodide with bromide 68 .
In terms of ion migration, theoretical predictions for MAPbBr3 suggest that the stronger Pb–Br bond 69–72 could increase the halide ion
defect formation energy 73 and thereby suppress the degradation caused
by ion migration. Migration of the bulky MA+ ion might also be inhibited by steric hindrance, because the lattice constant of MAPbBr3
is smaller 74,75 , and/or by stronger hydrogen bonding to the surrounding Pb-Br6 octahedra. However, though ion migration is one of the
causes of degradation of perovskite devices 65 , many of its aspects remain
poorly understood. It is in fact unclear if the ion migration is reduced
in MAPbBr3 compared to MAPbI3 , and which aspect of the mobile ions
is affected.
Here we use transient ion drift (TID) to quantify the characteristics of
mobile ions in MAPbBr3 . We identify the nature of mobile ions and their
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activation energy, concentration, and diffusion coefficients and compare
them to the characteristics of mobile ions in MAPbI3 76 . We find that the
concentration of mobile bromide ions is on average 8 times lower than in
their iodide counterpart in MAPbI3 , and that the bromide ions diffuse
∼ 3 times slower, with an activation energy that is slightly lower than
that of the migration of iodide. Halide migration is therefore greatly
affected when tuning the halide composition. However, the halide composition does not affect solely the halide migration, as one might expect.
A striking difference between the iodide and bromide perovskites lies in
the methylammonium (MA+ ) migration. We measure a high density of
migrating MA+ ions in the iodide perovskite. In stark contrast, MA+
migration is inhibited in the bromide perovskite. This difference might
be one of the keys to their higher structural stability, because the A-site
cations have been shown to be critical for the structural properties of
perovskites 77,78 . We hence assign the higher stability of the MAPbBr3
perovskite in part to slower and fewer mobile halide ions, and in part to
the suppression of MA+ cation migration.
We use TID, a capacitance-based technique, to measure the mobile
ions in the perovskite diodes. While there are several techniques for measuring ion migration, TID allows for discrimination between anion and
cation migration and independently measures the number density (Nion )
and diffusion coefficient (D) of mobile ions. With temperature-dependent
measurements of the capacitance transients, TID further quantifies the
activation energy (Ea ) for ions that migrate. A more detailed discussion
of the technique can be found in reference [51].

2.2
2.2.1

Results and discussion
MAPbBr3 solar cell device configuration

We fabricate a full solar cell as the diode for capacitance measurements
and choose suitable contact layers such that the main contribution to
the ion drift comes from the perovskite layer. The architecture of the
solar cell is a planar p-i-n junction as shown in Figure 2.1a. For a direct
comparison with our reported results on MAPbI3 76 , we use the same
transport layers: NiOx as the hole transport layer and C60 and BCP as
electron transport layers. We also prepare the MAPbBr3 perovskite using
a similar antisolvent technique, modified slightly to yield films of similar
thickness and grain size. Figure 2.1b shows a top view scanning electron
microscopy (SEM) image of such a MAPbBr3 perovskite film formed on
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top of NiOx . The film features a good surface coverage and an apparent
grain size (as estimated by SEM morphology) between 200 and 500 nm,
comparable to the average 300 nm size of MAPbI3 perovskite grains from
our previous report. Cross-sectional SEM shows layers of (180 ± 20) nm
as shown in Figure 2.1c, also comparable to our MAPbI3 solar cells.
With MAPbBr3 , the device shows a power conversion efficiency of 2.7 %
(Figure 2.1d), a value close to that of previous work with this simple
architecture 79 (see Section 2.4.1). There is little hysteresis between the
forward and reverse scans.

Gold
BCP
C60

(a)

500 nm

(c)

MAPbBr3
NiOx
FTO

(b)

(d)

1 μm

Figure 2.1. Inverted MAPbBr3 device characteristics. (a) Solar cell architecture of the full device, with the MAPbBr3 film sandwiched between a hole
transport layer of NiOx and an electron transport layer of C60 and BCP. A
fluoride tin oxide (FTO) bottom electrode and a gold top electrode complete
the device, allowing for the extraction of the holes and electrons. (b) Top view
SEM image of the MAPbBr3 perovskite layer showing grains of 200 to 500 nm.
(c) SEM cross-sectional image of the MAPbBr3 perovskite layer on top of FTO
and NiOx . (d) Current–voltage characteristics measured in the dark and light,
with a scan speed of 10 mV s−1 .
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TID measurement shows bromide migration in
MAPbBr3

To measure the capacitance transients of the MAPbBr3 solar cell device,
we apply a voltage bias close to the built-in bias of the device (1.1 V)
for 1 s to redistribute the ions. After the bias is released, the ions move
back to the contacts and we record the resulting capacitance transients
(Figure 2.2a; see Section S2.4.2 for experimental details). The relative
capacitance change is presented in Figure 2.2b, with one transient every
10 K. We also repeat the whole measurement for a different filling voltage
(1.4 V), as is presented in Figure 2.5.

Figure 2.2. (a) Capacitance transient measurements of a MAPbBr3 solar cell
measured in the dark, with a DC voltage of 0 V and an AC voltage of 10 mV
at 104 Hz, after applying a pulse of 1.1 V for 1 s. (b) Relative difference in
capacitance ∆C = C(t) − C2.5 ms for the capacitance transients between 240 K
and 340 K, in steps of 10 K. (c) Arrhenius plot showing the activation energy
derived from this measurement.

The transients in panels a and b of Figure 2.2 show a small and rapid
exponential decrease on the order of 10 ms, followed by a flat baseline
when the system has reached its steady state. In TID of p-type semiconductors, we assign positive trends to the migration of cations and nega-
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tive trends to the migration of anions. Hall measurements 80 suggest the
p-type nature of MAPbBr3 . Additionally, both time-of-flight secondary
ion mass spectroscopy (ToF-SIMS) 81 and nanoprobe X-ray fluorescence
(Nano-XRF) 42 measure a time evolution of the spatial bromide concentration in MAPbBr3 single crystals. We thus assign the negative feature
present in the whole temperature range to bromide migration. As there
is no apparent positive feature in the capacitance transients, we conclude
that there is no or very little cation migration. If present at all, the mobile cation concentration must be below 1.5 × 1013 cm−3 , the sensitivity
threshold for this measurement (see Section 2.4.2). This is in contrast
with our previous results for MAPbI3 , for which we found a combination
of migration from the iodide (I− ) anion and the MA+ cation 76 , both
with significant concentrations of mobile ions, 1 × 1015 cm−3 for I− and
1 × 1016 cm−3 for MA+ .
Substituting bromide for iodide in the MAPbX3 (X = I or Br) framework thus leads to a significant suppression of MA+ migration. This
effect was already hypothesized as a consequence of the structural contraction of the MAPbBr3 framework 68 and/or the stronger hydrogen
bonding between the lead halide octahedra and the MA+ cation 68,82 .
With regard to this second hypothesis, we note that although it has
been evoked multiple times in the literature, the experimental data do
not match but instead show an equal strength of hydrogen bonds whether
using X = I, Br, or Cl in MAPbX3 83–85 . We therefore infer that the lattice contraction is the origin of the suppression of MA+ migration, an
assessment that matches the trend found in density functional theory
(DFT) modeling 34 . This means that the lattice unit cell size makes a
major contribution to the enhanced stability of these systems. This finding sheds light on the possible origin of the increased stability of complex
mixed-cation/mixed-halide perovskites compared to pure-halide materials, as well as the origin of the higher stability of compressed perovskites.
In the future, a systematic study of ion migration versus pressure could
determine the specific compression factor, i.e., the specific unit cell size,
necessary to suppress cation migration.

2.2.3

Quantification of bromide migration characteristics

To quantify bromide migration, we fit each capacitance transient to extract τ , the lifetime of the process (see Section 2.4.2). Determined over
many temperatures, the extracted lifetimes are used in an Arrhenius plot
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Activation energy
(eV)

Diffusion coefficient
at 300 K (cm2 s−1 )

Concentration of
mobile ions (cm−3 )

(0.25 ± 0.05)

(8.4 ± 3.9) × 10−10

(1.3 ± 0.7) × 1014

Table I. Characteristics of mobile ions in MAPbBr3 averaged from four individual measurements.

to obtain Ea and D, as shown in Figure 2.2c and Figure 2.5c. Using the
Equation for mobile ion density (see Equation 2.5 in Section 2.4.2), Nion
is also measured. The results are listed in Table I, averaging over two
different filling voltages each for two solar cells.

2.2.4

Comparing ion migration patterns in MAPbBr3 and
MAPbI3

To understand the increased stability of MAPbBr3 compared to that of
MAPbI3 , we compare changes in ion migration (Figure 2.3). We have
already presented the data for iodide migration in MAPbI3 in previous
work,(21) and it is reproduced here for comparison.
I-

Br -

I-

Br -

I-

Br -

Figure 2.3. Comparison of mobile ions in MAPbBr3 and MAPbI3 showing (a)
a reduced activation energy for bromide migration, (b) a reduced diffusion coefficient for bromide migration (at 300 K), and (c) a reduced density of bromide
mobile ions. Error bars are the standard deviations of the weighted means.

Our initial hypothesis was an increase in the activation energy for bromide migration in MAPbBr3 , due to lead forming a stronger bond with
bromide than iodide 69–72 . Our results indicate the reverse trend, with
an activation energy slightly decreasing from 0.29 eV for iodide migration to 0.25 eV for bromide migration. These values are close to experimental activation energies found by temperature-dependent hysteresis
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measurements 86 . We note that they differ, however, from DFT calculations by Lin et al. 73 , a difference that may arise from the approximation
their work uses, of a low-temperature phase with orthorhombic structure.
The decrease in activation energy can potentially be rationalized by the
smaller size of the bromide ion, possibly reducing the steric hindrance
during the transition state of migration for bromide. Meggiolaro et al. 36
decompose the activation energy into the migration energy barrier ∆ H °
and a DFE (defect formation energy) term, the latter accounting for the
energy required to form the defect undergoing the jump. Using their
finding that the lower limit for the DFE term to vanish is reached for
∼ 250 nm grains, we can neglect DFE in our study. What these results
serve to show is that the activation energy for ions to migrate is the result of an interplay of competing effects, in this case the steric hindrance
versus the bond strength. These numbers can further help us to understand the halide migration mechanism. In fact, molecular dynamics
(MD) modeling shows that in both MAPbI3 and MAPbBr3 , the lowest activation energy for halide migration is through a vacancy-mediated
hopping mechanism 86 . The activation energies we measure are similar to
the MD-simulated values, which helps us in elucidating the mechanism
for halide migration in MAPbBr3 . A vacancy-mediated hopping pathway
is likely dominating, as is the case in MAPbI3 33,37 .
We turn now to the comparison of the diffusion coefficients, which
can be expressed through the following Equation 51 :
D = D0 exp



−∆ G°
kB T



=

υ0 d2
∆ S°
−∆ H °
exp
exp
6
kB
kB T








(2.1)

where ∆ G° , ∆ H ° , and ∆ S ° are the changes in Gibbs free energy,
enthalpy, and entropy of activation, respectively, for a single ion migration step, kB is the Boltzmann constant, υ0 is the attempt-to-escape
frequency, and d is the jump distance. We choose to follow the usual
formalism that refers to the change in Gibbs free enthalpy as activation energy Ea . We measure a bromide diffusion coefficient at 300 K of
∼ 1 × 10−9 cm2 s−1 , 3 times less than that of iodide, at 3 × 10−9 cm2 s−1 .
Following Equation 2.1, if we combine a reduction in both the bromide
diffusion coefficient D(Br) and the bromide activation energy Ea (Br),
we find that either the attempt-to-escape frequency, υ0 (Br), the jump
distance, d(Br), or the entropy term, ∆S(Br), must decrease compared
to their iodide counterparts (υ0 (I), d(I), and ∆S(I)). The jump distance
d(Br) is probably shorter than d(I) due to the smaller lattice constant in
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the bromide perovskite, with [1.2 d(Br)]2 ' d(I)2 . However, this change
is counterbalanced by the increase in the attempt-to-escape frequency
υ0 (Br), with υ0 (Br) ' 1.5 υ0 (I), a value that we derive from the Raman
and FTIR blue-shifts when moving from iodide to bromide 83,84,87 . This
suggests that the entropy term decreases for bromide compared to iodide,
i.e., that ∆S ° (Br) < ∆S ° (I). Solution calorimetry measurements 15,16 for
the perovskite formation reaction show that the enthalpic and entropic
contributions are indeed of opposite directions for both MAPbI3 and
MAPbBr3 . Though of a different nature - the changes considered in
references [15] and [16] are about the entropy and enthalpy of reaction
and not the entropy and enthalpy of activation - these results underline
the importance of considering not only the enthalpic contribution but
also the entropic contribution in determining the ion migration diffusion
coefficient. Taken together, this means that even if the activation energy to migrate is lower for a bromide ion than for an iodide ion, the
reduced diffusion coefficient suggests a smaller entropic gain for bromide
migration, explaining the overall trend.
The third element that TID allows us to quantify is the concentration of mobile bromide ions. Here we measure an average concentration
of 1.3 × 1014 cm−3 , i.e. 8 times lower than the average concentration
of mobile iodide ions in MAPbI3 , at 1.1 × 1015 cm−3 . The lower density of mobile bromide ions will reduce any ion-induced degradation in
MAPbBr3 . This lower density probably results from an increase in the
energy to form bromide vacancies, which in turn decreases the number of
bromide vacancies and thus reduces the number of sites to which bromide
ions can migrate.
It is worth mentioning that the concentrations found in the literature still differ by many orders of magnitude, mainly due to the differences in the models used to interpret experimental data 88 (see Section
2.4.2). The results reported here are consistent with various experimental
studies 53,89–92 that show ion concentrations between 1014 and 1016 cm−3 .
Studies that report significantly higher ion concentrations typically assume a complete screening of the electric field in the perovskite 93 .
Comparing ion migration in MAPbBr3 and MAPbI3 thus results in
a smaller amount of slower mobile bromide ions, and a striking absence
of methylammonium migration. The reduction in mobile ion concentration for MA+ is on the order of at least 103 , and on the order of 10 for
X− . Taken together, these results suggest two independent mechanisms
for the formation of either methylammonium or halide vacancies, or a
combination of two independent mechanisms together with a joint mech-
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anism, such as the one proposed by Walsh et al. for Schottky defects: nil
→ V0 MA + V• X + MAX 32 . Inhibiting these defect formation reactions
is thus essential for enhancing the stability of the MAPbBr3 perovskite.

2.3

Conclusion

We use TID to provide a direct and reliable comparison of ion migration
between MAPbBr3 and MAPbI3 . Our finding is that the activation energy for bromide migration is reduced, contrary to simple bond strength
considerations. Despite the reduced activation energy, the diffusion of
halides is slower, presumably because of a lower entropic change for ion
migration. We note that previously the focus has often been on activation energy when studying ion migration. We show that in addition to
the activation energy, it is crucial to consider the entropy change during
migration to understand the diffusion of mobile ions. We also find 8 times
fewer halide ions migrating in MAPbBr3 than in MAPbI3 , probably a
consequence of the higher vacancy formation energy. Finally, we show
that bromide substitution inhibits MA+ migration, due to lattice contraction. This suppression of A-cation migration enhances the structural
stability of pure-halide perovskites and could be further used as a tool
for stabilization of more complex and efficient mixed-cation mixed-halide
perovskites.
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Appendix
Solar cell fabrication and performance

Device fabrication The device fabrication closely follows the one we
have established for MAPbI3 devices in reference [76]. Laser patterned
fluoride tin oxide (FTO) glass substrates were cleaned by ultra-sonication
for 20 minutes subsequently in detergent, deionized water, acetone, and
isopropanol, followed by UV ozone treatment for 15 minutes. Nickel
oxide (NiOx ) precursor solution (0.3 M nickel(II) acetylacetonate (Sigma
Aldrich) in ethanol) filtered with PTFE 0.45 µm was spun on the cleaned
FTO glass at 4000 rpm for 15 seconds, dried at 150 °C for 1 minute and
then annealed with a slow heating rate of 3 °C/min until a temperature
of 350 °C was reached. The samples were then left at 350 °C for 1 h.
The MAPbBr3 perovskite precursor solution was prepared by dissolving 1.1 M of methylammonium bromide (MABr, TCI) and lead(II)
bromide (PbBr2 , Sigma Aldrich) with 1:1 molar ratio into a 4:1 DMF
(anhydrous, Aldrich):DMSO (anhydrous, Aldrich) solvent mix. The dissolution took place overnight on a hot plate at 60 °C. After having cooled,
100 µL of the MAPbBr3 precursor solution was spun onto the NiOx coated substrates at 6000 rpm for 30 seconds in a nitrogen-filled glove
box. 15 seconds after the beginning of the rotation, 100 µL of chlorobenzene anti-solvent (anhydrous, Aldrich) was quickly dropped onto the
substrate. After the MAPbBr3 spinning process, the substrates were
annealed at 100 °C for 1 h. Following this, 30 nm of C60 (0.2 Å s−1 rate),
8 nm of bathocuproine (0.2 Å s−1 rate) and 120 nm of gold (0.1 Å s−1 for
the first 10 nm, then 1.0 Å s−1 for the remaining 110 nm) were deposited
on top of the MAPbBr3 layer by thermal sublimation at pressures below
8 × 10−6 mbar.
Imaging of device The SEM images were taken with a FEI Verios
460 scanning electron microscope in the secondary electron mode. An
acceleration voltage of 10 kV and a working distance of 4 mm were used
and field immersion mode was applied for an optimized resolution. To
obtain the cross-section of the device, the sample was cleaved in the
center.
Solar cell performance The measured VOC of 1.1 V (Figure 2.1d)
is much lower than the 2.3 V perovskite bandgap 94 , an effect which is
commonly attributed to the mismatch between the energy levels of the
MAPbBr3 perovskite and the transport layers surrounding it. Indeed,
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the valence band minimum of MAPbBr3 (5.9 eV) 94 and the work function of the NiOx HTL (5.2 eV) 95 have an energy difference of ' 0.7 eV,
while the conduction band maximum of MAPbBr3 (3.6 eV) 94 and the
work function of the C60 ETL (3.9 eV) 96 have an energy difference of
' 0.3 eV, amounting to a total loss of ' 1.0 eV. To counteract this
discrepancy, some groups have put efforts in the modification and engineering of interfaces leading to promising VOC s above 1.6 eV 79 . Such
interfaces are an important pathway towards optimized devices but here
they would prevent a direct one-to-one comparison with our previously
reported MAPbI3 solar cell.

2.4.2

Capacitance measurements

General considerations To avoid air exposure, the sample was
loaded into a Janis VPF-100 liquid nitrogen cryostat inside a nitrogenfilled glovebox. Current-voltage, impedance spectroscopy, capacitancevoltage, and transient ion-drift measurements were performed at a pressure below 2 × 10−6 mbar, in the dark, using a commercially available
DLTS system from Semetrol. To ensure thermal equilibrium, the temperature of the sample was held constant for at least 30 minutes before current-voltage, impedance spectroscopy, and capacitance-voltage
measurements. The capacitance was modelled by a capacitor in parallel with a conductance. Capacitance transient measurements were performed from 240 K to 340 K in steps of 2 K with a temperature accuracy
of 0.2 K. The sample was held at 240 K for 30 minutes before starting
the transient ion-drift measurement.
Impedance and Mott-Schottky analysis To perform the TID
measurement, we need to properly select the frequency of the AC voltage used to measure capacitance. To do so, we measure the impedance
spectrum of our device. As seen in Figure 2.4a, the impedance shows
three different regimes: at high frequencies (in this case above 105 Hz)
the capacitance is limited by the series resistance of the device. At intermediate frequencies (in Figure 2.4a between 102 Hz and 104 Hz for the
capacitance taken at 240 K) lies a plateau where the capacitance is determined by the depletion capacitance, here approximated to a parallel
plate capacitor. The discontinuities stem from changes in the resistor
over which the capacitance is measured. At low frequencies (in Figure
2.4a below 102 Hz for the 240 K capacitance) an additional component
arises, and the measured capacitance increases in a fashion that is dependent on the temperature, a phenomenon linked to ion accumulation
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at the interfaces 54,55,89,91,97 . To perform our TID measurement, we thus
choose a frequency of 104 Hz, in the intermediate frequency regime, where
the measured capacitance is influenced neither by ion accumulation nor
series resistance.
When measuring TID, we apply a voltage bias to collapse the depletion layer in the perovskite. In order to fully collapse the depletion layer,
this voltage bias should be close to the built-in voltage VBI . We determine VBI through Mott-Schottky analysis using the following Equation,
where A is the area of the capacitor.
s

∆C = A

q 0  ND
2 (VBI − V )

(2.2)

In a Mott-Schottky plot, the inverse squared of the capacitance is
plotted against voltage. The linear regime of the curve is fitted, then
VBI is the intercept of this fit with the x-axis. Figure 2.4b shows a VBI
of 1.3 eV for this solar cell architecture. We thus apply voltage pulses
of 1.1 V and 1.4 V in our subsequent TID measurements. Two other parameters can be extracted from a Mott-Schottky plot: the density of
electronic doping ND , and the perovskite permittivity . Similar to our
TID assumption, we assume again that the mobile ion density is smaller
than the electronic doping density, such that the ions only pose a small
perturbation. Within this framework, the electronic doping density ND
evolves with the applied voltage and is thus determined by the slope of
the Mott-Schottky curve. On the contrary, at full depletion the perovskite permittivity  does not evolve with the applied voltage, and is
thus extracted from the capacitance value in the plateau regime, in our
case at 0 V. The results for ND and  are given in the inset of Figure 2.4b. These values are used for solving Equation 2.4 and Equation
2.5. We note that this Mott-Schottky analysis assumes the validity of
the depletion approximation for the perovskite solar cells measured 98 .
Indeed two slopes appear in the Mott-Schottky plot, one related to the
depletion capacitance, the second to the chemical capacitance, due to
charge-carrier injection at high forward biases. By considering only the
slope at intermediate forward bias, we make sure we measure the depletion capacitance.
Transient ion drift Three key parameters can be quantified by TID:
the activation energy for ions to migrate, Ea , the ion diffusion coefficient
prefactor, D0 , and the mobile ion concentration, Nion .
These can be extracted using the following set of equations, where
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Figure 2.4. (a) Impedance spectroscopy measured in the dark at 0 V with
an AC perturbation of 10 mV, (b) Mott-Schottky characteristics measured at
300 K in the dark with an AC perturbation of 10 mV at 104 Hz.

C(∞) is the capacitance at steady-state, C0 is the initial capacitance at
time t = 0 after releasing the voltage pulse, ∆C is the magnitude of the
transient, 0 is the vacuum permittivity,  is the perovskite permittivity,
q is the electric charge, and ND is the electronic doping density. The
assumptions of the model are detailed in Chapter 1.
−t
C(t) = C(∞) ± ∆C exp
τ


τ=

kB T 0 
Ea
exp
2
q D0 ND
kB T


∆C = C(∞) − C0 = C(∞)





Nion
2 ND

(2.3)
(2.4)
(2.5)

The fitting procedure goes as follows. To obtain the time constants
for ion migration, each capacitance transient is fitted individually with a
function containing between one and four exponential decay components.
Within our chosen confidence level (p value > 0.05), most capacitance
transients are fitted with a mono-exponential decay. These are shown in
red in Figure 2.2 and in Figure 2.5. The obtained values for Ea , D0 , and
Nion and their error bars are presented in Table I and Figure 2.3. The
errors are calculated using the standard deviation of four measurements,
each weighed by the error on its fit.
We note that the values presented in Table I in Section 2.2.3 are
calculated under the assumption that the perovskite permittivity is
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temperature-independent in the range considered, using the value
found at 300 K. We also note that our values for the perovskite
permittivity follow a similar trend to previous works 99–103 , with an
almost constant value from 240 K to 300 K as apparent from the
almost constant capacitance at long times, see Figure 2.5. This assumption might, however, break for temperatures above 300 K. If we
assume instead a temperature-dependent perovskite permittivity calculated from the steady-state capacitance, we find only small changes
in the extracted values, where the activation energy changes from
(0.25 ± 0.05) eV to (0.26 ± 0.10) eV, and the diffusion coefficient from
(8.4 ± 3.9) × 10−10 cm2 s−1 to (8.7 ± 4.2) × 10−10 cm2 s−1 .
We use Equation 2.5 to estimate the minimum sensitivity threshold to
∆C
detect a migrating species, with Nion (min) = C(∞)
×2ND ' 3.7×10−4 ×
2ND cm−3 . Below this value – i.e. in this study below 1.5 × 1013 cm−3
- we are unable to detect a mobile ionic species. We would further not
be able to detect an ionic species with a positive charge if it had a very
similar activation energy and diffusion constant as the negative feature.
The combination of these factors is highly unlikely, and we thus conclude
that there is probably no mobile positively charged ion with a density
above 1.5 × 1013 cm−3 .
While fitting the data, we notice a discontinuity in the very first points
measured, before the expected exponential decay arises. We hypothesize
this effect to be due to a circuit overload in the first milliseconds. In
our subsequent fitting procedure, we thus use the data from time 2.5 ms
(point number 7 of the measurement) to time 1 s (point number 2042).
For a few filling voltages, the high-temperature fits do not match the
Arrhenius trend. These fitted values are shown in blue in Figure 2.5.
The component is slow (50 ms < τ < 200 ms) and of low amplitude
such that we are not able to assign an activation energy to this process.
Because these arise only at high temperatures, and mostly at higher
filling voltages, we hypothesize a reversible interfacial effect between the
perovskite layer and the contact layers.
Capacitance transients and Arrhenius plot for a filling
voltage of 1.4 V In Figure 2.5 below, we show the capacitance transients and the Arrhenius plot for a MAPbBr3 solar cell measured after
applying a filling bias of 1.4 V for 1 s (as opposed to 1.1 V in Figure
2.2). From the Arrhenius plot, we extract the activation energy for the
migration step Ea = 0.220 ± 0.05 eV, and find that this value is equivalent to the one obtained when applying the 1.1 V filling bias, where
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Ea = 0.222 ± 0.04 eV.

Figure 2.5. (a) Capacitance transient measurements of a MAPbBr3 solar cell
measured in the dark, with a DC voltage of 0 V and an AC voltage of 10 mV
at 104 Hz, after applying a pulse of 1.4 V for 1 s. (b) Relative difference in
capacitance ∆C = C(t) − C2.5 ms for the capacitance transients between 240 K
and 300 K. (c) Arrhenius plot showing the activation energy derived from this
measurement, in red. In blue are the high-energy temperature points that we
associate to a reversible interfacial effect between the perovskite and the contact
layers.
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A mix of halides
Reduced barrier for ion migration in
mixed MAPb(Brx I1−x )3 perovskites

Halide alloying in metal halide perovskites is a useful tool for optoelectronic applications requiring a specific bandgap. However, mixed-halide
perovskites show ion migration in the perovskite layer, leading to phase
segregation and reducing the long-term stability of the devices. Here, we
study the ion migration process in methylammonium-based mixed-halide
perovskites with varying ratios of bromide to iodide. We find that the
mixed-halide perovskites show two separate halide migration processes,
in contrast to pure-phase perovskites which only show a unique halide
migration component. Compared to pure-halide perovskites, these processes have lower activation energy, facilitating ion migration in mixed
versus pure-phase perovskites, and have a higher density of mobile ions.
Under illumination, we find that the concentration of mobile halide ions is
further increased and notice the emergence of a migration process involving methylammonium cations. Quantifying the ion migration processes
in mixed-halide perovskites shines light on the key parameters allowing the design of bandgap-tunable perovskite solar cells with long-term
stability.

This chapter is based on the following publication 104 :
Lucie McGovern, Gianluca Grimaldi, Moritz H. Futscher, Eline M. Hutter, Loreta A. Muscarella, Moritz C. Schmidt, Bruno Ehrler, "Reduced
Barrier for Ion Migration in Mixed-Halide Perovskites", ACS Applied
Energy Materials, vol. 4, no. 12, pp. 13431–13437, 2021.
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Introduction

Perovskite solar cell efficiencies have increased rapidly in the past decade
and now reach an impressive 25.5 % power conversion efficiency in singlejunction cells, closely matching up with the 26.7 % record for silicon solar
cells 10 . On top of these high efficiencies, another key advantage with
perovskites lies in the bandgap tunability of the material, easily achievable through mixing of the A, B, and X elements composing the ABX3
perovskite structure 11 . For example, halide alloying has been shown
to allow for a large variation in the bandgap, from 1.6 eV to 3.2 eV in
methylammonium-based MAPbXn Y3-n perovskites - with (X,Y) consisting of either I, Br, or Cl. The main factor impeding large-scale commercialization of perovskite devices remains the issue of their stability
in time, with only a handful of perovskite devices showing the necessary
stability under accelerated lifetime conditions. In that regard, the more
intrinsically stable the perovskite layer, the easier it will be to stabilize
the full devices.
For mixed-halide systems, the instability is commonly observed
through the photoinduced phase segregation process, in which light induces de-mixing of the perovskite composition, leading to the formation
of iodide-rich and bromide-rich phases within the film 105 . Photoinduced
phase segregation relies on the migration of the halide species through
the perovskite film, linking it to the larger topic of ion migration in
perovskite solar cells. At its core, ion migration is a process by which
ions from the lead halide APbX3 structure become mobile and hop
through the perovskite lattice. This leads to long-term stability issues,
as the process might not be fully reversible 106–108 . Combining bandgap
tunability with long-term stability is crucial for the further development
of perovskite devices. To this end, a better understanding of the ion migration process in mixed-halide systems is needed, to determine specific
parameters of influence that can aid to mitigate or suppress this feature
altogether.
During illumination, the observation of halide ion migration is easily accessible through monitoring of the photoinduced phase segregation,
using UV/visible absorption, PL emission spectroscopy and/or transient
absorption spectroscopy 69,109–115 . In the absence of segregation however,
which is the case when the cells are in the dark or when the mixing ratio
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of bromide to iodide falls below the 0.2 threshold 105 , we need other tools
to characterize the ion migration processes at play. So far there have only
been a limited number of studies focussing on these regimes, using AC
impedance spectroscopy or DC polarisation measurements 116,117 . While
these works shed light on ion migration in mixed-halide perovskites, the
full picture remains elusive, specifically whether the trends observed stem
from iodide or bromide migration, and how to attribute the relative contributions to the ion migration process, in terms of migration activation
energy, ion diffusion coefficient and concentration of mobile ions.
Transient Ion Drift (TID) can be used for ion migration measurements
in dark as well as in light conditions, and provides a detailed description
of the process, revealing the nature of the mobile ion (whether anion
or cation), and allowing for the quantification of the activation energy
Ea , diffusion coefficient Dion and concentration Nion of mobile ions 51,118 .
With this work, we aim to answer the following questions: i) how does
the mixing ratio of bromide to iodide change the ion migration process for
the perovskite devices; ii) how does light affect this ion migration process.
To answer these questions, we prepare perovskite solar cells with varying
ratios of bromide to iodide, measure the TID capacitance transients in
these devices, and finally fit these transients in order to extract the ion
migration characteristics Ea , Dion and Nion of the various mixed-halide
perovskite compositions.

3.2
3.2.1

Results and discussion
Mixed-halide solar cell fabrication

In order to study the effect of bromide to iodide ratio on the ion
migration process, we prepare solar cell devices with the composition
MAPb(Brx I1-x )3 , and vary the x ratios (x = 0.1, 0.2, 0.5 and 0.7) following a synthesis described in Section 3.4.1. For reliable comparison with
our previously-published pure halide devices 56,76 , we use the same device structure (see Figure 3.1a). To characterize these devices, the dark
IV curves are presented in Figure 3.1b. These curves show a hysteretic
behaviour for most of the solar cells considered, an effect typically associated with the formation of interfacial charges between the perovskite
and the transport materials 89 . The main requirement for successful TID
characterisation is a low series resistance, so that the measured signal can
be related to the capacitance of the perovskite when a small AC voltage
is applied. The series resistance is determined by fitting the Nyquist
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plots (see Section 3.4.2) and is found to be below 20 Ω cm2 throughout
the bromide to iodide ratios used in this study. The dark IV curves presented here are consistent with those found in the literature for devices
with similar perovskite and transport materials 29 .

(a)

Gold

(b)

BCP
C60
MAPb(BrxI1-x)3
NiOx
FTO

Figure 3.1. a P-i-n device architecture of the MAPb(Brx I1-x )3 perovskite solar
cells, using x = 0.1, 0.2, 0.5 and 0.7, and their corresponding (b) dark-IV curves
measured with a scan speed of 10 mV s−1 , presented on a semi-log scale.

3.2.2

Capacitance measurements of the mixed-halide
solar cells

TID is an electronic spectroscopy technique aimed at characterising ion
migration processes in semiconductor devices 51,118 . We measure the capacitance transients of the MAPb(Brx I1-x )3 perovskite solar cells at different temperatures after applying a voltage pulse of 1.5 V for 2 s (see
Section 3.4.2). We note that we choose the 1.5 V voltage pulse such that
it is both high enough to detect the ion dynamics with TID (see the
comparison with TID after application of voltage biases of 1 V or 1.25 V
in Section 3.4.2) while remaining below the threshold for electricallyinduced phase segregation 119,120 . The results are plotted in Figure 3.2
as the relative difference in capacitance, i.e. ∆C = C(t) − C0 , with C(t)
the capacitance as a function of time and C0 the capacitance at time
t = 0. These transients already provide a qualitative picture of ion migration in these mixed-halide perovskite systems. In dark, we find that
the capacitance decays for all the halide ratios considered. In p-type perovskites, negative capacitance transients are associated with migration
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from an anion species. Since the only negatively charged species in ABX3
is the X- halide ion, this signals migration of a halide species. This assignment is similar to what we have previously found in both pure-halide
perovskites, MAPbI3 and MAPbBr3 56,76 . Note that the doping of the
perovskite layer is a matter of active debate (assigned to n-type 121 , ptype 122 and intrinsic 123 ). The observed feature could thus correspond to
halide migration, but other assignments remain possible (cation or halide
vacancy migration in an n-type material, cation vacancy migration in
p-type material). The negative feature observed here shares many properties with halide migration observed directly 42,49 , and we hence assign
it to halide migration for the remainder of the discussion. For x = 0.1,
there is a small positive signal visible for the highest temperatures, at
315 K and 330 K, but this positive trend remains very small compared
to the main negative trend observed. We additionally measure the capacitance transients under illumination for x = 0.1 and 0.2. The devices
with x = 0.5 and 0.7 could not be measured during illumination, because
the light-induced phase segregation would change the sample in a nonreversible way during the capacitance measurements. The results under
illumination show a different picture than those in the dark, where on top
of the negative transient present at all temperatures, a new positive trend
becomes clearly visible after 100 to 200 milliseconds, for the whole temperature range considered. Since we are considering p-type perovskites,
we attribute this positive trend to cation migration. As lead migration is
energetically unfavourable 33 , we assign the feature to methylammonium
cation migration. Finally, we also observe a general growth in the magnitude of the negative capacitance transients compared to dark conditions.
Under light conditions, the relative capacitance difference is highest for
x = 0.2, with ∆C = −10 nF cm−2 .

3.2.3

Quantification of ion migration characteristics

To obtain a more quantitative picture of the ion migration process, we
fit the TID capacitance transients to the following Equation:


C(t, T ) = C∞ (T ) +

X
n

∆Cn (T ) exp 



−t
pf it(n) T exp

E

a(n)



(3.1)

kB T

where C(t, T ) is the capacitance as a function of time and temperature, C∞ (T ) is the steady-state value of the capacitance at a certain
temperature T , ∆Cn (T ) is the capacitance magnitude at temperature
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x = 0.1

3.2

x = 0.5

x = 0.2

x = 0.7

Temperature

330 K

(a)

(b)

(e)

(f)

(c)

(d)

Figure 3.2. Relative difference in capacitance transients ∆C = C(t) − C0 of
the MAPb(Brx I1-x )3 solar cells, measured with an AC voltage of 20 mV, after
applying a voltage pulse of 1.5 V for 2 seconds, under dark conditions, for (a)
x = 0.1, (b) x = 0.2, (c) x = 0.5 and (d) x = 0.7, and during illumination, for
(e) x = 0.1, (f) x = 0.2. The transients shown here are taken at temperatures
of 210 K, 225 K, 240 K, 255 K, 270 K, 285 K, 300 K, 315 K and 330 K. Light
conditions correspond to a 405 nm CW laser shining directly on the considered
pixel, with a power density of 1.59 W cm−2 .

T of the process n, pf it(n) is a fitted parameter for process n that depends on the diffusion coefficient, and Ea(n) is the activation energy of
the process n. Every migration pathway would correspond to an individual exponential decay, and for the mixed-halide perovskites we can
fit the data with two or three decay traces, respectively under dark and
illumination conditions.
The fit is obtained by using a global fit algorithm as described in Section 3.4.3. The values obtained for the ion migration activation energy,
ion diffusion coefficient and density of mobile ions are shown in Figure 3.3.
For comparison, we add the values for MAPbI3 and MAPbBr3 , reproduced from references [56, 76]. When fitting the capacitive transients, we
find that we need 2 exponential contributions to correctly fit the negative
peak, whether in dark or in light, and across the full composition range
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from x = 0.1 to x = 0.7. This means that for methylammonium-based
mixed-halide perovskites, there are 2 halide migration processes at play,
either from the iodide and the bromide species, or from the combination
of a grain boundary process with a bulk process, similar to what we have
previously observed for MAPbBr3 cells with varying grain size 124 . This
is in stark contrast with the single halide migration process happening
in the pure-phase halide perovskites. The small positive peak present in
dark for x = 0.1 is too low to be fitted, suggesting that the concentration
of mobile methylammonium ions in this case is below 1014 cm−3 (considering the hypothesis of a high doping density of 1017 cm−3 , see Sections
3.4.2 and 3.4.3). To fit the capacitance transients taken under illumination, 3 exponential contributions are used, where 2 are assigned to the
negative halide peak, and 1 to the positive methylammonium peak.
Ion migration under dark conditions Looking at Figure 3.3a, we
notice that both activation energies from the halide migration process are
decreased in mixed-halide compositions compared to the single ion migration activation energies from the pure-halide compositions. Specifically,
for the first process contributing to halide migration - with highest activation energy, labelled Halide (1) in Figure 3.3 - the activation energy
is most decreased in the low-bromide regime, with Ea = 157 ± 3 meV
for x = 0.1 and Ea = 98 ± 7 meV for x = 0.2, then increases to
Ea = 289 ± 10 meV for x = 0.5 and Ea = 217 ± 11 meV for x = 0.7.
The trend is similar for the second process contributing to halide migration - with lower activation energy, labelled Halide (2) in Figure 3.3
- with a maximal value of Ea = 139 ± 14 meV for x = 0.5. GarcíaRodríguez et al. 116 show an increase in the activation energy with higher
bromide concentration, in their case using bromide concentrations below
10 %. Here, we find that halide migration has a lower activation energy
in mixed devices for bromide contents of 10, 20, 50 and 70 %.
Figure 3.3b shows the halide diffusion coefficients in the dark. The
diffusion coefficient of both contributions is constant for different bromide
concentrations. The diffusion coefficient of Halide (1) is on the order of
10−9 to 10−10 cm2 s−1 , similar - within the error bar - to the iodide and
bromide diffusion coefficients in MAPbI3 and MAPbBr3 . Halide (2) on
the other hand is slower, on the order of 10−11 cm2 s−1 . Halide migration
is thus equally fast in all the mixed devices.
Figure 3.3c shows the density of mobile halide ions. The Halide (2)
peak has a relatively constant and similar concentration to the bromide
and iodide mobile ion densities found in the pure-phase perovskites. The
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Halide (1)

Halide (2)
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Halide (2)
(b)

(d)

(e)

3.2
Halide (1)

Halide (2)
(c)

(f)
Halide (A)

Halide (A)
Halide (A)

Halide (B)

Halide (B)
Methylammonium

Halide (B)
Methylammonium

Methylammonium

Figure 3.3. Comparison of the characteristics of ion migration as a function
of the bromide to iodide ratio. Halide ion migration characteristics in dark,
with (a) ion migration activation energies, (b) halide ion diffusion coefficients
at 300 K, and (c) concentration of mobile halide ions, represented as a fraction
of the doping density. The two migration processes Halide (1) and Halide (2) are
shown in blue and pink, respectively. The arrows in (a) represent the point of
phase transition, the lines in (b) and (c) are a guide to the eye representing the
weighted averages for diffusion coefficient and mobile ion concentration. The
halide and methylammonium ion migration characteristics in light are respectively shown in dark and light orange - Halide (A) and Halide (B) - and in red,
with (d) ion migration activation energies, (e) halide and methylammonium ion
diffusion coefficients at 300 K, and (f) concentration of mobile ions. Error bars
represent the standard deviation of the fit parameters from several fits giving
lowest chi-square values (see Section 3.4.3). The values for x = 0 and x = 1 are
reproduced from references [56, 76].

peak for Halide (1) on the other hand shows a clear increase in the
concentration of migrating halide ions compared to the pure-phase cases,
with up to 10 % of the doping density for the devices with 10 % and
20 % bromide concentrations. There is thus more halide migration in the
mixed devices.
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Figure 3.4. Schematic picture of the ion migration process in the pure-halide
perovskites compared to the mixed-halide perovskites. The lattice mismatch
between the bromide and iodide perovskite lattices in the mixed-halide case
leads to a decreased activation energy for the migration step. The number of
vacancies is also higher for the mixed-halide case, thereby increasing the density
of mobile halide ions in the mixed-halide perovskites.

Illustrative scheme One possible scheme to rationalise these observations is to consider the two processes separately. Halide (1) shows a
high density of ions which presumably arises from an increased density of
vacancies when moving from pure-halide to mixed-halide compositions.
The difference in solubility of iodide and bromide species has indeed been
suggested to result in heterogeneous nucleation during thin-film deposition 125 and has led to the observation of lower crystallinity in the mixed
films 126 , which could in turn lead to an increase in the density of halide
vacancies. The Halide (1) process would thus become more prominent
for mixed-halides due to the higher number of vacancies. This is in line
with the finding that the fraction of halide vacancies enables and controls
the rate of phase segregation 40,110 . Overall, the Halide (1) process shares
many features with the halide migration in pure-halide perovskites. It
has a similar diffusion coefficient and a slightly reduced activation energy,
especially for the mixing ratios x < 0.2. This reduction in activation energy could be associated with the strain in the crystal from the different
bond length between bromide and iodide 127 , in which case the activation energy should be lowest close to the phase transition. A reduced
activation energy might naively lead to an increase diffusion coefficient.
However, in the mixed halide perovskites the entropy is likely to decrease
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when the ion is moving, since it is most likely coming from a well-mixed
unit cell. The effect would be accentuated if the ions are moving towards a transport layer, as the mobile halide will accumulate there and
likely end up in a unit cell enriched in one of the halides. The maximal
entropy difference for a mobile halide ion to migrate is the entropy dif8!
ference ∆S = k ln 4!×4!
= 3.6 × 104 eV K−1 , where the argument of the
logarithm represents the ratio between the number of possible configurations for the neighbours of an ion in a mixed-halide phase of x = 0.5

8!
i.e. 4!×4!
and the number of configurations for neighbouring ions in a
single-halide phase (i.e. 1). While we expect this effect to be large in the
well-mixed perovskites (x < 0.2), the higher bromide ratios already show
some de-mixing even in the dark and when a bias is applied 128,129 , which
means that the entropy change during migration towards the interfaces
is smaller. Taken together, the reduced activation energy and entropy
gain appear to balance each other, resulting in a rather constant diffusion coefficient at room temperature. A representation of this scheme is
depicted in Figure 3.4.
Halide (2) represents a very slow ion with a low activation energy.
The diffusion coefficient is about 2 orders of magnitude lower than that
of Halide (1). Presumably, even if present, this process cannot be detected easily in pure-halide mixtures as also the concentration is about
2 orders of magnitude lower than Halide (1). We speculate that a similar process could be responsible for the very slow dynamics (minutes to
days) often seen in perovskite devices 130 . The observation of the difference in the activation energy for migration before and after the x = 0.2
mark - with much lower migration barriers for the perovskites with lowbromide content - is also noteworthy. The x ≥ 0.2 threshold marks the
onset of light-induced phase segregation in mixed-halide perovskites and
is thought to arise due to the phase transition (from tetragonal to cubic)
close to this composition. Here this threshold is clearly visible in the ion
migration properties of the devices, reinforcing the relationship between
perovskite composition, phase segregation and ion migration instability.
Ion migration under illumination When comparing halide migration in dark and in light, we find that the activation energy is decreased
in light, see for instance for the perovskite with 10 % bromide, the small
decrease from 65 ± 5 meV to 60 ± 3 meV for the first peak, and the larger
decrease from 157 ± 3 meV to 113 ± 4 meV for the second peak. This is
consistent with our previous work on these systems 115 . We note that the
similar activation energies between Halide (1) and Halide (A) seem to
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suggest the same process, but that TID cannot distinguish mechanisms,
complicating the assignments of the Halide (1) and Halide (2) peaks in
light. We thus choose the nomenclature Halide (A) and Halide (B) for
the halide migration peaks in light. When comparing the diffusion coefficients in dark and in light, no clear trend seems to emerge as there
is both an increase in one of the features, and a decrease in the other.
The most noticeable difference lies in the concentration of mobile halide
ions, with a clear increase in the total halide concentration as a function
of doping density, from 12.8 % to 17.3 % for x = 0.1, and from 15.4 %
to 36.9 % for x = 0.2. Under light, there is thus an increased halide ion
migration, partly due to a lower activation energy, and mostly due to the
much larger fraction of mobile halide ions. We note that at such high
densities the quantification of ion migration by TID might not be accurate anymore because the analysis method assumes that the change in
the charge density from mobile ions is small compared to the background
doping density.
As mentioned above, in the presence of light, a new cation migration
process appears for the devices with x = 0.1 and x = 0.2, on top of the
halide migration process. This process has a very low activation energy
(< 0.060 eV), has a low diffusion coefficient on the order of 10−11 cm2 s−1 ,
and is prominent, representing 1.5 % and 13.2 % of the doping density,
respectively for the devices with 10 % and 20 % bromide concentrations.
So far in dark, we have only observed MA+ migration in the case of the
pure MAPbI3 perovskite, and in this work as a minor contribution to
the MAPbBr0.3 I2.7 perovskite. In other words, the higher the bromide
concentration, the more methylammonium migration is suppressed, as
the bond between lead and halide gets stronger. Under light conditions,
it thus seems like the barrier preventing cation migration is released, in
agreement with galvanostatic measurements from Zhao et al. 131 showing decreased activation energies with increasing light intensity. This
effect might happen either through an increase in the number of MA+
vacancies in light -similar to the increase of halide vacancies observed in
light 132 - and/or through a loosening of the Pb-X bond, perhaps upon
polaron formation 133,134 . We also note that one of the theories behind
light-induced phase segregation involves polaron stabilization of the iodide domains. One possibility is that halide migration might promote
this effect, while cation migration might prevent it: there, the reduction (or suppression) of cation migration in light when x > 0.2 would
help rationalize the x = 0.2 threshold observed in light-induced phase
segregation. This calls for future investigation.
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All in all, light thus has two effects on the ion migration process for
the mixed-halide perovskites: first, it increases the number of mobile
halide ions; second, it introduces an extra cation migration pathway.
These results are in line with the previous work from Kim et al. 117 ,
showing increased ionic conductivity in light compared to dark for similar
perovskite compositions. In conductivity measurements, however, the
contributions from diffusion coefficient and mobile ion density cannot be
disentangled: here, we can thus specifically attribute the increased ion
migration in light to an increase in the mobile ion density.

3.3

Conclusion

In conclusion, we find that mixing iodide and bromide in MAPb(Brx I1-x )3
solar cells facilitates halide ion migration by decreasing the activation
energy and by increasing the number of mobile halide ions. We also
notice the appearance of a second pathway in the halide ion migration
process, not observed in the pure-phase perovskites. In light, the density of mobile halide ions increases even more, and additional migration
from the methylammonium cation becomes prominent. To reduce ion
migration in mixed-halide perovskites, it is thus essential to increase the
activation energy of the process and/or to decrease the density of mobile
halide ions. These can be achieved for instance by reducing the unit
cell size by replacing MA+ with Cs+ (Ea increase) 115 , or by tailoring
the Pb:X stoichiometry to reduce the number of halide vacancies (Nion
decrease) 122 . Our quantitative assessment of the ion migration processes
in mixed-halide perovskites thus provides new insights into the relative
contributions of activation energy, ion diffusion and mobile ion density,
tracing the path towards rational design of mitigation strategies, necessary for long-term stability of bandgap-tunable perovskite solar cells.
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Appendix
Solar cell device fabrication

The substrates are laser-patterned Fluorinated Tin Oxide (FTO)-coated
glass substrates. We clean them with 3 successive rounds of sonication
of 15 minutes each, in deionized water, acetone, and isopropanol; and
further plasma clean them for 20 minutes at 100 W.
The NiOx Hole Transport Layer (HTL) is prepared by dissolving the
precursor (nickel(II) acetylacetonate, Sigma Aldrich) in ethanol at a concentration of 0.3 M. The solution is then filtered with a PTFE membrane
of diameter 0.45 µm, and then spin coated on the cleaned FTO glass at
4000 rpm for 15 seconds. The as-prepared film is dried at 150 °C for 1
minute and then annealed with a slow heating rate of 3 °C/min until a
temperature of 350 °C is reached. The samples are then left at 350 °C
for 1 h, and further plasma cleaned for 20 minutes at 100 W before the
perovskite spin coating step.
The perovskite synthesis has been previously described in reference
[114] and goes as follows. To prepare the perovskite solutions, we first
mix DMF and DMSO in a 4 : 1 (DMF:DMSO) volume ratio. We
then dissolve PbI2 (TCI, 99.99 %, trace metals basis), CH3 NH3 I (TCI,
> 99 %), PbBr2 (Sigma-Aldrich, trace metals basis), and CH3 NH3 Br
(TCI, > 98 %) precursors in this solvent mixture, with molar ratio of
1.1 M. These stock solutions are then mixed (PbI2 with CH3 NH3 I, and
PbBr2 with CH3 NH3 Br) to obtain MAPbI3 and MAPbBr3 solutions,
using a 1 : 1 molar stoichiometric ratio. The MAPb(Brx I1-x )3 precursor solutions are then prepared by mixing x parts MAPbBr3 stock
solution with (1 − x) parts MAPbI3 stock solution, resulting in 1.1 M
MAPb(Brx I1-x )3 solutions. The perovskite films are prepared by spin
coating the precursor solutions onto the NiOx -coated FTO substrates,
with a spin speed of 9000 rpm for 30 s. The chlorobenzene (SigmaAldrich, anhydrous, ≥ 99 %) anti-solvent is dropped 15 s after the start
of spin coating. The film is then annealed at 100 °C for 1 h.
We note that the devices with pure MAPbI3 and pure MAPbBr3 were
prepared in a similar fashion, with only a few differences: the MAPbI3
solution has a concentration of 1.35 M in pure DMF, and is spin coated for
25 seconds at 5000 rpm, with addition of the chlorobenzene anti-solvent
after 5 seconds; the MAPbBr3 solution is spin coated at 6000 rpm for 30
seconds.
The C60 and BathoCuProine (BCP) Electron Transport Layers
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(ETL), as well as the gold electrode are thermally evaporated: 30 nm
of C60 (0.2 Å s−1 rate), 8 nm of BCP (0.2 Å s−1 rate) and 120 nm of
gold (0.1 Å s−1 for the first 10 nm, then 1.0 Å s−1 for the remaining
110 nm). The pressure remained below 8 × 10−6 mbar during all thermal
evaporation steps. The preparation and spin coating of the perovskite
solutions are done in a nitrogen-filled glovebox, while the spin coating of
NiOx is done in a downflow cabinet.
An example SEM image of the as-prepared MAPbBr1.5 I1.5 perovskite
film is shown below (Figure 3.5), with apparent grains of size 300 nm to
1 µm. SEM imaging was done using a FEI Verios 460 instrument. The
perovskite film thicknesses are measured by profilometry, using a KLA
Tencor stylus profiler P7 instrument.

Figure 3.5. SEM image of the MAPbBr1.5 I1.5 perovskite film, showing a flat
and homogeneous layer with features between 300 nm and 1 µm.

We have previously published the PL spectra, absorption spectra and
XRD diffractograms of the MAPb(Brx I1-x )3 films prepared by this synthesis recipe 114 . These measurements confirm that the films have a comparable and controlled quality for the whole range of x-ratios used. From
the absorption spectra and XRD diffractograms we observe that both
the bandgap and the unit cell size scale with the x-ratio, and that on
a macroscopic level, the halides are homogeneously mixed. Finally, the
peaks around 15 and 30 degrees observed in XRD for 0.25 < x < 1 have
similar FWHM, reflecting the constant trend in grain size for these films.
In the full devices, we note that we choose the same device structure
as our previously-published pure halide devices 56,76 . In this context,
NiOx and C60 / BCP are chosen specifically with the aim of avoiding ion
migration from the transport layers themselves – a process commonly
reported for traditional HTL and ETL such as Spiro-OMeTAD 135 and
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TiO2 136 . We can thus safely assume that the effects observed in this
study stem from the perovskite layers themselves.
To observe the effect of illumination on the ion migration properties of
the mixed-halide devices, we use the following illumination conditions:
a 405 nm CW laser is focused on the considered pixel, using a 1 mW
beam and a spot size of 6.3 × 10−4 cm2 , amounting to a power density of
1.59 W cm−2 .

3.4.2

Electrical measurements

The TID technique has been extensively described elsewhere 51,118 . To
resolve the Equation for the ion diffusion coefficient (see Equation 3.1),
we need both the perovskite permittivity  and the doping density ND
of the film. We get these by performing Capacitance versus Voltage
(CV) measurements, as shown in Figure 3.6. These show  = 38.6
and ND = 1.98 × 1016 cm−3 for the MAPbBr1.5 I1.5 film, above the
threshold for experimentally accessible charge densities for the perovskite
film thicknesses considered here, as defined by Kirchartz et al. 137 . For
x = 0.7, we use  = 17.2 and ND = 2.53 × 1016 cm−3 as determined by
CV measurement. In the cases of x = 0.1 and x = 0.2, CV measurements were not conclusive in the determination of ND , and we use instead
the average found by combining the doping densities of the devices with
x = 0, x = 0.5, x = 0.7, and x = 1, which is 4.39 × 1016 cm−3 . To
account for possible discrepancies in the determination of the diffusion
coefficient - which is based on ND - we consider a large error bar for ND
in these two cases, with a lower bound of 1016 cm−3 and an upper bound
of 1017 cm−3 . This is reflected in the large error bars for the diffusion
coefficient values as shown in Figure 3.3b,e.
To further characterize the cells, we perform Thermal Admittance
Spectroscopy (TAS) on the MAPb(Brx I1-x )3 solar cells. The results
shown in Figure 3.7 present a constant capacitance plateau in the intermediate frequency range, which spans from 102 Hz to 5 × 104 Hz for
the devices with x = 0.1 and x = 0.2, and from 5 × 103 Hz to 5 × 104 Hz
for the devices with x = 0.5 and x = 0.7. This region of constant capacitance is the region where we measure the geometric capacitance of the
device, where capacitance is determined by the depletion capacitance.
This is the reason why we choose a frequency of 104 Hz for all the TID
measurements, within that region of interest. In light, we notice that the
low-frequency regime, representative of ion movement back and forth
close to the interfaces, increases drastically, with 4 orders of magnitude
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Figure 3.6. Typical capacitance versus voltage curve, measured at 300 K with
a VAC of 20 mV applied with a frequency of 10 kHz, here for the MAPbBr1.5 I1.5
device. The forward and reverse scans are shown in green and blue, respectively.

difference. These high values are in line with previous works 54,97 . The increase in capacitance values in the low-frequency regime when illuminating the devices has also been observed previously in TAS measurements
of perovskite solar cells under light 138 .
The phase angle part of the Bode plot is shown in Figure 3.8. At
10 kHz, the phase shift is close to −90° for all of the MAPb(Brx I1-x )3 devices, indicating that the devices are mostly capacitive (i.e. not resistive)
at that frequency.
We further use the TAS measurement to determine the series resistance and parallel resistance of each of the devices, see Table I below.
The methodology is the following: we fit the semi-circle of the Nyquist
plot to an RC equivalent circuit model containing an RC circuit (with
resistance and capacitance values Rp and Cp ) in series with a resistor
(with resistance Rs ). The fit is performed in the region close to the TID
measurement frequency of 104 Hz - here using a frequency range from
5 × 103 Hz to 5 × 104 Hz. This allows us to check that the series resistance is low enough for proper TID characterisation and it is the reason
for the limited frequency range shown here. The resulting fits are shown
in Figure 3.9. We observe that the very first datapoints seem to show
a systematic error for most of the x-halide ratios (with the exception of
x = 0.5), but we note that these datapoints are the points of highest frequency, where it is possible that the feature comes from another smaller
semi-circle, representing an interfacial RC circuit in series to the main
RC circuit modelled here 139 .
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210 K

Figure 3.7. Impedance spectra of the MAPb(Brx I1-x )3 solar cells, measured
from 1 Hz to 5 × 104 Hz with an AC voltage of 50 mV, in dark conditions, for
(a) x = 0.1, (b) x = 0.2, (c) x = 0.5 and (d) x = 0.7; and in light conditions, for
(e) x = 0.1, (f) x = 0.2. Insets in (e) and (f) allow for better visualization of the
capacitance plateau at intermediate frequencies. The spectra shown here are
taken at temperatures of 210 K, 230 K, 250 K, 270 K, 290 K and 310 K. Light
conditions correspond to a 405 nm CW laser shining directly on the considered
pixel, with a power density of 1.59 W cm−2 .

Light IV characterisation of the MAPb(Brx I1-x )3 solar cell devices is
shown below in Figure 3.10. The devices show relatively low VOC values
of (1.0 ± 0.1) V. The FF and JSC values are lower than literature values,
due to the choice of transport layers. The device with x = 0.7 shows
signs of phase separation, degrading the cell performance during the
measurement timeframe itself. For TID characterisation of the devices
with x = 0.5 and x = 0.7, we use fresh devices which have not been
exposed to light, to avoid the light-induced phase separation process
established for x > 0.2.
Some devices show shunting. The phase measurement in TAS shows
that the measurement is mostly capacitive at the frequencies with which
we measure TID (see Figure 3.8), ensuring that this shunting of the solar
cells is not an issue for TID characterisation in this work.
We further note that for TID measurements, devices with non-optimal
charge extraction could affect two parameters in the ion migration process, namely the mobile ion density, and the ion diffusion coefficient.
However, the variation in these values is not expected to exceed one order of magnitude, and mobile ion densities and ion diffusion coefficients
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Figure 3.8. Phase shift in the Bode plot presentation of the impedance spectra
of the MAPb(Brx I1-x )3 solar cells, measured from 1 Hz to 500 kHz with an AC
voltage of 50 mV, in dark conditions, for (a) x = 0.1, (b) x = 0.2, (c) x = 0.5
and (d) x = 0.7.

x = 0.2

x = 0.1

(a)

x = 0.5

(b)

x = 0.7

(c)

(d)

Figure 3.9. Fitting of the Nyquist semi-circle in the frequency range from
5 kHz to 50 kHz, at 300 K, for the MAPb(Brx I1-x )3 solar cells with (a) x = 0.1,
(b) x = 0.2, (c) x = 0.5 and (d) x = 0.7.

are already presented with a high error bar in this manuscript. We thus
conclude that the trends obtained with the present set of MAPb(Brx I1-x )3
devices would remain equivalent to that obtained with of a series of devices with optimized light IV characteristics.
We measure TID with different filling voltages (1 V, 1.25 V, 1.5 V). An
example of the TID datasets with varying pulse voltages for the device
with x = 0.1 is shown in Figure 3.11 below. There, we notice that the 1 V
filling voltage is not sufficient for the TID measurement, as the built-in
bias is on the upper end of that scale. We decide to base our analysis
on the TID measurements taken with a voltage of 1.5 V, as it reliably
offers the best signal when considering the range of device compositions
measured for this study. Upon application of this 1.5 V bias, we assume
that the depletion layer in the perovskite is fully collapsed. Note that we
might see even larger signals for higher voltages, but the high injected
current risks damage to the device. We account for this with the large
error bar on the ion densities measured.
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Composition
x = 0.1
x = 0.2
x = 0.5
x = 0.7

Series
resistance
(Ω cm2 )
7.72 ± 0.75
20.06 ± 1.24
6.41 ± 0.48
12.95 ± 0.84

Parallel
resistance
(Ω cm2 )
13400 ± 1300
24400 ± 2700
7760 ± 540
3400 ± 100
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Capacitance
(nF)
58 ± 0.1
36 ± 0.1
82 ± 0.2
65 ± 0.2

Table I. Values for sheet resistance, parallel resistance and capacitance of the
MAPb(Brx I1-x )3 solar cells, as determined by modelling the high-frequency arc
of the Nyquist plot.

Figure 3.10. Light IV characterization of the MAPb(Brx I1-x )3 solar cell devices, measured with a scan speed of 10 mV.s−1 , for x = 0.1, 0.2, 0.5, and
0.7.

To ensure that the TID measurements are non-destructive, once the
TID measurement is finished, we repeat the impedance measurement,
and verify that is unchanged with respect to the initial impedance measurement. To ensure measurement reproducibility, we either measure
TID on multiple devices with the same composition or repeat the measurement multiple times on the same device.
Ion migration and hence phase segregation can happen under both
the application of electrical or light bias. The voltage pulse in TID is a
short perturbation after which we observe the drift of ions back to the
stead-state position under zero bias. We assume that the properties of
the ions (activation energy, density etc.) are independent of the applied
bias for the mild electric fields applied here.
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Figure 3.11. Relative difference in capacitance transients ∆C = C(t) − C0
of the MAPbBr0.3 I2.7 solar cell device, measured with an AC voltage of 20 mV,
after applying a 2 s voltage pulse of (a) 1 V, (b) 1.25 V, and (c) 1.5 V, under
dark conditions. The transients shown here are taken at temperatures of 210 K,
225 K, 240 K, 255 K, 270 K, 285 K, 300 K, 315 K and 330 K.

3.4.3

Fitting procedure

We use a global fit algorithm with the fit function shown in Equation 3.1.
This fit function can be adapted to contain any number of exponential
terms needed to resolve the full dataset of capacitance transients, where
each of these exponential terms represents one specific ion migration
process n, with its own ∆Cn , pf it(n) and Ea(n) .
The fitting procedure goes as follows: C∞ (T ) is extracted from the
measurements directly from the steady-state capacitance before we allow
the algorithm to find the best value for ∆C(T ) at each temperature and
the best global values for pf it and Ea . We thus directly obtain the value
of the activation energy Ea . The fitted parameter pf it is then used to
determine the diffusion coefficient, using Equation 3.2:
D0 =

kB  0
q 2 ND pf it

(3.2)

We further use Equation 3.3 below to obtain the temperaturedependent ion diffusion coefficient, D(T ).
− Ea
D(T ) = D0 exp
kB T




(3.3)

In Figure 3.3b and e we present the diffusion coefficients calculated at
room temperature, D(300 K), for the MAPb(Brx I1-x )3 solar cells in dark
and in light, respectively.
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The fitted ∆C(T ) parameter is used to determine the ion concentration Nion , using Equation 3.4 below.
Nion (T ) = 2 ND

∆C(T )
C∞ (T )

(3.4)

In Figure 3.3c,f, we present Nion as a function of ND and show the
maximal value for the density of mobile ions, Nion (max).
On top of the set of assumptions detailed in Chapter 1 of this thesis,
we note that we assume that the background doping does not change
under illumination.
Values for the parameters in Figure 3.3 are obtained from multiple
repetition of the fit procedure on the same TID transient, averaging
the fit parameters giving the lowest chi-square values and taking their
standard deviation as an estimate for the error.
We additionally note that in this Chapter, we attribute the ion migration to vacancy-mediated migration, as it has been suggested to be the
most likely candidate process at play 33,40 , and it is energetically favoured
compared to interstitial-mediated ion migration 32 . Finally, we note that
TID does not resolve the specific ion migration mechanism at play but is
a powerful technique for quantifying the key ion migration characteristics
mentioned above - Ea , Dion , Nion .

4

The impact of grain size
Activation energy and migration
pathways in MAPbBr3 solar cells

Ion migration in perovskite layers can significantly reduce the long-term
stability of the devices. While perovskite composition engineering has
proven an interesting tool to mitigate ion migration, many optoelectronic
devices require a specific bandgap and thus require a specific perovskite
composition. Here, we look at the effect of grain size to mitigate ion
migration. We find that in MAPbBr3 solar cells prepared with grain sizes
varying from 2 to 11 µm, the activation energy for bromide ion migration
increases from 0.17 to 0.28 eV. Moreover, we observe the appearance
of a second bromide ion migration pathway for the devices with largest
grain size, which we attribute to ion migration mediated by the bulk
of the perovskite, as opposed to ion migration mediated by the grain
boundaries. Together, these results suggest the beneficial nature of grain
engineering for reduction of ion migration in perovskite solar cells.

This chapter is based on the following publication 124 :
Lucie McGovern, Isabel Koschany, Gianluca Grimaldi, Loreta A. Muscarella and Bruno Ehrler, "Grain Size Influences Activation Energy and
Migration Pathways in MAPbBr3 Perovskite Solar Cells", Journal of
Physical Chemistry Letters, vol. 12, pp. 2423–2428, 2021.
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4.1

Introduction

Over the recent decade, the advancement of metal halide perovskite solar cells has shown remarkable results, with power conversion efficiencies
(PCEs) reaching as high as 25.5 % for single junctions and 29.2 % for
perovskite/silicon tandems 10 . In terms of efficiency, this class of material has thus proven effective in solar cell devices. This high performance
is, however, somewhat mitigated by the stability issue this technology
currently exhibits, where a decrease of the PCE of devices over time
is commonly observed. This stability loss can be linked to two types
of degradation processes, caused by either intrinsic factors or extrinsic
factors. Extrinsic factors include moisture, oxygen exposure, and heat,
which can all rapidly degrade the PCE of devices. Though very detrimental to cell performance, these degradation-inducing factors can mostly be
prevented, noticeably through passivation or encapsulation schemes of
the perovskite layer 140–143 . Of more problematic nature are the intrinsic
factors of degradation. Indeed, contrary to most solar cell technologies,
perovskite crystals are not formed by covalent bonds only, but instead
exhibit dual covalent and ionic nature 12,144 , bearing in mind that ionic
bonds are weaker. A number of defects can thus readily occur in the
perovskite lattice, including ion vacancies and ion interstitials 33 . Within
the solar cell stack, these charged ions can drift toward the electrode
of reverse polarity, in a process called ion migration. Under operation,
this migration can further change the charge and elemental distribution
throughout the perovskite layer and is known to affect the long-term
stability of devices 108,145,146 .
To achieve long-term stability in metal halide perovskite solar cells,
it is thus necessary to understand the intrinsic degradation process that
is ion migration, to find suitable ways of mitigating and eventually suppressing this feature altogether.
In devices, the ions migrate from their initial defect position in the
lattice toward the perovskite interface with the transport layer and accumulate at that interface 89 . However, there is still ongoing debate on
how this migration proceeds in the film, namely, whether the process is
mediated by the grain boundaries or rather by the bulk of the polycrystalline perovskite films. Some studies report an increased ion migration
at grain boundaries, while others report the opposite effect: Studies reporting an enhancement of ion migration at grain boundaries include a
range of atomic force microscopy techniques (c-AFM, KPFM, and BEKPFM) showing the contact potential difference or the hysteresis per-
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centage mapped locally 48,147,148 ; imaging techniques (SEM) visualizing
the deterioration of the grain boundaries 148 ; elemental techniques (EDX)
measuring the dynamic of the lead-to-halide ratio 148 ; and conductivity
measurements comparing films of various grain size to extract an activation energy for the migration process 49 . Studies reporting a reduction of
ion migration at grain boundaries include PL techniques (PL microscopy
and PLQY) tracking the ionic defect distribution rate 149 and intensitymodulated photocurrent spectroscopy measurements (IMPS) comparing
the ionic current responses in thin and thick cells 150 .
With this study, we thus aim to answer the following question: is
increasing the grain size an effective way to mitigate ion migration? We
choose MAPbBr3 , a well-characterized perovskite in terms of ion migration 56,77,151 . The major advantage of using this perovskite material is the
possibility to synthesize films of varying grain size, without altering key
physical or chemical properties of the film. To characterize and quantify ion migration, we use transient ion drift (TID), a capacitance-based
technique which allows for determination of the nature of the mobile ions
and quantification of their migration activation energy, diffusion coefficient, and number density 51,56,76 . The combination of this measurement
technique together with a perovskite recipe that allows for grain size
variation without any modification of the perovskite composition allows
us to determine the influence of grain boundaries on ion migration in
perovskite solar cells.

4.2
4.2.1

Results and discussion
Varying the grain size in MAPbBr3 solar cell
devices

To measure the influence of grain size on ion migration, we prepare solar
cell devices with an active layer of polycrystalline MAPbBr3 perovskite,
of which we modulate the grain size. The recipe for MAPbBr3 perovskite
is adapted from reference [152]. Its advantage is the possibility of varying
the perovskite grain size without modifying any key chemical parameters:
only the spin-coating time is varied, while all other parameters, including
precursor content, solvent, antisolvent, and annealing conditions, remain
unchanged. Optical microscopy (OM) images of the films are shown
in Figure 4.1a,b, where we observe that the grain size is correlated to
the spinning time of the solution, with short spinning times leading to
larger grains. After a spinning duration of 5 s, the grains in the final film

62

The impact of grain size

4.2

measure an average size of (11.3 ± 1.7) µm (Figure 4.1a), while 60 s of
spinning leads to an average size of (1.7 ± 0.2) µm (Figure 4.1b). Grain
size attribution by microscopy techniques such as OM and SEM might
be misleading 152,153 ; we thus confirm our initial OM characterization
with electron backscatter diffraction (EBSD). The EBSD images show an
overlay of the image quality (brightness, IQ) with the inverse pole figure
(color, IPF) along the z-axis (normal to the substrate, Figure 4.1c,d)
and x-axis (parallel to the substrate, Figure 4.1e,f). The IPF relative to
the x-axis shows a distribution of orientations along the [101] and the
[111] directions, indicative of polycrystallinity. The grains and grain
boundaries detected by EBSD correspond to those observed by OM,
thereby confirming the grain size characterization by OM. We conclude
that this recipe, when used at spinning times between 5 and 60 s, allows
for about 1 order of magnitude in grain size variation.

Figure 4.1. Top-view OM image of a MAPbBr3 perovskite film spin coated
for (a) 5 s and (b) 60 s. The z orthogonal-direction top-view EBSD of the
MAPbBr3 films spin coated for (c) 5 s and (d) 60 s. The x in-plane-direction
top-view EBSD of the MAPbBr3 films spin coated for (e) 5 s and (f) 60 s. The
inverse pole figure legend in the EBSD images shows the crystallization plane
as a function of color. (g) Histogram of the average grain size as a function of
spin coating time, with inset of the dark IV curves of the devices. (h) Crosssection SEM image showing the device layers: FTO, NiOx , MAPbBr3 , C60 ,
BCP, and gold. The device has a planar p–i–n architecture. The white scale
bars presented from (a) to (f) all represent a 10 µm length.

The polydispersity in grain size is presented in the histogram in Figure
4.1g. The small grain regime is characterized by relatively sharp peaks
of standard deviation ∼ 0.2 µm, whereas the size distribution is more
pronounced in the big grain regime, with standard deviations of 0.6 and
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1.7 µm respectively for the 5 and 11 µm samples.
Each of these active perovskite layers of MAPbBr3 is incorporated into
a p–i–n solar cell architecture as shown in Figure 4.1h. Representative
cross-section SEM pictures show uniform stacking of these successive
layers. The thick perovskite film exhibits vertical grain boundaries—the
same as those observed in top-view OM images. The bottom electrode is
a FTO layer, covered by a hole transport layer of NiOx on top of which
the MAPbBr3 perovskite is spin coated, finally the electron transport
layer consists of C60 and BCP, and a gold electrode on top completes
the device. The extraction layers are chosen specifically because they
exhibit no direct ion migration, even though they may reduce the overall
PCE of the devices. Dark IV curves of the devices (see the inset of
Figure 4.1g) confirm good diode characteristics, a prerequisite for the
TID measurements to study ion migration.
The solar cell performance of the devices is shown in Figure 4.2a,
where the IV characteristics from the best cells are presented. There, it
is already apparent that the FF and JSC are the values most affected by
grain size. For a fairer comparison, the average values taken over multiple
pixels from multiple devices are shown in Table I. There, we observe that
the VOC does not change as a function of grain size, which is an indication
that the amount of non-radiative recombination is similar in all devices.
The overall PCE of the devices is constant through the series of varying
grain size films: from 1 % to 1.3 %. The devices show reasonable efficiency
for the simplistic solar cell architecture considered here, and are in line
with other works using similar HTL and ETL 79 . As mentioned in above,
we choose the extraction layers NiOx , C60 and BCP mainly because they
are not themselves affected by ion migration, contrary to other commonly
used extraction layers such as Li-TFSI doped Spiro-O-MeTAD 45,154 . We
note that the low efficiency does not affect the TID measurement as
the devices are measured in the dark where the measurement mainly
requires a low dark current to avoid electrical charge flowing through
the device affecting the depletion layer width. All in all, two parameters
are thus affected by grain size, JSC and FF, in an opposing manner,
where the increase of one is concomitant to the decrease of the other –
thereby maintaining a constant PCE. The relatively low fill factor values
are partly due to a low shunt resistance. As mentioned earlier, this
can be modulated by further device engineering and is therefore not the
focus of the present study. The EQE curves of the devices are shown
in Figure 4.2b. These match well with the corresponding IV curves of
Figure 4.2a, with slightly lower JSC values. The highest EQE point
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JSC
(mA/cm2 )
VOC (V)
FF (%)
PCE (%)

4.2

5s
4.1 ± 0.2

10 s
3.2 ± 0.1

20 s
3.6 ± 0.2

60 s
4.3 ± 0.3

0.88 ± 0.03
27.4 ± 2.7
1.0 ± 0.1

0.84 ± 0.02
47.0 ± 1.5
1.3 ± 0.1

0.87 ± 0.02
39.2 ± 1.7
1.2 ± 0.1

0.82 ± 0.02
36.0 ± 2.2
1.3 ± 0.1

Table I. Average IV solar cell characteristics of the devices made with a
polycrystalline MAPbBr3 film prepared with a spin coating process of 5, 10, 20
or 60 seconds.

reaches almost 60 %, for the sample spin coated for 60 seconds (i.e. with
smallest grain size). The overall shape of the EQE feature follows that
of typical MAPbBr3 absorption, with the characteristic excitonic peak
at 525 nm, and the bandgap at 540 nm, further confirming the successful
preparation of MAPbBr3 devices.

Figure 4.2. (a) Light IV curves of the best pixel for each of the solar cell
device made with a photoactive layer of polycrystalline MAPbBr3 , spin coated
for 5, 10, 20 or 60 seconds. (b) EQE curves of the best pixels for each of these
devices.

4.2.2

Transient ion drift characterisation

TID is an electric spectroscopy technique for ion migration measurements
used in perovskite solar cells 56,76 . The measurement is based on two
steps: first, the application of a filling voltage which will redistribute
the ions within a device and, second, the release of this voltage pulse,
which will lead to the ions drifting back to their initial position. We
record the capacitance signal during this second step by applying a small
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alternating voltage VAC , which thus provides a direct measurement of the
ion migration process.
For TID characterization, the first step is the selection of a relevant
frequency at which to apply the alternating voltage—for this purpose we
measure the impedance spectra of all devices. The two extreme situations
are presented in Figure 4.3, where the impedance spectra of the devices
with smallest and largest grain size are shown respectively in panels
a and b. Both impedance spectra look very much alike and resemble
earlier measurements of MAPbBr3 56 . They can be decomposed into a
low-frequency regime which is temperature-dependent and dominated by
ion accumulation 155 and a high-frequency regime which is characterized
by a decrease of the capacitance signal due to the series resistance. In
between these two regimes lies an intermediate plateau regime, where the
capacitance is determined by the depletion capacitance - this is suitable
for TID measurements. We thus select the frequency of 104 Hz for the
small alternating voltage VAC in the intermediate impedance regime.
Figures 4.3c and 4.3d show the TID capacitance traces after applying
a filling voltage of 1 V for 2 s to the devices with smallest and largest grain
size, respectively. Interestingly, both TID traces show a negative slope
in the whole temperature range considered, independent of the grain
size. This is further confirmed in the TID traces taken after applying
filling voltages of 0.75 or 1.1 V (see Section 4.4.2). In TID of p-type
semiconductors, a negative transient is attributed to anion migration. In
the MAPbBr3 crystal structure, the only anion species is the bromide
ion. The main ion migration process at play in the whole device range is
thus bromide migration. This was previously observed for MAPbBr3 in
our work comparing MAPbI3 and MAPbBr3 56 and is further confirmed
here.

4.2.3

Activation energy increase, constant mobile ion
density and diffusion coefficients

In this study, we use TID to quantify the ion migration activation energy
Ea , the density of mobile ions Nion , and the diffusion coefficient D for
each grain size. The fitting procedure is described in the Supporting
Information, in Section 4.4.2, where the insets in Figure 4.3c,d show the
good correspondence of the fits with the data.
In the small grain regime (1-3 µm), the data can be accurately fitted with one exponential contribution, suggesting a single ion migration
process. As the average grain size grows (> 5 µm), the fit needs an ad-
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Figure 4.3. Impedance spectra of the devices with (a) 1.7 µm and (b) 11.3 µm
grain size MAPbBr3 perovskite films, measured by using an AC voltage of
10 mV. TID traces after applying a voltage pulse of 1 V for 2 s to the devices
with (c) 1.7 µm and (d) 11.3 µm grain size perovskite films, between 210 and
330 K in steps of 3 K. The insets in (c) and (d) show the fit to the data for five
intermediate temperatures: 210, 240, 270, 300, and 330 K.

ditional exponential contribution to accurately represent the data (see
Figure 4.4a). TID cannot directly point to the microscopic migration
pathway; however, the presence of two separate peaks (with distinct Ea ,
Nion , and D) is a strong indication for the combination of two bromide
migration processes in the perovskite film, where, for example, in addition to the grain boundary mediated pathway most often described, a
bulk pathway would appear for films with larger grains. We expand on
this idea below and for now refer to these migration pathways as peak A
and peak B (respectively in purple and in orange in Figure 4.4).
The density of mobile ions is on the order of 5 × 1015 cm−3 to
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Figure 4.4. Effect of grain size on ion migration parameters: (a) Typical
∆C peak(s) found after fitting the TID traces for samples with 1.7 µm grain
size (circle) and with 11 µm grain size (diamond). Peaks A and B are shown in
purple and orange, respectively. (b) Concentration of mobile ions, (c) activation
energy, and (d) diffusion coefficient, extracted by using Equations in Section
4.4.2.

1 × 1016 cm−3 , as shown in Figure 4.4b. We note that this low density of mobile ions is in agreement with the assumption of ions incompletely screening the built-in voltage in perovskites 88 . The total density
of mobiles species from peaks A and B is rather constant with grain size:
5.2 × 1015 , 9.5 × 1015 , 8.5 × 1015 , and 8.7 × 1015 cm−3 for the samples
with 1.7, 1.9, 4.8, and 11.3 µm grain size, respectively. This is consistent
with a model where the ion defect formation energy is independent of
the grain size. This trend suggests that ion vacancies form in the bulk
of the perovskite or at the interface with the transport layers.
We now look at the evolution of Ea as a function of grain size, as
shown in Figure 4.4c. The activation energy describes the energy it
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takes for an ion to move to the neighboring unit cell. Ea of peak A first
strongly increases with grain size, before reaching a saturation regime for
grains larger than 5 µm. For peak B, which is only present for the larger
grains, we notice a higher activation energy than peak A and a slight
increase with grain size from (0.35 ± 0.01) to (0.39 ± 0.02) eV for films of
average grain size 4.8 to 11.3 µm. The general trend is thus an increase
in the activation energy with grain size, indicative of a stronger barrier
to the migration process for larger grains. This increase is first rapid
and then reaches a saturation regime for grains between 5 and 11 µm.
We note that the defect formation energy (DFE) model developed by
Meggiolaro et al. 36 shows a similar evolution of the activation energy
with grain size but that a difference of DFE would lead to a change in
the density of mobile ions in grain interiors compared to grain boundaries,
an explanation which is in contradiction with our observation.
The diffusion coefficient as a function of grain size is presented in
Figure 4.4d. The values are on the order of 10−9 cm2 s−1 , similar to
previous observations for halide migration 56 . These remain relatively
constant with grain size, the lowest value being observed for peak B
of the sample with largest grains, with (7.3 ± 4.6) × 10−10 cm2 S−1 and
the highest value being observed for peak A of the sample with 4.8 µm
grains, with (2.6 ± 0.8) × 10−10 cm2 S−1 . Within the error this shows a
relatively constant diffusion coefficient as compared to the clear increase
in activation energy with grain size. Additional considerations regarding
the diffusion coefficient and activation energy trends are added in Section
4.4.2.

4.2.4

Geometrical modelling

We now combine all the previous observations into a possible model. We
find the same total number of mobile ions (from peaks A and B combined) independent of the grain size, which means that these mobile ions
do not arise from the grain boundary. On top of that the activation
energy of peak A increases with grain size. Here it cannot be explained
by a reduced number of mobile ions in grain interiors compared to grain
boundaries: this observation instead suggests that the mobile bromide
ions experience a migration pathway with higher activation energy in the
bulk of the grain relative to grain boundaries. We speculate that ions
migrate first from their original location in the grain interior to the grain
boundary and then through a grain boundary channel toward the interface. The larger the grain size, the fewer grain boundaries are present,
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and the further away from a grain boundary an average ion will be positioned. The increase in activation energy of peak A with grain size
is thus a representation of the longer average traveling distance to the
grain boundary. The migration through the grain boundary channel is
thus faster than the migration within the grain, in agreement with various
experimental studies showing faster ion migration at the grain boundaries 48,49,147,148 . For larger grains we find a new ion migration pathway
labeled peak B. With larger grains, it is possible that some of the ions
migrating within the grain become so far away from any grain boundary
that an additional migration pattern arises, where the ions migrate directly from the grain interior to the interface. The implication there is
that the migration from grain interior to interface is slower than the migration from grain interior to grain boundary but still takes place when
the interface becomes closer than a grain boundary region. This model is
also consistent with a relatively constant activation energy and diffusion
coefficient for peak B. The illustrative scheme of this model is presented
in Figure 4.5a,b. We thus assign peak A as grain-boundary-mediated
bromide migration and peak B as grain-interior-mediated bromide migration.
The observed trend can be approximately captured by a geometrical
model for the motion of ions, in which, for simplicity, we consider the
motion of ions along the fastest path to the electrode (see Section 4.4.3).
Figure 4.5c shows the effective activation energy as a function of grain
size, obtained by computing the fraction of the path occurring inside
the grain and optimizing the value of the activation energies for bulk
and grain boundaries diffusion. We obtain activation energies of 0.18
and 0.50 eV for ion diffusion along the grain boundaries and in the bulk.
Despite the approximate nature of the model, leading to a large shift in
the onset of the activation energy change as a function of grain size, it
captures the experimentally observed increase in activation energy for
larger grains.
We note that PL microscopy, PLQY, and IMPS studies 149,150 suggest
that ions migrate from the inside of a grain to a grain boundary and
then become trapped at the grain boundary. These works all have in
common that they study ion migration along the in-plane direction by
diffusion. Here, the ions may be initially trapped at the grain boundary,
but they are then allowed to drift through the grain boundary channel
in the normal direction, leading them to the interface of reverse polarity.
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Figure 4.5. Model of ion migration in grains with different lateral size.
Schematic of the proposed ion migration, where (a) in small grain sizes most
ions first migrate to the grain boundary before they migrate to the interface
via the boundary and (b) for larger grain sizes a second pathway appears where
the ions migrate to the interface directly. (c) Fit to the experimental data of a
geometrical model for the activation energy of ion diffusion (Section 4.4.4).

4.2.5

Trap states

The grain size of a perovskite film can also affect the electronic trap
states. By applying a short voltage pulse of 20 ms instead of 2 s to
measure only the contribution of trap states to the capacitance signal,
we see changes in the trap state population and energy. The resulting
trap depths, trap densities and trap attempt-to-escape frequencies of the
MAPbBr3 cells with smallest and largest grain size are presented in Table
II.
We find one dominant electronic trap, which is shallower for the
largest grain size sample (ET = 192 meV) compared to the smallest grain
size (ET = 300 meV). This on its own could suggest an increase in the
recombination rate for cells with smallest grain size. The density of traps
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5 s (largest grains)

60 s (smallest grains)

Etrap (eV)

0.192 ± 0.020

0.300 ± 0.002

Ntrap (cm−3 )

(1.55 ± 0.64) × 1015

(7.25 ± 0.18) × 1015

A(300 K) (s−1 )

(4.58 ± 0.11) × 105

(7.86 ± 0.74) × 105

Table II. Average trap depth, density of traps and attempt frequency of the
devices made with a polycrystalline MAPbBr3 film prepared with a spin coating
process of 5 or 60 seconds (respectively with largest and smallest grain size).

is also highest for the cells with smallest grains, i.e. the cells with most
grain boundaries. The factor of increase is a little over 4, close to the
3.8 difference in density of grain boundaries when going from cells with
1.7 µm grains to cells with 11.3 µm grains - this strongly suggests that
the traps are located at the grain boundaries of the perovskite film. We
thus find that the density of trap states scales with the number of grain
boundaries present, suggesting that the grain boundaries play a major
role in trap state formation. This initial finding warrants further investigation.

4.3

Conclusion

We studied bromide ion migration in MAPbBr3 perovskite solar cells
where we find that the grain size mainly affects the activation energy,
while the density of mobile ions and their diffusion coefficient remain
relatively constant with grain size. This is a first indication that crystallinity is indeed an effective tool to mitigate ion migration. The quantification of the density of mobile ions and diffusion coefficient are further
useful in understanding how the migration pathway is affected by grain
size. Ion migration is reduced in cells with larger grains not due to a
lower density of mobile ions, but rather due to a higher energy of the
transition state for the hopping process in the grain interior compared
to that transition state at the grain boundary. Together, our results suggest that for smaller grains there is only one migration process mediated
by the grain boundaries and that for larger grains a process mediated
by the grain bulk becomes significant. Crystallinity is thus an effective
tool to reduce ion migration, proving itself as an interesting strategy for
long-term stability of devices.
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Appendix
Device fabrication and characterisation

The solar cell fabrication closely follows the recipes established in reference [56], with the notable exception of the MAPbBr3 perovskite layer
preparation, which we detail below.
The precursor for the MAPbBr3 layer is fabricated from two solutions
dissolved together in dimethyl sulfoxide (DMSO). First, a solution of
5.5 M methylamine hydro bromide (MABr, TCI) is made by dissolving
the powder in DMSO (Sigma-Aldrich). To ensure a complete dissolution,
the precursor is stirred and heated on a hot plate to 50-60 °C. The second
precursor is a 1.8 M lead(II) acetate trihydrate (PbOAc) solution (SigmaAldrich). To prepare this solution, the PbOAc powder is dissolved in
DMSO and stirred and heated to 50-60 °C overnight. Both precursor
solutions are stirred and heated up to 65 °C until a clear dense solution is
formed. This final MAPbBr3 precursor solution has a molarity of 3.05 M.
For the spin coating step, 200 µL are used per sample, with a spin coating
speed of 7500 rpm. To vary the grain size in the perovskite film, we vary
the spin coating times: 5 s, 10 s, 20 s and 60 s. The samples are annealed
for 1 h on the hot plate at 70 °C. During this annealing step, the samples
quickly show a yellow-orange color, characteristic for MAPbBr3 . All of
the above steps are carried inside a glovebox in a nitrogen atmosphere,
with an O2 level below 1 ppm. For proper investigation both of the
perovskite layer and of the full device, cells are either prepared until the
perovskite layer (optical microscopy and EBSD imaging) or as the whole
device (all electrical measurements and SEM cross-section imaging).
Optical microscopy images are taken using an Imager.A2m Zeiss microscope with an AxioCam ICc 5 camera in the dark field mode, with
magnification objectives of 20 ×, 50 × or 100 ×. Many images of the various samples are collected and the evaluation of each grain size is done
through software evaluation using the program ImageJ. Specifically, to
characterize the polydispersity in grain size, we take OM pictures at multiple spots and of multiple films spin coated for the same duration. For
each of these images we measure the average grain size. Performed over
multiple images, we obtain statistics on the grain size distribution for
about 60 to 80 grains per spin coating condition. We note that the word
“grain size” used in this chapter systematically refers to grain diameter.
The SEM images are taken with a FEI Verios 460 scanning electron
microscope in the secondary electron mode. The sample is cleaved in the
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center to obtain the cross-section image. The acceleration voltage used
is 10 kV and the working distance is 4 mm. EBSD images of MAPbBr3
on NiOx are collected by using a direct electron detector based on the
Timepix sensor from Amsterdam Scientific Instruments (ASI). The best
parameters for the scans are found to be 10 keV for the voltage, 100 pA
for the current, 50 ms for the exposure time, and between 10 and 12 mm
for the working distances. The step size is chosen depending on the
cluster size shown by the specific sample. EBSD data are collected using
EDAX OIM software, and a Python script is used for image processing.
The resulting Kikuchi patterns are indexed as cubic symmetry, using 13° as the degree of tolerance. Characterizing the MAPbBr3 layer of the
different spinning durations, we notice, on top of the grain size evolution,
an evolution in the thickness of the perovskite layer. Samples prepared
after 5 or 10 seconds spinning duration have a thickness of (310 ± 10) nm,
while the samples prepared after 20 or 60 seconds spinning duration have
a thickness of (215 ± 10) nm. This thickness difference is incorporated
into the different Equations presented in Section 4.4.2 below.

4.4.2

Capacitance measurements

General considerations For TID measurements the sample is
loaded into a Janis VPF-100 liquid nitrogen cryostat inside a nitrogenfilled glovebox. Impedance spectroscopy, capacitance-voltage, transient
ion-drift and deep level transient spectroscopy measurements are performed at a pressure below 2 × 10−6 mbar, in the dark, using a commercially available DLTS system from Semetrol. To ensure thermal
equilibrium, the temperature of the sample is held constant for at least
30 minutes before impedance spectroscopy and capacitance-voltage measurements. Capacitance transient measurements were performed from
210 K to 330 K in steps of 3 K with a temperature accuracy of 0.2 K.
The sample is held at 330 K for 30 minutes before starting the transient
ion-drift and deep level transient spectroscopy measurements.
Mott-Schottky analysis TID is a technique which makes use of a
voltage bias to redistribute ions within a device. The voltage applied
should thus be close to the built-in voltage of the cell. We determine this
value by Mott-Schottky analysis 155 as shown in Figure 4.6. We obtain
values of 1.09 V, 0.98 V, 1.02 V and 1.24 V for typical devices with grain
size 1.7 µm, 1.9 µm, 4.8 µm and 11.3 µm, respectively. In the subsequent
TID measurements, we thus apply voltage biases of 1 V (see Figure 4.3)
and 1.1 V (see Figure 4.7). We further measure the devices with a lower
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Figure 4.6. Mott-Schottky plots of the devices with MAPbBr3 perovskite
films of (a) 1.7 µm grain size; (b) 1.9 µm grain size; (c) 4.8 µm grain size; (d)
11.3 µm grain size.

applied voltage of 0.75 V in order to test the measurement response and
to check if ion migration is already visible for smaller built-in fields.
We note that our Mott-Schottky measurement is taken in reverse mode,
and that the doping density values are found to be above the minimal
threshold for correct Mott-Schottky evaluation 98 .
Steady-state capacitance The steady-state capacitance (determined either by Thermal Admittance Spectroscopy (TAS) or by TID,
taking the values at longer times) is found to be stable with temperature
(see Figure 4.7 below). We attribute this effect to the choice of contact
layers, NiOx and C60 . Indeed, if we chose other contact layers, the geometric capacitance would become temperature dependent, presumably
because of the formation of a dipole layer at that interface 156 .

Figure 4.7. Steady-state capacitance values obtained by thermal admittance
spectroscopy measurements at 10 kHz - in green - and from TID measurements,
taking the capacitance value at longer times - in blue - for the cells with small
and large grain size (represented by circle and diamond respectively).
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TID measurements with varying filling voltages In Figure 4.8
a-h we show the TID traces taken at different filling voltages of 0.75 V and
1.1 V, for the samples from the smallest (Figure 4.7 a and e) to the largest
grain size (Figure 4.7 d and h). The first observation is the presence of
a similar trend in all cases, that is that the capacitance decreases with
time. This pattern is conserved for the samples with small and large
grain size, and for all filling voltages. The ion migration process at play
must therefore remain bromide migration.
One parameter is, however, affected by the voltage pulse: the height
of the transient, with higher voltages leading to a more pronounced transient. This indicates a difference in the density of mobile ions measured
after applying the different filling voltages: more bromide mobile ions
have been displaced when applying a voltage pulse of 1 V or 1.1 V, rather
than a lower voltage pulse of 0.75 V. Some but not all of the mobile bromide ions in our devices have thus already been displaced by a voltage
pulse of 0.75 V. This trend is consistent with a built-in voltage of about
1 V, meaning that the device is still partially depleted at 0.75 V.

Figure 4.8. TID traces measured after applying filling voltage of 0.75 V for 2
seconds to the devices with MAPbBr3 perovskite films of (a) 1.7 µm grain size;
(b) 1.9 µm grain size; (c) 4.8 µm grain size; (d) 11.3 µm grain size; TID traces
measured after applying a filling voltage of 1.1 V for 2 seconds to the devices
with MAPbBr3 perovskite films of (e) 1.7 µm grain size; (f) 1.9 µm grain size;
(g) 4.8 µm grain size; (h) 11.3 µm grain size.
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Fitting procedure and extracted trends To quantify bromide
migration, we use a global fit algorithm. This global fit algorithm is fully
described in Sections 3.2.3 and 3.4.3 of Chapter 3. The assumptions of
the model are detailed in Chapter 1.
To apply the conversions from pf it and ∆C(T ) to D(T ) and Nion (T ),
we need values for the perovskite permittivity  and for the doping density ND of the devices. These are determined through Mott-Schottky
analysis, as shown in Figure 4.6. For typical devices made with small
(large) grain size, the perovskite permittivity is of 14.6 (13), while the
doping density reaches 1.13 × 1016 cm−3 (4.2 × 1015 cm−3 ).
While fitting the capacitance transients, we find that a biexponential
fit works well to describe the data, which supports the hypothesis of two
specific ionic contributions, rather than a broad distribution of a single
peak 90 . Within each of these migration pathways, however, we cannot
completely exclude some distribution in the activation energy and/or
diffusion coefficient.
Looking at the results in Figure 4.4, we note that we would expect
a reduced diffusion coefficient when the activation energy increases if
nothing else changes, contrary to our observation. If we expand the full
Equation for the diffusion coefficient Dion , we find:
Dion =

υa d2
∆S
exp
6
kB




exp



− ∆H
kB T



with υa the attempt frequency for the ionic jump, d the ionic jump
distance, ∆S and ∆H the changes in Gibbs free entropy and enthalpy
of activation for a single ion migration step 51 .
The combination of an increased activation energy with a constant diffusion coefficient suggests a compensating term when the average grain
size is increased: this could be either an increase in the attempt frequency υa , an increase in the ionic jump distance d, or an increase in the
entropy term ∆S. Regarding the first hypothesis, the presence of uncoordinated atoms in the grain boundary region suggests weaker bonding
of the perovskite lattice at these grain boundaries, which is generally related to lower attempt-to-escape frequencies. This would lead indeed to
an increase of υa with grain size. If we consider the ionic jump distance
d, and follow our previous statement that the defect formation energy is
independent of grain size, then d should remain constant with grain size.
On the other hand, at grain boundaries, the higher degrees of freedom
suggest that ∆S should increase with the amount of grain boundaries,
i.e. the trend would consist of a decrease of ∆S with grain size. To-

4.4

The impact of grain size

77

gether, these suggest that the compensating term is an increase of the
attempt to escape frequency υa .
We note that, as discussed in Section 4.2.1, the extraction layers are
chosen specifically because they exhibit no direct ion migration, even
though they may reduce the overall PCE of the devices. Ion migration
through the extraction layers into the contact layers may still happen on
long timescales 157 .
DLTS measurements The vacancies necessary for ion migration to
occur are part of the wider range of traps and charged point defects that
hybrid halide perovskites exhibit 32 . We can study this trap behavior
using a deep level transient spectroscopy (DLTS) measurement. DLTS
is similar to TID, only the duration of the voltage pulse is shorter, such
that traps have enough time to be filled, but ions do not have sufficient
time to diffuse 51 . This technique has been extensively used in the past
to measure trap state energy and density 158 .
Here we apply a filling pulse of 1 V for a duration of 20 ms to the cells
with smallest and largest grain size. The resulting transients are fitted
with a global fit procedure, analogous to the one presented for TID.
The fitting function has the same form as Equation 3.1,


C(t, T ) = C∞ (T ) + ∆C(T ) exp 



−t
pf it T exp



ET
kB T



but now with ET the trap depth (replacing the activation energy Ea ).
The only difference lies in the conversion of the factor pf it to the attempt
frequency A0 relevant for traps, where
A0 =

1
(pf it × T 3 )

with A0 the temperature-independent attempt frequency. Often A(T ) =
A0 T 2 , the temperature-dependent attempt frequency, is used.
The observation of traps (and not ions) in the DLTS measurements is
further confirmed by the fact that the observed trend in DLTS (energy
decrease for cells with smallest grain size) is opposite to the one observed
in TID for the mobile ions. From this analysis, it also follows that the
density of mobile ions is not directly related to the density of traps in
the perovskite layer.
Both trap density and trap depth shown in Section 3.2.5 suggest an
increased recombination of electrons and holes for the cells with smallest
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grain size. On the other hand, the attempt frequency at room temperature A(300 K) is higher for the devices with smallest grain size, resulting
in the following picture: the dense number of deep traps in cells with
small grain size can counteract the higher attempt to escape frequency,
thereby maintaining a constant level of non-radiative recombination in
cells with small and large grain size. This is one possibility to explain the
constant VOC of the devices with respect to grain size. Another possibility is that the constant VOC is a consequence of an interfacial energetic
barrier between the perovskite and one of the transport layers, rather
than being determined by the recombination rate - the constant VOC
with regard to grain size would thus be linked to the materials’ energetic
offset and the resulting interfacial recombination.

4.4.3

Model of ion migration pathways

The scheme of migration pathways presented in Figure 4.5 can be further used to estimate key parameters in the bromide migration process
at play. Indeed, from the activation energies of peak A in Figure 4.4,
we can recover the two underlying activation energies needed for the migration from bulk to grain boundaries, and from grain boundaries to the
electrode.
To do so, we use a geometric model as shown in Figure 4.8. Any given
bromide ion will travel a distance L1 inside the bulk, then L2 through
the grain boundary, here represented as the edge of the rectangle. If
the ion starts in position (x, y), where x is the distance between the ion
and the electrode in the vertical plane, and y is the distance between ion
and grain boundary in the horizontal plane, then the fraction f of bulk
L1
travelling distance to total travelling distance, f =
, is equal to
L1 + L2
the following expression:

R xmax
0

dx

RH
ymin

1

dy
1−

f [v1, v2, L, H] =

R xmax
0

dx

v1 y
+
v2 x
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ymin

s

1−
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with distances as defined in Figure 4.9, where xmax is the minL
H(v2 − v1)
and xmax = √
imal value between xmax =
, and
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v22 − v12
. The expression for f thus takes into account
v2 − v1
all possible starting values for (x, y).
ymin = x

Figure 4.9. (a) Geometric scheme showing bromide ions within a perovskite
grain for a grain of height H and length L, on top of an electrode. The inside
of the rectangle represents the bulk of the perovskite lattice, while the edges
of the rectangle represent grain boundaries. (b) Mean free path from the grain
interior to the electrode of opposite polarity of an ion located at position (x, y),
with L = L1 + L2, L1 being the distance from grain interior to grain boundary,
and L2 from grain boundary to electrode.

The effective activation energy of peak A, Ea(ef f ) (A) can be written
Ea(ef f ) (A) = f Ea (1) + (1 − f ) Ea (2)
where Ea (1) and Ea (2) are the bromide migration activation energies
from bulk to grain boundary and from grain boundary to electrode, respectively, where the conversion relation from v1 to Ea (1), and from v2
to Ea (2) are v1 = exp [−Ea (1)] and v2 = exp [−Ea (2)]. We note that this
simplification assumes that the diffusion coefficient for both pathways is
identical and only the activation energy is different, as also indicated by
our measurement (Figure 4.4d).
We can now estimate Ea (1) and Ea (2), by solving the previous Equation for various sets of (Ea (1), Ea (2)) and try to find the best fit to the
activation energies of peak A. The results are shown in Figure 4.10. We
note that the x-axis for activation energies of peak A (as shown in Figure
4.4c) is transformed from grain size to a new metric of grain size over
thickness of the perovskite layer, allowing to plot all experimental values
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on the same axis as the fitted values. The simple model we used predicts
a change in the activation energy for aspect ratios between 0 and 2, while
our experimental data shows an onset starting around 7.8. The failure
to account for the delayed onset of the activation energy change is likely
due to the simplicity of our model, which does not account for the distribution of grain sizes in each sample, a possibly rough grain boundary,
and for the contribution of a slower diffusion paths to the capacitance
decay. Nevertheless, if we shift the x-axis of the model by 7.8, we can
reproduce the trend of the activation energy increase as a function of
grain aspect-ratio. The plot in Figure 4.5c was obtained with fitted values of the activation energies of 0.50 eV for bulk diffusion and 0.18 eV for
grain-boundary diffusion. While not attempting a precise description of
the experimental data our model shows the effect that a varying grain
size has on the geometry of the ion’s path, rationalizing the experimental
trend.

Figure 4.10. Experimental activation energies of peak A in purple, rescaled
as a function of length over thickness and shifted to lower x-values; fitted geometrical model in red, using values of 0.50 eV for bulk diffusion and 0.18 eV
for grain-boundary diffusion. We further note that TID cannot unveil the microscopic pathways of ion diffusion in the perovskite layer, but remains an interesting tool that can be further complemented by theoretical modelling using
DFT and MD simulations.
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2D or not 2D
Reduced ion migration by addition of a
2D layer, comparing PEA, FEA and
mixed PEA/FEA

2D/3D perovskite solar cells, where a thin 2D perovskite layer is deposited onto a thick 3D perovskite layer, have recently emerged as a
promising avenue to combine both the high efficiency of the 3D perovskites and the increased stability of the 2D perovskites. In fully 2D
perovskite devices, ion migration appears to be reduced or suppressed
compared to the fully 3D systems. However, it remains unclear if ion
migration in a 2D/3D perovskite solar cell is affected by the presence
of the thin 2D layer at the interface between the 3D perovskite and the
hole transport layer. Here, we study the influence of the addition of this
thin 2D layer on ion migration in the full 2D/3D solar cell devices. We
further evaluate the effect of the 2D spacer layer composition by varying
the 2D spacer molecules between FEA, PEA or a mix of FEA and PEA,
and find that in all devices incorporating a 2D layer, ion migration is
hindered. Upon addition of the FEA 2D layer, the density of one of the
mobile halide ions decreases from 41 % to 15 % of the doping density;
while addition of the PEA 2D layer affects the second mobile halide ion,
by decreasing its density from 60 % to 25 % of the doping density, and
increasing the migration activation energy from 65 meV to 110 meV. Our
quantitative analysis of ion migration thus allows us to distinguish different mechanisms of ion migration suppression, dependent on the 2D
spacer composition.

This chapter is based on the following publication:
Lucie McGovern, Rens van Roosmalen, Anwar Alanazi, Gianluca
Grimaldi, Moritz C. Schmidt, Jovana V. Milić and Bruno Ehrler, "Effect
of a 2D layer on ion migration in perovskite solar cells, comparing PEA,
FEA and mixed PEA/FEA systems", in preparation.
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5.1

Introduction

Perovskite solar cells have recently emerged as one of the most promising material platforms for optoelectronic devices. Combining high Power
Conversion Efficiencies (PCEs) 159–161 , cheap synthesis and fabrication
methods 162–164 , and bandgap tunability by simple modification of the
perovskite composition 11 , they appear as an outstanding candidate in
the field of photovoltaic research 10 , where efforts for better and cheaper
solar cells are continuously ongoing. However, perovskite solar cells are
still affected by a major drawback, which is their instability. Modules
tend to degrade with time and have been shown to be sensitive to a
range of environmental factors 19,165,166 , impeding their large-scale commercialisation. Ion migration, the process whereby an ion from the ABX3
perovskite structure detaches and becomes mobile within the perovskite
layer, is a particular challenge in lead halide perovskites, as it is an intrinsic source of instability in these devices 60 . Finding a reliable, simple, and
robust mitigation strategy against ion migration in perovskite solar cells
is thus a desirable goal, which would allow these devices to contribute to
the ever-growing global need for energy 167 .
In this context, 2D perovskite devices have recently emerged as
an opportunity for increased stability in the field of perovskite solar
cells 168–171 . In 2D perovskite layers, the lead halide inorganic sheets
are separated by organic spacer molecules (called 2D spacer molecules),
which are large organic cations that replace some of the small A-site
cations present in the 3D perovskites 169 . The general formula for the
structure is B2 An−1 Pbn I3n+1 , where B is the replacement cation and n
is the number of perovskite inorganic sheets, tunable by adjusting the
mixing ratio of 3D cations to 2D spacer molecules.
Adding the 2D spacer layer to 3D perovskite solar cells has been shown
to offer increased protection against humidity and thermal stress 172–176 .
However, these devices suffer from a reduced PCE in comparison with
their 3D counterparts. After optimisation in the device preparation,
state-of-the-art 2D perovskite devices now reach competitive PCEs above
14 % 177 , but remain below the record 25.7 % found for 3D perovskites 159 .
More recently, new devices combining a bulk 3D perovskite layer with a
thin 2D layer have appeared, to benefit both from the increased stability
offered by the 2D layer, and from the higher efficiency offered by the
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3D layer. These 2D/3D heterostructures already reach efficiencies over
20 % (efficiencies of 21 % and 23 % were recently demonstrated 178,179 )
and, most remarkably, have been shown to maintain their PCE for over
a year 180–182 . While the impact of the 2D perovskite layer on external
instability sources is thus established, how these 2D perovskite layers
affect the ion migration dynamics in the 2D/3D heterostructures remains
an open question.
Initial works on this topic of ion migration in 2D perovskites include conductivity 183,184 , TOF-SIMS 43 and absorption spectroscopy
measurements 185 , all indicating a reduction of ion migration in the lowdimensional perovskite layers. Lin et al. and Xiao et al. showed that ion
migration was completely suppressed in fully 2D perovskites - both along
the out-of-plane and in-plane directions - when using n-butylammonium
(BA) (with n = 3 or n = 4) as the 2D spacer molecule 183,184 . Huang et
al. looked at TOF-SIMS signals of 3D perovskites and compared these
with those of 2D perovskites with large n-values. They found that iodide
was the dominant species migrating in the 3D devices, and that this
migration was suppressed in the case of the 2D perovskites 43 . Cho et
al. compared the speed of halide remixing as a function of n, and found
that with lower n values, the halide remixing took longer, indicating
an energy barrier against ion migration for the lower-dimensionality
perovskites 185 . While there seems to be an emerging consensus that 2D
perovskites can either mitigate or altogether suppress the ion migration
in fully 2D perovskite devices, some questions remain unanswered. These
include the quantification of the effect of the 2D layer, whether a thin
2D perovskite layer has any influence on the ion migration dynamics
within a stack that contains a much thicker 3D layer, and the potential
impact of the 2D organic cation spacer itself.
To study these questions, we use efficient 2D/3D solar cell devices prepared with a range of 2D spacer molecules, and measure small variations
induced by these thin 2D perovskite layers on top of the 3D perovskite.

5.2
5.2.1

Results and discussion
2D/3D device fabrication, with FEA, PEA and
mixed FEA/PEA as 2D spacer molecules

We fabricate a range of 2D/3D perovskite stacks using either pentafluorophenethylammonium (FEA), phenethylammonium (PEA), or a mix of
FEA/PEA as the 2D spacer molecule in the 2D perovskite layer. We
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further complement our range of devices with a reference device containing only the 3D perovskite and no additional 2D layer. The 3D layer is
a mixed-halide MAPb(I0.95 Br0.05 )3 perovskite. All devices have a p-i-n
architecture with compact TiO2 (C-TiO2 ) and mesoporous TiO2 (MTiO2 ) as Electron Transport Layers (ETLs) and Spiro-OMeTAD as the
Hole Transport Layer (HTL). The devices are completed with Fluorine
doped Tin Oxide (FTO) and gold electrodes for current extraction. An
illustration is shown in Figure 5.1.
Reference 3D

FEA 2D + 3D

PEA 2D + 3D

FEA/PEA 2D + 3D

Figure 5.1. Solar cell device stacks, where the 3D layer is a mixed-halide
MAPb(I0.95 Br0.05 )3 perovskite, the ETL consists of a combination of C-TiO2
and M-TiO2 , the HTL is Spiro-OMeTAD, and the bottom and top electrodes are
respectively FTO and gold. Except for the pure 3D sample, a thin 2D perovskite
layer is added on top of the 3D perovskite layer, where the 2D spacer molecule
is varied to obtain a range of 2D/3D stacks. The 2D spacer molecules used
are FEA, PEA or a mix of FEA/PEA. The organic spacers FEA and PEA are
shown below their respective stacks.

The 2D spacer molecules FEA and PEA both consist of an aromatic
ring and an ammonium group, the latter allowing for coordination to the
perovskite octahedra. FEA and PEA differ in the electron density distribution across the aromatic rings: fluorine atoms remove electron density
from the aromatic ring in the FEA system, leading to a low electron
density in the centre of the aromatic ring, whereas the electron density is
highest in the centre of the aromatic ring in the PEA system. This change
in the electronic distribution will modify the stacking of the 2D molecules
within the 2D layer: as shown in Figure 5.2, the PEA molecules can either adopt a π − π interaction with a T-shaped (t), parallel displaced
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(d) or parallel (p) orientation (with interaction strengths πT ∼ πd < πp ),
while the FEA molecules will favor parallel π − π interactions, πp . In
turn, this affects the strength and nature of the supramolecular interaction between the 2D and 3D perovskites 186 . Our investigation thus
extends the characterisation of ion migration to 2D perovskite systems
with fluorine containing spacers, in which the change in electronic density leads to a difference in the supramolecular interaction, which could
affect the energy barrier for ionic motion. This variation will allow us
to study whether the ion migration properties of the 2D/3D perovskite
devices are impacted by the composition of the 2D spacer layer itself.

Figure 5.2. Illustration scheme of the possible supramolecular interactions
formed within the 2D perovskite layers of either PEA or FEA. The strength of
the π − π interaction is dependent on the aromatic ring orientation, whether
T-shaped, parallel displaced or parallel. Reproduced from reference 186.

5.2.2

Thermal admittance spectroscopy and transient
ion drift characterisation

We measure the Thermal Admittance Spectra (TAS) of the 2D/3D perovskite devices, as shown in Figure 5.3a-d. We find that in the lowfrequency regime below 102 Hz, the capacitance shows very high values,
from 250 to 1750 nF cm−2 , depending on the 2D spacer molecule and
on the temperature. This low-frequency feature increases with temperature, indicating a thermally activated process. This feature is in line
with previous works using devices with a p-i-n architecture and TiO2 as
the ETL 97 . It stems from an activated process in this transport layer
or at the TiO2 /perovskite interface. The mobile ion response in per-
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ovskite cells is usually also present in this frequency range 187 , but this
feature is expected to have lower intensity than the one observed here,
especially considering that the TAS measurements are taken under dark
conditions 52 . We thus assign this low-frequency peak to an effect of the
TiO2 layer, possibly convoluted with a mobile ion response. Since we are
not interested in the effect of the TiO2 /perovskite interface on the capacitance, we measure at a higher frequency where this feature is absent.
At higher frequencies above 102 Hz, the capacitance spectra decrease to a
plateau-like shape with values in the range of 50 to 150 nF cm−2 . In this
frequency regime, the plateau-like spectral shape is temperature independent (see insets in Figure 5.3a-d), and the only influence of temperature
is in the small shift to higher capacitance values at higher temperatures.
The capacitance in this frequency regime corresponds to geometric capacitance 52 , where the device is approximated as a parallel-plate capacitor. There, we assume that the small shift with temperature is linked
to the previously-reported variation of the perovskite permittivity with
temperature 101 .
We are interested in the effect of the 2D layer on ion migration. As
the mobile ion response in TAS is shadowed by the effect of the TiO2
layer, we turn to Transient Ion Drift (TID) for mobile ion characterisation in these devices. There, we choose an AC frequency of 104 Hz to
measure the capacitance, in the intermediate frequency regime as defined
above, where the capacitance corresponds to geometric capacitance. The
resulting TID capacitance datasets, taken after applying a filling voltage
of 1.2 V, are shown in Figure 5.3e-h. More TID capacitance datasets,
taken after applying voltage pulses of 0.8 V and 1 V, are presented in
Section 5.4.2. Qualitatively, the first observation is the similarity in the
TID transients of the various 2D/3D perovskite devices. An initial rise
in capacitance is observed in the first 10 to 20 milliseconds – this rise
is mostly present at higher temperatures, above 310 K – and is followed
by a decay in the following timeframe, before the capacitance transients
reach their steady-state values after 100 to 200 milliseconds. This first
qualitative observation is an indication for similar ion migration processes happening in the range of 2D/3D perovskite devices studied here,
prepared with a 2D layer made by using FEA, PEA or a mix of FEA and
PEA as the 2D spacer molecule and in the 3D devices. In the 2D/3D
devices, the 2D perovskite layer is thin compared to the bulk 3D layer, so
this similarity might be expected as most of the ion migration happens
through the bulk. On the other hand, the TID transients, if similar, also
clearly show some differences, with an evolution of the temperature at
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Reference 3D

FEA 2D + 3D

(a)

(b)

(e)

(f)

PEA 2D + 3D
(c)

(g)

89
FEA/PEA 2D + 3D
(d)

(h)

Figure 5.3. Admittance spectra of the 2D/3D perovskite solar cell devices,
with (a) no 2D layer, (b) the 2D layer with FEA, (c) the 2D layer with PEA
and (d) the 2D layer with a mix of FEA and PEA. The admittance spectra were
taken at 300 K in the dark, using an AC voltage of 10 mV. TID capacitance
transients of the 2D/3D perovskite solar cell devices, with (e) no 2D layer, (f)
the 2D layer with FEA, (g) the 2D layer with PEA and (h) the 2D layer with
a mix of FEA and PEA. The capacitance transients are taken after applying a
voltage pulse of 1.2 V for 2 s and are measured at 10 kHz with an AC voltage of
10 mV. The capacitance traces are taken from 210 K to 330 K, and shown here
in temperature steps of 30 K.

which the ion migration process is first observed, but also an evolution
in the specific time dynamics for each of the 2D/3D perovskite systems.
To further study the mobile ion dynamics in the 2D/3D systems and obtain a quantitative picture, we analyse the transients and fit them to an
analytical model. The fitting procedure is detailed in the next paragraph.

5.2.3

Quantification of the ion migration characteristics

The TID transients are fitted to Equation 5.1, where C(t, T ) is the capacitance at time t and temperature T , C∞ (T ) is the steady-state capacitance at temperature T , ∆Cn (T ) is the amplitude of the process n in
the transient of temperature T , pf it(n) is a fitting parameter associated
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to process n and used to calculate the diffusion coefficient in later stages,
and Ea(n) is the activation energy of ion migration in process n.


C(t, T ) = C∞ (T ) +

X
n

∆Cn (T ) exp 



−t
pf it(n) T exp

E

a(n)



(5.1)

kB T

We fit the full set of transients (measured at different temperatures)
from one TID dataset in a single global fit. This allows us to determine
the global values for both pf it(n) and Ea(n) for each of the n processes
taking place, and to determine the list of ∆Cn (T ) values at each temperature. To increase the fitting speed, we use a differential evolution algorithm: candidate solutions are proposed and iteratively improved based
on a genetic process. In other words, “parent” solutions are combined
to find the next generation of improved solutions, labelled “daughter”
solutions. Such algorithms are efficient at finding global minima of the
cost function in large and complex parameter spaces 188 . Further details
are provided in Section 5.4.3.
The fitting procedure requires 3 exponential contributions to accurately describe the datasets, where one of the contributions describes a
capacitance rise, and the two other contributions correspond to the decay
dynamics.
We first consider the rise feature. This contribution is present mostly
at higher temperatures and it is dependent on the applied voltage pulse
(see Figures 5.5 and 5.6 in Section 5.4). At lower filling voltages, this
rise starts with very low initial capacitance values at early times, below 40 nF cm−2 in the extreme cases. Negative capacitance and capacitance close to zero have been observed in impedance measurements with
TiO2 /perovskite devices in the low-frequency regime 189 and are often
attributed to a surface-ionic interaction. We believe that a similar mechanism upon the (seconds-long) voltage pulse leads to the initial low capacitance. When we take this feature into account for the fitting algorithm, it requires very large ∆Cn (T ) values for the rise process. The
TID model, however, assumes a small concentration of ions (compared
to the background charge density), and hence the fitted values are above
the assumption made in our model (see Section 1.6). For these reasons
we exclude the rise feature from the analysis. Drift-diffusion modelling
of the system could prove beneficial in the attribution of this rise event
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to either an interfacial effect, or an electronic process in the perovskite
layer.
The two decay features are present at all temperatures and in a reliable manner for each of the filling voltages applied (see Figure 5.3 in
Section 5.2.2, and Figures 5.5 and 5.6 in Section 5.4.2), we thus attribute
them to ion migration processes in the 2D/3D perovskite heterostructure
devices. If we assume that the perovskite is p-type 122,190,191 , then a decay in TID capacitance corresponds to migration from an anion species.
In the case of lead halide perovskites, this capacitance decay is thus attributed to migration from the halide species. This result matches well
with literature, as the halide ion is often found to be the most mobile
ion species in perovskite solar cells 43,56,108 .

5.2.4

Halide migration in the 2D/3D perovskites

We now look at the quantified picture of halide migration in the fabricated solar cell devices and study the influence of the thin 2D layer on
the ion dynamics in the full 2D/3D perovskite system, comparing the
reference device prepared with only the 3D perovskite, and the 2D/3D
perovskites made using either FEA, PEA or a mix of these two as the 2D
spacer molecule. We find that in all systems incorporating a 2D layer,
the halide migration process is hindered compared to the pure 3D case.
The nature of this reduction in ion migration is, however, dependent on
the composition of the 2D perovskite. The values plotted in Figure 5.4
are also reproduced in Table I for clarity.
The device including FEA for the 2D thin layer acts as a barrier for
halide ion migration by reducing the mobile ion density of one of the
mobile species, which we call Halide (1), shown in orange in Figure 5.4b.
Specifically, the mobile ion density decreases from 41 % to 15 % of the
doping density.
The device including PEA for the 2D thin layer also acts as a barrier
for halide ion migration, but the mechanism is different. There, on top
of the reduction in mobile ion density - from ∼ 60 % to 25 % of the
doping density, there is also a significant increase in the activation energy
for the migration step of Halide (2), from ∼ 65 meV without PEA to
110 meV after addition of PEA as the 2D spacer molecule. Interestingly,
both activation energy and density of Halide (2) are affected by PEA,
compared to the system with FEA which affects the Halide (1) process
only.
We also study the effect of mixing both FEA and PEA as spacer
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molecules in the thin 2D layer. This mixture leads to supramolecular
interaction which should strengthen the interaction within the 2D spacer
layer 173,192–194 . There, similar to the case with PEA only, we observe
both an increase in the activation energy of Halide (2), and a decrease
in the density of mobile Halide (2) ion. The values are comparable when
using either only PEA or the mix of PEA and FEA: the activation energy
remains 110 meV, and the mobile ion density arrives at (25 ± 5) % and
(28±13) % of the doping density. In other words, the ion migration effect
observed when using the mixed FEA/PEA system is dominated by the
ion migration response of PEA.
(a)

(b)

(c)

Halide (1)

Halide (1)

Halide (1)

Halide (2)

Halide (2)

Halide (2)

Figure 5.4. Ion migration characteristics of the 2D/3D perovskite solar cell
devices prepared either with no 2D layer, or FEA, PEA or a mix of FEA and
PEA as 2D spacer molecule in the 2D perovskite layer; with (a) the activation
energies for the migration step, (b) the density of mobile ions, and (c) the
diffusion coefficient of these mobile ions. The 2 different mobile halide species
are shown in orange and in red.

The feature that remains constant between the fully 3D perovskite
system and all of the 2D/3D perovskite systems studied here is the ion
diffusion coefficients of mobile ion species Halide (1) and Halide (2). To
test whether these values can indeed be considered constant, we use an
unpaired student’s t-test, and find that there is no statistically significant
trend as a function of the 2D spacer layer. The diffusion coefficient of
Halide (1) is on the order of 10−7 cm2 s−1 , and that of Halide (2) on the
order of 10−8 cm2 s−1 . Both diffusion coefficients are in line with previous
works on the halide diffusion coefficient in perovskite solar cells 56,76,124 .
The migration activation energies in the fully 3D reference system
are very close to those previously found for the mixed-halide perovskite
of similar composition, MAPbBr0.3 I2.7 (see Chapter 3, Section 3.2.3) 104 .
This 3D perovskite with 10 % bromide addition showed two mobile halide
species with activation energies of 0.060 eV and 0.150 eV 104 , comparable
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Pure 3D

FEA 2D +
3D

PEA 2D +
3D

FEA/PEA
2D + 3D

Ea Halide
(1) (eV)
Ea Halide
(2) (eV)

0.134 ±
0.010
0.067 ±
0.014

0.143 ±
0.018
0.064 ±
0.013

0.134 ±
0.022
0.110 ±
0.005

0.152 ±
0.018
0.108 ±
0.001

Density
Halide (1)
(% of ND )
Density
Halide (2)
(% of ND )

41 ± 8

15 ± 1.6

19 ± 15

29 ± 8

64 ± 5

54 ± 10

25 ± 5

28 ± 13

D Halide
(1)
(cm2 s−1 )
D Halide
(2)
(cm2 s−1 )

(1.0 ± 0.6)
×10−7

(7.0 ± 4.0)
×10−8

(1.2 ± 0.9)
×10−7

(4.4 ± 2.6)
×10−8

(1.3 ± 0.7)
×10−8

(1.1 ± 0.6)
×10−8

(1.4 ± 0.8)
×10−8

(9.0 ± 5.0)
×10−9

Table I. Extracted parameters for the activation energies, the mobile ion
densities, and the diffusion coefficients of the mobile ion species (1) and (2) as
measured by TID spectroscopy in the 2D/3D perovskite solar cell devices.

to the 0.067 eV and 0.134 eV found here, suggesting similar migration
pathways in both of these mixed-halide 3D perovskites. When comparing the mobile ion densities of Halide (1) and Halide (2) in the fully 3D
reference system, we find that they are both on the same order of magnitude, with (41 ± 8) % of the doping density for Halide (1), and (65 ± 5) %
for Halide (2). The bromide concentration in the 3D perovskite represents only 5 % of the iodide concentration: if the two different mobile ions
Halide (1) and Halide (2) were iodide and bromide, we would expect a
clear difference in the density of mobile ions. The similarity in mobile ion
density thus suggests that both contributions stem from the prominent
halide in the MAPb(I0.95 Br0.05 )3 perovskite, i.e. the iodide species. This
is in line with previous work showing iodide to be a more mobile ion than
bromide 68,73,116 . We thus attribute the two migration processes Halide
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(1) and Halide (2) to iodide migration. Determining the specific nature
of the two different migration processes would facilitate the development
of strategies to manage ion migration, and thus calls for future investigation. We also note the large uncertainty in the determination of the
halide density. This is partially due to a large sample-to-sample variation, and partially because at such high density (compared to the doping
density) the ions are not forming a mere perturbation to the electric field
distribution inside the device. Hence, the simple theory we use for the
analysis is not entirely accurate, limiting the accuracy with which we can
determine the ion density. Ongoing work on simulating the full electric
field distribution in the device could shed light on these uncertainties.
Together, our results thus show a prominent effect of the thin 2D layer
addition on top of the thicker 3D perovskite in terms of ion migration
reduction. To observe such a large effect might be surprising, considering the difference in thickness between these two layers. One explanation
might come from the role of the transport layers in the perovskite device stacks. In our general model of lead halide perovskite devices, we
assume that these transport layers are fully ion-blocking, meaning that
the mobile ions only drift through the perovskite layer and to the interface between perovskite and transport layer. If, however, there is some
transfer of the mobile ions into the transport layers, in other words if
this hypothesis is invalid in the fully 3D case, then the impact of a completely ion-blocking layer, however thick, at the interface with this 3D
perovskite would be consequential. We thus consider the 2D perovskite
layer to have better ion-blocking properties than the usual electron and
hole transport layers.

5.3

Conclusion

We study the influence of the addition of a thin 2D perovskite layer on top
of a bulk 3D perovskite layer, in terms of ion migration in the full 2D/3D
solar cell device, and further evaluate the effect of the 2D perovskite
composition by varying the 2D spacer molecules with FEA, PEA or a
mix of FEA and PEA. We find that in all systems incorporating a 2D
perovskite layer, the 2D/3D solar cell device shows a reduction in halide
migration. The mechanism however differs, with either a reduction in
the mobile density of Halide (1) for the pure-FEA case, or a combination
of a reduction in the mobile density and an increase in the activation
energy of Halide (2) for the pure-PEA case and the mixed FEA and PEA
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case. These results highlight the crucial role played by 2D perovskites
in hindering ion diffusion through the stack of efficient solar cell devices,
while suggesting the presence of different mechanisms of blocking ion
migration for different 2D spacers. Detailed understanding of the impact
of the 2D spacer on ion migration processes might finally pave the way
towards perovskite photovoltaics with long term stability.
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5.4.1

5.4

Appendix
Device fabrication

The devices are fabricated according to previously published procedures 173,186,193 . The thickness of the 3D perovskite layer was shown
to vary between 400 and 500 nm.

5.4.2

Electrical measurements

All electrical measurements are taken in the dark, using a commercially available setup from Semetrol and a JANIS VPF-100 cryostat.
To avoid oxygen or moisture contamination, the pressure is kept below
7 × 10−6 mbar during the measurements and the loading of the samples
into the cryostat takes place in a nitrogen-filled glovebox.
TAS spectra are recorded from 1 Hz to 500 kHz in 100 steps, using a
10 mV perturbation voltage. The measurement is repeated every 10 K,
from 210 K up to 340 K. We measure TID after applying a voltage pulse
for 2 seconds and record the capacitance transients between 210 and
330 K, with temperature steps of 3 K. The different filling voltages applied are 0.8, 1.0 and 1.2 V, and the AC perturbation voltage used to
measure capacitance is 10 mV applied with a frequency of 10 kHz. For
each temperature transient, 2033 data points are collected (i.e. ∼ 1 s
after t = 0), and the capacitance transients are averaged over 20 repetitions before moving to the next transient. All TAS and TID measurements are repeated on 2 different cells, coming from separate batches
prepared by using the same recipe (i.e. two pure 3D cells and six 2D/3D
systems, with 2×FEA, 2×PEA and 2×mixed FEA/PEA).
The TID technique, as well as the analytical model and hypotheses
used, are described in Chapter 1 of this thesis.
In Figures 5.5 and 5.6, we show the TID datasets after applying filling
voltages of 0.8 V and 1 V, for the 4 different types of solar cell devices
prepared - the pure 3D device, and the set of 2D/3D heterostructure
devices with FEA, PEA and the mixture of FEA and PEA as 2D spacer
molecules. In Figure 5.5, which represents the case after applying a
voltage of 0.8 V, we notice that the transients are visible, but have a
much lower magnitude than in the cases with filling voltages of 1 V or
1.2 V (shown in Figure 5.6 and Figure 5.3, respectively). We conclude
that 0.8 V is not sufficient to fully collapse the depletion in the devices.
In Figure 5.6 however, which represents the case after applying a voltage
of 1 V, we notice that the dynamics in the capacitance transients are very
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similar to those observed after applying a voltage of 1.2 V, with an initial
rise in the first 10 to 20 ms before a decay in the following 100 ms, and
finally a saturation after ∼ 150 ms. This indicates that the 1 V filling
voltage is sufficient for the devices to be almost or fully depleted, and
that the ion migration dynamics taking place are equivalent to those
observed after application of the 1.2 V filling bias. To obtain a reliable
0.8V
quantification of the ion migration
dynamics in the 2D/3D perovskite
Ref / FEA / PEA / Mixed
systems, we thus decide to use the TID datasets measured at 1 V and
1.2 V.
Reference 3D

(a)

PEA 2D + 3D

FEA 2D + 3D

(b)

(c)

FEA/PEA 2D + 3D

(d)

Figure 5.5. TID capacitance transients of the 2D/3D perovskite solar cell
devices taken after applying a voltage pulse of 0.8 V for 2 s, for the devices with
(a) no 2D layer, (b) the 2D layer with FEA, (c) the 2D layer with PEA and
(d) the 2D layer with a mix of FEA and PEA. The capacitance transients are
measured at 10 kHz with an AC voltage of 10 mV. The capacitance traces are
taken from 210 K to 330 K, with temperature steps of 3 K.

The feature which evolves the most between the 0.8 and 1 V TID
datasets compared to the 1.2 V TID dataset is the magnitude of the initial
rise event, where the peak shows larger magnitude in the 2 cases with
lower voltage pulses. This observation further strengthens our analysis of
this rise event being caused by either an interface effect or an electronic
process rather than an ion migration process.

5.4.3

Fitting procedure

To obtain the values shown in Figure 5.4 and in Table I, we fit the TID
datasets to Equation 5.1 (shown in Section 5.2.3). For each composition,
the extracted value is taken from averaging over two filling voltages (the
TID datasets obtained after applying the 1 V and 1.2 V filling voltages)

1V
Ref / FEA / PEA / Mixed
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Reference 3D

(a)

PEA 2D + 3D

FEA 2D + 3D

(b)

(c)

5.4
FEA/PEA 2D + 3D

(d)

Figure 5.6. TID capacitance transients of the 2D/3D perovskite solar cell
devices taken after applying a voltage pulse of 1 V for 2 s, for the devices with
(a) no 2D layer, (b) the 2D layer with FEA, (c) the 2D layer with PEA and
(d) the 2D layer with a mix of FEA and PEA. The capacitance transients are
measured at 10 kHz with an AC voltage of 10 mV. The capacitance traces are
taken from 210 K to 330 K, with temperature steps of 3 K.

and two device copies for each of the device compositions (2×pure 3D,
2×FEA, 2×PEA and 2×mixed FEA/PEA). The resulting averages are
thus taken over a set of 4 measurements and the error bars represent the
standard deviation of the mean over these measurements. The reasoning
for averaging over two filling voltages is explained in Section 5.4.2 above.
The fitting procedure is based on a differential evolution algorithm,
here using scipy’s differential evolution function 195 . In such differential evolution algorithms, the genetic selection of “daughter” solutions
is stochastic in nature. To counteract this effect, the fitting process is
repeated at least 10 times for each dataset, which allows us to acquire
sufficient statistics on the obtained parameters. The solutions are then
filtered based on their cost function 196 , which is a measure of how well
the fitted function matches the datasets. These are obtained by taking
the sum of the residuals squared for each temperature trace and summing
them together in a dataset-wide cost value. Finally, the fitted parameters of the remaining solutions are averaged – the resulting values are
reported in Table I.
To avoid the cost function being dominated by the traces with the
highest decay amplitudes (i.e. the traces at highest temperatures), we
normalize all temperature traces prior to the fitting procedure.
The differential evolution algorithm has tunable parameters to optimise a quick route to a reliable global fit. To increase the likelihood

2D or not 2D

5.4

∆Cn (T ) (pF)
pf it(n)

(s K−1 )

99

−30 to 2
10−8 to 10−4

Ea(n) (eV)

0.01 to 0.3

C∞ (T ) (pF)

10−6 to 0.5

Tolerance factor

0.002 to 0.1

Mutation factor

0.4 to 0.6

Cost treshold

6 to 33

Table II. Set of parameters and the range of values used for the fitting procedure.

of finding the global minimum, either more iterations, a higher mutation factor or a lower tolerance factor can be set, all at the expense of
computational power. To avoid any prior bias on the results, a broad
parameter range was applied throughout the entire fitting process. The
typical parameter ranges used are shown in Table II.
The maximum value of the activation energy for ion migration chosen here is on the low end compared to some of the previously reported
values 86,131,148 . This range was chosen due to the observation that using
higher activation energies in the initial parameter set did not result in
better convergence of the extracted value. Indeed, allowing the activation energies to increase up to 1.2 V resulted in similar final values, far
below 0.3 V, while the larger parameter space required significantly more
computational power.
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Summary

Ion migration takes place in lead halide perovskites when either the
A, B, or X element within the ABX3 perovskite structure become a
mobile ionic species and start migrating through the perovskite layer.
This transient behavior leads to instability in the lead halide perovskite
layers, and, importantly, might not be fully reversible in the solar cells
in which these perovskite layers are incorporated. This makes ion migration a barrier to the full development of perovskite materials in the
solar sector. In this thesis, we aim to understand the different factors
influencing ion migration in lead halide perovskite solar cells, with a
view of eventually mitigating or suppressing this feature altogether. We
do so by taking a variety of perovskite systems and quantifying their ion
migration dynamics. The measurement technique used throughout this
thesis is transient ion drift, a capacitance-based measurement which can
track ion dynamics within semiconductor devices. The key parameters
we extract from this technique are the nature of the mobile ions, their
migration activation energies, their diffusion coefficients and their densities within the perovskite films.
With climate change already happening before our eyes, we need to
develop the renewable energy sector, and particularly the solar sector.
In Chapter 1 we introduce perovskite solar cells along with their key
properties, and note that stability issues still prevent these perovskite
solar cells from "shining through" in commercial solar cells. We further
introduce the ion migration process, along with the different experimental and modelling techniques to observe this phenomenon. Finally,
we introduce the transient ion drift technique, and elaborate on the
fitting procedure and underlying assumptions used in this thesis. In
the following Chapters, we use transient ion drift to characterise ion
migration in a variety of lead halide perovskite solar cells.
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MAPbBr3 has been shown to be more stable than MAPbI3 , and we
explore whether this beneficial stability property might (also) come from
a change in the ion migration properties. In Chapter 2 we look at
the influence of the perovskite composition on ion migration dynamics
within the perovskite layer, comparing the two pure-halide systems of
MAPbBr3 and MAPbI3 . We find that, upon substitution of iodide for
bromide, halide migration is reduced, through a reduction of the mobile
ion concentration and a slower ion diffusion coefficient for the bromide
species compared to the iodide species. Surprisingly, we also observe a
change in the cation migration, with a suppression of methylammonium
migration in the MAPbBr3 solar cells. The perovskite composition thus
plays a crucial role in ion migration dynamics within the perovskite
layers.
Nowadays, state-of-the-art perovskite solar cells combine multiple
halide ions: we therefore extend our work to mixed-halide perovskites
with varying ratios of bromide to iodide in Chapter 3. We find that in
mixed-halide perovskites, there are 2 mobile halide processes compared
to the single mobile halide species in the pure-halide perovskites. We
also find that the migration activation energies in the mixed-halide
systems is reduced, and that the density of mobile halide ions increases
compared to the pure-halide systems. We further compare the ion
migration dynamics of the low-bromide perovskites under dark and
illumination conditions. Under illumination conditions, we notice the
appearance of methylammonium migration. Quantifying the ion migration processes in mixed-halide perovskites thus further confirms the key
role played by the perovskite composition in the ion migration dynamics.
Perovskite solar cells can be made from a variety of synthesis and fabrication methods, which can affect important aspects of the perovskite
layers, such as the crystallinity of the films. While this might not affect
the efficiency of the solar cells, the ion migration dynamics might be
changed. In Chapter 4 we look at the impact of grain size on the ion
migration dynamics in MABr3 perovskite solar cells. We find that in
films with smaller grains, the ions migrate through the grain boundaries,
whereas films with larger grains show 2 migration processes, where one
is mediated by the grain boundaries, and the second is mediated by the
bulk of the perovskite. We also find an increase in the activation energy
for bromide migration in the films with larger grains. Crystallinity is
thus one of the pathways to consider for ion migration mitigation.

Summary

129

To benefit both from the efficiency of the 3D perovskites and from
the stability of the 2D perovskites, new combined 2D/3D solar cells
have been developed, where a thin 2D layer is deposited on top of a
thicker 3D perovskite. We study the ion migration dynamics of these
mixed-dimensionality perovskite systems in Chapter 5, comparing various 2D layers, made out of FEA, PEA or a mix of FEA and PEA spacer
molecules. We find that ion migration is reduced in all solar cells incorporating a 2D layer, but that the specific process is dependent on the
2D spacer layer composition. FEA reduces ion migration by decreasing the mobile halide density of the first halide migration process, while
PEA reduces ion migration both by decreasing the mobile halide density and increasing the activation energy of the second halide migration
process. Modifying the interfaces of the 3D perovskites by addition of
a lower-dimensionality 2D perovskite layer is thus another pathway for
mitigation of ion migration in lead halide perovskite solar cells.

Samenvatting
Ionenmigratie vindt plaats in lood halide perovskieten wanneer het A-,
B- of X-element in de ABX3 -perovskietstructuur een mobiel ion wordt
en door de perovskietlaag migreert. Dit gedrag leidt tot instabiliteit
in de lood halide perovskietlagen en, nog belangrijker, is mogelijk niet
volledig omkeerbaar in de zonnecellen waarin deze perovskietlagen zijn
verwerkt. Dit maakt ionenmigratie een barrière voor de volledige ontwikkeling van perovskietmaterialen in de zonne-energiesector. In dit
proefschrift streven wij ernaar de verschillende factoren die ionenmigratie in lood halide perovskietzonnecellen beïnvloeden te begrijpen,
met het oog op het uiteindelijk verminderen of onderdrukken van deze
eigenschap. We doen dit door de ionenmigratiedynamiek van een verscheidenheid aan perovskietsystemen te kwantificeren. De meettechniek
die in dit proefschrift wordt gebruikt is transiënte ionendrift. Dat is
een op elektrische capaciteit gebaseerde meting die de ionendynamiek in
halfgeleider devices kan volgen. De belangrijkste parameters die we met
deze techniek bepalen zijn de aard van de mobiele ionen, hun migratieactiveringsenergieën, hun diffusiecoëfficiënten en hun dichtheden in de
perovskietlagen.
Nu de klimaatverandering al voor onze ogen plaatsvindt, moeten
we de hernieuwbare energie sector versterken, en daarbij met name de
zonne-energie sector. In Hoofdstuk 1 introduceren we perovskietzonnecellen samen met hun belangrijkste eigenschappen, en merken we op
dat stabiliteitsproblemen nog steeds voorkomen dat deze perovskietzonnecellen hun commerciële toepassing vinden. Verder introduceren
we het ionenmigratieproces, samen met de verschillende experimentele
en modelleringstechnieken om dit fenomeen te observeren. Ten slotte
introduceren we de transiënte ionendrifttechniek, en gaan we dieper in
op de fit en onderliggende aannames die in dit proefschrift worden gebruikt. In de volgende hoofdstukken gebruiken we transiënte ionendrift
om ionenmigratie in verschillende lood halide perovskietzonnecellen te
karakteriseren.
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Het is aangetoond dat MAPbBr3 stabieler is dan MAPbI3 , en we
onderzoeken of deze gunstige stabiliteitseigenschap (deels) het gevolg
kan zijn van een verandering in de ionenmigratie-eigenschappen. In
Hoofdstuk 2 kijken we naar de invloed van de samenstelling van de
perovskietlaag op de dynamiek van ionenmigratie, waarbij we de twee
pure halogenidesystemen van MAPbBr3 en MAPbI3 vergelijken. We
ontdekken dat, na substitutie van bromide door jodide, halidemigratie
wordt verminderd door een verlaging van de mobiele ionenconcentratie
en een lagere ionendiffusiecoëfficiënt voor de bromide in vergelijking
met de jodide. Verrassend genoeg zien we ook een verandering in de
kationenmigratie, met een onderdrukking van methylammoniummigratie
in de MAPbBr3 -zonnecellen. De perovskietsamenstelling speelt dus een
cruciale rol in de dynamiek van ionenmigratie in de perovskietlagen.
Tegenwoordig combineren state-of-the-art perovskiet zonnecellen
meerdere halide-ionen: daarom breiden we ons werk uit naar gemengdehalide perovskieten met variërende verhoudingen van bromide tot jodide
in Hoofdstuk 3. We ontdekken dat er in gemengde halide perovskieten
twee mobiele halide processen plaatsvinden vergeleken met de enkele
mobiele halidesoort in de pure halide perovskieten. We ontdekken ook
dat de migratie-activeringsenergieën in de gemengde halidesystemen
lager zijn, en dat de dichtheid van mobiele halide-ionen toeneemt in
vergelijking met de pure halide systemen. Verder vergelijken we de ionenmigratiedynamiek van de bromide-arme perovskieten onder donkere
en verlichte omstandigheden. Onder verlichte omstandigheden zien we
het op gang komen van methylammoniummigratie. Het kwantificeren
van de ionenmigratieprocessen in gemengde halide perovskieten geeft
dus verdere bevestiging van de sleutelrol die de perovskietsamenstelling
speelt in de ionenmigratiedynamiek.
Perovskietzonnecellen kunnen worden gemaakt met een verscheidenheid aan synthese- en fabricagemethoden, die belangrijke aspecten
van de perovskietlagen kunnen beïnvloeden, zoals de kristalliniteit van
de lagen. Hoewel dit mogelijk geen invloed heeft op de efficiëntie van
de zonnecellen, kan de dynamiek van de ionenmigratie veranderen.
In Hoofdstuk 4 kijken we naar de impact van kristalkorrelgrootte
op de ionenmigratiedynamiek in MAPbBr3 perovskietzonnecellen. We
ontdekken dat de ionen langs de korrelgrenzen migreren in lagen met
kleinere korrels, terwijl lagen met grotere korrels twee migratieprocessen
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vertonen, waarbij het ene proces verloopt langs de kristalkorrelgrenzen en
het tweede proces verloopt door het kristalrooster van perovskiet kristalkorrels. We ontdekken ook een toename van de activeringsenergie voor
bromidemigratie in de lagen met grotere kristalkorrels. Kristalliniteit is
dus een van de parameters om te in acht te nemen voor het verminderen
van ionenmigratie.
Om te profiteren van zowel de efficiëntie van 3D-perovskieten als van
de stabiliteit van 2D-perovskieten, zijn nieuwe gecombineerde 2D/3Dzonnecellen ontwikkeld, waarbij een dunne 2D-laag bovenop een dikkere
3D-perovskiet wordt geplaatst. We bestuderen de ionenmigratiedynamiek van deze perovskietsystemen met gemengde dimensies in Hoofdstuk 5, waarbij we verschillende 2D-lagen vergelijken, gemaakt van FEA,
PEA of een mix van FEA en PEA tussenlaagmoleculen. We ontdekken
dat ionenmigratie wordt verminderd in alle zonnecellen met een 2D-laag,
maar dat het specifieke proces afhankelijk is van de samenstelling van
de specifieke 2D-tussenlaag. FEA vermindert de ionenmigratie door
de dichtheid van het mobiele halide in het eerste halidemigratieproces
te verlagen, terwijl PEA de ionenmigratie vermindert door zowel de
dichtheid van de mobiele halide te verlagen als door de activeringsenergie
van de tweede halidemigratieproces te verhogen. Het aanpassen van de
grensvlakken van de 3D-perovskieten door toevoeging van een lager dimensionale 2D-perovskietlaag is dus een andere manier om ionenmigratie
in lood halide perovskietzonnecellen te verminderen.
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