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Abstract

Perovskite solar cells have emerged as a promising photovoltaic technology due to their excel-
lent optoelectronic properties. Despite this, their stability remains a bottleneck and prevents
the technology from taking over the commercial market. This thesis reports on an aging
study that focuses on the effect of light soaking for 1250 hours on the stability of inver-
ted semi-transparent perovskite solar cells. The ability to age and measure both sides of
the device allows for a unique investigation on its orientational dependence. Three different
Cs0.15FA0.85PbI3-based perovskite compositions are investigated to study the effect of a small
bromide substitution and rubidium chloride doping on the performance and stability. The
devices show an overall decrease of the figures of merit for both aging orientations, with no
significant differences between the compositions. After storing the devices in an inert dark
environment for two months, a clear difference emerged for the different orientations.

Devices aged from the superstrate side show a significant decrease in performance ac-
companied by a S-shaped current density-voltage curve. The performance can be (partially)
regained by light soaking at maximum power point for a couple of hours. Using drift-diffusion
simulations it is discovered that the light soaking causes ions, specifically charged donor de-
fects, to migrate to and accumulate at the PTAA/perovskite interface. Subsequently, the
internal electric field is screened resulting in an increase of non-radiative interface recombin-
ation.

For the substrate-aged devices the opposite effect is observed, since they almost fully re-
cover their initial performance before light soaking. The recovery is attributed to an initially
damaged perovskite/PCBM interface, which experiences a curing effect due to the light soak-
ing. This thesis provides useful insights into the effect of light soaking and its orientation on
the aging and recovery of semi-transparent perovskite solar cells as well as the simulation of
perovskite solar cells using SCAPS.
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1. Introduction

As the global population continues to increase, so does the total amount of generated energy
to meet the demand1. At present, fossil fuels are still the major sources for this energy,
which emit tens of gigatonnes of greenhouse gases in the atmosphere each year2. All these
gases contribute to the greenhouse effect, causing the average global temperature to rise with
detrimental effects to ecosystem. To counteract this process over 190 countries have signed the
Paris Agreements to reduce their emission over the next decades to limit the global warming3.
In order to meet these requirements a switch to renewable energies is unavoidable. With
the equivalent of over 7000 times the annual global energy consumption reaching earth each
year, solar energy is a practically endless, free and carbon-free energy source4. At present,
the vast majority of commercial solar cells available are based on crystalline silicon. Their
cost per watt continues to decrease and they become an attractive solution for increasingly
more people5. Despite this and other renewable sources, the global energy growth is still
outpacing the targets set by the United Nations6. Hence, there is a need for new innovative
solutions to help tip the scales in the other direction. Perovskite solar cells have emerged as
next-generation photovoltaic solution with promising results for the future.

1.1 What is perovskite?

Perovskite owes its name to the mineral CaTiO3 which was first discovered by Gustav Rose
in 1839 and named after Lev Perovski7. Since then, materials with similar structure have
been studied in different areas of research. The wide range of interesting properties lead to
the integration of perovskites into various applications such as light emitting diodes (LEDs)8,
lasers9, photodetectors10, field-effect transistors11, gas sensors12 and resistive switch memory
devices13. The very first solar cell based on perovskite was produced in 2009 by Kojima et
al.14 and had an efficiency of 3.8%. This triggered an explosion of research activity and in
just over ten years the efficiency has risen to 25.6% 15. This already brings it near the record
for crystalline silicon solar cells and makes perovskite solar cells the fastest growing solar cell
technology to date16.

Metal-halide perovskites have a chemical formula which can be generalized to the form
ABX3 where A is a large monovalent cation, B is a smaller metal divalent cation and X is
a halogen anion. A can be both an organic molecule such as methylammonium (MA) or
formamidinium (FA) as well as inorganic ions such as cesium or rubidium, B is a heavy metal
such as lead or tin and X is iodide, bromide or chloride. Additionally, multiple different mo-
lecules and ions with a corresponding lattice site can be combined in different ratios to create
a mixed-perovskite structure. The basic schematic of the molecular structure of CsFAPbI3
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perovskite that is used in this project is shown in Figure 1.1. Each lead atom is enclosed in an
octahedron consisting of six iodide anions. These octahedra are connected at the edges which
form the crystal lattice. The remaining empty position within eight octahedra is filled by a
cesium or formamidinium cation. Depending on the temperature the crystal will either have
a cubic, tetragonal or orthorhombic crystal structure.

Cesium

Formamidinium

Lead

Iodide

Figure 1.1: Crystal structure of perovskite
A schematic ABX3 structure of the CsFAPbI3 perovskite. Adapted from Szemjonov et al.17.

Different cations and anions can be used which will result in different properties of the
final material. However, there is a limit to the structural stability of the crystal, which can
be determined using the Goldschmidt tolerance factor and is based on the lattice parameters.
FAPbI3 is a popular composition for its low bandgap, but converts to the photo-inactive yellow
δ-phase at room temperature18. However, it was found that the perovskite could be stabilized
by substituting cesium into the lattice resulting in the desired black α-phase19. Tuning the
ratio of cesium and formamidinium can lead to a composition that is very stable and resistant
to heat and moisture18,20.

What makes these perovskites such excellent light converters is a combination of incredible
parameters that are useful in solar cells. The material has a high absorption coefficient with a
sharp onset21, long diffusion lengths for electrons and holes22 and low exciton binding energy23.
Furthermore, there is the possibility to tune the bandgap24,25, which makes it interesting for
tandem applications where different layers are stacked on top of each other to capture different
parts of the solar spectrum.

Besides interesting internal properties, the perovskite is also appealing with regards to the
external factors. Contrary to the silicon solar cells, which need to be very thick due to its
indirect bandgap, the perovskite has a direct bandgap and can thus be made very thin. This
saves a significant amount of material, making perovskite solar cell modules lightweight and
thus easier to install. Furthermore, the solar cell can be made thin enough such that it can
be used on a flexible substrate26. Additionally, since the perovskite layer is processed from
solution, it opens up opportunities to fabricate the solar cell using printing techniques27.
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1.2 Motivation

Even though perovskite solar cells show tremendous progress and have a large variety of
applications, they are unfortunately still highly limited in their stability over time. Commer-
cially available solar cells should last for at least 20 years, but the most stable laboratory
perovskite devices only have a lifetime of up to one year28, with most cells only lasting a few
weeks. Hence, there is a high necessity for stability research and testing to determine the exact
physicochemical mechanisms that cause degradation over time. Even though perovskites can
already decrease in performance by simply storing them in a dark and inert environment, they
deteriorate even more quickly in the presence of heat, moisture, oxygen and light. The focus
of this research is solely on the effect of prolonged illumination. Measures are taken to make
sure that the devices are only affected by light.

The practically infinite possible compositions all react slightly different to certain condi-
tions29, hence it is also important for aging studies to decipher which changes are beneficial
for the stability of the perovskite. In this project, three different perovskite compositions
are investigated for their stability, namely Cs0.15FA0.85PbI3, Cs0.15FA0.85Pb(I0.98Br0.02)3 and
Cs0.15FA0.85Pb(I0.98Br0.02)3 with 0.1 mole percent of RbCl. Throughout the thesis these com-
positions will be referred to as I (or iodide pure), IBr and RbCl, respectively. It has been
observed that a small substitution of bromide for the iodide increases the stability under vari-
ous (combined) aging conditions30–33. The process of doping the perovskite with alkali metal
halides is still a relatively new concept and is found to improve the crystallinity and reduce
defects34–36. Moreover, promising results are found regarding stability in ambient conditions
and thermal stresses37,38. This project investigates whether the improved stability for these
two alterations also hold under solely light soaking conditions.

Figure 1.2: Device configuration used in the project.

The complete device stack used in this project is depicted in Figure 1.2. This particular
structure is based on the so-called p-i-n or inverted configuration. The p refers to the hole
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transport layer (HTL) which collects the positively charged carriers, i is the intrinsic perovskite
layer and n is the electron transport layer (ETL) which collects the negatively charged carriers.
In this configuration the Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) functions
as the HTL and the [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the ETL.

This combination of layers results is a semi-transparent perovskite solar cell that allows
the non-absorbed, higher wavelength part of the solar spectrum to pass through the device.
Placing the perovskite solar cell on top of a silicon solar cell creates a perovskite-silicon tandem
that can captured a larger part of the spectrum compared to a single junction solar cell.
Another interesting application for semi-transparent solar cells is the use in windows, which
could be a useful solution in dense urban environments39. The device could be designed such
that the outside is optimized for absorption of sunlight and the inside is optimized for the
artificial light of lamps. At present, the stability tests for semi-transparent perovskite solar
cells are scarce and an investigation on the effect of orientation of the device could not be
found in literature. This project is an investigation on the effects of prolonged illumination on
the orientation of these types of perovskite solar cells in order to fill the absence of information
in this part of perovskite research.

Chapter 2 introduces and discusses the theory of a number of important concepts that are
needed for the explanation of the experimental results. Chapter 3 summarizes the fabrication
process of the devices and briefly outlines the different measurement techniques used as well as
the aging set-up. Simulations are performed to compare to the measurement results and also
to see whether the effects of aging can be captured in a model. Both an optical and electrical
simulation are optimized and their configuration and parameters are discussed in chapter 4.
The experimental results are shown in chapter 5 and discussed for different moments during the
aging process. The simulations are compared to the results, but are also deeper investigated
themselves for an improved understanding of the physical concepts of the devices. Finally,
the most important results are summarized in chapter 6 together with an outlook on open
questions and future research.
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2. Theory

This chapter explains the working principles of a solar cell together with the figures of merit
that are used to characterize the performance. Additionally, it dives deeper into the theoretical
background of a number of important phenomena that influence the performance.

2.1 Photovoltaics

The essence of a solar cell is the conversion of sunlight into electricity. Figure 2.1a shows a
simplified schematic representation of the mechanisms that occur during this process, based
on the device stack used in this project.

Figure 2.1: The inner workings of a solar cell and its performance indicators
(a) A simplified schematic representation of the generation, transport and extraction of the charge
carriers in a perovskite solar cell. The electrons (holes) are indicated with blue (red) spheres and
have a negative (positive) charge. (b) A typical current density-voltage curve with the important
parameters indicated.

The horizontal direction shows the position in the device and the vertical direction rep-
resents the energy. First, a photon is absorbed by the perovskite which excites an electron
from the top of the valence band, also known as the valence band maximum (VBM), to the
bottom of the conduction band, also known as the conduction band minimum (CBM). This
leaves behind an oppositely charged hole in the VBM. The difference between the VBM and
CBM is defined as the optical bandgap of the material and places a limit on the range of
light that can be absorbed. Only photons with an energy larger or equal to the bandgap can
successfully excite an electron to the CBM. An electron that absorbs a photon with a higher
energy compared to the bandgap is excited to a higher energy state in the conduction band.
Subsequently, the electron relaxes to the CBM by dispensing its additional energy to the lat-
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tice by means of a phonon, i.e., the energy is lost as heat. Using the internal electric field
in the perovskite, the electron and hole are transported to their respective transport layer.
Additionally, each transport layer also acts as an energetic blocking layer for the opposite
carrier to prevent undesired recombination and thus loss of the carriers. Once the carriers
have reached the interface, they are extracted from the absorber layer and transported to the
electrode where they contribute to the generated electricity.

A general method for determining the performance of a solar cell is to measure the current
density while externally applying a varying voltage to the device. This gives the so-called
current density-voltage (J-V) curve as schematically depicted in Figure 2.1b. With no voltage
applied, the device is short-circuited and the charge carriers are extracted via the electrodes.
The current density measured at this point is called the short-circuit current density (JSC).
Increasing the voltage will lower the internal electric field and recombination of charge carriers
will increase. At a certain voltage the device will be open-circuited, meaning that all carriers
will recombine in the device and zero current density is measured. This particular point
is called the open-circuit voltage (VOC). The voltage for which the solar cell produces the
maximum power density Pmax is indicated by the maximum power point (MPP). The location
of this point also defines the fill factor (FF) as given by the following equation:

FF =
MPP

JSC · VOC
=
JMP · VMP

JSC · VOC
, (2.1)

where JMP and VMP refer to the current density and voltage values at MPP, respectively.
Another more intuitive method for explaining the MPP and FF is by using rectangles. In
order to find the MPP, the area of the blue rectangle under the J-V curve in Figure 2.1b has
to be maximized. Consequently, the FF is defined as the ratio of the blue area over the gray
area. In other words, the FF is a measure of the ‘squareness’ of the the J-V curve. The power
conversion efficiency (PCE) is defined as the final output power density divided by the total
input power density PL as determined by the illumination source, resulting in the following
equation:

PCE =
Pmax

PL
=
JSC · VOC · FF

PL
. (2.2)

Hence, in order to enhance the efficiency of a solar cell, the JSC, VOC and FF all have to be
optimized40,41.

2.2 Recombination

After an electron and hole are generated, they have to travel to the contacts to be extracted
during which various charge carrier recombination processes can occur that lead to undesirable
losses. The change of charge carrier density n over time is described by the rate equation:

dn

dt
= G−An−Bn2 − Cn3, (2.3)

where G is the charge carrier generation rate, A the monomolecular recombination coefficient
related to the Shockley-Read-Hall (SRH) recombination, B the bimolecular recombination
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coefficient related to radiative recombination and C the trimolecular recombination coefficient
related to Auger recombination42. The main difference between the recombination mechanisms
is their reaction order as evident from the charge carrier density dependence in the equation.
The different characteristics of the three recombination mechanisms are schematically depicted
in Figure 2.2 and also reflect the dependence.

SRH (or defect-assisted) recombination is a first-order process where defect states are
present in the material that act as non-radiative recombination centers. If their energy level
lies within the bandgap it is possible for an electron or hole to be captured by a defect, followed
by recombination with the oppositely charged carrier. During both processes the energy is
lost as a emitted phonon as seen in the figure. In perovskites, there are three fundamental
type of defects, which can be present in the bulk of the material or at the interface with
the transport layers. Vacancy defects are atoms or molecules that are missing from their
expected position in the crystal lattice, interstitial defects are atoms or molecules that occupy
a position between the standard lattice sites and anti-site defects are atoms or molecules that
occupy the wrong lattice site43. Radiative (or band-to-band) recombination is a second-order
process where an electron and hole directly recombine and a photon with an energy equal to
the bandgap is emitted. This photon can be reabsorbed by the material, which is known as
photon recycling44. Auger recombination is a third-order process involving either two electron
and a hole or two holes and an electron. The energy from the recombination of the two
different carriers is passed on to a third carrier via a phonon, which will excite the carrier to
a higher energetic state.

Figure 2.2: Different charge carrier recombination mechanisms in solar cells
Left: Shockley-Read-Hall (SRH) recombination, middle: radiative recombination and right: Auger
recombination. The photon is indicated in yellow and the phonons in green.

Due to the relatively low charge carrier densities in solar cells compared to LEDs or lasers,
SRH recombination is dominant in solar cells, while radiative and Auger recombination are
more effective in LEDs and lasers42,45. Typical values for the coefficients of the recombination
mechanisms in solar cells will be further discussed in section 4.2.2.
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2.3 Hysteresis

An unusual phenomenon that is plaguing the electrical measurements of perovskite solar cells
is the so-called hysteresis effect. Its presence is observed as a mismatch between the J-V
curve recorded in the forward and reverse scan direction and this discrepancy complicates the
correct determination of the performance of perovskite solar cells. In addition, the comparison
between devices across literature is not straightforward anymore and thus it blurs the true
progress over time. Ever since hysteresis was first discussed in 2014 46 it has been a heavily
debated topic in the research field47,48. There are various factors that influence the amount
of hysteresis, such as the scan rate49–51, preconditioning52,53 and device architecture54–56.

Over the years a number of mechanisms have been put forward as possible origin of the
effect. These include capacitive effects57,58, ferroelectricity59,60 and charge trapping and de-
trapping61. While these mechanisms can correctly predict aspects of the hysteresis, they all
have certain parts that are in disagreement with theoretical or experimental observations47,48.

The most promising and generally accepted explanation for hysteresis is based on the
migration of ionic species49,52,62–65. Perovskites are known the be ionic conductors66 and the
application of an electric potential or light illumination further enhances the migration67. The
interplay between the ions, charge carriers and internal field is shown in Figure 2.3 and works
as follows.

Figure 2.3: Effect of ion migration during the J-V scan
The circles are the charge carriers and the squares are the ions. (a) Both the charge carriers and ions
are accelerated by the built-in electric field. (b) The accumulation of ions at the interface screens the
built-in field. (c) A large positive bias reverses the built-in field and carriers recombine at the wrong
interface. (d) Voltage prebiasing redistributed the ions resulting in an enhanced internal field and
effective charge extraction.

Under short-circuit conditions, the ions in the perovskite are redistributed due to the built-
in electric field created by the contacts (Figure 2.3a), leading to accumulation of the positively
(negatively) charged ions at the HTL (ETL) interface. As a consequence, the internal electric
field is partially screened (Figure 2.3b). When applying a positive bias during the forward scan,
the already reduced internal electric field will be lowered more, such that the charge carriers
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are mostly driven by diffusion, which leads to more recombination and thus a decreased FF.
Further increase of the bias will at some point reverse the internal field and the charge carriers
will be accelerated towards the wrong transport layers where they will recombine, resulting in
a decreased FF and VOC (Figure 2.3c). Since the diffusion of ions is a relatively slow process
compared to the scan speed the ions have only just started moving to the other interface,
which means that the reverse internal field is mostly maintained during the forward scan.
After the forward scan the device is typically held at a voltage higher than VOC for some time,
which allows the ions to diffuse towards the other interface and reinforce the built-in field.
The charge carriers are efficiently drifting to their corresponding transport layer, resulting in
less recombination and thus improved performance.40,68,69.

Knowing that hysteresis affects the performance, it is crucial to eliminate the effect if long-
term stable performance is to be achieved. Various strategies have been successfully employed
on different layers and interfaces to suppress hysteresis70 of which one is alkali metal doping
that is also investigated in this project71,72. The fact that such a large variety of strategies
reduce hysteresis raises questions whether they actually tackle the ion migration itself or
alter different properties of the device. Interestingly, there appears to be a trend for devices
with less hysteresis to also have improved performance69,73. Hence, the strategies most likely
reduce the non-radiative recombination in the bulk or at the interface rather than limiting the
migration of ions. Indeed, Calado et al.74 showed that devices with negligible hysteresis still
exhibit ion migration. Thus, hysteresis does not originate from a single mechanism, but is the
combination of ion migration and defect-assisted recombination, influenced by a whole array
of internal and external factors69,75.

2.4 Light intensity

A large part of the measurements in this project focus on the light intensity dependence of
the solar cells. By measuring the J-V curve at various illumination intensities, information
can be extracted about the recombination and transport properties of the device. This is
a well-established technique in organic solar cells76–78, but is only sporadically used as an
elaborate analysis method for perovskite solar cells. It is common practice to convert the J-V
data to plots of the figures of merit as function of light intensity. This method of visualization
helps to understand the effects of different illumination intensities on the PCE and FF, which
cannot easily be interpreted from the original J-V curves. Furthermore, the graph of the
VOC and JSC can be fitted linearly to obtain the so called ideality factor and power law
dependence, respectively, which are useful in determining the contribution of the various
recombination mechanisms. It is important to note that these variables only give an indication
of the dominant recombination mechanisms and not the actual total amount of recombination.
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2.4.1 Ideality factor

The ideal solar cell is described by the well-known diode equation and assumes only bimolecular
recombination as a recombination process. In reality, there are additional (non-radiative)
recombination mechanisms which are captured in the Shockley diode equation by incorporation
of the ideality factor nid as shown below:

J(V ) = Jph − J0
(
exp

(
qV

nidkBT

)
− 1

)
, (2.4)

where Jph is the photo-generated current density under illumination, J0 the dark saturation
current density, q the elementary charge, kB the Boltzmann constant and T the temperature79.
It is often stated that nid = 1 implies that bimolecular recombination is dominant with an
absence of trap-assisted recombination, while nid = 2 refers to monomolecular i.e. SRH
recombination being dominant80–82. Values in between 1 and 2 describe the relative strengths
of the recombination mechanisms. Hence, it is thus often concluded that an ideality factor
of 1 is desired and subsequently correlated to a lack of defects that could cause non-radiative
recombination83–85. While this could certainly be the case, this conclusion is not always correct
as shown by Caprioglio et al.86. The presence of defects at the interface can in fact reduce the
ideality factor as is also shown in this thesis using simulations. Furthermore, there are other
more specific conditions that influence the ideality factor, such as the carrier densities of both
charge types and their ratio as well as the energy level of the defects within the bandgap80,87.

There are various methods for determining the ideality factor of a solar cell, each with
its own advantages and disadvantages88. The most popular methods for perovskite solar cells
are fitting of the dark J-V curve in the diffusion-dominated, exponential region using the
Shockley diode equation or linear fitting of the light intensity dependent VOC, also known as
the Suns-VOC method. The drawback of the dark J-V method is that the parasitic resistances
are not taking into account, which can lead to incorrect fits. It is possible to account for
the shunt and series resistance by adjusting the Shockley equation, but the introduction of
additional parameters makes the fit more error prone89. An advantage of the Suns-VOC method
is that no current is extracted from the device, which means that the series resistance does
not affect the measurement. One could expect the same to be true for the shunt resistance,
but this is not actually the case. For very low light intensities it is observed that a shunt
path can manifest itself as a recombination mechanism, leading to a fast decrease of the
VOC

89,90. The information given above is all based on the classical diode theory, which is
founded on a series of assumptions that not necessarily hold for perovskite solar cells86,91.
The presence of ion migration leads to changes in the internal electric field over time and
thus also to the spacial distribution of charge carrier density. Since the charge density is
associated with the determination of the VOC of the device, it means that the changes will
be reflected in the measurements87. As a result, the steady-state ideality factor as obtained
from the classical analysis is not sufficient to accurately describe the dominant recombination
mechanisms in a perovskite solar cell. Additional information can be extracted from the Suns-
VOC measurements by calculating the differential ideality factor as function of light intensity
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(I) using the following equation:

nid(I) =
q

kBT
∂VOC

∂ ln(I)
, (2.5)

which shows that the value is actually not always constant over the entire light intensity
range89,90. This could be an indication that different recombination mechanisms are dom-
inant at different light intensities. Unfortunately, this method does not explain the effects
of the ion migration on the ideality factor. Additionally, the ideality factor is voltage- and
temperature-dependent80,89,92 and using transient measurements can be beneficial to improve
the understanding of the changes over time87,93. All in all, it is clear that a prediction solely
based on a single ideality factor could lead to inaccurate interpretations of the dominant
recombination mechanisms and hence should always be discussed with additional measure-
ments94.

2.4.2 Power law dependence

Another relation that can be used to learn about the underlying loss mechanisms of solar cells
is the power law dependence of the JSC as defined below:

JSC ∝ Iα, (2.6)

with α representing the correlation between the JSC and light intensity. The method is pop-
ularized for organic solar cells and eventually adopted by the perovskite research community.
This also holds for the physical interpretation of the α parameter, even though the electro-
chemical properties of the two types of solar cells are signifcantly different. To the best of my
knowledge, there is no elaborate study on the power law dependence in perovskite solar cells,
hence it is unclear whether the interpretations remain valid.

A value of α = 1 implies that the charge collection efficiency at short-circuit is independent
of light intensity, which is the desired ideal case. A deviation from unity indicates a significant
problem with the extraction of the charge carriers and this can have multiple causes. In gen-
eral, there are two different explanations used for the sublinear behavior throughout literature.
On the one hand there is the interpretation that a pure bimolecular recombination limited
cell leads to a reduction of α to a value of 0.5, while dominant monomolecular recombination
results in α close to 1 83,95–100. The origin of this theory is based on a simple zero-dimensional
model that states that the linear dependence of both carrier concentrations on light intensity
as a result of the absorption of photons can be linked to bimolecular recombination, which
is proportional to the product of these carrier concentrations. Furthermore, there is a gen-
eral belief that bimolecular recombination is the limiting factor is in organic solar cells78,101.
This does raise the question whether this argument holds for perovskite solar cells, which are
considered to be monomolecular recombination limited in the form of defects102,103.

The other explanation is based on the presence of space-charge due to a charge carrier
imbalance or interfacial barrier, limiting the current extraction and ultimately reducing α to
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a proportionality of 0.75 82,104–110. Koster et al.111 proposed that the space-charge stems
from a large difference in carrier mobility and that the bimolecular recombination in fact
cannot be the cause of the sublinear dependence. While the mobility in perovskites can
vary quite significantly (as explained in section 4.2.2), the difference between the electron
and hole mobility is found to be minimal112,113 and thus it is unlikely to be a cause for
sublinear dependence. However, the existence of space-charge in perovskites is possible and
is the result of ions accumulating at the interfaces, which can lead to reduced charge carrier
extraction62,114,115.

Finally, there is also research referring to both arguments and in theory both should be able
to coexist116–118. The limitation of the zero-dimensional model is that it assumes no spatial
dependency of the charge carriers, which is exactly what the space-charge argument provides
as part of the explanation. A recent paper by Hartnagel et al.78 explores the light intensity
dependence of JSC comprehensively and found that only a combination of the mechanisms can
correctly predict the behavior of α over a wide variety of circumstances. Hence, similarly to the
ideality factor, additional information is needed to correctly determine the loss mechanisms
at JSC.

2.5 Aging of perovskite solar cells

The stability of perovskite solar cells is still the biggest hurdle to overcome in order to achieve
commercial viability. There are many factors that can lead to aging over time. These include,
but are not limited to, excessive heating leading to decomposition or crystal phase changes,
moisture and oxygen reacting with any of the layers resulting in chemical degradation, illu-
mination causing halide phase segregation as a result of activated ion migration as well as
the UV part of the spectrum causing damage and finally internal mechanical stresses that
accelerates aging during operation119–125. While there are many ways a perovskite solar cell
can age, there are theoretically infinite options for addressing the issues. The most popular
method to avoid extrinsic effects is encapsulation of the entire device, which protects it from
moisture, oxygen and large thermal fluctuations122,126,127. The advantage of encapsulation is
that it does not put restrictions on the device architecture and layer selection, but could lead
to a slight reduction in light absorption. Regarding intrinsic methods, a few general strategies
are highlighted. The most obvious change is to exchange any layer with a more stable altern-
ative or adjust the perovskite composition, but this could come at a cost of performance29,128.
Different deposition techniques could be used that result in a more compact and less chem-
ically active layer129,130. Buffer layers could be added to prevent ions and molecules from
penetrating other layers131. Additionally, a layer or interface could be passivated, which can
have many effects depending on the layer and passivation material132,133.

Since light soaking is the aging method of choice for this project it is useful to discuss
its effect on stability and performance as reported in literature. Perovskite solar cells are
often observed to have a changing PCE over time under constant illumination conditions,
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which is known as the light soaking effect134. Contrary to most other aging conditions, per-
formance can either increase64,85,134–142 or decrease89,99,143–151 over time. Interestingly, ion
migration is by far the most inferred explanation independent of the final performance of
the device. This means that the perovskite composition and the charge carrier transport
layers are the decisive factors in determining whether light soaking is either beneficial or det-
rimental for the solar cell. A well-known example for mixed-halide perovskites is the Hoke
effect, where a high enough bromide percentage leads to photo-induced phase segregation
into iodide- and bromide-rich regions152. Similarly, enhanced light soaking degradation is
found in Cs0.15FA0.85Pb(I0.85Br0.15)3, while the Cs0.15FA0.85PbI3 composition remains fairly
stable143,153. In contrast, another paper by Li et al154 shows that the Cs0.15FA0.85PbI3 compos-
ition in fact phase segregates into a Cs- and FA-rich phase under operation with illumination.
Another important aspect of light soaking are the conditions at which the devices are held.
It has been shown that the load applied to the device influences the amount of degradation,
with aging at open-circuit voltage leading to the highest losses149,155. Furthermore, the pre-
conditioning voltage can determine whether the light soaking will increase or decrease the
performance156.

Degradation is generally thought of as an irreversible process, but it is often the case that
devices can recover their light soaking losses by storing them in a dark environment75,89,148–151.
The opposite effect where the improvements gained by light soaking are lost again by placing
the device in dark is also observed85,142. All in all, the combination of internal and external
factors make it nearly impossible to predict beforehand whether a device will improve or
degrade with prolonged light illumination. This adds a big uncertainty to the viability of
perovskite solar cells in commercial applications, hence more research is needed into methods
that can prevent these changes over time.

2.6 Masking of a solar cell

The J-V sweep is commonly the first measurement done on a solar cell to quickly and easily
evaluate its performance. Its figures of merit serve as a benchmark for other researchers to
compare their cells to. It is thus essential that the measurement conditions and settings
are identical across the field, for example, by correctly calibrating the lamp’s intensity and
uniformity to the AM1.5G solar spectrum157. This is especially important for perovskite solar
cells, which show significant different values depending on preconditioning, scan speed and
scan direction158.

Another important aspect is the masking of the solar cell to correctly measure the JSC.
The mask is used to cover all areas that are not supposed to absorb light and has a well-defined
aperture to precisely define the active area. Without a mask, the JSC is often overestimated
due to edge effects and ’light piping’, where light enters via other layers and is directed into
the photoactive area157,159.

There is however a downside to using a mask, as is shown by Kiermasch et al.160. While the
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mask allows for an accurately measured JSC, it actually causes the VOC to be underestimated
and the FF to be overestimated. This can lead to a erroneous PCE depending on the severity
of the differences. The origin of the reduced VOC has to do with the ratio of the generation-
versus recombination current density. Using a mask reduces both the active area and amount
of generated current, leaving the generation current density unchanged as expected. However,
the area in which recombination can occur is defined by the overlap of the electrodes and
is not altered. Hence, even the area that is not illuminated as a consequence of the mask
will still contribute to the recombination and thus the recombination current density will be
decreased. This prevents the quasi-Fermi levels from reaching their full splitting potential,
lowering the VOC compared to a measurement without mask. The expected underestimation
can be calculated using the following equation160:

∆VOC =
nidkBT

q
ln(X) with X =

AAperture

ADevice
, (2.7)

where AAperture is the area of the mask opening and ADevice is the active area of the device
defined by the overlap of the electrodes. From this equation it becomes apparent that the
smaller the aperture of the mask, the greater the underestimation of the VOC will be. In the
case of the devices of this project it is approximately 20 meV.

Kiermasch et al. extend this notion further by hypothesizing and proving that masking
has the same effect on the VOC and FF as reducing the light intensity by the factor X. In
other words, a solar cell that is masked is not actually illuminated with an 100 mW/cm2

solar intensity, but instead to a intensity proportional to the aperture-to-cell area ratio X.
Hence, to properly account for this effect, the light intensity curves have to be shifted to lower
intensities according to the ratio X. The experimental and simulation data in this thesis is
adjusted accordingly to account for this effect.
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3. Fabrication and characterization

This chapter summarizes the material and process details of the device fabrication and explains
the measurement procedures of the various measurement techniques. Also, the process of aging
is elaborated on.

3.1 Materials

• The precursor solution for the 1.4M Cs0.15FA0.85Pb(I1-xBrx)3 perovskite was prepared
using the following commercial powders with their respective molar concentrations and
without purification: lead iodide (PbI2, 1.4M) (99.99%, TCI), formamidinium iodide
(FAI, 1.19M) (99.99%, GreatCell Solar), cesium iodide (CsI, 0.21M for x=0, 0.126M for
x=0.02) (99.999%, Sigma-Aldrich), cesium bromide (CsBr, 0.084M) (99.999%, Sigma-
Aldrich), rubidium chloride (RbCl, 0.0014M) (99.975%, Puratronic). For solvents di-
methylformamide (DMF) (99.8%, Sigma-Aldrich) and 1-methyl-2-pyrrolidinone (NMP)
(99.5%, ACROS Organics) were used in a 9:1 volume ratio mixture. The final solution
was stirred overnight at room temperature.

• The PTAA (Solaris M) is diluted in toluene to acquire a 2 mg mL-1 solution and stirred
overnight at room temperature.

• The PCBM (99%, Solenne) solution of 20 mg mL-1 is prepared by dilution in chloroben-
zene and stirred overnight at 60◦C.

3.2 Device fabrication

A glass substrate with a patterned indium tin oxide (ITO) layer (Naranjo) of 170 nm thickness
is scrubbed and cleaned with a diluted soap solution of Extran MA02 and demineralized water
followed by 10 minutes sonication in the solution. After that, the samples are thoroughly
rinsed with demineralized water and subsequently sonicated in demi water for 10 minutes.
The samples are rinsed with isopropylalcohol (IPA) and sonicated in IPA for 10 minutes. The
samples are dried using a nitrogen gun and treated in a UV/Ozone oven for 30 minutes.

The solar cells are prepared in a nitrogen glove-box with oxygen and moisture levels around
1 ppm. 100 µL of the PTAA solution is spin coated statically on top of the ITO at 6000 RPM
with an acceleration of 2000 RPM/s for 35 seconds to create a ∼10 nm thick layer. Here,
statically means that the solution is applied to the substrate just before the spin coater is
turned on. Subsequently, the sample is placed on a hotplate of 100◦C for 10 minutes as
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post-treatment. Next, 150 µL of the perovskite precursor solution is dynamically spin coated
using the gas quenching method161 together with a two-step spin coating program to create
a perovskite layer of around 600 nm. Here, dynamically means that the solution is applied to
the substrate just after the spin coater is turned on, i.e., during the acceleration. The spin
coater starts at 2000 RPM with 500 RPM/s for 10 seconds followed by 5000 RPM with 2000
RPM/s for 30 seconds. After 15 seconds the spin coated solution is gas quenched using an
nitrogen gun for 15 seconds at 6 bar pressure held approximately 10 cm vertically above the
substrate. After that, the sample is placed on a hotplate of 100◦C for 10 minutes as post-
treatment. The ETL is dynamically spin coated using 70 µL of the PCBM solution at 1500
RPM with 3000 RPM/s for 50 seconds resulting in layer thickness of ∼40 nm. The SnO2 buffer
layer is processed using atomic layer deposition (ALD)162 using the metalorganic precursor
tetrakis(dimethylamino)tin (TDMA-Sn) (99.9%, STREM Chemicals) and H2O as coreactant.
The OpAL (Oxford Instruments) ALD reactor is used and the chamber substrate tables are
set to 100◦C. The outer edge of the sample (∼5 mm) is cleaned under ambient conditions
using a DMF:chlorobenzene solution with a 1:6 volume ratio to remove all spin coated layers.
The top ITO layer is deposited using RF magnetron sputtering (AJA sputtering system) at
room temperature resulting in a thickness of 180 nm. Gold contacts with a thickness of 180
nm are thermally evaporated on top of the top ITO contacts. Lastly, a 100 nm thick layer
of magnesiumfluoride (MgF2) is thermally evaporated on both sides of the sample. The final
schematic layout of the ITO layers and gold contact is shown in Figure 3.1 below together
with a photograph of an actual sample after fabrication. Each sample has four devices and
each device has an active area with a surface area of 0.168 cm2.

Figure 3.1: Sample layout
(a) Schematic layout of the ITO layers and the overlapping active area, (b) photograph of the fabricated
sample with four devices.
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3.3 Device characterization

Current-voltage (J-V) characteristics

Measurements were done in a setup (MiniSunSim) of Solliance’s design, containing a Keithley
2400 Source Meter wired to a sample holder in a nitrogen-filled glove-box. A halogen lamp
is used as light source, which is calibrated to AM1.5 solar conditions with an intensity of 100
mW/cm2 using a silicon reference cell. The samples are masked during the measurements
with an aperture of 0.09 cm2, resulting in an aperture-to-cell area ratio X of approximately
0.536. Throughout the rest of the thesis, a measurement from the HTL side will be referred
to as the “glass side” and a measurement from the ETL side will be referred to as the “ITO
side”. A scan rate of 165 mV/s with a step size of 20 mV is used over the range of -0.2 V
to 1.2 V. Both a forward and reverse scan is done to analyze the hysteresis. Each sample is
measured at 1 sun equivalent intensity followed by MPP tracking for 120 seconds to check
the stabilization. After that, a second measurement is done which is used in the actual data
analysis. Lastly, a light intensity measurement is done, which can only measure the device in
the reverse scan direction. Neutral density filters are used to adjust the illumination intensity
to obtain 1, 0.84, 0.54, 0,33, 0,1 0,01, 1E-3 and 1E-4 sun.

External quantum efficiency

The external quantum efficiency (EQE) is measured using a setup by Rera Solutions. A range
from 300 to 850 nm is measured with a step size of 10 nm. No external bias is applied during
the measurements to allow for the calculation of the JSC. The bandgap and Urbach energy are
calculated using a Matlab script developed by Dong Zhang based on the paper by Krückemeier
et al.163. The Urbach energy is determined from the slope of the absorption onset and gives
an indication of the quality of the absorber material. A small Urbach energy is associated
with low structural disorder and hence desired164.

UV-vis

The optical transmittance and reflectance of devices are measured using a Agilent Cary 5000.
The measurement range spans from 300 to 850 nm and the step size is 1 nm. A Certified
Reflectance Standard is used for the calibration for the 100% reflectance and black paper
is used for the calibration of the 0% transmittance. The small spot kit is used to hold the
samples, but due to their small size it is easy to damage the sample. Hence, only one of each
type of composition is measured to prevent the loss of devices.

X-ray diffraction

X-ray diffraction (XRD) analysis is done to learn more about the crystallographic structure of
the perovskite layer. The structure characterization was performed with a X-ray diffractometer
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by PanAlytical Empyrean. The measurements were done in ambient conditions and a range
of 5 to 90 degrees with a step size of 0.013 degrees.

3.4 Aging

An in-house made aging set-up shown in Figure 3.2 is used to test the stability of the devices.
The set-up is located in a nitrogen filled glove-box to prevent oxygen and moisture from
reacting and possibly damaging the samples, which is necessary since the samples are not
encapsulated. The samples are positioned in pairs under halogen lamps and simultaneously
cooled using a cold plate which has a continuous flow of water through it of around 20◦C. This
way, it is ensured that the temperature in the samples remains constant and significant heating
is prevented. The devices are aged at open-circuit conditions, meaning that all generated
charge carriers recombine in the solar cell. In the end, only light soaking can possibly induce
aging effect in the sample, which is precisely the aim of the stability test.

Figure 3.2: Photograph of the samples in the aging set-up
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4. Simulations

In this chapter the ins and outs of the simulations are discussed. The inputs, limitations and
assumptions are addressed and the influence of the many different parameters is explained.

To validate the experimental observations that are found, simulations are done on both
one sun JV-curves as well as light intensity data. The simulation consists of two parts: an
optical simulation which calculates the charge carrier generation profile in the perovskite cell
and an electrical part that simulates the transport of the charge carriers through the device
as well as the charge carrier collection.

4.1 Optical simulation

A transfer matrix model is used to calculate the generation rate of charge carriers in the
perovskite solar cell. A free-to-use Matlab script that has been made available by McGehee
Group of Stanford University165,166 is used which forms the basis of the optical simulation.
Small adaptations are made to suit the layer stack of the samples and a piece of code is added
to automate the creation of the generation file. These adaptations and additions can be found
in Appendix A. The generation file contains the amount of charge carriers generated per m3 s
as function of position in the device. These units are chosen specifically such that the file can
directly be used as an input in the electrical simulation.

4.1.1 Inputs

The optical simulation is centered around the different layers of the device and their cor-
responding thicknesses that have to be defined by the user. Each layer is accompanied by
wavelength-dependent complex refractive index data that is used to calculate the propaga-
tion of the electromagnetic waves through the device. This data is placed in the Excel file
that is provided along with the script. Other general parameters that have to be set are the
wavelength range for which field patterns are calculated and the step size defined as the dis-
tance between lattice points in the device cross-section. The wavelength range is set from 300
to 850 nm equal to the range of the EQE measurements and the step size is set to 1 nm. The
thickness as well as the source of the complex refractive index data of each layer in the device
can be found in Table 4.1 and 4.2 depending on the illumination side. The thickness has been
determined in the past from similar samples made in Solliance. Similarly, some layers have
been measured before to determine their complex refractive index, while the data for other
layers are obtained from literature. Neither source has a data set with the exact step size of
1 nm used in the simulation, so the data is expanded using cubic spline interpolation.
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The layers in Table 4.1 and 4.2 are listed in order of the incident of the light. The model
always assumes that the light is incident on the first defined layer. There are two possible
illumination sides due to the semi-transparent nature of the device, hence the need for two
different sets of layers. Furthermore, due to the definitions and assumptions in the model the
two sets of layers are not symmetrical, which makes it impossible to simply reverse the order
of the layers when switching from glass side illumination to ITO side illumination. More on
this in the next section. Even though the glass and air layer have no thickness, they set the
conditions as if the light was coming from this material.

Table 4.1: Overview of the order of the layers when illuminating from glass side
The layers are listed in order of the incident of the light. Thicknesses and the source of the complex
refractive index data are given for each layer. If no reference is given, the data was obtained in house.

Layer Glass ITO PTAA Perovskite PCBM SnO2 ITO
Thickness (nm) 0 170 10 600 40 40 180
Source complex
refractive index

167 - - 168 - - -

Table 4.2: Overview of the order of the layers when illuminating from ITO side.
The layers are listed in order of the incident of the light. Thicknesses and the source of the complex
refractive index data are given for each layer. If no reference is given, the data was obtained in house.

Layer Air MgF2 ITO SnO2 PCBM Perovskite PTAA ITO
Thickness (nm) 0 100 180 40 40 600 10 170
Source complex
refractive index

166 - - - - 168 - -

4.1.2 Assumptions

Obviously the model is not a perfect representation of the real sample and various assumptions
have to be made. For illumination from the glass side, it is assumed that the sample is in a
n=1 environment (air) and the first layer is a thick substrate so that incoherent reflection from
the air/1st layer interface is taken into account before the coherent interference is calculated
in the remaining layers. The thickness of the first layer is irrelevant, hence it is set to zero.
This description is analogous to light hitting the device from glass side where the glass layer
accounts for this process as can be seen in Table 4.1. In section 1.2 it was shown that both
sides of the sample are covered with an anti-reflection layer to improve current density. Due to
the above assumption however, it is not possible to have the anti-reflection layer in front of the
glass substrate in the model, thus it has to be accounted for in a different way. Since the anti-
reflection layer increases the light coupling and only affects the current density it is practicable
to simply multiply the charge carrier generation. The value used in this multiplication is based
on the performance increase gained by adding the anti-reflection layer. Fortunately, a sample
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was measured both with and without such layer and an increase of 2.5% was found, hence a
value of 1.025 was used. Similar values are found in literature169,170. When illuminating from
the ITO side there is no thick substrate to account for the incoherent reflection, but this can
be circumvented by choosing air as the first layer, as shown in Table 4.2. The absence of a
substrate on this side of the device makes it possible to add the MgF2 layer to the model by
simply inserting it in between the air and the top ITO layer.

Another important part of the optical simulation are the complex refractive index values
as function of wavelength of each layer. The data of most layers have been measured in-
house in the past, but some, including the perovskite layer, are obtained from literature. The
wide variety of possible perovskite compositions makes it difficult to find a paper that has
the exact same composition and also provides the complex refractive index data. There are
papers that contain the complex refractive indices of CsxFA1-xPb(I1-yBry)3 type perovskites,
but unfortunately the ratios are not the same. In the end, the values of a MAPbI3 perovskite
measured by Manzoor et al.168 are used. Even though both the cation and halide parts are
different, the cut off wavelength of this composition is the closest to the measured UV-vis
data, which is crucial for simulating the correct amount of absorption in the device.

Besides optimizing the amount of absorption as best as possible, it is also important to
correctly determine where the charge carriers are generated in the device. In this model,
it is assumed that the generation of charge carriers only occurs in the perovskite layer. In
reality, other layers will also absorb part of the light, especially those who are closer to the
illuminated surface compared to the perovskite. Charge carriers that are generated in non-
perovskite layers will almost immediately recombine due to the overwhelmingly amount of
majority carriers resulting in less collection of carriers.

Finally, there are a number of general assumptions needed to limit the complexity of
the simulation. It is assumed that the light hits the sample normal to its interface. This
assumption is in agreement with the measurements since the lamp in the solar simulator is
positioned directly above the sample and is directed straight down. It would not hold for real-
world tests where the angle of incidence changes over time, but those types of experiments
were not performed during this project. Other assumptions are that each layer has a uniform
thickness, the different layers are all parallel to each other and each interface is perfectly flat,
i.e., no roughness or texture. In reality, there are variations in the thicknesses due to imperfect
layer formation, which automatically also means that the interfaces are not flat. Accounting
for this in the simulation would add unreasonable amount of calculation time. Furthermore,
the location of thickness variations are unknown and assuming an uniform thickness with an
average based on the variations is the best approximation. The simulation has the possibility
of calculating the JSC. To do this, it assumes an internal quantum efficiency (IQE) of 100%.
Finally, the model makes use of the AM1.5G solar spectrum but the measurements are done
in a solar simulator with a halogen lamp, which does not have the same spectrum. Also, as
mentioned before, the wavelength range used in the simulation is 300 to 850 nm while the
spectrum of the lamp extends beyond these boundaries.
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4.1.3 Outputs

After running the simulation it outputs a series of figures as well as the important variables
such as the absorptance and reflectance. One of the figures depicts the optical electric field
intensity as function of the position in the device for different wavelengths that can be defined
by the user. Besides confirming that light with a higher wavelength reaches further into the
perovskite layer as is expected, it is not used further for analysis or its data. A second figure
that is created by the simulation shows the generation rate as function of the position in the
device. Since the model assumes charge carrier generation only occurs in the perovskite, it is
the only area that shows a curve. In Figure 4.1 the generation profile in the perovskite layer
is plotted for illumination from glass and ITO side. The location of the PTAA and PCBM
layers are indicated to help with the orientation of the device.
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Figure 4.1: Generation rate as function of position in the perovskite layer
Illumination from glass side (black) and ITO side (red). The location of the PTAA and PCBM layers
is indicated with arrows to help with orientation.

It shows that most of the charge carriers are generated near the side of the device where
the light is incident. The maximum of the curve at the boundaries of the perovskite is in part
determined by the bandgap of the material, which is expected to be the same throughout the
entire perovskite layer. This means that the part of the solar spectrum that has an energy high
enough to generate an electron-hole pair is independent of the layer thickness. However, the
depth that light can penetrate a material is dependent on its energy. The simulation shows
that the generation rate decreases exponentially with the thickness of the perovskite layer,
albeit with some oscillations in the second part of the layer. In general, high energy light has
a higher chance of being absorbed by the perovskite compared to low energy light. The effect
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of this is that the spectrum changes as the ratio of high to low energy decreases when moving
deeper into the perovskite. This is confirmed by the electric field intensity graph mentioned
before. In other words, the part of the spectrum that is able to generate an electron-hole pair
decreases as function of perovskite thickness and thus the generation rate also decreases.

This description can also be used to explain the difference in absolute maximum between
glass and ITO side illumination. When illumination from ITO side the light has to travel
through a thicker part of the device to reach the perovskite absorber. Hence a larger part of
the high energy spectrum has already been absorbed by the ITO and PCBM layers resulting
in less generation in the perovskite.
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Figure 4.2: The fraction of absorbed light by each layer including the total absorptance
and reflectance
(a) Illumination from glass side (b) Illumination from ITO side.

The final figure that is generated by the simulation contains the total absorptance and
reflectance of the device as function of wavelength as well as the contribution of each layer to
absorptance. The results for the device used in this project are shown in Figure 4.2a and b
for illumination from glass side and ITO side, respectively. Even though these results are not
used in the electrical part of the simulation, it is still very useful to see where the device is
limited in its performance and which layers contribute most to the losses. When illuminating
from glass side it appears that both the front ITO and PTAA are the largest contributors to
the parasitic absorption, especially in the low wavelength regime. The effect of this parasitic
absorption results in decreased perovskite absorption in this part of the spectrum. At the
other side of the spectrum it shows the tail of the perovskite absorption which is determined
by the bandgap of the material. Illuminating from the other side shows clearly that the back
ITO is the main contributor to the parasitic absorption in the low wavelength range, severely
limiting the perovskite absorption. Around 400 nm the PCBM also adds to the losses by
absorbing roughly 20% of the light. The reduced reflectance and ITO absorption from 550
to 750 nm results in a higher perovskite absorption in this part of the spectrum compared to
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illumination from glass side.
Finally, since the model assumes 100% IQE it is possible to calculate the JSC by multiplying

the charge carrier generation rate with the step size and elementary charge. This result can be
compared to the JSC calculated from the JV-curve as well as the value obtained from the EQE
measurements. Furthermore, the absorptance data can be compared to the data obtained from
the UV-vis measurement. This is all discussed in section 5.1.2 and section 5.2.1, respectively.

4.2 Electrical simulation

With the generation profile in the perovskite layer calculated, the next step is to determine
the transport and collection behavior of the charge carriers. To do this, the one dimensional
Solar Cell Capacitance Simulator program SCAPS-1D developed at the Department of Elec-
tronics and Information Systems (ELIS) of the University of Gent, Belgium is used (Version
3.3.07)171,172. SCAPS is a solar cell simulation program developed for thin-film solar cells,
such as CdTe and Cu(In,Ga)Se2 type solar cells. It was later updated for crystalline and
amorphous type solar cells. Even though it is not explicitly mentioned by the developer, it
has been shown by Minemoto et al. that it is possible to simulate organic-inorganic perovskite
solar cells using SCAPS173.

4.2.1 Solar cell definition

Similar to the optical model, SCAPS is centered around the definitions and properties of each
layer of the device. Figure 4.3 shows the ’solar cell definition’-panel in SCAPS. Here, each
layer is defined with its corresponding set of properties. After defining two or more layers,
the properties of the interfaces can be added to the boxes that are automatically generated
by the software. The boundaries of the device are defined in the boxes labeled ’left contact’
and ’right contact’.

The stack as defined by the user is automatically depicted on the right side of the panel.
Using the sliders above the schematic, the user can define the illumination side, to which
contact the voltage is applied and whether the device is a consumer or generator, i.e., light
source or solar cell. In this case, the illumination side is not relevant for the simulations since
the carrier generation profile is not calculated by SCAPS, but provided by the optical model.
This brings up an important distinction between the optical and electric model that has to be
clarified. As mentioned in section 4.1.1, the optical model is set up such that it simulates with
illumination incident on the first defined layer, meaning that the calculated generation profile
has its maximum carrier generation at the beginning of the file for both glass and ITO side
illumination. Using these files directly in SCAPS would effectively result in simulating from
the same illumination side for both cases, assuming the same solar cell structure is used in
SCAPS. In reality, the location of the maximum carrier generation depends on the illumination
side as can be seen in Figure 4.1. There are two solutions for matching the generation file
with SCAPS so that each illumination side is correctly simulated. The generation files can
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Figure 4.3: SCAPS solar cell definition panel
On the left side, the layers, interfaces and contacts are defined with their corresponding properties.
On the right, a schematic is shown with a summary of the device and the illumination and electronic
settings can be adjusted.

be set up to work with a single solar cell structure in SCAPS. The Matlab code for filling
the generation file is unique for each illumination side as shown in Appendix A. This way,
the generation from the ITO side is effectively flipped, making both files compatible with a
single solar cells structure in SCAPS. Alternatively, the generation files remain unchanged,
but the structure in SCAPS is changed. Luckily, SCAPS is provided with a button to invert
the entire structure, automatically accounting for all interfaces and contacts as can be seen in
Figure 4.3. When switching from a glass side to ITO side measurement simply inverting the
structure is sufficient. Both solutions were tested and should in theory yield identical results.
Interestingly, minor differences were found in the short-circuit current and FF most likely due
to the effect of rounding somewhere in the calculations in SCAPS. During the simulations
only the second method was used to maintain consistency in the results.

Up to seven layers can be added in SCAPS which is enough for the device stack used
in this project. However, only the perovskite and both carrier transport layers are chosen
to be simulated. As mentioned before, it is assumed that charge carriers are only generated
in the perovskite layer. The consequence of this assumption is that the minority carriers
are only present in the perovskite meaning that trap-assisted recombination is only possible
in this layer. Once the majority carriers have reached the transport layers, trap-assisted
recombination becomes irrelevant and perfect extraction is assumed from the contact onwards.
In reality, this is of course not the case and charge carriers are generated throughout the entire
stack as evident from the absorptance in Figure 4.2 resulting in losses.

A important mechanism in perovskite solar cells is the migration of mobile ions, which,
among other things, leads to hysteresis as discussed in section 2.3. SCAPS is unfortunately
unable to account for this process in its simulations, hence the hysteresis that is also present in
the device shown in this thesis cannot be described correctly. There are alternative simulation
programs, such as gpvdm174, which do account for this process, but are not used during this
project.
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4.2.2 Parameters

Figure 4.3 shows the layers as used in the simulations. Each layer, interface and contact has
a significant amount of variables and in this section they will be looked at in more detail.
Table 4.3 shows the final parameter values that are used for the simulation of the fresh IBr
devices. Many of these parameters have been optimized during the simulations and to give a
better idea of the possible range of these variables, each will be briefly discussed. For some
parameters a more elaborate view of the background physics is given to motivate the range of
values found.

Table 4.3: Overview of the simulation parameters of each layer
The top part shows the general properties of the layer and the bottom part shows the parameters
related to recombination and defects. These parameters are used for the simulation of the fresh IBr
devices. If no reference is given, the parameter is either measured or optimized with simulations.

PTAA Perovskite PCBM
Parameter Value Ref Value Ref Value Ref

Thickness (nm) 10 600 40
Bandgap, Eg (eV) 3.4 1.569 2.0
Electron affinity χ (eV) 1.9 3.88 4.0
Relative dielectric permittivity εr 2.67 175 24.1 176 3.75 175

Effective density of states Nc, Nv (cm-3) 2.5 x 1019 175 8.1 x 1018 177 2.5 x 1019 175

Thermal velocity vth (cm/s) 1 x 107 1 x 107 1 x 107

Mobility µn, µp (cm2/V s) 6 x 10-3 175 1 2 x 10-3 175

Doping concentration ND, NA (cm-3) 0 1 x 1014 0

Radiative recombination coefficient B (cm3/s) 0 1 x 10-9 103 0
Auger capture coefficient C (cm6/s) 0 1.55 x 10-28 178 0
Defect type neutral neutral neutral
Capture cross-section σn, σp (cm2) 1 x 10-15 1 x 10-15 1 x 10-15

Energy distribution single single single
Defect energy level above
perovskite Ev (eV)

0.60 0.79 0.60

Bulk defect density Nt,bulk (cm-3) 1 x 1014 2.5 x 1014 1 x 1017

Interface defect density Nt,interface (cm-2) 1 x 109 2 x 109

Bandgap and electron affinity

The bandgap and electron affinity (EA) together determine the height of the energy levels of
the CBM and the VBM in the energy band diagram. The EA is defined as the energy gained
from moving an electron from the vacuum energy level to the bottom of the conduction band.
Another parameter often associated with the band diagram, but not directly used in SCAPS,
is the ionization energy (IE) which is defined as the energy needed to transfer an electron
from the top of the valence band to the vacuum level. The three parameters adhere to the
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following relation:

Eg = EIE − χ (4.1)

where Eg is the bandgap, EIE is the IE and χ is the EA. When designing a device stack, it is
critical to choose layers with aligning energy levels to assure proper charge carrier extraction.
Misalignment can lead to either an extraction barrier resulting in charge accumulation at the
interface followed by a major increase in non-radiative recombination or an injection barrier
limiting the quasi-Fermi level splitting (QFLS) resulting in significant loss in VOC

179,180.
Starting with the PTAA layer, the value for the bandgap itself is not important for the

simulation since it is assumed that no light is absorbed in the transport layers, but it does,
together with the EA, determine the height of the IE in SCAPS. The EA of the hole transport
material determines how effective the layer is at blocking the electrons. It should have a
small enough value for the layer to maintain its charge selectivity. The values obtained from
literature for these parameters have quite a significant spread. A range from 2.8 to 3.5 eV
is found for the bandgap and for the EA the values range approximately from 1.7 to 2.7
eV181–185. The boundary values found for the EA are checked with SCAPS, while maintaining
a constant IE, to see if the figures of merit are affected. No changes are observed meaning the
energy difference to the perovskite CBM remains large enough to preserve excellent charge
selection at the interface.

It often occurs that papers only give the value for the IE as this is the most critical
parameter for the hole transport layer with respect to the energy level alignment. It determines
the effectiveness of the charge extraction of the holes and should correctly align with the VBM
of the perovskite. For the IE, a slightly smaller spread of values between 5.1 and 5.5 eV is found
based on the literature mentioned above and using Equation 4.1. Even though the spread is
smaller, it is still large enough to span both the charge carrier extraction and charge blocking
regimes, depending on the perovskite layer. Overall, the uncertainty in both the bandgap
and EA of the PTAA is significant and this could have multiple reasons. It is a common
practice to dope the organic hole transport layer to improve conductivity and mobility and
reduce the series resistance186, but this does have an influence on the energy levels of the
material187,188. Not every paper mentions to what extend the hole transport layer is doped
which could explain why the range of values is so large, although PTAA is rarely doped.
Other possible reasons could be because of variations in thickness, preparation and deposition
method or measurement technique.

Next is the perovskite absorber that is responsible for the carrier generation. The bandgap
is an important parameter in this regard since it determines the absorption onset. However,
since the generation is predetermined by the optical model, it will only be relevant for the
band characteristics. The bandgap is one of the values that has been extracted from the
measurements and is found to be 1.569 eV for the IBr samples. Comparing this value to
literature is not trivial as the bandgap is very much depended on the composition of the
perovskite. It is well established that the halides can be interchanged or mixed to tune the
bandgap of the absorber layer24,189,190. Furthermore, also the use of different cations in

27



CHAPTER 4. SIMULATIONS

different ratios is found to have an effect on the bandgap191–193, albeit significantly less than
for the halides. Then there is, like for the PTAA layer, still the deviations in the value found
in literature. Even for the most common studied composition, MAPbI3, deviations of up to
0.2 eV in the reported bandgap can be found194–196. The perovskite used in this project has
a more complex composition with a mixture of cations (Cs0.15FA0.85) as well as a mixture of
halides in the case of the bromide containing samples (I2.94Br0.06). No band diagram related
information can be found of this exact composition in literature. The closest composition found
is Cs0.15FA0.85PbI3 which gives a bandgap between 1.54 and 1.56 eV191,197,198. Accounting for
the 2% bromide giving a slight increase, this is in excellent agreement with the measured
bandgap.

The height of the EA and IE of the perovskite are key values that influence how efficient
the extraction of electrons and holes is, respectively. The best comparable composition in
literature that is also provided with data on the energy levels is in this case Cs0.17FA0.83PbI3
which gives an EA ranging from 3.77 to 4.43 eV and values between 5.33 and 5.97 eV for
IE192,199,200. It is difficult to validate the correctness of these values due to the limited amount
of data. An alternative option is to look at MAPbI3, which has a similar bandgap, to get an
idea of the diversity of the values. Olthof investigated the distribution of measured ionization
energies and found a large spread of values ranging from 5.1 to 6.65 eV with a mean of 5.6
eV201. Interestingly, when evaluating review-like papers that only show an overview of the
energy levels without any direct measurements or references, the values almost always appear
to be 3.9 eV for the EA and 5.4 eV for the IE184,202–206. It seems that there is a consensus
on these particular values even though the spread in the measured values is found to be
significant. The two popular values fall within the range found for the CsFA-type perovskite
which is a good sign, but since the compositions are different this is by no means conclusive
evidence. Especially for perovskite, the preparation and deposition method as well as the
the stoichiometry have a large influence on the IE of the perovskite207,208. Furthermore, the
method of analysis of the measurement data can yield vastly different results201.

Finally, there is the PCBM layer, responsible for the collection of electrons while simultan-
eously blocking the holes. The purpose of the layer is thus the exact opposite to that of the
PTAA layer with regard to the charge carriers and this is reflected in the characteristic energy
levels. The alignment of the EA to the CBM of the perovskite determines the effectiveness of
the electron extraction while the IE should be more positive than the VBM of the perovskite
to ensure the blocking of holes. The bandgap is again only relevant for the determination of
the height of the IE. According to literature, the range of values vary between 1.6 and 2.2 eV
for the bandgap and 3.8 to 4.3 eV for the EA128,205,209–212. This translates to a range of 5.8
to 6.3 eV for the IE. Again, the boundary values of the IE are tested in SCAPS to examine
the effectiveness of the hole blocking and no changes are observed. In literature, it is not
always explicitly clear which type of PCBM is used. By far the most common variant used in
perovskite solar cells is PC61BM, however, PC71BM is also suitable as the electron acceptor
material213–215. Differences in the carbon part of PCBM does seem to have an effect on the
height of the energy levels, but the differences are within the uncertainty range216,217. Other
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explanations for the spread in the data could be the thickness, different processing steps, such
as annealing,218 and deposition methods.

All in all, the values chosen for the bandgap and EA shown in table 4.3 are based on the
ranges discussed in the paragraphs above, but also their collective band structure. It is crucial
to have correctly aligning bands such that the simulation truly represents the working solar
cell device. The values are once more summarized in Figure 4.4 to give a visual interpretation.

Figure 4.4: Band diagram of the values used in the simulation
The top value indicates the EA and the bottom values indicates the IE.

Relative dielectric permittivity

The relative dielectric permittivity εr is defined as the ratio of the dielectric permittivity of
a material ε to the vacuum permittivity ε0. It describes how strongly a material becomes
polarized when placed in an external electric field. Due to the polarization, the electric field
present in the material is reduced, i.e., screened, which affects the Coulomb forces between
the photo-generated carriers219,220. In solar cells, an absorber material with a high dielec-
tric permittivity is desired since this leads to a larger distance between the two generated
charge carriers and thus a lower binding energy making it easier to separate them. Another
name for the parameter is the dielectric constant, but this is misleading since it is actually
dependent on both the temperature of the material as well as the frequency of the applied
field221. Materials with a complex structure, such as perovskites, have multiple polarization
mechanisms originating from different physical processes that occur simultaneously at various
frequencies. The static dielectric constant, εr(0), and optical dielectric constant, εr(∞), are
commonly used to indicate the low and high frequency regime, respectively. Assuming these
processes are independent, their contribution to the permittivity can be summed219,222. An
interesting phenomenon is observed in perovskites under illumination in the very low frequency
regime where the dielectric permittivity increases by orders of magnitude. This is referred to
as Giant dielectric constant and originates from the redistribution of ions over macroscopic
distances223,224. Altogether, this makes the calculation of the relative dielectric permittivity
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not trivial, which is confirmed by the range of values found in literature.
For the perovskite, values as low as 6.5 and as high as 100+ are reported225. A similar

range of values is found in papers on device simulations226–230. The value of 24.1 used in the
simulations is an intermediate value measured by Brivio et al.176. The relative dielectric per-
mittivity of PTAA is more consistent in literature and found to be around 3 86,175,181,231–233.
Finally, the PCBM layer shows no significant frequency dependence and has a value of around
3.9 139,175,185,234–236.

Effective density of states

The effective density of states (DOS) in the conduction band, Nc, and the valence band, Nv,
are defined as the amount of available states per unit volume which depends on temperature
and the effective mass of the electrons and holes, respectively237. It has been found that the
effective DOS of perovskites is generally lower than that of silicon which is believed to be
part of the reason why perovskite solar cells have such high performance195,238. The effective
DOS determines how close the Fermi level approaches the conduction or valence band for a
certain charge carrier density. Hence, a high carrier density combined with a low effective
DOS results in a quasi Fermi level close to the band edge and thus a high VOC

238,239. The
effective DOS can be calculated from the effective mass of the charge carriers according to the
following equation:

Nc,v = 2

(
2πm∗kBT

h2

)3/2

, (4.2)

where m∗ the effective mass and h Planck’s constant. Hence, to obtain a small effective DOS,
the effective mass of the charge carriers should also be small. Theoretical values found using
these methods for perovskites are in the order of 1017 - 1019 cm-3 238,240–242. Values used in
device simulations show a similar range as should be expected173,177,232,243. The values for Nc

and Nv often differ due to the asymmetry in the valence and conduction band244. Interestingly,
in theoretical calculations the values for Nc are generally reported to be higher than the Nv,
while in device simulations the exact opposite is found. For simplicity, the perovskite values
used in this project are assumed to be of equal magnitude. As for the values of the transport
layers, it seems that the literature on these is scarce. This is evident from other simulations
as no references to measurements or calculations are given. The values found are sometimes
assumed to be equal to perovskite, but overall show a broad range of values from 1018 to 1021

cm-3 175,181,185,245,246.

Thermal velocity

In the absence of an electric field or concentration gradient, the electrons and holes move
randomly through the material due to thermal energy. The average velocity with which this
happens is called the thermal velocity and can be calculated in the following way247:

vth =

(
3kBT

m∗

)1/2

. (4.3)
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The thermal velocity is important for the recombination processes in the device, since the
carrier lifetime is inversely proportional to vth meaning that low values are desired. No in-
depth investigation can be found in literature, but using the above equation together with
commonly reported effective masses in perovskites a value in the order of 107 cm/s can be
found. Regarding values reported in SCAPS simulations, the literature seems to unanimously
agree on a value of 1 · 107 cm/s228,232,248–250. The thermal velocity of the transport layers is
chosen the same as the perovskite as is done in literature86,185,245,246.

Mobility

When an electric field is applied over a material, the charge carriers will be pulled a certain
direction and gain a drift velocity. How easy it is for the carriers to move through the material
is governed by the mobility. This property is strongly affected by the various scattering
processes as well as the effective mass of the charge carrier which can be expressed in the
following relation:

µ(T ) =
qτm(T )

m∗ , (4.4)

where τm(T ) is the temperature-dependent mean scattering time251. Perovskites are often
praised for their long carrier diffusion length and carrier lifetime, but their mobility is not on
the same level, especially when compared to traditional inorganic photovoltaic materials such
as Si and GaAs252. It has been shown that the effective masses in perovskites are small240,253,
so this means that the mobility is ultimately limited by scattering processes. The underlying
physics of charge transport is a heavily debated part of perovskite research with a variety of
scattering mechanisms254,255. Possible theoretical explanations involve impurities256, charge
carrier interactions with lattice vibrations, i.e., phonons,257,258 and polarons259,260 as the
limiting factor of charge transport in perovskites. In a classical sense, one would consider
the impurities and defects to be excellent candidates for the scattering of charge carriers.
However, the observed long lifetime of carriers in perovskites contradict this idea. Furthermore,
investigations on the temperature dependence of mobility have shown it is approximately
proportional to T−3/2 261–263, while scattering from ionized impurities is known to have a T 3/2

dependence251.
The interactions of the charge carriers with phonons are believed to play an important role

in perovskites, especially due to the “soft” nature of the material252,264. Regarding these in-
teractions, two types of mechanisms are commonly used to explain the observations in charge
transport255,265,266. The first is non-polar deformation potential scattering originating from
acoustic phonons, which has the same theoretical characteristic as the observed T−3/2 depend-
ence of the mobility251, but transport solely based on this mechanism results in a increased
mobility of one to two orders of magnitude compared to experimental measurements267. The
second is longitudinal optical phonon-electron coupling via polar Fröhlich type interactions
which are expected to be significant due to the large difference in static and optical dielectric
constants219,266. One way of determining which interaction is dominating is by looking at
the polarity of perovskite, but apparently this is a hotly debated topic in itself and appears

31



CHAPTER 4. SIMULATIONS

to very much depend on the composition and processing technique268,269. Both mechanisms
have been deemed to be the dominating limitation of the mobility in perovskites270,271, but
so far no general consensus has been achieved.

If the electron-phonon coupling is strong enough, a polaron can be formed, which is a qua-
siparticle consisting of a charge carrier with its self-induced polarization in a polar material272.
In the last few years, the description of charge transport in terms of polaronic phenomena has
gained traction255,259,260,273. Depending on the strength of the electron-phonon coupling,
described by the Fröhlich coupling constant, the polaron can be classified as either small or
large meaning it is localized in a region in the order of a unit cell or spans over multiple
lattice sides, respectively255. From calculations on the Fröhlich coupling constant, polarons in
perovskites are expected to be of the intermediate to large variant259,260,274,275, which is the
leading candidate to satisfy the experimental observations. Most importantly, the mobility
at room temperature can be correctly calculated using polarons. Also, an essential property
of large polarons is their coherent transport that effectively screens the charge carriers and
reduces scattering significantly, explaining the long lifetimes observed. The higher effective
mass for polarons adds to this effect and can explain other phenomena such as the slow cooling
of hot carriers255,276. However, the reported values vary from tens of percent to orders of mag-
nitude higher compared to the bare carrier mass259,273, which conflicts with measurements.
Furthermore, not the T−3/2 dependence but a T−1/2 is found when measuring over a large
temperature range258,273,277.

All in all, there are multiple mechanisms put forward as possible explanation for the
modest mobilities observed in perovskites, but so far none has checked all the boxes regarding
measurement outcomes. Maybe a combination of different mechanisms could describe the
observations correctly or perhaps a completely new model has to be derived258,278.

Now finally, what are these modest mobilities values alluded to in the paragraphs above?
A great overview is given by Herz showing the mobilities of various perovskites compositions
including the fabrication route and measurement type279. It clearly shows the orders of mag-
nitude difference reported in literature with values as low as 0.2 cm2/V s and high as 2320
cm2/V s. It has been shown that the mobility can differ due to the method of processing,
influencing the extrinsic factors such as grain boundaries and doping280, even for identical
compositions279. However, even for single crystal perovskites, the difference can be two orders
of magnitude, while it is expected that crystals of the same stoichiometry and structure should
give the same mobility. It is thus most probable that the uncertainties originate from the meas-
urement techniques279. Regarding device simulations, the absolute range of values found is
0.05 to 50 cm2/V s, but most authors use a value between 1 and 10 cm2/V s86,177,181,281–283.
No values for the exact composition used in this project could be found in literature. The final
values used in the simulations are obtained via optimizations and are similar to the values
used by Głowienka et al., which has the same bromide concentration and almost same ratio
of cesium and formamidinium175. For the carrier transport layers it is more difficult to find
measurement values of the mobility. The PTAA is reported to have a mobility between 10-3

- 10-2 cm2/V s284–286 and for PCBM it is expected to be close to 10-3 cm2/V s104,287,288. In
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simulations, the values are nicely distributed around these values177,232,233,245,289,290.

Doping concentration

It is a common practice to intentionally dope a semiconductor with impurities to add extra
charge carriers and improve the conductivity of the material. This is no different for per-
ovskites, however, other aspects such as photophysical properties and stability play a factor
as well291,292. Doping can be applied to the A-site and B-site cations using alkali metals38,71,
alkali earth metals293,294 and group IV transition metals295. Also possible, but less common
is the doping of the X-site anions using divalent or organic anions296,297.

Perovskites can either be n-type or p-type doped caused by unintentional self-doping and
this depends on the ratio of the precursors and processing conditions298–300. The material is
n-doped when the precursor solution is PbI2-rich/MAI-deficient and p-doped when it is PbI2-
deficient/MAI-rich in case of a MAPbI3 composition. The mismatch in compounds results in
interstitial and vacancy defects causing the doping of the material301,302. This effect has been
exploited by groups to create a p-n homojunction type perovskite303,304.

Concrete values on the donor/acceptor concentrations from theoretical calculations or
experimental measurement are difficult to find in literature. Cui et al.304 found values between
∼ 1010 and 1013 cm-3 for their p and n-type layers when varying the PbI2/MAI precursor ratio.
However, most papers use molar or percent to indicate the doping concentration instead of
cm-3 34,305. In SCAPS, the range of values shows a large discrepancy of many orders of
magnitude difference with concentrations as low as 109 cm-3 and as high as 1020 cm-3 250,306–310.
Furthermore, donor type, acceptor type and a simultaneous combination of both have been
used to characterize the doping concentration in the perovskite layer229,249,311. The values
used in this project has been obtained via optimizations.

As mentioned before, it is quite common to dope the carrier transport layers as well
to improve conductivity and reduce the series resistance. This is also evident by the fact
that most simulations have a certain donor and acceptor concentration for the electron and
hole transport layer, respectively. In general, the transport layers are higher doped than the
perovskite and from simulations in literature it appears that the range of concentrations is
approximately from 1017 to 1020 185,233,246,290. The PTAA and PCBM in this project are
undoped and so the doping values are set to zero for both.

Recombination rate

In SCAPS, the SRH recombination is described in terms of defect density, so the monomolecu-
lar recombination coefficient does not have a defined value in this case. The recombination
coefficients are commonly determined by fitting the rate equation (2.3) to experimental data
obtained from, for example, photoluminescence or transient spectroscopy, but due to the
unknown charge carrier density and simultaneous fitting of all three coefficients large uncer-
tainties can be introduced42,312. Furthermore, processes such as photo reabsorption can mask
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the real intrinsic bimolecular recombination coefficient resulting in an underestimation of the
value313.

Starting with the bimolecular recombination coefficient, the values reported in literature
are found in the range of 10-12 to 10-9 cm3s-1 with values most commonly found in the higher
limit of the range.42,45,178,262,312,314–320. The values themselves are, together with the typical
mobility of perovskites, orders of magnitude lower than predicted by the Langevin theory,
which states that the bimolecular coefficient relates to the mobility and relative dielectric
permittivity according to B/µ = q(ε0εr)

−1, with the simple assumption that an electron and
hole will recombine when their capture radii overlap at any given point45,321. It is found that
these non-Langevin ratios B/µ, lower than the limit predicted by the Langevin theory, also
appear for other compositions and deposition methods suggesting that there is a fundamental
property of perovskites that determines these particular values. It has been proposed that the
polaronic nature of charge carriers in perovskites could explain this large observed difference
between measurements and Langevin theory259.

The values for the third-order Auger recombination coefficient appear to generally fall in
the range of 10-31 to 10-27 cm6s-1 with a mean value around 10-28 cm6s-1 45,178,312,316–319,321–323.
Compared to other conventional semiconductors with similar bandgaps, the Auger coefficient
for perovskites is around 2 orders of magnitude stronger42, suggesting it strongly contributes
to recombination, especially at high carrier densities where its n3-dependence becomes im-
portant. However, Milot et al. showed that for operation at room temperature and 1 sun
equivalent illumination, the contribution of Auger recombination in photovoltaic applications
is limited178, while the use in laser applications requires optimizations of the perovskite ma-
terial to minimize the effect of higher order recombination mechanisms. This can be done
by tuning the composition of the perovskite as has been shown by Rehman et al., which can
change the values of both the radiative and Auger coefficients by up to an order of magnitude
and is believed to be caused by changes to the intrinsic band structure324,325. Furthermore,
Staub et al.322 have shown that the Auger coefficient can vary orders of magnitude depending
on the depth of the defects in the bandgap, which is also determined by the composition and
processing method of the perovskite.

The values for the bimolecular recombination coefficient used in SCAPS simulations fall
nicely within the range of values given above103,233,239,243,245,306. Auger recombination is
either ignored or not mentioned in almost all papers on SCAPS simulations, but in this
project it is included for completeness. Since no minority carrier are present in the carrier
transport layers due to the assumption that all charge is generated in the perovskite, it is not
possible to have radiative nor Auger recombination there, hence the values are set to zero.

Capture cross-section

The capture cross-section is a property of the defects which describes the effective area where
an electron or hole would be captured by the defect if one would move within it. It is an
important factor that influences the charge carrier lifetime τn,p of the electrons and holes
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according to the following equation:

τn,p =
1

vthσn,pNT
, (4.5)

where σn,p is the capture cross-section and NT the defect density79. There are various methods
for obtaining information from defects including the capture cross-section. Most commonly
used are Deep Level Transient Spectroscopy (DLTS)326,327 and Thermally Stimulated Cur-
rent (TSC)328,329, which are both temperature-dependent measurement techniques. Different
defect levels are dominant at different temperatures and these techniques allow for their de-
tection. Landi et al.330 thoroughly investigated the behavior of the defects in a MAPbI3 solar
cell over a broad temperature range and found that the capture of electrons is an interplay
between shallow and deep defects with the assistance of phonons.

The values reported in literature span over many orders of magnitude all the way from
∼10-22 to 10-12 cm2 326–329,331–334. The composition of the perovskite as well as the fabrication
method have a large influence on the final properties of the defects. An interesting relation
between the electron capture cross-section and the defect energy level is observed in a paper
by Zhang et al.335, where it seems that the capture cross-section decreases for increased depth
of the defect in the bandgap. Additionally, this is not limited to perovskites, but can also be
found for silicon solar cells336. The relation is not mentioned by the authors and is presumably
not an universal fact. Of course, more properties of the material should be accounted for, but
nevertheless it is interesting to mention.

The range of the values found in simulations varies orders of magnitude as well, roughly
from 10-20 to 10-13 cm2 with most values around 10-14 cm2 86,233,248,281,309–311. Interestingly,
in two papers281,309 the authors use different capture cross-sections depending on the energy
level of the defect and both cases follow the relation introduced above. Unfortunately, no
underlying reasons for their choice were given in the papers. The capture cross-sections in the
simulations in this project were set to a value of 10-15 cm2 and chosen equal for electrons and
holes, which is however not necessarily true329. Furthermore, the values for the defects at the
interfaces and in the transport layers were also assumed to be equal to the perovskite layer.

Defect characteristics

Defects have a strong impact on the performance of solar cells and thus it is crucial to un-
derstand their properties and chemical nature to reduce their effect, evidenced by the vast
amount of papers on this subject. In this section, the defect density in the bulk and at the
interface will be elucidated together with other settings, such as the type of defects and their
energy level and distribution. The defect parameters of the two transport layers are set to
reasonable values that can be expected, but have no effect on the figures of merit due to the
generation only occurring in the perovskite layer. However, very high defect densities show
an effect in the quasi-Fermi levels most likely due to the filling of the traps and can result in
a convergence failure.
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Perovskite thin films are most often processed from solution and at low temperature,
which are favorable conditions for the formation of defects and hence a high defect density is
expected. The defect density is heavily influenced by the composition as well as the processing
method leading to a large variety of reported values in literature ranging from ∼1010 to 1020

cm-3 43,45,293,314,322,337–339. However, a distinction has to be made between single crystal and
polycrystalline perovskites. Due to additional extrinsic effects, such as grain boundaries, the
defect density in thin films is generally higher, typically around 1015–1017 cm-3, whereas it is
only ∼1010–1011 cm-3 in single crystal perovskites339,340. Indeed, this is higher than observed
in conventional materials such as polycrystalline silicon (∼1013 cm-3)341 and CIGS (1013–1014

cm-3)342. While these values all appear to refer to bulk defect density, values for the total
defect density at the interface are not often mentioned even though the interface can be a
severely limiting factor of a perovskite device103,343,344. Ni et al.233 show that the defect
density at the interface is significantly higher compared to the bulk, independent of the degree
of crystallinity or composition. Xing et al.345 modelled the photoluminescence intensity as a
function of photon-generated exciton density and also found the defect density at the interface
to be higher than in the bulk. It is believed that the migration of ionic defects to the interface
plays an important role in this observation346,347.

Similar to the measurements, the reported values in SCAPS simulations vary quite signi-
ficantly. For the bulk defect density, values range from 1011 to 1017 cm-3 229,310,348–351 and for
the interface defect density it spans from 107 to 1011 cm-2 103,177,227,348,352–354. Both the bulk
and interface defect density in the simulations have been optimized by fitting the measurement
data and a value in the order of 1014 cm-3 for bulk and 109 cm-2 for the interfaces were found
to fit nicely. Notice that the units of the interface defect density is in cm-2 while the bulk
is in cm-3. This may seem obvious, but it appears that in literature both cm-2 177,227 and
cm-3 233,243,355 are used as units for interface defect density. In reality, the interface between
two layers is not perfect and due to roughness and mixing of the materials, it will have a cer-
tain “depth”. Researchers have tried to mimic this region in SCAPS by adding thin interlayers
with slightly altered properties and giving these layers a bulk defect density representative
of the expected interface defect density226,229,308. It was decided not to include this in this
project due to the additional complexity, parameters and computation time.

Besides the density of defects, each defect is of a certain type which also has to be specified
in SCAPS. A defect can for example act as a single donor or acceptor. A donor defect has an
excess electron that is loosely bound to the defect, which corresponds to its neutral (0) state.
The electron can be donated to the conduction band of the material where it becomes a free
carrier, which corresponds to its charged (+1) state. This ionization can be represented via
the reaction D0 = D+ + 1e-. Similarly, an acceptor defect has an excess hole corresponding
to its neutral (0) state. The hole can be donated to the valence band where it becomes a
free carrier and this corresponds to its charged (-1) state, following the reaction A0 = A- +
1h+ 338,356,357. In terms of recombination, a donor (acceptor) defect in the +1 (-1) state can
capture an electron (hole), converting the defect to the 0 state. Subsequently, the trapped
electron (hole) can recombine with a hole (electron) in the valence (conduction) band and the
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defect is converted back to the charge +1 (-1) state338. Hence, both single donor and acceptor
defects have two possible charge states. The same analogy is used in SCAPS to refer to the
charge state of the defects358. It is possible for a defect to have more charge states, i.e., it
can capture multiple electron or holes, making it a multivalent defect. Then there are also
amphoteric defects able to capture either type of charge. In SCAPS, there is an extra option
for the defects, namely the neutral type (not to be confused with its charge state), which
is an idealization of a defect that contributes to the non-radiative recombination by giving
the charge carriers a certain lifetime, but does not contribute to the space charge. It does
not exist in reality, but it is a useful solution when the origin and nature of the defects is
unknown without introducing to many other effects. This is the preferred defect type used in
the simulations in this project.

Another important characteristic is the depth of the energy level of the defects. The wide
variety of compositions and processing methods result in many different possible defects, each
with its own specific energy level. Defects with a shallow energy level lie in or just above
(below) the valence (conduction) band while deep defects have their energy level close to
the middle of the bandgap and are the main contributors to non-radiative recombination359.
The experimental techniques mentioned in the section on the capture cross-section are able
to determine these energy levels as well and both shallow and deep defects have been ob-
served326,329,337,340. Theoretical calculations are needed to identify the molecular origin of
each defect and confirm its corresponding energy level, so that the most detrimental ones
can be prevented with an optimized processing route360 or neutralized using targeted passiv-
ation361. Density functional theory (DFT) is the preferred computational modeling tool to
simulate the electronic band structure of materials at the atomic level. The first calculations
using this method predicted shallow defects to be dominant due to their low formation energy
and deep defects, while still possible, unlikely to be introduced due to their high formation
energy299,301. Over time, the calculations were optimized by correcting for the self-interaction
error and including spin-orbit coupling (SOC), leading to a better agreement on the height
of the energy bands while also predicting the correct bandgap337,356. Using the improved
simulations, it was found that it is possible for deep intrinsic defects to form in perovskite
materials339,362. In SCAPS simulations, the most commonly used height for the energy level is
the standard setting, which is 0.6 eV above the valence band, or in the middle of the bandgap
resulting both in deep defects229,290,311,354. For the simulations done here, the energy level is
also put in the middle of the bandgap of the perovskite for both the bulk and interface defects.

The last settings are the spatial distribution of defects and the energetic distribution of
their energy level. It is assumed that the defects are uniformly distributed throughout the
layer, i.e., no grading is applied. SCAPS has multiple options for the defect energy level, such
as a single level, a uniform or Gaussian distribution with a characteristic energy determining
the width or a tail at either the conduction or valence band. By far the most common
setting used in literature is the Gaussian distribution with an occasional use of the single
distribution243,248,250,281,353,363. The settings used in this project are a uniform distribution
of defects with a single energy level. The difference between both distributions is tested and
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gave a negligible difference in JSC with the other figures of merit remaining the same.

Other parameters

Finally, there are a few parameters that are not related to a specific internal layer, but to the
device as a whole, such as the temperature, resistance and the work functions of the metal
contacts. The temperature is set to 300 K, which is slightly higher than room temperature.
During the JV-measurements the sample is heated by the light justifying the higher value.

The resistance in the device can be divided into two parts, namely the series resistance Rs

and the shunt resistance Rsh. Rs originates from the resistance of the transport layers, the
metal contacts and their connections and should be as low as possible. The main impact of Rs

is on the FF, but at very high values it will also affect the JSC. At high light intensities it will
be the dominant resistance. The range of values typically found in perovskite solar cells is 2 to
15 Ω cm2 307,355,364–367 where an excellent solar cell has a value in the low single digits. The
Rsh is related to manufacturing quality of the layers where shunts, i.e., alternative pathways
for the current, reduce the power output of the device, hence Rsh should be as high as possible.
These shunts can be caused by incomplete coverage of the surface area by any of the layers or
material of the metal contacts penetrates the transport layers or even the perovskite368. A low
Rsh mainly affects the FF as well as the VOC while leaving the JSC unaffected. Its limitation
on performance is dominant at low light intensities. The values for the Rsh range from ∼102

to 105 Ω cm2 19,185,369–373. Both the Rs and Rsh are optimized during the simulations and
good fits are found for a Rs of 12 Ω cm2 and a Rsh of 4.5 · 106 Ω cm2. Rs falls nicely in the
range found in literature, but the Rsh is over an order of magnitude larger. Lower values
would significantly decrease the FF at low light intensities and contradict the measurements.
Similar values for the Rsh are used by other authors in simulations349,374.

As mentioned before, not the entire device is simulated, therefore the left (right) contact
in SCAPS should represent the layer adjacent to hole (electron) transport layer of the real
device. For the left contact the situation is identical to the real device as it is adjacent to the
ITO. However, this is not true for the right contact, which should represent the ALD SnO2

layer instead of the gold electrode. The height of the work function of the ITO layer is found
to lie in the range of 4.4 to 5 eV181,204,205,209,375. In the end, a value of 5.1 eV is used in the
simulations giving a injection barrier of 0.2 eV as seen in Figure 4.4. Any lower values would
result in a significant blockage of injected carriers leading to low FF values and a flattening
of the JV-curve at high voltages, which does not correspond to the measurement data. The
value for the right contact should correspond to the EA of the SnO2 layer, which can vary
depending on the deposition technique376. A value of 4.1 eV is used that gives a injection
barrier of 0.1 eV, while higher values would again result in an undesired injection barrier.

As a final notice, it is not claimed that these individual parameters are in perfect agreement
with the real device, but in the context of the existing literature they are considered plaus-
ible. Most parameters are optimized in SCAPS based on the measurement results, instead of
measured directly.
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5. Results and discussion

In this chapter the most important results of the project are shown and elaborated on. Both the
measurements and the simulations are discussed and compared and a hypothesis is put forward
as explanation for the observations.

The chapter is divided into four main sections. The first two discuss the measurement and
simulation results prior to aging, respectively, and follow more or less the natural order of how
the data is obtained. The two subsequent chapters discuss the effect of the aging process on
the photovoltaic parameters and the simulations to evaluate and understand the underlying
processes that happen.

5.1 Measurements of fresh devices

5.1.1 J-V measurements

Figure 5.1a and b show the averaged J-V curves of each composition when measured from the
glass and ITO side, respectively. The devices are measured with a forward (reverse) sweep as
indicated by the dashed (solid) lines. It is clear from their mismatch that all compositions
suffer from hysteresis, independent of the measurement side, albeit considerably less for the
devices with RbCl-doped perovskite.
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Figure 5.1: J-V measurements of the fresh devices
The averages of the J-V measurements of the different perovskite compositions with the solid (dashed)
lines indicating the reverse (forward) measurement. (a) Illumination from glass side, (b) illumination
from ITO side.
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Looking at the curves in more detail, a small “shift” can be observed around 0.9 V in all
compositions, which is best visible in Figure 5.1a. One could argue that this is perhaps due
to the process of averaging the measurements, introducing artifacts in the curve. However,
this effect is even more clearly present in the original measurements. Hence, it appears that
the averaging only leads to a smoothing of J-V curve in this regard. The shift has also been
observed by Li et al.377 and is typically found in a fast forward scan. According to Li et
al., it is at this exact point during the sweep when flat-band conditions are achieved, making
diffusion the dominant transport mechanism. If the device is influenced by ion migration, it
means that also the ions will diffuse. This will rearrange the built-in potential, which in turn
shifts the VOC resulting in a jump in the J-V curve.

Another interesting peculiarity can be observed in the reverse bias curves when illuminating
from the ITO side. It appears that the curve has a subtle kink in between the MPP and VOC.
Again, this is not a feature due to the averaging of the measurements, but can also be observed
in the original measurements. This kink is an undesirable effect, since it appears to limit the
FF of the devices. No relevant literature could be found on this, so it is difficult to speculate
on the origin of this effect. Interestingly, the kink can only be observed in the measurements
from ITO side, suggesting it is related to the electron transport layer(s).

To get a better understanding of the differences between the two measurement sides as
well as the different compositions, the extracted figures of merit are plotted in Figure 5.2 for
comparison. Each solid (open) data point represents a single reverse (forward) J-V sweep
accompanied by the statistical spread in the form of bars. The colors are consistent with
the colors used in Figure 5.1. Starting with the PCE, it is clear that illumination from glass
side yields a higher efficiency, independent of the composition. It is a common practice to
determine the ratio of the PCE of both illumination sides, which gives the bifaciality factor,
to assess the performance of a semi-transparent solar cell. Calculating the factor for the
three compositions gives a value of 85%, 88% and 90% for the I pure, IBr and RbCl devices,
respectively. These are excellent values, however, an asterisk has to be added, which will be
clarified after the other photovoltaic parameters are discussed. Regarding the compositions,
it appears that the IBr devices are performing slightly better than both the I pure and RbCl
devices, independent of the illumination side. This, however, is only true when looking at
the reverse sweep. The difference between the reverse and forward data gives a more concrete
impression of the amount of hysteresis than by comparing the J-V curves. If it is assumed that
the “correct” value for the same device without hysteresis would be in between both sweeps,
the two device types containing 2% bromide would more or less have the same PCE, while
the I-pure devices perform less efficient. This appears to be true for both illuminations sides.
Continuing with the hysteresis, the RbCl-doped devices indeed show less hysteresis and the
effect is most noticeable when illuminating from glass side. The improved VOC and FF in the
forward sweep are the most significant contributors to this reduction.

Moving on to the JSC, the first thing that stands out are the significant higher values
for the measurements from ITO side. This is a surprising result, because the illumination of
the rear side of semi-transparent perovskite solar cells normally leads to a substantially lower
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Figure 5.2: Figures of merit of the fresh devices
Photovoltaic parameters of the different perovskite compositions with statistical deviation obtained
from the J-V measurements. The solid (open) data points and solid (dotted) bars indicate the reverse
(forward) measurement. The three data sets on the left (right) in each graph are the measurements
from glass (ITO) side. (a) PCE, (b) JSC, (c) FF and (d) VOC.

current density378–380. Hence, it is unclear whether these results are genuine or there is a flaw
in the measurement. A comparison to the JSC obtained from the EQE measurements should
help understand these results better, which is done in section 5.1.2. Another observation is the
slightly higher JSC for the I pure devices compared to the 2% bromide devices. The addition
of 2% bromide results in a small increase in bandgap and thus a shift in the absorption onset
to smaller wavelengths. Hence, a part of the spectrum is lost and that leads to a decrease in
the JSC.

The FF follows a similar pattern to the PCE indicating its importance for the final effi-
ciency. The IBr devices have the best FF for both illumination sides and again the amount
of hysteresis differs depending on the composition. The illumination side has a large influence
on the value and there is a substantial loss of approximately 10% when switching to ITO side
illumination. The unusual shape of the J-V curve as seen in Figure 5.1b certainly attributes
to the decreased FF. The values typically found in literature for semi-transparent cells are
approximately the same for both sides or sometimes even better for illumination from the rear
side378,379,381,382. More fundamental information about the device is difficult to extract for
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this parameter due to the complex relations and dependencies on its properties.
Lastly, the VOC shows similar behavior between the different devices types for both illu-

mination sides. The addition of 2% bromide slightly increases the bandgap and thus also the
VOC. The devices with RbCl-doped perovskite show a measurable increase of around 20 mV.
Combined with the fact that the hysteresis of these devices is also lower, it could be that the
doping decreases the amount of defects. Interestingly, this is the only parameter that shows
more hysteresis when measured from ITO side, which was not the case for the other figures of
merit.

Coming back to the bifaciality factor, the unusually high values for the JSC measured
from the ITO side (partly) compensate for the significant decrease in FF. Hence, the final
PCEs for the ITO side measurements are still decent and this leads to excellent bifaciality
factors. However, due to the questionable validity of the JSC ITO side values, it possibly
also calls into question the bifaciality factors. Whether this is the case all depends on the
relations between the JSC, FF and PCE. The PCE ultimately depends on the maximum
power point, which is linked to the FF and JSC. If the JSC is indeed incorrectly measured it
should be significantly lower, even lower than the values for the glass side measurement. Such
a large change would also lower the maximum power point, followed by the PCE and thus
the bifaciality factor. Interestingly, as a result the FF would increase, aligning the parameter
more with the expectation as seen in literature.

5.1.2 EQE measurements

The EQE is measured as function of wavelength in order to learn more about the conversion
efficiency of light to charge carriers that also contribute to the current. The averaged result
for each composition and illumination side is plotted in Figure 5.3. An inset is added with a
close-up of the bandgap and the color of each curve is again consistent with the J-V curves.

The general shape of the curves of each illumination side is identical for all three composi-
tions with only slight variations in height at certain wavelengths, indicating that there are no
major differences to the optical and electrical properties between the different compositions
when no voltage is applied. The addition of 2% bromide slightly improves the EQE values
over the entire spectrum. There is a small difference for the RbCl devices, which appears
to initially follow the I pure curve and switch to the IBr curve near 450 nm. The possible
origin for this behavior remains unknown. Ideally, 100% of the light is converted to collec-
ted charge carriers, but this is not attainable due optical losses, such as parasitic absorption
by non-perovskite layers, reflectance and transmittance as well as electrical losses, such as
charge carrier recombination during the transport to the electrodes. Additional information
is needed to know the origin of certain losses in the EQE curves, which will be discussed in
detail in section 5.1.3 and 5.2.1. There are a few useful parameters that can be extracted from
the EQE curve, namely the JSC, the bandgap of the perovskite and the Urbach energy. The
calculated JSC values for the three compositions for both illumination sides are given in Table
5.1 together with the extracted values of the J-V curves for comparison.

42



CHAPTER 5. RESULTS AND DISCUSSION

3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 00

2 0

4 0

6 0

8 0

1 0 0

7 8 0 8 0 0 8 2 00

2 0

4 0

6 0

8 0

1 0 0
EQ

E (
%)

W a v e l e n g t h  ( n m )

 I ,  g l a s s
 I B r ,  g l a s s
 R b C l ,  g l a s s
 I ,  I T O
 I B r ,  I T O
 R b C l ,  I T O

Figure 5.3: EQE measurements of the fresh devices
The averaged EQE measurement of the different perovskite compositions for both illumination sides.
Inset: a close-up near the bandgap.

Table 5.1: Comparison of the JSC extracted from EQE and J-V measurements
The data represents averaged values with uncertainties calculated using standard deviation. The J-V
values are based on the average of the forward and reverse sweep. The units are in mA cm-2.

Glass side ITO side
JSC, EQE JSC, JV JSC, EQE JSC, JV

I 21.4± 0.1 21.2± 0.5 21.5± 0.1 22.4± 0.3

IBr 21.5± 0.2 20.7± 0.5 21.3± 0.3 22.0± 0.6

RbCl 21.6± 0.1 20.7± 0.6 21.6± 0.1 22.3± 0.6

The difference between glass and ITO side illumination for the J-V measurement is again
clearly visible after the data is compressed into single values. The values obtained from the
EQE measurements, however, give a completely different picture, being more or less equal from
both illumination sides. Furthermore, the differences between the compositions is negligible,
which is not necessarily the case for the J-V measurements. Another interesting thing to note
is the difference in the uncertainties between both types of measurement, indicating that the
EQE measurement is a more accurate method for determining the JSC. The most striking
observation is the mismatch between the J-V and EQE extracted JSC values, which in theory
should be equal. Saliba et al.383 reported on this discrepancy and found that JSC, EQE is
generally lower than JSC, JV. The exact reason for this difference is still unknown, but could
potentially be related to the duration of the measurements. A typical EQE measurement takes
considerably longer than a J-V sweep. Effects such as ion migration and sample degradation
play an important role on these timescales and could affects the final results383. From Table 5.1

43



CHAPTER 5. RESULTS AND DISCUSSION

it is clear that Saliba’s observation only holds for the ITO side measurements, while the glass
side measurements show the opposite behavior. Coincidentally, the results listed in the paper
are only from devices with a n-i-p structure, which is equivalent to the ITO side illumination.
This could be merely a coincidence, but is nevertheless interesting to note. Another reason
could be the light source of the solar simulator set-up. Ideally, the light source perfectly
simulates the solar spectrum, but in practice this is almost impossible to do. A halogen lamp
is used, which has a lower (higher) emission in the blue (red) part of the spectrum compared to
the solar spectrum. From the EQE measurement it is evident that the glass side outperforms
the ITO side at lower wavelengths, while it is the other way around at higher wavelengths.
Hence, combining these two observations would explain why the J-V measurement from glass
(ITO) side has a lower (higher) JSC compared to the EQE measurement. This could be further
investigated by using various LEDs of specific wavelengths in order to measure the response
at different wavelength for each illumination side.

The bandgap of the perovskite and the Urbach energy are listed in Table 5.2 below. Both
values are calculated from the EQE data using a Matlab script developed by Dong Zhang as
explained in section 3.3. Starting with the bandgap, there is a minuscule difference between
the two illumination sides for each composition, but the values are within the error range
that in itself is small. The addition of 2% bromide leads to an increase in the bandgap of
approximately 10 meV. This change compared to the pure iodide devices is more clearly visible
in the inset in Figure 5.3. The RbCl doping appears to slightly decrease the bandgap, albeit
marginally. This is a peculiar change, since both rubidium and chloride typically cause the
bandgap to increase384–387. However, the 0.1% doping used in the RbCl devices is significantly
less than usually reported in literature. Even though Saidaminov et al.387 found a blue shifting
for higher concentrations of chloride, they also report the data for concentrations similar to
this project, which arguably show a small red shift. Similarly, Li et al.388 found a slight
decrease in bandgap for a small addition of rubidium. Hence, it appears plausible that the
RbCl doping results in a modest decrease of the perovskite bandgap.

Table 5.2: Perovskite bandgaps and Urbach energies
The data represents averaged data calculated from EQE measurements.

Glass side ITO side
bandgap (eV) EUrbach (meV) bandgap (eV) EUrbach (meV)

I 1.558± 0.001 16.1± 0.1 1.556± 0.001 15.5± 0.5

IBr 1.569± 0.001 15.5± 0.1 1.568± 0.000 15.4± 0.1

RbCl 1.567± 0.002 16.0± 0.2 1.566± 0.001 15.9± 0.2

The Urbach energy is found to be around 15 to 16 meV for all compositions, which is in
excellent agreement with values reported in literature21,389. It is important that these values
are below the thermal energy of ∼26 meV. This way, charge carriers that are trapped in the
tail states within the bandgap can still be thermally excited back to the valence or conduction
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band. Values higher than the thermal energy make this process impossible and hence the
charge carriers will eventually be lost via (non-radiative) recombination. The values for the
IBr devices are slightly better, but pinpointing the exact reason for this is impossible without
additional information due to the many parameters that can affect the tail states.

5.1.3 UV-vis measurements

The transmittance T (λ) and reflectance R(λ) are measured to learn more about the optical
losses in the devices as function of wavelength λ. The measurement data is converted to
absorptance A(λ) using the following equation:

A(λ) = 1− T (λ)−R(λ) (5.1)

and plotted as solid lines in Figure 5.4 together with the EQE data as dashed lines. The
original transmittance and reflectance data can be found in Figure B.1 of the appendix. The
total absorptance not only gives information about which part of the spectrum is not (fully)
absorbed by the device, but by comparing it to the EQE data, it also provides insight into
the losses that occur in between light absorption and charge carrier collection i.e. the internal
quantum efficiency (IQE) loss. These losses are caused by parasitic absorption by layers other
than the perovskite as well as the recombination of the carriers before their collection.
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Figure 5.4: Absorptance vs EQE of the fresh samples
Values calculated from the transmittance and reflectance and accompanied by the EQE for comparison
for all three compositions. (a) Illumination from glass side, (b) Illumination from ITO side. Inset:
close-up of intersecting curves.

For both illumination sides it is the case that optical losses are dominated by reflectance
till around 650 nm after which the transmittance becomes the dominant loss factor, as can
be seen in Figure B.1. The absorptance drops off after the bandgap and the device becomes
mostly transparent. The results for illumination from the glass side are shown in Figure 5.4a.
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No major differences are observed between the three compositions, once more confirming the
optical similarities between the devices. Comparing the absorptance and EQE gives a clear
picture of the amount of internal losses occurring at the different wavelengths. The biggest
losses occur at short wavelengths with a more or less constant loss of around 5 to 10% after
450 nm. The absorptance from ITO side illumination is shown in Figure 5.4b. There is
slightly more deviation between the compositions, but the overall behavior is still the same.
The internal losses after absorption are significantly larger at short wavelengths compared
to the glass side and extend further to longer wavelengths as well. However, this is partly
compensated around 700 to 800 nm where the absorptance almost overlaps with the EQE and
thus reaching an IQE close to 100%. In fact, the absorptance of the IBr intersects with the
EQE measurement near 750 nm as can be seen in the inset, suggesting that there are more
charge carriers generated than photons absorbed, which is impossible. As said in section 3.3,
the small size of the samples made it difficult to measure UV-vis, so it is most likely that
this is due to an error in the measurement. The actual origins of the losses in IQE will be
discussed with the help of the optical simulations in section 5.2.1.

5.1.4 XRD measurements

XRD measurements are done to compare the crystal structure of the three different perovskite
layers and the results are shown in Figure 5.5 below. Overall, the three compositions show
peaks at the same angles as well as have similar relative heights between the peaks within
each measurement, suggesting that the crystal structure of the layers are comparable. Most
peaks are labeled corresponding to the most likely crystal composition contributing to the
measurement signal as determined from XRD reference cards, previous experience and analysis
in Solliance and several papers with similar perovskite compositions19,175,192,390,391.

The main peaks can be attributed to the expected α-perovskite phase. There are however
a series of smaller peaks and based on literature and analysis they are attributed to a CsPbI3
phase. It thus appears that there are different phases present in the perovskite layer, rather
than a single uniform perovskite phase. Using the software Vesta, which can calculate the
powder diffraction pattern of a crystal structure, the XRD signal for the similar Cs0.1FA0.9PbI3
composition investigated by Charles et al.392 is calculated based on their provided crystal
structure model and compared to the I pure measurement in appendix B.2. The calculation
represents the desired single perovskite crystal phase and while the peaks of the calculation
are slightly shifted compared to the measurement, they are in excellent agreement with the
location of the α-perovskite phase. Additionally, precisely the peaks corresponding to the
CsPbI3 are not found in the calculation, which further supports the hypothesis that there are
multiple crystal phases present in the perovskite.

There are a few peaks for which the origin remains unsure and the most prominent one is
around 8.2◦, which is not observed in similar compositions reported in literature. The meas-
urement is done under ambient conditions, hence it could be related to surface contamination
from particles in the air. However, the sharpness of the peak rather suggests a genuine source
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Figure 5.5: XRD measurement of the fresh perovskite films
Most peaks are labeled to indicate their expected crystalline origin. The insets show a close-up of
three different angles to emphasize the differences between the compositions.

in the perovskite crystal structure. Based on the experience in Solliance the peak could ori-
ginate from a NMP-PbI2 complex that is present in the perovskite layer after spin coating393.
This is further supported by the small unknown peak at approximately 16.4◦, which is double
the reflection angle of the main peak. Important peaks to look out for in perovskite layers are
located at ∼11.7◦ and ∼12.6◦ corresponding to the δ-FAPbI3 and PbI2, respectively108,390.
These peaks are not observed in any of the compositions meaning that the layers have excellent
crystallinity.

Different close-ups of the three measurements stacked on top of each other are shown as
insets to give a better view of the mutual differences. The addition of 2% bromide leads to a
shift of the peaks to higher angles, which is observed for all peaks and is made visible for the
two larges peaks shown in the middle and right inset. Generally, such shifts are attributed
to a decrease in lattice parameter, caused by the incorporation of smaller ions394,395. The
substitution of the iodide partly by smaller bromide ions fits this explanation. Furthermore,
doping the perovskite with RbCl introduces even smaller ions, again shifting the peaks to
higher angles. This effect in not as large compared to the bromide substitution because the
amount of dopant is very small and the difference is close to the step size of the measurement,
hence it remains uncertain whether the RbCl is incorporated into the lattice.

The only significant difference regarding peak size that can be observed is the small peak
around 10◦, and more specifically, the lack thereof in the IBr sample as can be seen in the left

47



CHAPTER 5. RESULTS AND DISCUSSION

inset. According to Lee et al.19 and the analysis, the peak originates from CsPbI3, but since
all samples contain the same amount of cesium, it is expected to then also see the peak for
the IBr sample. The possibility that the addition of bromide could prevent the formation of
CsPbI3 seems highly unlikely due to the substantial amount of cesium. Furthermore, the other
peaks associated with CsPbI3 are present for the IBr sample. Looking at the measurement
of the RbCl-doped sample, which has the same amount of bromide, the peak reappears and
shows the same characteristics as the iodide pure sample. The small addititional peak on
the right side is present for both samples, which suggests the signal originates from the same
crystal structure. This makes it unlikely that the 2% bromide affects the crystal formation of
CsPbI3. Similar to the CsPbI3, a peak appears at 10◦ for RbPbI3 as shown by Turren-Cruz
et al.391. However, since the amount of doping is very small, it is highly improbable that the
entire peak solely originates from the RbPbI3. Interestingly, this is the only peak where the
RbCl sample has a higher intensity compared to the iodide pure sample suggesting instead
that the combined intensity of CsPbI3 and RbPbI3 could be the reason.

All in all, the crystal structures for all three compositions are very similar and based on
the analysis it is found that there are three different crystal phases present, namely an α-
perovskite-, CsPbI3- and NMP-PbI2 complex phase. The general shifts observed confirm that
the addition of bromide and possibly the RbCl doping are incorporated into the perovskite
layer. The origin of the missing peak at 10◦ for the IBr sample remains a mystery and a
detailed analysis with additional measurements is needed to find the explanation.

5.1.5 Light intensity measurements

Besides the different characterization techniques at one sun illumination, also J-V measure-
ments at different light intensities are done to get a better understanding of the dominant
charge carrier recombination mechanisms. Figure 5.6 shows the averaged light intensity meas-
urement of the IBr devices ranging from one to 10-4 sun illumination intensity as an example
of a result. Obviously, the most affected parameter is the JSC due to the decreased amount
of photons that generate charge carriers. Furthermore, the VOC also decreases with decreased
light intensity due to the quasi Fermi level splitting reducing for the same reason396. Analyz-
ing such graphs and comparing them directly between different measurements is impractical
because the FF cannot be compared properly and the curves at low light intensity start to
overlap. Furthermore, the values become so small that the linear scale no longer suffices.

Hence, to better understand the light intensity dependence of the figures of merit, each
curve’s values are extracted and the averages including their standard deviation are plotted in
Figure 5.7 and 5.8 for glass and ITO side illumination, respectively. Starting with illumination
from glass side, the PCE follows a similar trend for all compositions with a slight difference
in slope between the iodide pure and 2% bromide-containing devices at lower light intensity.
The curves show that a higher light intensity not necessarily results in a higher efficiency
since the maximum for all compositions can be found around 0.1 sun. The JSC is plotted in
panel b and follows the expected decrease as function of decreasing light intensity. The curves
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Figure 5.6: J-V curves at different light intensity
Illumination from glass side. Each curve is averaged over all IBr samples.

are almost perfectly overlapping with only the iodide pure device deviating slightly at higher
intensities. The inset shows the same data but plotted on a log-log scale from which the power
law dependence parameter α is determined as explained in section 2.4.2.

The FF is plotted in panel c and shows a more complex dependence on light intensity.
The 2% bromide-containing compositions have a similar shape with a maximum just below
0.1 sun intensity, while the iodide pure devices appear to remain mostly constant at low light
intensity. Contrary to the JSC and VOC, there are only a handful of papers reporting on the
light intensity characteristics of the FF. In this study, the FF shows a variety of different
dependencies for decreasing light intensity, which is also observed by other researchers397,398.
While these are certainly not the only possibilities with regard to the shape of the curve107,399,
it also very much depends over which intensity range the measurement is performed. The exact
shape depends on many device parameters and not all are equally dominant at all intensity
ranges. Various authors have observed changes to the curve by changing certain parameters,
such as the composition99,107, thickness399 and precursor ratios400 of the perovskite as well as
the transport layer configuration397. However, simulations are needed to properly analyze and
fit the curve to determine which parameters contribute the most at which light intensities.

The last panel contains the data of the VOC. The 2% bromide substitution appears to
improve the VOC at lower light intensities while remaining unchanged at higher intensities
compared to the iodide pure devices. Adding the RbCl doping measurably improves the VOC

at higher light intensities, but this comes at a cost at lower intensities where it decreases below
the values of the IBr devices. The ideality factor nid, obtained from the slope of the curve,
gives additional information about the recombination dynamics as explained in section 2.4.1.
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Figure 5.7: Photovoltaic parameters from light intensity measurements from glass side
Data is obtained from the fresh devices. (a) PCE, (b) JSC with the data plotted on a log-log scale as
inset, (c) FF and (d) VOC.

The figures of merit for illumination from ITO side are plotted in Figure 5.8 and do show
differences compared to glass side illumination. The location of the maximum in the PCE has
shifted slightly to lower intensities. This is mostly the result of a similar change in the FF,
caused by a considerable decrease of the values in the high light intensity regime and holds for
all compositions. This becomes especially clear when looking at the ratio of the FF, similar to
the bifaciality factor for the PCE, at each light intensity data point. Near 1 sun intensity the
ratio ITO to glass is around 80-85% depending on the composition, but this value increases to
approximately 100% at 10-4 sun intensity. As mentioned before, the FF is usually observed to
be similar from both illumination sides at 1 sun in semi-transparent devices, hence this means
that there is a mechanism at play causing losses in FF when measuring from ITO side. Since
these losses increase with increased light intensity it is likely due to a problem at the interface,
specifically the perovskite/PCBM interface. Głowienka et al.374 investigated the same device
stack and found that the deposition process of the ALD SnO2 layer is the cause of loss in FF
at high light intensities. The ALD process influences the perovskite/PCBM interface resulting
in high interface defect density as well as band bending due to changes to the energy levels.
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Figure 5.8: Photovoltaic parameters from light intensity measurements from ITO side
Data is obtained from the fresh devices. (a) PCE, (b) JSC with the data plotted on a log-log scale as
inset, (c) FF and (d) VOC.

Extending the ratio analogy to the other figures of merit, the JSC has a constant ratio of
105-108% over the entire intensity range, showing that the unexpected higher values from ITO
side that are observed in the 1 sun J-V measurement are in fact independent of the illumination
intensity. The shape of the curves themselves appears to be the same as for the glass side.
The VOC ratio shows a minor dependence on light intensity with a value of 99% at 1 sun,
which slowly increases to 105% at 10-4 sun. The mutual differences between the compositions
is almost identical to the glass side, indicating that both the bromide substitution and RbCl
doping do not introduce any orientational dependence on light intensity with regards to the
VOC. In the end, the bifaciality factor of the PCE is found to be 85-90% around 1 sun intensity
and increasing towards 109-115% at 1E-4 sun intensity. This means that the side that is most
efficient actually changes depending on the light intensity, which could be a useful property
for semi-transparent solar cells in applications such as windows.

FF on a linear scale

Interesting characteristics can be observed for the FF by converting the light intensity axis to a
linear scale as is shown in Figure 5.9 below. This way, the emphasis is essentially placed on the
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five data points in the high intensity regime, which is difficult to compare as seen in the previous
two figures. The linear scale of the x-axis reveals that there is a vastly different dependence on
light intensity for both illumination sides. For the glass side, a linear relation is found down
to around 5% of the solar intensity and the slope is independent of the composition of the
perovskite. For the ITO side on the other hand, the relation is clearly non-linear. Once again
the relation is identical for the three compositions, suggesting that the type of dependence is
determined by the charge transport layers and/or metal contacts. While research on the light
intensity dependence of the FF in itself is already rare, measurement data plotted on a linear
scale is even more scarce. Nevertheless, the papers that can be found almost exclusively show
the linear dependence400–402. The non-linear dependence is thus an unusual behavior, but due
to the complexity of the FF its exact origin remains unknown and can only be determined
using simulations.
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Figure 5.9: FF as function of a linear light intensity scale
Data is obtained from the fresh devices. (a) Illumination from glass side, (b) Illumination from ITO
side.

The ideality factor nid and power law factor α are given in Table 5.3 below for the three
compositions and both illumination sides. It is important to remember that these parameters
provide information on the recombination and extraction properties at specifically the VOC

and JSC, respectively.

Table 5.3: Ideality factor and the power law factor of the fresh devices
Values for both illumination sides as well as the three composition.

Glass side ITO side
nid (kBT/q) α (-) nid (kBT/q) α (-)

I 1.831± 0.027 0.964± 0.005 1.683± 0.025 0.964± 0.002

IBr 1.565± 0.023 0.963± 0.003 1.415± 0.022 0.964± 0.002

RbCl 1.795± 0.027 0.963± 0.004 1.607± 0.028 0.964± 0.002
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Starting with the ideality factor, there is a similar trend between the compositions for
both illumination sides. The iodide pure and RbCl-doped devices both have similar high
values, while the values for the IBr devices are clearly lower. Based on the definition of the
ideality factor together with the increased PCE over the entire intensity range it could thus
be argued that the substitution of 2% bromide reduces the trap-assisted recombination in the
bulk. Furthermore, it will be shown later using simulations that the defects in the bulk are
more effective at lower light intensities. From the light intensity data it is clear that this is
where the VOC of the IBr devices is the highest compared to the other compositions. Based on
the same analogy, the overall decrease of the PCE and lower VOC at lower light intensities of
the RbCl devices compared to the IBr devices thus suggests that the doping has led to more
defects in the bulk, which is in agreement with the increase in the ideality factor.

Another interesting observation is that the curve of the iodide pure and RbCl devices can
be divided into a high and low intensity part, each with its own distinct slope, while the IBr
devices have a more or less uniform slope over the entire light intensity range. This is an
indication that there is a competition between multiple recombination mechanisms where dif-
ferent mechanisms are dominant at different light intensities. At high illumination intensities
the slope is the same for all compositions meaning that the difference in ideality factor is
determined by the low light intensity part, which is where lower (higher) bulk recombination
in the IBr (RbCl) devices translates to a lower (higher) ideality factor.

Comparing the glass to ITO side measurement there is an overall decrease in ideality
factor, which on its own seems to suggest less bulk recombination. However, while the VOC

remains reasonably similar compared to glass side, the FF decreases significantly at high light
intensity as is also clear from its ratio to glass side. This suggests instead that the interfacial
recombination is more dominant from this illumination side86. This is in agreement with the
research of Głowienka et al.374 where they state that the perovskite/PCBM interface contains
an increased amount of defects.

Interestingly, the exponential factor α is independent of the measurement side as well as
the composition of the perovskite. This means that the modifications to the perovskite layer
do not have an influence on the transport and extraction properties of the device. The value
is close to unity meaning that the charge extraction is mostly independent of light intensity at
JSC. Thus, it can be concluded that the space-charge effects are minimal and the bimolecular
recombination is weak.

5.2 Simulations of fresh devices

In this section, the optical and electrical simulations of the fresh devices are shown and com-
pared to the measurements. Note, all simulations are optimized to the data of the IBr devices
due to time constraints and because this composition can be compared directly to the other
two variants.
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5.2.1 Optical simulations

In the explanation of the outputs of the optical simulation in section 4.1.3, the absorptance
and corresponding parasitic losses were already introduced for the IBr device. In addition, the
IQE loss has been introduced in section 5.1.3 by comparing UV-vis and EQE measurements,
but its origin has not been discussed yet. Here, the UV-vis measurement is directly compared
to the optical simulation to see if they match. Furthermore, the IQE loss is elaborated on by
comparing it to the parasitic absorption obtained from the optical simulation.

The absorptance and reflectance obtained from the measurements as well as the simula-
tions are plotted in Figure 5.10a and b for illumination from glass and ITO side, respectively.
Overall, the shape of the simulations is in good correspondence with the measurements accord-
ing to the absolute values as well as the locations of the maxima and minima, which reflects
that the thicknesses of the layers are in agreement with the real device. The oscillations in the
curve appear to be larger for the simulation, most likely due to the assumption of perfectly
flat surfaces and interfaces. The imperfections at the surfaces in the actual device will lead to
random shifts in the optical electric field reducing the absolute intensities of the interference
and thus the oscillations in the transmittance and reflectance.
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Figure 5.10: Simulation fitting of the absorptance and reflectance
(a) Illumination from glass side, (b) Illumination from ITO side.

One clear difference between the measurements and simulations is the absorption onset,
which is determined by the bandgap of the perovskite. The onset of the simulations is shifted
towards lower wavelength meaning that the bandgap is presumably larger. The complex
refractive index values used for the perovskite are obtained from a MAPbI3 layer by Manzoor
et al.168 with a reported bandgap of 1.57 eV. Comparing that to the bandgap of the IBr device
of 1.569 eV, it is clear that the complex refractive index data does not reflect the predicted
bandgap. Using the same Matlab script that is used to calculate the bandgap from the EQE
data, the bandgap can be estimated from the absorptance data. The bandgap values obtained
for the measurements are around 1.57 eV and thus in excellent agreement with the values
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obtained for the EQE data. The values of the simulations are approximately 1.59 eV, which
confirms that the bandgap of the MAPbI3 layer is indeed larger than reported by the authors
of the paper.

By comparing the IQE loss to the parasitic absorption it is possible to see to what extent it
contributes to the loss. The IQE loss is defined as the difference between the absorptance and
the EQE and the parasitic absorption is defined as the summation of all non-perovskite layer
absorption. Both are shown in Figure 5.11a and b for the glass and ITO side illumination, re-
spectively. From the reasonable overlap between both curves is evident that approximately all
IQE loss originates from parasitic absorption, independent of the illumination side. However,
for the glass side a large difference is seen between 300 to 350 nm. This is due to incorrect
complex refractive index data of the glass substrate, underestimating its parasitic absorption
in this high energy part of the spectrum. At around 800 nm the parasitic absorption shows
a slight deviation, especially for the glass side, which is due to an overestimation of the back
ITO.
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Figure 5.11: The IQE loss compared to the parasitic absorptance of the fresh devices.
The IQE loss is calculated from the absorptance and EQE measurements. The parasitic absorption
is obtained from the optical simulation. (a) Illumination from glass side, (b) Illumination from ITO
side.

5.2.2 Electrical simulations

Before discussing the final optimized simulations and comparing them to the measurements,
a few details have to be addressed first. Even though the simulations of the JV-curves will be
discussed, the actual simulation parameters are optimized for the light intensity measurements.
Due to the large amount of simulation parameters it is possible to have multiple different sets
that all more or less fit the experimental JV-curve. However, the goal of the simulation is
to find a single set of parameters that accurately describes the fresh devices, such that it
can serve as a baseline for the simulation of the aged devices. It is thus important to have
the essential parameters, such as the defect density and height of the energy levels, set as
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accurately as possible in order to correctly interpret the changes that occur during aging. The
optimization of certain parameters based on the JV-curve is troublesome, but due to their
more specific dependence on light intensity it is easier to use those measurements. This makes
it much more likely to find a single set of parameters that correctly represents the real device.
It is for this reason that the simulation is optimized for the light intensity measurement and
the JV-curves are merely used to check as conformation.

Another important detail that has to be mentioned is the masking of the devices during
measurements. The mask ensures that the correct JSC is measured, but leads to unintended
errors in the VOC and FF as described in section 2.6. By using a mask, the solar cell is not ac-
tually operating under its intended light intensity, but instead a lower intensity corresponding
to factor X. The whole point of the simulation is to correctly estimate the parameters, but by
masking the solar cell, it is effectively operating under different transport and recombination
dynamics than expected. Hence, if this data would be directly used to optimize the simu-
lation, the final parameters will be estimated wrong. To solve this, the light intensity data
can be multiplied with the ratio X, which will shift the entire curve to lower light intensity
corresponding to the correct dynamics. That is why none of the previous and subsequent light
intensity graphs have a data point at exactly 1 sun intensity.

The most important figures of merit to use in the optimization of the simulation are the
VOC and FF. The JSC is almost linear in light intensity and the absolute values are almost
completely determined by the optical model. Furthermore, it has become clear from the vast
amount of electrical simulations that parameter values within their expected range, which was
extensively explained in chapter 4, lead to hardly any transport or extraction losses to the
current density at short-circuit current. The PCE is calculated from these three figures of
merit, hence if the simulation is correctly optimized for those values, it will also be correct for
the PCE and thus it will not be shown.

The optimization of the electrical simulation took a considerable amount of time due to the
large amount of parameters in SCAPS. The values for the optimized fresh device simulation
are listed in the previous chapter of which most in Table 4.3. In total, there are around
50(!) parameters that require a value as input and of those, around 20 are actually optimized
by systematically investigating their behavior on the figures of merit. A few of the critical
parameters are discussed below to get a better understanding of their dependence on the light
intensity. The sweeps are done for illumination from glass side and all other parameters are
set according to the optimized fresh device simulation except for the doping, which is set to
zero to represent the typical p-i-n device structure.
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The effect of resistance

It is commonly known that the FF is affected by the series and shunt resistance of the solar
cell and since the FF is one of the more complex figures of merit with regards to light intensity
it is useful to investigate their behavior. The simulation results of the series resistance are
plotted in Figure 5.12. As expected, the absence of current flowing in the device means that
the VOC is not affected by the series resistance and remains constant for all light intensities.
The FF decreases for increased series resistance because the moving charge carriers are more
affected by the higher internal resistance. The loss in FF decreases as the light intensity is
lowered due to a reduction in the amount of charges flowing through the device. The most
interesting result appears when the FF is plotted on a linear scale as is shown in the inset. The
FF is clearly linear dependent on the light intensity down to the about 5% of one sun and its
slope is in fact determined by the series resistance. This observation could potentially be used
to estimate the series resistance by plotting the measurement data on a linear scale and using
a simulation to fit the slope. Of course, the series resistance is not the only parameter that
affects this slope, but in the investigation of the many critical parameters no other showed
such a clear change of slope. Hence, this method could perhaps be useful for obtaining a
ballpark estimation of the series resistance. Although this method does not work when the
slope is non-linear, as is the case for the ITO side measurement, at least it is clear from the
simulation sweep that a typical series resistance cannot create such behavior.
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Figure 5.12: Simulation sweep of the series resistance
Illumination from glass side. The other parameters are set according to the optimized fresh device
with doping set to zero. (a) VOC, (b) FF. Inset: the FF plotted on a linear scale.
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The investigation of the shunt resistance is shown in Figure 5.13 and the its effect on the
figures of merit are most noticeable for low light intensities. Contrary to the series resistance,
the shunt resistance can influence the VOC. If the shunt resistance is too low the shunts
can function as a recombination mechanism, which will decrease the VOC at low illumination
intensities. The FF also decreases for lower shunt resistance and the effect becomes stronger
for lower intensities.
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Figure 5.13: Simulation sweep of the shunt resistance
Illumination from glass side. The other parameters are set according to the optimized fresh device
with doping set to zero. (a) VOC, (b) FF.

The effect of defect density

Figure 5.14 shows the effect of the defect density in the bulk of the perovskite on the VOC and
FF. The increase of the defect density decreases the VOC as more charge carriers are trapped,
increasing the non-radiative recombination resulting in a decrease of the QFLS. Interestingly,
the decrease is most prominent at lower light intensities. Due to the lower amount of generated
charge carriers a higher percentage is used in trap filling, meaning that there is a reduced
quantity of free carriers. This is also evident from the collection efficiency, which decreases
more quickly at low light intensity. Increasing the defect density to high enough values will
also start to affect the VOC near 1 sun intensity. Another interesting parameter to investigate
is the ideality factor, which clearly increases for increased amount of traps. This is expected
according to the classical understanding as explained in section 2.4.1. The bulk defect density
is independent of light intensity with regards to the FF, which means that an increase in the
defect density results in a more or less uniform decrease of the values.
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Figure 5.14: Simulation sweep of the perovskite bulk defect density
Illumination from glass side. The other parameters are set according to the optimized fresh device
with doping set to zero. (a) VOC, (b) FF.

The effect of different defect densities at the PTAA/perovskite interface is shown in Figure
5.15. Similar to the bulk defect density, a decrease in VOC is observed for increasing defects
density. However, in this case the decrease is larger at higher light intensities. Charge carrier
accumulation at the interface becomes progressively more significant due to the increased
generation, especially since the illumination is from glass side. This means that charges will
have a higher chance of being trapped and subsequently recombine, leading to a faster decrease
of the VOC. Comparing again the slope of the curves it is clear that this time the ideality
factor decreases for increased defect density.
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Figure 5.15: Simulation sweep of the PTAA/perovskite interface defect density
Illumination from glass side. The other parameters are set according to the optimized fresh device
with doping set to zero. (a) VOC, (b) FF.
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This is in agreement with Caprioglio et al.86 and confirms that more defects not necessary
always increases the ideality factors as explained in section 2.4.1. It is thus always important
to compare to ideality factor to the absolute values of the VOC to determine the dominant
recombination mechanism. The effect of the charge accumulation extends to the FF, where
the value decreases more quickly at higher light intensities. Playing with the interface defect
densities is thus one of the methods for shifting the maximum in the FF. For both the VOC and
FF a high enough defect density will decrease even the values at low light intensity. Lastly,
contrary to the bulk defect density, there appears to be a deceleration of the decreasing figures
of merit towards a certain saturation point, which is approximately reached between 1013 and
1014 cm-2. This effect is independent of the light intensity as well as the applied voltage over
the device. This could perhaps mean that the defects are filled via current injection from the
contacts, but the exact reason for this remains unclear.

Figure 5.16 shows the figures of merit for different defect densities at the perovskite/P-
CBM interface. Overall, the conclusions from the PTAA/perovskite interface hold here as
well, but there are also differences that need explaining. Again there is a saturation point and
it is reached for the same defect densities. Nevertheless, the total decrease in absolute terms
between the lowest and highest defect density is significantly less compared to the PTAA/per-
ovskite interface, i.e., the rate at which the figures of merit decrease is different depending
on the interface. This suggests either that the defects at this interface are less ’effective’ at
trapping carriers or that there is less recombination, possibly due to longer recombination
lifetimes or lack of opposite charge carriers.
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Figure 5.16: Simulation sweep of the perovskite/PCBM interface defect density
Illumination from glass side. The other parameters are set according to the optimized fresh device
with doping set to zero. (a) VOC, (b) FF.

A cause for less effective defects could be shallower energy levels in relation to the conduc-
tion and valence band of the transport layer. However, the energy level of the defects is set
to the middle of the perovskite bandgap and the energy difference to the PTAA’s VBM and
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PCBM’s CBM is similar meaning that the depth of the defects is similar at both interfaces.
The results of the interface defect density sweep with regard to the JSC is plotted in Figure
B.3 in the appendix for both interfaces. The graphs show that the JSC remains unchanged
for increased defect density at the perovskite/PCBM interface, while the values clearly de-
crease uniformly for the PTAA/perovskite interface, meaning that more carriers recombine.
Since the device is illuminated from glass side, both carrier types will be abundantly present
at the PTAA/perovskite interface, but only a single carrier type will be present near the
perovskite/PCBM interface depending on the voltage. Hence, recombination is much more
likely to occur near the PTAA/perovskite interface than at the other side, which leads to the
observed larger decrease of the figures of merit. To confirm this explanation the illumination
is switched to the ITO side and the results are shown in Figure B.4 in the appendix. With
the majority of the charge carriers generated near the perovskite/PCBM interface it is indeed
the case that the behavior has switched, proving that the location of the generation is key to
amount of (non-radiative) recombination and thus the losses to the figures of merit.

The effect of defect energy level

As mentioned before, the defects in the perovskite absorber can have both a shallow or deep
energy level, hence it is interesting to investigate the effect of changes to their depth on the
figures of merit. Figure 5.17 shows the results for a sweep of the energy level of the bulk
perovskite defects from the VBM to the CBM, i.e., from a shallow depth to a deep level in
the middle of the bandgap and back to shallow again.
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Figure 5.17: Simulation sweep of the energy level of the bulk defects
Illumination from glass side. The other parameters are set according to the optimized fresh device
with doping set to zero. (a) VOC, (b) FF.

To get a better understanding of the different energy levels of the defects in relation to
the important energy levels of the absorber and transport layers, a schematic representation
of the band diagram is shown in Figure 5.18a. The different energy levels investigated in the
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sweep are depicted as colored bars corresponding to the colors used in the legend of Figure
5.17a. In general, defects that have their energy level within a band (0.0 eV and 1.6 eV)
are considered harmless since the charges can easily detrap back to the conduction/valence
band339. A simulation without any bulk defects present in the perovskite gives identical figures
of merit confirming that this is indeed true. Hence, it is no surprise that both the VOC and
FF have the highest values, independent of the light intensity.
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Figure 5.18: Band diagrams of the investigated energy levels
The other parameters are set according to the optimized fresh device with doping set to zero. (a)
Bulk defect energy level sweep. (b) Transport layer energy level sweep. (1): injection barrier, (2):
extraction barrier. The height of the minority carrier blocking is kept constant and the metal contact
is simultaneously adjusted such that the metal/transport layer offset remains constant.

Moving the energy level just inside the bandgap (0.2 and 1.4 eV), there is only a minimal
decrease in the VOC and FF meaning that the defects hardly contribute to the non-radiative
recombination. Looking at the band diagram in Figure 5.18a it can be seen that the energy
level of the defects is just above (below) the IE (EA) of the PTAA (PCBM), hence it is
energetically more favorable for the holes (electrons) to occupy the trap state. However, the
energy difference between the defect and the transport layer is only twice the thermal energy
at room temperature, which can statistically still be overcome and that explains why the
reduction in the figures of merit is limited. The defects start to contribute more to the losses
when the energy level is placed deeper (0.3 and 1.3 eV) within the bandgap. This trend
continues for deeper energy levels as the defect states become more and more favorable for
the charge carriers. The maximum losses for both the VOC and FF ultimately occur when the
energy level is placed in the middle of the bandgap (∼0.8 eV). In other words, the energy level
can be viewed as a representation of the effectiveness of the defect. Similar to the sweep of
the bulk defect density, the VOC decreases more at lower light intensities leading to a higher
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ideality factor. Interestingly, the FF does not decrease uniformly, as is the case for the bulk
defect density sweep, but the deepening of the defect energy level instead corresponds to
a transition of the largest losses to lower light intensities. That is, shallow defects mostly
introduce losses at high light intensity, while deep defects result in larger losses at low light
intensity.

For completeness, the energy level of the interface defects is also investigated and shown in
Figure B.5 in the appendix for both interfaces. Similar as for increased interface defect dens-
ity, the ideality factor decreases when the defects are positioned deeper within the bandgap.
Also, the perovskite/PCBM interface once again shows a reduced response to changes to the
defects compared to the PTAA/perovskite interface as is the case for the defect density sweep,
which is similarly explained based on the location of charge generation. At first sight there
does appear to be a difference in the FF between both the defect density and energy level
sweep. Interestingly, the FF increases for deeper defects, which is not what one would expect,
given that the defects become more effective at capturing charge carriers. However, a closer
investigation of the lower defect densities (107 to 109-1010) in Figure 5.15 and 5.16 shows that
the FF actually also slightly increases for this range. It is thus evident from all the above
mentioned similarities that a change of the defect density has the same characteristic effect on
the figures of merit as a change to the energy level of the defects. Intuitively, this also makes
sense, since a change in the recombination dynamics can either be achieved by playing with
the amount of defects or by changing the effectiveness of the defects itself.

The effect of transport layer energy level

The last type of sweep that is discussed is related to the process of injection and extraction of
charge carriers. By adjusting the energy level of the transport layer it is possible to create an
injection or extraction barrier as is schematically shown in Figure 5.18b. The IE of the PTAA
layer is changed over a certain range such that both barrier types are evaluated and the effect
on the figures of merit is shown in Figure 5.19. The VOC significantly increases for increased
IE up to 5.5 eV, which is when optimal alignment to the VBM of the perovskite (5.45 eV) is
reached. All values below this point have a majority carrier band offset ∆Emaj that causes
a reduction of the quasi-Fermi level in the PTAA relative to the perovskite, which leads to a
limitation on the overall external VOC, even though the QFLS in the perovskite bulk itself is
still higher181. For values of 5.5 eV and higher the VOC remains approximately constant, since
the QFLS in the perovskite bulk will now be the limiting factor and is not changed.

An interesting observation is the sudden increase in ideality factor when increasing the
IE from 5.2 to 5.3 eV as a result of improved VOC at higher light intensities. At first side,
it is peculiar that there is such a difference since both energy levels still result in a injection
barrier. Caprioglio et al. have shown that the dominant recombination channel will set the
upper limit for the VOC and thus defines the ideality factor86,403. From the simulation it
is noted that at VOC over 70% of the charge carriers recombine at the PTAA/perovskite
interface when the IE is equal to 5.2 eV, while this value reduces to 43% for an IE of 5.3
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Figure 5.19: Simulation sweep of the IE of the PTAA
Illumination from glass side. Most other parameters are set according to the optimized fresh device
with doping set to zero. The EA of the PTAA is kept constant to prevent changes to the electron
blocking. The front contact is changed as well to keep a constant metal/PTAA injection barrier (a)
VOC, (b) FF.

eV. Placing the energy level at equal height of the VBM of the perovskite almost completely
removes the interface recombination as expected. Clearly, the PTAA/perovskite interface is
the dominant recombination location when there is a high enough energy offset. It is thus
important to investigate the recombination dynamics at this interface by analyzing the charge
carrier density and QFLS in order to find the origin of the difference in ideality factor.

A closer look at the simulated band diagram in Figure 5.20a reveals that an energy level
of 5.2 eV leads to band bending of the majority (hole) quasi-Fermi level near the PTAA/per-
ovskite interface, while 5.3 eV results in the desirable perfectly flat quasi-Fermi levels. The
combination of dominant interface recombination and majority carrier band offset will lead to
a depletion of the majority carriers at the perovskite side of the interface as is evident from
Figure 5.20b. The hole carrier density at the PTAA side remains high due to carrier injection
from the metal contacts. The injection barrier created by the energy offset prevents the holes
at the PTAA side from recovering the induced deficit at the perovskite side. The result is
a large gradient in hole carrier density, which will cause the observed band bending of the
corresponding quasi-Fermi level86.

An additional effect is that the carrier density of the holes will be significantly less de-
pendent on light intensity, while the minority carriers (electrons) will still increase linearly
with intensity as can be seen in Figure 5.20b, since they are supplied by the bulk. The res-
ult is a charge carrier imbalance that grows with increased illumination intensity. It is well
known that the QFLS will increase for higher light intensity and is generally symmetric for
both quasi-Fermi levels relative to the intrinsic dark Fermi level. In this case, however, the
quasi-Fermi levels will split asymmetrically instead because of the carrier imbalance as shown
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Figure 5.20: Effect of a majority carrier band offset on the PTAA/perovskite interface
(a) The band diagram at VOC for an IE of 5.2 and 5.3 eV. A significant majority carrier band offset will
result in band bending at that specific interface. Inset: close-up of the PTAA/perovskite interface.
(b) Charge carrier density at the interface as function of light intensity for the 5.2 eV energy level. (c)
The electron and hole quasi-Fermi levels as function of VOC for energy level of 5.2 eV. The dominant
contribution of the electrons to the QFLS is fitted and translates to nid = 1/θ = 1.20 kBT/q, matching
the ideality factor obtained from the Suns-VOC method.

in Figure 5.20c. The consequence of this effect is that the minority carrier density almost
completely determines the total amount of QFLS.

Furthermore, this means that the SRH recombination rate RSRH, which is explained in sec-
tion 2.2, can be simplified by assuming equal capture cross sections and negligible detrapping
for both carrier types and is thus predominantly determined by the minority carrier density
nmin. By using n = Nc exp

(
EF,n−E0

F
kBT

)
, the recombination rate can be linked to the QFLS and

hence to the ideality factor as shown in equation 5.2 below and is discussed in more detail in
the following reference86.

RSRH(I) ∝ nmin(I) ∝ exp
(
EF,min−E0

F
kBT

)
∝ exp

(
∆EF,min(I)

kBT

)
∝ exp

(
θ×QFLS(I)

kBT

)
∝ exp

(
QFLS(I)
nidkBT

)
(5.2)

Here, the EF,min is the quasi-Fermi level of the minority carriers and E0
F the intrinsic Fermi

level in the dark and their difference is equal to the QFLS of the minority carriers ∆EF,min.
This can also be expressed as θ×QFLS where θ is the share of the minority carriers contribution
to the total QFLS. Based on the Shockley diode equation the factor can be rewritten87,403

such that the relation nid = 1/θ is found. θ can be determined from the slope of the intensity-
dependent minority carrier QFLS as function of the VOC. In the case of symmetric QFLS
θ is equal to 0.5 and thus the ideality factor equals two, which corresponds to dominant
SRH recombination typically occurring in the bulk where the charge carrier densities are
approximately balanced. For the 5.2 eV energy level a larger slope of 0.83 is found because of
the dominant contribution of the minority carriers to the total QFLS, resulting in an ideality
factor of 1.20 kBT/q. This value is very close to the ideality factor obtained from the Suns-
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VOC method, which confirms that the VOC of the solar cell is indeed ultimately limited by
this interface. It is important to note that this method only works at the location where the
recombination rate is most dominant. The determination of the ideality factor using θ does
not work for the 5.3 eV simulation, which means that this interface is not the single dominant
recombination channel for such an energy offset. Stolterfoht et al.181 found that a ∆Emaj of
at least 0.2 eV is necessary to create a mismatch between the bulk QFLS and external VOC,
which is in excellent agreement with the observation here.

The dependence of the FF on the IE of the PTAA is shown in Figure 5.19b. Similar to
the VOC, the FF increases for values up to 5.5 eV due to the decreasing injection barrier. The
highest value is reached when the IE equals the VBM of the perovskite (5.45 eV) and the charge
carriers can be extracted without any major losses. If the energy level is increased further
an extraction barrier is created, which blocks the charge carriers at the interface leading to
a significant increase in recombination that tremendously decreases the FF. All this is true
for the higher light intensities, however, the values at lower intensity behave slightly different.
Interestingly, the FF shows a few higher values for large injection barriers of which the origin
remains unclear, but overall the values are less affected and only marginally decrease for IEs
after 5.3 eV. This behavior regarding light intensity is seen before for the defect density sweeps
and shows that interface effects are most noticeable at higher light intensities.

To complete the picture, also an energy level sweep of the EA of the PCBM is carried
out and the results are shown in Figure B.6 in the appendix. Overall, the figures of merit
exhibit the same behavior as for the PTAA and the sudden change in ideality factor once
more appears between the 4.0 and 4.1 eV energy levels. The same analogy based on the band
bending and QFLS can be used to explain the phenomenon as is done for the other interface.
One noteworthy difference is the slow increase of the FF at low light intensities, which is
opposite to the behavior of the PTAA layer. The most likely explanation is that the ratio of
electron and hole carrier density is different owing to the illumination side, leading to different
recombination dynamics at each interface. The carrier densities can be influenced by switching
to ITO side illumination and those results are shown in Figure B.7 in the appendix. Indeed,
the behavior of the FF at low light intensity appears to change and is more similar to what
is observed for the PTAA layer illuminated from glass side. However, the exact mechanism
remains unknown, partly because of the small influence of interfaces at low light intensity, but
also due to other possible changes that simultaneously affect the values.

In reality, there is to some degree always a certain energy mismatch between one or both
transport layers and the perovskite. This investigation on the energy levels shows the im-
portance of selecting suitable materials to have correct alignment to the energy bands of the
perovskite absorber and that failure in doing so will lead to significant performance losses.

The final parameter set

Having evaluated the most important parameters (and many more that are not discussed here),
a final optimized parameter set is found that best agrees with the experimental measurements.
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The fitting of the experimental data using the optimized simulation is presented in Figure 5.21
below for illumination from glass side and shows an excellent agreement for both figures of
merit.
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Figure 5.21: Light intensity simulations from glass side of the IBr device
The open circles indicate the experimental measurement data and the solid red line the optimized
simulation. (a) VOC, (b) FF.

The ultimate goal is to find a single set of parameters that would describe the measurement
results from both illumination sides. Figure 5.22 shows the results for illumination from ITO
side and it is clear that the optimized parameter set does not fully simulate both curves
correctly.
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Figure 5.22: Light intensity simulations from ITO side of the IBr device
The open circles indicate the experimental measurement data and the solid red line the optimized
simulation. (a) VOC, (b) FF.
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Many different adaptations have been tried to improve the ITO side simulation, but that
would almost always lead to a disagreement between simulation and measurement of the glass
side. In the end there are two main regions where the simulation differs from the measurement.
One of which is an underestimation of the VOC at low light intensity, however, this is mainly
because the measurement values themselves are quite peculiar. Comparing both illumination
sides shows that the ITO side actually has higher values at low light intensity, while the
simulation ones are marginally lower as is generally observed for semi-transparent perovskite
solar cells379,404, although no papers could be found that investigated the bifaciality at light
intensities other than 1 sun. Of all the simulations done, not once was such a large difference
realized. It could be possible that there is a specific set of parameter values that is able to
create this difference, but it was not found during the optimization as well as the origin of it.

The other discrepancy is in the values of the FF at high light intensity, where the simulation
significantly overestimates the measurement. By plotting the data on a linear scale it has been
shown that the FF has completely different characteristics for both illumination sides, which
should be correctly incorporated in the simulation. The IBr data of the FF is plotted again
together with the optimized simulation in Figure B.8 in the appendix and it clearly shows
that the non-linear behavior is not simulated correctly. Throughout the investigation of the
different parameters it became clear that it is possible to simulate such non-linear behavior
under certain conditions, for example, by assuming a very high donor doping, extremely low
mobility or high interface defect density. However, this usually comes at a cost of the accuracy
of the glass side simulation. The most likely candidate is a high interface defect density at the
perovskite/PCBM interface, since the simulation from glass side can still be optimized quite
decently and it is this side of the solar cell that shows the non-linear behavior. Furthermore,
Głowienka et al.374 also found a significant difference in FF between both illumination sides
for the same device configuration and attributed the observation to a large interface defect
density at that exact interface.

To complete the trilogy of the base figures of merit, the simulation of the JSC is shown in
Figure B.9 in the appendix. Again, it has to be noted that the simulation accounts for masking
by adjusting the light intensity to correctly simulate the VOC and FF. This does however mean
that the JSC outputted by the simulation is incomparable to the original measurements. This
is solved by converting the measurements to the expected values at that specific intensity,
which is done by multiplying the values with the factor X. The simulation from glass side
almost perfectly overlaps with the measurement data. For the ITO side there is a slight general
underestimation of the JSC, which is more pronounced at higher light intensities. The unusual
high JSC from ITO side has been extensively discussed previously and it appears that neither
the optical nor electrical simulation cannot predict the higher values, enforcing the believe
that it is related to an error in the measurement as a result of the spectral mismatch between
halogen lamp and solar spectrum.

As said before, the simulation is optimized for the light intensity measurements, but the
J-V curves can still be used to confirm if the simulation is correct. The averaged J-V curves
of the IBr devices at 1 sun intensity are plotted and fitted with the simulation in Figure 5.23a
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and b for illumination from glass and ITO side, respectively. Once more, the measurements
are compensated for masking by multiplying the data with the ratio X. However, caution is
required when doing so for the entire J-V curve as seen in Figure B.10. The approximately
linear relation of the JSC with the solar intensity makes it possible to scale these values, but
for higher voltages the curve will deviate from the actual measurement at lower light intensity.
Hence, this method should not be used for illumination intensities far below one sun. The
glass side is in overall good agreement with the simulation, which strengthens the believe that
the parameters are close to the actual values of the device. The inset shows the dark J-V
curve and the first thing that stands out is the offset of the minimum of the measurement
data, which is due to ion accumulation at the interface resulting in a modified internal electric
field49,405. The size of the offset depends on the scan rate as well as the scan direction. The
fast scan used here does not allow the ions to reach equilibrium, leading to an internal voltage
and hence the offset. The simulation does not account for ion migration and thus has its
minimum at 0 V.
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Figure 5.23: Simulated J-V curves of the IBr device
The measurement data is from the reverse direction sweep. (a) Illumination from glass side, (b)
Illumination from ITO side. Inset: the averaged dark measurements fitted with the simulation.

Even though the region after the minimum is slightly off it still follows the general shape
quite well, suggesting that the fundamental underlying mechanisms are captured by the model.
A similar case is true for the dark J-V curve of the ITO side. The light J-V curve, however,
does not have a decent overall fit, especially near the MPP and JSC. The JSC is once again
underestimated due to the believed spectral mismatch in the illumination source as mentioned
before. Assuming that the JSC would be in line with the simulation, there still is an over-
estimation of the FF at the MPP. Interestingly, the kink that was also mentioned in section
5.1.1 is clearly visible in the measurement as well as the fact the simulation does not have
this feature incorporated in its curve. An attempt is made to simulate this effect, while simul-
taneously maintaining the correctly fitted glass side, of which the best optimization is shown
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in Figure B.11 in the appendix. Fascinatingly, it appears that the kink can be successfully
simulated by only slightly changing the parameters. However, the changes have to be made to
the PTAA/perovskite interface, which is rather counterintuitive. Similar changes to the other
interface did not result in an observable kink and the range of flexibility for the parameters
itself is very small. Furthermore, extending this parameter set to the light intensity simula-
tions shows a large discrepancy between the measurements and simulations. In the end, it is
chosen to not include these changes in the final optimized parameter set for the fresh devices.

5.3 Measurements of aged devices

In this section the results of the aging are presented and discussed. The exact details of the
aging process itself is discussed in section 3.4. All device types are investigated and have both a
series of samples light soaked from the HTL side, which is referred to as “superstrate-aged”, as
well as a series light soaked from the ETL side, which is referred to as “substrate-aged”. Each
series is measured from both illumination sides, named the glass and ITO side as consistently
referred to throughout the thesis. The reason for naming each side of the device twice is to
have a clear distinction when talking about the aging itself or the measurement.

For the representation of the measurements there are actually two options that each give a
different view on the data. The different compositions can either be directly compared to one
another for each step in the aging process, similar to the representation of the data in section
5.1, which allows for a clear view of the differences (and similarities) between the compositions.
Another way is to plot each composition individually with all of its aging data. The advantage
of this representation is the direct link of the figures of merit to the development of the device
throughout the aging process as well as a clear indication of the consequence of each particular
aging step. The latter possibility is used first for the iodide pure to study the effect of the
different aging steps in more detail. After that, the former representation method is used to
discuss the effects of bromide substitution and RbCl doping.

The axis in the light intensity plots for both the VOC and FF are fixed between all aging
related graphs in this section to allow for direct comparison between graphs and better visualize
the absolute differences between the compositions.

Having mentioned the administrative matters it is finally time to discuss the actual meas-
urements. The aging results for the iodide pure devices when measured from glass side are
shown in Figure 5.24. Light soaking the device for 1250 hours leads to a slight decrease of
both the VOC and FF compared to the fresh devices and is more or less independent of the
measured light intensity. The orientation of the device during light soaking appears to have
a small effect, although there is an overlap of the uncertainties. The reason for the higher FF
for the substrate-aged devices is mainly because the JSC is actually lower compared to the
superstrate-aged devices, while the VOC and MPP are similar as can be seen in Figure 5.25a,
effectively improving the squareness of the J-V curve. The stability of the cells is quite decent
for both aging orientations, only reducing to around 80% of the original PCE after the entire
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Figure 5.24: Light intensity measurements from glass side of the aged I devices
The colors indicate the period in time during the aging process. Fresh means before aging, light
soaking means after 1250 hours of aging and storage means after 2 months stored. The solid (dashed)
line refers to the superstrate-aged (substrate-aged) devices. (a) VOC, (b) FF.

light soaking duration. Troughton et al. investigated the exact same perovskite composition,
albeit in the n-i-p configuration with a different hole transport material, and found a similar
reduction in efficiency99. Although not good enough for commercial use, it is a positive sign
that the cells are still alive, and more importantly, produce a reasonable amount of power.
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Figure 5.25: The effect of aging on the J-V curves for glass side measurements
Both the forward (inner) and reverse (outer) scan J-V curves are plotted. (a) The J-V curves of
the I pure devices measured at each aging step showing the effect of the aging side. (b) The I pure
superstrate-aged device before and after 24 hours of light soaking showing that the S-shape is reversible.
Inset: MPP tracking during the 24 hours.
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After the 1250 hours of light soaking the devices are left in a dark inert environment for
two months. Surprisingly, this storage period leads to drastic changes to the figures of merit
as well as a clear distinction between the two aging sides. The superstrate-aged devices show
a tremendous decrease in both VOC and FF. Strangely, there is an initial increase in the VOC

for decreasing light intensity leading to bending of the curve, which means that there is in fact
a local negative ideality factor, as seen in Figure 5.24a. The established theory on the ideality
factor is limited to values within the range of nid = 1 to nid = 2 and no perovskite papers could
be found that mention or discuss negative values. Even for other types of solar cells it appears
the concept is absent in literature. However, there is a paper by Gunawan et al.406 which
also observes the bending effect at the higher light intensity regime in kesterite solar cells.
Two possible explanations are given related to heating and a non-ohmic contact. Heating can
lead to a decrease in VOC and more heat is generated at higher light intensities. However,
the amount of heat generated at 1 sun intensity for the duration of the measurement has a
negligible effect. Even if all light is converted into heat it would be highly unlikely that the VOC

decreases by such a significant amount. The other explanation involves a non-ohmic contact,
which could arise at one of the interfaces. A diode model is suggested with a primary diode
representing the main photovoltaic junction and a secondary parasitic contact junction in the
opposing direction. If the parasitic junction has the right conditions a sizeable photovoltage
can develop that generates an opposing voltage to the main diode, subsequently reducing
the external VOC. Considering the aging orientation it would be most probable that either
the ITO/PTAA or PTAA/perovskite interface is responsible for the opposing voltage, if the
explanation indeed also applies to the perovskite devices. The exact mechanism that would
have to occur during storage in the dark to create such a non-ohmic contact at one of those
interfaces remains unknown.

The devices shown in the paper that have the characteristic bending additionally suffer
from a low FF, as is also the case here, which the authors ascribe to a high series resistance.
However, a quick comparison between the J-V curves of the paper and the perovskite devices
shows that they have a vastly different shape. The origin of the low FF of the superstrate-aged
devices is a severe S-shape as is evident from Figure 5.25a. S-shaped J-V curves are a well-
known occurrence in solar cells and especially often discussed in organic solar cells179,407–411.
By far the most common explanation is the existence of an energetic barrier between the
absorber and one of the transport layers or at the contacts, that limits the charge carrier
transport and increases non-radiative recombination407,412–414. The precise origin and location
of the energetic barrier requires additional measurements, such as capacitance-voltage- and
impedance measurements415 or transient photocurrent411, in combination with simulations.
The J-V curves also show that the hysteresis has become more severe after superstrate aging.

As explained in section 2.5, the effects of aging on perovskite solar cells can either be
reversible or irreversible. Besides reducing the figures of merit, light soaking can also help to
improve a device, hence a superstrate-aged sample is illuminated for 24 hours while keeping
the device at MPP to investigate whether the sample can recover. Figure 5.25b shows the J-V
curves before and after the treatment and confirms that the S-shape can be removed. Hence
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the effect appears to be reversible, although there are some remaining losses for all figures of
merit, especially the JSC, compared to the device just after 1250 hours light soaking. The
MPP is tracked during the 24 hours as seen in the inset and has an initial increase to a certain
maximum after which the curve slowly decreases towards a stabilized value, a behavior that
is typically observed for inverted perovskite solar cells416.

While the superstrate-aged devices experience a severely negative effect as a result of the
storage, the substrate-aged devices exhibit in fact the opposite effect by showing significant
performance improvements as seen in Figure 5.24. Both figures of merit increase over the
entire light intensity range and in case of the FF even improve beyond the values of the fresh
devices. Also, the amount of hysteresis has decreased. From Figure 5.25a it is clear that while
the VOC and FF can recover, the JSC does have a partial irreversible loss.

The striking contrast between both aging sides after a long storage period raises ques-
tions on what the possible mechanisms could be that cause such a difference. Also, it is
not necessarily straightforward to conclude that the differences are only established after the
light soaking period. In other words, since it is clear that illuminating the device for several
hours can (partly) recover the performance, it could be the case that the deterioration of the
superstrate-aged devices has already started during the light soaking period, but is essentially
masked by temporary recovery. A control sample which is not light soaked at all could give
more information on the baseline degradation in the dark and thus better clarify the exact
changes occurring because of light soaking. Devices were kept aside for this reason, but were
unfortunately not measured again. However, one sample of each composition was measured
just before they were light soaked, which is around one and a half months after the first
measurement, and the results are compared to the fresh devices in Figure B.12 for both the
measurement sides. It shows that the performance of the devices is not significantly altered
solely by storage in dark. Hence, it is clear is that the difference between the two orientations
has to be triggered by the light soaking, since this is the only time during the aging experiment
that a distinction between the orientations is made.

The devices are also measured from ITO side to verify whether the measurement side
potentially influences the results, which are shown in Figure 5.26. Contrary to the glass side
measurements, there already appears to be a distinctly different behavior between the aging
sides for the devices just after 1250 hours light soaking. The superstrate-aged devices have
degraded drastically, especially at higher light intensities, as is evident from the slight bending
of the VOC curve and large drop in FF. The VOC of the substrate-aged devices is closer to that
of the fresh devices and the FF even surpasses those values. The reason for this difference
compared to the glass side has actually nothing to do with the measurement orientation itself,
but rather the timing. After the 1250 hours all devices were measured first from glass side, but
due to time constraints the ITO side was measured only after a few days during which they
were stored in the glove-box. Thus, the devices already underwent some time in the dark,
which explains why the results have similar characteristics as those after a few months of
storage. It also confirms that the process of degradation and recovery of the superstrate- and
substrate-aged devices, respectively, happens over a time period of days rather than minutes
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Figure 5.26: Light intensity measurements from ITO side of the aged I devices
The color indicate the period in time during the aging process. Fresh means before aging, light soaking
means after 1250 hours of aging and storage means after 3 months stored. The solid (dashed) line
refers to the superstrate-aged (substrate-aged) devices. (a) VOC, (b) FF.

and that the figures of merit continue to change over time. After three months of storage the
figures of merit have developed further according to their aging side. Furthermore, it appears
that the changes are initially more effective at higher light intensities and over time also start
to affect the performance at low light intensity.

The J-V curves of the ITO side measurement in Figure 5.27 confirm the development of
the devices over time and also show that the measurement side has no apparent effect on the
results, since the curves have a clear resemblance to the glass side. Another reason for showing
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Figure 5.27: The effect of aging on the J-V curves for ITO side measurements
The J-V curves of the I pure devices at each aging step showing the effect of the aging side. Both the
forward (inner) and reverse (outer) scan J-V curves are plotted.
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the J-V curves is the fact that the kink mentioned in section 5.1.1 has actually disappeared
after light soaking and apparently also does not return upon storage, which is clearly visible
for the substrate-aged devices. Its removal increases the FF and is part of the reason why the
improvements relative to the fresh devices is larger compared to the glass side measurement.
Since the kink is only present for measurements from the ITO side it was reasoned that it could
be related to one of the electron transport layers. The fact that precisely the substrate-aged
devices no longer have the kink suggests that the light soaking has cured the unknown problem
of one of the electron transport layers. Whether the kink is also gone for the superstrate-aged
devices remains unclear due to the particular shape of their J-V curves, so other possibilities
cannot be excluded. Based on the results just before light soaking in Figure B.12 it can be
concluded that only storage in dark does not remove the kink, which further strengthens the
hypothesis that the light soaking somehow has a curing effect on the substrate-aged devices.

Now that it is clear what the general effects are of both light soaking and storage on the
devices as well as the dependence on their orientation, it is time to compare the three different
compositions and observe whether the substitution of bromide or RbCl doping influences the
aging. Figure 5.28 shows a comparison of the compositions after 1250 hours light soaking
for both the glass side measurement in subfigure (a) and (c), and ITO side measurement
in subfigure (b) and (d). Starting with the glass side, there are no significant variations
to observe for the VOC, suggesting that the composition does not substantially change the
effect of light soaking on the QFLS. The orientation appears to be marginally in favor of the
superstrate-aged devices, but is not completely independent of light intensity.

The FF, on the other hand, has a few interesting characteristics. Firstly, the small but
noticeable difference between the aging sides observed before for the iodide pure perovskite
seems to be a general trend for all compositions. The JSC as function of light intensity for the
glass side measurement is plotted in Figure B.13a in the appendix and confirms that the higher
FF for the substrate-aged devices is indeed caused by a lower JSC. With both a lower VOC and
JSC it thus appears that the substrate side is more affected by light soaking. Secondly, the
overall shape of the bromide-containing devices is clearly different to the iodide pure devices,
indicating that the substitution of bromide alters the light soaking response. However, due to
the complexity of the FF it is difficult to pinpoint a possible origin for this difference.

Lastly, the IBr devices and specifically its superstrate-aged side has significantly lower val-
ues compared to the other two compositions. Before aging, it was observed that it is the most
efficient composition over the entire light intensity range. The substitution of bromide is also
expected to help stabilize the device during aging based on literature. However, specifically
for light soaking it is found that it actually has the lowest efficiency due to the combination
of lower values for all figures of merit. A quick look at the J-V curves in Figure B.14 in
the appendix reveals that the IBr devices have a much lower shunt resistance already for 1
sun intensity. Since the shunt resistance is most dominate at lower light intensities, it could
explain why the differences become larger when the intensity is decreased. Furthermore, a
subtle larger decrease in VOC near 1E-4 sun supports this explanation. A low shunt resistance
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is typically caused by a lower quality of the perovskite film. The fact that the JSC is clearly
lower compared to the other compositions as seen in Figure B.13a adds to the suggestion
that the charge carriers are lost more easily in the bulk due to shunts. However, it has to
be mentioned that the JSC is then expected to decrease relatively more quickly at lower light
intensity compared to the other compositions, which is not observed. The actual origin of the
lower values is thus more nuanced and requires additional measurements to locate. Doping the
perovskite with RbCl appears to alleviate the losses. The VOC is still improved as was the case
for the fresh devices. The values of the FF have improved, while still maintaining the same
characteristics. An explanation could be that the RbCl somehow strengthens the crystalliza-
tion of the perovskite layer against the light soaking. Indeed, an improved crystallinity and/or
decreased amount of grain boundaries reduces the number of defects and hence improves the
performance290.

1 E - 4 0 , 0 0 1 0 , 0 1 0 , 1 1

0 , 4

0 , 6

0 , 8

1 , 0

1 E - 4 0 , 0 0 1 0 , 0 1 0 , 1 1

0 , 4

0 , 6

0 , 8

1 , 0

1 E - 4 0 , 0 0 1 0 , 0 1 0 , 1 12 0

4 0

6 0

8 0

1 E - 4 0 , 0 0 1 0 , 0 1 0 , 1 12 0

4 0

6 0

8 0

V O
C (

V)

L i g h t  i n t e n s i t y  ( #  s u n s )

( a ) ( b )
V O

C (
V)

L i g h t  i n t e n s i t y  ( #  s u n s )

( c )

 I
 I B r
 R b C l
 /   S u p e r s t r a t e  /  s u b s t r a t e

FF
 (%

)

L i g h t  i n t e n s i t y  ( #  s u n s )

( d )

 I
 I B r
 R b C l
 /   S u p e r s t r a t e  /  s u b s t r a t e

FF
 (%

)

L i g h t  i n t e n s i t y  ( #  s u n s )
Figure 5.28: Composition comparison after 1250 hours of light soaking
The glass side measurement is shown on the left with (a) VOC and (c) FF. The ITO side measurement
is show on the right with (b) VOC and (d) FF.

The comparison for the ITO side measurement is shown on the right side in Figure 5.28.
Keeping in mind that the devices have already been stored for a couple of days, there are still
some interesting differences between the compositions to observe. While the substrate-aged
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devices all have similar results, the superstrate-aged devices with substituted bromide perform
drastically better compared to the iodide pure devices with both the VOC and FF improving
over all light intensities. Thus, it appears that the addition of bromide in the perovskite helps
to reduce the losses shortly after light soaking. The results of the long storage period have to
show whether this is a lasting effect.

The comparison of the compositions after two to three months of storage in dark is shown
in Figure 5.29 with again the glass (ITO) side measurement on the left (right). There are
no obvious differences between the two measurement sides, showing that the effects of aging
are not selective to the location of charge generation in the device. For the superstrate-aged
devices, both the VOC and FF show a clear contrast between the iodide pure and bromide-
containing devices. While the iodide pure solar cells have substantially decreased values as
previously observed, the bromide-containing cells are clearly less affected in regards to per-
formance. Their VOC is still on par with the substrate-aged devices and the FF has much
higher values over the entire light intensity range. Also, since there is a difference of approx-
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Figure 5.29: Composition comparison after months of storage in dark
The glass side measurement is shown on the left with (a) VOC and (c) FF. The ITO side measurement
is show on the right with (b) VOC and (d) FF.
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imately one month between the glass and ITO side measurement, the data essentially gives an
idea of the degradation over time. While the I devices continue to decrease in performance,
the devices with substituted bromide remain similar in values indicating that the degradation
has stabilized.

The JSC after storage for the glass side measurement is depicted in Figure B.13b. The
extracted current at low light intensity is approximately the same for all compositions and
independent of the aging side. At high light intensity, however, there is a clear difference
between the aging side. The substrate-aged solar cells have mostly recovered to around 20
mA/cm2, while the superstrate-aged cells have values that are comparatively 2 to 3 mA/cm2

lower. Since the difference grows with increased light intensity it is most likely related to an
interface problem. This is in agreement with the expectation that the S-shape is caused by
an extraction barrier. The charge carriers are thus lost due to increased recombination at the
interface, which lowers the current density.

The last difference to mention is the fact that the RbCl doped devices aged from the
substrate side have a lower FF at high light intensities compared to the other compositions.
The graph is plotted again but on a linear scale in Figure B.15 in the appendix and clearly
shows that the slope of the curve is higher for both measurements sides. In section 5.2.2 it was
found that the slope depends on the series resistance. Hence, it could be the case that the RbCl
devices suffer from a higher resistance, assuming that other parameters do not significantly
influence the slope of the curve. A possible explanation could be that the Rb- or Cl ions
diffuse towards the perovskite/PCBM interface and negatively affect the contact resistance.
To confirm this, first the actual series resistance would have to be measured. For the second
part the surface could be probed with, for example, X-ray photoelectron spectroscopy (XPS) or
Secondary-ion mass spectrometry (SIMS) to confirm an increase in the doping ions. However,
since these are surface techniques it would require specific samples without the ETLs that are
aged exactly the same. Such samples are also fabricated and used to measure the XRD, but
are unfortunately not put through aging.

Regarding similarities, it is observed that all compositions do show the S-shape as well
as the local negative ideality factor. However, from analysis of the individual J-V curves it
is found that all I cells have an S-shape, around three out of four of the IBr cells and about
half of the RbCl cells. Although not enough cells are tested for it to be statistically evident,
it does suggest that the perovskite modifications reduce the change of an S-shape developing
after storage. A fascinating observation is that the general shape of the FF as function of
light intensity has the exact same characteristics for all compositions, which is especially clear
for the glass side measurement. This particular shape is unusual and has not been found in
any literature. Again, the complexity of the FF and the many parameters that influence its
behavior makes it difficult to comment on the origin. However, it is clear that both this, the
S-shape and the negative ideality factor are linked to the aging from the superstrate side.

Coming back to Figure B.15, the I and IBr devices have a similar slope for both aging sides,
which suggests that their series resistance is more or less the same. In other words, the aging
side does not appear to affect the series resistance of these devices. Also interesting is that the
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non-linear behavior seen in the ITO side measurements of the fresh devices has disappeared for
both aging sides. If the speculation of high defect density at the perovskite/PCBM interface
as its origin is indeed correct, it appears that long term light soaking from either side or
storage can alleviate the problem. Unfortunately, the ITO side measurement after light soaking
already has the storage characteristics, so it is not possible to determine whether the light
soaking or storage is the cause.

The ideality factor nid and power law dependence α are extracted from the light intensity
data of both the light soaking and storage measurements. The results for the glass side
measurement are shown in Table 5.4 together with the results of the fresh devices for ease
of comparison. The top section of the table shows the values for the ideality factor and the
bottom section the values for the factor α. The results of the ITO side measurement are not
shown because the general conclusions are the same, once more supporting the argument that
the measurement side does not influence the aging results.

Table 5.4: Ideality factor and the power law factor of the aged devices
The top part shows the values of the ideality factor nid and the bottom part the values of the power
law dependence α. Measurement from glass side for all three compositions.

Fresh Light soaking Storage
- superstrate substrate superstrate substrate

I 1.831± 0.027 1.645± 0.042 1.653± 0.083 1.480± 0.084 1.740± 0.006

IBr 1.565± 0.023 1.802± 0.043 1.560± 0.031 1.611± 0.036 1.711± 0.024

RbCl 1.795± 0.027 1.712± 0.038 1.728± 0.060 1.414± 0.099 1.715± 0.014

I 0.964± 0.005 0.953± 0.008 0.956± 0.004 0.945± 0.006 0.960± 0.002

IBr 0.963± 0.003 0.950± 0.006 0.943± 0.013 0.939± 0.006 0.965± 0.003

RbCl 0.963± 0.004 0.955± 0.005 0.947± 0.005 0.940± 0.006 0.958± 0.005

For the results of the devices after light soaking it is difficult to uncover any clear connec-
tions. This is not surprising since all VOC curves are close together with similar characteristics
as seen in Figure 5.28a. Also, the ITO side measurement cannot be used for comparison be-
cause of the slight delay in the time of measurement. The iodide pure and RbCl devices show
a slight decrease compared to the fresh results, but not enough such that it can be pinpointed
to a certain recombination mechanism. The standout value is the one of the IBr aged from
superstrate side, which is the only value showing a clear increase. Coincidentally, it is these
devices that showed the large drop in FF seen in Figure 5.28c that was hypothesized to be
caused by a decrease in film quality resulting in a lower shunt resistance. Such film would
likely also have an increased bulk defect density, subsequently enhancing the contribution
of trap-assisted recombination and hence increase the ideality factor. The α shows a small
overall decrease in value compared to the fresh devices indicating more loss of charge carriers.
An increase in radiative recombination is possible, but unlikely to cause significant changes
due to its small contribution in perovskite solar cells. More likely is a change in the charge
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distribution, possibly due to ion migration, resulting in a space-charge that limits the charge
carrier extraction. Any details on the specific origin remains difficult to identify solely on
these measurement.

Moving on to the values after a few months of storage. The clear differences observed
between the two aging sides in the J-V and light intensity graphs are reflected in the values
of nid and α. Both values for the devices aged from superstrate side have decreased relative
to the light soaking results. The combination of the severe S-shape with the larger losses of
the JSC and local bending of the VOC at high light intensity means it is almost certain that
the presence of an extraction barrier at the PTAA/perovskite interface is at the core of the
problem. The charge carriers are blocked at the interface which reduces the carrier extraction,
leading to a decrease of α. Consequently, the non-radiative interface recombination increases,
which explains the decrease in ideality factor. The opposite effect is observed for the substrate-
aged devices. The recovery of the figures of merit means overall less recombination and more
charge collection. The large initial difference between the FF of both measurement sides of
the fresh devices has disappeared. It is expected that a problem with the perovskite/PCBM
interface due to the ALD process of the SnO2 lead to a higher interface defect density. Light
soaking appears to help cure the problem and reduces the defect density, which is in agreement
with the observed increase in ideality factor and power law factor.

All in all, a lot of aging results have been shown and various explanations are put forward.
While most information of the J-V and light intensity data is self-consistent such that hypo-
theses can be composed, due to the lack of variation in measurements it is difficult to prove
them. Instead, simulations are used to find the physical origin of changes made by the aging
process, which will be elaborated on in the next section.

5.4 Simulations of aged devices

The final simulation of the fresh IBr devices is used as a starting point for the optimization of
the parameters to accurately fit the aging data. However, even for only one type of composition
there are already so many results that it is not possible to optimize every single one due to
time constraints. Hence, the decision is made to focus on the most interesting result that
could provide the most useful information. The results of the light soaking period are not
strikingly different compared to the fresh results and are also seemingly more random, which
makes it difficult to optimize the many different parameters. Instead, the focus is placed
on the results after storage, since their general changes are clear and distinct. Furthermore,
since these changes are identical for all compositions, a single simulation essentially provides
information for all three types of devices. Of the two aging sides the superstrate orientation
has the most potential, because the characteristic S-shape serves as a great focus point due to
the finite number of parameters that could create such a shape. Also, in the pursuit for more
stable perovskite solar cells it is more interesting to simulate the superstrate-aged devices and
try to unravel the physical origin for why these samples in particular degrade so significantly.
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This information can then be used for a more targeted approach in solving the bottleneck.
To get straight to the point, the final optimized J-V curve simulation of the IBr superstrate-

aged devices is shown in Figure 5.30. At first sight, the measurement data and simulation
appear to be in excellent agreement in both size and shape. However, there are a few details
that have to be addressed before talking about the physics behind the model.
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Figure 5.30: S-shape simulation of the superstrate-aged device after storage
The open circles indicate the experimental data of the IBr devices measured from glass side and the
solid red line the optimized simulation.

Firstly, the strategy of optimization is chosen opposite to that of the fresh devices. The
complex characteristics of the aged light intensity results combined with the fact that light
intensity measurements in general are an order of magnitude more difficult to fit means it is
better to start with the J-V curves. Secondly, the measurement data in the graph are the
average values of all S-shaped J-V curves. There are also samples which did not have an
S-shape as mentioned before, but they are not included in the averaging. The focus of the
simulation is specifically on the S-shaped curves and including the non-S-shaped ones would
result in an unnatural curve with no connection to the physics of the real devices.

Thirdly, observant readers might have noticed that the JSC in this figure is higher than
for the fresh results in Figure 5.23a, even though a clear decrease in charge collection is
observed after aging. The reason for this is that the J-V curve of the aged measurement is not
compensated for masking. To be clear, the effect of masking is such that the VOC and FF values
correspond to a lower light intensity than is actually used during the measurement and for
this the simulation is correctly optimized. However, the JSC should be adjusted to this lower
light intensity to have all the figures of merit correct, which can be done by multiplying the
value by the ratio X assuming linear dependence. Unfortunately, multiplying the entire J-V
curve leads to a flawed rescaling and thus to incorrect values for the FF as seen in Figure B.10.
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Hence, the choice is made to use the original J-V data to preserve the correct characteristics
of the shape as well as the value of the VOC, despite the fact that the JSC is overestimated.
This does mean that the VOC and FF values obtained from the simulation will be slightly off
regarding light intensity, but the most important aspect is that the particular shape of the
curve is correctly accounted for by the model.

That brings up the final point, namely that even with the effect of masking in mind
the simulation would always overestimate the JSC. Trying to lower the JSC by adjusted the
parameters accordingly would result in early bending of the curve and not remain flat near
short-circuit current. This suggests that there is a different origin for the reduced current
density. It is possible that a decrease in the perovskite film quality reduces the total amount
of light absorption. This can be checked by remeasuring the EQE and UV-vis to see whether
the optical properties have changed and XRD for possible changes to the crystallinity. The
generation file from the optical simulation is still the same as the one calculated for the fresh
devices, but might need to be recalculated to account for the aging. In the ideal case the
complex refractive index data of the different layers is measured after aging to calculate a new
generation profile, but that is not possible. Instead, the charge carrier generation is simply
reduced to 85% to artificially account for the reduced absorption of the perovskite layer. From
Figure B.10 it is clear that this slight reduction in intensity has no detrimental effects on the
FF and VOC.

Table 5.5: Adjusted simulation parameters for the aging simulation
All other parameters are identical to the values reported in section 4.2.2.

Parameter Location Value

Work function Left contact 5.5 eV
Bandgap PTAA 3.74 eV
Defect density PTAA/perovskite interface 4.7 x 1011 cm-2

Defect type PTAA/perovskite interface Donor
Defect density Perovskite/PCBM interface 2 x 1010 cm-2

With these considerations and limitations in mind the optimized parameters are discussed
next, which are listed in Table 5.5. The fact that only a few parameters have to be adjusted is
a good sign that the baseline simulation is representing the actual fresh solar cells reasonably
accurately. The first step in creating an S-shape is constructing an energetic barrier for the
charge carriers. Either a large enough injection or extraction barrier can generate a S-shape,
but the final outcome for the J-V curve will be different. To fit the particular S-shape of the
aging data, a combination of both barriers is needed. Based on the aging orientation of the
device it is expected that modifications to the HTL side of the device are the cause for the
S-shape. Both the work function of the left contact, i.e., the glass side ITO layer as well as
the bandgap of the PTAA are increased, resulting in an injection barrier of 0.14 eV and an
extraction barrier of 0.19 eV. It is decided to change the bandgap of the PTAA rather than
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its EA to maintain the same size barrier for electron blocking to limit any additional changes.
Next, the defect density has to be increased to tune the VOC and FF. It is found that solely

increasing the defect density at the PTAA/perovskite interface is not sufficient for correctly
fitting the measurement data. Additionally, the bulk defect density could be increased, which
would be in line with the expected decrease of the perovskite film quality. However, this does
not lead to improved fitting of the curve. Perhaps surprisingly, since it is at the other side of
where the light soaking happened, but increasing the defect density of the perovskite/PCBM
interface does allow for a good fit of the data. The reason for this could be that these higher
values are already present in the fresh devices, as alluded to in section 5.2.2. In other words,
based on the research by Głowienka et al.374 it is very well possible that the perovskite/PCBM
interface has a higher defect density than is ultimately accounted for in the final simulation
of the fresh devices. Furthermore, this approach has been applied to try to find the optimum
parameter set for both measurement sides. While promising results were found, in the end
the glass side optimized simulation is used.

The final required ingredient is based on the properties of the defects. Up to this point
all defects where set as neutral type which potentially only gives an S-shape with its location
of maximum bending, or inflection point, below VOC. This is similar to what Shi et al.414

found by employing an injection barrier with a high interface defect density. However, the
S-shape observed for the superstrate-aged devices has its inflection point exactly at VOC. This
might seem like a small difference, but with the already discussed parameters it has proven
to be impossible to accurately fit the entire J-V curve using neutral-type defects. It turns out
that the solution is to assume donor-type defects at the PTAA/perovskite interface. Thus, it
appears that the charge state of the defects plays a vital role in the creation of this type of
S-shape and that there are different mechanisms at play for both types.

The model is applied to the light intensity measurements and the results are shown in
Figure 5.31. Overall, it is clear that the simulation does not capture the particular charac-
teristics of neither the VOC nor FF. The general slope of the VOC is slightly lower for the
simulation, suggesting simultaneously too high (low) interface (bulk) defect density in the
model. Furthermore, the local negative ideality factor near 1 sun intensity is not accounted
for at all, which could mean that its origin is not related to the S-shape although further
investigation is required to prove this. The values of the FF are reasonably close in absolute
terms and the maximum is correctly predicted, but the detailed features are not accounted
for. Thus, although the S-shaped J-V curve can be fully described by the simulation, there
are still elements of the physics missing.

Finally, alternative possibilities for the location of the S-shape are also considered. It
is found that the J-V curve can likewise be fitted by assuming an injection and extraction
barrier together with a high acceptor type interface defect density at the perovskite/PCBM
interface and even a combination of both interfaces is possible. However, when comparing
the simulation to the light intensity measurement there is significantly more deviation than
is observed for the PTAA/perovskite optimized model. While these possibilities cannot be
excluded solely based on the J-V measurements, the fact that the S-shape only occurs for the
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superstrate-aged devices and no S-shape is observed after one and a half months storage prior
to light soaking, it is improbable that they are representative of the real devices.
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Figure 5.31: Light intensity simulation of the superstrate-aged device after storage
Measurement from glass side of the IBr device. (a) VOC, (b) FF.

Hypothesis on the origin of the S-shape

From the simulation it is learned that the superstrate S-shape can only be constructed by
assuming that the defects at the PTAA/perovskite interface are donors. This is confirmed in
Figure B.16 where the J-V curve of the aging optimized simulation is compared for different
defect types. Both neutral and acceptor defects yield identical results and a similar shaped
curve as the fresh simulation. The data in the graphs shown in this section are all obtained
for illumination from glass side.

To get a better understanding of the effect of donor defects with regards to different recom-
bination mechanisms, the simulated recombination currents as function of voltage are shown
in Figure 5.32 for the fresh devices and the aged devices with either neutral or donor defects.
The total generation is independent of the voltage and hence plotted as a horizontal line.
The total recombination can be divided into recombination in the bulk and at the interfaces.
Subsequently, the bulk is divided into SRH-, radiative- and Auger recombination. The last
one is not shown since it is orders of magnitude lower and thus negligible. The curves are
normalized against the generation to account for the different illumination intensities. The
voltage at which the total recombination crosses the generation is equal to the VOC. In Figure
5.32a the fresh simulation is compared to the aging simulation with neutral defects to invest-
igate the effect of the barriers in combination with the high interface defect density. For the
fresh simulation there is a transition from bulk-dominant- to interface-dominant recombina-
tion around 0.8 V. It is near this point that the applied voltage equals the built-in voltage
and the electric field switches its direction, which means the carriers will drift to the wrong
interface and recombine. For the aged simulation with neutral defects there is a clear increase
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in recombination leading to reduced performance as well as dominant interface recombination
over the entire voltage range. The combination of charge carrier blocking with a high defect
density is therefore an effective way of increasing the interface recombination.

The simulation also gives information on the positional origin of the charge carriers that
recombine. For example, for the fresh simulation the recombination at the PTAA/perovskite
interface is driven by holes from the PTAA layer and electrons from the perovskite, as expected.
However, due to the extraction barrier, the holes are prevented from extracting and hence the
recombination is driven by both the electrons and holes in the perovskite layer. This is found
to be true for both neutral and donor defects.
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Figure 5.32: Comparison of the fresh vs. aged simulated recombination currents
(a) Fresh vs. aged with neutral defects, (b) aged with donor defects vs. aged with neutral defects.

The comparison between the aged simulation with either neutral or donor defects is shown
in Figure 5.32b. It appears that donors defects further increase the interface recombination
and account for close to 100% of the overall recombination as well. The most distinct and
interesting difference is the local decrease in bulk recombination around 0.9 V. The effect
increases for higher order recombination mechanisms suggesting it is related to the charge
carrier density in the bulk. It is surprising that a property change of the interface defects
can create such as a difference for the bulk recombination. In addition, the local decrease
approximately overlaps with the concave part of the measured J-V as can be seen in Figure
B.17 in the appendix. Furthermore, it seems that the position of largest decrease of the bulk
recombination, i.e., the part with the largest negative slope, corresponds to the inflection point
of the S-shape in the J-V curve. Hence, it is useful to look further into this part of the voltage
range.

Next, the free charge carrier density throughout the device is investigated for the case of
neutral and donor defects using the aging simulation. Figure 5.33 shows the carrier density
of the electrons as function of position in the device. Position zero indicates the start of
the PTAA layer as schematically added to the top of the figure. In case of neutral defects
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there is a continuous increase in charge carrier density over the entire bulk perovskite for
increased voltage. The maximum of the curves slowly moves towards the PTAA side of the
device, possibly due to the lowering of the built-in voltage and hence reducing drift towards
the perovskite/PCBM interface.
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Figure 5.33: Simulated electron carrier density in the device
The electron carrier density as function of position in the device is plotted for various voltages.

Moving on to the donor defects, the voltage range of interest corresponding to the local
decrease in bulk recombination spans roughly from 0.80 to 1.06 V as seen in Figure B.17 and
the voltage values near this range are labeled in bold in the legend. Initially, there is the
same overall increase of the carrier density similar to the neutral defects. However, precisely
for the specified voltage range indicated in bold there appears to be saturation of the carrier
density indicated by the two arrows, and more interestingly, even a small decrease for 0.97 and
1.02 V. This decrease occurs precisely at the maximum in the perovskite bulk and will thus
put the upper limit on the total amount of recombination possible. After 1.08 V the carrier
density continues to increase again, which shows the saturation period only occurs for this
specific voltage range. An additional difference to the neutral defects is the larger increase of
the carrier density near the PTAA/perovskite interface, which is more clearly visible in the
close-up of the interface in Figure B.18a in the appendix. In short, due to the donor defects
the electron carrier density increases near its interface, which could potentially be the cause
of the observed decrease of the density deeper in the perovskite bulk.

The carrier density of the holes is shown in Figure 5.34. For the neutral defect a decrease
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(increase) in carrier density is observed near the PTAA/perovskite (perovskite/PCBM) in-
terface. The fact that the figure is plotted on a logarithmic scale makes it appear that the
carrier density near the HTL is almost constant while significantly increasing near the ETL.
However, the carrier density at the PTAA/perovskite interface is over an order of magnitude
larger compared to the other interface, which is caused by poor collection of the holes due to
the extraction barrier. Hence, this interface will be the dominant factor for the characteristics
of the charge transport. Switching to donor defects still gives the same overall behavior, but
with different carrier density ratios. The main difference is the enormous decrease in hole
carrier density near the PTAA/perovskite interface. A close-up of the interface is shown in
Figure B.18b, which highlights the differences for both defect types. Consequently, this results
in an unusual fluctuation of the carrier density in the middle of the perovskite for increased
voltage. Interestingly, exactly for the particular voltage range mentioned above there is a
decrease in the carrier density, while it increases as expected outside of this range.
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Figure 5.34: Simulated free hole carrier density in the device
The hole carrier density as function of position in the device is plotted for various voltages.

To link the local decrease in bulk recombination to the carrier density, the information
of both charge carriers has to be combined, especially since the effect is more pronounced
for higher order recombination mechanisms. The charge carrier with the lowest density will
put the upper limit on the total amount of recombination that is possible. For the neutral
defects there are only increasing values for the lowest carrier densities, which means the bulk
recombination will continuously increase for increased voltage. This is in agreement with the
observed curve in Figure 5.32b. In case of donor defects the electrons are the limiting factor
for the voltage range of interest. The small decrease in carrier density observed at 0.97 and
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1.02 V correspond precisely with the voltage for which the decreasing bulk recombination is
observed. In addition, the temporary decrease of the hole carrier density between 0.8 and 1.08
V does overlap accurately with the reduced bulk recombination and will lead to a larger effect
on higher orders of recombination.

The question that still remains is how exactly the donor defects are responsible for the
observed changes in charge carrier density. In essence, the only difference between neutral
and donor defects in the simulation is the fact that the charge state of the defect is taking
into account for donor defects, while it is ignored for neutral defects. As explained in section
4.2.2, the single donor defect can either be in the neutral (0) state or the positively charged
(+1) state. SCAPS has the option to check the occupation probability of the defects, i.e., the
ratio of the 0 and +1 charge states of the defects. It turns out that the vast majority of donor
defects at the PTAA/perovskite interface are in the +1 charge state over the entire voltage
sweep. Thus, for the donor defects this will lead to a significant local charge density that will
influence the free carriers around it, while this strong local charge will not be present in the
case of neutral defects. A possible explanation could thus be that electrostatic repulsion of the
positively charged donors combined with the baseline decrease of the built-in voltage causes
an accelerated decrease of the hole carrier density near the interface compared to the neutral
defects, as is indeed observed in the close-up in Figure B.18b. Simultaneously, electrons are
pulled towards the interface more strongly leading to a higher increase of the electron carrier
density as verified in Figure B.18a.

It is clear that an increase of the defect density at the PTAA/perovskite interface is needed
for an accurate fit of the S-shape. However, the origin of this increase has not been elaborated
on up to this point. The hypothesis for this is as follows. Based on the fundamental properties
of perovskite and the observation of increased hysteresis for the superstrate-aged cells, it is
expected that ion migration plays an important role in the device. Under the influence of light
soaking the activation energy of the ionic donor species will be overcome, hence the positively
charged ions can migrate to the PTAA/perovskite interface due to the built-in field. This
leads to an accumulation of the ions at the interface, which explains the increase in defect
density. Additionally, ion migration is believed to screen the internal electric field68,74,347,348.
Figure 5.35 shows the simulated electric field in the device for the case of neutral and donor
defects. Indeed, the reduction in free hole carriers at the interface as a result of the presence of
positively charged defects leads to effective screening of the electric field as seen for the donor
defects. Without the charged defects the hole carrier density remains high at the interface
resulting in continuous band bending, which is the case for the neutral defects.

Xu et al.417 observed the same type of S-shape as found in this project and derived a
similar hypothesis based on ion accumulation and electric field screening. In their explanation
they used a equivalent circuit model to fit the J-V curve, which is based on the work of García-
Sánchez et al.418. Interestingly, the circuit contains two additional diodes that represent the
charge accumulating at the ions and trap states of which one is connected in reverse polarity.
This particular part of the equivalent circuit has been observed before in the paper by Gunawan
et al.406 describing the negative ideality factor, although the total circuit is different. Since
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both phenomena are observed in the devices of this project, it could perhaps be the case that
a combination of the two equivalent circuits could explain both the effects simultaneously.
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Figure 5.35: Simulated electric field in the device
The internal electric field as function of position in the device is plotted for various voltages for both
donor defects and neutral defects. A negative electric field is defined as the arrow pointing from right
to left, i.e., from the PCBM to the PTAA.

From the measurement results it is observed that the S-shape is reversible by light soak-
ing at MPP. This is an additional indication that an explanation based on ion migration is
more likely to be true than chemical degradation for example, which is generally irreversible.
Upon illumination while keeping the device at MPP, the ions could be reactivated and will
redistribute in the bulk due to the modified internal field at MPP compared to light soaking
at open-circuit voltage.

The chemical origin of the donor defects is another question that needs to be answered in
order to know how to solve the degradation problem. There is an active group in perovskite
research working on the determination of the different activation energies of the defects using
measurements and DFT calculations. Generally, the anion vacancy, mono- and divalent cation
interstitial and certain antisites and are classified as donor defects301,419–421. Their activation
energy depends on the composition of the perovskite, but even the values themselves contain
quite some spread due to different processing conditions and calculation methods339,347,356.
Furthermore, Figure B.19 in the appendix shows a simulation sweep of the energy level of the
interface defects which confirms that an S-shape is created anywhere from 0.3 eV above the
VBM to inside the CBM. Hence, there are many possible candidates for the donor defect. In
general, the vacancies will have the lowest activation energy followed by the interstitials and
then the antisites339,422. In the context of ion migration, the vacancies and interstitials are
thus most often suggested as candidates.
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Also important is the timescale on which the migration occurs. It is not clear from the
experiment how quickly the devices become S-shaped, but from the MPP recovery in Figure
5.25 it appears it can take hours to fully stabilize. Domanski et al.148 show that the migration
of cations occurs on a much longer timescale compared to the anions, which could thus be a
possible candidate in the devices of this project, especially since all device types contain the
same cations. A clear difference in terms of stability is observed between the iodide pure and
bromide-containing devices, which suggests that the small amount of bromide stabilizes the
perovskite. It has been found that the substitution of bromide increases the activation energy
for the anions and thus reduces the ion migration423,424.

Finally, the question remains why only the devices aged from the superstrate side become
S-shaped. Perhaps the activation energy of the diffusing ions is low enough to be activated
from the glass side, but too high when illuminating from ITO side. From the optical simulation
in Figure 4.2 it is observed that a large part of the high energy light is absorbed by the back
ITO layer when illuminating from ITO side, while the perovskite already absorbs quite well
at 300 nm for glass side illumination. However, even light of 400 nm (∼ 3.1 eV) has an energy
which exceeds all energy values found in literature, making this an unlikely explanation. To
fully exclude this possibility, an aging study could be conducted in which devices are aged
using a range of LEDs, each with a different specific wavelength, to see if there are wavelengths
that create a difference between the two illumination sides. Alternatively, the answer might
be hidden in the effect of the location of the charge carrier generation. It could be that
the location of generation has a different influence on the internal electric field depending on
the illumination side. Illumination from ITO side could adjust the electric field such that
the ions cannot migrate to the PTAA/perovskite interface. Or they could even migrate to
the perovskite/PCBM interface and subsequently enhancing the internal field, which would
correspond with the observed improved figures of merit for that illumination side.

With an eye on the future, it is difficult to pinpoint the solution that would lead to
the prevention of the S-shape. If the hypothesis is true, ideally the ion migration could be
prevented, which would put a stop to the accumulation of the ions at the interface. However,
ion migration is such a widespread phenomenon that it appears to be an intrinsic property
of perovskites, making it challenging to achieve, if possible at all. Alternatively, the HTL
or contacts could be altered or changed. Although it does not prevent ion migration74, it
could perhaps reduce the effectiveness of the interface defects or prevent the appearance of
the carrier blocking layer.
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A research study is carried out to investigate the light soaking stability of semi-transparent
perovskite solar cells with three different perovskite compositions based on their orientation
to the incoming light. The devices are both aged as well as measured for their two different
orientations. The measurements were done after fabrication, after light soaking and after a
long storage period in dark to investigate the changes that occurred during each step. Both
optical and electrical simulations are used to dissect the measurement results and provide
the connection to the physical origin of the observed effects. Additionally in chapter 4, an
extensive overview of the range of values of the different parameters is given as well as the
value range typically used in SCAPS, which could be useful for someone interested in doing
electrical simulations of perovskite solar cells.

In general, the measurements of the fresh devices show that the three different perovskite
compositions are very similar regarding both the optical and electrical characteristics. The
IBr devices have the highest efficiency after fabrication due to a higher FF, possibly because
of a reduced bulk defect density. Besides improving the VOC at solar intensities and reducing
hysteresis, the RbCl doping did not significantly alter the performance of the devices. One
of the more distinct differences is observed between the two measurement sides. The ITO
side has a significantly lower FF at higher light intensities, which suggests a problem with
the perovskite/PCBM interface. Based on research on the same device stack, it is expected
that the ALD SnO2 fabrication process has altered the perovskite/PCBM interface leading to
increased interface defect density as well as local band bending.

The most important parameters for the electrical simulation are investigated in-depth to
help interpret the light intensity measurement results. This knowledge is used to optimize a fit
of the light intensity results and excellent agreement is found for the glass side measurement.
Unfortunately, it was not possible to optimize the model such that it would accurately fit both
measurement sides simultaneously. The missing link is most likely the higher interface defect
combined with the band bending at the perovskite/PCBM interface.

After the devices have light soaked for 1250 hours, a general decrease in performance is
observed for all three compositions measured from glass side. The orientation of the device
does not appear to be of influence for the light soaking. The IBr device, which was initially the
best performing composition, now shows the worst figures of merit possibly due to a decrease
of the shunt resistance. Again, the RbCl-doped device did not show any significant differences
compared to the IBr devices. The measurement from ITO side shows a difference between the
two aging sides, but this is because the devices were measured a few days after the glass side
meaning they already spent a few days in the dark.

Extending the storage period in dark to two months shows a clear different between both
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aging sides. The performance for the superstrate-aged devices has decreased significantly and
a S-shape has formed in the J-V curve. By light soaking the device at MPP it is possible
to remove it, which shows that the degradation is partly recoverable. On the contrary, the
substrate-aged devices have improved compared to their original fresh measurement, which is
attributed to a curing effect of the light on the the perovskite/PCBM interface. This time
there is a clear difference for the devices with and without bromide, but the origin for this
occurrence remains unknown.

In an effort to better understand the origin of the S-shape, the curve is fitted with a modi-
fied model of the fresh devices. A combination of an injection and extraction barrier together
with high donor-type interface defect density at the PTAA/perovskite interface can accurately
fit the S-shape. Based on the investigation of the recombination currents and charge carrier
densities is expected that the increase in donor defect density is caused by ions accumulating
at the interface. The ions act as donor-type defects and modify the internal electric field that
subsequently will lead to a large increase in non-radiative interface recombination, but for
specific voltages to a decrease of the bulk recombination.

6.1 Outlook

Many different questions were possible to answer with reasonable certainty, but there are still
(smaller) questions of which the answer remains mostly unknown. Throughout the thesis dif-
ferent experimental measurements are mentioned that could explain certain smaller questions
or provide useful additional information. However, care has to be taken to make sure it does
not raise more questions than it provide answers. Unfortunately, due to unforeseen circum-
stances it was not possible to do the EQE and UV-vis measurements on the devices after the
aging process. The optical information could have provided useful information on whether the
optical properties of the different layers have changed and if the assumption of reduced ab-
sorption in the perovskite is valid. XRD would also be a very useful measurement to do after
aging to see if the perovskite crystal structure has actually been affected. Also, it provides
the most detailed information with respect to the composition, hence is could possibly help
explain why the bromide-containing devices remain relatively more stable.

For a future stability test it would always be better to do more intermediate measurements
if it does not disturb the devices too much. One of the remaining questions is the timescale
corresponding to the ion migration and with more measurements a trend could become visible
that could perhaps be used to estimate this timescale. Additionally, a research study could
be conducted to investigate the day/night cycle performance of the devices for both its ori-
entations. Since the S-shape is reversible, it could be the case that it is not as detrimental
in more realistic operational conditions. The performance loss that would occur during the
night could be compensated by the operation under illumination during the day. This gives
the ability to investigate whether the devices can maintain long-term stability or will have an
overall performance decrease. Furthermore, the duration of the multiple aging and recovery
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processes could provide a better understanding of the timescale of the ion migration.
The biggest unanswered question is why the devices have such a distinct different behavior

between the two aging sides. A variety of different devices with different transport layers could
shed light on the contribution of the interface, although if they were to be simulated it would
take a significantly long time. Alternatively, different simulation software could be used that
can account for ion migration, such as gpvdm. An advantage of this would be that most
parameter values can simply be copied.
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A. Matlab script

% set AntiReflection to true if you want to compensate the generation for an MgF2

anti-reflection layer (glass side only).

% AR_value is the value by which the generation is multiplied to compensate for

an MgF2 anti-reflection layer (for example 1.025 = 2.5% increase).

AntiReflection = true;

AR_value = 1.025;

% outputs predicted Jsc under AM1.5 illumination assuming 100% internal quantum

efficiency at all wavelengths

if AntiReflection == true

Jsc=sum(Gx)*stepsize*1e-7*q*1e3*AR_value %in mA/cm^2

else

Jsc=sum(Gx)*stepsize*1e-7*q*1e3 %in mA/cm^2

end

%Saves the generation rate as a text file for SCAPS from Glass side

%Save only the HTL (activeLayer-1), perovskite and ETL (activeLayer+1) and

accounts for their thicknesses.

%Each row is in the file 1 nm, HTL and ETL have a value of 0 for generation.

%Variables activeLayer and thicknesses are defined in the original Matlab code.

generation=[];

count=1;

for i = 1:length(thicknesses)

if i == activeLayer-1

for j = 1:thicknesses(1,activeLayer-1)

generation = [generation; j,0];

end

elseif i == activeLayer

for j = thicknesses(1,activeLayer-1)+1:thicknesses(1,activeLayer-1)+

thicknesses(1,activeLayer)

generation = [generation; j,Gx(count)];

count=count+1;

end

elseif i == activeLayer+1

for j = thicknesses(1,activeLayer-1)+thicknesses(1,activeLayer)+1:

thicknesses(1,activeLayer-1)+thicknesses(1,activeLayer)+thicknesses(1,

activeLayer+1)

generation = [generation; j,0];

end

else

end

end
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%Save the generation rate as a text file for SCAPS for illumination from ITO side

%Save only the HTL (activeLayer+1), perovskite and ETL (activeLayer-1).

%Each row is in the file 1 nm, HTL and ETL have a value of 0 for generation.

%Variables activeLayer and thicknesses are defined in the original Matlab code.

GxFlip=flip(Gx);

generation=[];

count=1;

for i = length(thicknesses):-1:1

if i == activeLayer+1

for j = 1:thicknesses(1,activeLayer+1)

generation = [generation; j,0];

end

elseif i == activeLayer

for j = thicknesses(1,activeLayer+1)+1:thicknesses(1,activeLayer+1)+

thicknesses(1,activeLayer)

generation = [generation; j,GxFlip(count)];

count=count+1;

end

elseif i == activeLayer-1

for j = thicknesses(1,activeLayer+1)+thicknesses(1,activeLayer)+1:

thicknesses(1,activeLayer+1)+thicknesses(1,activeLayer)+thicknesses(1,

activeLayer-1)

generation = [generation; j,0];

end

else

end

end

% convert the values in 'generation' to the correct units (micrometer and (#/m3.s

)) that are used in SCAPS and save the data to a text file.

for i = 1:length(generation)

generation(i,1)=generation(i,1)*10^-3;

if AntiReflection == true

generation(i,2)=AR_value*generation(i,2)*10^6;

else

generation(i,2)=generation(i,2)*10^6;

end

end

save('generation.txt','generation','-ASCII');

end
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B. Additional figures

B.1 Transmittance and reflectance data
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Figure B.1: Transmittance and Reflectance of each composition.
The measurement curve is a single measurement of one sample rather than the average of all samples.
(a) Illumination from glass side (b) Illumination from ITO side.
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B.2 XRD Vesta calculation
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Figure B.2: Comparison XRD measurement and Vesta calculation
The Vesta software has an option to calculate the powder diffraction pattern. This is calculated
for a Cs0.1FA0.9PbI3 composition investigated by Charles et al.392 and shows an agreement with the
location of the α-perovskite phase of the I pure perovskite and no correspondence to the CsPbI3 phase.

B.3 Simulation sweeps
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Figure B.3: Simulation sweep of the interface defect densities at JSC

Illumination from glass side. The other parameters are set according to the optimized fresh device
with doping set to zero. (a) PTAA/perovskite interface, (b) perovskite/PCBM interface.
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Figure B.4: Simulation sweep of the interface defect densities for ITO side illumination
The other parameters are set according to the optimized fresh device with doping set to zero.
PTAA/perovskite interface: (a) VOC, (c) FF, (e) JSC and perovskite/PCBM interface: (b) VOC,
(d) FF, (f) JSC.
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Figure B.5: Simulation sweep of the interface defect energy levels
Illumination from glass side. The other parameters are set according to the optimized fresh device
with doping set to zero. PTAA/perovskite interface: (a) VOC, (c) FF and perovskite/PCBM interface:
(b) VOC, (d) FF
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Figure B.6: Simulation sweep of the EA of the PCBM for glass side illumination
Most other parameters are set according to the optimized fresh device with doping set to zero. To IE
of the PCBM is kept constant to prevent changes to the hole blocking. The back contact is changed
as well to keep a constant PCBM/metal injection barrier (a) VOC, (b) FF.
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Figure B.7: Simulation sweep of the EA of the PCBM for ITO side illumination
Most other parameters are set according to the optimized fresh device with doping set to zero. To IE
of the PCBM is kept constant to prevent changes to the hole blocking. The back contact is changed
as well to keep a constant PCBM/metal injection barrier (a) VOC, (b) FF.
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B.4 Comparison measurement and simulation fresh devices
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Figure B.8: FF comparison of the measurement and simulation for the fresh IBr device
(a) Glass side illumination, (b) ITO side illumination
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Figure B.9: JSC comparison of the measurement and simulation for the fresh IBr device
(a) Glass side illumination, (b) ITO side illumination
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Figure B.10: Comparison light intensity J-V curves versus filter multiplication
The dashed lines are derived from multiplying the original 1 sun J-V measurement with the filter
values.
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Figure B.11: Simulation of the J-V curve kink for ITO side illumination
Most parameters are set according to the optimized fresh device. The EA of the PTAA is set to 1.85
eV, PTAA/perovskite interface defect density is 2E+9 cm-3, perovskite/PCBM interface defect density
is 3E+9 cm-3 and the defect energy level of the PTAA/perovskite interface defects is set to 0.3 eV
above VBM of the perovskite.
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B.5 Measurements results aged devices
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Figure B.12: J-V curve comparison of the fresh versus before light soaking
The samples are measured after approximately 1.5 months just before the light soaking period was
started. Only one sample (= 4 devices) is measured and averaged per composition. (a) Measurement
from glass side, (b) measurement from ITO side.
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Figure B.13: Composition comparison of the JSC during aging
The measurements are done from glass side. (a) After 1250 hours of light soaking, (b) After 2 to 3
months of storage
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Figure B.14: The effect of aging on the J-V curves for glass side measurements
(a) IBr, (b) RbCl
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Figure B.15: Composition comparison of the FF on a linear scale after storage
(a) Glass side measurement, (b) ITO side measurement.
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B.6 Simulation results aged devices
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Figure B.16: Comparison of the J-V curves with different defect types
The fresh simulation vs aged simulation with different defect types at the PTAA/perovskite interface.
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Figure B.17: Local decrease in bulk recombination
The inflection point of the J-V measurement falls within the region of local decrease of the bulk
recombination.
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APPENDIX B. ADDITIONAL FIGURES
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Figure B.18: Close-up of the free carrier density at the PTAA/perovskite interface
(a) Electron carrier density, (b) Hole carrier density.
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Figure B.19: Simulation sweep of the donor defect energy level
The other parameters are set to the optimized aged simulation.
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