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Abstract

Perovskite solar cells have gone through tremendous improvements the past years. Record effi-
ciencies are approaching those of crystalline Si solar cell technology, but on other aspects many
improvements can still be made. For commercialization, its stability is the main point of concern,
while from fundamental perspective the issue of hysteresis is highly interesting. With more and
more developments being made on the bulk structures, the interfaces are gaining interest, as these
are now bottlenecks for further developments.

Here, two different surface modifications have been investigated. Firstly, the surface of SnO2
was modified using a molecule with a permanent dipole moment in attempt to improve charge
extraction from the absorber layer into the electron transport material. Secondly, functionalization
of the surface of fluorine-doped tin oxide was attempted using a redox-active species. In this case,
the idea was to create a selective contact based on a monolayer of the redox-active molecule. For
both molecules, assessment of the presence of the monolayer was proven to be difficult. With
respect to control samples, no improvements in solar cell performance have been achieved.

The author can be contacted via LinkedIn or e-mail: j.p.cuperus@students.uu.nl.
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1. INTRODUCTION

1 Introduction

One could write a book, if not multiple, to discuss the need for a dramatic change to the world’s
energy supply, but here it will be summarized through Fig. 1.1. Ever since the industrial revolution,
fossil fuel powered machines allowed mankind to achieve things that its (pre)historical ancestors
could have only dreamt of. The same developments however, also stretch the earth in its ability to
provide life in the way we know it. This is arguably best reflected in the rise of global temperatures
as a result of rising CO2 levels in the atmosphere. Current policies to counteract the effects of
global warming include a shift away from fossil fuel based energy, with a lot of it being replaced
by electricity as the energy source. Solar cells, that convert the energy of sunlight into electrical
energy, have been predicted to contribute significantly to the energy production of the future [1].

Since the year 2000, the total installed capacity of solar photovoltaic (PV) systems has already
increased tremendously, with an increase of 22 % in 2019 alone (see Fig. 1.1b) [3]. The biggest part,
ca. 90 %, of all installed solar PV systems are based on crystalline silicon (cSi) modules. cSi has been
the world leading material for PV applications since many years, which can partly be ascribed to
the development in high purity silicon production processes, driven by the electronics industry.
Although lab cell efficiencies of more than 20 % were already achieved before 1990 [4], widespread
application of cSi solar cell modules only really took off when economic viability was achieved
and PV electrictry prices were comparable to that of other electricity sources [1].

The optical and electronic properties of silicon impose requirements for its use in solar cells and
result in the need for high processing temperatures and thick, rigid end products. Therefore, cSi
solar cells are not applicable or economical in all situations, for example some forms of integrated
PV. From a plethora of different solar cell types that are able to circumvent these problems,
perovskite based solar cells have shown to be superior in terms of efficiency. In these solar cells,
the thickness of the absorber material is < 1µm, opening possibilities for application on flexible
substrates Additionally, the fabrication process usually employs low-temperature, solution-based
methods. The field of perovskite solar cells is relatively young, starting in 2009 with a report of cells
showing an efficiency of 3.9 % [5]. Since then, the field has developed at a staggering pace and the
record for cell efficiency is now set at 25.2 % [4]. Current research is focused on the improvement
of cell stability and upscaling of the fabrication processes [6–8]. In addition, fundamental issues
are elucidated and general strategies for high efficiency devices are being developed.
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Figure 1.1: (a) Deviation of average global temperature from the 20th century average (bars, left axis) and
concentration of carbon dioxide in the atmosphere (line, right axis). Reproduced from [2]. (b) Total global
installed capacity of solar PV technology over the years. Reproduced from [3].
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Figure 1.2: Molecular structures of the materials used in this research: (a) PA. (b) NDI.

Recently, it was shown that the presence of a molecular monolayer in between two other layers
inside a perovskite solar cell can increase both the stability and efficiency of these cells [9–14].
Additionally, the use of organic molecules as interlayers allow for systematic variation of the
electronic properties of the solar cells, exploiting the freedom of molecular design. In the research
reported here, two different materials are tested for application in perovskite solar cells. The
chemical structure of the two molecules can be found in Fig. 1.2.

In the next chapter, the working principles of a solar cell will be outlined, followed by a concise
summary of the field of perovskite solar cells in Chapter 3. Then, the details of the experiments
will be covered in Chapter 4, followed by a presentation and discussion of the outcome of the
experiments in Chapter 5. Finally, our conclusions will be presented in Chapter 6, followed by
ideas and challenges for future research in Chapter 7.
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2. THEORY: WORKING PRINCIPLE OF SOLAR CELLS

2 Theory: Working Principle of Solar Cells

2.1 Semiconductors Basics

Solar cells are able to convert the energy of sunlight into electrical energy via the photovoltaic
effect, which is why they are also known as photovoltaic cells. In the photovoltaic effect, a photon
is absorbed, whereby its energy is used to excite an electron to a higher energetic state.

To understand this absorption process, we need to consider the electronic properties of solids.
Roughly speaking, solids can be divided into three types, based on their ability to conduct electri-
city: metals, semiconductors and insulators. The differences between these three can be understood
via their band diagrams, as shown in Fig. 2.1. In its simplest form, a band diagram of a certain
material describes the energy levels available to the electrons in that material.

Electrons will try to lower their energy as much as possible and will therefore fill up the bands
in the band diagram from the bottom to the top. At absolute zero, T = 0 K, this means that N
electrons will occupy the N lowest energy levels available. This situation is shown in Fig. 2.1a.
When T > 0 K, thermal energy becomes available through which electrons are excited to levels
with slightly higher energy. The occupation factor of a certain energy level depends exponentially
on its energy and the temperature. A special energy level is the Fermi level, which is defined
as the energy level with a 50 % probability of being occupied by an electron. The Fermi level is
independent of temperature and for (intrinsic) semiconductors and insulators, it can be found in
the middle between the valence band (VB) and conduction band (CB).

In a metal, the Fermi level is situated inside one of its energy bands, which is therefore only
partially filled. In contrast, it is situated between two bands in semiconductors and insulators. In
these materials, all bands below the Fermi level are completely filled, while the ones above it are
empty. The first band below the Fermi level is known as the VB, whereas the first empty band is
known as the CB.

From the above, the difference between a metal on one side and semiconductors and insulat-
ors on the other side is obvious. Semiconductors are distinguished from insulators based on the
magnitude of the band gap (Eg): is the energetic spacing between the VB and the CB. In a semi-
conductor, the size of the band gap is such that at least a small fraction of the electrons in the VB
can be thermally excited into the CB. An insulator however, has a band gap that is so big that no
electrons from the VB can reach the CB. The distribution of electrons over the different bands in
all three material types at T > 0 K, is shown in Fig. 2.1b.

To understand how the band diagram of a material affects its ability to conduct electrons, we add a
positional dimension to the band diagram. This is shown in Fig. 2.2 for T > 0 K, where individual
electronic states (represented by circles) are either filled (black) or empty (white). We first consider
transport inside a metal. If an electron is to move, for example from site A to site B, conservation
of energy requires the availability of a state with equal energy in site B. As can be seen, there are
several possibilities for electron to move in this way inside the metal. Many electrons can therefore
contribute to the transport of electricity and as a result, metals exhibit high conductivity.

Also in semiconductors, transport requires an empty energy level adjacent to the electron, at equal
energy. For an electron in a semiconductor, to be able to move requires it to be excited from the
filled VB to the empty CB. Inside the CB, there are empty levels available throughout the material,

8



2. THEORY: WORKING PRINCIPLE OF SOLAR CELLS

(a)

(b)

Figure 2.1: Band diagrams for a metal, a semiconductor and an insulator at absolute zero (a) and at T > 0 K.
Occupation factors are visualized via a color code, where black corresponds to an occupation factor of 1
(always filled) and white corresponds to 0 (always empty). The dotted horizontal line represents the Fermi
level.

allowing the electron to be transported, which can be thought of as the electron hopping from
site A to B, then from B to C, and so on. The state in the VB that was previously occupied by the
excited electron, is now an empty, thus allowing for electronic transport in the VB as well. In this
case, electron 1 can hop from site B to A, followed by electron 2 hopping from site C to site B.
This explanation of electronic transport involves the movement of multiple particles. Alternatively,
charge transport in the VB can be understood using just one charge carrier, by considering the
empty energy level as a particle, called a hole. The transport of the hole is depicted using the
blue arrows in Fig. 2.2. The absence of an electron in this level results in a charge which is, with
respect to the negatively charged background caused by the electrons, effectively positive. Missing
electrons in the VB can thus be described as positively charged holes. Since both electrons and
holes can be used for transport of charges, they are also known as charge carriers.
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Figure 2.2: Schematic band diagram of a metal (left) and a semiconductor (right) at T > 0 K, showing how the
occupation of energy levels influences the transport of charges. Empty levels are depicted as empty circles,
where filled ones are filled. Red arrows correspond to moving electrons, blue ones denote the movement of
holes.
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2. THEORY: WORKING PRINCIPLE OF SOLAR CELLS

Only few electrons are thermally excited in a semiconductor, resulting in only a few electrons that
can be transported. Charge transport is therefore possible, but not as easy as in a metal. In an
insulator, the band gap is too large for electrons to be thermally excited and therefore, conduction
of electrons is not possible.

Doping

Thus far, pure semiconductors have been discussed, the properties of which are determined by
the crystal structure and the distribution of atoms in that structure. These semiconductor are
also known as intrinsic semiconductors. In addition, there are extrinsic semiconductors, whose
properties are influenced by the presence of species that are absent in its pure form. Such species are
not necessarily unwanted and are often introduced intentionally, most often with the purpose to
increase the conductivity of the semiconductor material. These intentionally introduced impurities
are better known as dopants.

Although generally applicable, the concept of doping will be introduced via the example of Si as
the semiconductor and P atoms as the dopant (see Fig. 2.3a). When P atoms are present inside
the Si structure at impurity-like concentrations, the atoms will be incorporated inside the crystal
structure. However, P is a group V element and thus has one electron more than the Si atoms
(group IV). Whereas four of its electrons will be involved in the bonds making up the crystal
structure, the extra electron is not involved in any bonding. As a result, the energy of this electron
will be different from the others and is located inside the band gap of Si, as is shown in Fig. 2.3b.
In the case of P atoms inside a Si crystal, this energy level is located close to the CB minimum.
Actually, it is located so close to the CB that the extra electron can be excited to the CB by thermal
energy.

The thermal excitation of dopant electrons makes that the CB is more populated compared to
the case of the intrinsic semiconductor. As a result, the conductivity of the material is increased
significantly. Additionally, the Fermi level of the material is shifted towards the CB. Dopants that,
such as P in Si, donate an electron to the CB are know as n dopants and semiconductors doped
with n-dopants is a n-type semiconductor Exactly the same reasoning can be applied to dopants
with one electron less than Si, so called p-type dopants. In resulting p-type semiconductors, the
conductivity is increased by partial emptying of the VB and the Fermi level is shifted to to lower
energy (see Fig. 2.3c).
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Figure 2.3: (a) Schematic picture of the crystal structure of Si, containing a P dopant atom in orange. Image
reproduced from [15]. (b) and (c) show the band diagrams of n- and p-type semiconductors, including the
energy levels of the dopants. Note that the Fermi level is shifted with respect to the case of an intrinsic
semiconductor.
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2. THEORY: WORKING PRINCIPLE OF SOLAR CELLS

Distribution of charge carriers within a band

In most cases, when excited charge carriers are discussed, it is said that they have energies equal
to their band edges. For example, electrons excited to the CB of a semiconductor are said to
have an energy equal to Ec. This is however, an approximation: at finite temperatures (T , 0 K),
excited carriers have a range of energies, the exact shape of which is determined by properties of
the semiconductor and Fermi-Dirac statistics. The resulting distribution of electrons is shown in
Fig. 2.4 and shows that the number of electrons with a certain energy n(E) decreases exponentially
with increasing energy E, according to:

n(E) ∝ e−(E−EF)/kBT, (2.1)

where kB is the Boltzmann constant and T is the temperature. The exponential decay explains why
for most cases, all electrons in the CB can be said to have energy equal to band edge energy. The
value of n(E) decreases so rapidly with increasing E that the energy range in which the majority of
the electrons can be found, is only small in comparison to the band gap energy. From Equation (2.1),
it follows that the total number of electrons with E ≥ Ei can be found via

n(E ≥ Ei) =

∫
∞

Ei

n(E)dE ∝ e−(Ei−EF)/kBT. (2.2)

Additionally, for the ratio between two different energies EA and EB, we find

n(E ≥ EA)
n(E ≥ EB)

=
e−(EA−EF)/kBT

e−(EB−EF)/kBT
= e(EB−EA)/kBT. (2.3)

The last equation will prove to be useful, since it allows for calculation of n(E) at any energy level
once its value on a certain energy is known.

VB

CB

E
n
e
rg

y

Nr. of charge carriers

Eg

<< Eg

<< Eg

Figure 2.4: Band diagram showing the distribution of charge carriers inside their respective bands (in red).
Note the interrupted vertical axis.

Light and semiconductors

Thermal excitation is not the only pathway through which electrons can be promoted from the
VB to the CB. Also the energy of photon can be used to excite an electron: the fundamental
reason that allows semiconductor-based solar cell devices to exist. Conservation of energy does
impose a requirement on this process: the photon must provide all the energy needed to excite the
electron. Upon excitation, the photon is absorbed by the material. To understand the process of
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2. THEORY: WORKING PRINCIPLE OF SOLAR CELLS

Eph > EgEph = EgEph < Eg

(a) (b) (c) (d)

Recombination

Figure 2.5: The interaction between photons and a semiconductor. Photons are represented by the wavy
arrow. In (a), the band gap of the semiconductor is too large for absorption to occur. In (b) and (c), absorption
is possible and different types of excitation are shown. In (c), thermalisation is also shown bent arrow). In
(d), the processes of non-radiative (left) and radiative recombination (right) are schematically depicted.

light absorption, we consider the interaction of a semiconductor with a band gap Eg and a photon
with different energies Eph (see Fig. 2.5).

In the first case, where Eph < Eg, no absorption occurs since the photon only has enough energy to
raise the energy of the electron to a position inside the band gap, where there are no states available.
Light with this energy will therefore not interact with the semiconductor and is transmitted. If
Eph = Eg, the photon has just enough energy to excite an electron from the top of the VB to the
bottom of the CB. For higher photon energies, as depicted in Fig. 2.5c, different transitions can
occur depending on the energy of the electron in the VB. In this case, it might be possible for
the electron (or hole) to lower its energy without switching bands. The processes through which
this occurs is known as thermalisation. During thermalisation, the electron (hole) lowers it energy
until Eelec = Ec (Ehole = Ev), whereby the generated energy is released as heat. Thermalisation is
extremely fast and occurs on a time scale of picoseconds (= 10−12 s) [16].

An electron promoted to the CB does not stay there forever, after some time it will return to the VB.
In the end, this is were its energy is the lowest. When a electron returns to the VB, it fills up a hole
which is why this is known as electron-hole recombination, or just recombination for short. This
process can occur with simultaneous generation of a photon, in which case it is called radiative
recombination. Radiative recombination is the reverse process of light absorption. Since radiative
recombination is much slower than thermalisation, the electrons and holes involved in it have
energies approximately equal to their band edges and the emitted photons have energies Eph =
Eg. Additionaly, recombination can also occur without a photon being generated. In this case, the
recombination is often assisted by the presence of energy levels inside the band gap. Such levels
are introduced by defects and impurities. Defect-assisted is a form of non-radiative recombination.
Another example of non-radiative recombination is Auger recombination, on which more inform-
ation can be found in [16]. The processes of both non-radiative and radiative recombination are
shown in Fig. 2.5d.

Band gap and the solar spectrum

As explained above, the band gap of a material determines the minimum energy a photon must
have to be absorbed. This has major implications for the application of semiconductors in solar
cell technology. The energy of a photon is inversely related to its wavelength λ via Eph = hc/λ,
where h is Planck’s constant and c is the speed of light. This means that photons in blue light
(λ ≈ 470 nm, Eph = 2.6 eV) have more energy than their red counterparts (λ ≈ 700 nm, Eph = 1.8 eV).
A semiconductor with a band gap Eg = 1.5 eV, will thus be able to absorb both blue and red photons,

12



2. THEORY: WORKING PRINCIPLE OF SOLAR CELLS

(a) (b)

(c)

Figure 2.6: The solar spectrum in terms of the number of photons as a function of photon wavelength (a).
The dependency of the generation rate on the band gap of the semiconductor (b). The solar spectrum in
terms of energy as a function of photon wavelength (c). Calculations were performed using python and the
moethod described by [17].

whereas a semiconductor with Eg = 2.0 eV can only absorb the blue photons.

To see how the band gap of a semiconducting material influences its ability to absorb sunlight,
the solar spectrum should be considered. Sunlight contains a mixture of photons with different
wavelengths, ranging from the ultraviolet (UV, < 400 nm), via the visible (400-750 nm), to the
infrared (IR, > 750 nm). As can be seen in the solar spectrum shown in Fig. 2.6a, different photons
have different abundances. The dependency of the electron-hole generation rate on the band gap,
assuming total absorption of photons with energy Eph ≥ Eg, is shown in Fig. 2.6b. Obviously, a
smaller band gap results in more absorbed photons and therefore a larger electron-hole generation
rate.

This does, however, not mean that small band gap semiconductors are most suited for application
in solar cells, since solar cells in the end, are all about energy and not about photons. It is therefore
not the number of photons that is important, but how much of their energy is transformed in
electrical energy. Since the process of thermalisation is extremely fast, every absorbed photon
effectively creates an electron-hole pair with energy Eg. As a result, there is a trade-off between
generating many, low-energy electron hole pairs (small Eg) and generating less, but higher energy
electron-hole pairs (large Eg). To determine the ideal band gap for solar cell applications, we
consider the power density of the solar spectrum, as shown in Fig. 2.6c. It can be seen that most
energy of the sunlight’s energy is carried by visible light photons, already suggesting that the ideal
band gap will be close to the energy of visible light photons, rather than in the far-IR (λ > 2000 nm)
or the UV region of the spectrum (λ < 400 nm).

Quantification of the performance of a solar cell is performed through the power conversion
efficiency (PCE), also referred to simply as the efficiency. The PCE is defined as the ratio between
the (maximum) power density extracted from the cell and the power density put into the device.
Most typically, the integrated power density of the solar spectrum, which equals 100 mW/cm2,
is used for the latter [18]. In 1961, William Shockley and Hans J. Queisser were the first ones to
publish on the maximum efficiencies that can be achieved for solar cells [19]. They calculated the

13



2. THEORY: WORKING PRINCIPLE OF SOLAR CELLS

(a) (b)

Figure 2.7: (a) The Shockley-Queisser limit for solar cell efficiencies for semiconductors with band gaps
ranging from 0.5 to 2.5 eV. (b) The magnitude of different loss mechanism as a function of semiconductor
band gap. For details of the calculations, see Chapter 4.

PCE achievable in ideal solar cells, commonly referred to as the SQ limit. In an ideal solar cell, the
only three occurring processes are the ones introduced above: light absorption, thermalisation and
radiative recombination. Since in a real solar cell, there are multiple ways for electron-hole pairs
to recombine, the SQ limit present an upper limit for solar cell efficiency.

Fig. 2.7a shows how the SQ limit PCE depends on the semiconductor band gap. Efficiencies of
more than 30 % can be obtained with band gap in the range of 1.0-1.6 eV and two maxima can
be observed: 32.85 % at Eg = 1.15 eV and 33.16 % at Eg = 1.34 eV. In Fig. 2.7b, the influence of the
different loss mechanisms on the PCE limit is shown for a range of band gap energies.
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2. THEORY: WORKING PRINCIPLE OF SOLAR CELLS

2.2 Charge Separation in Semiconductor

In the above, it was shown how the process of light absorption can be used to convert the energy
of a photon into electrical energy. For this energy to be used however, the high energy electrons
need to be extracted from the semiconductor, and fed into an external load that allows for a useful
consumption of the electron energy. Examples of external loads include batteries, generators and
light emitting diodes (LEDs).

In its most simple form, an electronic circuit is formed by connection of the semiconductor to two
metals, via which it is connected to the external load. Inside the semiconductor, the excited electron
travel to one of the metal contacts, called the cathode, to be extracted from the semiconductor. Via
the metal, it goes to the external load, where it releases its energy, after which it is injected back into
the semiconductor via the other metal contact (the anode). Alternatively, one could say that the
hole leaves the semiconductor via the anode and recombines with the electron in the external load,
where the energy of recombination is used to perform work. To understand the effect the metal
contacts have on the transport of charge carriers inside the semiconductor, we have to compose a
band diagram describing this situation.

The band diagrams of the different components, before contact, are shown in Fig. 2.8a. Compared
to the band diagrams shown before, there are two additional energy levels: Evac and Eref. Evac
corresponds to the energy of an electron in vacuum, just outside the material. Eref is an arbitrary
but constant energy level that is allows for referencing of all other energy levels.

We now investigate what happens to the band diagram upon contacting of the three materials.
A requirement for thermodynamic equilibrium is for the Fermi level EF to be equal throughout
all of the connected materials. Since in the current case, the Fermi levels of all three materials
are different, charges will flow between the three parts of the system until thermal equilibrium is
reached. Hence, electrons will flow from metal C to metal A until the Fermi level is constant. The
band diagram describing the system in equilibrium is shown in Fig. 2.8b. It can be seen that in the
semiconductor, the VB and CB have been tilted with respect to the semiconductor-only case. This
tilt is induced by the internal electric field, which is turns is a result of the difference between the
Fermi levels of the two metals. Quantitatively, this built-in potential Vbi equals EF,C − EF,A.
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Figure 2.8: Band diagram of a semiconductor sandwiched between two different metals, in various situations.
The band diagrams of the individual materials are shown in (a), the band diagram of the combined structure
is shown in (b). In (c), the process fo charge extraction under short-circuit conditions is shown. The effect of
an applied voltage Va is shown in (d).
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2. THEORY: WORKING PRINCIPLE OF SOLAR CELLS

Consider now the generation of an electron-hole pair inside semiconductor B (Fig. 2.8c). Immedi-
ately after the excitation, the electron to will travel to metal A, whereas the hole will go to metal
C. This type of transport, where the driving force is an electric field, is known as drift. Inside the
metal, thermalisation quickly changes their energy to their initial one: that of the Fermi level. This
means that all absorbed energy is already lost and no work can be performed via the recombination
of the electron-hole pair. This situation is known as short-circuit and the corresponding extracted
current is known as the short-circuit current Jsc.

One has the possibility of applying a voltage between the two metal contacts, which allows for
a change in the Fermi level of one metal compared to the other. Since now there is no more
equilibrium, the Fermi level does not have to be equal throughout the system. If metal A is
grounded, the Fermi level of metal C can be increased by the application of an external voltage
Va, as is depicted in Fig. 2.8d. The decrease in EF,C results in an electric field with opposite sign
to that of the built-in potential, effectively reducing the tilt of the bands in the semiconductor.
Considering again the generation of an electron-hole pair in the semiconductor now leads to
an energy difference EF,C − EF,A = eVa between the electron and the hole, once inside the metal
contacts. Now, part of the photon’s energy is still left and can be used to perform work. With
the application of the voltage however, the driving force for the charge carriers to move to the
contacts has decreased. As a result, more of the generated electron-hole pair will recombine before
reaching the contacts, meaning that the number of extracted electrons is decreased with respect to
the situation without an applied voltage.

In the case where the applied voltage completely cancels the built-in voltage, Va = Vbi, the tilt of
the semiconductor bands has disappeared. Because of that, there is no driving force that directs
the charge carriers to their respective contacts. Now, holes are as likely as electrons to reach metal
A and as a result, the net current through the system is zero. This particular case is known as open
circuit and the corresponding voltage is known as the open-circuit voltage Voc.

The model discussed above is known as the metal-insulator-metal model. It present a minimal
but complete example of a solar cell circuit. In reality however, solar cell devices have more
complicated structures for the simple reason that those allow for higher efficiencies to be achieved.
In the following sections, (some of) these configurations will be introduced.

The p-n junction

The most widely applied method to separate charges in solar cells is that of the p-n junction. The p-
n junction is the working mechanism on which crystalline Si solar cells are based. We first consider
a p-n homojunction, which is a junction between two semiconductors of the same material, one
of which is n-doped, while the other is p-doped. The case of the p-n heterojunction is similar and
will be covered briefly.

The band diagrams of the two separated materials is shown in Fig. 2.9a. It can be seen that all
energy levels are identical in the two cases, except for the Fermi level. Upon contacting of the
two materials, there are large concentrations differences between the two semiconductors: the
n-type material contains excess electrons, whereas the p-type material has a surplus of holes. This
imbalance in charge carriers is expressed by the different Fermi levels. The result is the existence
of diffusion currents that transport electrons from the n-type to the p-type material. Holes move
in the opposite direction.
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Figure 2.9: (a) Band diagrams of two pieces of a certain semiconductor material, one of which is n-type (left),
the other p-doped (right). (b) Band diagram of the structure after contacting of the two materials, showing
the induced bending of the bands and the resulting depletion region.

Since the charge carriers mentioned above originate from the static dopants, they result in the
exposure of the ionized dopant ions. These ions change the band structure of the junction in such
a way that the charge carriers are kept inside the material where they are the majority carrier (see
Fig. 2.9b). The exact way the bands are bended at the junction can be determined mathematically
and follows from the consideration that the ionized dopants induce an electric field across the
junction. The calculation itself is not performed here, but can be found in [16]. It can be seen that
generated built-in voltage drops within a small region of the p-n junction, which is known as the
depletion or space-charge region. Outside of the depletion region, the concentration of majority
carriers is assumed to be approximately equal to that of the isolated doped materials and these
regions are therefore referred to as ‘quasi-neutral’.

We can consider now two different pathways for charge carrier extraction, depending on the
location of the electron-hole pair generation. First, we consider the absorption of a photon inside
the depletion region (1 in Fig. 2.9b). The electrons and hole generated in this region are subjected
to an electric field that causes them to separate and drift towards their contacts: the electron enters
the n-type material, while the hole enters the p-type material. Since now both the hole and the
electron are the majority carrier, they have a high conductivity and are expected to reach their
metal contact.

Secondly, electron-hole pairs can be generated in the quasi-neutral regions (Fig. 2.9b, 2). Whether
this electron-hole pair will be extracted or recombine inside the semiconductor, depends on
whether the generated minority carrier reaches the junction before it recombines. For the transport
towards the junction, the minority carrier has to rely on diffusion, driven by the depletion of
minority carriers close to the junction. In the meantime, recombination with one of the majority
carriers can lead to its annihilation.

Heterojunctions

Semiconductor junctions are not necessarily formed by two pieces of the same semiconductor
material. The two sides of the junction may very well correspond to different materials, resulting
in different types of junctions, depending on the band gap and doping of the two semiconductors.
In the following, the band diagram of a p-n heterojunction will be tentatively introduced.

Consider a n-doped semiconductor (N) and a p-doped semiconductor (P) with band gaps and
Fermi levels such that Eg, N > Eg, P, Ev, N < Ev, P and Ec, N < Ec, P (see Fig. 2.10a). Upon contacting
the two materials, we can expect the following things to happen, based on the analogy with a p-n
homojunction: first, majority carriers will diffuse across the junction two equalize the Fermi levels
on both sides of the junction. By doing so, they leave behind unscreened, ionized dopant atoms that
will result in the buildup of an electric field opposing the diffusion of the majority carriers. So far,
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Figure 2.10: (a) Band diagrams of two semiconductor materials with opposite doping types. (b) Band
diagram of the structure after contacting of the two materials, showing the induced bending of the bands
and the discontinuity of the bands at the junction.

the analogy of with the p-n junction holds perfectly, since the only requirements for the described
process of band bending are inequality of the Fermi levels (1) and for the semiconductors to be
doped (2). As a result of the electric field that is induced by the unscreened dopants, the bands of
the semiconductors will bend.

The band diagram of the p-n heterojunction discussed here, is shown in Fig. 2.10b. One can see that
the bands bend in a similar manner to the case of the p-n homojunction, except for the presence of
discontinuities in the VB and CB, exactly at the junction. These discontinuities are a consequence
of the fact that the bending of the VB and CB in a certain material is identical: if the energy of the
VB increases by ∆E inside the depletion region, the energy of the CB must change by the same
∆E. For the bands to be continuous, the band bending of the CB due the presence of the built-in
field, should be more severe than the bending of the VB in the presence of the same field, which is
not possible. The discontinuities can be quantified and are equal in magnitude to the differences
between the band levels of the individual semiconductor materials (see also Fig. 2.10b). This also
shows that for vanishing energy differences, we return to the case of the p-n homojunction.

p-i-n junction

As was discussed during the introduction of the p-n junction, the most optimal position for
an electron-hole pair to be generated, is inside the depletion region. Excitation in this region is
immediately followed by drift of the two charge carriers away from each other, because of the
built-in electric field. In contrast, extraction of photogenerated charge carriers inside the quasi-
neutral regions is less probable. A more effective situation would be one in which the same amount
of photons would be absorbed, but then exclusively inside the space-charge region. This requires
an increased size of the space-charge region (1) and minimized absorption in the quasi-neutral
regions (2). A p-i-n junction does exactly that: the use of an intrinsic semiconductor (the ‘i’ in p-i-n),
in which there are no dopants that shield the built-in potential, result in an extended depletion
region. The second requirement is met by the use of doped insulator materials, which absorb only
few photons because of their large band gap.

The band diagram describing such a junction in thermal equilibrium is shown in Fig. 2.11a, together
with the pathway of electron-hole pair generation and separation. The absence of dopant in the
intrinsic semiconductor make that no band bending occurs inside this material. The bands of
connected insulator materials will bend, but this is omitted for clarity. A major loss mechanism
in p-n junction solar cells is the recombination of minority charge carriers that do not reach the
junction. In p-i-n junction cells, photogenerated charge carriers never are minority carriers: they
are generated inside the intrinsic semiconductor, in which the concept of minority and majority
carriers does not apply. From there, they are transported to the doped insulators, where they
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Figure 2.11: Band diagram of a p-i-n junction, showing the extended width of the depletion zone.

become the majority carriers. Additionally, the presence of the built-in voltage over the complete
range where photons are absorbed allows for quick separation of electrons and holes.

Metal-semiconductor junction

Metals are well known for their superior conductivity. It is therefore, that almost every electric
circuit is made out of electrical components connected via metals. This is not different with solar
cells and transfer of electrons or holes from a semiconductor or insulator is the last step in the pro-
cess of charge extraction from the solar cell. It is therefore that the concept of metal-semiconductor
junctions is introduced here.

We consider a metal that is to be contacted with a n-type semiconductor to explain, in general,
the characteristics of a metal-semiconductor junction. Junctions between a metal and a p-type
semiconductor or insulators can be described in analogy. In Fig. 2.12a, the band diagrams of the
individual components are shown. When the two materials are contacted, electrons will flow from
the the n-type semiconductor to the metal, in order to equilibrate the Fermi level throughout the
junction. As was the case during the formation of the p-n junction, the transfer of electrons to the
metal results in the presence of unshielded, ionized dopants. These dopants introduce an internal
electric field that will bend the VB and CB of the semiconductor, resulting in a band diagram such
as shown in Fig. 2.12b. Therefore, in the resulting band diagram, there is a barrier that opposes
any charge flow between the semiconductor into the metal. What the height of this barrier is,
depends on the direction in which an electron is to cross the junction. Going from the metal to
the semiconductor, its height ΦB = EF, M − EC, S. The other way around, its height is equal to the
built-in potential: Vbi = EF, N − EF, M. The parameter ΦB is commonly referred to as the Schottky
barrier height.
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Figure 2.12: (a) Band diagrams of a metal and a n-type semiconductor. (b) Band diagram of the metal-
semiconductor junction formed by contacting of the two materials shown in (a). (c) Band diagram of a
metal-semiconductor junction where an ohmic contact is formed.
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Upon application of an external bias Va, the band diagram changes and the potential experienced
by electrons going from the semiconductor to the metal changes to (Vbi − Va). In contrast, the
height of the Schottky barrier is not affected by the applied potential.

In the extrinsic semiconductors and insulators used in solar cells, the dopant concentrations can
be very high. Since the width of the depletion region decreases with increasing doping levels, this
can result in a depletion region that is thin enough to allow for quantum mechanical tunneling
of the electrons. One could say that the barrier is so thin, that is has become leaky. In that case,
electron transfer between the semiconductor and the metal can be very easy and the contact is said
to be ohmic.

Another way in which an ohmic contact can be formed, is by the combination of a metal and a
semiconductor for which EF, M > EC, N holds. As can be seen from the band diagram shown in
Fig. 2.12c, this results in a configuration in which electron transfer from the semiconductor to the
metal is energetically downhill. A consequence of the contact being ohmic is that the Fermi level
of the metal and the semiconductor will be equal, even upon application of an external bias.

Diode equation

Most of the junctions introduced above, have rectifying properties, meaning that for at least one
of the charge carriers, the conductivity throughout the junction is dependent on the direction
of transport. The rectifying properties of these junctions result in asymmetric current-voltage
behaviour: J(Va) , −J(−Va). This is in contrast to the current-voltage behaviour of an ohmic junction
(see Fig. 2.13a). To understand the shape of the J − V curve, we need to investigate the charge carrier
transport at the junction.

Consider the partial band diagram of a general junction at equilibrium (Va = 0), as shown in
Fig. 2.13b. In the CB, the distribution of the electrons is explicitly drawn on both side of the junction.
In the n-type material on the left, the majority carriers (electrons) are driven towards the junction
by the difference in concentration between both sides of the junction. However, conservation of
energy dictates that only those electrons for which E ≥ EC, P, are able to reach the other side of the
junction (1). The others cannot cross the barrier and remain in the n-type material (2). As a result,

Jdi f f (Va = 0) = J0
di f f ∝ n(E ≥ EC + Vbi). (2.4)

On the right side of Fig. 2.13b, the flow of electrons carrying the drift current is shown, including
their energy. Transport in this direction does not require the electrons to overcome an energetic
barrier and it is therefore that all electrons are able to enter the n-type material (3).

In equilibrium, the net current is zero, since the drift current cancels out the diffusion current:

J0
tot = J0

dri f t + J0
di f f = 0. (2.5)

Next, we consider the same junction, but now in the presence of an external bias, as shown
in Fig. 2.13c. The applied potential decreases the barrier by Va, resulting in a total barrier
Vtot = Vbi − Va. Considering again the electrons that attempt to diffuse into the p-type region,
now results in more electrons being able to travel across the junction, because of the decreased
barrier height. In this case,

Jdi f f (Va) ∝ n(E ≥ EC + Vtot) = n(E ≥ EC + (Vbi − Va)). (2.6)

Making use of the ratio formula in Boltzmann statistics (Equation (2.3)), we find
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Figure 2.13: (a) J − V curve of an ohmic junction. (b) Partial band diagram showing a conduction band close
to a junction, where the exact shape of the junction is not defined. Distribution of charge carriers within this
band is shown in red. (c) The diagram of (b) but now with the application of an external bias which lowers
the height of the junction. (d) J − V curve of an illuminated diode.

Jdi f f (Va)

J0
di f f

=
n(E ≥ EC + (Vbi − Va))

n(E ≥ EC + Vbi)
= e(Vbi−Va−Vbi)/kBT = eVa/kBT (2.7)

For the drift current on the other hand, all electrons are still able to traverse the space-charge region
and reach the n-type material:

Jdri f t(Va) = Jdri f t(Va = 0) = J0
dri f t. (2.8)

By combining Equation (2.7) and Equation (2.8), the total current becomes:

Jtot = Jdi f f + Jdri f t = J0
di f f e

Va/kBT + J0
dri f t. (2.9)

Using the fact that the drift and diffusion current in the absence of a voltage are equal but of
opposite sign (Equation (2.5)) and rearrangement of terms yields:

Jtot = Jdi f f + Jdri f t = J0
di f f e

Va/kBT
− J0

di f f = J0
di f f (e

Va/kBT
− 1). (2.10)

Equation (2.10) is known as Shockley diode equation and describes the current-voltage character-
istics of idealized diodes.

In the presence of light, the generation of electron-hole pair will influence the shape of the J − V
curve with respect to the dark situation. We have seen already before, that without the application
of an external bias (Va = 0), a current Jsc flows through the junction that consist of light generated
charge carriers influence by the internal electric field. This current can be added to the derived
expression for diode in the dark (Equation (2.10)) to yield an expression for the J − V behaviour of
illuminated diodes:

Jtot = −Jsc + J0
di f f (e

Va/kBT
− 1). (2.11)
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3 Background: Perovskite Solar Cells

The research field of perovskite solar cells has its roots in te field of dye-sensitized solar cells
(DSSCs). The first report on the use of perovskites in a solar cells was in the configuration of a
DSSC: nanoparticles of lead halide perovskite were used as sensitizers [5]. Later on, solid-state
versions of these perovksite DSSCs, where the liquid HTM was replaced by a solid molecular
material (Spiro-OMeTAD), were shown to be superior in terms of efficiency [20, 21]. Also, the
need for a mesoporous electron transport material was found to be unnecessary [21]. Therefore,
the structure of a perovskite solar cell is build up from the following layers, starting from the
side exposed to incident light: transparent conductive oxide, selective transport layer, perovskite,
oppositely selective transport layer, metal electrode. As already suggested by the word layer, the
different components of the cell can be thought of as planar layers, see also Fig. 3.1. In terms of
working mechanism, perovskite solar cells are best described by the p-i-n junction [7]. In what
follows, the different components of perovskite solar cells will be introduced, together with some
properties of these cells.

3.1 Lead halide perovskites

In the context of solar cells, the name perovskite refers to the perovskite crystal structure of the
used semiconductor material. Although the original perovskite mineral is CaTiO3, the perovskite
materials used for solar cell applications are made out of completely different elements: lead
and halides. The most typical example of a lead halide perovskite material is methylammonium
lead iodide (CH3NH3PbI3, MAPbI3). This material was used in the pioneering works of the field
and still serves as a model compound. The crystal structure of MAPbI3 consists of alternating
[PbI6] octahedra and MA+ ions resulting in a nearly cubical structure (see Fig. 3.1). This material
is characterised by a high absorption coefficient (> 10 × 105 cm−1) [22] and a bang gap of 1.55-
1.60 eV [7]. Consequently, the SQ limit for the PCE is 30.1 % [17]. There is however, a certain degree
of freedom concerning the band gap. The band gap of perovskite materials is dependent on its
composition, the band gap of MAPbBr3 for example, is 2.3 eV [23]. Via the concept of solid solutions,
the band gap of MAPbIxBr1 – x can be continuously varied from 1.6 eV to 2.3 eV, depending on the
value of x. A similar thing can be achieved by (partial) substitution of the MA cation, although the
effects of this are less severe.

(b)(a)

Figure 3.1: (a) Configuration of perovskite solar cells, which differ in the position of the selective layers.
Reproduced from [24]. (b) Unit cell of MAPbI3. Reproduced from [25].
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(b)

(a)

Figure 3.2: Drawings showing the different steps of the one-step (a) and two-step (b) preparation method
for perovskites. Adapted from [27] and [29], respectively.

Typically, semiconductor materials in solar cell applications require high purity and excellent
crystallinity, since the presence of any imperfection in its structure affects its performance det-
rimentally. This is because any defects will lead to the introduction of energy levels inside the
band gap, which will act as non-radiative recombination sites. However, perovskites layers with
relatively small grain sizes can still exhibit high PCE values. The reason for this defect tolerance
lies within its electronic structure. Imperfections, such as a missing I– ion, result in the appearance
of energy states inside the VB and/or CB [26]. Non-radiative recombination from such states will
then be largely suppressed, allowing for well performing solar cells in the presence of defects.

For the preparation of the perovskite layer, roughly two methods can be distinguished. Both of
them employ spin coating to create the layers, but differ in the amount of spin coating steps.
The two methods are conveniently referred to as the one-step and the two-step method. In the
one-step method, equal molar amounts of PbI2, MAI and DMSO are mixed in a DMF solution.
This solution is then spincoated on the substrate. During the spin coating process, antisolvent
(typically diethyl ether) is dripped on the substrate to induce crystallisation of the material. After
spin coating, a transparent film is obtained that corresponds to a MAI ·PbI2 ·DMSO adduct [27].
During the subsequent annealing process, this phase is transformed into the perovskite structure
by evaporation and a black film is obtained. Alternatively, in the two-step method, a layer of PbI2
is first coated onto the substrate, after which it is converted into MAPbI3 by a second coating step
using a MAI solution [28].

In Chapter 2, we have seen how ionized species can influence the band diagram of materials and
junctions. The ions in that case, we dopants that were incorporated into the lattice and said to be
static. In perovskites, things are slightly different. By means of DFT simulations, it was calculated
that iodine ions have only a small energetic barrier of 0.58 eV for hopping into an available site (a
vacancy) [30]. This allows these vacancies to move at ambient temperatures, but only slowly. In the
presence of an electric field, such as that generated by a built-in potential or one externally applied,
these vacancies will be transported in one particular direction [31]. Being ions, they affect the shape
of the band diagram and as a result, the band diagram of perovskite layers is dependent on the ion
vacancy distribution. A detailed discussion on this can be found in [32]. Here, we will directly jump
to the consequences: equilibration of perovskite solar cells at applied voltages Va higher than the
builtin voltage Vbi leads to improved performance compared to devices equilibrated at Va < Vbi.
Since the movement of ions is rather slow, J − V curves show different behaviour depending on
the history of the device. As can be seen in Fig. 3.3, this leads to a hysteresis between two scans
obtained after each other.
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Figure 3.3: J − V curve showing the different behaviour depending on the scan direction. Reproduced
from [24].

3.2 Selective transport layers

In perovskite solar cells, the absorber is sandwiched by two layers that are selective for one specific
charge carrier. These layers are also known as the electron and hole transport materials (ETM and
HTM). Depending on the orientation of the p-i-n junction with respect to the contacts, the final
configuration is said to be of the pin or nip type. Herein, nip corresponds to transparent conductive
oxide / ETM / perovskite / HTM / metal contact. For the pin configuration, the ETM and HTM are
interchanged. In the research performed, only the nip configuration was used and the materials
used in it will therefore be introduced.

In the nip configuration, light will have to pass through the ETM before it reaches the absorber
layer. It is therefore that the ETM material is chosen to have a large band gap. The most popular
choices for ETMs have been metal oxides, especially TiO2, SnO2 and ZnO. Although the use of
titania as the ETM is established, a result from the DSSC research field, its requires very high
temperatures during its fabrication process (> 400 ◦C). It is therefore that other metal oxides have
gained more attention.

ETM layers of SnO2 can be grown using a low processing temperature of 150 ◦C [33]. The resulting
layer, with a thickness of about 25 nm, also showed reduced hysteresis with respect to cells using
TiO2 as the ETM. For SnO2 ETMS, it has been suggested that the energy alignment with the
perovskite layer is better than that of TiO2 (see Fig. 3.4a) [34].

For the HTM material in nip configurations, also some different materials have been employed.
The one which results in the highest efficiencies however, is a molecular material known as Spiro-
OMeTAD [7]. The structure of Spiro-OMeTAD is shown in Fig. 3.4b. The conductivity of pristine
Spiro-OMeTAD is however only low and therefore, it is usually doped with Li-TFSI and optionally
other materials. Although the conductivity is greatly improved in this way, the stability of the layer
is negatively affected. As a result, the development of other HTMs for use in perovskite solar cells
is an active field of research [35, 36].
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(b)(a)

Figure 3.4: (a) Partial band diagram showing the improved band alignment for SnO2 as the ETM. Adapted
from [34]. (b) Molecular structure of Spiro-OMeTAD.
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3.3 Interface modification

In perovskite solar cells, interfaces are of huge importance. First of all, the energetic structure
of the interfaces can heavily influence the band diagram of a junction. As was shown, many of
the transport properties are determined by the electronic properties of the junction. Secondly,
interfaces are known to be an area with high recombination rates. Atoms at surfaces and interfaces
are often found in decreased coordination numbers, leading to the presence of recombination sites.
The third way in which interfaces influence the solar cells has to do with the fabrication process.
Since one layer is deposited after the other, the last layer can influence the growth process of the
next layer, for example via its wettability. It is therefore that interface modifications are attraction
interest from within the research field.

An example of such an interface modification is the functionalization of the ETM surface with
fullerene derivatives [11, 37]. The hydrophobic fullerene-like molecules decrease the wettability
of the surface, which is believed to beneficial for the crystallisation of the perovskite layer. In
another example, the interface of the ZnO ETM was modified using molecules with a large dipole
moment [12]. Via their dipole moment, the molecules able to improve the band alignment between
perovskite and ZnO and in that way, charge extraction was improved.

In other works, the surface of the transparent conductive oxide was modified with the goal of
replacing the selective layer [13, 14]. As a result, selective layers were created that consisted of a
single monolayer of molecules. By changing its structure, the energetics of the molecules can be
systematically varied and the band alignment can be optimized.

(b)(a)

Figure 3.5: (a) Schematic showing the modification of the SnO2 surface with fullerene derivatives. Adapted
from [11]. (b) Band diagram showing how the interface modification lead to improved band alignment.
Adapted from [12].
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4 Methods

4.1 Materials

• 2-Methoxyethanol (2-MeO-EtOH, anhydrous, 99.8 %), Sigma-Aldrich.

• [4,4’-bipyridine]-2,6-dicarboxylic acid (PA, DN-S10), Dyenamo.

• 4-tert-Butylpyridine (TBP, 98 %), Sigma-Aldrich.

• Acetone (EMPLURA®, ≥ 99.0 %), Sigma-Aldrich.

• Acetonitrile (ACN, anhydrous, 99.8 %), Sigma-Aldrich.

• Chlorobenzene (CB, Extra Dry, AcroSeal™, 99.8 %), Acros Organics.

• Deionized water (DI-H2O, ACS), Alfa Aesar.

• Diethyl ether (Et2O, anhydrous, ≥ 99.7 %), Sigma-Aldrich.

• Dimethyl sulfoxide (DMSO, Extra Dry, AcroSeal™, 99.7 %), Acros Organics.

• Ethanol (EtOH, AnalaR NORMAPUR® ACS, Ph. Eur. Reag., ≥ 99.8 %), VWR International.

• Fluorine-doped tin oxide coated glass (FTO glass, NSG TEC™15, sheet resistance 15 Ω/sq),
Pilkington.

• FK 209 Co(III) TFSI salt (DN-P04), Dyenamo.

• Hydrochloric acid (HCl, ACS reagent, 37 wt%), Sigma-Aldrich.

• Lithium bis(trifluoromethane)sulfonimidate (LiTFSI, trace metals basis, 99.95 %), Sigma-
Aldrich.

• Methanol (MeOH, CHROMASOLV®, for HPLC, ≥ 99.9 %), Sigma-Aldrich.

• Methylammonium Iodide (MAI, ≥ 99 %), GreatCellSolar.

• N, N-Dimethylformamide (DMF, anhydrous, 99.8 %), Sigma-Aldrich. Used for perovskite
precursor solutions only.

• N, N-Dimethylformamide (DMF, AnalaR NORMAPUR® ACS, Ph. Eur. Reag., ≥ 99.8 %),
VWR International.

• PbI2 (trace metals basis, 99.99 %), TCI Europe.

• RBS™50 concentrate, Sigma-Aldrich.

• Spiro-OMeTAD (2,2’,7,7’-Tettrakis[N,N-di(4-methoxyphenyl)amino]-9,9’spirobifluorene, sub-
limed grade, 99.8 %), Borun New Material Technology.

• Tetrabutylammonium hexafluorophosphate (NBu4PF6, for electrochemical analysis, 98.0 %),
Sigma-Aldrich.

• Tin(IV) oxide (SnO2, colloidal dispersion, 15 wt% in H2O), Alfa Aesar.

• Zinc dust (< 10µm, ≥ 98.0 %), Sigma-Aldrich.
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The NDI molecule was synthesized by colleagues from a related research group, according to
an experimental method reported in ref. [38]. In the following section, several spin coating steps
and UV/O3 treatments will be mentioned. These were performed using a WS-650-23 Spin Coater
(Laurell) and an E511 UV Ozone Cleaner (Ossila), respectively.

4.2 Cell fabrication

FTO glass cutting and etching

Using a glass cutting wheel and a glass cutting surface covered with millimeter paper, big FTO
glass plates (30 cm x 30 cm) were patterned into rectangles with dimensions 1.4 cm x 2.4 cm,
corresponding to the final device size. With special glass cutting pliers, the glass plate was broken
such that a rectangular set of four by two devices was obtained (9.8 cm x 2.8 cm, seeFig. 4.1b).
Using regular scotch tape, these rectangles were covered such that everything but a rectangle of
9.8 cm x 6 mm, centred at the long axis, was covered. Next, the uncovered area was covered with
Zn powder, followed by a few mL of 2 M HCl (aq). After 10 min, the suspension on the FTO glass
was diluted using H2O, before being washed with H2O and removal of the scotch tape.

Now, the FTO glasses were cleaned by sonication in a 1/90 (v/v) RBS 50/H2O solution. After
30 min of sonication, the glass was removed from the solution, rinsed with H2O and dried using
a pressurized air flow. The above was then repeated using acetone (30 min), ethanol (30 min) and
H2O (10 min).

(a)

30 cm

30 cm

(d)

2.4 cm

1.4 cm

(c)

2.4 cm

2.8 cm

(b)

9.8 cm

2.8 cm

Figure 4.1: Dimensions of FTO glass plates during different stages of the fabrication process.

SnO2 layer deposition

To prepare the substrates for the deposition of the SnO2 layer, the outermost 3 mm of their long
edges was covered with kapton tape. Using the glass cutting pliers, the glass plates were then
broken into 2.4 cm x 2.8 cm rectangles, corresponding to two devices connected by their long edge
(see Fig. 4.1c). Just before deposition of the SnO2 layer, the substrates were subjected to 30 min of
UV/O3 treatment, after which the kapton tape was removed.

A SnO2 precursor solution (∼ 3 wt%) was prepared using a commercial SnO2 colloidal solution
(15 wt%), which was diluted (1:4 v/v) using DI water that pressed through a 0.45µm filter (VRW
International). Directly after the dilution step, the solution was sonicated for less than 5 min, after
which is was to shake until usage. The SnO2 precursor solution was prepared 1 h before usage, at
earliest.

Deposition of the SnO2 layer as done via a static spin coating procedure, using 300µL of precursor
solution, 3000 rpm as the rotation speed, 3000 rpm/s acceleration and a total spinning time of31 s.
Directly after, the substrate was transferred to a hotplate, which was set to 150 ◦C. 30 min after
transferring the last sample to the hotplate, the heating element was turned off. The samples were
removed from the hotplate ca. 20 min after turning off the hot plate. Upon removal, the temperature
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of the substrates, was 60-70 ◦C as determined by the temperature of the hotplate. Until further use,
the cells were kept in the dark, inside a N2 atmosphere.

NDI & PA surface modification

For the modification of all combinations of surface and surfactant, a bath deposition procedure was
applied. For deposition of NDI, a 1 mM solution of NDI in DMF was used. Because of the limited
amount of NDI, this solution was used for multiple depositions. It is expected the concentration
does not change between deposition rounds, because only a monolayer is expected to be used.
The PA solution used for the bath deposition procedures was a 0.1 mM PA solution in MeOH. At
higher concentrations, PA was found not to dissolve completely.

Preparation of the substrate for the bath deposition is identical to the preparation procedure for the
SnO2 deposition, except for the removal of the kapton tape: during the bath deposition, the kapton
tape was left on the cells to prevent the molecules to protect part of the substrate surface from
the solution. After the UV/O3treatment, the substrates were immersed in the molecular solutions,
where they were left overnight. The next morning, they were taken out of the solution, rinsed and
dried by an airflow. Also the kapton tape was removed. For PA treatment, the rinsing solvent was
EtOH, whereas DMF was used for the NDI molecule.

Perovskite layer deposition

Preparation of the MAPbI3 precursor solution was done in an Ar-filled glovebox. Typically, 1014 mg
PbI2 (2.2 mmol) and 318 mg MAI 2.0 mmol were added into a vial, after which 1.1 mL DMF and
0.15 mL DMSO (∼ 2 mmol) were added. The vial was then taken out of the glovebox and wrapped
with parafilm. To ensure complete dissolution of all components, the vial was shortly mixed using
a vortex mixer and left in a shaker for at least 2 h. The perovskite solution was always prepared
and used on the same day. The final PbI2 concentration of the solution, based on the DMF volume,
was calculated to be 2 M and the PbI2 : MAI : DMSO ratio was 1.1 : 1.0 : 1.

Deposition of the perovskite layer was done using a static spin coating method, performed inside
a N2-filled glovebox. Prior to the deposition, the FTO and DFTO/SnO2 substrates underwent
25 min of UV/O3treatment, before being transferred into the glovebox. The spin coating was then
performed using 60µL of the precursor solution, which was spread to cover the substrate surface
before coating, which was done using a rotation speed of 4000 rpm, an acceleration of 4000 rpm/s
and a total spinning time of 21 s. With 13 s of spinning time left, 0.3 mL of Et2O antisolvent was
dripped onto the substrate. After spinning, the substrate was immediately transferred to a hotplate
set at 100 ◦C, inside the glovebox, where it was left for an annealing time of 10 min.

Spiro-OMeTAD layer deposition

Doped Spiro-OMeTAD has been used, without exception, as the hole transport material in the
research reported here. A precursor solution was prepared inside an Ar-filled glovebox, by sub-
sequent addition of Spiro-OMeTAD (50 mg), chlorobenzene (CB, 547µL), 4-tert-butylpyridine (TBP,
18.7µL), LiTFSI (11.3µL) and FK209 (4.9µL) into a vial. LiTFSI and FK209 were added in the form
of their acetonitrile solutions, where the concentrations are 1.88 M and 0.237 M, respectively In
the final solution, the Spiro-OMeTAD concentration was calculated to be 63.1 mM (based on CB
volume) and the molar ratio Spiro-OMeTAD : TBP : LiTFSI : FK209 is 1 : 0.17 : 0.52 : 0.028. Usually,
the Spiro-OMeTAD solution was prepared together with the perovskite precursor solution and
also kept sealed, but outside of the glovebox, between preparation and usage.

Deposition of the Spiro-OMeTAD layer was performed after deposition and annealing of the
perovskite layer. The samples did not leave the glovebox in between and it was made sure that
they had cooled down back to room temperature before addition of the Spiro-OMeTAD layer. To
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deposit the Spiro-OMeTAD layer, 40µL of the precursor solution was dynamically spin coated
onto the substrate, where the rotation speed was again 4000 rpm and the spinning time was at
least 21 s. After deposition of the Spiro-OMeTAD layer, the samples were taken out of the glovebox
and quickly transferred to an inert N2 atmosphere, where they were kept in the dark.

Au deposition

The final step in the fabrication method of the PSCs was the evaporation of the Au back contact.
Prior to the evaporation, the perovskite and Spiro-OMeTAD layers are removed from the area
that was previously covered by kapton tape, using a cotton bud and 2-methoxy-ethanol. Also,
the cells were broken once more to yield 2.4 cm x 1.4 cm devices (Fig. 4.1d) that fit the mask used
for patterning of the Au electrode (see Fig. 4.2). Evaporation was performed using a Leica EM
MED020 high vacuum coating system, operating at 7.7 × 10−3-8.0 × 10−3 mbar, pressures that were
typically reached after 1 h of pumping. During the evaporation, the film thickness was monitored
using a Leica EM QSG100 quartz crystal film thickness monitor. Evaporation rate was not constant
throughout the process, with rate increasing a high thickness (Table 4.1). In total, 80 nm of Au was
evaporated in the time frame of ca. 1 h, after which the system was left to cool down for 20-30 min
before venting. Again, devices were stored in inert atmosphere in the dark, prior to and in between
measurements that would follow.

Figure 4.2: Photo of a fully functional perovskite solar
cell, showing the pattern created by the gold evapor-
ation mask.

Thickness Evaporation rate
(nm) (nm/s)
0 − 5 < 0.01

5 − 10 0.01
10 − 20 0.02
20 − 80 0.05

Table 4.1: Evaporation rate de-
tails for the gold deposition
process.

4.3 Characterization

Solar cell performance

The performance of fabricated solar cells was tested by measurement of J-V curves under simulated
sunlight. A Wavelabs Sinus-70 LED Solar Simulator (class AAA) was used to reproduce the AM1.5G
solar spectrum. J-V curves were obtained via a home-made labVIEW routine and parameter
extraction was done via user-defined python scripts. Unless mentioned otherwise, J-V curves
were recorded using a light intensity of 100 mW/cm2 (= 1 sun), a scan rate of 50 mV/s and a step
size of 5 mV. Cells were repeatedly scanned in the reverse direction, from 1.2 V to −0.1 V, until a
stable (or maximal) PCE was obtained. Only then, a scan in the forward direction was recorded.
The active cell area was 0.125 cm2, which was obtained by covering the devices with a mask
containing a circular hole with a diameter of 4 mm.

X-ray photoelectron spectroscopy

X-ray spectroscopy measurements were performed on a PHI Quantera II (Physical Electrons)
system. For the recording of the survey spectra, a 200µm spot size was used, together with 50 W
gun power and an operating voltage of 15 kV. The pass filter energy was set to 224 eV and the
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acquisition time was set to 100 ms per data point. A step size of 0.1 eV was used. For measurement
of the core spectra, the spot size (100µm), gun power (25 W) and pass energy (55 eV) were lowered.
Fitting of the core spectral data was performed with gaussian profiles and a linear background.

Kelvin probe microscopy

Relative work function measurements were performed using a RHC020 Kelvin Probe System
(KPTechology). For each sample, the contact potential difference (CPD) was measured on 100
points in an area of 159µm x 254µm. The work function of the tip was referenced using an average
of 625 CPD measurements of an Au surface, the work function of which was assumed to be
5100 meV. All measurements were performed in relative humidities of less than 9 %.

X-ray diffraction

XRD patterns were obtained using a Siemens D5000 X-ray diffractometer and Cu Kα radiation
(λ = 1.54 Å), operating at 45 kV and 40 mA. The spectrum was measured from 2θ = 5.0° up to 60°
in steps of 0.05° and a settling time of 3 s. A reference spectrum is created as a 50/50 mix of a
measured SnO2 diffractogram and a diffractogram calculated by Mercury software [39], based on
crystallographic data from ref. [40].

Photoluminscence

Photoluminescence (PL) emission spectroscopy measurements were performed using a Fluorolog-
3 instrument (FL3-222, Horiba Scientific). The excitation wavelength was 460 nm, whereas the
emission spectrum was obtained in the range 700-820 nm, using steps of 1 nm and an acquisition
time of 1 s. Both excitation and emission beam slits were set to 5 nm. Samples for PL measurements
were fabricated on glass substrates and are illuminated from the glass side, during the experiment.

Scanning electron microscopy

Scanning electron microscopy (SEM) imaging was performed on a Zeiss LEO 1550 FE-SEM.
Samples were attached to a carbon support and grounded using silver tape.

Cyclic voltammetry

Cyclic voltammetry experiments were performed using an IviumState.XRe electrochemical inter-
face. A nonaqueous Ag/AgCl (1.0 M in EtOH) reference electrode was used in combination with
a carbon counter electrode. For thin film measurements, the FTO slides acted as the working
electrode, whereas a Au electrode was used otherwise. The supporting electrolyte solution was
0.1 M NBu4PF6 in DMF. Scans were recorded starting from 0 V and from there going to negative
voltages. Unless mentioned otherwise, the scan rate was 50 mV/s and the settle time was 100 ms.

Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy experiments were conducted on a VERTEX 70v FT-IR
spectrometer (Bruker). The setup was used in absorption mode and acquired data is averaged
over 32 individual scans.
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DFT calculations

The electronic structure of PA was calculated using DFT calculations as incorporated in the ADF
software (v. r79622) [41]. A GGA PBE0 functional and TZ2P basis set were used to describe the
electron-electron interactions and atomic orbitals. The choice for the functional was made based
on the benchmark study presented in [42]. Before calculation of the dipole moment, the structure
was optimized.

(a) (b)

Figure 4.3: HOMO (a) and LUMO (b) molecular orbitals as calculated by DFT. The pink arrow points in the
direction of the dipole moment.
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5 Results and Discussion

5.1 PA surface modification

XPS

The surface of SnO2 was modified with PA by immersing the substrates in a PA solution overnight.
To confirm the presence of PA, XPS measurements were performed, the results of which are shown
in Fig. 5.1. The XPS spectrum of SnO2, which in its pristine form does not contain any nitrogen
atoms, is expected to show a N1s peak upon introduction of PA. In the N1s core spectrum (Fig. 5.1a),
a small peak centered at 400.1 eV can indeed be observed. Additionally, carbon atoms in carbonyl
groups should result in a C1s peak at 288.0 eV [38]. The C1s spectrum exhibits three peaks, as
revealed by gaussian fitting of the data, which are centred around binding energies of 285.2 eV,
286.2 eV and 289.5 eV. Although the two peak at lower binding energies could correspond to C-
C/C-H and C-N carbon atoms, respectively, the origin of the peak at 289.5 eV is unknown [14]. Most
importantly, the carbonyl carbon peak cannot be observed, suggesting that the surface modification
with PA was unsuccessful.

In addition to N1s and C1s spectra, also the Sn3d and O1s core spectra can be used to investigate
any changes to the surface of SnO2 [9, 37]. Upon coverage of the SnO2 surface, a decrease in peak
intensity occurs, while any interaction between Sn and the surface species results in a shift in the
binding energy. Although these spectra are obtained for the modified SnO2 surface, a reference
sample was not measured and is therefore not included in the analysis, but the spectra can be
found in Fig. A.1.

KPM

In addition to the XPS measurements, KPM measurements were performed to determine the
work function of the different SnO2 layers. A change in the work function is to be expected upon
modification of the SnO2 surface with PA, as a result of the dipole moment of PA [43, 44]. The
origin of this change can be understood form the schematic shown in Fig. 5.2. The dipole moment
present in PA result in an electric field inside the molecule, between the SnO2 layer and the layer on
top of the SAM. This electric field changes the energy levels of the layers on both sides of PA with
respect to each other, where the sign of the change (positive/negative) depends on the orientation
of the molecule’s dipole moment (see Fig. 5.2). In the case of PA, the dipole moment µ is directed
away from the SnO2 surface, resulting in an electric field directed towards this surface, which in
turn lowers the the vacuum level outside the SnO2.

(a) (b)
N1s C1s

Figure 5.1: N1s (a) and C1s (b) XPS core spectra acquired on PA treated SnO2 substrates.
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Figure 5.2: Change in work function as a result of surface modification by molecules with a permanent
dipole moment. Situation is depicted for a dipole directed towards the surface (a), a dipole moment of zero
(b) and a dipole directed away from the surface (c). Adapted from [44].

KPM measurements of PA modified SnO2 showed a decrease of 0.17 eV in the work function:
Φ = 3.80 eV for the PA sample, compared to Φ = 3.97 eV for pristine SnO2. As a control measure-
ment, a sample was prepared in identical fashion to the PA sample using a blank MeOH solution.
The work function of this sample actually increased, compared to that of pristine SnO2. The KPM
results show that the surface of SnO2 was successfully modified with PA and that its effect on the
work function is as expected.

Using density functional theory simulations, the dipole moment of PA was determined to be
−1.58 D, where the minus sign denotes that the dipole is directed away from the SnO2 surface. In
comparison to other dipole-induced work function shifts [9, 12], the observed decrease of 0.17 eV
is quite big for the moderate dipole moment of PA. For example, a shift of 0.13 eV was observed
after introduction of a molecule with a dipole moment of −5.13 D [12].

Solar cell performance

Perovskite solar cells were fabricated by subsequent deposition of MAPbI3, Spiro-OMeTAD and
Au layers, on top of the (PA functionalized) SnO2. Results of the performance tests employed
on these cells are shown below, where J-V curves of the champion devices are shown in Fig. 5.3,
together with average values collected from multiple cells in Table 5.1. It seems as if the champion
devices give a representative view of the averages values, with the treated cells exhibiting slightly
worse performance parameters than the pristine SnO2 samples. There is no specific parameter that
shows to be affected greatly by the PA treatment, neither beneficial nor detrimental. In fact, the
differences are so small that it is questionable whether any significant change is induced by the
treatment procedure. Also the MeOH reference exhibits performance similar to that of SnO2, with
characterization parameters that are slightly worse. It should be noted that only 4 MeOH control
cells are included here, compared to more than 20 for SnO2 and PA cells.

Figure 5.3: J − V curves of champion devices for PA
treated, MeOH treated and control SnO2 cells.

Jsc Voc FF PCE
(mA cm−2) (V) (%) (%)

SnO2 + PA −21.8 0.99 62.6 13.5
SnO2 −22.0 0.99 62.3 13.6
SnO2 + MeOH −21.6 1.0 60.2 13.1

Table 5.1: Averaged solar cell performance para-
meters for the different types of cells.
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(a) (b)

(c) (d) (e)SnO2 (14 %)

(f) (g) (h)SnO2 + PA SnO2 (14 %) SnO2 (17 %)

SnO2 + PA SnO2 (17 %)

Figure 5.4: (a) XRD pattern of perovskite samples on PA treated and pristine SnO2, together with a reference
spectrum. Some peak have been denoted, where red diamonds correspond to MAPbI3 peak and black circles
to SnO2 peaks. (b) Zoom of the (110)/(200) peak of perovskite, showing to be similar for both treated and
control samples. (c-e) Planar SEM images of perovskite layers on PA treated and pristine SnO2, together
with a perovskite layer with a higher PCE. (f-h) Cross-sectional SEM images of the samples of (c-e). Scale
bar corresponds to 500 nm in all SEM images.

Further investigation

To further investigate any differences that the inclusion of PA might induce in the perovskite
material, more characterization was performed. To this end, X-ray diffraction (XRD) spectra and
scanning electron microscopy (SEM) images of FTO / SnO2 (/PA) / PSK samples were obtained. In
the XRD spectra, which are shown in Fig. 5.4, the characteristic peak for MAPbI3 and SnO2 can be
observed. The presence of any PbI2 can be ruled out, based on the absence of the reflection peak
corresponding to its (001) plane at 2θ = 12.5° [45]. The two measured spectra are very similar, not
only by eye, but also quantitatively as determined via gaussian fitting of the combined (110)/(200)
peak at 2θ = 14.1°: the full width half maxima (FWHMs) are nearly identical for samples with
(0.341°) and without PA (0.335°), indicating that no significant changes in grain size are induced
by the PA treatment. This is in agreement with planar SEM images of the perovskite films, shown
in Fig. 5.4c/d, from which no significant changes in grain size or morphology can be observed.

Also cross-sectional SEM images were recorded, which show the same similarity between the two
different samples. Interestingly, two different domains inside the perovskite layer can be observed,
where the lower one (in contact with SnO2) consist of grain that are significantly smaller than those
in the upper part. This unordered layer can be expected to introduce non-radiative recombination
sites, which might be the reason for the observed (average) efficiency of about 14 %. Shown in
Fig. 5.4h is a cross-sectional image of a MAPbI3 solar cell from a batch showing PCEs of 17 %
fabricated via the same method as the SnO2 reference cells of Fig. 5.4g. The perovskite layer in
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Fig. 5.4h consist of larger grains that are homogeneous throughout the thickness of the layer, which
was ca. 500-550 nm for both the low and high efficiency cells. Also from the planar images, the
larger grain size can be observed for the higher efficiency cells (see Fig. 5.4e).

PL

To gain more information on the optoelectronic properties of perovskite layers grown on top of
PA-SnO2, steady-state photoluminescence (PL) spectra of the MAPbI3 layers were measured. In
contrast to what was observed in previous measurements, there is a big change between the PA
sample and the control sample: the PL intensity is reduced by about 50 % upon introduction of the
PA interlayer. A tentative explanation for this reduction would be the improved transfer of excited
electrons from MAPbI3 to SnO2, since only radiative recombination inside the perovskite layer will
contribute to the PL intensity. In principle however, PL measurements conducted at open-circuit
conditions do not allow for probing of charge carrier extraction, because of the requirement for
the net current to be equal to zero [46]. Additionally, the decrease in PL intensity can also be a
result of an increased amount of non-radiative recombination sites, either inside the bulk of the
perovskite layer, or at (one of) its interfaces. This would however be in disagreement with the XRD
pattern similarity mentioned above. From this experiment alone, it is not possible to conclude via
which mechanism the PL is quenched. Measuring control samples of perovskite layers grown on
an insulating substrate, both with and without PA, might shed light on the effect of non-radiative
recombination on the PL intensity. In addition, steady-state PL measurements at different excitation
intensities and/or time-resolved PL measurements can be performed with the same intention [46].
Alternatively, the trap density could be quantified by space charge limited current measurements
using symmetric cells [47].

Figure 5.5: Photoluminescence spectra of MAPbI3 grown on top of PA treated and pristine SnO2.
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5.2 NDI as selective contact

To functionalize the surface of FTO with the NDI molecule, a similar method to the PA modification
was to used. FTO slides were immersed in a DMF solution of NDI overnight, after which they were
rinsed with DMF. Also here, the first thing to do, is to verify whether the surface modification was
successful. Therefore, FT-IR absorption spectra of (un)modified FTO substrates were recorded,
where specific attention was paid to the range between 1500 cm−1 and 2000 cm−1. In the presence
of NDI, a peak is expected to be observed here, as a result of the carbonyl functionalities in the
molecule. In Fig. 5.6a, the FT-IR absorption spectrum obtained from NDI treated FTO glass is
shown. After subtraction of the clean FTO reference absorption, no peaks can be observed, which
could mean that the NDI treatment of the FTO slides did not result in the functionalization of its
surface. Alternatively, it might be that the signal of the NDI monolayer is too weak to be observed.

Following the example of Johnson et al., the presence of a NDI monolayer was probed via cyclic
voltammetry (CV) [38]. In its CV spectrum, NDI shows two peaks at negative voltage, corres-
ponding to the sequential one electron reductions NDI0

−−−→ NDI•– and NDI•–
−−−→ NDI2 – , The

corresponding redox potentials are E1/2 = −0.96 V and E1/2 = −1.36 V (vs Fc+/0). In the CV scans
of our FTO treated NDI films, the characteristic NDI peaks cannot be observed, because of the
presence of another peak with a larger magnitude. This peak was demonstrated to originate from
(impurities in) the electrolyte solution, by measuring the CV scan of the blank electrolyte solution
(see Fig. 5.6b). The square root dependence of the peak height on the scan rate confirms the idea
of impurities inside the electrolyte (Fig. 5.6c, d) [48].

To be able to measure the presence of NDI via CV, these impurities should be removed from the
electrolyte. Purification of the electrolyte (NBu4PF6) can be done by crystallisation from ethanol,
for example. Optionally, the outcome of the experiment might be improved by conduction in an
inert atmosphere, such as N2. We however chose not to do this and turned to other characterization
techniques to determine whether NDI was successfully adsorbed onto the FTO surface.

(a) (b)

(c) (d)

Figure 5.6: (a) FT-IR absorption spectra of NDI treated FTO substrate, corrected for absorption by the FTO.
(b) CV scans of a NDI treated FTO substrate and the blank electrolyte solution. (c) CV scans of the blank
electrolyte solution at different scan rates ν. (d) Dependence of peak current on scan rate, exhibiting a
square-root dependence.
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XPS

For the investigation of the FTO surface by XPS, we particularly focused on the N1s and C1s
core spectra, since in the ideal case the only nitrogen and carbon containing species would be the
NDI molecule. In the N1s spectrum, two peaks can be observed that are centred around 400.7 eV
and 407.3 eV. The intensity of the peaks is rather weak, as can be expected for a monolayer. The
position of the lower binding energy peak corresponds well to reported values for napthalene
diimide derivatives [38, 49]. The origin of the peak at a binding energy 407.3 eV is unknown, but
its position suggest a highly oxidized nitrogen functionality, for example in the form of a nitro
group ( – NO2) [50].

Analysis of the C1s spectrum reveals the presence of three peak at binding energies of 285.1 eV,
288.4 eV and 293.1 eV. The lowest energy peak can be attributed to the presence of aliphatic carbon
atoms, whereas the peaks at higher binding energies could correspond to carbon atoms in a
carbonyl functionality (288.4 eV) and an aromatic system (293.1 eV) [49]. Based on the presence of
the two latter peaks, it seems as if NDI is present on the surface of FTO, a thought that is supported
by the N1s spectrum. The presence of NDI should however also result in a C-N peak in the C1s
spectrum, but this is not what is observed. Although the proof is not definite, we did think the
NDI deposition was successful, mostly because of the N1s peak. As for the XPS analysis devoted
to the PA molecule, more information might be obtained through the Sn3d and O1s core spectra,
given that a suitable control sample is also measured. Since we did not do so, these spectra are not
covered here, but are shown in Fig. B.2.

(a) (b)
N1s C1s

Figure 5.7: N1s (a) and C1s (b) XPS core spectra of NDI treated FTO substrates.

KPM

To further confirm the presence of NDI, the work function of the functionalized FTO substrates was
measured using KPM. In this way, the work function of NDI treated FTO substrates (4.33 ± 0.01 eV)
was found to be equal to that of UV-ozone treated FTO (4.33 ± 0.02 eV). Interestingly, the work func-
tion of a sample that was heated to 60 ◦C during the NDI deposition, was found to be 4.08 ± 0.01 eV,
corresponding to a decrease of 0.25 eV. From this, it seems as if the deposition of the NDI molecule
only occurs at slightly elevated temperature. Note that this disagrees with the results from XPS,
from which the deposition seemed to be successful already at room temperature. Combined ef-
fects from solvent and heat form an alternative explanation for the observed decrease in the work
function. To rule out or confirm this, control samples with the blank solvent should be measured.

As a matter of fact, it is unknown to us what expect from the influence of NDI on the work
function of FTO. Although self-assembled monolayers have shown to affect the work function of
metal oxides [14], the molecules employed in these examples possess a dipole moment in addition
to their redox activity. Whether any changes in the work function will be connected to the redox
activity, rather solely being a dipole induced effect, cannot be said. The absence of a dipole moment
in the NDI molecule, which follows from symmetry considerations, means that its effect on the
work function is yet to be revealed.
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Solar cell performance

From the surface and thin-film characterization techniques, we have not been able to determine
whether NDI was successfully attached to the FTO surface. If however, the NDI molecule turns
out to be an effective selective contact, cells with NDI should show different solar cell performance
behaviour compared to the ETL-free control devices. Thus, solar cell devices have been fabricated
by sequential deposition of MAPbI3, Spiro-OMeTAD and Au layers and their performance was
tested via the measurement of J-V curves under simulated sunlight. The results of this are shown
both graphically (Fig. 5.8a) via the J-V curves of the champion devices, as well as numerically
(Table 5.2) via the averaged performance parameters.

NDI cells show worsened power conversion efficiency compared to FTO cells, which seems to be a
result of a decreased short-circuit current Jsc. The open-circuit Voc and FF on the other hand, seem
not to be affected by the NDI treatment. From this, it seems as if the presence of the NDI monolayer
does not lead to any increase in electron selectivity, which is expected to lead to an increase of both
Voc and FF. The other, obvious alternative explanation for the observed results is the absence of
the NDI monolayer between the FTO electrode and the absorber layer.

(a) (b)

Figure 5.8: J − V curves of champion devices, of both NDI treated FTO substrates and pristine FTO. (a)
MAPbI3, treatment at room temperature. (b) (Cs, FA, MA)Pb(I, Br, Cl)3, treatment at 60 ◦C.

Jsc Voc FF PCE
(mA cm−2) (V) (%) (%)

FTO + NDI −16.5 0.91 42.3 6.4
FTO −18.0 0.90 42.6 7.0

Table 5.2: Averaged solar cell performance parameters for the different types of MAPbI3 cells.

In addition to the MAPbI3-based perovskite solar cells, devices using a triple cation, triple anion
(Cs, FA, MA)Pb(I, Br, Cl)3 perovskite were fabricated to investigate the selectivity behaviour of the
NDI monolayer. This mixed perovskite is known to enable the fabrication of PSCs with efficiencies
exceeding 20 % and more importantly, it shows high reproducibility. Devices with and without
the NDI layer were fabricated and the obtained J-V curves of these solar cells are shown in
Fig. 5.8b. Here, the difference between the two types of cells is more evident, with decreases in all
performance parameters.

From the characterization data shown above, it is concluded that the NDI functionalization negat-
ively affects the growth of the perovskite layer. Although from the J-V data it seems as if there is no
ETL, this does not give any insight into whether the deposition of NDI was successful. The absence
of an ETL can namely not only be explained by the absence of NDI, since it could also be that NDI
is not able to act as a good ETL. In case of the latter, it would be interesting to be able to explain this,
since monolayer selective contacts have shown to be able to work properly [13, 14] and the NDI
redox potential seems to be suitable for alignment with perovskite energy levels. Again, it might
be that the absence of a permanent dipole moment makes the NDI molecule inherently different
from the molecules already employed in monolayer selective contacts.
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Jsc Voc FF PCE
(mA cm−2) (V) (%) (%)

SnO2 + NDI −20.3 0.95 53.3 10.3
SnO2 −22.1 0.98 57.4 12.5

Table 5.3: Averaged solar cell performance parameters for the different types of MAPbI3 cells.

5.3 NDI surface modification

In addition to the use of NDI as a selective contact, its possibilities to function as a SnO2 passivation
layer was also investigated. The effect of the surface modification (procedure) on the SnO2 layer
was investigated by measuring its work function. It was found that the work function of SnO2
(3.97 ± 0.02 eV) was increased with 0.23 eV to 4.20 ± 0.07 eV after immersion of the substrates in a
NDI/DMF solution overnight. The work function also increased by 0.33 eV to 4.30 ± 0.08 eV when
the substrate was exposed to a blank DMF solution, for the same amount of time. These results,
in combination with the monolayer analysis results covered above for the SnO2/PA and FTO/NDI,
do not allow us to decide whether the monolayer deposition was successful. Solar cells were
fabricated nevertheless and the results of their characterization is shown below.

Solar cell performance

From the J-V characteristics obtained for MAPbI3-based PSCs, shown inFig. 5.9a, it can be seen
that the NDI treatment at room temperature has a negative effect on the solar cell performance.
The efficiencies of the NDI treated samples is about 2 % lower than that of the cell employing
the pristine SnO2 ETL, where the biggest change seems to come from the decreased short-circuit
current although both Voc and FF also decreased slightly. In case of the mixed perovskite, the NDI
treatment was performed at 60 ◦C. Now, the difference between the solar cell performance of NDI
and control cells was much bigger (Fig. 5.9). The passivation treatment has led to a major decrease
in solar cell efficiency, suggesting that the perovskite layer growth is severely affected by the NDI
treatment. It could also be that the NDI deposition method has a detrimental effect on the quality
of the SnO2 layer and that this is the reason for the drop in efficiency. Fabrication of control samples
where the SnO2 substrates undergo the same deposition method with a blank DMF solution might
shed light on the origin of the poor performance.

(a) (b)

Figure 5.9: Champion J − V curves of NDI treated SnO2 samples, together with control samples. (a) MAPbI3,
treatment at room temperature. (b) (Cs, FA, MA)Pb(I, Br, Cl)3, treatment at 60 ◦C.
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Functionalization of the surface of SnO2 selective contacts with PA was performed using a bath
deposition method. The presence of PA was assumed after observation of a decrease in the work
function of the layer after modification, as measured using KPM. XPS measurements were not
able to support the results from the KPM measurements. Perovskite solar cells were fabricated
using the FTO / SnO2 / MAPbI3 / Spiro-OMeTAD / Au structure, where both pristine and PA
treated SnO2 was used. PA treated cells exhibited lower efficiencies, but the differences were
found to be minimal. The observed similarity in device performance is unexpected, based on the
decreased work function and reported accompanied effects [9, 12]. Characterization by XRD and
SEM revealed the perovskite layer not to be significantly changed in the presence of PA. Steady
state PL intensity on the other, was found to be significantly reduced, which could be related to
improved charge extraction.

The surface of FTO was treated with an NDI solution and the presence of NDI was afterwards
checked by means of XPS and KPM. From the XPS measurements, the NDI molecule appears to
be present after bath deposition at room temperature, but a change in the work function was only
observed when the procedure was performed at 60 ◦C. Additionally, CV and FT-IR were used in
unsuccessful attempts to indicate the presence of NDI. The presence of NDI could therefore not
be verified. Devices using NDI treated FTO substrates exhibited lower PCE values, both using
MAPbI3 and (Cs, FA, MA)Pb(I, Br, Cl)3 as the absorber layer. From the J-V curves, it was concluded
that the NDI treatment procedure negatively affects perovskite layer growth and therefore, the
device performance. It cannot be determined whether the observed differences are actually due to
the presence of the NDI monolayer or a result of the modification procedure.

NDI modification of the SnO2 ETL was also performed, where again the presence of the molecular
monolayer could not be determined. The influence of the modification procedure on the solar cell
performance was found to be negative, but also here, the reason for this could not be elucidated.
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Interpretation of the results obtained in the research reported here was mostly limited by ambi-
guities concerning the presence or absence of molecular monolayers. The reason for this is rather
obvious: the amount of material inside this monolayer is so little that only little signal can be
obtained using essentially any characterization techniques. More information might be obtained
using the same techniques used here (XPS, KPM) using more accurate characterization parameters,
e.g. longer collection times, and inclusion of appropriate control samples prepared in parallel. In
addition, other surface sensitive characterization techniques could be used, such as contact angle
measurements.

Another suggestion for future research would be to use a perovskite material that shows a
higher reproducibility. The spread in measured efficiencies using MAPbI3 cells is rather larger,
making it hard to tell apart declines or improvements from statistical variations. The mixed
(Cs, FA, MA)Pb(I, Br, Cl)3 perovskite material could be a candidate for this. A possible downside
of the use of mixed perovskite materials is the increased complexity induced by the composition
of the perovskite material.

Once a set of characterization methods has been found that allows for reliable determination of
monolayer presence, the effects of the monolayers can be explored. One has a high degree of control
concerning the properties of the molecules, which allows one to systematically vary parameters. In
this way, the fundamental understanding of perovskite materials and solar cells can be improved
and possibly, solar cells with high stability and efficiency can be fabricated. Additionally, the
facile method of deposition (bath deposition) suggests that monolayer selective contacts and/or
interlayer are relatively easily applied to large scale fabrication processes.
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7. APPENDICES

Appendices

A. Additional XPS spectra PA

(a) (b)
O1s Sn3d

Figure A.1: O1s (a) and Sn3d (b) core XPS spectra measured on PA treated SnO2 substrates.

B. Additional XPS spectra NDI

(a) (b)
O1s Sn3d

Figure B.2: O1s (a) and Sn3d (b) core XPS spectra measured on NDI treated FTO substrates.
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