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A B S T R A C T

In this thesis perovskite solar cells are investigated with an active
layer of MAPbI3 and a HTL of NiO. The inorganic NiO was cho-
sen since it is more stable (in air) than organic HTLs, and leads to
a higher Voc. Furthermore both MAPbI3 and NiO are solution pro-
cessable, which allows for upscaling, and therefore a reduction in the
production costs. Two device structures were studied, where the ETL
was varied between PTEG-1 and PCBM. The solvent used to process
this layer was varied between chlorobenzene and chloroform. Over-
all the devices made with PTEG-1 achieved about 3% higher power
conversion efficiencies, with the champion cell reaching 17.7%. The
change of ETL from PCBM to PTEG-1 resulted in a Jsc of up to 23

mA/cm2, an increase of nearly 3 mA/cm2, while further slightly im-
proving the Voc from 1.05 V to 1.1 V. The increase of Jsc and Voc can
possibly be explained by the reduction of trap-assisted recombina-
tion at the perovskite-ETL interface. Both device structures show a
severe light soaking effect, and have inconsistent fill factors, reaching
anywhere from 35% to 70%. Changing the solvent for PTEG-1 from
chlorobenzene to chloroform reduced the light soaking effect signif-
icantly, possibly due to an improved morphology. The addition of
the ternary solvent NMP to the perovskite solution combined with
an anti-solvent treatment, was investigated in order to improve the
fill factor of the devices. The morphology improved considerably, al-
lowing for fill factors up to 73%: the highest in this thesis. Unfor-
tunately the Jsc and Voc were reduced due to thinner MAPbI3 films.
Next, three different precursors for the NiO were explored. The thick-
ness and morphology of the NiO layers were subsequently studied,
aiming at improving the NiO layer. Finally a qualitative experiment is
presented, which discusses the influence and necessity of scrubbing
of the ITO anodic contacts.
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Part I

B A C K G R O U N D I N F O R M AT I O N

The first part of the thesis includes the background in-
formation needed for understanding the results. In Chap-
ter 1 an introduction to the topic is given. Chapter 2 will
describe the theory of the physical processes inside the
perovskite solar cell, and subsequently the material prop-
erties are described in Chapter 3.





1
I N T R O D U C T I O N

Energy consumption worldwide has more than doubled in the last
50 years, and is continuing to rise.[1] The majority of this energy is
produced by burning fossil fuel sources such as oil, coal, and gas.
This has lead to anthropogenic CO2 emissions into the atmosphere,
which is the predominant factor in the global warming of the earth.[2]
The increase of the global temperature can lead to catastrophic effects
concerning the environment and earth’s climate. To fulfill the energy
needs and simultaneously reduce the CO2 emissions, there is the need
for alternative sources of renewable energy. Photovoltaic devices are
one of the options that show great promise in achieving this. The tech-
nology is based on the absorption of photons from the sun to excite
electrons to a higher energetic state in semiconducting materials. By
separating the electron and the resulting hole, an electrical current
can be extracted from the device. During this process no greenhouse
gases are emitted; thus, the energy production is fully renewable.

The oldest and commercially most successful photovoltaic devices
are silicon-based. Although efficiencies of up to 24% for whole Si so-
lar modules have been achieved [3], these panels are still thick and
difficult to produce. An alternative to the Si solar cells are the thin
film perovskite solar cells, which have reached efficiencies exceeding
21% till date.[4] Perovskite have shown to be better absorbers of solar
radiation than Si and many other materials, allowing for very thin
and flexible films.[5] Since less material is required the production
costs would be lower. Furthermore, perovskite solar absorbers are
solution processable, allowing for a large number of processing tech-
niques such as spincoating, doctor blading, and dipcoating. Many of
these techniques are relatively simple and can be upscaled, which can
reduce the manufacturing costs significantly.

The optoelectronic properties of perovskites make them excellent
for the use in photovoltaic devices. For example, 1) the band gap of
the material can be adjusted by changing its constituents [6], 2) the
optical absorption coefficient is higher than many other absorbing
materials, such as GaAs, CdTe, and crystalline and amorphous silicon.
[5], 3) it has high charge carrier mobilities and lifetimes [7], and hence
good charge transporting properties.

In this thesis perovskite solar cells are investigated with an active
layer of MAPbI3 and a hole transporting layer (HTL) of NiO. The
inorganic NiO was chosen since it is more stable (in air) than organic
HTLs, and leads to a higher open circuit voltage (Voc, which will be
discussed in Chapter 2).[8] Two device structures were studied, where

3



4 introduction

the ETL was varied between PTEG-1 and PCBM. The solvent used to
process this layer was varied between chlorobenzene and chloroform.
The addition of the ternary solvent NMP to the perovskite solution
combined with an anti-solvent treatment is also investigated in order
to improve the fill factor of the devices.



2
T H E O RY

2.1 hybrid inorganic-organic perovskites

Generally, perovskites are characterized by the chemical formula ABX3,
where A and B are cations, and X is an anion. In the case of hybrid
inorganic-organic, the A cation is an organic ion, for instance methy-
lammonium or formamidinium, and the B cation is a divalent metal-
lic ion, such as Pb2+ or Sn2+. Finally the X is a halide ion, e.g. Br-

or I-. The A and B cations have a 12-fold and 6-fold coordination re-
spectively, where the B cation is surrounded by an octahedron of 6

anions as can be seen in Figure 1. The highest symmetry possible
for the perovskite structure is of the cubic form, but can be distorted
to lower symmetry structures depending on the size of the ions.[9]
Furthermore, the temperature can influence the phase, as seen in the
commonly used methylammonium lead iodide (MAPbI3) perovskite.
This perovskite is tetragonal at room temperature, but becomes cu-
bic at temperatures above 330 K, and orthorhombic below 160 K.[10]
Hybrid inorganic-organic perovskites possess many beneficial prop-
erties for solar cells, such as high electron and hole mobilities up to 60

cm2V-1s-1, and long carrier lifetimes of 100 ns, resulting in diffusion
lengths up to 1 micrometer.[6] Furthermore the absorption coefficient
is higher than many other photovoltaic materials, and the bandgap
can be tuned anywhere from 1.5 to 2.3 eV.[6] All of these properties,
including their use in photovoltaic operation, will be discussed in the
following paragraphs. The material properties in the specific case of
MAPbI3 will be discussed in Section 3.3.

2.2 photovoltaic operation

When a photon is incident on the surface of a semiconductor it can be
absorbed provided that the energy of the photon is equal to or larger
than the bandgap of the semiconductor. The hybrid inorganic-organic
perovskites described above are semiconductors with a bandgap be-
tween 1.5 and 2.3 eV. The moment a sufficiently energetic photon
is absorbed, it excites an electron from the valence band to the con-
duction band. The electron and hole can be bound to each other by
Coulombic forces. The neutral quasiparticle that emerges is called an
exciton. In perovskites, however, this binding energy is low due to
the high dielectric constant of the material. Since the binding energy
is lower than the thermal energy (at room temperature), it allows
for the separation of charge carriers, and therefore free movement

5
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CH
3
NH

3
Pb I

Figure 1: Hybrid inorganic-organic perovskite structure of MAPbI3. [Image
made by Dr. Hong-Hua Fang (University of Groningen), used with
permission.]

of these charges.[11, 12] In order to create a functioning solar cell,
the photogenerated charges need to be extracted from the perovskite
layer. Therefore, the perovskite layer needs to be connected to two
electrodes, which allows the photogenerated electrons and holes to
be extracted via the cathode and anode respectively.

2.2.1 Ohmic contact

When bringing two (semi)conductors into contact with each other, as
is the case of perovskite and an electrode, the Fermi levels of both ma-
terials will align at thermal equilibrium, and the vacuum level will be
continuous. As a result the energy levels will bend to fit these require-
ments, as can be seen in Figure 2 for a junction of a metal and an
n-type semiconductor. If the work functions of the perovskite semi-
conductor and the metal electrodes lie far apart, large energy band
bending will occur, introducing a Schottky barrier. If the Schottky
barrier is sufficiently large, it will lead to the formation of a poten-
tial barrier for the charge carriers, preventing them from reaching the
electrodes under equilibrium conditions.[13]

As seen in the energy band diagram of Figure 2, the Schottky bar-
rier height φBn for a junction of an n-type semiconductor and a metal
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Figure 2: Energy band diagram of metal and an n-type semiconductor be-
fore (top) and after (bottom) contact. Here φm and φs are the work
functions of the metal and semiconductor respectively, χ is the
electron affinity of the semiconductor, and q the electrical charge.
The energy levels of the conduction band, valence band, and Fermi
level are given by EC, EV, and EF respectively.[13]

depends on the electron affinity of the semiconductor and the work
function of the metal

qφBn = qφm − qχ (1)

Whereas for a p-type semiconductor it includes the bandgap en-
ergy Eg

qφBp = Eg − (qφm − qχ) (2)

The term Schottky barrier might be confusing, since it implies an ob-
struction or blockade of some sort, however, a Schottky barrier does
not necessarily block the relevant charge carriers. What matters is
the built-in voltage (Vbi) that the charge carriers feel when trying to
move from the semiconductor into the metal. The built-in voltage for
an n-type semiconductor is given by

Vbi = (φBn − Vn) = (φm − χ) − (φs − χ) = (φm −φs) (3)
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where qVn is the energy difference between the Fermi level and the
conduction band of the n-type semiconductor. If the built-in voltage
is positive (Vbi > 0), the electrons moving from the n-type semicon-
ductor into the metal will feel a potential barrier, and will not be able
to reach the metal without help of an external bias. Likewise, if the
built-in voltage is negative (Vbi < 0), the electrons are not blocked,
and able to freely flow into the cathode. The same holds for a p-type
semiconductor, however, Vbi is defined differently as

Vbi = (φBp −Vp) = (Eg −(φm −χ))− (Eg −(φm −χ)) = (φs −φm) (4)

Therefore, in order to get ohmic contact, φs > φm for an n-type
semiconductor, and φs < φm for a p-type semiconductor.

To summarize: the criterion that determines whether an electrode
allows charge carriers to freely enter from a semiconductor, is the
built-in voltage Vbi. As can be seen from Equation 3 and Equation 4,
the built-in potential only depends on the work functions of the metal
and the semiconductor. To create an ohmic contact thus requires care-
ful selection of materials with matching energy levels. Disclaimer:
this holds for Schottky devices, and doesn’t take into account sur-
face states of a semiconductor that might lie in the forbidden band
gap. These states can cause effects called Fermi level pinning, which
will not be discussed in this thesis.

2.2.2 Charge separation

As mentioned previously, a prerequisite for a functional solar is the
selective charge extraction. Electrons need to be extracted at the cath-
ode, and holes at the anode. To facilitate this, both charge separation
and ohmic contacts are required. For this purpose an n- and p-type
semiconductor layer are inserted at the cathode- and anode-interface,
respectively, with the perovskite in between. In n-type semiconduc-
tors the majority charge carrier is the electron, indicating that the
electron concentration is larger than the hole concentration. In a p-
type this is exactly the opposite. Immediately upon connection of
(one of) the semiconductors with the perovskite, the majority carriers
will diffuse into the perovskite, and opposite charge will diffuse into
the charge transport layer. This interface resembles a p-n junction,
shown in Figure 3.

Since the diffusing charge carriers from the two semiconductors
are of opposite charge, they will recombine resulting in a depletion
region, which is devoid of any free charge carriers. A net charge arises
from the remaining ionic charges in the depletion region, that subse-
quently creates a potential difference, and therefore, an internal elec-
tric field ε0 across the depletion region. This causes a drift of charge
carriers in the opposite direction of the diffusing carriers. The drift
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Figure 3: Charge diffusion and drift at interface of p- and n-type semicon-
ductor (top), energy band diagram of same setup (bottom) in equi-
librium.[14]

counteracts the diffusion of charge carriers and leads to an equilib-
rium between both. As a result, there will be no net current in the
steady-state situation.

To create a net current, the built-in voltage barrier must be over-
come. This can be achieved by applying a positive voltage to the p-
side with respect to the n-side, also known as a forward bias voltage.
The potential barrier is reduced to Vbi - Vexternal, which is equivalent
to an electric field εext working against the internal electric field, re-
ducing the depletion region in size (Figure 4). Reversing the applied
voltages to a reverse bias produces a larger potential barrier, since the
applied voltage is now negative. This results in a larger electric field,
and hence larger depletion region. The increased potential difference
will make it increasingly difficult for the majority carriers to cross the
depletion region. This means the charges in the device will only cre-
ate a net current when a forward voltage is applied, therefore acting
as a diode.
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Figure 4: Externally applied forward (left) and reverse (right) bias on a p-n
junction.[14]

2.3 solar cell characterization

The p-n junctions present in the solar cells cause the device to behave
as a diode, and its current-voltage characteristics can therefore be
described by the Shockley diode equation under illumination

I = I0 · (e
V

n·Vt − 1) − IL (5)

with I0 the reverse saturation current, also known as the dark sat-
uration current. This current is measured at reverse bias in the dark,
and is caused by thermal activity. Furthermore, V is the voltage across
the diode, n the ideality factor, IL the photogenerated current, and Vt

the thermal voltage given by

Vt =
kB · T
q

(6)

with kB the Boltzmann constant, q the elementary charge, and T the
temperature in kelvin. The thermal voltage is in the range of 25 mV
at room temperature. A plot of the Shockley equation for an ordinary
solar cell diode is given in Figure 5.

As can be seen, the entire curve shifts down by IL when the so-
lar cell is illuminated. This current originates from the creation of
electron-hole pairs in the photoactive perovskite layer after absorp-
tion of photons. The electrons need to diffuse to the interface with
the n-type semiconductor, where they will drift through the deple-
tion zone due to the electrical field. Similarly, the holes need to diffuse
to the interface with the p-type semiconductor, followed by drifting
through the depletion zone. In case the whole perovskite layer is de-
pleted, no diffusion is necessary and drift takes over. Once the charge
carriers reach their respective charge transport layer, the carriers be-
come majority carriers and will not recombine with their counterpart.
The carriers are now able to flow into the electrodes and create a net
current. Inside the perovskite, however, recombination of free elec-
trons and holes can still occur. The average length that the charge
carriers can diffuse before recombining is called the diffusion length;
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Figure 5: Current-voltage curve of a (non-ideal) solar cell diode in dark and
under illumination.[15]

the time during which the carrier can diffuse before recombining is
called the lifetime. Since the current flows against the applied bias,
the illuminated graph is shifted downwards, and as a consequence,
power can be extracted from the device. What can furthermore be
determined from the curve are the open-circuit voltage (Voc) and the
short-circuit current (Isc), which are respectively the maximum volt-
age and current that can be generated in the solar cell. However, no
power can be extracted at these values, since P = I · V = 0. For this
reason the expressions Imp and Vmp are defined, which are the current
and voltage values at which the maximum power can be extracted.
Subsequently, the power conversion efficiency (PCE) of the solar cell
can be determined when illuminated by a power density Pin by

PCE =
IMPP · VMPP

Pin
=
Isc · Voc · FF

Pin
(7)

where the fill factor (FF) is defined as the ratio of the maximum ob-
tainable power to the product of Isc and Voc, or in mathematical sense
FF = (Imp · Vmp)/(Isc · Voc). The fill factor is a measure of the shape
of the I-V curve. A high fill factor corresponds to a sharp curve, and
therefore a relatively large maximum power point and efficiency. The
fill factor is reduced by components in the device exhibiting para-
sitic behavior. The non-ideal device can generally be described as an
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ideal solar cell with two additional resistances, as is represented by
an equivalent circuit diagram shown in Figure 6.

Figure 6: Equivalent circuits of an ideal (top) and non-ideal solar cell (bot-
tom).[16]

One resistor is in series and accordingly called the series resistance
Rs, and the other is the shunt resistance Rsh, which is in parallel with
the diode. The series resistance mainly arises from the contact resis-
tance of the interfaces of the different materials, and the resistivity
of the materials themselves, e.g. in the metal contacts and the poorer
conducting charge transport layers. The shunt resistance is due to de-
fects in the device, opening up an alternate path for the current to
leak through. If the shunt resistance is low, charges can easily flow
through this alternative path, increasing the leakage current. The in-
fluence of these resistances on the fill factor is depicted graphically
in Figure 7. To increase the efficiency of the solar cell it is therefore
essential to achieve a high shunt resistance, while keeping the series
resistance at a minimum. The I-V curve including the resistors can
mathematically be described by Equation 8.

I = I0 · (e
V+IRs

n·Vt − 1) − IL + (
V + IRs

Rsh
) (8)

2.4 energy loss mechanisms

2.4.1 Recombination

As briefly mentioned in Section 2.2, when a solar cell absorbs a pho-
ton and the photogenerated holes and electrons are not extracted by
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Figure 7: Influence of Rs (left) and Rsh (right) on the shape of the J-V
curve.[17]

their respective transporting layers in time, the excited electron will
stabilize back to the valence band and recombine. The photon en-
ergy that was originally absorbed will be re-emitted by the electron
as a photon, and as a result, cannot be harvested. This is known as
radiative recombination. The lifetime of the meta-stable excited elec-
tron state depends on the material, but can be up to 100 ns in per-
ovskites.[7]

In the ideal case, a perovskite solar cell would be free of defects.
In practice, however, this is hardly achievable. The defects that are
present can cause the so-called Shockley-Read-Hall recombination
to occur. This happens when a defect creates an energy state in the
forbidden bandgap energy range of the perovskite. An excited elec-
tron or hole can subsequently be trapped by this energy state, which
means it will be unable to be extracted to the transporting layer. As
a result, the charge carrier will recombine. Since the charge carrier is
“trapped” in the energy state, this process is also called trap-assisted
recombination. During the relaxation of the electron to the trap state
and finally the valence band, it transfers this energy to the perovskite
in the form of phonons.

2.4.2 Bandgap losses

In case the perovskite absorbs a very energetic photon, whose energy
is larger than the bandgap of the semiconductor, an electron will be
excited to a higher state in the conduction band. The electron will
quickly relax to the bottom of the conduction band, and in doing so,
will release energy as heat in the form of phonons. This energy can
not be extracted and is therefore lost. Increasing the bandgap of the
perovskite allows for the utilization of this extra energy, however, it
also causes a reduction in total photons absorbed, since the minimum
photon energy has increased and a smaller portion of the photons
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emitted by the sun will have this increased energy. When consider-
ing the solar spectrum, there exists an optimal value for the bandgap
at which the efficiency of the solar cell is at its maximum theoretical
value. This limit is known as the Shockley Queisser limit, named af-
ter the two people who studied this limit back in 1961. The limit is
roughly 33% efficiency in the case of a single semiconductor with a
bandgap of 1.34 eV and is based on the Air Mass 1.5 Global (AM1.5G)
solar spectrum, seen in Figure 8.[18] If the sun is at less of an angle
than 90° with respect to the surface, it will travel through more at-
mosphere than just the thickness. AM1.5 means it travels through 1.5
times the thickness of the atmosphere, which corresponds to a solar
angle of roughly 48°, and is commonly used as a yearly average for
mid-latitude regions such as Europe.[19] The AM1.5D is the irradi-
ance from direct sunlight, while AM1.5G includes diffused reflected
light from the sky and ground integrated over the hemisphere.

Figure 8: The solar spectrum in the case of 0 air mass, 1.5 air mass direct
sunlight, and 1.5 air mass including reflected light integrated over
the hemisphere, compared to a black body radiator with a temper-
ature of 6000 K.

2.5 undesirable behavior

2.5.1 Hysteretic behavior

Hysteretic behavior in the current-voltage characteristics is currently
one of the biggest challenges to resolve concerning perovskite solar
cells. It is commonly seen that in reverse voltage scans the perovskite
solar cells perform better than in forward scans, making it difficult
to determine the actual PCE.[20–22] An example hereof is seen in
Figure 9.
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Figure 9: An example of a device with hysteretic behavior, where the mag-
nitude of the hysteresis is influenced by the scanning rate.[21]

Parameters such as the voltage scan rate, direction, and range can
influence the hysteresis.[21] Increasing the scanning rate, for example,
can possibly increase the FF of the reverse scan, while decreasing it
in the forward direction. Although the origin of the hysteresis is still
under debate, several mechanisms have been proposed to explain the
behavior:

Charge trap states due to defects
Trap states at the interfaces of the materials can contribute to the hys-
teresis. In this case the trap states fill under forward scan, while being
depleted under reverse bias. The trap states arise from defects close
to or at the interfaces between the layers. Wojciechowski et al. per-
formed experiments in which they modified a titanium oxide (TiO2)
ETL with a C60 self assembled monolayer, resulting in a passivation of
the trap states near the interface, and therefore reducing the hystere-
sis.[23] It has been suggested that the trapping and releasing of the
electrons at the trap states changes the band bending, and hence the
extraction of charges. Since the trapping process is dependent on the
bias applied, it would therefore explain the hysteresis seen.[21] Stud-
ies have shown, however, that the trapping happens in milliseconds,
which makes it unlikely to be the sole cause of the hysteresis accord-
ing to some, since the hysteresis behavior occurs at much larger time
scales.[24, 25]

Ferroelectric polarization
MAPbI3 and similar hybrid perovskites have shown ferroelectric prop-
erties and domains, which could cause a slow polarization of the layer
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when placed under bias.[22, 26] Polarization of the perovskite mate-
rial can subsequently result in a change of charge extraction at the
electrodes and hence hysteresis. Contradictions to this explanation
for the hysteresis have arisen in a study by Beilsten-Edmands et al., in
which they conclude that the hysteresis behavior can not be assigned
to the ferroelectric properties of the MAPbI3, but is most likely due
to ionic migration.[26]

Ionic migration
The idea of ionic migration, as was briefly mentioned in the previous
paragraph, was proposed by Snaith et al.[22] back in 2014. It discussed
that, under an applied bias, ions are able to move through the per-
ovskite film and accumulate at the electrodes. The accumulated ions
would in turn affect the band structure by locally changing the built-
in electrical field. This influences the charge separation and extraction
of the carriers. Since ion motion is much slower than the (de)trapping
of electrons in trap states, it corresponds well with the time scale of
the hysteresis. Especially the I- ions in MAPbI3 layers seem to be the
cause for the hysteresis, as is discussed and modeled by Richardson
et al. [20] The study also mentions that the trapping of electrons is not
ruled out, and that it could very well be a combination of both these
mechanisms that cause the hysteresis.

2.5.2 Light soaking phenomenon

When irradiating a perovskite solar cell continuously an interesting
phenomenon can occur: the device performance increases, after it will
reach a maximum, and after that possibly deteriorates. This unstable
behavior is known as the light-soaking effect, and besides hysteresis,
is one of the drawbacks perovskite solar cells still face. Several mech-
anisms have been suggested for the cause of the light soaking effect,
which include the (de)filling of charge trap states under illumination
[27] and the migration of ions to the electrodes [28]. Similarly to the
case of hysteresis, the filling of trap states is debated intensively, since
this mechanism does not seem to fit the long time scale of the light
soaking. On the other hand, studies on ionic migration have shown
more promising results. Cacovich et al. have used Scanning Trans-
mission Electron Microscopy together with Energy Dispersive X-ray
spectroscopy to determine the chemical changes of the MAPbI3 per-
ovskite that occur during light soaking.[29] Figure 10 shows their per-
ovskite layer before and after light soaking. In this image it becomes
apparent that the ratio of iodine to lead is reduced after light soak-
ing, indicating that the iodine ions have migrated during this process.
The iodine diffusion corresponds with the decrease of Jsc and rise of
recombination processes in time.
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Figure 10: Iodine diffusion in MAPbI3 layer (top)[29]; photoluminescence
mapping of a thin MAPbI3 film (bottom).[28]

Grain boundary influence
The photoluminescence of a thin MAPbI3 film was measured by De-
Quilettes et al., as seen in Figure 10.[28] The grain boundaries are rel-
atively dark, corresponding to a lower photoluminescence and there-
fore a higher trap state density at these locations. What was further-
more observed is the iodine migration away from the illuminated
area, similar to Cacovich’s study. Shao et al. have shown that the light
soaking effect can be reduced significantly by creating compact per-
ovskite films.[27] By making smaller and more compact perovskite
grains, the grain boundaries are fused together, removing open grain
boundaries. Since the open grain boundaries have a high density
of trap states, the trap-assisted recombination is effectively reduced,
which in their case also eliminated the light soaking phenomenon.

Difference in ETL
A different study by Shao et al. investigated the effect of a different
ETL on the light soaking phenomenon.[12] Using the fullerene deriva-
tive PTEG-1 instead of PCBM as the ETL, they managed to eliminate
most of the light soaking effect. The measurements indicate that the
trap-assisted recombination at the perovskite-ETL interface is much
larger in the case of PCBM than for PTEG-1, possibly explaining the
reduction of the light soaking effect. Furthermore it is suggested that
the side chains of the PTEG-1 could potentially passivate the trap
states.





3
M AT E R I A L P R O P E RT I E S

Various materials have been used for the fabrication of the perovskite
solar cells in this thesis. Studying the materials of the various lay-
ers separately can give an insight in the working mechanisms of the
device. For this reason this chapter is dedicated to describing the
properties of each of the material used in this work.

O
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3

Figure 11: Structure of the fullerene derivatives PCBM and PTEG-1. [Image
made by B.G.H.M. Groeneveld, MSc (University of Groningen),
used with permission.]

3.1 ito substrates

The device substrate used for all solar cells consists out of a 3x3 cm
thin piece of glass pre-patterned with indium tin oxide (ITO) contacts.
Only cleaning of the substrates is required before device fabrication
can start, as can be read in Section 4.2. Glass is used because of its
properties of being relatively flat, and transparent to the visible and a
part of the infrared wavelengths. The configuration of the devices in
this thesis is made such that light will be incident on the glass side.
Transparency to light is therefore a prerequisite for the layers leading
up to the perovskite. This is also the reason for choosing ITO, since in
addition to being highly conductive, it is transparent. ITO is used in
many optoelectronic applications because of its high work function
of about -4.8 eV, making it a great material for an anode.[30]

19



20 material properties

3.2 nio

The NiO layer functions as a transport layer for holes generated by
the perovskite layer to the anode, hence this layer is called the hole
transport layer (HTL). The work function of the NiO layer is roughly
-5.4 eV [31]. This allows for charge transfer with the perovskite, and
ohmic contact with the ITO layer, since the energy levels of these
materials match each other. NiO has a large bandgap of over 3 eV
(Figure 12), allowing the wavelengths of interest to pass through this
layer to the perovskite without being absorbed. Besides being trans-
parent, the large bandgap acts as a charge-selective barrier, blocking
electrons from flowing to the anode. The benefits of using NiO in-
stead of an organic HTL, are the higher stability (in air) and the fact
that it leads to higher open-circuit voltages (Voc) in solar cells.[8]

Figure 12: Energy band diagram of used materials.[7]

3.3 mapbi3

Methylammonium lead iodide (MAPbI3) is currently one of the most
commonly used active materials in perovskite solar cells. The bandgap
of roughly 1.55 eV [7, 32] fits relatively well with the ideal Shock-
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ley Queisser value of 1.34 eV, allowing for a potentially high PCE.
The absorption coefficient of the perovskite is higher over a wide
range of wavelengths than other frequently used photovoltaic materi-
als such as GaAs, CdTe, crystalline and amorphous silicon, allowing
for thin perovskite films of roughly 300 nm thickness.[5] The electron
and hole diffusion lengths can range anywhere from 100 nm to > 1

micrometer, depending on the morphology and constituents of the
MAPbI3 layer.[33]

As was briefly mentioned in Section 2.2, the dielectric constant of
MAPbI3 has a value of (over) 6.5. As a result, the exciton-binding en-
ergies are estimated to be as low as 2 meV [34] to 10 meV.[11] These
binding energies are smaller than the thermal energy at room temper-
ature (25 meV), allowing for the separation of charge carriers, making
the perovskite solar cells non-excitonic.

One of the major issues with MAPbI3 is its stability under ambient
atmospheric conditions. Aristidou et al. have studied the effect of oxy-
gen on the degradation of MAPbI3, and reported that simultaneous
exposure to light and dry air resulted in the decomposition of the
perovskite.[35] They suggest that the degradation is due to the elec-
tron transfer from the illuminated MAPbI3 to the oxygen, creating a
so-called superoxide. Subsequently the superoxide deprotonates the
methylammonium, causing the decomposition of the perovskite into
multiple components, including PbI2. In contrary, Kim et al. showed
that their perovskite solar cells remained stable over longer periods
of time in dry air.[36] Since their solar cells were kept in the dark, it
supports the findings of Aristidou et al. that both light and oxygen
are needed for decomposition.

Water is another element present in ambient air which might cause
degradation of the perovskite. This becomes evident from MAPbI3

films which were kept in air with a relative humidity of 80% or higher.
These perovskite films completely degraded within three days.[37]
Studies done by Barnes et al. have demonstrated that the MAPbI3 per-
ovskite can be hydrated to a monohydrate structure, followed by fur-
ther hydration to a dihydrate.[38] The latter transformation includes
the dissociation of MAPbI3 into PbI2, and is suggested to be reversible.
The addition of heat and/or an electric field can furthermore irre-
versibly decompose the monohydrate perovskite structure into PbI2

and other constituents. [37] The fact that MAPbI3 is soluble, makes
it possible to solution process the layer with relative ease, as will be
discussed in Section 4.1.

3.4 pc60 bm

PCBM ([6,6]-phenyl-C61-butyric acid methyl ester), is a derivative of
the C60 Buckminsterfullerene molecule. It has a high electron mobility
of 1·10

-2 to 2·10
-1 cm2/V [39], and high electron affinity with a con-
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duction band level of about -3.8 eV (Figure 12).[40] This energy level
is close to the conduction band of the perovskite, making it an excel-
lent material for the electron transport layer (ETL) of the device. The
organic solvents chlorobenzene or chloroform were used to dissolve
PCBM in this thesis, allowing for spincoating of the layer, as described
in Section 4.1.3. The bandgap of the material is 1.8-2.3 eV.[7, 40]

3.5 pteg-1

An alternative material for the ETL is the slightly modified fullerene
derivative called PTEG-1, which is a fulleropyrrolidine with a tri-
ethylene glycol monoethyl ether side chain. PTEG-1’s and PCBM’s
structure are quite similar as illustrated in Figure 11; therefore, they
have the same energy band levels. The solvents are identical as for
PCBM. Shao et al. investigated the effect of PTEG-1 on the device
performance when used as an ETL in a perovskite solar cell. They
concluded that the PCE of the devices improved significantly, and
the light soaking effect was reduced compared to PCBM.[12] The im-
provements seen in that study are the main reasons for trying out this
material in this thesis.

3.6 aluminum

Aluminum is used as the cathode, and has a work function of -4.3
eV [7], which matches well with the PCBM and PTEG-1 energy levels,
allowing for ohmic contact. The layer does not need to be transparent,
since it is used as the back electrode: light enters at the opposite side.
The aluminum is deposited by means of thermal evaporation, which
will be described in Section 4.4.



Part II

E X P E R I M E N TA L M E T H O D S

Part two of the thesis focuses on the methods used in the
experiments. The information concerning the device fab-
rication can be found in Chapter 4, while the measure-
ment techniques are discussed in Chapter 5. A study is
also done on the effect of different scrubbing methods on
the surface morphology of ITO in Chapter 6. Afterwards,
in part three, the results of the experiments can be dis-
cussed.
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D E V I C E FA B R I C AT I O N

This chapter describes the preparations and procedures regarding the
device fabrication. A small change or error in one of the procedures
can lead to poorly performing devices. For example, a dust particle of
the size of 1 micrometer is already in the order of the device thickness.
Such a particle would lead to shunts or shorts, and it is therefore
that cleanliness is of great importance. For this reason the devices are
prepared inside a cleanroom of class ISO 7.

The device substrates are cleaned thoroughly followed by spincoat-
ing of multiple thin layers, and finalized by thermal evaporation of
the top contacts to create the structure of the device: ITO/NiO/MAPbI3

/PCBM or PTEG-1/Al. Background information for each material
used in the device fabrication can be found in Chapter 3. In order
to make electrical contact with the solar cells, it is necessary for both
the ITO and aluminum contacts to be exposed. It is therefore required
to remove a small area of spincoated material covering the ITO before
doing measurements.

4.1 solution preparation

Depending on the materials and solvent, it can take anywhere be-
tween a couple of minutes to several hours to dissolve all the mate-
rials and create a proper solution. It is therefore that solutions are
prepared one or more days in advance. Vials ranging from 4 ml to
20 ml are commonly used, and are made dust free by blowing in a
stream of pressurized nitrogen. A magnetic stirrer is added to the vial
to allow for automatic stirring on a magnetic (hot)plate. A scale with
a resolution of 0.1 mg is used to weigh the materials. Micropipettes
and syringes are used for solvent volumes up to 2 ml and larger than
2 ml, respectively. Prior to stirring the solution on the hotplate, the
vial caps are sealed off with a plastic paraffin film (Parafilm) to pre-
vent evaporation loss of the solvents.

4.1.1 Nickel oxide precursor solution

The nickel oxide precursor solution is made outside of the cleanroom
in a fume hood. This is because the formation of the NiO layer re-
quires elevated temperature in air, hence it is not possible to make
the solution in the glovebox. The nickel(II) formate dihydrate (Alfa
Aesar), is dissolved in ethylene glycol, creating a 0.5 molar solution.
Next, 0.05 ml of ethylenediamine is added per ml of ethylene gly-
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col. Both ethylene glycol and ethylenediamine were purchased from
Sigma Aldrich. To make certain that the nickel salt is properly dis-
solved and has formed complexes with the ethylenediamine, the so-
lution is stirred on a magnetic hotplate overnight at 50°C before use.
The NiO is based on the recipe of Garcia et al. [41]

4.1.2 MAPbI3 solution

The perovskite solution is prepared in a controlled atmosphere using
anhydrous solvents, since oxygen and water deteriorate MAPbI3 sig-
nificantly.[37] For this reason a glovebox filled with nitrogen is used.
In the glovebox water and oxygen molecules are kept below 0.1 parts
per million (ppm) through the use of active circulation and filters.
A 1:1 molar solution is made by mixing methylammonium iodide
(MAI) with lead iodide (PbI2) in solvents of γ-butyrolactone (GBL)
and dimethylsulfoxide (DMSO) in a volume ratio of 7:3, based on
the recipe by Jeon et al.[42]. Once mixed, the solution is stirred by
means of the magnetic hotplate. The purities of MAI and PbI2 are
98%, and 99.99% respectively, and were bought from TCI. The anhy-
drous solvents GBL and DMSO were purchased from Sigma Aldrich
and Alfa Aesar respectively. In the experiment described in Chap-
ter 10 a ternary anhydrous solvent is added to the MAPbI3 solution,
namely N-methyl-2-pyrrolidone (NMP), which is bought from Sigma
Aldrich.

4.1.3 PCBM and PTEG-1 solutions

Both PCBM and PTEG-1 solutions are deposited, and therefore also
made, in the same glovebox as the perovskite. The glovebox protects
the PCBM and PTEG-1 solutions from possible degradation due to
environmental influences. The concentration of the PCBM solution is
20 mg/ml, while a concentration of 11 mg/ml is used for the PTEG-1
solution. The anhydrous solvents used for these solutions are either
chlorobenzene or chloroform, purchased from Sigma Aldrich. PCBM
was purchased from Solenne BV, while the fullerene derivative PTEG-
1 was synthesized by the group of Hummelen from the University of
Groningen. Similarly to the previous solutions, PCBM and PTEG-1
solutions are stirred on a magnetic hotplate before use.

4.2 substrate preparation

Prior to bringing the substrates into the cleanroom, they are dusted
off by a pressurized nitrogen stream. The surface of the ITO layer con-
tains a lot of peaks, and in case the peaks stick through the (multiple)
fabricated layers, it will cause the device to short circuit, rendering the
device useless. Smoothening out these peaks is achieved by scrubbing
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the ITO contacts with scrubbing gloves for 5 minutes with lukewarm
soapy water. This scrubbing will also help in removing any grease or
dirt that might have been on the substrate. In Chapter 6 the effect of
scrubbing of the ITO surface is studied by AFM measurements, and
its potential in reducing the number of shorts. After scrubbing, the
substrates are placed into a beaker filled with type 1 deionized wa-
ter, and the beaker subsequently placed into an ultrasonic bath for 5

minutes (power 5). When the 5 minutes are over, the sonication is re-
peated in a beaker with fresh, clean type 1 water. Next the substrates
are moved to a different beaker and submerged in acetone, in order to
dissolve and remove organic materials, and sonicated for 10 minutes
(power 5). The final sonication step is in a beaker of isopropanol for 10

minutes (power 5) , which due to its different polarity will dissolve
other contaminants on the surface. To dry the substrates a pressur-
ized stream of nitrogen is used to physically blow off a large part
of the solvents, followed by 10 minutes in an oven at 120°C. Finally,
the substrates undergo an O2-plasma treatment for 2 minutes. This
helps in removing any remaining organics and increases the wetting
of the ITO and glass surface. In order to benefit from the increase in
wetting, the O2-plasma treatment is done just before spincoating of
the first (NiO) layer. This, among other spincoating procedures, will
be discussed in the following paragraph.

4.3 spincoating and annealing procedures

One of the advantages of perovskite solar cells is that the active layer
is soluble. This allows for solution processing, of which numerous
techniques exist. The technique used in this thesis to create uniformly
thin films is called spincoating. As the name suggests, spincoating in-
volves spinning the substrate at high speeds. After dripping solution
on the substrate, the spincoater accelerates to a previously set rounds
per minute (rpm), resulting in a centrifugal force spreading the solu-
tion evenly over the substrate. The spinning velocity, acceleration and
the time can be changed, allowing for control and optimization of the
thin film.

The solution is filtered before deposition on the substrate to re-
move any unwanted aggregates, precipitants and impurities. The fil-
ter is connected to the output of the solution-filled syringe. The size
of the filter mesh used for each spincoating procedure is given in Ta-
ble 1. When depositing the solution on the substrate, the wetting is
of importance to the initial spreading of the solution. Depositing the
solution and activating the spincoater should be done in rapid suc-
cession, especially in case the boiling point of the solvent is low (e.g.
chloroform). If the process takes too long, the solvent starts to evap-
orate before spincoating is initiated, which results in a non-uniform
layer. Ordinarily the spincoater is accelerated to the desired speed in
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Material v (rpm) a (rpm/s) t (s) lid filter (µm)

NiO 4000 1000 80 open 0.45

MAPbI3 1000 1000 40 closed 0.2

PCBM 1000 1000 60 closed 0.2

PTEG-1 1000 1000 60 closed 0.2

Table 1: Spincoating parameters of the materials used, including the filter
mesh size. The symbols v, a, and t stand for velocity, acceleration
and time respectively.

a couple of seconds, at which it will remain for the set amount of time.
The spinning velocity, the acceleration and the viscosity of the fluid
determines the final film thickness of the film. Increasing the spin-
ning velocity, or decreasing the viscosity of the solution, will result in
a thinner film. Since the viscosity depends on the solvent and the con-
centration, these parameters are taken into account when optimizing
a spincoating procedure. Finally there is the option to have a lid close
off the spinning substrate. Closing the lid leads to a local environ-
ment saturated with solvent vapor. This means that the solvents have
difficulty evaporating, and the film will remain wet longer. All the
solutions in this thesis are spincoated in a nitrogen-filled glovebox,
except for the nickel oxide precursor.

4.3.1 NiO procedure

The spincoating parameters for NiO are given in Table 1. The entire
surface is covered with the solution before activating the spincoater.
After spincoating the nickel oxide precursor solution, the samples are
moved in a Petri dish to a furnace, where the layer is annealed at
300°C for 1 hour in air to form NiO. See Table 2 for the full oven
program. The ethylenediamine that was added to the solution forms
complexes with the nickel ions, allowing the formation of NiO at
relatively low temperatures. The temperature of 300°C was chosen
due to the good performance of the NiO layer, according to a study
by Garcia et al. [41]

The resulting NiO layer is very hard, which is an unwanted side
effect as it makes it difficult to remove the NiO covering the ITO
contacts. To solve this problem, the samples are dried in an oven for
1 minute at 120°C immediately after spincoating. This results in a
slightly solidified film, but still soft enough to allow for removing of
the nickel with a scalpel. Ordinarily the NiO samples are left in the
furnace overnight, and are taken to the cleanroom the next morning.
The NiO samples are subsequently dusted off by a pressurized ni-
trogen stream before being moved into a steel canister. The canister
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Starting

Temp. (°C)

Ending

Temp. (°C)

Time

(minutes)

N/A 80 30

80 N/A 30

80 300 30

300 N/A 60

300 20 300

Table 2: Full NiO annealing program.

is sealed by an O-ring and is subsequently moved into the glovebox,
where the remaining layers of the device are spincoated.

4.3.2 MAPbI3 procedure

Five drops of the solution are applied on the middle of the device,
before spincoating is initiated. As mentioned briefly in Section 4.1.2,
a similar recipe to Jeon et al.’s study was used. A difference in the
MAPbI3 procedure is the fact that they make use of an anti-solvent
treatment, which is not the case in most of this thesis. In Chapter 10

an experiment with anti-solvent treatment is used, but with specifi-
cations from a different study.[43] In this experiment the anti-solvent
chlorobenzene is applied during spincoating of the perovskite layer.
Chlorobenzene doesn’t dissolve the perovskite, but does wash away
the solvents used for the perovskite. This causes the crystallization of
the perovskite during the spincoating, and results in a smooth film.

In order for the perovskite structure to form, the spincoated film
has to be annealed. In the case of MAPbI3, the samples are placed on
a hotplate kept at 100°C for 3.5 minutes. Higher temperatures could
result in quicker evaporation, but on the other hand will also damage
the MAPbI3 layer, since thermal degradation will be accelerated.[44]
The spincoating parameters of the MAPbI3 layer can be found in Ta-
ble 1.

4.3.3 PCBM and PTEG-1 procedure

In this thesis PCBM and PTEG-1 are either dissolved in chloroben-
zene or chloroform. Chloroform has a low boiling point of 61°C,
which means that most of the chloroform evaporates during spincoat-
ing with an open lid. For chlorobenzene the boiling point is higher,
around 131°C, which might result in slightly wet film after spincoat-
ing. The spincoating parameters are given in Table 1. To ensure that
all the remaining solvents have evaporated, the samples are kept in
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vacuum for 1.5 hours inside the evaporation setup, where the last
layer of the device is deposited.

4.4 thermal evaporation of aluminum top contacts

After all spincoating is finished, the samples are moved in the steel
canister to another glovebox where the final layer is deposited by
means of thermal evaporation. All devices in this thesis have final
layers made out of aluminum, functioning as the top contacts. By
moving the samples inside the nitrogen filled canister, they do not
get into contact with any air, and should not degrade.

The evaporation setup includes an electrically conductive boat and
a construction in which the samples are suspended upside down
above the boat. The aluminum is placed into this boat, and a current
is provided to create Joule heating. The heat causes the aluminum to
melt and subsequently evaporate. To assist the evaporation, a metal
bell jar is placed over the setup and a high vacuum (10

-7 to 10
-8 mbar)

is created inside. Now the evaporated aluminum particles do not col-
lide with any gas molecules, since it is in high vacuum, and can move
directly to the sample surface, where they will condense to form the
aluminum layer. Masks are placed in front of every substrate, cover-
ing the surface except for areas perpendicular to the ITO areas, to
fabricate devices with well-defined active areas. This configuration
ensures the accessibility of the ITO, while covering every device area
with aluminum electrodes.

Besides the previously mentioned parts, the evaporation setup also
contains a detector for particle flow and a shutter. By tuning the cur-
rent through the boat, the rate of evaporation can be controlled pre-
cisely to sub Å/s ranges. The evaporation rate is manually set to 0.1
Å/s before opening the shutter. This rate is kept constant until a thick-
ness of 2 nm has been reached, followed by an increase to 0.2 Å/s to a
thickness of 5 nm. The rates are subsequently increased to 0.5 Å/s to
10 nm, Å/s to 20nm and 1 to 2 Å/s to the final thickness of 100nm, at
which the shutter automatically closes. The slow starting evaporation
rate serves as a method to carefully establish an interface by slowly
evaporating small amounts of Al. After the aluminum top contacts
have been deposited on the samples, the devices are complete, and
can be measured immediately.
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M E A S U R E M E N T T E C H N I Q U E S

The solar cell’s performance can be understood by measuring its
current-voltage response and doing external quantum efficiency (EQE)
measurements. In this thesis the current-voltage response was mea-
sured by far the most, with nearly 2400 out of the 2700 total mea-
surements. From this chapter onward, these measurements will be
denoted as J-V measurements. Using the current density (J) namely
makes it easier to compare different sized active areas. Next, thick-
ness determination by the Dektak, ellipsometer, and XRR-setup are
described. Finally, optical and atomic force microscopy methods are
explained, which allow for surface studies of the individual layers.

5.1 j-v measurements

After finishing the device fabrication, the devices are transferred to
the solar simulator glovebox via the steel container. As the name
might suggest, the solar simulator glovebox is the glovebox where
the sun’s light is simulated. The lamp is turned on at least 15 min-
utes before measuring, in order to warm it up to reach the correct
spectrum.

The source used is a Osram HMI 1200W/DXS lamp with an inten-
sity of 1 sun, i.e. 100 mW/cm2. The spectrum of the lamp spectrum
approximates the solar spectrum corrected for the absorption and
scattering of the light in the atmosphere and the angle of the sun with
respect to the solar cell, namely that of Air Mass 1.5 Global (AM1.5G).
Although the lamps are fabricated with these specifications in mind,
they most likely will not match the AM1.5G perfectly.

To correct for this, the intensity of the lamp can be calibrated such
that it matches the sun, by use of a silicon reference cell. The sili-
con reference cell can subsequently determine the spectral mismatch
factor given by

M =

∫
ER(λ)SR(λ)δλ∫
ES(λ)SR(λ)δλ

·
∫
ES(λ)ST(λ)δλ∫
ER(λ)ST(λ)δλ

(9)

where ER and ES are the AM1.5G reference- and solar simulator spec-
tra respectively. SR is the spectral response of the silicon reference cell,
and ST is the spectral response of the tested solar cell. The responses
of both the cells are determined by external quantum efficiency (EQE)
experiments, explained in the following chapter. Dividing the mea-
sured current of the reference cell by the mismatch factor results in
a corrected current. The height difference between the lamp and the
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device has to be adjusted in order to calibrate the setup, since the
lamp itself can not be altered. It is therefore that the silicon reference
cell is shifted in height until it matches the corrected current value.
At this height the intensity of the spectrum is calibrated to the solar
spectrum, and consequently the devices can be measured.

All electrodes need to be accessible in order to make electrical con-
tact with the device. Since the MAPbI3 and ETL are still covering the
ITO, a part of these layers is removed with a scalpel. Next, the de-
vices are placed in a sample holder with eight pins used for making
electrical contact, two per device area: one for the anode and cathode.
A Keithley 2400 Sourcemeter is connected to the electrical contacts,
which can measure the current response of the solar cell by applying
a DC voltage. The voltage is swept in steps of 0.04 V from 0 V to 1.4 V,
followed by going down to -0.4 V and back up again to 0 V, yielding
a forward and backwards scan and revealing any hysteresis present.
The data acquired from the measurements is analyzed by a software
program called LabView on a computer connected to the Keithley.
This software also allows adjusting of the voltage steps and ranges of
the measurement. All device areas are measured individually in both
dark and under illumination, and are kept at 295 ± 0.5 K by manually
controlling a flow of cooled nitrogen. The area on the device where
both the electrodes overlap is the area that is measured by the Keith-
ley. To ensure that the measured current is not from surrounding
regions, a mask with smaller openings is used during measurements
under illumination.

5.2 eqe measurements

J-V measurements give an understanding on how the device acts un-
der full light illumination while being biased. The external quantum
efficiency (EQE) is the ratio of the number of extracted electrons to
the number of incident photons on the solar cell. In order to deter-
mine the EQE, the spectral response ST needs to be known, which is
quantified by illuminating the device with monochromatic light with
known power over a range of wavelengths. The EQE is consequently
calculated by Equation 10, where h is Planck’s constant, c the speed
of light, q the elementary charge and λ the wavelength of the light.

EQE(λ) =
hc

qλ
· J(λ)
Pin(λ)

(10)

To measure the EQE, the devices from the glovebox are placed into
a holder similar to the JV-setup: eight pins for electrical contacts at
the back, and a mask at the front. The difference, however, is the
fact that the holder is sealed off by a glass window and is portable.
This is necessary since the EQE setup is located in air, outside of the
glovebox and cleanroom. The lamp used is a OSRAM 64655 HLX (250
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Watt) lamp, whose light shines through an arrangement of three fil-
ter wheels. The wheels themselves contain multiple filters that, when
combined, allow for 33 monochromatic wavelengths ranging from
380 to 1400 nm to be formed. The perovskite layer does not absorb
over this entire wavelength range, and therefore only the range 380

to 800 nm is used during measurements. The power of the monochro-
matic light is measured by a photodetector (Ophir PD300 series) at a
certain distance and height from the lamp. After all wavelengths have
been measured, the photodetector is replaced by the device holder
containing the solar cell, and the area that is to be measured is placed
at the same height and distance from the lamp. The device holder is
connected via a Keithley 2410 SourceMeter to a computer where Lab-
View software is active. The software corrects for the size of the area
that is measured and the Keithley measures the current produced by
the solar cell.

5.3 thickness measurements

Multiple measurement setups for determining the thickness of the
solar cell layers were used in this thesis. Two of which use photons,
i.e. an ellipsometer and a setup for X-Ray Reflectivity (XRR), and one
that mechanically profiles the surface: the Dektak.

5.3.1 Dektak

The Veeco Dektak 6m Profilometer is kept in the cleanroom, outside
of the glovebox. It creates a profile by scanning over the surface of the
sample with a tip, which gives an indication of the height distribution
of the sample. To measure the thickness of one or multiple layers,
a scratch has to be made that goes down to the glass substrate. A
step in the profile is now noticeable when scanning perpendicularly
across the scratch. By measuring the height difference of the step, the
thickness of the layers can be determined. The Dektak can profile
height differences from a few nanometers up to several micrometers.

5.3.2 XRR

For X-Ray Reflectivity measurements, a PANalytical X’Pert diffrac-
tometer providing monochromatic Cu K-α x-rays was used. The en-
ergy of these x-rays is 8.04 keV, which corresponds to a wavelength
of 1.5406 Å. A sufficient amount of x-rays need to be reflected from
the sample into the detector in order to determine the thickness. This
limits the maximum thickness of the films to roughly 100 nm and the
surface roughness to about 5 nm.[45] During a measurement the an-
gle theta of the x-rays with respect to the sample is varied slightly (0
to 8°) and the reflected rays are collected at the detector. The intensity
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of the reflected rays will oscillate depending on the angle. These os-
cillations are called Kiessig fringes, and from the period the thickness
of the layer can be determined by

∆Q =
4π

λ
sin(∆θ) =

2π

D
(11)

where ∆Q is the difference in wavevector, ∆θ the difference in angle
of the period, λ the wavelength of the x-rays, and D the thickness of
the layer.[46]

5.3.3 Ellipsometer

The thickness of a layer can be determined by shining linearly polar-
ized light onto the sample and measuring the change of the polariza-
tion. A part of the transmitted light is reflected on the interface of the
film and the underlying substrate and will rejoin the reflected light
on the surface and interfere. Comparing the polarization of the in-
coming beam with the reflected beam and matching it with a model,
multiple parameters, including the thickness, of the film can be ex-
tracted. Films with a thickness in the range of subnanometer to a few
micrometers can be measured, unless it is strongly absorbing the in-
coming light.[47] The ellipsometer that was used is the VB-400 V-Vase
Ellipsometer from J.A. Woollam Co., Inc. The scans were performed
over the wavelength range of 400 to 1700 nm.

5.4 optical microscope

The optical microscope uses visible light to image the surface of the
sample. The light that is reflected from the sample is magnified by
a system of optical elements, such as lenses. The optical microscope
used in this thesis is the Olympus BX51M with lenses of 5x, 10x, 20x,
50x, and 100x magnification. The diffraction limit of optical micro-
scopes with conventional lenses allows for a theoretical resolution up
to roughly 200 nm.

5.5 afm measurements

Atomic-force microscopy (AFM) is a measurement technique that can
image the topography of the surface down to subnanometer reso-
lution, which is far greater than the magnification possible by the
optical microscopy diffraction limit. A cantilever with a small tip is
moved close to the surface of the substrate. A laser shines at the back-
side of the cantilever, and is reflected into a photodetector. Once the
tip is within close proximity of the surface, attractive and repulsive
forces come into play. These forces will cause a displacement of the
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cantilever, and thus the reflection of the laser will be displaced as
well. A piezoelectric device allows for precise movement of the probe
over surface. The topographic image is consequently created by mea-
suring the displaced reflection of the laser and converting its signal.
The Bruker MultiMode Atomic Force Microscope MMAFM-2, using
ScanAsyst-air tips were specifically used in this thesis.
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I N F L U E N C E O F I T O S C R U B B I N G M E T H O D

Manually scrubbing the ITO surface is tedious work. In order to im-
prove this process, a study is done on the effect of different scrubbing
methods on the surface morphology of the ITO substrate. It is as-
sumed that the peaks of ITO on the glass substrate are large enough
to stick through spincoated layers of e.g. NiO, which can result in
unwanted alternative pathways for the charge carriers. By manually
scrubbing the ITO contacts for 5 minutes with lukewarm soapy water,
one can smoothen out these peaks considerably, reducing the amount
of shunting pathways.

Figure 13: An ITO substrate before (top) scrubbing, and after (bottom) scrub-
bing by hand.

37
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Using multiple scrubbing methods and subsequent examination of
the morphology by using an AFM, will hopefully give useful infor-
mation about the influence and necessity of the scrubbing. Eliminat-
ing the need for scrubbing could result in a reduction of preparation
time of up to one hour per experiment.

6.1 different scrubbing methods

An AFM image of the morphology of the ITO contact before and after
manual scrubbing are visible in Figure 13. Before the samples were
put into the AFM, they were cleaned similarly to Section 4.2, except
for the initial step, which included a 5 minute long ultra-sonication
in soapy type 1 water. It is evident from Figure 13, that the scrubbing
smoothens out the peaks. The height difference between the mini-
mum and the maximum of the ITO is 20.4 nm before scrubbing, and
14.7 nm afterwards. This reduction is due to the smoothening of the
highest peaks, reducing their height.

Other scrubbing methods were also studied, including steel wool,
the (rough) backside of a sponge, and diamond lapping paper with a
roughness of 0.5 and 1 micrometers. Figure 14 shows the effect of the
combination of 1 and 0.5 micrometer diamond lapping paper on the
morphology. In this case the morphology is altered completely. Quite
a lot of force was applied in one scrubbing direction, which likely
explains the trenches seen on the surface. An extra experiment was
conducted in which it was made sure to reduce the force, and vary
the scrubbing direction. This led to the morphology seen in Figure 15.
Steel wool managed to remove several peaks, but also created a few
scratches (Figure 15). No image is shown of the sponge scrubbing,
since this method did not lead to an observable difference compared
to the morphology before scrubbing.

Figure 14: An ITO substrate before (left) scrubbing, and after (right) scrub-
bing with diamond lapping paper of 1 and 0.5 micrometer subse-
quently.

Without making large batches of devices it is difficult to say whether
the new scrubbing methods lead to the same device performance as
for manual scrubbing, since it depends on the thickness of the spin-
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coated NiO layer. If the thickness of the NiO layer is measured from
the lowest point on the ITO surface, then NiO layers thinner than 20

nm would seem unlikely, since it would result in ITO peaks sticking
through this layer, resulting in poor performance of the device. Al-
though the results from the previous chapter are not conclusive, most
measurements point towards a NiO film (made from nickel formate)
thinner than 20 nm.

Figure 15: Scrubbed ITO substrates with diamond lapping paper of 0.5 mi-
crometer (left) and steel wool (right). Parts of the images were
masked in order to show the scratches that were made by the
scrubbing methods.

Furthermore AFM measurements were done on fluorine-doped tin
oxide (FTO), as seen in Figure 16. The height difference in this case is
more than 200 nm. These substrates are used by group members in
other solar cell devices.

Figure 16: An FTO substrate before (left) scrubbing, and after (right) scrub-
bing by hand.

Ultimately it seems that the manual hand scrubbing method re-
mains the best way to smoothen the ITO surface. It reduced the high-
est peaks on the measured substrate from roughly 20 to 15 nm. The
newly introduced scrubbing methods resulted in either no change
(sponge) or damage (diamond lapping paper & steel wool) to the
surface morphology. Finally the FTO peaks were reduced slightly by
scrubbing by hand, but remained in the order of 200 nm in height.





Part III

E X P E R I M E N T S , R E S U LT S A N D D I S C U S S I O N

The final chapters contain the experimental results includ-
ing discussion. The experimental work mainly focuses on
creating the device structure described in Chapter 4, where
the ETL layer and its solvent are varied. First of all, Chap-
ter 7 investigates the thickness and surface morphology of
NiO layers made with different nickel precursors. Subse-
quently, in Chapter 8, devices made with ETLs of PCBM
and PTEG-1 are compared in performance. Next up de-
vices containing ETLs made with chlorobenzene and chlo-
roform are compared in Chapter 9. Finally the addition
of a ternary solvent to the MAPbI3 solution and its influ-
ence on the PCE is studied in Chapter 10. This experiment
includes an anti-solvent treatment.
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N I C K E L O X I D E T H I N F I L M C H A R A C T E R I Z AT I O N

A possibility of improving the perovskite solar cells is by enhanc-
ing the NiO hole transport layer. By doping the NiO layer with e.g.
Cu, the hole conductivity of this layer can be improved, consequently
increasing the FF and therefore the PCE.[48] Before doping is consid-
ered, the NiO layer itself should be optimized, and therefore multiple
precursors should be explored. The NiO layers made with different
precursors should have the same thickness in order to properly com-
pare them in device performance. For this reason it was decided to
initially start with thickness measurements before moving on to the
device fabrication with these layers. Solutions with a concentration
of 1 M of the precursors nickel(II) acetate tetrahydrate and nickel(II)
nitrate hexahydrate were made, dissolved in 10 ml of ethylene glycol
and 0.6678 ml of ethylenediamine, resulting in a 1:1 molar ratio of
nickel salt to ethylenediamine. The nickel oxide precursor solutions
were subsequently spincoated on glass substrates at 4000, 5000, 6000,
and 7000 rpm for 80 seconds, with an acceleration of 1000 rpm/s in
order to create NiO layers of varying thicknesses.
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Figure 17: Nickel formate 0.5M solution prepared film at 4000 rpm on low
iron glass (opaque backside). Thickness determination by ellip-
sometry.
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Ni precursor + substrate
XRR

(nm)

Ellipsometry

(nm)

Nitrate 1M soda lime 41.4 76.4

Formate 1M soda lime 17.5 N/A

Formate 0.5M soda lime 7.5 N/A

Formate 0.5M silicon wafer N/A 8.8

Formate 0.5M Low iron glass N/A 19.4

Table 3: NiO thicknesses measured by XRR and ellipsometry of various sub-
strates and precursors of different molarities. The thicknesses could
not be measured by the ellipsometer on regular soda lime glass due
to noise. XRR measurements on silicon and low iron glass were can-
celed due to time restrictions. All substrates were spincoated at 4000

rpm, according to the recipe in Table 1.

7.1 thickness measurements

Initially the Dektak was chosen to do thickness measurements, how-
ever, the profiler was unable to measure the thickness of the NiO ac-
curately. The Dektak requires a step in the layer to be able to give an
indication of its thickness. The step is commonly made by scratching
the layer with a metallic tweezer or a scalpel. These tools are not able
to penetrate the NiO layer, since it is too hard. A diamond pen was
therefore utilized. The problem that arose with the diamond pen was
the fact that it was scratching into the glass substrate, making the
thickness measurements inconsistent. In order to create a step, two
other methods were attempted. One method scratched the NiO layer
before annealing, and the other method covered a piece of the sub-
strate with tape before spincoating. Both methods failed. The scratch
was partly filled back in during annealing, and the tape partly evapo-
rated during annealing. This resulted in noisy and inaccurate Dektak
measurements.

Two other measurement techniques were examined: x-ray reflec-
tivity and ellipsometry. In the case of ellipsometry, a good contrast
between the front and the back of the substrate in terms of opac-
ity is required. Since the glass substrate is transparent on both sides,
it was necessary to polish the backside of the substrate. This was
done using rough sandpaper. The roughening did not always pro-
vide enough contrast, resulting in noisy measurements. To reduce
the noise level, NiO was spincoated on Silicon wafers and on low
iron glass substrates. The latter of which was opaque on the back-
side of the substrate. An example of a measurement, including fits
for nickel formate is shown in Figure 17. The thicknesses resulting
from the fits are summarized in Table 3.
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As can be seen, not every measurement is present, due to time
and/or noise restrictions. According to the XRR data the 0.5 M nickel(II)
formate solution is roughly 8 nm thick. This is supported by the el-
lipsometer measurement on silicon, measuring about 9 nm. When
the same solution is measured on low iron glass, however, the fit cal-
culates a thickness that is more than double: 19 nm. Furthermore it
seems to roughly double the size of the layer when doubling the con-
centration: the thickness increases from 7.5 to 17.5 nm, according to
the XRR data.

Figure 18: Optical microscope 50x zoom images of NiO thin film made with
nickel nitrate precursor spincoated at 4000rpm.

7.2 microscopy measurements

Through the use of atomic force and optical microscopy, the surface
morphology can be determined. Large particles in the size range of
0.3 to 5 micrometers are visible from the optical microscope in the
case of NiO layers made with nickel nitrate, as seen in Figure 18.
These particles are a few hundred nanometers in height, according
to AFM measurements (Figure 19), while the surface morphology ex-
cluding these particles is in the order of 20-30 nm in height. NiO
layers made with the precursors of nickel formate and nickel acetate
do not show these large particles, and instead are smooth. The reason
for these particles might be due to the fact that the nickel salts have
not dissolved properly, or have precipitated before spincoating.

Since a filter mesh with a size of 0.45 micrometers was used, it is
most likely the latter.

To summarize: the NiO layer made with 0.5 M of nickel(II) formate
seems to have a thickness of roughly 8 nm according to the XRR and
ellipsometry data. Contrasting data is also seen from the ellipsometer
measurement on low iron glass, giving a thickness that is more than
double: 19 nm. Additional data from the XRR-setup shows that a
doubling in the concentration from 0.5 M to 1 M seems to roughly
double the thickness of the layer in the case of nickel(II) formate. No
other conclusive arguments can be given, since data and statistics are
lacking. It was therefore decided to focus on undoped NiO layers for
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Figure 19: AFM measurements of NiO films made with nickel nitrate pre-
cursor at 4000 rpm. In the left image a particle is masked in red,
which allows for the study of the rest of the surface.

use in the devices. The recipe for the NiO solution is described in
Section 4.3.1.
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C O M PA R I N G E T L S : P C B M V S . P T E G - 1

The solar cells that are discussed in this chapter were made according
to the device fabrication as was explained in Chapter 4. This leads to
the structure of ITO/NiO/MAPbI3/ETL/Al, where in this case the
devices were made with ETLs of PCBM and PTEG-1.

8.1 layer thickness

Thickness optimization of the MAPbI3, PCBM, and PTEG-1 layers
was done in previous work by Mehrdad Najafi. The spincoating pa-
rameters for these optimal conditions are discussed in Chapter 4, and
were used in the following experiments, unless stated otherwise. The
thickness of the layers was determined by the Dektak to be about
50 nm for PTEG-1 and PCBM, and about 265 nm for MAPbI3. In-
creasing the thickness of the PTEG-1 or PCBM results in an increased
series resistance, and therefore lower FF and Jsc, while a decrease of
the thickness can lead to less shunt resistance, decreasing the FF and
Voc, as can be seen in Figure 7. An optimal thickness also exists for
the perovskite layer. In this case the trade-off is between the absorp-
tion of photons and charge carrier diffusion length. A thicker layer
will absorb more photons, and therefore create more charge carriers.
However, if the layer is much thicker than the diffusion length of the
created charge carriers, the carriers will recombine before reaching
their respective transport layer.

8.2 device performance

In Figure 20, the J-V curves of devices made with PTEG-1 and PCBM
are compared. Two devices with an identical fill factor (in the reverse
scan) were chosen, allowing for a proper comparison between the Jsc

and Voc of the devices. This choice can be justified by the fact that
there seems to be no trend between the FF and the choice of ETL: in
both cases the FF varies from low values (0.35) to high values (0.7),
with no obvious champion, as can be seen in Figure 21.

From the J-V curve (Figure 20) it is evident that the device made
with PTEG-1 has a higher Jsc, and a slightly higher Voc than PCBM.
A strong hysteresis effect is also present in both devices. The values
of the device characteristics for both forward and reverse scans are
summarized in Table 4.

It has been speculated that trap states at the interface of MAPbI3

with the ETL/HTL are a cause of the hysteresis.[21] Passivating these
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Figure 20: J-V curve of PCBM and PTEG-1 with identical FF in reverse scan.

Device including

scan direction

Voc

(V)

Jsc

(mA/cm²)

FF

(%)

PCE

(%)

PCBM reverse 1.08 19.2 0.63 13.1

PCBM forward 1.08 21.5 0.52 12.1

PTEG-1 reverse 1.12 22.9 0.63 16.1

PTEG-1 forward 1.11 23.2 0.54 13.8

Table 4: Characteristics of PCBM and PTEG-1 device with an identical FF in
reverse.

trap states could therefore lead to a reduction of the hysteresis.[23]
Shao et al. have shown with photoluminescence and impedance spec-
troscopy, that the trap-assisted recombination at the perovskite/ETL
interface is reduced significantly when using PTEG-1 over PCBM.[12]
Since the hysteresis effect remains after use of PTEG-1 (in both chloro-
benzene and chloroform), it can therefore not be attributed to the trap
states. This statement is supported by studies that show that the trap-
ping occurs in milliseconds, which is much faster than the hysteresis
behavior that is observed.[21]

The cause of the hysteresis is most likely due to the migration of
I- ions.[20] I- ions can arise from intrinsic defects, the degradation of
MAPbI3 by water or other polar solvents, and the non-perfect stoi-
chiometry of the MAPbI3 solution.[37] Under an applied bias, the I-

ions can drift towards the PCBM/PTEG-1 layer and cause an accu-
mulation of charges at the interface. This accumulation subsequently
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affects the band energy structure, influencing the charge extraction.
Richardson et al. suggests that the I- could possibly enter in between
the gaps of PCBM molecules, further complicating this matter.[20]

Several extra experiments were conducted to verify the reproducibil-
ity of the J-V behavior seen in Figure 20. The statistics are displayed
in separate histograms for Jsc, Voc, FF, and PCE in Figure 21.
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Figure 21: Histograms of J-V characteristics of PCBM and PTEG-1 devices.

The extra statistics make it evident that there is a clear trend in the
case of Jsc: PTEG-1 performs better than PCBM, by a few mA/cm2.
Also the Voc, in the range of 1.1 V, is slightly higher on average. The
higher Jsc can be explained by the study of Shao et al., which measured
a decrease in the trap-assisted recombination at the perovskite/PTEG-
1 interface, compared to perovskite/PCBM.[12] Another possibility is
the improved morphology at the interfaces due to PTEG-1 having a
longer side-chain. Unfortunately no AFM-pictures were made to con-
firm this speculation.

Champion cell
The champion cell of PTEG-1 reached an efficiency of 17.7% in the
reverse scan, having an uniquely high fill factor of 71%, as seen in
Figure 22. This PCE is among the highest in the world for undoped
nickel oxide-based perovskite solar cells with a fullerene ETL. The
EQE of the device is shown in Figure 23, where an anomalous dip
around 500 nm can be observed. This dip was also found in other
EQE measurements, and after inspection it seems to be the result
of an experimental problem at this wavelength. The champion cell,
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suffers a lot from the light soaking effect, similar to the other devices.
This will be discussed in the next paragraph.
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Figure 22: Light soaking effect on the reverse scan of the J-V curve of the
PTEG-1 champion cell (top). The effect of light soaking on the
champion cell over time (bottom).

8.3 light soaking

The difference in device performance of the champion cell before and
after light soaking is depicted in Figure 22 and Table 5. Furthermore
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Voc

(V)

Jsc

(mA/cm2)

FF

(%)

PCE

(%)

No light soaking 1.08 23.2 0.50 12.6

After 1+ hour

light soaking
1.11 22.7 0.71 17.7

Table 5: Light soaking of champion PTEG-1 cell over 1 hour.

the changes over time for every parameter of the device can also be
seen in Figure 22.

It is unmistakable that the absolute increase of 5% in PCE can be
attributed solely to the increase in fill factor from 50% to 71%: the Voc

might increase slightly, but is mostly canceled out by the decreasing
Jsc. For this reason the PCE curve matches the FF curve almost com-
pletely. Zhao et al. suggests that charge accumulation at the interfaces
might be the reason for the initially lower Voc and FF. In a model they
present, the photogenerated charge carriers neutralize the interfacial
defects at the electrode interface, hence increasing the Voc and FF.[49]
Furthermore the migration of I- ions, as was measured in a study by
Cacovisch et al.[29] can influence the local built-in electrical field at
the interfaces. The study mentions that the migration can account for
the drop in Jsc.
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Figure 23: EQE measurement including accumulated current of the PTEG-
1 champion cell (left); Absolute PCE (%) difference due to light
soaking of PCBM and PTEG-1 devices (right).

Figure 23 gives an indication of the magnitude of the light soaking
effect on the PCE of devices made with PTEG-1 and PCBM. When
light soaking devices till the parameters stabilize (10 to 60+ minutes),
the light soaking effect seems to be stronger in devices made with
PCBM. Here, there are extreme cases in which the PCE increases by
an absolute amount of over 10%. Although there might not be an ob-
vious trend, it is evident that both PTEG-1 and PCBM devices suffer
from the light soaking effect. This is in contrast to the study by Shao
et al., in which similar PTEG-1 devices were obtained with very little



52 comparing etls : pcbm vs . pteg-1

to no light soaking effect.[12] After careful examination, this differ-
ence in light soaking might be due to the solvent: Shao et al. used
chloroform instead of chlorobenzene to dissolve PTEG-1. Since the
FF and the light soaking seem to be correlated [49], eliminating the
light soaking effect could potentially help to solve the inconsistency
of the fill factor (seen in Figure 21). The use of chloroform as a solvent
for PTEG-1 will therefore be investigated in the next chapter.
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E T L S O LV E N T: C H L O R O B E N Z E N E V S .
C H L O R O F O R M

The fabrication of the devices in this chapter is similar to the previ-
ous chapter, creating the structure of ITO/NiO/MAPbI3/PTEG-1/Al.
The concentration of PTEG-1 was reduced to 10 mg/ml, while the
solvent was varied between chlorobenzene and chloroform.

9.1 device performance

The J-V characteristics of the devices made with PTEG-1 in chloroben-
zene are basically identical to the ones made in chloroform: same
range for Jsc, Voc, and FF, resulting in a similar PCE. The minor re-
duction of the PTEG-1 concentration from 11 mg/ml to 10 mg/ml
does seem to have a considerable impact on the Jsc, as can be seen in
Figure 24. No devices that were made with the 10mg/ml concentra-
tion reached a Jsc of 22 mA/cm2 or higher, resulting in a lower PCE
compared to the 11 mg/ml batch.
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Figure 24: Difference in Jsc between concentrations of 10 mg/ml and 11

mg/ml PTEG-1 (left); Absolute difference in PCE (%) before and
after light soaking between chlorobenzene and chloroform (right).
Boxplot contains about 20 devices per solvent.

9.2 light soaking

Figure 24 also shows a boxplot of the absolute PCE difference of be-
fore and after light soaking of roughly 20 devices made with chloroben-
zene, and 20 devices with chloroform. From this figure it becomes
evident that changing the solvent from chlorobenzene to chloroform
results in significantly less light soaking effect in the devices. In addi-
tion to agreeing with the study from Shao et al. [12], the results show
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that it is not simply the ETL that changes the light soaking effect, but
actually the combination of the ETL with its solvent. The reduction
in light soaking effect might possibly be due to an improved mor-
phology at the interfaces, however, no AFM-pictures were made to
confirm this speculation. Reducing the light soaking effect unfortu-
nately did not influence the FF as hoped. Although the change of FF
during light soaking was reduced, the final value for the fill factor
remains unchanged, varying from low to high values, similar to the
statistics in Chapter 8.

The light soaking effect has greatly reduced by the use of chloro-
form as a solvent for PTEG-1. What remains is an inconsistent FF.
This inconsistency might be due to the variation in morphology of
the perovskite layer: it often looks very rough. It might be possible
to increase the FF by improving the morphology of the perovskite
layer. An anti-solvent treatment will therefore be studied in the next
chapter.
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A N T I - S O LV E N T T R E AT M E N T O F M A P B I 3

Xie et al. added a ternary solvent to their MAPbI3 solution, and sub-
sequently used an anti-solvent treatment during spincoating to create
uniform and low roughness perovskite films.[43] In this chapter Xie’s
method will be adopted in order to aim for smoother MAPbI3 films,
therefore hopefully reducing surface defects and reducing the trap-
assisted recombination at the interfaces with the ETL and HTL, hence
enhancing the fill factor. In addition to the solvents GBL and DMSO,
the ternary solvent N-methyl-2-pyrrolidone (NMP) was added, in a
volume ratio of 2:2:1. Furthermore PTEG-1 in a concentration of 10

mg/ml was used for the ETL, creating the device structure ITO/NiO
/MAPbI3/PTEG-1/Al. Besides the addition of a ternary solvent, the
spincoating was changed to a two-step program in order to incorpo-
rate the anti-solvent. Chlorobenzene is dropped onto the center of
the device shortly before the end of the spincoating, washing away
the MAPbI3 solvents, hence acting as an anti-solvent.

10.1 ternary solvent

A batch of devices was made in order to function as a control group.
These devices were created using identical spincoating parameters as
previous devices, and without the use of an anti-solvent. The mor-
phology of the perovskite films with the ternary solvent looked iden-
tical to perovskite films made without NMP: rough and non-uniform.
Furthermore the performance was similar, with the best device reach-
ing a Jsc of 21.66 mA/cm2, a Voc of 1.106 V, a FF of 0.62, ultimately
leading to a PCE of 14.88%.

Recipe
1st: v

(rpm)

1st: a

(rpm/s)

1st: t

(s)

2nd: v

(rpm)

2nd: a

(rpm/s)

2nd: t

(s)

Original 1000 1000 10 7000 2000 35

Slower 1000 1000 10 4000 2000 30

Slowest 1000 1000 10 2000 1000 30

Table 6: Spincoating recipes for a two-step spincoating recipe with an anti-
solvent treatment in the second step. Each spincoating recipe spins
for 10 seconds at 1000 rpm, until it is accelerated to the second step
velocity, where it remains till the end of the spincoating procedure.
The symbols v, a, and t stand for velocity, acceleration and time
respectively.
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Recipe
Voc

(V)

Jsc

(mA/cm²)

FF

(%)

PCE

(%)

Original 0.97 19.2 0.73 13.6

Slower &

Slowest
1.02 20.5 0.70 14.7

Table 7: Best devices made with anti-solvent treatment for the original recipe
and the slower/slowest one.

10.2 anti-solvent treatment : two-step spincoating

The original spincoating method by Xie et al. consisted out of a two-
step spincoating process shown in Table 6.[43] Using this method,
and applying the chlorobenzene anti-solvent ten seconds before the
end of the program resulted in very smooth and uniform perovskite
films. Since only a few devices were made using this exact spincoat-
ing recipe, no extensive statistics can be shown. However, a trend
is noticeable: the smooth perovskite film devices dropped in Jsc to a
value of 19.0 to 19.5 mA/cm2, the Voc dropped to just below 1 V, and
the FF increased significantly to consistent values around 70%, with
the best device reaching 73% FF, the highest in this thesis, as seen
in Table 7. The thickness of the perovskite film seems to be thinner
visually. A thinner perovskite layer means that less photons are ab-
sorbed, and is therefore most likely the cause of the reduced Jsc. The
uniform and smooth perovskite film can additionally explain the in-
crease in FF due to a decrease of trap-assisted recombination at the
grain boundaries and interfaces of the perovskite.[27]

10.3 varying the spincoating parameters

In order to maintain the high FF while increasing the Jsc to its original
value, it was decided to slightly change the spincoating parameters.
By slowing down the second spincoating step, it could either lead
to a thicker MAPbI3 layer, or reduce the possible damage done by
the anti-solvent. This should hopefully increase the Jsc and Voc. Multi-
ple spincoating speeds for the second step were therefore examined,
as shown in Table 6. Since only very little devices were made with
each new spincoating recipe, no definite conclusion can be drawn
concerning the difference between the device performance of these
new recipes. On the other hand, the differences with the 7000 rpm
spincoating recipe are apparent (Table 7): the Jsc increased back to 21

mA/cm2, while the Voc reached values of around 1.05 V. The FF was
reduced slightly compared to the 7000 rpm, but was on average still
higher than the devices prepared without anti-solvent: multiple de-
vices reached a FF of 66% and one with 70%. Visually the perovskite
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films were not as smooth and uniform as the 7000 rpm batch, al-
though an improvement was still observable. Due to time restrictions
the experiment was discontinued, and no further optimizations were
accomplished. From these experiments it is likely that the anti-solvent
treatment can increase the fill factor and its reproducibility, and with
further adjusting could lead to highly reproducible solar cells with
efficiencies of over 15%.





11
C O N C L U S I O N S A N D O U T L O O K

The influence and necessity of the scrubbing of the ITO anodic con-
tacts was discussed in a qualitative experiment. Cleaned and non-
scrubbed ITO peaks are roughly 20 to 30 nm in height, measured
from the lowest to the highest point on the surface. Scrubbing the
ITO surface by hand can result in a reduction of the high ITO peaks,
smoothening the overall morphology and reducing the height by sev-
eral nanometers. Depending on the hardness of the scrubbing mate-
rial, and the force applied, the surface can become damaged. This
resulted in unwanted scratches when using diamond lapping paper
and steel wool. Without making large batches of devices it is diffi-
cult to say whether the scrubbing influences the device performance,
since it depends on the thickness of the spincoated NiO layer.

Optimizing the NiO layer could help improve the device perfor-
mance, mainly through the FF. Therefore three different precursors
for the NiO layer were explored: nickel(II) acetate tetrahydrate, nickel(II)
nitrate hexahydrate, and nickel(II) formate dihydrate. The surface of
the nickel(II) nitrate hexahydrate was covered with large particles in
the range of 0.3 to 5 micrometers, likely due to precipitation of the
salt before spincoating. After annealing at 300°C, the NiO layer is very
hard, which made it impossible to measure the thickness with the
Dektak. Ellipsometer and X-ray reflectivity measurements allowed for
thickness measurements, but were not always consistent. The NiO lay-
ers made with 0.5 M of nickel(II) formate have a thickness of roughly
8 nm according to the XRR and ellipsometry data. Contrasting data
is also seen from the ellipsometer measurement on low iron glass,
giving a thickness that is more than double: 19 nm. Additional data
from the XRR-setup shows that a doubling in the concentration from
0.5 M to 1 M seems to roughly double the thickness of the layer in
the case of nickel(II) formate. No other conclusive arguments can be
given, since data and statistics are lacking.

Numerous perovskite solar cells were investigated with an active
layer of MAPbI3 and a HTL of NiO. The ETL materials were varied,
as were the solvents used to process them. The fullerene derivatives
PCBM and PTEG-1 were compared, dissolved in both chlorobenzene
and chloroform. Overall the devices made with PTEG-1 achieved
about 3% higher efficiencies, with the champion cell reaching 17.7%
PCE. The change of ETL from PCBM to PTEG-1, dissolved in chloroben-
zene, resulted in a Jsc of up to 23 mA/cm2, an increase of nearly 3
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mA/cm2, while further slightly improving the Voc from 1.05 V to 1.1 V.
The increase of Jsc and Voc can possibly be explained by the reduction
of trap-assisted recombination at the perovskite-ETL interface. An-
other possibility is the improved morphology at the perovskite/ETL
interface due to PTEG-1 having a longer side-chain. Unfortunately
no AFM-pictures were made to confirm this speculation. Both device
structures suffered a lot from the light soaking effect, which can be
attributed to ionic migration, trap-assisted recombination, or a com-
bination hereof. Furthermore, the devices showed inconsistent fill fac-
tors, reaching anywhere from 35% to 70%.

The use of PTEG-1 in combination with a change of solvent to chlo-
roform, resulted in a significant reduction of the light soaking effect,
removing the instability of the fill factor during exposure to light. The
inconsistency of the fill factor between devices remains, however. In
addition it was noticed that devices made with 10 mg/ml PTEG-1
on average have a 1 mA/cm2 lower Jsc than devices made with 11

mg/ml PTEG-1, never reaching 22 mA/cm2. This statement is not in-
disputable, since the sample size might not be large enough.

To remove the inconsistency and improve the fill factor, an exper-
iment with a ternary perovskite solvent and anti-solvent treatment
was investigated. The morphology of the perovskite improved consid-
erably, likely reducing the defect density and therefore trap-assisted
recombination at the interfaces. This subsequently resulted in better
fill factors of up to 73%, the highest in this thesis. A faster two-step
spincoating program was used for the anti-solvent treatment, which
resulted in thinner perovskite films, and therefore lower Jsc. Decreas-
ing the speed while including the anti-solvent resulted in better Jsc’s
up to 21 mA/cm2, while reaching FF’s of 66% and higher. This fill
factor is higher than the average of the devices made without anti-
solvent treatment.

Outlook
Future research could focus on doping the NiO layer, allowing for a
higher hole conductivity and PCE. This would require the best NiO
precursors, optimized in thickness. Optimization might be difficult
however, since thickness measurements of NiO layers are challenging.
The work on anti-solvent treatment has also shown to help improve
the FF. Optimizing the two-step spincoating process can allow for
further improvement of the FF and its reproducibility. This can pos-
sibly eliminate the last remaining inconsistency concerning the J-V
characteristics of this type of device. This would allow for consistent
production of solar cells with efficiencies of over 15% PCE.

An improvement of the production process of the device fabrica-
tion can also be imagined. Reducing or removing the scrubbing pro-
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cess all together could save up to an hour per experiment. Further-
more stability tests with NiO layers could be performed. If the NiO
layers are stable for longer periods of time, it could be possible to
fabricate big batches of NiO samples and store them for later use.
This would save time during the preparation for an experiment. This
could result in a higher experimental output, and therefore increase
the productivity of a scientist studying these solar cells.
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