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Abstract

Perovskite (PVSK) solar cells have become the mainstream research in the past few years.
They generate very good laboratory results in the conversion of energy. However, the problematic part
of PVSK is its stability and sensitivity to the environment. In this thesis, we studied the degradation
and aging of the PVSK with different ratios of MAI/Pbl, and different combinations of the charge
transporting layers (CTLs) after a period of two years. The ratios we used for MAI/PbI, were 0.9 and
1.0. Moreover, we used two types of CTLs, SnO, as the electron transporting layer and
Spiro-OMeTAD as the hole transporting layer. The morphology of the samples was characterized by
Atomic Force Microscopy. The spectra and mapping were measured by the Confocal
Photoluminescence (PL) microspectroscopy. The surface potential and photovoltage were studied by
Scanning Kelvin Probe in the dark and under illuminations. We used two sources of illumination,
Solar Simulator and Halogen lamp. The Kelvin Probe studies illustrate that the samples with the ratio
MAI/PbL,=0.9 are less stable than the samples with the ratio of 1.0. The substrate ITO glass
significantly influenced the photovoltage of the samples. PL maps show significant local variation of
intensities and differences in the PL spectra. In spite of some degradation, perovskite samples are still

photoactive after two years.

Key Words: Perovskite solar cells, photovoltage, degradation, charge-transporting layers,
methylammonium, Kelvin Probe, Atomic Force Microscopy, Confocal Photoluminescence

microspectroscopy
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1. Introduction

Perovskite solar cells are solar cells that use perovskite-type organic metal halide
semiconductors as light-absorbing materials [1-4]. They are the third generation of solar cells after
crystalline silicon solar cells and thin-film solar cells. They have the advantages of simple structure,
high photoelectric conversion efficiency, and low cost [3,5-7]. With the attention of many countries
around the world, technical research is continuously deepening.

Perovskite (PVSK) materials are the core of perovskite solar cells. There are many types of
perovskite materials, and researchers are developing new perovskite solar cells without lead iodide

methylamine [8—11].

Surface engineering of the
perovskite/HTL interface

Modification of the
HTL/electrode interface

Surface engineering of the
ETU/perovskite interface

Surface engineering
of the W
TCO/ETL interface .

Fig. 1.1 Standard design of a perovskite solar cell [12].

Perovskite solar cell is designed as:
-TCO: often used ITO or FTO.
-ETL: often used SnQO,.
-Perovskite.
-HTL: often used Spiro-OMeTAD.
-Electrode: often used gold.

At this stage, monocrystalline silicon solar cells dominate the global market. After continuous
development, the photoelectric conversion efficiency of monocrystalline silicon has approached the
top, and further development is difficult. However, the performance requirements of solar cells in the

photovoltaic power generation market are still increasing [13]. The photoelectric conversion
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efficiency of perovskite materials is higher than that of monocrystalline silicon, and the theoretical
limit can reach 33% [14,15]. In the future, if perovskite solar cells can replace monocrystalline silicon
solar cells, the market development potential is huge.

Nevertheless, perovskite solar cells still have certain technical defects. For example, the
structural stability of perovskite materials is insufficient, and the performance is easily degraded in
harsh environments [16,17]. In addition, perovskite materials are difficult to deposit as thin films in
large areas and perovskite solar cells generally contain metallic lead, which can cause harm to human
health and the ecological environment [18,19]. Although there is already a lead-free perovskite solar
cell in development [20], in this thesis we will be using solar cells with lead because it is a type of
solar cell we used in the research 2 years ago. Furthermore, another significant shortcoming of PVSK
material is the usage time. This material has a high speed of degradation, it is in stable use for 3
months or so, after this period it will become extremely unstable. The reason is the iodide-based
perovskites will produce a gaseous form of iodine during operation, because of the relatively high
vapor pressure of gaseous iodine, it can quickly permeate the rest of the perovskite material, causing
damage to the whole solar cell [21]. This led to accelerated decomposition of the MAPbI; perovskite
material into Pbl,. As a consequence, it causes degradation of perovskite [21]. In addition, there are
also some other factors that lead to the perovskite solar cells' degradation faster, such as humidity
[22], thermal stability [23], and ion migration [1,2]. Due to these characteristics, it can not compete
with the solar cell in the current market, but researchers are working on the stability and
environmental safety of perovskite materials because the energy conversion potential of perovskite is
not overcome yet.

The stability of the perovskite solar cells has significance for commercial production. The
researchers studied the influence of the hole transporting layer (HTL) and electron transporting layer
(ETL) on ionic migration as well as the stability and aging of perovskite materials in publications
[1,2]. Authors studied lead iodide (Pbl,) methylammonium (MAI) based perovskites in the different
ratios of MAI/Pbl,. There were three different ratios of MAI/Pbl,: MAI/Pbl, =1.1 [1], MAI/PbI, =1
[1,2] and MAI/PbI, =0.9 [2]. Spiro-OMeTAD was used as HTL and SnO, as ETL. The four samples
were prepared on the ITO glass: ITO/PVSK, ITO/SnO,/PVSK, ITO/PVSK/spiro, and
ITO/SnO,/PVSK/spiro.

The authors characterized sample morphology by Atomic Force Microscopy. The morphology
results showed that both CTLs and MALI can influence the morphology of the samples. Furthermore,
the samples with the SnO, component reduced the granularity and improved the perovskite
uniformity. In addition, Spiro filled the rough surface rather than being conformal.
ITO/SnO,/PVSK/Spiro provided the best overall PVSK uniformity, and this was an important feature
for homogeneous charge collection via CTLs and reducing degradation due to ion migration [1,2].

The electronic properties/surface potential were characterized by the Atomic Force

Microscopy and Scanning Kelvin Probe. Measurements were done in the dark and under illumination
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during the time period [1,2]. Using the Kelvin Probe device could help researchers to better
understand the influence of different ratios of MAI/Pbl, to charge transporting layers and sample
stability. In addition, the stability of samples in the time period was measured by SKP in the work of
Kulicek et. al. [2]. The researchers measured samples as initial then after the 14th days and 28th days.
Initial means that samples were taken from vacuum boxes stored in the dark.

The authors showed the sample ITO/PVSK with a ratio of MAI/Pbl, = 0.9 was stable with
work function (4.96 £ 0.03) eV [2] in the dark for the whole period of 28 days, the photovoltage was
negative also remained stable after 28 days. The negative PV means that electrons were not extracted
to the bottom electrode but rather diffused to the perovskite surface. Furthermore, the work function
of sample ITO/PVSK/Spiro also remained stable at (5.28 + 0.02) eV, there was not a significant
change after 28 days [2]. Nevertheless, the photovoltage response was slightly different after 28 days.
The authors showed that the HTL spiro was actually able to extract some holes to the surface. Also,
researchers displayed that sample ITO/PVSK/SnO, had a lower work function compared to
ITO/PVSK and observed some persistent charging during the dark-light cycle as well as fluctuation in
the work function between (4.73 £ 0.06) eV and (4.54 = 0.06) eV [2] during the dark. The last sample,
ITO/SnO,/PVSK/Spiro showed a decrease in work function during the dark measurement and positive
PV [2].

The samples with the ratio of MAI/Pbl, = 1.0 were also analyzed in the article [2]. The
authors showed decreasing in the work function in the dark measurement for ITO/PVSK sample.
Therefore, the photovoltage fluctuated during the 28 days. The ITO/PVSK/Spiro sample was stable
for 14 days and decreased after 28 days. However, the photovoltage response was higher and positive.
The work function, as well as the photovoltage of the sample ITO/SnO,/PVSK, fluctuated during 28
days. In addition, for the ITO/SnO,/PVSK/spiro sample with complete layers, the work function in
dark decreased from (5.26 £ 0.06) to (5.02 = 0.06) eV during 28 days. However, the photovoltage also
remained positive in this case [2]. The article [1,2] showed that the same CTLs had slower kinetics
and photovoltage fluctuated during the dark-light cycle. These effects of excess MAI are most likely
due to the effects of ion migration.

The influence of CTLs on the ion migration in the perovskite solar cells was also studied in
Photoluminescence (PL) by Abudulimu et al. [1]. The authors showed that the CTLs could create
local charges and recombination processes with a minimum ion migration effect.

The motivation for this work is to investigate and characterize how aging of the perovskite
samples stored in a dark place under environmental conditions can affect the morphology,
photovoltaic, and optical properties.

In this thesis, we study the samples prepared by using precursor stoichiometry
(methylammonium (MAI) and Pbl,) in two different ratios MAI/Pbl, =1.0 and MAI/Pbl, =0.9. As
charge-transporting layers, Spiro-OMeTAD is used as HTL, and SnO, is used as ETL. We use the

same samples as in the article [2] but two years later. The degradation processes of MAPbI; perovskite
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during the storage time is the focus of this work. Using the Scanning Kelvin Probe, we measure the
influence of CTLs and the different ratios of MAI and Pbl,. Two years ago, the surface potential of the
perovskite samples was measured under the light from a Halogen lamp. In addition, we use a new
type of light source Solar Simulator which is not used in the previous analysis. We compare results
obtained from the two different sources of light. In addition, Atomic Force Microscopy and Confocal
Photoluminescence are used to obtain the samples optical images, morphology, PL spectra, and PL
maps. Obtained data are analyzed and give us more information on the current state of the samples.

Furthermore, the influence of CTLs and MAI on the perovskite properties is described.

-12-



2. Experimental

2.1 Sample preparation

The ITO substrates were cleaned with isopropanol and distilled water in the ultrasonic bath
before SnO, was spin-coated. Spin-coated SnO, was annealed at 150 °C for 20 minutes in ambient.
Pbl, (dissolved in the DMF) was spin-coated onto substrate ITO/SnO, at 3000 rpm for 35s and the
sample was annealed again. After, the MAI dissolved in 2-propanol was spin-coated and annealed at
100 °C for 30 minutes. Spiro-OMeTAD dissolved in a mixture of solutions was spin-coated onto an

active layer at 3000 rpm for the 30s. Detailed sample preparation was described in [1].

2.2 Scanning Kelvin Probe

The Scanning Kelvin Probe is a non-contact device that measures the work function between
a conducting specimen and a vibrating tip. The Kelvin method is an indirect technique, i.e. electrons
are not extracted directly from the surface, instead of using a reference surface (a vibrating tip) as the
counter electrode the surface under study forms one plate of a parallel plate capacitor. Electrons flow
back and forth in the external circuit as the tip vibrates. The work function difference is determined by
the addition of an external voltage, termed the backing potential (Vb) [24]. The Scanning Kelvin
Probe in the glove box from KP Technology is shown in Fig. 2.1.

{
3 i —— \ 1
=51 o v\
. W fP/
g . S S —
)

Fig. 2.1 A) Glove box with Kelvin probe, B) Kelvin Probe in the glove box.
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2.2.1 Measurement settings

Before we started with the experiment, we needed to measure a gold sample as a control
variable for the calculation of the work function. Samples were measured by the Kelvin Probe in the
glove box (see Fig. 2.1 and Fig. 2.2) by using the software of RHC040 v12.07 from KP technology.
Before we started with the measurement we needed to set a gradient of 300 by adjusting the distance
between the sample and the vibrating tip, so the distance will be controllable to ensure the accuracy of
the data. The gradient of 300 was set for every measured sample. We did a 300-point control
measurement for the WF. Subsequently, we measured 1500 points of WF, and at every 300 points, the
illumination was switched on. We created the dark-light-dark-light-dark cycle. The samples were
illuminated by the halogen lamp and the solar simulator. We used the light intensity of 1.5AM for the
solar simulator and standard light intensity for the halogen lamp. Obtained potential namely contact

potential difference was calculated to Work Function (WF) in eV. The equation is below:

WFsample = (CPDsample - CP]:)ref)>< 1 0_3 + WFref (1)

i
P11

Fig. 2.2 Workspace with Kelvin Probe device.

2.3. Atomic Force Microscopy

Atomic Force Microscopy (AFM) is an analytical instrument that can be used to study the
surface structure of solid materials, including insulators. It traces the topography of samples with
extremely high - up to atomic - resolution by recording the interaction forces between the surface and
a sharp tip mounted on a cantilever [25]. AFM provides spatial information parallel and perpendicular
to the surface. In addition to high-resolution topographic information, local material properties such as
adhesion and stiffness can be investigated by analyzing tip-sample interaction forces. The device type

used in this thesis is WITec alpha300 RAS (see Fig. 2.3).
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The software Control Five 5.2 was used for the collection of data and software Project Five
5.2 was used for data evaluation. Budget Sensors tips Multi 75A1-G with frequency 75 kHz and spring
constant 3 N/m were used for data collecting. Firstly, we scan the larger area of 25x25 pum and then
choose the smaller area of 5x5 pm, the set point was 0.25 V, and the scan speed was 2.56 line/s.

Observed data gave more information about sample morphology, grain size, and roughness.

A) B)

Fig. 2.3 A) AFM device in laboratory, B) working principle of AFM [25].

2.3 Halogen Lamp

The following figure illustrates the Halogen lamp, KL 1500 HAL, it is intended for industrial
and laboratory applications. Cold light sources are used for the intensive illuminations of all types of
objects. The infrared portions of the lamp’s radiation are filtered out. Halogen lamps emit
high-intensity visible light. As light absorbing materials have the physical property of converting
incident light into heat. It has an illumination of 450 L/rad [26].

Fig. 2.4 Schott KL 1500 Halogen lamp wavelength range — visible light, 380-750 nm.
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2.4 Solar Simulator

The basic principle of the solar simulator is to emit simulated solar light by the actions of a
xenon lamp and proprietary air mass filter. We used Solar Simulator HAL - C100 (Asahi Spectra Co.,
Ltd.). Fig. 2.5 shows a Solar simulator.

Fig. 2.5 Solar Simulator HAL - C100 wavelength range 400-1100 nm.

2.5 Photoluminescence spectroscopy

Photoluminescence spectroscopy, often abbreviated as PL, is a form of light emission
spectroscopy in which the light emission comes from a process called photo-excitation. During the
excitation, the electrons within the materials move into excitement as the light shines onto the sample.
The energy will release in the form of light when the electrons relax from the excited states to their
equilibrium, known as relaxation [27]. In this thesis, PL spectra and maps were measured by system
WiTec alpha300 RAS using the confocal microscope-connected CCD detector (see Fig. 2.6). A
supercontinuum laser was used for light excitation with an excitation wavelength of 532 nm. Filter
570 nm was put before the detector to filter laser light. We used the lens with a magnification of 50x

to collect the spectra and PL maps in the range of 5x5 pum.

Fig. 2.6 The lens of WITec alpha 300 RAS device.
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3. Results and discussion

3.1 Optical and Atomic Force Microscopy characterization

For the following two figures, Fig. 3.1 and Fig. 3.2 are the sample pictures, the optical images
recorded by optical microscope, and AFM morphology images of the sample. Fig. 3.1 shows the ratio
of 0.9 for MAI/Pbl, and Fig. 3.2 shows the ratio of 1.0 for MAI/Pbl,. Each column represents one
type of perovskite solar cells with different CTL, which are ITO/PVSK, ITO/SnO,/PVSK,
ITO/PVSK/Spiro, and ITO/SnO,/PVSK/Spiro.

Observing the sample photographs(first row) from Fig. 3.1 and Fig. 3.2, we can clearly see
the differences between the pictures. The pictures from ITO/PVSK/Spiro and ITO/SnO,/PVSK/Spiro
are more transparent than the others. Especially the pictures in Fig. 3.1, it may be due to the fact that
there is less MAI. The transparent samples made an impact on our data collection work, and we had to
slightly change the parameters for the data collection of these two samples but generally we needed to
change parameters for all samples. We needed data collected with the same conditions. Thus, we
needed to use an objective with resolution 50x for PL measurement because we could not find a focus
by objective with resolution 100x. In the article Abudulimu et al. [1] for all PL measurements were
used objective with resolution 100x.

Looking at the optical images recorded by optical microscopy images in Fig. 3.1, it has huge
changes after two years of period, we can notice that the image of ITO/PVSK shows a light green
surface with some red lines, they might be scratches and they can be also observed on the sample
photographs. Nevertheless, the image of ITO/PVSK two years ago had a darker green surface, so the
color of the surface has “faded”. Then, in the second image ITO/SnO,/PVSK the color changes from
green to light brown after adding SnO,, and there are also some scratches with a black color. This is
absolutely different compared with the image two years ago, the color changes from the light green.
After the deposition of Spiro to the last two images, it is obvious that the surface changes to golden
yellow. However, ITO/PVSK/Spiro looks darker than the full CTLs perovskite sample. We can also
observe some occasional black spots on these two samples’ surfaces. It illustrates a different image in
ITO/PVSK/Spiro two years ago, it illustrated crystal structures, but it has disappeared after two years.
On the other hand, there are not many changes in the sample of ITO/SnO,/PVSK/Spiro, just the color
becomes lighter. It illustrates a different image in Fig. 3.2, the image of ITO/PVSK gives us a brown
overview, but it had a cyan color two years ago. With the deposition of SnO, on the ITO surface the
color changes to silver, it did not change to the color of light cyan as two years ago. They have a
similar structure as the images two years ago after the addition of Spiro in Fig. 3.2. Both images

illustrate a golden yellow surface, just the sample of ITO/PVSK/Spiro has turned from a greener
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surface to a yellower surface. According the optical images we can conclude that there was some
changes in the samples during the storage time.

In the AFM morphology images, we can see that after adding SnO, into ITO/PVSK the
density of the grains is much higher and improves PVSK uniformity. This is also illustrated in the
image of ITO/SnO,/PVSK/Spiro, the density is higher after adding SnO, into ITO/PVSK/Spiro. One
more fact, the surface roughness (Sq) of the samples decreases significantly after the Spiro coating.
We measured the roughness of the grains in Fig. 3.1, they are 10.3 nm, 14.9 nm, 5.4 nm 6.7 nm
respectively. As we can see the results in ITO/PVSK/Spiro and ITO/SnO,/PVSK/Spiro have a much
lower result than the sample without Spiro. This can be also seen in Fig. 3.2, the results still show a
downward trend, even though the third data is slightly higher, which are 23.9 nm, 22.8 nm, 12.8 nm,
and 9.1 nm, respectively. Moreover, if we compare the results of these two figures with different
MAI/PbI, ratio, Fig. 3.1(MAI/Pbl,=0.9) and Fig. 3.2 (MAI/Pbl,=1.0), we can see the size of the grains
in Fig. 3.2 are bigger than the grains in Fig. 3.1. For instance, the height and diameter of ITO/PVSK
in Fig. 3.2 are 8.2 and 1091 nm whereas the height and the diameter of ITO/PVSK in Fig. 3.2 are 34.4
nm and 1729 nm. After two years the roughness changed. There is a decrease of the Sq values

compared to the work of Kulicek et. al [2].

ITO/PVSK ITO/SnO,/PVSK ITO/PVSK/Spiro ITO/SnO,/PVSK/Spiro

Sample
photographs

Optical
miscroscopy

images(20x)

AFM
topography

images

Fig. 3.1 Sample photographs, optical microscopy and AFM topography images for MAI/Pbl,=0.9.
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Fig. 3.2 Sample photographs, optical microscopy and AFM topography images for MAI/Pbl,=1.0.

3.2 Photoluminescence characterization

Fig. 3.3 illustrates the PL map with zoomed optical images for PVSK samples with a ratio of
MAI/Pbl,=0.9. In the first row are the optical images and in the second row are the averaged PL maps
with and without CTLs. For a better comparison of the PL maps, we used the averaging in the
percentage. All the PL maps were recorded in the maximum intensity wavelength and
full-width-half-maximum (FWHM) 40 nm. Optical images were described above in chapter 3.1. The
average PL maps showed significant local intensities (red spots) probably related to PVSK features.
Additionally we can see the similarities between the PL maps with the hole transporting layer,

ITO/PVSK/Spiro and ITO/SnO,/PVSK/Spiro.
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Fig 3.3 Optical microscopy images and PL map for MAI/Pbl,=0.9.
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Fig. 3.4 Optical microscopy images and PL map for MAI/Pbl,=1.0.

Fig. 3.4 shows the optical images and averaged PL maps for perovskite samples with and
without the charge transporting layers of MAI/Pbl,=1.0. Again, the optical images illustrated in the
first row were discussed in chapter 3.1. In the second row, we can see the PL. maps with the different
spatial PL intensity variations. Different PL intensity variations could be related to the local
differences in the charge generations and recombinations [1]. The PL maps have more similarities in
the structure than the PL maps in Fig. 3.3. There are differences in the PL maps for samples
ITO/PVSK/Spiro and ITO/SnO,/PVSK/Spiro with ratio of MAI/Pbl,=0.9 and MAI/Pbl,=1.0. The PL
features for MAI/Pbl,=0.9 become smaller for samples ITO/PVSK/Spiro and ITO/SnO,/PVSK/Spiro.
Opposite for MAI/Pbl,=1.0 where features become bigger. It seems that PL maps correlated with
AFM maps. Thus relates to PVSK grain size. Although, we did not measure AFM maps and the PL
maps in the same spots. The PL maps illustrate the charge recombination profile in the sample and
formation of charge recombination profile gradients reflected ion migration [1]. lon migration could
affect the PVSK degradation [17]. The sample ITO/SnO,/PVSK for the ratio MAI/Pbl,=1.0 illustrated
small gradient and the small gradient were also observed for the ITO/SnO,/PVSK for ratio of the
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MAI/Pbl,=1.0 in the work of Abudulimu et. al. [1]. Also the PL features for the ratio of
MAI/Pbl,=1.0 in the work of Abudulimu et. al. [1] are smaller the the PL features presented in this
thesis. Two years old PL data are not available for the ratio of the MAI/Pbl,=0.9.

Fig. 3.5 illustrates the normalized PL spectra of perovskite samples with and without the
CTLs. Fig. 3.5A shows normalized PL spectra for perovskite samples with the ratio of MAI/Pbl,=0.9.
The spectra observed the highest intensity peaks in the wavelength range 760-767 nm. The spectra for
samples with the Spiro hole transporting layer are unstable and left-shifted compared to the other two
samples. The spectra shift could be related to the changes of the samples because these samples
became most transparent in the two years.

The PL spectra with and without CTLs and the ratio of MAI/Pbl,=1.0 are shown in Fig. 3.5B.
Again, spectra are normalized and observed; the highest intensity peak position of 767 nm is for
samples ITO/PVSK, ITO/SnO,/PVSK. The highest intensity peak position of 765 nm is for samples
ITO/PVSK/Spiro and ITO/SnO,/PVSK/Spiro. Again, there is a small left-shift for samples with the
Spiro layer compared to the other two samples. Generally, the quality of the PL spectra for samples
with MAI/Pbl,=1.0 were not significantly influenced by the layer stack while samples
ITO/PVSK/Spiro and ITO/SnO,/PVSK/Spiro with ration MAI/Pbl,=0.9 are influenced much more but

PL spectra shifts also could be related to the transparency of the these samples.
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Fig.3.5 A) PL spectra of samples with ratio 0f 0.9, B) PL spectra of samples with ratio of 1.0.

3.3 Scanning Kelvin Probe characterization

Fig. 3.6 represents the samples with a ratio of 0.9 for MAI/PbL,. Each figure has four graphs,
each graph represents a different CTL of perovskite solar cells, Fig. 3.6A is ITO/PVSK, Fig. 3.6B is
ITO/PVSK/Spiro, and Fig. 3.6C is ITO/SnO,/PVSK, and Fig. 3.6D is ITO/SnO,/PVSK/Spiro. Each
graph consists of how the work function of solar cells changes in the dark and under illumination with
a switching on/off period of 200s and a degradation period of 2 years. The blue curves represent the
results measured under the illumination from Solar Simulator and the red curves represent the results

measured under the illumination from Halogen Lamp. In the graph we can also see the photovoltaic
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effect (photovoltage), which is the difference between WF in the dark and under the light.
Photovoltage was calculated by equation (2). It represents the energy generated by the light. In this
discussion, we will compare our results only to the results on day 28 in the article [2], because they

are the closest result in terms of time. The measurements in the article [2] were done two years ago.

PV = WFlight ~WFi  (2)
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Fig. 3.6 Kelvin Probe study of degradation for MAI/Pbl,=0.9.

In Fig. 3.6A, the curves of the two sets of data are quite different. The Solar Simulator (blue)
line is very unstable, while the Halogen lamp (red) line is relatively stable. The photovoltage on both
sides are also quite different, but both illustrate a negative PV. The Halogen lamp (red) line has a very
good photovoltaic of -0.21 V. The county has only about -0.07 V PV, but it is very unstable and
fluctuating. The negative PV means that electrons were not extracted to the bottom electrode but
rather diffused to the PVSK surface. Compared with the data two years ago, the Solar Simulator
(blue) and Halogen lamp (red) trend have decreased from the original 4.96 + 0.03 eV to about 4.09 +
0.06 eV and 4.04 + 0.03 eV in the dark, which has a decrease of 0.87 = 0.09 eV and 0.92 £ 0.06 ¢V,
respectively.

Looking at Fig. 3.6B we could see that the WFs for both light sources were almost equal
Solar simulator (blue) 5.21 + 0.02 eV and Halogen lamp (red) 5.2 = 0.1 eV. There are significant
differences in the sample PV where PV under the Solar Simulator (blue) is 0.3 V and under the
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Halogen lamp (red) is 0.03 V. The reason might be that Solar Simulator (blue) light (light emittation
400-1100 nm) has wider spectral range then Halogen lamp (red) light (light emittation 380-750 nm).
The different layers of the sample absorb different light ranges [28]. The samples are better at
absorbing the light from the Solar Simulator. Nevertheless, it is more stable than the ITO/PVSK
sample in figure A. WF has decreased by 0.07 + 0.04 eV under light from a Solar simulator (blue) and
WF has relatively decreased by 0.08 + 0.03 eV under light from a Halogen lamp (red). In addition, PV
has decreased by 0.97 V for Halogen lamps, but it has risen by 0.2 V for Solar Simulator compared to
the old data [2]. We expected that PV would decrease, so it is interesting that we are getting an
increase in PV for Solar Simulator. Solar simulators have a wider range of excitation wavelengths.

Furthermore, the curves from Fig. 3.6C looks unstable. The PV of the Solar Simulator (blue)
line remains around 0.08 V and the Halogen lamp (red) line is 0.27 V. Compared with the results from
2 years ago, it has decreased by 0.50 + 0.10 V for Solar Simulator and 0.73 = 0.12 V for the Halogen
lamp. One more thing to be discovered is there is a shift in charge during the illumination. The reason
is we observed a negative PV in the 2 years old results (-17 V)[2], but we observe a positive PV now.
Positive PV means that the electrons were extracted by the ETL, so holes were distributed to the
surface. This sample became more transparent during the storage time and PL spectra were shifted
which could be related to the change of the PV orientation.

In Fig. 3.6D we can see that the Halogen lamp (red line) has a very bad result. PV for the
Halogen lamp (red) trend has around 0.18 V, which is very different from the Solar Simulator (blue)
trend. The Solar Simulator (blue) line has a PV of 0.44 V, but both of them are very unstable and
fluctuating, it seems that it is not a suitable sample, definitely not suitable for mass production in the
future. An interesting phenomenon is that we can find the graphs of Fig. 3.6C and Fig. 3.6D are very
similar. From the composition of their materials, we can see that Figure 3.6D only has one more
component of SnO, compared to Fig. 3.6C. The response of the two samples to the illuminance can be
said to have a fundamental change. Fig. 3.6D has a higher WF under the illumination of a Solar
Simulator (blue), and figure C has a higher WF under the illumination of a Halogen lamp (red). In this
Fig. 3.6D, we can find that WF has decreased by about 0.89 £+ 0.17 eV for Solar Simulator and 1.04 +
0.12 eV compared with the two year old data [2]. The decrease of the WF could be related to aging of

the sample. The changes were also observed in the visual image (transparency of the sample).
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Fig. 3.7 Kelvin Probe study of degradation for MAI/Pbl,=1.0.

In Fig. 3.7, we can see the graphs for PVSK samples with ratios MAI/Pbl,=1.0. Again there
are four different images where Fig. 3.7A represents ITO/PVSK, Fig. 3.7B represents
ITO/PVSK/Spiro, Fig. 3.7C represents ITO/SnO,/PVSK and Fig. 3.7D represents
ITO/SnO,/PVSK/Spiro. In Fig. 3.7A, we could see that both trends Solar Simulator (blue) and
Halogen lamp (red) are similar with a slightly higher WF of the Solar Simulator (blue) than the
Halogen (red) trend. WF fluctuated between 5.23 £ 0.02 eV and 5.21 = 0.03 eV in the dark and 5.38 +
0.01 eV and 5.32 = 0.01 eV under the light, respectively. In addition, they have a decrease of WF for
0.53 £ 0.12 eV and 0.51 + 0.13 eV, respectively. Although the decrease in the WF was only around
0.5 eV, the PV had a greater drop, from the initial -0.8 V from 2 years ago [2] to -0.16 V for the Solar
Simulator (blue) and -0.11 V for the Halogen lamp (red).

In Fig. 3.7B, we can see that it has different responses to the different illumination sources,
and the response to the Halogen lamp (red) is very low. The photovoltage of the Solar Simulator is
about 0.8 V, but the Halogen lamp is about 0.1 V. The positive PV means that holes were extracted by
Spiro. Compared with two years ago, the WF has decreased by nearly 1.07 + 0.31 eV for the Solar
Simulator and 1.13 £ 0.09 eV for the Halogen lamp, which is very high compared to the rest of the
results that we have computed.

Moreover, the trends in Fig. 3.7C are very similar to the trends for sample ITO/PVSK/Spiro in
Fig. 3.7B. The Solar Simulator (blue) trend has a higher WF than the Halogen lamp (red) trend, they
have 4.2 £ 0.04 eV and 3.85 + 0.05 eV, respectively. They have a similar trend and WF compared to
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the Halogen lamp (red) trend in Fig. 3.7B. However, they also have different values for PV, they have
0.26 V and 0.28 V, respectively. The WF under the light from the Solar Simulator decreased by 0.51 +
0.07 eV and under the Halogen lamp decreased by 0.86 + 0.08 eV compared to results in the work
Kulicek et. al. [2]. Also compare the results in the work of Kulicek et. al. [2] we observed the same
positive PV. Two years ago it was negative, but we observe positive PV now. It means that ETL
collects the electrons and holes are spread to the sample surface.

The last graph in Fig. 3.7D shows two trends that are highly overlapping. The WF is 5.07 +
0.06 eV for the Solar Simulator (blue) line and 5.08 + 0.07 ¢V for the Halogen lamp (red) line. There
is a decrease of the WF around 0.05 + 0.12 eV for the Solar Simulator (blue) trend and 0.06 = 0.13 eV
for the Halogen (red) trend compared to the results in the [2]. Also, the signal under the Solar
simulator (blue) light and the signal under the Halogen lamp (red) light have a very approximate PV,
Solar simulators 0.43 V and 0.4 V for the Halogen lamp. If we compare the results from 2 years ago,
there is only a 0.2 V difference in PV. There are slight changes in the PV and WF of
ITO/SnO,/PVSK/Spiro after the two years.

Also there is possibility that ITO glass can influence the WF and PV, mostly in the case of the
samples ITO/PVSK/Spiro and ITO/SnO,/PVSK/Spiro because of their transparency. ITO is a
conductive-optical material. ITO glass interferes with the incoming UV light, partially absorbing a
significant amount of photons and thus undergoing electronic excitations [29]. So we decided to
measure the surface potential in the dark and under illumination of the pure ITO glass used for

deposition on the PVSK in this thesis.
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Fig. 3.8 Work function in the dark and under illumination on ITO glass.

Fig. 3.8 illustrates the WF of ITO glass under the illumination of the Solar Simulator (blue)
and Halogen lamp (red). The WF of the ITO glass under the Solar Simulator (blue) was 4.2 + 0.1 eV
and under the light for the Halogen lamp was 4.1 £ 0.1 eV. The results showed that PV of ITO under
light from a Halogen lamp (red) had a poor response but significant response under the light from
Solar Simulator (blue). As was mentioned above ITO is an electro-optical material and due to the
degradation of our samples (some samples become transparent after two years), ITO could be more

exposed to the light. Illumination of ITO glass caused absorption of the photons and excitation of
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electrons which could influence the final signal from our samples. By comparison of the WF results of
ITO and samples used in this thesis we can conclude that influence of the ITO glass to the WF and the
PV of the samples are small. The changes in the WF and PV were probably caused by the changes in
the layer stack of the samples during the storage time. The different reaction of samples illuminated
by the two different light sources could be explained by the different wavelength range of the sources
because the layers/materials used in the preparation of the samples have a different light absorption
range [17].

At the moment, we cannot say more about material chemical changes during the storage time
because these changes also have an influence on the final opto-electronic properties. It probably is the
formation of some salts, but we need to do more experiments to explain the changes in material
composition and properties, for example, Raman spectroscopy, Fourier-transform infrared

spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS).
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4. Conclusion

In this thesis, we observed the changes in morphology and aging of perovskite solar
cells with different CTLs and ratios of MAI/PbI, after two years through the methods AFM,
Scanning Kelvin Probe in the dark and under the illumination, and Confocal
Photoluminescence Micro-spectroscopy. The sample photographs show the changes under
different CTLs combinations and different ratios of MAI/Pbl,. After two years, the most
significant change is that the perovskite samples with Spiro's deposition will increase their
transparency, especially with a lower MAI ratio.

The AFM topography images illustrate the changes on surface properties of the
perovskite with different CTLs and the ratio of MAI/Pbl,, such as grain size and roughness.
Among the observed CTLs, changes in the photovoltage and work function on the all samples
also suggest possible structural differences in the PVSK layers that AFM on the surface
cannot directly observe. In the Kelvin Probe study the changes in the WF and PV were
observed in the comparison to the old data. PL maps showed the differences in the
morphology of perovskite samples in the both ratios of the MAI/Pbl,. The most significant
difference was in samples with the full layer stack ITO/SnO,/PVSK/Spiro. The
ITO/SnO,/PVSK/Spiro with the ratio of MAI/Pbl,= 0.9 had smaller features while samples
with the ratio of MAI/Pbl,= 1.0 showed bigger features. PL maps correlated with the AFM
morphology. The PL spectra for samples with the Spiro layer for the MAI/Pbl, ratio of 0.9
showed the left-shifts related to the transparency of the samples as well as the changes of the
layer stack during the storage.

Significant changes were shown in the PV for ITO/SnO,/PVSK sample for the both
studied ratios of the MAI/Pbl,. The PV was positive compared to negative PV measured two
years ago. The changes in the WF and PV are related to the changes in the layer stack during
the two years storage time. Also in this thesis we compared the WF and PV from two sources
of the light Solar simulator (blue) and the Halogen lamp (red). The differences in the WF are
present as well as in the PV values. The most significant difference in the PV values were
observed for the ITO/PVSK and ITO/PVSK/Spiro of the MAI/Pbl,= 0.9; and
ITO/PVSK/Spiro and ITO/SnO,/PVSK of the ratio MAI/Pbl,= 1.0, where the PV values
obtained under the Solar Simulator light was higher the the PV values obtained under the
light of Halogen lamp. We did the characterization of pure ITO glass by the Kelvin Probe in
the dark and under the illumination. And concluded that the influence of the ITO glass to the

WF and PV values are minimal. The changes in the WF and PV mostly are related to the
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changes in the layer stack during the two years storage time as well as the excitation
wavelength range of the light sources.
The studied perovskite materials showed the opto-electronics reactions after two years

of storage and the effect of aging was reflected in their opto-electronic properties.
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