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Abstract

Perovskite solar cells (PSCs) have become a trending technology in photovoltaic research due to a
rapid increase in efficiency. However, they show degradation of their performance under operational
conditions. Many researchers have studied the degradation mechanism caused by moisture, oxygen,
or light to increase their long-term stability for market applications. However, understanding the
intrinsic degradation attributed to the electrical field remains vague due to the complexity of these
materials. In this thesis, a multitude of laboratory-based as well as synchrotron-based techniques are

applied for a better understanding of the detailed mechanism of the phenomena in PSCs.

Three following themes are covered in this thesis. Firstly, MAPbI; films and solar cells were used as
model systems for investigations using laboratory-based and synchrotron-based characterization.
Therefore, MAPbI; film based on thermal evaporation was optimized by varying evaporation
parameters. In addition, PSCs with the optimized MAPbI3 were fabricated with various electron

transport materials and hole transport materials.

Secondly, we analyzed carrier dynamics in PSCs under electric field or exposure to air using
electrochemical impedance spectroscopy (EIS). After applying electric bias, a second capacitance at
low frequency was observed. This second capacitance indicates the presence of mobile ions.
Additionally, EIS was measured periodically to study the degradation mechanism in air, and two

variations of impedance at high and low frequencies were observed.

Finally, synchrotron-based scanning transmission X-ray microscopy (STXM) was employed to
analyze the nanoscale changes in chemical composition of PSCs under electric field. By applying
electric field to perovskite film with a specific in-situ electric biasing system, we observed not only
halide migration but also changes of chemical structure in organic components of halide perovskites.
After applying ex-situ electric biasing to PSCs, focused ion beam (FIB) sections were prepared.
Halide ion migration in the bulk perovskite layer and its interface with two charge transport layers
was observed with STXM. Furthermore, we proposed to explain electric field-induced degradation

mechanism in PSCs through correlation between EIS and STXM results.



Résumé

Les cellules solaires a base de pérovskite (PSC) sont devenues une technologie tres étudiée dans la
recherche photovoltaique en raison de 1’augmentation rapide de leur efficacité. Cependant, elles
montrent une dégradation de leurs performances dans des conditions de fonctionnement standard. De
nombreux chercheurs ont étudié le mécanisme de dégradation causé par I'humidité, 1'oxygeéne ou la
lumiére pour augmenter leur stabilité a long terme pour des applications commerciales. Cependant,
la compréhension de la dégradation intrinséque attribuée au champ électrique reste floue du fait de la
complexité de ces matériaux. Dans cette these, un grand nombre de techniques de laboratoire et de
synchrotron sont appliquées pour une meilleure compréhension détaillée des mécanismes et des

phénomenes rencontrés dans les PSC.

Trois thématiques sont abordées dans cette thése. Premiérement, les films de MAPDI; et les cellules
solaires correspondantes ont été utilisés comme systémes modeles pour les investigations utilisant la
caractérisation en laboratoire et au synchrotron. Par conséquent, le film de MAPDbI; déposé par
évaporation thermique a été optimisé en faisant varier les paramétres d'évaporation. De plus, des PSC
avec le MAPDI3 optimisé ont été fabriqués avec divers matériaux de transport d'électrons et matériaux

de transport de trous.

Deuxiémement, nous avons analysé la dynamique des porteurs dans les PSC sous champ électrique
ou exposition a l'air, a l'aide de la spectroscopie d'impédance électrochimique (EIS). Apres
application de la polarisation électrique, une deuxiéme capacité a basse fréquence a été observée.
Cette deuxieme capacité indique la présence d'ions mobiles. De plus, 1'EIS a été mesurée
périodiquement pour étudier le mécanisme de dégradation dans l'air, et deux variations d'impédance

aux hautes et basses fréquences ont ét€ observées.

Enfin, la microscopie a balayage par transmission des rayons X (STXM) sur faisceau synchrotron a
été utilisée pour analyser les changements a 1'échelle nanométrique dans la composition chimique des
PSC sous champ électrique. En appliquant un champ électrique au film de pérovskite avec un systéme
de polarisation électrique in situ spécifique, nous avons observé non seulement la migration des
halogénures, mais ¢galement des changements de structure chimique dans les composants organiques
des cellules pérovskites halogénées. Apres avoir appliqué une polarisation électrique ex-situ aux PSC,

des sections par faisceaux d'ions focalisés (FIB) ont été préparées. La migration des ions halogénures
5



dans la couche de pérovskite dans la couche et a son interface avec deux couches de transport de
charge a été observée par STXM. De plus, nous avons proposé¢ d'expliquer le mécanisme de
dégradation induite par le champ ¢électrique dans les PSC grace a la corrélation entre les résultats EIS

et STXM.
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1.1 Global Energy Issues and Photovoltaics

1.1.1 Global Energy Issues and Trends of Renewable Energy

The increase in world population and the progress of civilization have led to world energy growth in
demand. As shown in Fig. 1.1, Fossil fuels, including coal, natural gas, and oil, account for the largest
portion of the energy sector which people consume (over 80 %). However, they are not sustainable,
and the combustion process of fossil fuels results in the emission of greenhouse gases such as methane,
carbondioxide, and nitrous oxide [1], [2]. The emission of greenhouse gases due to fossil fuels
resulted in the increase in average world temperature, which leads to climate change with sea-level
rise, changes in the ecosystem, etc. [3]. Furthermore, some exporters of fossil fuels misuse them for

political purposes. For example, Russia has threatened to cut natural gas to western European



countries since Russo-Ukrainian War which implies energy weaponization. Due to such climate

changes and energy crises caused by fossil fuels, alternative energies are required to be explored.

World consumption
Exajoules

B Renewables 600

W Hydroelectricity
% Nuclear energy
= Coal

M Natural gas

m Ol

00 03 06 19 12 15 18 21 0

Figure 1.1 Energy consumption in the world from 2000 to 2021 [4].

To reduce energy-related problems, governments around the world have accelerated the development
of renewable energy as an alternative energy source. Renewable energy is more environment-friendly
with respect to greenhouse emissions, and it is regarded as the long-term solution for a reliable and
infinite supply of electricity. There are many different types of renewable energy, including renewable
heat, hydropower, solar photovoltaic, wind power, etc. Renewable thermal energy is a technology
that provides energy from sources, including geothermal, solar thermal energy, and biomass, that
replenish themselves for immediate use or battery charging. Solar photovoltaic is a way of harvesting
energy through the conversion of light energy from the sun into electrical energy. Wind power is a
method of producing electric power from kinetic energy. From a financial point of view while REN21
has reported that the share of fossils has gradually decreased over ten years (2009-2020) [5] (Fig 1.2),
the share of renewable energy has increased. Furthermore, it is worth noting that the share of
renewable energy in 2020 increased from 11.7 % to 12.6 % compared with that in 2019 despite a
temporary reduction in global energy demand related to COVID-19 (Fig. 1.2). With this trend, we
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can anticipate that renewable energy will grow to 22 % in 2060 and contribute to reducing a

significant amount of greenhouse gases.
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Figure 1.2 Total final energy consumption and share of renewable energy in 2009, 2019, and 2020 [5].

1.1.2 Trend in Photovoltaics

Among various renewable energy resources, solar energy is an infinite resource, and it can be the
optimal energy source that humans need on the Earth today [6], [7]. Initially the first solar cells were
used for space application during 1960s [8]. Photovoltaic (PV) is the best-known solar energy
conversion technology by directly converting from solar energy into electrical energy. Fig. 1.3 (a)
shows the annual global capacity of solar PV with additions for 10 years [5]. Both, PV capacity and
the overall annual additions can be seen to have gradually increased during the last 10 years. The PV
markets continued record-breaking peak of PV capacity and its additions. The global PV capacity and
its additions in 2021 are 942 gigawatts (GW) and 175 GW, respectively. Furthermore, it is noticeable
that the capacity increment of PV is the largest in renewable energies (Fig 1.3 (b)). Additionally, the
capacity additions of PV have continued to increase from 2016 to 2021 compared to other energies.
The data from REN21 2022 report imply that solar PV has received a lot of attention and is being

developed actively.
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Photovoltaics are safer, cleaner, and more efficient than other ways of using solar energy, such as
solar thermal and photochemical reactions. In addition, the direct conversion of solar energy into
electrical energy enables a more efficient energy transportation and storage process. Furthermore, PV
is more applicable to real life. For example, it can be integrated from rooftops to the windows and

even on cars, ships and planes [9].
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Figure 1.3 (a) Annual solar PV capacity and increases from 2011 to 2021. (b) Annual increases in renewable power

capacity from 2016 to 2021 [5].

In general, photovoltaic performance is influenced by semiconductor materials. The first solar cell
was fabricated with a thin selenium-coated gold layer by Charles Fritts in 1883 [10]. 1 % of power
conversion efficiency (PCE) was achieved. The research on photovoltaics stopped due to low
efficiency and material costs. After around 70 years, the first practical silicon-based solar cells with
6 % of PCE were developed at Bell Laboratories in 1954 [11]. Since then, photovoltaic technologies
have received attention from researchers, and research on photovoltaics has been actively proceeding.
For the last 60 years, device engineering with a fundamental physical understanding of silicon-based
solar cells has led to the achievement of high efficiency of 26.7 % and the highest market share in the
solar panel [12].
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Meanwhile, other absorber materials such as CIGS, CdTe, and GaAs have been spotlighted as thin
film solar cells because it is appropriate for flexible solar cells compared to Si solar cells [13]. GaAs
single-junction thin film solar cells have achieved 29.1 % [14]. In addition, organic photovoltaics
(OPVs) [15], dye-sensitized solar cells (DSCs) [16] and quantum-dot solar cells (QDSCs) [17]
emerged as next-generation solar technologies. The common advantages of these photovoltaic
technologies are low-temperature processes, simple solution processes such as spin-coating and roll-

to-roll printing, and thus low cost.

1.2 Organic-inorganic Halide Perovskite Solar Cells

1.2.1 Solar Cells based on Organic-inorganic Halide Perovskites

Apart from the thin film and next-generation solar cells, as mentioned in section 1.1.2, organic-
inorganic halide perovskite solar cells (PSCs) have attracted much attention from the photovoltaic
community. Organic-inorganic halide perovskites formed by the ABX; structure have emerged as an
innovative material with excellent optoelectrical properties. The bandgap of the halide perovskites is
widely tunable by finely tuning the composition of cations (MA™, Cs", FA", Rb™ etc.) and anions (CI°
, Br', I'). In ABX3 structures, the bandgap energy generally decreases as X goes from Cl to Br to |
because of the increase in the halide ionic radius size. Additionally, bandgap energy can be changed
by substituting cation positioned A of ABX; structures. For example, FAPbI; has lower bandgap
energy than that of MAPbI; because FA" ions with a larger ion size expand the perovskite crystal and
shorten the distance of the Pb-I bond. Fig. 1.4 presents bandgap energies of halide perovskites with
respect to elemental composition. Additionally, we can control the bandgap energy by keeping the
same composition but varying the size of nanoparticles in the form of quantum dot perovskites. All
this flexibility and adjustability enables halide perovskite to be applied in various optoelectronic
devices, including solar cells, light emitting diodes [18], photodetectors [19], field effect transistors

[20], etc. (Fig. 1.5).

Organic-inorganic halide perovskites have been most actively researched in the area of photovoltaic

among various areas of optoelectrical devices due to several advantageous properties of halide

perovskites. Their high optical absorption coefticient [21], long carrier diffusion length (1 um) [22],

low trap density (10'® - 10'7 ¢m™), and small exciton binding energy [23] contributes to the high
13



photovoltaic performance of perovskite solar cells. Furthermore, the manufacturing cost of halide
perovskite solar cells is less than silicon-based solar cells. Meng et al. estimated that the
manufacturing cost of perovskite solar modules is less than half of 0.30 $/W for Si-based solar modu
les [24]. The lower manufacturing cost of perovskite solar modules is strongly influenced by lower
material costs [25]. Because of these properties, PSCs have shown comparatively marked
improvement in their performance in the past 12 years. The initial PCE of PSCs was only 3.8% in
2009 [26] but increased to 14.1% in 2013 for the first certified PCE [27], followed by a PCE of 25.7
% in 2022, much closer to GaAs-based and Si-based technologies (Fig. 1.6) [14]. The achievement

of high PCE is more impressive considering the short period compared with other inorganic or organic

PV technologies.
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Figure 1.4 Schematic energy level diagram of halide perovskites with different chemical components.
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Figure 1.5 Schematic diagram of the potential optoelectrical applications: solar cells, photodetectors, field effect

transistors (FETs), and light-emitting diodes (LEDs).
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Figure 1.6 Best efficiency of the perovskite-based solar cell compared with other material-based solar cells [14].

There were several events that contributed to important breakthroughs in PSCs from 2013 to 2022.
To increase the photocurrents in PSCs, researchers substituted FA™ for MA™ in MAPbIs. However,
the photoactive black @ —phase FAPDI; is unstable and tends to easily transform the yellow §-phase
FAPbI;, which leads to the decline of photovoltaic performance. Jeon ef al. incorporated MAPbBr3
in FAPDI; to stabilize the @ —phase FAPbI; and achieved 18.4 % in 2015 [28]. Afterward, Saliba et
al. mixed FA", MA™ and Rb" at A site cation to remove the residual §-phase FAPbI3. Through this
strategy, 21 % of PCE was achieved in FA-based PSCs with small amounts of MA™ and Rb" [29].
However, FA-based perovskites with MA™ and Rb" increases bandgap energy consequently reducing
PCE. Therefore, Jeong et al. proposed to passivate I vacancy defect in FAPbI3 with the pseudo halide
anion (HCOO-), which lead to an achievement of 25.6 % PCE in 2021 [30]. The aforementioned
results are mostly achieved by controlling the chemical compositions of halide perovskite. In addition
to the above mentioned strategies, modification of the structures of PSCs, other deposition techniques,
or engineering of interfaces between halide perovskite layers and charge transport layers also

contribute to improving the efficiency.

1.2.2 Stability Issues of Halide Perovskite Solar Cells

Despite the high photovoltaic performance in halide PSCs, one of the challenging issues for the

successful commercialization of PSCs is still low operational stability. The mechanisms of

15



degradation in a bulk perovskite layer and interfaces between perovskite and charge transport layers
are caused by various factors of the operational environment such as oxygen, moisture, heat, light,
and electrical field. Degradation is divided mainly into extrinsic and intrinsic degradation. Extrinsic
degradation is a consequence of external factors, such as moisture, oxygen, and heat. On the other
hand, intrinsic degradation results from intrinsic factors required or generated during operation (light

illumination and electric field) [31].

To improve the stability, many researchers have tried to investigate them in different ways and have
observed the degradation phenomena under varied conditions [32], [33]. Among various degradation
phenomena, degradation caused by extrinsic factors has been studied well. For example, the
MAPbI3-H20 complex is formed, or the H>O molecule diffuses into the CH3NH;3" site when MAPbI;
is exposed to moisture [34]. The diffused H>O molecule acts as the charge trap center and causes the
non-radiative recombination. In the case when MAPDbI; is exposed to oxygen in the dark, oxygen has
anegligible effect on film morphology and PL lifetime [35]. However, in the presence of both oxygen
and light (photo-oxidation), oxygen diffuses into MAPbI3 through iodide vacancies at the surface and
in bulk leading to degradation in a short time. Heat promotes the diffusion of mobile ions in halide

perovskite and the reaction of the mobile ions with the contact layer [36].

As mentioned above, degradation caused by extrinsic factors has been studied and understood well.
Many researchers systematically investigated the degradation mechanism and divided them in detail
according to the device structure and the kind of halide perovskite (i.e., lead-based halide perovskite,
tin-based halide perovskite, etc.). Furthermore, the proper encapsulation technique is employed in
order to avoid the degradation triggered by moisture, oxygen, and heat. Due to the packing techniques,

PSCs are prevented from being decomposed, and the stability issues can be addressed.

Although the light and the electric field are necessary or always exist for the operation of PSCs, these
two intrinsic factors also cause the decomposition of halide perovskite. Understanding of the intrinsic
degradation attributed to these two intrinsic factors had remained vague due to the complexity of
these materials. However, recently several researchers have vigorously studied the degradation
caused by light between the two intrinsic factors. During illumination, the changes, including halide

segregation (Hoke effect), cation segregation, and photochemical reaction, occur [36], [37].

However, there are fewer studies about the degradation of perovskite caused by electric fields than
about the degradation attributed to other factors. Researchers have difficulty studying the degradation
caused by an electric field because the in-situ electric biasing system for the measurement is not well
equipped compared with other environmental systems. Ex-situ measurement, which can be a
substitute for in-situ measurement, is performed near equilibrium. It is conducted after applying bias,
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so during the transportation of the sample from applying a bias to the measurement system. The
sample can be exposed to oxygen, or ions move back to their original position at the equilibrium [38].
For studying electric field-induced degradation of PSCs, the measurement is required to be performed
in real-time, excluding other environmental parameters. Table 1.1 summarizes the observation of the
degradation of halide perovskite film and PSCs caused by the electric field. The summarized
measurements were performed under a pure electric field and were not affected by air, moisture (in a

vacuum), and sun illumination.

Table 1.1 Summary of reported studies of degradation of perovskite film and PSCs caused by electric bias. Q-perovskite
means quadruple cation perovskite (Rbo_os(CSo_1MAO_15FAO_75)0_95Pb12BI‘3).

Distance between

Sample Measurement Electric field Ref
electrodes

CH;3NH;3PbI;- «Cl XPS 1Y% 200 um [39]

MAPDI3 PL & EIS 1*105 V/m 200 um [40]

MAPbBBr3 n-XRF 2V 10 um [41]

MAPbBBr3; TOF-SIMS 5-15V 100 um [42]

ITO/ETL/ MAPbI;/HTL/Au TEM 1*105 V/m 400 nm [43]

FTO/cp-TiO2/m-TiO»/Q-

Perovskite/spiro-MeOTAD/Au Micro PL L2V, -1V 300 nm [44]

ITO/ETL/MAPbI;/HTL/Au HRTEM Y 500 nm [45]

Li et al. measured XPS of CH3NH3Pbl3—«Clx with lateral electrodes to investigate the redistribution
of ions after long-term electric biasing. Through the measurement, they observed that the ratio of I/Pb,
which is constant everywhere before biasing, gets higher at the positive electrode and lower at the
ground electrode (Fig. 1.7 (a)) [39]. Furthermore, they also visualized the ion migration of MAPbI3
under an electric field using PL imaging microscopy (Fig. 1.7 (b)) [40]. Luo and his co-workers used
nano-XRF (n-XRF) to analyze ion migration in MAPbBr; monocrystal quantitatively and study

intrinsic point defects in relation to optoelectrical properties at the nanometer scale (Fig. 1.7 (c)) [41].
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Figure 1.7 (a) X-ray photoemission spectroscopy (XPS) spectra of Pb and I of a lateral CH3NH3Pbls- (Clx near the ground
and the positive electrode and distribution of the ratio of I/Pb between the two electrodes after applying bias 1 V for 30
min [39]. (b) Time-dependent photoluminescence (PL) images of MAPbI; film under electric bias [40]. (¢) Nanoprobe
X-ray fluorescence (n-XRF) measurement of the changes in Br:Pb element ratio in MAPbBr3 single crystal under bias,
and the mean Br:Pb ratio of area A and B during the bias sequence with the corresponding bias condition. The red and

blue arrows indicate the direction of the electric field [41].

Researchers have put their effort towards investigating the influence of electric field on the bulk of
halide perovskite and the interfaces between halide perovskite and the charge transport layer in PSCs.
Jeangros et al. used the FIB section of PSCs with TEM and carried out in-situ characterization. They
observed the formation of Pbl, nanoparticles and voids near the interfaces in PSCs, which deteriorate
the photovoltaic performances of PSCs (Fig. 1.8 (a)) [43]. In addition, phase segregation of MAPbI3
in PSCs was observed using micro-PL by Duong ef al. [42]. Under forward bias, there is a dramatic
change in PL intensity however, the shift in PL is not observed under reverse bias. The results are

caused by the relation of carrier concentration with the applied voltage based on the electron-phonon
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theory [44]. At the forward bias above the built-in potential, the charge concentration significantly
increases, which generates lattice strain and then promotes phase segregation.
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Figure 1.8 (a) Scanning transmission electron microscope (STEM) with a high-angle annular dark-field (HAADF)

micrographs showing changes in the morphology of the MAPDbI; with applying +6 V to PSCs. Arrows and circles
highlight the formation of nanoparticles and the resulting shrinkage of the MAPbI; phase during biasing [43]. (b) Micro-
PL scan images showing the perovskite material in PSCs after applying the electric bias of +1.2 V and — 1 V. All

measurements were performed in the dark [44].

In the precedent studies, they have visualized the change in perovskite film or PSCs under an electric
field. Furthermore, they quantified the change of mobile halide ions in the perovskite layers and the
interfaces in PSC and tried to understand the parameters that affect the stability of PSCs. However,
there is still a lack of deeper understanding of the degradation of PSC caused by an electric field. In
the studies, they have analyzed the change of lead cation and halide anions, but they have not
investigated organic cations and the change of the chemical bonds in detail. For a better understanding
of the detailed mechanism of the phenomena, advanced characterizations are required, which provide
insights into nano- and microscale details with respect to the chemical, electronic and ionic
parameters (or compositional and structural heterogeneities), as these parameters have a decisive

influence on not only performance but also stability of PSCs.
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1.3 Characterization Techniques for Perovskite Solar Cells

1.3.1 Potential of Impedance Spectroscopy towards Analysis of

Photovoltaics

Optoelectronic devices generally consist of several different functional layers, including the active
layer and charge extraction/transport layers. For the deposition of the layers, various fabrication
processes such as spin-coating, metal-organic chemical/physical vapor deposition, ion implantation,
and epitaxial growth are employed [46]—-[48]. In terms of devices, the interfaces between layers
deposited by the mentioned processes are non-ideal, which strongly affects the electronic properties
and the performance of devices. Observing interfacial reactivity during operation is difficult because
the interface is buried inside devices, and the reaction occurs in the range of nanometers near the
contact. In order to investigate the interface and the influence of non-ideal on the performance of the
device, chemical spatially resolved measurement with ion milling has been used so far, which is a

destructive technique [49], [50].

Among optoelectronic devices, the efficiency of solar cells is generally evaluated with parameters
such as power conversion efficiency, series and shunt resistance, ideality factor, and built-in potential.
These parameters can be achieved by DC techniques. Current (J) — voltage (V) measurement is the
most conventional DC measurement. They are useful for correlating the performance with thin film
properties, such as crystallinity, morphology, microstructure, and optical stability. However, J-V
measurement is insufficient to understand dominating mechanisms fully and whether the mechanisms
occur at interface or bulk. In addition, it alone cannot provide resistive or capacitive parameters

indicating the interface change.

Impedance spectroscopy (IS) is a versatile technique that can help to monitor electrical and
electrochemical processes under operando conditions and describe the electronic structure in
electrochemical and solid-state devices [51]. In general, IS can be mainly divided into two categories:
IS for dielectric materials and electrochemical impedance spectroscopy (EIS). The first IS is
employed for dielectric materials such as solid/liquid nonconductors, single-crystal/amorphous
semiconductors, glasses, polymers, etc. On the contrary, EIS is applied to investigate ion conductive
materials, such as ionic conducting glasses, solid and liquid electrolytes, polymers, and

nonstoichiometric ionically bonded single crystals [52], [53].
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In IS experiments, the response of the samples to small-signal sinusoidal variation (AC
characterization) is probed as a function of the frequency. The electrical energy of the signal is
dissipated or stored by the device, which depends on the dynamical characteristics being detected.
The dynamic or relaxation behavior can be differentiated depending on their unique relaxation time.
IS complements the standard electrical characterization and can be easily measured without damaging

the device structure [51].

This AC characterization technique enables quantitative analysis of various physical processes
occurring at interface or bulk in solar cells, which cannot be elucidated by the DC measurements. IS
can examine the kinetics of physical and chemical processes in semiconductor materials [54]. In
addition, resistive and capacitive components can be achieved separately using IS according to the
kinetics of the processes such as charge transfer, transport, and accumulation in solar cells that occur

simultaneously.

1.3.2 Applications of Electrochemical Impedance Spectroscopy to

Perovskite Solar Cells

As mentioned in section 1.2.2, low operational stability is the main issue in PSCs where high
efficiency and reproducibility are achieved. The efficiency drop during continuous operation is
mainly associated with the change in the bulk of the halide perovskite layer and ion migration [55].
Ion migration is an intrinsic effect of halide perovskite because perovskites are partially ionic
compounds. In the ionic compounds, loose crystals, vacancies, and other defects exist. When an
electric field is applied, ions migrate within the perovskite layer and can be accumulated at the
interfaces between halide perovskite and contact layers which leads to hysteresis and degradation of
PSCs [56], [57]. In order to alleviate the issues of stability, the changes in the perovskite materials
and interfaces in the device need to be understood in more detail [58], [59]. To get insight into these
issues, it is vital to employ characterization techniques that can provide information about the

degradation processes in bulk and the interfaces of the devices.

EIS is an appropriate characterization technique for studying various processes taking place in PSCs
and how they are affected by other contact layers, and it has been gaining increasing attention recently
by researchers. The reason why EIS is a well-suited technique for studying PSCs is that PSCs have

both electronic and ionic carriers whose motions are fast and slow processes, respectively. Due to the
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two carriers, a wide range of electrical and electrochemical processes happen at the device interfaces.
EIS can distinguish the results of the electronic and ionic charge dynamics in the absorber layer and

at the interfaces in the form of resistance and capacitance.

There are several examples of studying phenomena in PSCs based on EIS. Sanchez et al. applied EIS
to identify a slow dynamic process in PSCs according to hysteresis [60], [61]. They observed three
arc features in the complex impedance plot at high-, intermediate-, and low frequency (Fig. 1.9 (a)).
The arcs at high- and intermediate-frequency are related to selective contacts and chemical
capacitance, respectively. They found that the feature at low frequency is attributed to the
polarizability of MA cation in perovskites. Dhar et al. studied ion displacement in single crystalline
and polycrystalline MAPbI; using EIS. Fig. 1.9 (b) presents impedance spectra of single crystal and
polycrystals with silver and graphite electrodes. They found that the Warburg feature, which is

affected by ion transfer to the electrode, decreases when silver is replaced with a graphite electrode.
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Figure 1.9 (a) Complex impedance plot and Bode plot of the real part of the capacitance of Sing-MA/I-Cl sample under

the dark condition at DC bias of 0.9 V [61]. (b) Complex impedance plot of single crystal and polycrystals MAPbI3

according to silver and graphite electrodes [62].

In addition to ion migration, the effect of hole and electron transport layers on the performance of

MAPDbBIz PSC was studied using EIS [63]. The Nyquist plots of the original full device, an electron-
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only device with TiO», and a hole-only device with spiro-OMeTAD are shown in Fig 1.10 (a). In the
impedance spectra, two impedance features exist at high and low frequencies. The arc at high
frequency is related to selective contacts, and the arc at low frequency is influenced by the perovskite
layer. In addition, the influence of doping or oxidation of hole transport materials on the impedance
response was also studied by Juarez-Pérez and his co-workers [64]. Fig 1.10 (b) shows Nyquist plots
of doped, oxidized, and undoped spiro-OMeTAD-based PSCs measured at 0 V. They found that the
relaxation time of hole transport materials decreases by employing doped and oxidized spiro-

OMeTAD and perovskite/HTM interfaces are highly improved.
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Figure 1.10 (2) Full and zoomed Nyquist plot of PSCs (FTO/TiOx/perovskite/spiro-OMeTAD/Au), electron-only device
with TiO,, and hole-only device with spiro-OMeTAD [63]. (b) Complex impedance plot of undoped, doped and oxidized
spiro-OMeTAD based PSCs [64].

Through the examples described above, we can confirm that IS measurements have shown great
success in observing behavior occurring in the bulk of perovskite and the interface in PSCs due to its
good adaptability and high sensitivity and there is still much potential to discover the various

phenomena in PSCs using EIS.

1.3.3 Synchrotron-based X-ray Techniques in Materials Characterization

The development of new functional materials has brought about technical and scientific impacts in
engineered structures, sustained energy sources, and a host of other applications. In order to improve
the performance of the new materials, it is important to explore, understand them and further modify
the synthesis and manufacturing process. A more systematic approach is necessary for obtaining

information about the probable imperfection and hidden properties in the materials. In general,
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laboratory-based characterization, including X-ray diffraction (XRD), scanning electron microscopy
(SEM), and UV-Visible absorption spectroscopy, is conventional and useful for the characterization

of materials. However, they have limitations in analyzing the material on the nanoscale.

Synchrotron radiation-based characterization is one of the effective solutions for dealing with the
constraints of conventional characterization techniques. Since the appearance of the third-generation
synchrotron radiation beamline, which provides high X-ray brightness up to 10'® photons/s [65], [66],
the gigantic X-ray source has attracted attention as one of the mainstream scientific tools for getting
insight into nanoscale details of the materials which couldn’t be founded by conventional
characterization techniques. Synchrotron radiation is electromagnetic radiation resulting from the
acceleration of electrons close to the speed of light. Synchrotron generates monochromatic,
collimated, and highly brilliant beam, which contributes to a higher spatial and spectral resolution

with a micro-sized beam size. Additionally, synchrotron X-ray-based techniques are non-destructive.

As a result of the advantages of synchrotron radiation-based X-rays, they have been one of the most
crucial components of research in various fields of materials science including nanomaterials,
biomaterials, and energy materials. It is possible to apply synchrotron-based characterization
techniques to diverse types of materials such as powders, thin films, and bulk forms with complex
crystalline or amorphous structures. Furthermore, varied characterization techniques can be
performed with synchrotron radiation, such as grazing-incidence X-ray diffraction (XRD), X-ray

imaging, X-ray photoelectron spectroscopy (XPS), and X-ray absorption spectroscopy (XAS) [67].

A variety of crystalline structures of the material exists, from single crystals to nanocrystals. Due to
the various crystalline properties of the material, different techniques of diffraction, including X-ray
powder diffraction, grazing-incidence XRD, and small-angle X-ray scattering, wide-angle X-ray
scattering, have been developed depending on the purpose. X-ray imaging is a technique to achieve
3D reconstruction images and perform phase-contrast microscopy with high resolution. XPS is a
measurement to obtain detailed information about the surface of the materials. Through the
measurement, quantitative elemental analysis with the bonding and oxidation state can be achieved.
XAS is a measurement technique of absorbed X-rays of materials with different energies. The
absorption coefficient, which is affected by the atomic types and nature of the bond, can be
determined by the measurement. By applying these different techniques, complementary information
about the surface and depth of the materials can be achieved, which is helpful to deeper insight into

the nature of new materials.
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1.3.4 Application of Synchrotron-based Characterizations to Perovskite

Solar Cells

Based on the properties of synchrotron radiation mentioned in section 1.3.3, the application of
synchrotron-based characterization to study PSCs has been active recently. In the synchrotron-based
characterization techniques, which span from X-ray imaging, spectroscopy, and scattering
microscopies, their properties such as X-ray spot size, coherence, intensity etc. enables obtaining
optical and chemical information at subgrain resolution leading to the correlation of electrical
performance with elemental composition for PSCs with polycrystalline perovskite layer. In addition,
these techniques help explain phenomena that govern PSCs from the chemical and electrical points
of view and how they affect photovoltaic performance [68]. Currently, the application of synchrotron-
based measurements for the characterization of PSCs is still in its infancy and leaves possibilities to
suggest various new experiments with ptychograpic, multimodal, in situ, and operando measurements.
In this section, several studies on PSCs using synchrotron-based characterization are described, which
have proven that the characterizations are valuable tools for understanding the role of defects,

impurities, and the change in the perovskite materials and interfaces in PSCs.

Oesinhaous et al. employed grazing-incidence wide-angle X-ray scattering (GISAXS) to study the
crystallization of MAPDI3 based on a 2-step deposition process. When the MAI precursor solution is
spin-coated on the Pbl, layer, not only (002) orientation (face-up) but also corner-up orientation is
discovered (Fig. 1.11 (a)) [69]. The corner-up orientation is a distinct property of MAPbI; formed by
a 2-step deposition process compared with the 1-step deposition method showing only the preference
(002) plane. The GIWAXS results show that the crystalline orientation is affected by the deposition
methods of halide perovskite. Grain boundaries play an important role in the photovoltaic
performance of PSCs. In order to prove it, the crystalline properties of grain boundary are studied at
the nanoscale using nano-XRD by Adhyaksa and his co-workers. Fig. 1.11 (b) presents SEM and
nano X-ray diffraction (n-XRD) images of a polycrystalline MAPbBr; film. In the SEM image of the
film, the grain size of a few tens of micrometers is shown. The nano-XRD map indicates that the
scattering intensity of the characteristic (002) is very low in the grain-boundary region. It implies that

grain boundaries in halide perovskite film are amorphous [70].
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Figure 1.11 (a) GIWAXS data of conversion of Pbl, into MAPbI3;, GIWAXS data of i) Pbl,, ii) MAPbI;3 produced at 60
°C and 100 °C, and azimuthal cuts performed on GIWAXS data of MAPbI; according to the temperature for crystallization
[69]. (b) n-XRD data of MAPDbBTr; region covering grain and grain boundaries i) SEM, correlated ii) nano-XRD map. The
scale bars are 4 um [70].

X-ray fluorescence microscopy is a useful technique for analyzing the presence of elements at the
nanoscale. For example, Unger ef al. applied n-XRF to identify the presence of I and CI in
MAPbBI3—«Clx perovskite films [71]. The elemental distribution of I and Cl in the perovskite film was
spatially resolved by n-XRF in Fig. 1.12 (a). The maps of local halide content and halide ratio show
that Cl clusters were localized outside of iodine-rich grains, which induces that Cl remained at grain
boundaries. Meanwhile, n-XRF can be performed with XRF with X-ray beam-induced current (XBIC)
to study recombination properties of perovskite simultaneously. Correa-Baena and his co-workers
measured n-XRF and XBIC of (FAPbI3)o.83(MAPbBr3)0.17 with different doping concentrations of Rbl
[72]. Incorporation of alkali cations like Cs* and Rb* onto the A-site of ABX3 structure on behalf of
larger organic cations leads to enhancement of the stability in the perovskite film [73]. As shown in
the n-XRF mapping (Fig. 1.12 (b)), Rb-rich clusters increase as the concentration of Rbl increases.
Furthermore, higher photocurrent in Rb-rich perovskite film is observed by XBIC, implying that non-

radiative recombination in Rb-rich perovskite film is weak. These results propose that further
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optimization of perovskite chemistry for enhancement of both photocurrent and voltage is available

with the n-XRF measurements.
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Figure 1.12 (a) n-XRF maps of Cl, I, and CL:I ratio in MAPbI3-Clx with the scale bar of 100 nm [71]. (b) n-XRF maps
of Rb in (FAPDI3)0.83(MAPbBI3)0.17 with doping of 1 % and 5 % Rbl and their corresponding XBIC measurements. The
length of the scale bar is 5 um [72].

X-ray photoemission electron microscopy (XPEEM) is an excellent technique to study surface
chemistry and defect states in semiconductor devices. In XPEEM, unbound energetic electrons are
emitted from the surface of the samples, and the collected electrons by detectors form the surface
image with chemical shifts. Furthermore, it can be used to spatially resolve band bending between
charge transport layers and the perovskite layer. Appropriate band alignment between the charge
transport layers and perovskite layers leads to the performance of PSCs [74]. For example, Hartman
et al. employed PEEM to investigate the valence band maximum of defects formed in MAPbI;3.x)Clx
on TiO; (Fig. 1.13 (a)) [74]. The local composition of the perovskite surface can be identified using
X-ray photoelectron spectroscopy (XPS) —PEEM. In the XPS-PEEM spectra, the Pb 4f binding
energy of the incomplete region of perovskite is lower than the bulk of perovskite, indicating a

downward band bending from perovskite to the interface between perovskite and TiO2 up to 450 meV.

X-ray absorption spectroscopy (XAS) can be used to identify elements and understand the chemical
state. Stuckelberger and his coworkers analyzed the distribution of halide in MAPb(Brxli—~) using
high-energy resolution fluorescence detection (HERFD) XAS [75]. XAS spectra of MAPb(Brxli-x)
with different ratios of Br and I at Pb-Lps are shown in Fig.1.13 (b). In the spectra, there are two
distinct features in the middle of the rising absorption edge and at the top of the main edge. As the Br
content increases (X increases), the two spectral features blue shift with the shifts of the rising edge
from 13039.9 eV to 13040.8 eV and the main edge from 13044.7 eV to 13046.2 eV for MAPbI3 and
MAPbBBr3. However, spectra of intermediate compositions cannot be explained by using a linear
combination of the spectra of MAPbI; and MAPbBr3. With additional analysis of the spectra using

DFT calculation, the results indicate that the mixed halide materials form well-mixed single phases
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rather than segregated pure halide phases.

(a)
i ii o Bl"gé"a Eg_g'mr %V) o jii Normalized Intensity
AAAAAA R 146 L . s s P A
LE intermediate
i —— porovskite
3 144 -
I s \
E‘ \l {3 |
B 14
g‘_n!ﬁ O2s/Pp5a 91 2
i §
g- 1 o 140 4
c
21 | =
32 £
| o 1384
{ '
{ hv = 200 eV 136
(b) )
i " s, =
_ | MAPbI,
- |
H | MAPbBr,
e 5 4| MAPbBr,, no \
® ) ! . // \ S
>|a N | octahedral rotation |/ —
@ g [ ;,/
c c /
] =] /
-E: 5 i ,//
3 < 05} V/a N 1
N /f ' A
® , /) | Iy .
§ b — et O / ¥
- WL P PR Y I 0 -
13035 13040 13045 13050 13.03 13.035 13.04 13.045 13.05
Energy (keV)

Energy (eV)
Figure 1.13 (a) i) PEEM image of MAPbI3.x)Clx on planar compact TiO,, ii) XPS-PEEM spectra at the energy region of
valence band maximum (VBM) and shallow core levels (Ti 3p, O 2s, and Pb 5d), iii) Pb 4f XPS-PEEM spectra of bulk
perovskite and perovskite near the interface [74]. (b) i) HERFD (bottom) XAS spectra of MAPb(Br,li—)3 at a Pb L-edge
region, ii) DFT-calculated Pbr ;s HERFD-XANES spectra of MAPbBr3; according to octahedral tilting and MAPbI; [75].

The examples described above imply that synchrotron-based characterization can offer an observation
of nanoscale compositional and structural features of perovskite films and PSCs and the potential to

achieve a more comprehensive understanding of the degradation mechanisms in PSCs.

1.4 Motivation of the Research and Thesis Overview

This thesis is titled ‘Study of degradation mechanisms in halide perovskite films and PSCs using
electrical and synchrotron-based characterization’. The title implies that we aim to investigate the
degradation mechanism of the bulk of perovskite and interfaces in PSCs. For this goal, not only

laboratory-based characterization but also synchrotron-based characterization is employed.

This chapter (chapter 1) is presented as background information to assist with an understanding of
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the motivation of this research. Organic-inorganic halide perovskite solar cells have been the most
promising candidates for next-generation solar cells due to their excellent optoelectrical properties
and high efficiency. However, the current understanding of degradation mechanisms caused by
various environments is inadequate. Among various degradations, there isn’t a lot of definitive
research about the degradation of perovskite caused by an electric field. In order to fully understand
the degradation mechanism, electrochemical impedance spectroscopy (EIS) and scanning
transmission X-ray microscopy (STXM) are employed in this thesis. Before the experiments with EIS
and STXM, several fundamental concepts about PSC, EIS, and STXM and the preparation of

optimized perovskite film and PSCs required to be explained.

This thesis covers many concepts, including solar cells, halide perovskite, EIS, and STXM. In chapter
2, the fundamental theories for this thesis are explained for all of them. First of all, the principle of
photovoltaics and the properties of halide perovskite and PSCs are described. After that, the concept
of EIS and its necessity for studying halide perovskites are explained. Lastly, the synchrotron

radiation and STXM on that basis are introduced in detail.

Chapter 3 deals with the overall process necessary for the fabrication of solar cells and the
photovoltaic performance of the fabricated PSCs. The optimized perovskite film and solar cells are
employed to study of electric field-induced degradation. Firstly, the optimization process of MAPbI3
film deposited by co-evaporation is explained with different conditions of the ratio of Pbl; and MAI
and the rate of Pbl, with the same ratio. Secondly, photovoltaic performances of PSCs based on
MAPDI; deposited under the optimized condition are evaluated. In addition, the performance of

reference PSC is compared to that of other PSCs with different hole /electron transport layers.

Chapter 4 reports the EIS results of PSCs with different perovskite layers and different conditions. At
first, the EIS properties according to different halide perovskites, including MAPbI; based on co-
evaporation and spin-coating processes, and FAMACso.0sPb(lo.83Bro.17)3 prepared by spin-coating, are
described. Then, the influence of the electric field on EIS properties of PSCs is studied, which
contributes to studying electric field-induced degradation in PSCs. Additionally, the EIS of the
reference sample of PSCs is measured under ageing in the air. After that, the degradation mechanism

in the air is explained.

Chapter 5 reports the effect of electric field on MAPbI; film and solar cells as investigated using

STXM. Before studying the effect, we demonstrated that STXM is a useful technique for exploring

phenomena in PSCs by verifying the sensitivity of STXM to various elements. Secondly, an electric

field is applied to MAPbI; film on a customized electric biasing system, and the chemical change in

bulk MAPDI; is analyzed. Thirdly, the focused ion beam (FIB) section of the reference PSCs with
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different conditions of applying electric bias is measured by STXM, and chemical changes in the
interfaces between perovskite and transport layers are analyzed at the nanoscale. In the end, the
mechanism of the electric field-induced degradation in MAPDI; solar cells is hypothesized by
correlating the results of STXM with EIS results.

Chapter 6 gives a short conclusion outlining what was done and what remains to be done in

subsequent studies.
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2.1 Introduction

In chapter 1, we explained that renewable energy sources, including photovoltaics, are uprising to
solve the problems of exhaustion of energy and reduce greenhouse gas. In photovoltaics, organic-
inorganic halide perovskite solar cells are a promising candidate for scalable, low-cost, and high-
efficiency photovoltaics because of their good optoelectronic properties. However, the degradation
mechanism needs to be studied due to their instability in various environments. In this thesis, the
degradation mechanism under an electric field is investigated using EIS and STXM. Before studying

and analyzing the results achieved by EIS and STXM, various background knowledge is required to
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be learned and understood for this research.

In this chapter, the fundamental theories related to photovoltaics, halide perovskites, EIS and STXM
are explained. Firstly, the operation principle of photovoltaics and P-I-N junction appropriate for thin
film solar cells are explained. In addition, electrical characteristics in the solar cells under dark and
illuminations and the element of performance evaluation are described. Secondly, the basic concept
of halide perovskite and PSCs are accounted for. Thirdly, the concepts of impedance spectroscopy
and dielectric properties in halide perovskite. Lastly, synchrotron radiation and interaction between
X-rays and materials are covered. Based on them, various applications of synchrotron

characterizations for studying PSCs are described.

2.2 Basic Concepts of Solar Cells

2.2.1 Working Principle of Solar Cells

A solar cell is a semiconductor device that converts light energy into electrical energy. The working
principle of solar cells is based on the photovoltaic (PV) effect. The PV effect is the direct conversion
of optical energy (i.e., energy from light, including infrared (IR), visible, and ultraviolet). The
following steps are essential for the operation of solar cells: 1) Absorption of photons that leads to an
excited state of the absorber, which can generate either a free electron-hole pair or an exciton (bound
electron-hole pair (EHP)), 2) Separation of photogenerated charge carriers at the junction by a built-
in field designed to break symmetry, 3) Collection of the charge carriers at the electrodes. After these

steps, the electron dissipates in the external circuit in order to produce an electrical current (Fig. 2.1).

Semiconductor materials in the form of the p-n junction usually are used for photovoltaic energy
conversion. The conventional solar cell is a typical p—n junction consisting of two layers of differently
doped semiconductors. Without light, the cell functions as a p—n junction diode with current (I)-

voltage (V) characteristics, as shown below following the Shockley equation.

lq = Ly[exp (22) - 1] @.1)

where Iq, I, g, k, and T are predicted diode current, dark saturation current, electron charge (1.602x 10

19C), Boltzmann’s constant, and absolute temperature, respectively. When the cell is exposed to solar
32



radiation, photons with energy equal to or larger than the bandgap (Eg) of the semiconductor are
absorbed, and EHPs are generated [76]. If the electron and hole are not separated within their lifetime,
they will recombine. Recombination of generated EHPs by light is a mechanism for loss in solar cells,
and hence, if they recombine, no current can be generated. One of the ways to separate the EHPs is
to make use of the electric field existing in a p—n junction. EHPs are created in the n-type, depletion,
and p-type regions, and due to the built-in potential and electric field, electrons move to the n region
and holes to the p region. The resulting electrical current due to the PV effect is called the light-
generated current or photocurrent. Thereby, an illuminated cell can be described as a current source

paralleled by a p—n junction diode [77].
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Figure 2.1 Schematic of the photovoltaic effect in solar panel.

2.2.2 P-I-N Junction and Thin Film Solar Cells

The charge transport mechanisms in solar cells can be divided into diffusion and drift. Diffusion is a
process where charge carriers tend to spread out from regions of high particle concentration into

regions of low particle concentration.
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This equation describes the current density caused by electron diffusion

d
Je = qD, ﬁ (2.2)

where q is an electronic charge (1.6x107"° C), Deis the electron diffusion coefficient, n is the electron
. dn . . . . .
concentration, and d—z is the concentration gradient. The other mechanism for carrier charge transport

is drift. Drift is charge carrier motion in the presence of an electric field. Principally, when a negative
charge is placed in an electric field, it will experience a flux in the opposite direction of the electric

field. On the other hand, a positive charge will experience a flux in the direction of the electric field.

The current density resulting from the electron drift is described by this equation.

Je = qniiE (2.3)

where n, p,, and E are the electron concentration, electron mobility, and electric field, respectively.

The diffusion length (L) of the minority carrier is defined as
L=+~D-t (2.4)

The diffusion length can be interpreted as the average distance that excited minority carriers travel

before recombining with a majority charge carrier.

Therefore, the thickness of the absorber layer is required to have the same order of magnitude as the
diffusion lengths so that electrons and holes farthest from the depletion region can be collected. In
general, the thickness of a c-Si absorber layer is limited to 300 pm because the diffusion length of
crystalline silicon (c-Si) is about 300 um [78]. On the other hand, amorphous silicon, organic
semiconductor, or halide perovskite have a much higher defect density than crystalline silicon, and
therefore the diffusion length is much shorter. For example, the diffusion length of amorphous silicon
(a-Si1) 1s 100 — 300 nm [79]. The diffusion length of an organic semiconductor is 3-10 nm [80]. The
diffusion length of halide perovskite is from 100 nm to 1 pm [81].

The charge carrier transport in a thick absorber cannot depend on diffusion but on the drift because
T, and T, are insignificant. Hence materials for absorbers, including a-Si, organic semiconductor, and
halide perovskite, as mentioned earlier, are not based on a p-n junction but rather on a p-i-n junction
where an undoped semiconductor layer is located between thin p-doped and n-doped layers. The
thickness of the intrinsic layer is typically several hundreds of nanometers, while those of doped

layers are several tens of nanometers.
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Fig. 2.2 presents the band diagram of the p-i-n structure with p, i, and n-layers (a) being physically
separate and (b) after the junction is formed. In Fig. 2.2, a built-in electric field is formed across the
intrinsic layer between the p- and n-doped layers. When the layers are separate (Fig. 2.2 (a)), the
Fermi level (Er) in the p-layer is placed near the valence band edge, and the Fermi level in the n-layer
is closer to the conduction band edge. The Fermi level of the intrinsic layer is in the middle of the
bandgap. When the layers are in contact (Fig. 2.2 (b)), the Fermi levels in each layer align on the
same energy under thermal equilibrium in the dark. It generates a slope over the electronic bands in
the intrinsic film because there is no change in the intrinsic layer. The potential difference from the
slope across the intrinsic layer is called built-in potential (Vgi). The built-in potential equals the
difference of bandgap energy of the intrinsic layer and the sum of the energy of Fermi levels in the
doped region. There are no majority or minority carriers in the intrinsic layer, and therefore drift is
dominant for charge carrier transport in the absorber layer of the p-i-n structure. Electrons of EHPs
generated due to light absorption move down the slope in the conduction band, and holes move up
the slope of the valence band toward the p-doped layer. In n- and p-doped layers, each electron and
hole are the majority carrier, so diffusion is responsible for charge carrier transport. However, the
diffusion length of the doped layers is low, which makes the thickness of the layers thin. The doped
layer for high-efficiency solar cells should be transparent to incident photons to minimize the parasitic
absorption by the doped layer. In order to be transparent, the bandgap energy of the doped layer should
be high. Furthermore, it is important to achieve the doped layer with high conductivity and adjust the
balance of conductivity of the two doped layers. Balancing the optical and electrical properties of the

doped layer is a delicate process that can strongly influence the performance of the device.
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Figure 2.2 Schematic energy band diagram of p-i-n structure with p, i, and n-layers (a) being separate and (b) after the

junction is formed.
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2.2.3 Solar Cell Parameters under Light

Solar cells are a form of photosynthesis cell, defined as a device whose electrical characteristics, such

as current, voltage, or resistance, vary when exposed to light.

The I-V characteristics of an ideal solar cell under illumination are characterized by the following

equation (Eq. 2.5)

[ = 1o, — Lg[exp (%) —1] 2.5)

The photocurrent (Iph) in the equation arises from the generation of excess carriers by solar radiation.

We can obtain open circuit voltage by setting I=0 (Eq. 2.6)

I I
Voc = 2L In(2 4 1) ~ B n () (2.6)

q Is q I
The maximum open circuit voltage (Voc) is the built-in potential of the junction, and the maximum
built-in potential is close to the band gap. We should add the effect of series resistance Rs and shunt
resistance Rgsy in parallel with the semiconductor device, which causes current leakage. Now, the net

output current of the cell, considering both of them, is given by Eq. 2.7 with the circuit model (Fig.
2.3 (a)).

=1, — aV+IRS)Y _ 4] — V+IRs
I =Ipp — I [exp (L52) — 1 o 2.7)
The current-voltage characteristics of a solar cell are shown in Fig. 2.3 (b). The fill factor (FF) is a
measure of how close the characteristic is to conforming to the ideal rectangular I-V shape and is
defined as

FF = Ymax X Imax (2.8)

Voc X Isc

The ideal power conversion efficiency (PCE) is the ratio of the maximum power output to the incident

power Pin.

P, 1% X1 VoeXI
m _ YmaxXimax __ Yoc SCXFF (29)

Pin Pin Pin

When defining the PCE, it is important to use a well-defined and reproducible light spectrum. The air
mass (AM)-solar spectra are the standard light spectra for outdoor PV applications and define the

degree to which the atmosphere affects the sunlight received at the earth's surface. The secant of the
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angle between the sun and the zenith (sec 0) is defined as the AM number, and it measures the
atmospheric path length relative to the minimum path length when the sun is directly overhead. The
global AM 1.5 spectrum is used as a reference spectrum for PV applications. The global AM 1.5-

spectrum combines a direct AM 1.5 spectrum and a standard scattered light spectrum [76], [82].
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Figure 2.3 (a) Equivalent circuit of a solar cell where the current source (Iyn). (b) The I-V characteristic curve (showing

the maximum power point A) and power-voltage curve of a solar cell.

2.2.4 J-V Characteristics under Dark

J-V characteristics of solar cells under dark are essential for evaluating the diode behavior. Fig. 2.4
presents the typical dark current density-voltage (J-V) characteristic curves. In the curves, three
specific regions can be observed: (I) a shunt resistance region, (II) an exponential behavior region,
and (III) a series resistance region. The shunt resistance region is the linear region with low negative
and positive potential. The shunt resistance (Rsn) strongly impacts the current density in the region.

For high photovoltaic performance, the leakage current should be low.

The J-V curve shows exponential growth, and the ideality factor (n) is the most critical parameter of
diode operation in the exponential region. It can be calculated from the diode equation (Eq. 2.1), and
the value is between 1 and 2. It is assumed that all the recombination occurs via band to band or via
traps in bulk in the ideal diode. Ideality factor is used to identify the dominant recombination type in
the solar cell. The series resistance (Rs) region is another linear region at a large positive bias region.

Rs dominates the current, and it should be small in order to achieve higher current and FF.
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Figure 2.4 Dark J-V curve of perovskite solar cell with three distinct regions.

2.3 Organic Inorganic Halide Perovskite Solar Cells

2.3.1 Crystal Structure of Halide Perovskite and its Properties

“Perovskite” is defined as any material with a specific crystal structure. The specific crystal structure
was first found in an inorganic mineral CaTiO3 (ABX3) with a cubic unit cell. The compound was
first discovered by Gustav Rose in 1839 and is named after L.A. Perovski, a Russian mineralogist
[83], [84]. A perovskite structure can be described as a network of corner-sharing BXs octahedra
surrounding a larger A-site cation which crystallize with a general ABX3 stoichiometry (Fig. 2.5) [85].
In the lattice, A is a large atomic or molecular cation located in the center of a cube. Atom B is located
at the corner of the cube, and smaller X anions occupy the edge of the cube. Silicate, including (Mg,
Fe)Si0;3, is the perovskite mostly seen in nature, and other perovskites such as fluoride, hydroxide,
and intermetallic compounds also exist. However, the number of perovskite minerals in nature is
limited, so other perovskites are synthesized with various components across the periodic table to

serve a variety of objectives.
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Figure 2.5 (a) Extended crystal structure of perovskite connected by [BXs]* octahedral. (b) Unit cell ABX; of perovskite.

Halide perovskites used for solar cells also have the same stoichiometry as ABX3 but include halide
anions. In the lattice of halide perovskites, A is the cation, including methylammonium (MA),
formamidinium (FA), and butylammonium (BA), to create organic—inorganic hybrid materials. It can
also be cesium (Cs) and rubidium to form all-inorganic materials. The cation B with divalent metal
ions such as lead (Pb), tin (Sn), or copper (Cu) is stabilized in an octahedral site shared with six X
anions which can be halides (Cl, Br, and I). All-inorganic perovskite CsPbls is the first reported case
concerning halide perovskite semiconductors for optoelectronic devices in the late 1950°s by Moller
[86]. In 1978, Dieter Weber formed MAPbX3 compounds by replacing inorganic cation Cs with
organic cation (MA"), the first three-dimensional organic-inorganic hybrid halide perovskite.
Furthermore, Mitzi ef al. demonstrated the field-effect transistors (FETs) based on organic-inorganic
perovskite in the late 1990s [87]. It was the first time organic-inorganic hybrid halide perovskite with

such promising properties was introduced for electronic devices.

The crystallographic stability and apparent perovskite structure can be deduced by considering a
Goldschmidt tolerance factor designated as t and an octahedral factor u (Fig. 2.6). Here, t is defined

as the ratio of distance A-X to the distance B-X in an idealized solid sphere model. TF is given by

_ (Ra+*Rx)
t= T Ra Ry (2.10)

In addition, an octahedral factor u is defined as

p=2e 2.11)

Rx

where Ra, Rp, and Rx correspond to the atomic radius of A, B, and X, respectively. By varying the

cation or anion in each lattice site, bandgap energy can be tuned easily.
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Figure 2.6 Calculated t and p factors for 12 halide perovskites [84].

MAPDI; is the most representative material used for PSCs. Although its attractive properties were
already known for more than 20 years, liquid-electrolyte-based dye-sensitized solar cells based on
MAPDI3 were fabricated about 12 years ago, which was the first time for application of organic-
inorganic hybrid halide perovskite for photovoltaics [26], [88]. MAPDI; has a direct bandgap with
high absorption coefficient. In theory, the bandgap energy of MAPDbI;3 is around 1.7 eV, calculated by
several state-of-art flavors of many-body perturbation theory [89]. However, the bandgap value
obtained from optical measurement is around 1.55 eV with an absorption onset of 800 nm [90]. The
energy is a fulfilling value for the Shockley-Queisser limit theory, where a single junction solar cell
is required to have a bandgap of 1.1-1.5 eV under AM1.5G solar illumination (Fig. 2.7 (a)) [91]. In
Fig. 2.7 (b), the absorption coefficient of perovskites is higher than those of GaAs and c-Si, which
confirms that the thickness of the absorber layer can be effectively reduced to 500 nm [92]. An Urbach
energy calculated from the sharp absorption onset is 15 meV which is very small and indicates that
the perovskite is a semiconductor with tiny impurity and without deep trap states [93]. These above-
mentioned properties of MAPDI; contribute to the high performance of solar cells with high Voc and
FF.
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Figure 2.7 (a) Shockley-Queisser limit (limit of maximum PCE depending on absorber materials) for a solar cell operated
under AM 1.5G illumination at room temperature as a function of bandgap energy [92]. (b) Absorption coefficient

spectrum of MAPbI;, GaAs, and c-Si as a function of photon energy [93].
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Carrier mobility of MAPbI; is high because of the small effective masses of electrons and holes. The
electron mobility is 7.5 cm/V-s [94], and the hole mobility is 12.5 — 6.6 cm/V-s [95]. Furthermore,
the exciton binding energy is around 0.03 eV indicating that most of EHPs dissociate very rapidly
into free carriers at room temperature [96]. The diffusion length of a single crystal of MAPbI3 is ~175
um, which is even longer than those of other semiconductors used in photovoltaics. Therefore, the
long carrier diffusion length of perovskite allows for the application of halide perovskite to a planar
hetero junction with charge-selective interfaces. In the planar heterojunction, the perovskite layer is

placed between a p-type and n-type layer forming a planar p-i-n or n-i-p structure.

In addition, perovskite with high crystallinity can be formed at low temperatures (below 140 °C)
because of the low energetic barrier for crystal formation. The low-temperature thermal treatment
fully ensures scalability and high throughput for the process, which reduces cost in both material and

fabrication.

2.3.2 Architecture of Perovskite Solar Cells

In photovoltaics, halide perovskite was first applied to dye-sensitized solar cells (DSSCs) in 2009 by
Miyasaka and co-workers (Fig 2.8 (a)) [26]. They replaced the dye with MAPbI; and MAPbBr3 in
the DSSCs and achieved a PCE of 3.8 % and 3.4 %, respectively, with the iodine/ triiodide redox
liquid electrolyte as the hole-transport layer (HTL) material. However, the halide perovskite is
unstable in the electrolytes. In 2012, Park ef al. deposited a solid HTL instead of the liquid electrolyte
and fabricated all-solid-state MAPbI; solar cells with a PCE of 9.7% and a higher stability [97]. Lee
and co-workers demonstrated that solar cells with AlOs3 mesoporous scaffold have a similar
performance to those with TiOz, indicating that perovskite itself is an excellent electronic conductor
(Fig 2.8 (b)). Furthermore, the structure got simpler with a thinner thickness than 1 um. Liu ef al.
achieved a PCE of 15.4% by fabricating the more straightforward planar-type device structure without

any mesoporous metal oxide layer [98].

Etgar confirmed that MAPDI; solar cells without HTL operate properly because MAPbI3 has an
efficient hole conductivity [99]. Despite the property of MAPbIs, both electron and hole transport
layers contribute to charge extraction and the enhancement of the fill factor. Especially hole transport
layer not only transports holes efficiently but also blocks electrons. These properties minimize

interfacial charge recombination processes and enhance open-circuit voltage.
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Up to now, TiO2 mesoporous layer has been used in almost reported high-efficiency devices (Fig 2.8
(c)). However, a high-temperature process is required to form TiO» mesoporous layer. Perovskite
scientific community pursues simple processes at low temperatures with cheap materials, further
reducing costs by producing large areas for commercialization. The planar structure of PSCs is
divided into n-i-p and p-i-n structures. In the n-i-p structure, the solar cell is illuminated from the ETL
side, and ETL is deposited before perovskite deposition (Fig 2.8 (d)). On the other hand, illumination
occurs from the HTL side, and HTL is firstly formed before the deposition of halide perovskite in the
p-i-n structure (Fig 2.8 (e)).

(a) (b)

(d)

Light Light

Figure 2.8 Evolution of PSC structure. (a) Sensitization solar cells. (b) Meso-super structure with scaffold Al,Os. (c)
Conventional n-i-p structure with mesoporous ETL. (d) Conventional n-i-p planar structure. (e) Inverted p-i-n planar

structure.
In the n-i-p planar structure, TiO> and spiro-MeOTAD are generally used for the bottom electron
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transport layer and top hole transport layer, respectively [100]. However, the electron mobility of
TiO> (0.1-4 cm?/Vs) [101] is low compared with those in halide perovskite (10-100 cm?/Vs) [102].
In addition, TiO> is vulnerable to ultraviolet which causes degradation of the perovskite [103].
Therefore, hysteresis in J-V characteristics occurs in the PSCs with TiO>. Hence, other electron
transport materials with higher electron mobility and stability for n-i-p PSCs have been investigated.
Hwang et al. spin-coated a film of ZnO nanoparticles for ETL and achieved a PCE of 15.7 % [104].
The electron mobility of ZnO is orders of magnitude higher than that of TiO,. Ke and coworkers also
applied nanocrystalline SnO> for ETL through spin-coating, and the PCE of the solar cell is 16.0 %
[105]. SnO; is stable, and it has a deeper conduction band which enables injecting electrons efficiently
and reducing the Schottky barrier at the interface between FTO and SnO> with higher Voc. In addition
to ZnO and SnO», other metal oxides, including WOx and In,O3 [106] or Metal sulfide [107], have

been investigated to enhance the photovoltaic performance.

In the p-i-n structure called inverted planar structure in PSCs, ETL is deposited on the perovskite
layer. In the structure, ETL materials used in the n-i-p structure cannot be applied in the p-i-n structure
because the heat of the thermal treatment could damage the organic cation on the A site of organic-
inorganic hybrid perovskites. Therefore, the first p-i-n structure, called the inverted planar structure
in PSCs followed the structure of the organic solar cells. Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) and fullerene (Ceo) are used as the hole transport layer and
electron transport layer, respectively. In addition, to prevent holes from transporting in ETL,
bathocuproine (BCP) was deposited on ETL. Using this structure, Jeng et al. achieved a PCE of 3.9
% [108].

In addition to Ceo, fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) is also
commonly used ETL material because of its appropriate mobility and availability of solution process.
Through crystal engineering of halide perovskite and interface engineering, a PCE of 18.2 % was
achieved in 2015 [109]. PEDOT:PSS is a typical hole transport material in the inverted structure.
However, a high energy barrier between PEDOT:PSS and perovskite exists, and PEDOT:PSS in
solution has high acidity. Hence, other researchers have tried to deposit hole transport material with
higher mobility and stability. In 2019, Zhao et al. reported the inverted planar structure of PSCs with
Poly[bis(4-phenyl)(2,5,6-trimethylphenyl)amine (PTAA) as the hole transport layer and PCBM as
the electron transport layer [110]. They achieved 18.11 % of PCE and 1.10 V of Voc with the structure.
Many researchers have also used inorganic hole transport materials to improve stability. Yu and co-
workers first applied Cuz0 film to an inverted PSC and achieved 11 % of PCE [111]. Furthermore,
Rao et al. enhanced the PCE of the solar cells to 19 % through morphology control of the perovskite

film [112]. Improvement of morphology increases hole mobility and reduces intrinsic defects. NiO
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has been used for HTL because it has a deep valence band and high chemical stability. In 2017, Xie
et al. fabricated the PSCs with FTO/NiO/FAMAPDIxCl3.x/PCBM/TiOx/Ag. In FAMAPbIxCl;.-x,
methylammonium chloride (MACI) helps halide perovskite film recrystallize vertically. With the
HTL and the perovskite, they achieved 20.65 % of the PCE [113].

2.3.3 Ton Migration

Not only charged electron and hole carriers but also charged ions in organic-inorganic halide
perovskite are mobile under various environments, including applied electric field and illumination.
The ion migration has received attention as one possible origin of the J-V hysteresis in halide PSCs
[56], [114]. In addition, giant dielectric constant [115] at low frequency or light-induced self-poling
effect (LISP) are caused by ion migration [116]. It is essential to understand ion migration in the
lattice of halide perovskite for an in-depth understanding of the physical phenomena in PSCs. In
solid-state materials, the activation energy (Ea) is the most important factor determining ion migration.

The migration rate (rm) is exponentially proportional to the activation energy, as shown below

(-2
Ty < e kBT (2.12)
where Kg and T are the Boltzmann constant and temperature, respectively.

The concentration of mobile ions (N;j) is mediated by temperature-independent defects and
temperature-dependent defects. Temperature-independent defect includes extrinsic defects of
impurities or nonstoichiometric compound. Temperature-dependent defects indicate thermal-excited
point defect formation energy of Ep, which indicates intrinsic defects (e.g., Schottky defects). Hence,

the conductivity of mobile ions caused by intrinsic defects can be expressed as

_Eay _Ep_
g; o e TP ¢ TEkpT) (2.13)
The conductivity of extrinsic case can be described as
(2
o; X e kBT (2.14)

Here, the value of Ea and Ea+Ep/2 can be obtained from the slope of the conductance, which scales
logarithmically with T-! (Fig. 2.9) [117]. The ions with the lowest Ea can easily migrate in the crystal

with various ions. The value of the activation energy can be determined by several factors, including
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crystal structure, ion radius, and the valence state of the ions.

Intrinsic defects
Slope = E +Ep/2

Extrinsic defects
Slope = E4

1 N~ -
no ~
\; - = Increasing

\ So Extrinsic defects

Figure 2.9 Ino-1/T curves for ion conduction where E4 is the activation energy for ion migration and Ep is formation

energy for point defects.

The crystal structure impacts the distance between the nearest neighbor ions and the connection of
the ion migration path, which affects Ea for ion migration. For instance, the migration path of O*

ions in ABOj3 perovskite oxide structure such as LaixSrxBO;s.s (B can be Mg, Ga, Co, or Fe) is along

the O-O edge of the BOs.s octahedron (a/v/2). In another case, the ion migration path of cubic
perovskite structures such as the La;xSrxBOs.s family is a three-dimensional network [118]. In
contrast, the migration path of the tetragonal perovskite structure, including Lao.64Ti0.92Nbo.0802.99 is
a two-dimensional network. The ionic radius is another factor that determines the Ea. As the ionic
radius is smaller, it usually is easier for ions to move. For example, cations such as H", Li*, Cu", and
Ag" are mobile, but mobile anions are limited (e.g., O* and F). Moreover, EA is affected by the
valence state of the ion. Highly charged ions are confined in the crystal lattice because of their strong
Coulombic attraction with their adjacent ions with opposite charges. For instance, a cation with a

valence of more than two (e.g., Ga** and Co’") has difficulty migrating despite a small ionic radius.

In MAPbI; perovskite, MA*, Pb**, I ions, and other hydrogen-related defects such as H", H’, and H™
can be mobile ion candidates. The radius of I" ions is 206 pm which is comparatively large. However,
iodine migration in halide perovskite has been frequently observed [119]. The distance between 1™
ions in the edge of the Pbls octahedron and their closest neighbor is 4.46 A which is longer than MA*
and Pb?" ions. As noted earlier, the shortest distance between 1™ ions and their neighbors contributes
to the low activation energy, and I" ions are the most easily mobile in MAPbI3 [120]. Eames et al.
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explained the migration pathways of I, Pb*", and MA" ions in MAPbI; and theoretically calculated
their activation energies for the migration of each ion [120]. In MAPbI3 structure, I" ions migrate
along the I-I edge of the Pbls octahedron, as shown in Fig. 2.10 (a), and the activation energy of
iodine in bulk MAPbDI; is theoretically 0.58 €V. In the case of MA" ions, it moves through the unit
cell face consisting of I ions (Fig. 2.10 (b) path D), and it has a higher activation energy of 0.84 eV.
Pb** ions with the activation energy of 2.31 eV migrate in a diagonal direction of the cubic unit cell

(Fig. 2.10 (b) path B).

Figure 2.10 Illustration of (a) migration path of I Ion in the unit cell of MAPbI3 and (b) migration path for the vacancy
of iodine (path A), lead (path B or C) in the Pb-I plane, and methylammonium (path D) in MA-I plane [120].

MA" ions as well as I' ions are supposed to be movable, which has been proved by several
experimental measurements. Yuan and his co-workers applied electrical bias to MAPbI3 solar cells
with lateral structure and investigated the concentration of MA™ ions through photothermal induced
resonance (PTIR) microscopy. They observed the migration of MA™ ions on the anode and the center

part into the cathode (Fig. 2.11) [121].

Hydrogenic impurities including H*, H’, and H™ are also required to be considered carefully. They
can be generated by the absorption of moisture during the fabrication process or by the decomposition
of perovskite. We can confirm that the electrons are captured or lost by hydrogen-related defects
through density functional theory (DFT) calculations [57]. H can migrate along the I-1 path, and the
activation energy is 0.17-0.29 eV, suggesting that mobile hydrogenic impurities are easily formed in

MAPbI; film.
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Figure 2.11 PTIR images and their schematics of the distribution of MA™ ions before and after electrical biasing with the

electric field of 1.6 V/pum for 200 s, respectively [121].

Based on these properties of ions in MAPbI3, ion migration caused by the electric field is closely
related to the presence of defects. The defects in halide perovskite can be point defects in a bulk
crystal, lattice distortion, or grain boundary in polycrystalline perovskite film. They are generated for
various reasons. The first reason is nonideal stoichiometry in perovskite film. Yu et al. investigated a
degree of ion migration according to the stoichiometric ratio [122]. As Pbl, concentration increases,
ion migration increases, meaning that MA vacancies act as a pathway for ion migration. Secondly,
halide perovskites are easily decomposed because they are soft materials whose defects have low
formation energy. Buin ef al. suggested the energy of 0.1 eV is required for MAPbI3 to be decomposed
into MAI and Pbl,, which is small [123]. In addition, Walsh et al. calculated the formation energy of
Schottky defects in MAPbI3 [124]. The Schottky defect is a point defect caused by oppositely charged
ion vacancy formed in its sites. The energy is higher than 0, which is coherent with the decomposition
energy. Furthermore, a grain boundary in polycrystalline perovskite contributes to ion migration (Fig.
2.12). Xiao et al. confirmed that solar cells with large grains were more stable than those with smaller
grains. The density of vacancies at grain boundaries is higher compared to the grains because of defect
segregation, dangling bond, and lattice dislocation [125]. Moreover, point defects in grain occur a lot

because of grain disorientation, inhomogeneous bonding, or tensile strain.

Ion migration in halide PSCs causes carrier localization leading to J-V hysteresis. Furthermore, the
ion migration brings about a change in the chemical and physical properties of perovskite film under
operating conditions that affect the stability of the solar cells. Snaith and his co-workers suggested
that positive and negative charged ions in MAPDI; are accumulated at the interfaces near the electron
and hole transport layer under forward electric bias, respectively, [126]. In addition, they calculated
the activation energy for the diffusion of each ion in MAPbI3 based on hysteric change according to
temperature. They concluded that I" has the lowest activation energy and highest mobility [127].
Meanwhile, the migration properties in halide perovskite can deteriorate the device performance by

forming a charge trap. For example, Hoke et al. confirmed that the XRD peak of MAPbBrxI5.x is
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divided into two peaks under illumination by forming I-enriched and Br-enriched perovskite regions
with different lattice constants [128]. The bandgap of the I-enriched region is smaller than that of the
Br-enriched region, which serves as a charge trap. The light-induced charge trap leads to poor Voc

and PCE in the MAPbBr«I3.x solar cells.

Channel in grain boundaries

Figure 2.12 Illustration of the ion migration channels comprising of wrong bonds and open spaces at grain boundaries

[117].

2.4 Characterization of Perovskite Solar Cells using Impedance

Spectroscopy

2.4.1 Dielectric Properties and Charge Dynamics

Dielectrics do not have free charges for conduction. However, they show conductive properties under
an electric field. When a dielectric material is placed in an electric field, the positive charges are
arranged in the direction of the electric field, and negative charges are arranged in the opposite
direction, which is called polarization and causes the conductive properties. Polarization is generally

classified into ionic, interfacial, dipolar, atomic, and electronic polarization [129].

In the case of ionic, interfacial, and dipolar polarization, dipoles try to align in the direction of the
electric field, and the alignment changes when the direction of the field is reversed. The time the
charges following the changing field take is called the relaxation time. Therefore, when the frequency

changes, the time for the alignment of charges decreases, and the alignment fails to keep up. The
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frequency is called relaxation frequency [130].
If we consider an electric field (E)
E = E, 4, Sin Wt (2.15)
With the electric field, the polarization field is given by Eq.2.16.
P = P4 Sin(wt — @) (2.16)
where E,,4, and Py, are constant, and ¢ is the phase difference between E and P vectors.

The polarization current is formulated as Eq. 2.17

Z—IZ = wWPyqyx cOS(wt — @) (2.17)

and the average power is written by Eq. 2.18.

1 .
Fay = 5 EmaxPnaxw sin g (2.18)

If the phase difference is zero, no power is dissipated in the dielectric, and energy is stored like in a
capacitor. When loss of electromagnetic energy in dielectrics due to conduction and polarization of
charges in dielectrics is considered, permittivity obtains the complex form of &* depending on
frequency and relaxation time (7).

. Eg—E&
=& —ie" = g+ == (2.19)
1+ lwT

where €’ is the real part of permittivity, and €’ is the loss factor ascribed to polarization losses. &
and &, are dielectric constants at low and at very high frequencies, respectively. Each real and

imaginary part of permittivity is given by Eq. 2.20 and Eq. 2.21.

= ot (2.20)
n ( - 00)
g = ﬁ (2.21)

In Eq. 2.18, only one type of polarization mechanism is considered. Each polarization mechanism

generally has its own relaxation time, and Eq. 2.22 considers it.

Es— €0 Es—Eo0 Es—E0 Es—Eo0 Es—Eo0
= e+ T ; : : , (2.22)
1+ iwT; 1+ iwTtyw 1+ iwtg 1+ iwtgy 1+ iwTe
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where t;, Tyw, Taq, T;, and 7; are the relaxation times of ionic, interfacial, dipolar, atomic, and
electronic polarizations, respectively. The inverse of relaxation time is relaxation frequency, shown

in Fig. 2.13 (a) and Eq. 2.23.

fr=3 (2.23)

T

In Fig. 2.13 (a), the frequency is seen as a fall in the real part of permittivity (¢") and a peak in the
imaginary part of permittivity (¢"). The other cases, including atomic and electronic polarization,
have different dynamics of mechanisms. In the two polarizations, the electric field changes the
distance between the charges and a restoring force act. The frequency when the behavior of a

resonator occurs is called resonance frequency.

(a) (b)
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Figure 2.13 (a) Real and imaginary part of permittivity as a function of frequency. (b) Polarization and relaxation

processes observed under an alternating electric field [131].

Fig. 2.13 (b) shows a frequency-dependent permittivity spectrum with a relaxation process in
dielectrics. At a very high frequency, changes in permittivity caused by electronic transition can be
analyzed using transient optical spectroscopy. lattice polarization and dipolar rearrangement are
studied with dielectric spectroscopy at a lower frequency (10° Hz). At a very low frequency (10
Hz~), electronic and ionic conduction can be observed with electrical spectroscopy. The frequency-
dependent permittivity spectra in semiconductors and electrochemical cells reflect processes

including electrical and ionic transport and dipole alignment.

2.4.2 Impedance Spectroscopy

Immittance spectroscopy is a kind of technique such as impedance, admittance, capacitance, and

dielectric spectroscopies. It is used to probe the permittivity and investigate the physical and chemical
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properties of devices, interfaces, and materials. During an immittance measurement, the response of
a sample to a time-varying electric field is measured. In addition, the fraction of electrical energy
stored versus those dissipated by the sample and the relaxation time scale can be measured as a
function of frequency. In immittance spectroscopy, the input signal is a small alternating voltage
(Vac). During the small input signal measurement, the sample is perturbed but not irreversibly
changed. Through the immittance spectroscopy, the relaxation processes, including lattice distortions,
electrode polarization, dipole rearrangement, and electrical and ionic conduction, are sequentially

probed by varying the frequency of Vac.

In various measurements of the immittance spectroscopy, impedance spectroscopy (IS) is used to
study the resistive and capacitive properties of solid-state devices and electrochemical cells. In IS, an
alternating voltage Vac is applied to a sample, and the current response Iac is measured. In Fig. 2.14

(a), Vac and Iac are sinusoidal functions written by
V(t) = V,sin(wt) = Vyel®t (2.24)
1(t) = Iy sin(wt + @) = [,e'@t+®) (2.25)

where V, and [, are the amplitude of the voltage and current, and ¢ is a phase difference between

V(t) and I(t). With V(t) and I(t), the impedance Z(t) is expressed as

Z(t) = %) = Z el (2.26)

v,
where Z, = 1_0
0

The function of impedance Z relates the output current Iac of the sample to the input voltage (Vac)
as a function of frequency, indicating that Z is the transfer function. The impedance is a complex

time-dependent equation.

Representation of dielectric function as a function of frequency (Fig. 2.14 (b)) has many advantages
compared with the more intuitive time domain. All the information obtained in Fig. 2.14 (a) can be
summarized into two quantities, including the magnitude of Z, and the phase angle of ¢. Change in
the frequency of the V ac results in a spectrum of Z as a function of frequency. In the complex domain,

Z is given by
Z=27"-iZ" (2.27)
where Z' is the real component of the impedance (¢=0), and Z" is the imaginary component of Z (¢
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= 90°). The magnitude of Z is written by Z = VZ'?2 + Z'"2. Physically, Z' is the resistance R, defined
by Ohm’s law, and it describes the resistance of a sample to current flow. On the other hand, Z"' is the

reactance that describes the resistance of the sample to changes in current flow.
Z' = Zycos(—@) = Zycos(p) (2.28)

Z" = Zysin(—@) = —Z, sin(p) (2.29)

(b)

_Z"

time

Figure 2.14 (a) The input voltage and output voltage as a function of time, (b) complex impedance Z with Z, = 'I/—:: and

phase angle of ¢ in the frequency domain.

The impedance can be expressed with ideal electrical circuit elements described in Table 2.1. The
impedance of a resistor is the real part (¢ = 0°) and is frequency-independent. The impedance of a
capacitor that stores energy in an electric field is purely imaginary (¢ = 90°), and it is in reverse
proportion to the frequency. On the other hand, an impedance of the inductance, which stores energy

in a magnetic field (¢ = 90°), is proportional to frequency.

Table 2.1 Circuit elements of the impedance of resistor, capacitor, and inductor.

Element Unit Symbol Impedance
Resistor Q —A— Zp =R
1

Capacitor F —— Zp=—

iwC

Inductor H o Zc = iwl

The equivalent circuit modeling with these circuit elements is used to analyze the impedance data
from solar cells. Ideal relaxation in a device can be modeled in an RC circuit, which consists of

resistance and capacitor in parallel. In Kirchhoff’s current law

|4 av
0= g+ Ic= =+ C= (2.30)
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The solution of the equation is given by

V(t) = Vye e 2.31)

where V,, is the voltage at t = 0. The time t = RC is the characteristic time constant of the RC circuit
and means the charging/discharging time of the capacitor in the ideal circuit. The time scale of the

dielectric relaxation determines the time constant of the RC element in the dielectrics.

The impedance of the RC circuit is written by

R
1+iwRC

Zpc = (2.32)

1

In the low-frequency limit, Zg = R. On the contrary, Zp, = T

= Z in the high-frequency limit.
Fig. 2.15 (a) presents the impedance spectrum of an RC element. This spectrum in the shape of a
semicircle in the complex domain is generally called Nyquist plot. Nyquist plot is generally used
when equivalent circuit modeling is used to analyze data. In the Nyquist plot, the frequency increases
toward the origin of the graph. The spectrum can be expressed by Eq. 2.32 with regard to the real and
imaginary components in Eq. 2.27. The maximum of the semicircular spectrum is given at the peak
frequency w, = 27 f, with w,T = 1, where 7 is the RC time constant and the relaxation times. When
individual relaxation time scales exist, the number of semicircles in the Nyquist plot indicates the
number of relaxation processes in the spectrum. If the relaxation time scales are similar, the

semicircles are overlapped, and they must be distinguished by modeling to achieve distinct relaxation

processes.
(a) _ (b) (c)

Wp = RC fo

! —
R / \ : % N T F\-l
p w \ it it W ’—_’/u " ¥¥
107 10" 1¢° 10 10* 10° 10* 10* 10° 10° 10' 10? 10° 10* 10° 10°

Zl Frequency (Hz)

frequency (Hz)

Figure 2.15 (a) Nyquist plot. (b) Bode impedance-phase plot. (¢c) Bode Z'-Z"" plot of an R-C circuit.

Fig. 2.15 (b) and (¢) show the Bode impedance-phase plot and the Z'-Z"" Bode plot, respectively. The
Bode impedance-phase plot (Fig. 2.15 (b)) is used to identify circuit elements in the device. On the
other hand, the Bode Z'-Z"'plot is applied to study the dielectric parameters affected by frequency

(Fig. 2.15 (¢)). In Fig. 2.15 (c), the frequency where the peak of —Z" exists corresponds to peak
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frequency f,. The RC circuit with a single time constant 7 is a fundamental unit for modeling the

impedance data from physical samples. However, in real samples. However, relaxations with a

distribution of time constants are shown in real samples.

In the case of the semi-infinite diffusion of particles, including ions, the impedance response at low
frequency cannot be described with a simple RC element. The Warburg impedance Zy, is written by

[132]

_Aw_ Aw
Zy = i (2.33)

where Ay, is the Warburg coefficient and is related to the AC diffusion coefficient of the particles. In
Nyquist plot, the Warburg element is characterized by a linear Z value increase at low frequencies

with ¢ = 45°.

The constant phase element CPE is a generalization of the Warburg element, and the impedance of

the CPE is expressed as

1
ZpcE = Gaay (2.34)

where n is a dispersion parameter that determines the physical meaning of Q0. When n equals to 1, the

CPE reduces to an ideal capacitor, and Q = C. If n = 0, the CPE gets to be a real resistor with Q0 = %.
When n is 0.5, the CPE reduces to a Warburg element with O = Ai. The Warburg element is often
w

used to explain relaxation processes with time-dependent processes. For example, the ideal capacitor
with charge transfer at a nonhomogeneous electrode surface or carrier transport in amorphous
semiconductors is substituted by a CPE element with O = C and n > 0.5 in the circuit [133]. When

0.5 <n <1, the dispersed or distorted semicircle is shown in the Nyquist plot.

2.4.3 Ionic Conductivity of Halide Perovskites: Low Frequency Dielectric

Response of Perovskite

As mentioned in chapter 2.2.3, ion migration occurs in the halide perovskite under operation
conditions with an electric field and illumination. The ion migration is applied for the realization of
devices, including memristors or batteries [134]-[136]. However, ion migration is associated with

efficiency losses and degradation during operation [137]. Therefore, many efforts have been made to
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prevent the negative effects caused by ion migration. It is important to understand the physical
parameters, especially the conductivity of halide perovskite, to solve the problems caused by ion
migration. Mizusaki et al. revealed that halide perovskites feature mixed ionic-electronic
conductivities because not only electrons and holes but also ions migrate in PSCs. lonic conductivity
is influenced by stoichiometry, grain orientation, processing conditions, additives, or changing the
dimensionality [138]. For example, iodide ion migration in MAPbI3 can account for a large fraction
of the total electrical conductivity both in the dark and under an illumination [139]. Several
researchers have observed halide conductivities in addition to the conductivity in MAPbI3 [140].
Yamada et al. also measured the conductivity in Ge- and Sn-based perovskite such as MAGeCls,
CsSnlz, and MASnI; [141], [142]. In addition, vacancy-mediated halide conductivity is observed at
high temperatures (T>573 K) in all-inorganic perovskites, including CsPbClz and CsPbBr3 [119].

In chapter 2.2.3, ionic conductivity is explained with intrinsic and extrinsic defects (Eq. 2.13 and Eq.

2.14). The ionic conductivity can also be expressed by Eq. 2.35.
o; = qnil; (2.35)
where n; is the concentration of ions and y; is the mobility of mobile ions.

Based on the Einstein relation, mobility is written as the following Eq. 2.36.

i =7 D; (2.36)

where kg is the Boltzmann constant and D; is the ionic diffusion coefficient. In halide perovskites,
the halide ions are the most mobile ion, and the migration happens through hopping between
neighboring sites [120]. The 1onic diffusion coefficient is given by an Arrhenius relationship defined

in Eq. 2.37.
vod? AG Ea
D = 0 exp(— —kBT) = Dyexp(— —kBT) (2.37)

where v, is the attempt frequency of an ionic jump, d is the jump distance, and AG is the Gibbs free
energy during the jump of a mobile ion [143]. The diffusion coefficient represents the probability of
an ion overcoming the energy barrier. Furthermore, the diffusion coefficient can be expressed with a
temperature-independent perfector Dy, and the activation energy E, affected by the temperature [ 144].
In the halide perovskites, the measured diffusion coefficient of halide ions ranges of around 1072
cm?/s [145]. On the other hand, the diffusion coefficient of MA" ions is in the range of ~ 10713 cm?/s
[121], [146]. In Eq. 2.35, we can understand that ionic mobility is proportional to the diffusion

coefficient. Therefore, halide ions are more mobile species than other ions in halide perovskites. In
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addition, it is confirmed that it takes a few to hundreds of ms for halide ions to migrate, which restricts

many measurement techniques from detecting ion migration [147].

As seen in Eq. 2.33, the ionic conductivity is affected by not only the mobility of ions but also the
concentration of ions. However, the range of ionic conductivity reported in previous studies is wide
(the value ranges from 10 to 10 /Q -cm [140]). IS has been used to quantify both the diffusion
coefficient and the density of the mobile ions [148]. The ionic conduction is reported at a low
frequency. For example, Sang-wan et al. observed a current fluctuation of MAPbI; between the hole
transport layer and electron transport layer in the low-frequency region. Based on the properties, the
slow dynamics of ions observed at low frequency can be differentiated from the electronic conduction

at high frequency by IS.

2.5 Characterization of Perovskite wusing Scanning

Transmission X-ray Microspectroscopy

2.5.1 Principle of Synchrotron Radiation

Synchrotron radiation is the strong electromagnetic radiation emitted when relativistic charged
particles with high energy and a speed close to those of light travel in curved paths (Fig 2.16 (a)).
Because of relativistic particles, synchrotron radiation is emitted tangentially from the particle orbit
and within a highly collimated angle equal to 1/(1-(v/c)*)>. The collimated angle is generally from
0.1 to 1 mrad, which is affected by electron beam energy. The intensity and brilliance of Synchrotron
radiation are several orders of magnitude higher than the X-ray produced in the standard X-ray tube.
In addition, a monochromatic X-ray beam can be chosen in the broad and continuous range of
wavelengths from hard X-ray (107! m) to infrared (10 m) (Fig 2.16 (b)) with narrow angular
divergence and a high degree of polarization. Lastly, synchrotron radiation has an important property,
which is polarization. When the orbit plane of the circulating particles is observed, the projected
movement is an oscillation which indicates that the emitted light is linearly polarized in the orbit
plane [149]. Due to the advantages, the utilization of synchrotron radiation enables advanced
investigation of matters, making it a useful characterization tool in various fields of basic and applied

science, including material science, medical science, biology, chemistry, and physics.
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Figure 2.16 (a) Schematic of mechanism of synchrotron radiation. (b) Electromagnetic spectrum with the broad
distinction of photon wavelength inversely proportional to frequencies. The wavelength region of synchrotron radiation

is from 10* m to 10" m [150].

Fig 2.17 (a) and (b) show a view of synchrotron SOLEIL and the fundamental components of
synchrotron radiation facility, respectively. A synchrotron radiation facility is composed of a high
vacuum storage ring, an electron accelerator, and magnetic field devices, such as wigglers, undulators,
and bending magnets. Most synchrotron radiation sources are called storage rings today. A set of
optical elements such as mirrors, slits, and monochromators are used to optimize the X-ray beam for

the use of several experimental end-stations called “beamlines”.

(b)

Figure 2.17 (a) A view of the synchrotron facility, SOLEIL in France. (b) Structure of third-generation 2.75 GeV Soleil
Light Source at Saint-Aubin, France. It consists of (1) the injector, (2) the booster ring, (3) the storage ring, (4) an

experimental station called “beamline”, including (5) optics hutch, (6) experimental hutch, and (7) control room.

In the high vacuum storage ring, a beam of electrons is stored and kept on circular producing
synchrotron radiation. The storage ring is not a perfect circle but a polygon because the insertion

devices for the magnetic field, such as wigglers, undulates and bending magnet, are contained (Fig.
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2.18). The wigglers and undulators comprise varying poles of many magnets in order to produce a
periodically alternating field at the beam axis and provide curved transverse displacement of the beam
[151]. In wigglers, the poles of the various magnets are used to have the electron beam wiggle, and
synchrotron radiation is emitted at each wiggle so that a wide horizontal fan of X-ray provides more
than one beamline with X-rays. Each beamline can take a portion of a slice of the fan for the research
[152]. In the case of the undulator, the operation method is similar to the wiggler however, it has a
shorter period between each magnetic pole, maintaining the curved beam within the original beam
envelope. The radiation emitted at each pole causes a partially coherent, narrow X-rays beam with a
higher brilliance [152]. On the other hand, the bending magnet has the electron beam forced to move
in an arch through a magnetic field of the bending magnet leading to emission of radiation in a

flattened cone [153].

(c)

Undulator Bending magnet

Bending Magnet Emitted Radiation

Figure 2.18 Schematic of (a) a wiggler, (b) an undulator, and bending magnet [154], [153].

Optical elements used in each beamline depend on the range of synchrotron radiation used in the
beamline, the resolution, etc. For example, Fig. 2.19 presents the optical layout of the HERMES
beamline where halide perovskite is studied using STXM for this PhD work. In the optical system of
the HERMES beamline, a set of three mirrors, including the collimating M1 mirror with specific
angles, are optimized for the beam with energy from 70 eV to 2.5 keV emitted by undulators in the
storage ring. The monochromator of the beamline is a plane-grating monochromator (PGM) with two
types of gratings. One grating transmits a narrow selectable band of wavelengths of the radiation
chosen from a range of low energy (70 eV to 1.6 keV), and the other grating chooses the wavelength
of the radiation with high energy from 1 to 2.5 keV. After the beam exits from the slit of the
monochromator, the beam is deflected by a set of two mirrors. A cylindrical mirror (M5) diverts the
direction of the beam to the X-ray photoemission electron microscopy (XPEEM) branch. The other
toroidal mirror sets the direction of the beam that came from the monochromatic to the STXM branch.
After reflecting against each mirror, the two beams in each branch can operate alternatively and

independently.
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Figure 2.19 Optical schematic of HERMES beamline in Synchrotron SOLEIL, France [155].

2.5.2 X-ray Interaction with Materials

X-ray is electromagnetic radiation with a wavelength ranging from 10! to 10® m. In terms of the
magnitude of energy, X-rays are divided into hard X-rays with high photon energies (5 — 10 keV) and
soft X-rays with lower energies (0.1 — 3 keV). The ways to generate X-rays are to apply an X-ray
tube, nuclear decay by electron capture, or internal conversion of gamma rays. In addition,

synchrotron radiation can also produce X-rays, as explained in section 2.5.1.

When X-rays approach matter, various interactions occur (Fig. 2.20 (a)). Parts of X-ray photons are
absorbed in the matter. Absorption is a process by which energy is transferred from the X-rays to the
atoms of matter. The absorbed energy is converted into the kinetic energy of the electron in the matter,
and the kinetic energy causes electron excitation in the material. The excited photoelectrons can be
transferred into bound or vacuum levels (Fig. 2.20 (b)). Meanwhile, when X-rays interact with the
material, not only absorption but also scattering happens. The collision changes the direction of the
X-rays, and it may or may not transfer energy from the incident X-rays to the material. Meanwhile,
the photons which do not experience absorption or scattering are transmitted, and these X-ray photons,

if counted by a detector, can be used to produce microscopy images.

When the X-rays are absorbed in the matter, photoelectron in an electron shell such as K or L shells

is ejected, leaving behind a highly excited core-hole state. The excited state can relax by various
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mechanisms, among which the emission of Auger electron and X-ray fluorescence is the most
remarkable. Auger electron is ejected when an atom relaxes from a higher energy level to a former
core-hole state resulting in the release of energy. The energy is transferred to this second electron.
The emission of auger electrons is the primary relaxation process for lower energy excitation. On the
other hand, X-ray fluorescence is released energy in the form of a photon when the electron excited
by X-rays falls into the lower orbital to fill the hole. For higher-energy excitation, it is a prominent
relaxation process with fluorescence yields approaching 1 (Fig. 2.20 (c)).
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Figure 2.20 Schematic of (a) interaction between X-rays and matter and (b) absorption process where processes 1 and 2
indicate the transfer of a photoelectron into a bound level and vacuum level, respectively. (¢) Graph of Auger electron
and fluorescence yield with respect to atomic number Z for the K shell. Courtesy of

http://www.wikiwand.com/en/Auger_electron_spectroscopy.

2.5.3 Scanning Transmission X-ray Microscopy

X-ray absorption spectroscopy (XAS) is a widely used technique for the measurement of transition
from a core electronic state with a well-defined symmetry of the final state selected by quantum
mechanical selection rules. When we regard the intensity of incident X-ray as /y, the intensity of

transmitted ray in the material with density p and thickness ¢ follows Beer-Lambert law.
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I, = [yeHEwt (2. 38)

For quantitative analysis, the transmitted intensity can be converted into absorbance, a dimensionless

quantity called optical density (OD) in the soft X-ray energy region.
0D = —1In () = u(E)pt (2.39)
Io

where u(E) is the absorption coefficient. Through the conversion of the transmittance into OD, the
absorption from a homogeneous substrate such as a silicon nitride membrane can be easily subtracted.
Meanwhile, the absorption coefficient of an atom («(E)) varies as a function of energy as

dz*

mEe3

u(E) ~ (2. 40)

The absorption coefficient is affected by the incident photon energy (E) and atomic number (Z).

Absorption coefficient decreases as the energy increases.

However, XAS spectra of any material are characterized by a sudden increase of absorption at specific
X-ray photon energies. The sharp increase in absorption is called absorption edges. It is the energy
for the ejection of a core electron into the unoccupied final state or to the continuum, and each
absorption edge means a different core-electron binding energy. Following Bohr’s model, absorption
edges are named after the initial level of the transition. The absorption discontinuity is known as the
K-edge when the photoelectron originates from the n=1 level (1s electron), an L-edge when the
ionization is from the n=2 level (2s or 2p electron), and M-edge when ionization occurs from the n=3

level (3s, 3p or 3d electron).

Fig. 2.21 (a) shows a typical energy level diagram. As the energy of the state where ionized electrons
are located increases, the spectroscopy of the edge is more sensitive to the electronic structure and
the spin state changes of the material. In addition, the core-electron binding energy increase when the
atomic number increases. For example, the energy of carbon (Z = 6) K-edge is 284 eV, and that of
the uranium (Z = 92) K-edge is 115606 eV. When an absorption peak is observed closely, some
absorption peaks consist of several distinct absorption edges. For instance, the L edge of Pb consists
of three distinct L-edges, including L, L», and L3, as shown in Fig. 2.21 (b). L; indicates the excitation
of a 2s electron. L, and L3 are formed by spin-orbit coupling energy of 2p° configuration created
when a 2p electron is excited. The higher energy of 2p° excited state is >P1,2, which causes the L, edge,

and the lower energy of the excited state is *P3», which gives rise to the L3 edge.

With the concept of the absorption edge, XAS can be explained as the measurement of X-ray

absorption cross-section around the absorption edges. There are two main regions of absorption
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spectra to be analyzed depending on the excited state: X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) (Fig. 2.22). XANES is a kind of absorption
spectroscopy that shows characteristics in XAS due to absorption for electronic transitions from an
atomic core level to final states in the energy region. On the other hand, a photoelectron wave after
ionization of a core electron to the continuum propagates out from the absorbing atom, and the
electrons in neighboring atoms backscatter the ionized electron. The phenomenon results in a
modulation of the absorption coefficient referred to as EXAFS. The advantage of XAS is providing

information on the local structure of the element of interest without interference [156], [157].
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Figure 2.21 (a) Transitions resulting from the excitation of a core electron and the corresponding XAS edges [156]. (b)
X-ray absorption spectrum of Pb including three major absorption edges (M, L, K-edges). The inset image is a high-
resolution XAS of split L-edges [158].
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Figure 2.22 XANES and EXAFS region of XAS spectra.

Scanning Transmission X-ray Microscopy (STXM) is a NEXAFS technique combined with X-ray
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microscopy, and it is performed in transmission mode. Spatially resolved information on chemical
bonding can be provided due to this combination. STXM instruments are shown in Fig. 2.23, and
they consist of a Fresnel zone plate (FZP), order sorting aperture (OSA), and photodetector. The X-
ray spot size at the focal point determines the spatial resolution of STXM. Because the wavelength
of the soft x-ray used for STXM is short (1-10 nm), they can be focused to a smaller spot size using
circular diffractive gratings called Fresnel zone plate (FZP). The incident X-rays are focused through
constructive interference of the diffracted X-rays from each of the rings at the focal point. In addition,
the FZP prevents unfocused incident X-rays, which have a negative influence on the sample. The
Fresnel zone plate is made of gold rings with different ring widths on a silicon nitride membrane
transparent for X-rays. As the distance of the ring from the center of FZP increases, the width of the
gold zone decreases. The reported minimum spot size obtained using FZP is 7 nm [159], and many
studies are in progress to achieve a smaller spot size. In general, the higher-order diffracted beam can
degrade the spatial resolution and pollute the spectra. The incident X-ray beam on the FZP includes
a considerable level of the higher-order diffracted beam. A pin-hole order sorting aperture (OSA) is
used to eliminate higher order diffractions. When the OSA is placed in a decent position between the

FZP and the sample, only first-order diffracted light is transmitted to the sample.

The focused X-ray beam is incident on the sample, and the transmitted beam is collected by a detector.
Images are obtained at given photon energy by raster scanning the sample through the focal point
while measuring the transmitted X-rays. A series of images at different energies are measured to
acquire spatially resolved spectral information [155], [160]. The series of images is called “stack”.
Through STXM measurement, not only a spectrum of a point in the sample but also a chemical map

at specific energies can be achieved (Fig. 2.23 (b)).

Soft X-ray-based STXM has the advantage of being able to investigate the inner shells of light
elements such as C, O, and N, as well as the outer shells of heavier elements. Soft X-ray STXM
induces comparably less radiation damage as compared to hard X-ray tools. Furthermore, the
thickness of the sample can be estimated in the spectra if the elemental composition is identified.
Additionally, the normalized spectra of components can be used to quantify their composition in an

unknown sample and to speculate what the material consists of [161].
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3.1 Introduction

As mentioned in the former chapter, halide PSCs have progressed by leaps and bound in a short period.
The rapid improvement of efficiency in PSCs is attributed to the development of perovskite
composition and process engineering. Wet processing technique, including spin-coating [27], [162],
[163] and dip-coating [164], [165] is a typical fabrication technique for halide perovskite film, and it
is a favored technique in the laboratory. However, the wet process has limitations in being used in

large-scale fabrication for industrialization.

The vapor-based technique has attracted attention as an alternative technique. Vapor-based methods
are a mature technology widely adopted in the coating and semiconductor industry. It has various
advantages, including a solvent-free fabrication process, intrinsic purity of precursor, formation of

pinhole-free perovskite film with superior uniformity, and scalability [166]. In addition, it enables
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fine control over the thickness and stoichiometry of perovskite films and is substrate-independent for

the deposition [167]-[169].

In this thesis, we fabricated PSCs based on the co-evaporation technique, one of the vapor-based
techniques, and investigated various physical phenomena in solar cells. In this chapter, the
optimization process of MAPDI3 film based on co-evaporation will be described by varying several
parameters, such as the rate ratio of Pbl, and MAI and the rate of Pbl, with the same ratio. After that,
PSCs with the optimized condition of MAPbI; will be explained, and photovoltaic performance

according to the charge transport layer will be investigated.

3.2 Experimental Details

3.2.1 Evaporation of MAPDbI; Film based on Co-evaporation

Co-evaporation is a kind of deposition technique with more than two precursors in the vacuum
chamber. Here, MAPbI; was deposited on the HTL layer by co-evaporation of Pbl, (ultra-dry, 99.999%
Sigma Aldrich) and MAI (>99.99 %, Greatcell Solar Materials). Fig. 3.1 shows a scheme of the co-
evaporation system employed in our laboratory. The co-evaporation system consists of two crucibles
of each precursor, one quartz crystal microbalance (QCM), a sample holder, a vacuum chamber, a

primary pump, and a vacuum pump.

Two precursors in the crucibles are heated up where they start to sublimate, and the rate of the
precursor can be controlled by temperature. A pre-calibrated quartz crystal microbalance (QCM)
sensor was used to monitor the rate of two precursors and the thickness of MAPbI;. Therefore, the
crystalline quality of MAPDI; can be controlled by monitoring the temperature of MAI and Pbly, the
rate, and the thickness monitored by the QCM sensor (Fig. 3.2). At a specific temperature where Pbl>
is sublimated, Pbl> in a high vacuum chamber travels in a straight line of sight as the mean free path.
However, MAI tends to sublimate like a vapor gas in the vacuum due to its small molecular weight,
which makes it difficult to control the rate using the conventional QCM [170]. To control the MAI
deposition accurately, it is important to keep a close watch on an additional controllable parameter,

especially the vapor pressure [170], [171].

In the optimized conditions for this chapter, each Pbl. and MAI was sublimated in the vacuum
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chamber at 300 °C and 180 °C, with the deposition rate of 1 A/s and 2.5 A/s, respectively. During the
evaporation, the vacuum level was 5.5X 107> mbar. Fig. 3.3 presents the average and standard
deviation of the temperature of Pbl and MAI, the rate of MAPbI3 by QCM, and vacuum pressure.

After deposition, the film was annealed at 70 °C for 10 min in an N»-filled glove box. The optimal
thickness for the PSC is 500 nm.
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Figure 3.1 Schematic illustration of the vacuum chamber for co-evaporation (left) and molecular motion of MAI and Pbl,

in the vacuum chamber (right).
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Figure 3.3 Average temperature of (a) Pbl, and (b) MAI, (c) rate of MAPbI3, and vacuum pressure with standard deviation.

3.2.2 Fabrication of MAPbI; Solar Cells

The fabrication processes of each of the electron and hole transport layers in co-evaporated PSCs are

described below.
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Figure 3.4 (a) [llustration of ITO etching and Cr/Au deposition process for the substrate of solar cells. (b) Real image of

ITO-coated glass before and after patterning, completed substrate with Cr/Au contact.

Substrate with anode Before fabrication of PSCs, patterned Indium tin oxide (ITO) etched by the wet

process was employed as anode and substrate. Fig. 3.4 describes the chemical etching and metal

deposition process for the preparation of the substrate. Firstly, the part of ITO-coated glass substrates

(20ohm/sq, Xinyan Technologies), which needs to be protected for etching, was covered with 3M
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crystal clear tape. Uncovered ITO was removed using hydrochloric acid (HCI) and zinc powder (Zn).
The etched substrate was cleaned in ultrasonic baths of deionized water with 1% diluted detergent
(Liqui-Nox Phosphate-Free Liquid Detergent, Alconox, Inc.) for 15 min, pure deionized water for 30
min, acetone for 15 min, and 2-propanol (IPA) for 15 min, in sequence. To reduce the contact
resistance between ITO and the measurement system, chromium (Cr) and gold (Au) were deposited
on edge of glass and ITO by thermal evaporation (Fig. 3.5 (a)) under a vacuum of 1x10°¢ mbar. Here,
Cr (5 nm) is used to improve adhesion between glass and Au.

Hole transport layer (HTL) In this study, three kinds of hole transport material including PEDOT:PSS,
PTAA, and NiO were used for HTL in PSCs.

Before deposition of PEDOT:PSS, the surface of patterned ITO was treated with a UV-ozone chamber
for 15 minutes. PEDOT:PSS solution (25 nm, AI 4083, Ossila) was filtered through a 0.45 pm PVDF

filter and deposited on UV-ozone activated ITO layer through spin-coating in air (Fig. 3.5 (b)).
Meanwhile, poly(styrene sulfonate) (PSS) in PEDOT:PSS is used as the counter ion and charge
compensator which masks PEDOT:PSS easily dispersible in water. However, PSS is an insulator
causing low conductivity of the commercial PEDOT:PSS. To enhance its conductivity, 120 pL of
methanol was dropped during spin-coating. The methanol treatment removes the excess PSS from
the film and improves the conductivity[172]. This was followed by thermal treatment at 120°C in air
for 20 minutes.

In the case of PTAA, ITO coated glass also was treated with UV-O3 for 10 minutes. PTAA (30 nm)
was deposited on the ITO layer through spin-coating at 5000 rpm in air with thermal treatment at 100

°C in N2 for 10 minutes. The PTAA solution was prepared with a concentration of 0.002 g/mL in

toluene and filtered through a 0.45 pm PTFE filter. PTAA was purchased from Ossila (M513, CAS:
1333317-99-9) and used as received.
Lastly, the sol-gel NiO solution was prepared and filtered through a 0.45 um PTFE filter. The NiO

film was spin-coated at 4000 rpm followed by annealing at 300 °C in air for 1 hour. All experimental

processes related with NiO were done in Institut Photovoltaique d'fle-de-France (IPVF)

Methyl ammonium lead iodide (MAPbI3) MAPDI; deposited by co-evaporation was employed as an

absorber layer. A detailed explanation of the deposition process is described in section 3.2.1.
Electron transport layer (ETL) PCBM and Cso were applied to PSCs as ETL.
A PCBM thin film (40-50 nm thick) is spin-coated at 2000 rpm for 30 s onto the perovskite layer and

dried for 20 minutes in an N> atmosphere. The spin coater in N> is shown in Fig. 3.5 (¢). The PCBM
solution of 40 mg/mL was prepared in anhydrous chlorobenzene solvent (Aldrich) and stirred
overnight at room temperature in an N2 atmosphere. PCBM powder was purchased from Ossila (99

%, CAS: 160848-22-6) and used as received.
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Ceo thin film was deposited on MAPDI; by thermal evaporation. The vacuum chamber (Fig. 3.5 (d))
was evacuated to a pressure of 7.6x10~7 mbar. Co was sublimated at 500 °C with a deposition rate
of 0.1 A/s. The thickness of Ce deposited was 25 nm. Cgo also was bought from Ossila (99.5 %, CAS:
99685-96-8).

Hole blocking layer (HBL) BCP was used for HBL to enhance charge separation and avoid the

recombination of charges. The deposition process of BCP is divided into wet and dry processes
depending on under layer.

On PCBM, BCP was also prepared by spin-coating at 4000 rpm in N>. The 0.0005 g/mL of BCP was
dissolved in 2-propanol and filtered through a 0.45 um PTFE filter. On the other hand, BCP was also
deposited on Ceo by thermal vapor deposition. The crucible of BCP is located in the same chamber of
Ceo. The vacuum conditions are the same as those of Cgo deposition. BCP (> 99.5 %, Lumtech) was
sublimated at 100 °C with deposition rate of 0.1-0.2 A/s. BCP was purchased from Lumtec (> 99%,
CAS: 4733-39-5).

Cathode Silver (Ag) of 120 nm thickness was deposited for a cathode. The equipment for thermal
evaporation is the same as that for Au, so the vacuum conditions were the same. The active layer of

PSCs is 0.28 cm?.

In the thesis, the determined structure of the reference MAPbI; PSCs is
ITO/PEDOT:PSS/MAPDI3/Cso/BCP/Ag.

(©) | @

Figure 3.5 (a) Real image and schematic illustration of thermal evaporator for contact metal, spin-coater, and heating

plate in (b) air and (c) N». (d) Photograph of thermal evaporator for organic materials including Ceo and BCP.
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3.2.3 Perovskite Film Characterization

Profilometer A profilometer (Fig. 3.6 (a)) is an instrument used to measure the relief of a surface,
such as to assess its roughness or microgeometry. Contact profilometers are based on the physical
contact between a diamond tip and the surface to be measured. A sensor attached to the tip measures
the vertical position Z when it is moved horizontally (X-axis) on the surface, thus establishing the
profile Z=f(X) of the surface.

UV-Visible absorption spectroscopy In this thesis, UV-visible (UV-Vis) spectroscopy (UV-Vis

spectrophotometer - Agilent Cary 50) (Fig. 3.6 (b)) is being used to study the optical bandgap and
absorbance of halide perovskite film. To examine the intrinsic property of MAPbI; and the property
of interface between MAPbI; and HTL, MAPbI; films on glass, PEDOT:PSS/ITO, PTAA/ITO, and
NiO/ITO were prepared.

X-ray diffraction (XRD) To investigate the crystalline quality of MAPbI3, XRD was employed. XRD

is a non-destructive analytical technique that reveal information about the crystal structure, chemical
composition, and physical properties of materials and thin films (Fig. 3.6 (c)). It is based on observing
the scattered intensity of an X-ray beam hitting a sample as a function of incident and scattered angle,
polarization, and wavelength or energy. It is crucial to achieve highly crystalline MAPbI; film for
fabricating high-performance PSCs. The samples were prepared on glass. The standard XRD patterns
were acquired using D8 Discover X-ray Diffractometer from Bruker with a Cu K-a X-ray source
operating at 40 kV and 40 mA with a graphite monochromator. Multiple scans were collected between
20 = 10° and 50° with a step size of 0.02° and a scan speed of 2°/sec.

Scanning Electron microscopy (SEM) and energy dispersive spectrometer (EDX) SEM is a type of

electron microscope that produces images of a sample by scanning the surface with a focused beam
of electrons (Fig. 3.6 (d)). The electrons interact with atoms in the sample, producing various signals
that contain information about the surface topography and composition of the sample. In the most
common SEM mode, secondary electrons with an energy less than 50 eV, emitted by atoms excited
by the electron beam are detected. The number of secondary electrons that can be detected, and thus
the signal intensity, depends, among other things, on specimen topography. The imaging of the surface
of perovskite film and cross-section of the film and device was carried out on Microscope MEB
HITACHI. The film thickness was determined by cross-section imaging. The electron beam was
accelerated at 10 kV, under a current of 4.3 pA. The composition and element mapping of films and
perovskite powder was obtained using an EDX (energy-dispersive X-ray microanalysis) system

attached to the SEM.
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Atomic force microscocpy (AFM) AFM is a high-resolution non-imaging optical technique scanning

probe microscopy (STM) (< 1 nm) (Fig. 3.6 (¢)). STM is a microscopy-forming image of surfaces
with a physical probe. In STM, which is based on quantum tunneling, applying a bias voltage between
the conductive tip and the surface of the sample allows electrons to tunnel through a vacuum when
the tip is closed to the surface. The surface information can be achieved through the measurement
tunneling current between the STM tip and the surface. Compared to STM which is only able to
measure conductive samples, AFM can achieve surface information of both conductive and
nonconductive materials. Interface roughness between MAPbI3 and HTL layer can be obtained

through AFM. The AFM measurement was recorded by PicoScan 3000.

(b)

(e)

Figure 3.6 Photographs of (a) profilometer, (b) UV-Visible spectroscope (Cary 50), (¢) XRD (D8 Discover), (d) scanning
emission microscope MEB HITACHI, (e) AFM (PicoScan 3000).

3.2.4 Perovskite Solar Cells Characterization

Current density-voltage (J-V) characterization The measurement of J-V characteristics is the simplest

and most direct of the possible measurements. This measurement is ideally made under the same
illumination as the sun (100 mW/cm?: a standard called AM1.5). In first-order and in most situations,
relevant information can be extracted from measurements made with a lamp whose intensity

corresponds to that of the AM1.5 spectrum. There are some parameters we are interested in: the open-
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circuit voltage (Voc), the short-circuited current density (Jsc), the fill factor (FF), the energy
conversion efficiency (1), the shunt resistance (Rsu), and the series resistance (Rs). The open circuit
voltage is related to the bandgap of the semiconductor used, and the short-circuited current density
can be related to the flow of absorbed photons. The fill factor characterizes the quality of the diode.
The shunt resistance is obtained by the inverse of the slope at Jsc gives and indicates electrical leakage
and recombination. Lastly, the series resistance is the resistance in the external circuit and is obtained
by the inverse of the slope at Voc. In order to estimate photovoltaic performance, the dark and
photocurrent density-voltage (J-V) curves of PSCs were measured in the N> glove box (Fig. 3.7 (a))
using Keithley model 2635. The condition of illumination was AM 1.5 G i. e. 100 mW/cm? simulated
solar light from Solar Cell Test 575 of ATLAS MTT. The J-V curves were obtained by scanning
along the forward scan direction and the reverse scan direction in the range of —0.1 V to 1.1 V. The
step voltage was set at 1 mV for unit cells.

All photovoltaic parameters of PSCs, including Voc, Jsc, FF, Vmax, Jmax, PCE, Rs, and Rsy are
extracted from the J-V curve using Labview.

External quantum _efficiency measurement (EQE) The external quantum efficiency (EQE) was

measured with TSFC-Instrument’s EQE with LED light source (Fig. 3.7 (b)). The light intensity was
calibrated using a single-crystal Si photovoltaic cell as the reference. A 1-mm-diameter orifice was

used for the EQE.

(b)

Figure 3.7 (a) J-V measurement. (b) EQE measurement equipment with measurement software.

3.3 Optimization of MAPbI; Film
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3.3.1 Impact of Deposition Rate Ratio of Pbl, and MAI on MAPbI; Film
Properties

In order to achieve a good photovoltaic performance of halide perovskite solar cells, it is important
to obtain perovskite film with high crystallinity, full coverage, large grain size, and favorable grain
orientation. By controlling the individual evaporation rate of Pbl, and MALI, the crystalline quality
and the stoichiometry of MAPbI; are determined. The crystalline quality was determined using XRD.
MAPDI; films were deposited with various Pbl> to MAI evaporation rate ratios including Pbl2:MAI
= 1:0 (pure Pbl,), 1:1, 1:2.5, and 1:4 to optimize the conditions for high-quality perovskite film. Fig.
3.8 (a) shows optical absorption spectra of perovskite films with different deposition rates. 2.41 eV
of bandgap offset of Pbl is obtained through drawing Tauc’s plot. In MAPDI; film with a deposition
ratio of 1:1, the absorption onset occurs around 780 nm and it corresponds to the bandgap wavelength
of MAPDbI;. The absorbance peak in the region of around 514 nm, which corresponds to the
absorbance of Pbly, still remains a pure phase indicating that parts of Pbl, have not reacted with MAL
As the amount of MAI increases, the absorbance of MAPDI3 increases until the rate of MAI increases
with the ratio (1:2.5). The peak of Pbl> disappears which implies good quality perovskite film is
obtained. In MAPbIz with the ratio of 1:4, overall absorbance is lower than those with 1:2.5. Notably,
the absorbance in the shorter-wavelength region than 514 nm drastically decreased. It implies that the

excess MAI damages the crystallinity of perovskite.

XRD patterns of MAPDI; with various deposition ratios are shown in Fig. 3.8 (b). In addition, detailed
XRD peak information is described in Table 3.1. In MAPbI3 with the deposition ratio of 1:1, a set of
preferred orientations at 14.08 °, 28.44 °, 43.19 °, and 58.34 °of tetragonal perovskite structure was
observed, which was assigned to the (110), (220), (314) and (440) planes of the MAPDbI3 perovskite.
The peak at 12.6 ° exists, and it corresponds to the (001) plane of Pbl>, which indicated that residual
Pbl> not reacted with MAI remains. The results are coherent with those of absorption spectra. As the
amount of MAI increases, the full width at half maximum (FWHM) of the (110) plane at 14.08 °
decreases, and the ratio of (110) to (220) in MAPbI; gradually increases. Furthermore, when the MAI
rate increases until that the ratio of Pbl, to MAI approaches 1:2.5, the (001) plane of Pbl, becomes
negligible while the pure plane of MAPDI; perovskite remains. In addition, MAPbI3 has preferentially
oriented along (110). However, MAl-rich films exhibit overlapping diffraction peaks between 11.3 °
and 11.7 °.
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Figure 3.8 (a) Absorbance graph and (b) XRD patterns of Pbl, and perovskite thin films deposited by co-evaporation
with the deposition ratio of 1:1, 1:2.5, and 1:4. (c) SEM and (d) AFM image of MAPDI3 film prepared with optimized
condition (1:2.5).

Table 3.1 Observed XRD data according to deposition rate ratio.

Deposition rate ratio FWHM of (110) MAPDI; (110)/(220)  Pbl, peak/ MAPDI; LDP peak/MAPbDI;

Pblr:MAI peak ratio (110) peak (110) peak
1:1 0.24 1.04 0.02115 -
1:2.5 0.17 1.41 0.01346 -
1:4 0.13 1.91 - 0.05

These diffractions are caused by the presence of low-dimensional perovskites (LDPs). When the
concentration of MAI is too high, the zero-dimensional (0D) quantum dots of (Pblg)*™ units in an
MALI matrix is favored. As the concentration decreases, the formation changes to one-dimensional
(1D) perovskite and consequently to 2D perovskite sheets through self-assembly. Finally, 3D
perovskite is formed and the concentrations of MAI and Pbl, are compatible (Fig. 3.9). LDPs occur

because corner-sharing (Pbls)*~ units are sandwiched between intercalated organic cation bilayers
[173]. Therefore, the spacing between (Pbls)*" is expanded by ~1.4 A compared with those in 3D

perovskite (d = 6.3 A), which have the XRD peaks of LDP shift to a lower angle.

Through the results of absorption spectra and XRD patterns, we can confirm that deposition of
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MAPDI; with the rate ratio Pblo:MAI = 1:2.5 is the best-optimized condition. Fig. 3.8 (c¢) and (d) show
the top view SEM and AFM image of MAPDI; film on the glass. The grain size is around 270 nm,

and the roughness is 9.3 nm.

R 1D 0D
B L et
e § ? 2 MG N

Pbl2 MAPDI3 LDPs

Figure 3.9 Crystal structures of Pbl, and MAPbI3 perovskites in the form of 3D perovskite, 2D, 1D and 0D LDP where
Xmar defines the mole fraction of MAI in the mixture of MAT and Pbl (Xma=nmar/(nmartnesr)) [173].

3.3.2 Impact of Rate of Pbl, on MAPbI; Film Properties

Although the optimized deposition rate ratio of Pbl, : MAI has been found, the overall rates of both
Pbl, and MALI also need to be considered. The rate of Pbl,, which plays the role of a skeleton of
MAPDI; crystal structure, affects the morphology of MAPbI; film [174], [175]. On the other hand,
the rate of MAI strongly influences the chamber pressure, which is one of the important process
parameters [176], [177]. Therefore, it is crucial to find the appropriate rates of Pbl, and MAI for the
optimal morphology of MAPbI; film. In this study, Pbl> was evaporated onto substrates with different
deposition rates of 1, 1.5, and 2 A/s with a fixed deposition rate ratio of Pbl, : MAI (1:2.5). In addition,
the MAPbI; films with different rates of Pbl. and MAI were deposited on glass and PEDOT:PSS to
investigate the crystalline properties of MAPDI; according to the underlying layer.

Fig. 3.10 shows XRD patterns of MAPbI3 on glass according to the Pbl; rate. Detailed information
on XRD peaks can be found in Table 3.2. With the increase of the Pbl, rate, the FWHM of the XRD
(110) peak increases. This indicates that the crystallization of perovskite decreases and the quality of
grains diminishes. In addition, the ratio of (110) to (220) decreases, and the (001) plane of Pbl
increases as the rate of Pbl, increases, which means the dominant plane of (110) in MAPDbI3 is not
fully formed, and the Pbl> phase remains. We guess it is more difficult for Pbl, to react with MAI at

a higher rate.
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Figure 3.10 (a) XRD patterns of perovskite thin films on glass with different Pbl, rates of 1, 1.5, and 2 A/s with the
optimized deposition rate ratio. (b) Normalized XRD spectra of (110) diffraction peak with (001) plane of Pbl, where
blue diamond indicates (001) plane of Pbl..

Table 3.2 Observed XRD data of MAPbI3 on glass according to Pbl, rates.

Rate of Pbl, FWHM of (110) peak MAPDI; (110)/(220) ratio Pbl, peak/ MAPbDI; (110) peak
1Ass 0.18 1.40 0.014
1.5 AJs 0.20 1.08 0.022
2 Ass 0.23 1.02 0.060

Before fabrication of standard PSCs, the crystalline property of MAPbI; on the hole transport layer
is required to be considered. In the referential PSCs for this thesis, PEDOT:PSS is employed as HTL.
MAPDI; films were deposited on PEDOT:PSS with different Pbl, rates to investigate the property.
XRD patterns of MAPbIz on PEDOT:PSS with detailed information are shown in Fig 3.11 and Table
3.3. When MAPbI; is deposited on PEDOT:PSS with Pbl, rate of 1 A/s, the FWHM of the XRD (110)
peak is smaller than that of MAPbI; on glass with the same Pblx rate. PEDOT:PSS is a hydrophilic
material, and the adhesion of MAI to PEDOT:PSS is higher than that to glass due to its hydrophilic
nature. Because of the properties, the Pbl, reacts more with MAI on PEDOT:PSS, and the
crystallization of MAPbI3 increases. The XRD results of MAPbIz on PEDOT:PSS, according to the

Pbl; rate, show patterns that are similar to those of MAPbI; on glass.

As the Pbl, rate increases with the MAI rate at the same ratio, the (001) plane of Pbl, increases for
the same reason as those on glass. The (220) peak increases with the overall rate, and the peak is
higher than the (110) peak at 2 A/s of Pbl,. The results indicate that the crystalline quality is worse
than those on the glass when the rates of Pbl, and MAI increase. Furthermore, the (001) plane of Pbl,
and LDP appear at the same time when the Pbl, rate increases to 2 A/s. It is worth noting that the

reaction extent between Pbl> and MAI is not uniform as the overall rate increases, so not only 3D
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perovskite but also other phases including Pbl> and LDP are formed. Through these optimization
processes with the variation of the overall deposition rate, we confirmed that the reaction of Pbl, and

MALI into 3D MAPDI; with dominated (110) is formed well at the low deposition rate.
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Figure 3.11 (a) XRD patterns of perovskite thin films on PEDOT:PSS with different Pbl; rates of 1, 1.5, and 2 A/s with
the optimized deposition rate ratio. (b) Normalized XRD spectra of (110) diffraction peak with (001) plane of Pbl..

Table 3.3 Observed XRD data of MAPbI3 on PEDOT:PSS according to Pbl, rates.

FWHM of (110)  MAPbI; (110)/(220)  Pbl, peak/ MAPbl;  LDP peak/MAPbI;

Rate of Pbl; peak ratio (110) peak (110) peak
1 Ass 0.16 1.32 0.012 -
1.5 AJs 0.18 1.08 0.021 -
2 AJs 0.22 0.94 0.022 0.002

3.3.3 Impact of Hole Transport Layers on MAPbI3 Film Properties

It is important to consider not only halide perovskite but also charge transport materials to achieve
high photovoltaic efficiency in perovskite solar cells. Hole transport material (HTM) plays a variety
of roles in the solar cells: (1) energetic barrier between anode and perovskite layer which prevents
electrons from transferring to anode [178], (ii) enhancement of hole transfer efficiency [179], (iii)
decision of the Voc by controlling the splitting of the quasi Fermi-energy of halide perovskite [180].
In addition, the surface properties of HTMs in the inverted p-i-n structure PSCs affect the grain size,
surface roughness, and crystal orientation of halide perovskite thin film [181]-[183]. The crystal
orientation determines the type of surface defects in the perovskite and the interface quality between

halide perovskite and top ETL.

Because of these reasons, it is crucial to find appropriate HTMs used in PSCs. Various hole transport
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materials, including PEDOT:PSS, PTAA, and NiO, are used in this thesis, as shown in Fig.3.12.
PEDOT:PSS is the first HTM used in the p-i-n structure PSCs, as mentioned in chapter 2, and it is
also a typical HTM used in our laboratory. PTAA is another polymer HTM employed in PSCs. Both
PEDOT:PSS and PTAA have higher hole mobility (1x102 — 1x103 cm?/V's) compared with other
polymers such as P3HT (3x10™* ¢cm?/V-s) (Table 3.4). Compared to PEDOT:PSS, the solvent is
hydrophobic, and the solution has lower acidity, which contributes to the higher stability of PSCs.
NiO is an inorganic HTM with high transparency and deep valence band edge level, which matches
well with those of MAPbI3 like PEDOT:PSS and PTAA [184]. Furthermore, its hole mobility is higher
(1.4x10"" ¢cm?/V-s) than polymer-based HTM. Additionally, the film can be deposited by a wet
process such as thermal evaporation and sputtering which has the potential to achieve fully deposited

PSCs.

Hole transport materials
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Figure 3.12 Energy levels of HTMs including PEDOT:PSS, PTAA and NiO together with MAPDI3, anode and cathode.
Each valence band edge level of PEDOT:PSS, PTAA and NiO is referred to [184]-[186].

Table 3.4 Hole mobility of HTM used in this thesis.

HTM PEDOT:PSS PTAA NiO
Hole mobility (cm?/V-s) 1x102 - 1x10° [187] 1x102 — 1x 10 [188] 1.410° [189]

However, the solution process used for NiO deposition in this study deteriorates the crystallinity of
NiO and introduces defects that reduce hole extraction and increase carrier recombination [190],
[191]. In addition, the defects cause rough contact with the perovskite layer, which deteriorates the

crystalline quality and morphology of the halide perovskite layer. Therefore, to solve the problem,
N4,N4,N4" N4"-tetra([1,1'-biphenyl]-4-yl1)-[1,1":4",1"-terphenyl]-4,4"- diamine (TaTm) is deposited

between MAPDI; and NiO as interlayer. TaTm has been recently used for interlayer in fully deposited

PSCs with metal oxide-based HTMs [192].
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Before fabrication of PSCs with these HTMs, 500 nm of MAPDbI3 layers on each HTM are
characterized with optical measurements including SEM and XRD to investigate crystalline

properties according to HTM underlayer.

Fig 3.13 (a) shows XRD patterns of MAPbI3 on ITO/HTM where HTMs are PEDOT:PSS, PTAA,
and NiO. Compared with the XRD pattern of MAPbIz on ITO/PEDOT:PSS, the patterns of MAPbI;3
on PTAA or NiO, include the amorphous bump of ITO. It implies that the intensity of (110) and (220)
planes in MAPbIz on PEDOT:PSS is so high that the amorphous phase of ITO is negligible. In
addition, ITO peaks in the XRD pattern of MAPbI3 on NiO are more significant than those on PTAA.
It is worth noting that the crystallinity of MAPbI; on PTAA and NiO is lower than on PEDOT:PSS.
Especially, the intensity of perovskite crystalline planes is the weakest in those on PTAA. There is
evidence to support the results. The (001) plane of Pbly at 12.6 ° is remarkable in MAPbI; on PTAA
and NiO. The Pbl> peak of MAPbI; on PTAA is higher than those of NiO. On the other hand, LDP
appears in the spectra of MAPbI3 on NiO, indicating that both the 3D phase and lower-dimensional
phase also exist in MAPbI3 deposited on NiO.

To improve the crystalline quality of MAPbI3; on NiO, TaTm is inserted between MAPbI; and NiO.
Fig. 3.13 (b) presents XRD patterns of MAPbI; on NiO without and with TaTm. When the interlayer
is inserted, the (001) plane of Pblz at 12.07° decreases however, the perovskite phase, including (110),
(222), and (314) peaks at 14.08 °,31.68 °, and 42.95 °, noticeably increases. Through the XRD results,
we confirmed that TaTm has a passivation effect with an enhancement of crystalline quality of

MAPDI;.

The HTM underlayer makes an impact on the grain growth, as shown in SEM (Fig. 3.14). The
MAPDI; film on PEDOT:PSS (Fig. 3.14(a)) is flat, uniform, pinhole-free, and covers the entire
substrate. In addition, the grain is the biggest in all films prepared, with a size of around 400 nm. The
result is coherent with the XRD result where (110) and (220) planes of MAPbI3 are dominant. The
hydrophilic surface of PEDOT:PSS and the optimal processing for deposition mentioned in section

3.3.2 promote grain growth.

In the case of the perovskite film on PTAA (Fig. 3.14(b)), the grain size is 200 nm. However, the
grain size is not uniform, with small grains of ~100 nm. It is caused by the hydrophobic surface of
PTAA. The adhesion of MAI to the surface is weak on the surface which disturbs the grain growth.
The fact that the Pbl> peak in the XRD pattern of MAPbI; on PTAA is the highest can also be
explained by the surface property of PTAA. Through these results of PEDOT:PSS and PTAA, we
confirmed that the surface wettability of HTM can primarily affect the grain size of the deposited
MAPDI; films [193], [194]. In the SEM image of MAPbI; film on NiO (Fig. 3.14(c)), the grain size
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is around 200 nm and much more uniform than those on PTAA. On the other hand, the grain size
significantly increases when the TaTm layer is between MAPbI3; and NiO. The grain size is around
350 nm. The results are consistent with the XRD results and demonstrate that TaTm can passivate the

defect of NiO and improve the crystalline quality of MAPDI;.
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Figure 3.13 (a) Characteristic peak intensity normalized XRD patterns of MAPbI3 thin films on PEDOT:PSS, PTAA, and
NiO with and without TaTm. (b) XRD patterns of MAPbI; thin films on NiO according to the presence of TaTm interlayer.
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Figure 3.14 Grain size analyses. Top-view SEM images of grains in the MAPDI; films on (a) PEDOT:PSS, (b) PTAA, (¢)
NiO, and (d) NiO with TaTm interlayer.

3.4 Photovoltaic Performances of MAPDbI; Solar Cells

3.4.1 Photovoltaic Performance of Reference Solar Cells

In the section 3.3, the optimal processing of MAPbI3 deposition by varying parameters in vacuum
deposition was presented. Furthermore, the perovskite films were analyzed according to the
underlying HTM layer through optical measurements such as XRD and SEM. Based on the optimal
process of the thin film, we fabricated the PSCs with MAPbI; film based on co-evaporation and
analyzed the electrical characteristics of solar cells through measurement of J-V performance and

EQE.

Fig. 3.15 (a), (b), and (c) present a schematic illustration of the energy band diagram of the structure

and a real cross-sectional SEM image of the MAPDI;3 solar cell, respectively. This MAPDI;3 solar cell
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was employed as the reference sample in the thesis. An inverted planar structure of PSCs with a well-
matched energy band was applied. The structure included PEDOT:PSS, Ce¢o, and BCP used as HTL,
ETL, and HBL (Fig 3.15 (a), (b)) respectively. The cross-sectional SEM image (Fig 3.15 (c)) shows
that the thickness of the vacuum deposited MAPDI; layer is 500 nm which consists of single-grain

without any grain boundaries that would be profitable for charge transport.
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Figure 3.15 (a) Energy diagram. (b) Device structure and (c) cross-sectional SEM image of the inverted p-i-n perovskite
solar cells. Current density-voltage (J-V) curves of PSCs based on MAPbI; prepared by evaporation process measured

(d) under 1-sun illumination, (¢) under darkness. (f) The corresponding EQE spectrum.
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Table 3.5 Summary of photovoltaic parameters of the reference MAPDI; solar cells according to scan direction.

Voc Jsc FF Rs Ry PCE Jsc
V) (mA/cm?) (%) (ohm) (ohm) (%) (from EQE)
Forward scan 0.86 23.18 70.4 5.61 1.56k 14.10
18.25
Reverse scan 0.90 23.14 71.4 493 1.42k 14.79

J-V characteristics of PSCs under the sun are described in Fig. 3.15 (d), where we obtained a Jsc of
23.14 mA/cm?, FF of 71.4 %, and a Voc of 0.90 V, leading to a high PCE of 14.79 % (Table 3.5). To
evaluate the hysteresis effect of the device, J-V curves were measured in the forward scan direction
(from reverse bias to forward bias, R-F) and backward scan direction (from forward bias to reverse
bias, F-R) at a scan rate of 10 mV/s. For the normal J-V hysteresis phenomenon in PSCs, the
efficiency of F-R scan is higher than that of the R-F scan. Normal hysteresis is typically shown at
pre-poling biases larger than the open circuit bias because of accumulated ionic and electronic
polarization charges at the interfaces. On the other hand, inverted hysteresis is the opposite [195].
Hysteresis index can be calculated by Eq. 3.1

PCERg—PCEFpp
PCERp

HI = (3.1)

The hysteresis index is calculated to be 0.05 with inverted hysteresis, and its value is low enough.

Fig. 3.15 (e) shows the dark J-V curve of the solar cells, and it provides valuable information related
to Rs, Rsy, and FF. The dark current of the device under reverse bias is significantly low, suggesting
that the reference PSC shows a low leakage current. In the forward bias region after 0.85 V, the
injected current density is high, indicating that the injection barrier between the transport layer and
perovskite is low. The results show that the device has high-quality interfaces between the perovskite
layer and transport layers which is responsible for the high FF. EQE spectrum of the reference device
is plotted in Fig. 3.15 (f). From the spectrum, we calculated the band gap since the EQE for photons
with energy below the band gap should be ideally zero. 1.53 eV of the bandgap is obtained based on
EQE, which is similar to the ideal value of the band gap of MAPbI; (1.55 eV). In addition, short

circuit current can be calculated from the spectrum and Eq. 3.2
lmax
Jsc = q f;" & (1) - EQE(2) - dA (32)

The current density calculated is 18.25 mA/cm?, which is lower than Jsc (23.14 mA/cm?) obtained
from J-V measurement under 1 sun illumination. Because the equipment for the EQE measurement
is independent from that for the J-V measurement Zimmermann et al. explained that the actual
irradiance of 100 pW/cm? used by the EQE machine is lower than AM 1.5G [196]. On that basis,

these differences in irradiance between J-V and EQE measurement can be attributed to the error in
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measurement of Jsc.

The device was stored in an N> glove box and its J-V curves were measured periodically to assess the
stability of the reference PSCs. Fig. 3.16 (a) presents the summary of PCE, and hysteresis index
obtained from periodic measurements of the J-V curve done under illumination by a solar simulator.
The reference device maintained more than 90% of its initial efficiency after eight weeks’ storage in
N>. The results confirmed that PSCs based on evaporated MAPDbI3 are more stable than those with
solution-processed MAPDI3.«Clx and triple cation perovskite (MAo.17FA0.83)0.95Cs0.05Pb(10.83Br0.17)3
(3CP) fabricated in our laboratory. Solution-processed MAPbI3xClx and 3CP solar cells fabricated in
LPICM maintained less than 60 % after eight weeks’ storage in N2 [197]. In addition, the hysteresis
index also remained lower than 0.05, suggesting that MAPDI3 solar cells based on co-evaporation are
stable under nitrogen. To check the reproducibility of MAPbI3 PSCs, a statistical histogram of PCE
of 19 individual devices is shown in Fig. 3.16 (b). The average efficiency of the solar cells is 12.51
+ 2.28 %. The efficiency is reliable enough to study the phenomena in PSCs. High efficiency with
high reproducibility through this optimization process of PSCs based on the results in section 3.3. We

designate the PSCs achieved in this section as the reference PSCs in this thesis.
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Figure 3.16 (a) Summary of PCE and hysteresis index of perovskite solar cell stored in N, and under darkness. (b)
Statistical histogram of PCE of 19 individual devices.

3.4.2 Impact of Electron Transport Materials on Photovoltaic Performance

Electron transport materials (ETMs) extract photo-generated electrons from halide perovskite
absorber layers and transport them to the cathode. Especially, the rough film of halide perovskite and

grain boundary cause high leakage current. Upper ETL in the inverted structure PSCs improves
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surface coverage compared to that of perovskite layer-only, and the ETL avoids the degradation at
the interface between metal and halide perovskite interface [198]. In addition, the implementation of
efficient hole blocking layers (HBLs) is also important for high efficiency in PSCs. HBLs permit
charge separation and prevent the recombination of the electric charges by blocking hole transfer to
the cathode. Therefore, appropriate ETMs and HBL materials are required for high-performance
PSCs. Cso and PCBM are representative fullerene derivatives used for ETM in the inverted structure

PSCs. BCP is a typical material for HBL in PSCs.

In this section, the PSCs with Cep and PCBM are presented, and their J-V performances are compared.
The energy band and device structure of PSCs according to ETM are described in Fig. 3.17. Ceo is
generally deposited on the halide perovskite layer by vacuum evaporation. PCBM consists of Ceo
buckyball and an additional functional group that improves the solubility in organic solvents,
including chlorobenzene. Therefore, PCBM is deposited by spin-coating. Conduction band maximum

(CBM) of Ceo1is -3.92 eV [199] and higher than that of PCBM (Fig. 3.17 (a) and (c)).
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Figure 3.17 The energy diagram of p-i-n MAPbI; solar cells with (a) Cso and (c) PCBM. Device structure of PSCs (b)
Ceo and (d) PCBM. MAPDI; was deposited between PEDOT:PSS and Cgp or PCBM by co-evaporation.

Fig. 3.18 shows J-V curves of PSCs with Csp and PCBM measured under the standard condition
(AM1.5G). Table 3.6 summarizes the photovoltaic performance of each PSC according to ETM and
scanning direction. For the reference MAPbI; PSCs with Ceo, the photovoltaic performance is

described in section 3.4.1. In the case of PSCs with PCBM, a Jsc of 20.96 mA/cm?, FF of 68.7 %, a
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Voc of 0.82 V, and a high PCE of 11.87 % are achieved in a reverse scanning direction. The HI
calculated with Eq. 3.1 is 0.03, which is low enough to be negligible.

When two PSCs with Cgo and PCBM are compared in a reverse scan, both Voc and Jsc of the PSC
with Ceo were found to be higher than those of PCBM. The energy level of Ceo is a better match with
that of perovskite compared to PCBM (Fig. 3.17 (a) and (c)). This facilitates the electron transfer
from perovskite to cathode more effectively, thus reducing the electron-hole recombination and
increasing carrier lifetimes. In addition, the Rs of the PSC with Ceo is lower, and its FF is higher than
those of PCBM. These results could correspond to a solvent effect. After deposition of PCBM on
vacuum deposited MAPbI;, the residual chlorobenzene molecules are left after spin-coating of PCBM
and act as defects at the interface between MAPbI; and PCBM. In addition, MAPbI; is damaged by
the solvents. Therefore, Ceo prepared by evaporation enables high interface quality which approaches
high FF and low Rs. Through the fabrication of two PSCs with different ETMs and measurements,

we confirmed that a solvent-free interface results in high efficiency and good stability in PSCs.
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Figure 3.18 J-V curves under 1-sun illumination of PSCs based on MAPbI; with (a) Cs and (b) PCBM.

Table 3.6 Output parameters of PSCs fabricated with Cqp and PCBM according to scan direction.

. . Voc Jsc FF Rs Ry PCE
ETM Scan direction V) (mA/om?) %) (ohm) (ohm) %)
Forward scan 0.86 23.18 70.4 5.61 1.56k 14.10
Cso
Reverse scan 0.90 23.14 71.4 4.93 1.42k 14.79
Forward scan 0.81 2097 68.5 5.73 1.63k 11.57
PCBM

Reverse scan 0.82 20.96 68.7 533 0.56k 11.87
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3.4.3 Impact of Hole Transport Materials on Photovoltaic Performance

Based on the results of MAPbI; thin film on different HTMs in section 3.3.3, PSCs with different
HTMs were fabricated, and the photovoltaic performance was measured. Fig. 3.19 presents the
structure of PSCs with different HTM, including PEDOT:PSS, PTAA, and NiO without and with the
TaTm layer. In all structures, the thickness of MAPbI; is 500 nm, and Ceo and BCP are used for ETL
and HBL, respectively.
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Figure 3.19 Scheme of device structure of the PSCs with (a) PEDOT:PSS, (b) PTAA, and NiO (c) without and (d) with
TaTm layer.

J-V curves of PSCs with different HTMs are reported in Fig 3.20. Photovoltaic parameters of the
PSCs are described in Table 3.7. In the PSCs with PTAA, we obtained a Jsc of 21.10 mA/cm?, FF of
63.5 %, and a Voc of 1.00 V, leading to a PCE of 13.39 % in a reverse scan. Voc of the reference solar
cell is lower than the PSC with PTAA, which originates from the potential loss and carrier
recombination at the interface between MAPbI; and PEDOT:PSS [200]-[203]. However, the FF of
the PSCs with PTAA is lower than the reference solar cell. Because of the hydrophobic surface of

PTAA, the grain size of MAPbI3 is smaller than the film on PEDOT:PSS (Fig. 3.14 (a) and (b)), which
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increases the distribution of grain boundaries and deteriorates the interface between MAPbI3 and

PTAA with low FF. Additional process for enhancement of crystal quality of MAPbI; on PTAA is

required.
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Figure 3.20 J-V characteristics of MAPbI; PSCs with (a) PEDOT:PSS, (b) PTAA, and NiO (c) without and (d) with TaTm

layer measured under the standard condition (AM1.5G).

Table 3.7 Summary of photovoltaic parameters of MAPDbI; solar cells with different HTMs according to scan direction

. . Voc Jsc FF Rs Rsu PCE
ETM Scan direction V) (mA/em?) (%) (ohm) (ohm) %)
Forward scan 0.86 23.18 70.4 5.61 1.56k 14.10
PEDOT:PSS
Reverse scan 0.90 23.14 71.4 4.93 1.42k 14.79
Forward scan 1.02 21.16 62.3 5.63 1.62k 13.40
PTAA
Reverse scan 1.00 21.20 63.5 6.69 0.52k 13.39
NiO Forward scan 0.92 10.94 65.5 11.1 0.53k 6.60
w/o TaTm Reverse scan 0.92 10.84 69.4 11.1 2.43k 6.92
NiO Forward scan 0.95 18.48 68.3 8.87 1.68k 12.01
With TaTm Reverse scan 0.95 19.23 65.9 8.68 1.05k 12.06

In the case of MAPbI; solar cell with NiO, a PCE of 6.92 % with a Jsc of 10.84 mA/cm?, FF of 69.4

%, and a Voc of 0.92 V is obtained. The photovoltaic performance, especially Jsc, is lower than those
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of any other solar cells prepared. Interfacial vacancies and defects cause relatively low Jsc in the NiO
thin film. The vacancies cause trap-assisted nonradiative recombination losses, which is demonstrated
by the lower crystalline quality of MAPbI; in XRD (Fig. 3.13 (b)) and the small grain size in the SEM
image (Fig. 3.14 (c)). When the TaTm layer is between NiO and MAPDI3, the Jsc almost doubles
compared with those without TaTm. Furthermore, the Rs significantly decreases. With the XRD and
SEM results (Fig. 3.13 (b) and Fig. 3.14(d)), it is worth noting that TaTm passivates the NiO surface

and reduces the defects at the interface.
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Degradation in PSCs Caused by Electric Field and
Exposure to Air Investigated with Impedance
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4.1 Introduction

In chapter 2, we mentioned that EIS is a nondestructive electrical characterization method to measure
the impedance response of a sample to an electric field as a frequency. EIS is employed to investigate
dynamics such as relaxation times, energy storage, and dissipation energy processes in solid-state
devices [204]-[206]. EIS has been verified to have an insight into the physical behavior of organic
solar cells and dye-sensitized solar cells [132]. For example, Bisquert et al. applied EIS to achieve
the information related to electro dynamics of dye-sensitized solar cells, including diffusion

coefficient, electron recombination lifetime, diffusion length, and chemical capacitances [54], [132],
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[207].

It has been reported that the high photovoltaic performance of PSCs is attributed to the properties of
the halide perovskite structure, where component elements are connected by relatively weak chemical
bonds, including ionic bonds, hydrogen bonds, and van der Waals interactions [208], [209]. This soft
structure of halide perovskites involves not only electronic conduction but also ionic conduction,
which causes ion migration. The two different carriers of electric and ionic charge carriers interact
differently with the interface within PSCs, which plays a key role in device performance and stability.
Therefore, it is crucial to understand the interfacial evolution under an operating environment.
Meanwhile, the time scales of the motion of electronic charge and ionic charge carriers are totally

different.

Because of these properties, EIS is a powerful technique for studying the property of charge
distribution and the kinetic of charging processes in PSCs. For example, Park and Bisquert ef al. first
tried to apply EIS to PSCs to investigate the origin of hysteresis in PSCs [209], [210]. Studying the
relaxation time of charge carriers in the frequency domain allows us to quantify the mobile ions in
the halide perovskite at a given temperature. It leads to an understanding of the working mechanisms
of PSCs. Furthermore, EIS allows operation under various environments, including different
atmospheres, electrical bias, and temperatures, without damaging PSCs. Through EIS, interfacial and

bulk processes can be studied separately.

In this chapter, we measured EIS and compared the results of PSCs with different halide perovskites,
including MAPbI; based on dry and wet processes, and FAMACso.0sPb(lo.83Bro.17)3 prepared by spin-
coating. In addition, we observed a second capacitance after applying an electrical bias to PSCs.
Lastly, the EIS of the reference sample of PSCs is measured periodically to study the degradation
mechanism in air. Through the measurement, we proposed a hypothesis that the degradation of grain

promotes the accumulation of mobile ions at the interface.

4.2 Experimental Details

4.2.1 Fabrication of Solar Cells for EIS measurement

In order to study the influence of electrical bias by EIS measurements four kinds of PSC structures
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were employed:

1) ITO/PEDOT:PSS/MAPbI; [D]/Cso/BCP/Ag

ii) ITO/PTAA/MAPDI; [D]/PCBM/BCP/Ag

1i1) ITO/PEDOT:PSS/MAPbI; [W]/PCBM/Ag

1v) ITO/PEDOT:PSS/(MAo.17FA0.83)0.95Cs0.05Pb(lo.83Br0.17)3 (3CP)/PCBM/Ag

The structures and their energy band diagram are shown in Fig 4.1 and Fig. 4.2. Here 1) is the reference
sample of PSC in this thesis. This sample is also used for the study of degradation in air. In the
structures, [D] of MAPbI3 [D] indicates a dry process. MAPbI3 [D] is deposited by co-evaporation.
On the contrary, [W] of MAPbI; [W] means the wet process. MAPbI; [W] is formed by spin-coating.
With two MAPbI; formed with different methods, we can confirm the properties of impedance
according to the deposition process. (MAo.17FA0.83)0.95Cs0.0sPb(lo.83Bro.17)3 (3CP) is created to enhance
the stability by Saliba and his co-workers [29].
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Figure 4.1 Schematic illustration of PSCs structure: (a) The reference solar cells (i). PSCs with (b) co-evaporated MAPbI;3
(i1). PTAA (iii) and, (c) spin-coated MAPDbI3 and (d) (MAo.17FA0.83)0.95Cs0.0sPb(10.83Bro.17)3 (iv). Here, [D] of MAPbDI; [D]
means dry process, and [W] of MAPbI3; [W] indicates wet process.
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Figure 4.2 The energy diagram of PSC (a) (i), (b) (ii), (c) (iii), and (d) (iv).

An organic cation of formamidinium (FA) has been proposed because the bandgap of FAPDI; is
slightly smaller than those of MAPDI3;, which is beneficial to the solar light-harvesting efficiency
[211]. However, pure FAPDI; is divided into a non-perovskite hexagonal 6-phase or a photoactive
perovskite a-phase which causes thermal and structural instability [28]. Therefore, a higher PCE of
18 % with a more thermally and structurally stability was obtained by mixing FA and a small amount
of MA [212]. Furthermore, yellow phase impurities are suppressed, and highly uniform perovskite
grains are formed by adding Cs to the mixtures of MA and FA. Through comparison of PSC with
MAPDI; and those with 3CP, the impedance properties according to the stoichiometry of halide

perovskite can be investigated.
The fabrication details of each layer in PSCs are explained as shown below.

Hole transport layer (HTL) In this chapter, PEDOT:PSS, and PTAA were employed as HTL. A full

explanation of the deposition is described in section 3.2.2.

Absorber layer MAPDI3 based on co-evaporation and spin-coating and 3CP are used in this chapter.

The deposition of MAPDI; through co-evaporation is addressed in section 3.2.1. In the case of
MAPbBI; based on the wet process, the MAPbI; precursor solution (60 puL) was spin-coated on
PEDOT:PSS layer at 6000 rpm for 30 seconds in N filled glove box. The film was annealed at 80 °C
for 120 minutes in an Nz environment. The precursor solution was a mixture of methylammonium

iodide (MAL Ossila), lead chloride (PbCl,, Aldrich), and lead iodide (Pbl,, Alfa Aesar) at a molar
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ratio (PbCl2:Pbl:MAI) of 1:1:4 dissolved in anhydrous dimethylformamide (DMF, Aldrich). The
solution (38 wt%) was stirred at 70 °C in a glove box for 12 hours.

For 3CP, 1.1 M of Pbl,, 0.2 M of PbBr», 1 M of FAI (formamidinium iodide), and 0.2 M of MABr
(methylammonium bromide) are dissolved in 8:2 (v:v) mixture of N,N-dimethylformamide (DMF)
and dimethyl sulfoxide (DMSO). After the dissolution, 2 pL of CsI solution (1.5 M in DMSO) was
then added to the solution. FAI was purchased from Sigma Aldrich; MABr from Solaronix; Pbl,, and
Csl from Alfa Aesar. 100 pL of the 3CP solution was deposited on PEDOT:PSS layer by spin-coating.
The film on the substrate was then annealed at 80 °C for 60 minutes.

Electron transport layer (ETL), Hole blocking layer (HBL), and Cathode PCBM and Cgo were used
in PSCs as ETL. In addition, BCP and Ag were employed in PSCs as HBL and cathode, respectively.

The detailed information is mentioned in section 3.2.2.

4.2.2 Impedance Spectroscopy Measurement

EIS is a valuable diagnostic technique for the in-situ monitoring of transport and recombination
processes at different points along the current-voltage (I-V) curve. In addition, it is used to identify
device aging and performance loss under various environments and investigate the influence of

variation in the fabrication process on photovoltaic performance.

In general, the equipment setup of EIS is carried out with a potentiostat, a Faraday cage, and dedicated
software (Fig. 4.3). The potentiostat is electronic hardware required to control a three-electrode cell.
A SP-200 potentiostat was used from Biologic for EIS measurement. The sample was placed in a
Faraday cage to isolate the EIS results from electromagnetic radiation and noise. The EIS equipment
has its dedicated software (EC-Lab software) for setting measurement parameters, analyzing data,

and exporting the data.

EIS measurement was carried out by applying a small alternating voltage signal (Vac) across the
sample and measuring the alternating current response (Iac). The small AC voltage was superposed
on a DC voltage offset to examine different points along the J-V curve of the solar cells. For a constant
DC voltage offset, the frequency of the alternating voltage was changed, and AC current with the
transfer function Z was measured at each frequency. The range of frequency was from 107 to 10° Hz.
The Direct current (DC) bias was fixed to 0 V with 50 mV of the amplitude of an alternate current
(AC).
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Figure 4.3 (a) SP-200 potentiostat. (b) Faraday cage. (¢) EC-Lab software.

4.2.3 Equivalent Circuit Modeling

The equivalent circuit model is one of the most widely applied approaches to analyzing the impedance
data of solar cells. Equivalent circuit modeling quantifies the resistive and capacitive components in
the impedance spectrum over the targeted frequency range. Because of this, equivalent circuit
modeling is a relatively effective strategy for explaining the global sample response. To achieve
meaningful results, the circuit model needs to be based on the basic physical parameter of the device.
In the photovoltaic field, equivalent circuit models have been developed to explain the physical
process of carrier diffusion and recombination in both darkness and illumination. Meanwhile, the
Nyquist plot is widely used when equivalent circuit modeling is used to analyze data. As mentioned

in chapter 2, the Nyquist plot is a polar plot where the magnitude and phase of the response to
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frequency are expressed as polar coordinates. Through identification of the equivalent circuit for the
Nyquist plot, the electrochemical properties of the solar cells can be analyzed. Furthermore,
equivalent circuit modeling allows the impedance response of multilayer in solar cells to be quantified
through a combination of circuit components, including capacitors inductors and Warburg impedance.

Lastly, it allows rapid analysis and comparison of different frequency spectra.

Most equivalent circuit fitting programs are based on the Levenberg—Marquardt algorithm [213]. A
Levenberg-Marquardt algorithm is a common approach to solving nonlinear least-squares problems.
A parametrized function is fitted to the experimental data through the minimization of a sum of
squares error between the simulated and the measured data points. Multiple iterations are used to

minimize the object function S and optimize the fit parameters [213]
! ! n n 2
S =X wi{[zi — Zi(wya))? — 2] = Z]'(wy, a)]? } 4.1

where w; is a weighting function, Z; — iZ;' is the measured impedance data, Z;(w; ay) =
Z{(w;, ar) — iZ{'(w;, ay) is the fitting function, and ay(k = 1, ..., M) are the fitting parameters.
Z;(wj,ay) is linearized with a Taylor expansion, and the higher-order terms are neglected. The
function can be expressed using circuit elements, including resistance, capacitance, and inductance.
It is assumed that the impedance value of each element is linear, and therefore, a combination of the

ideal circuit elements can be applied to explain the full spectrum of Z values.

(@) (b) .

C C R,
R +-2 Ry + 2 T C3
Rz R2 + ﬁ RZ

Increasing
frequency

Increasing
frequency

0 R, Ri+R, Z 0 R, Ri+R, Ri+R,+R; 7/

Figure 4.4 Equivalent circuit model of (a) R;+C»/R; and (b) {R;+C»/(R,+C3/R3).

A reasonable circuit model should be selected by users to achieve simulated data properly fitted with
experimental data. The circuit model can be founded based on knowledge of the solar cells or
established models from the literature. Starting value of the circuit elements is required to be validated
by additional measurement. In our experiment, {R;+Cs/R>} and {R;+C2/(R2+C3/R3)} models are
selected as shown in Fig. 4.4. After choosing the appropriate circuit model, EC-Lab fitting software

from Bilogics company is used to calculate each electric component (Fig. 4.5).
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Figure 4.5 One example of data fitting result according to Nyquist plot.

4.3 Analysis of Electric Field Induced Degradation

4.3.1 EIS Results of the Reference MAPbI; PSCs

Before studying the effect of electric bias and degradation under air in PSCs, EIS results of the
reference solar cells (Fig. 4.1 (a) and Fig. 4.2 (a)) are shown to describe how to interpret the EIS
results. Fig. 4.6 presents the EIS results of the optimized MAPbI; solar cell. Fig 4.6 (a) exhibits the
Nyquist plot of the MAPDI; solar cell. EIS of the reference MAPDI; solar cell was measured under
darkness in the air. An equivalent circuit was used to fit the impedance response in the figure. In the
Nyquist plot of the measured MAPbI; solar cell, one big arc is observed and fitted with the simulated
plot of Ri+C2/Ro.

In the equivalent circuit, the series resistance R is contact resistance caused by the contact resistance
of the electrical wire and contact metal, including ITO and Ag. It is deduced from a high-frequency
intercept on the real axis. The value of Ry extracted from the equivalent circuit modeling is 9.91 Q.
In the parallel resistor-capacitor (RC) element shown in the equivalent circuit, R is related to the
electron-hole charge recombination resistance (Ryec), and the value of R» calculated by simulation is

4.1k Q.
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Figure 4.6 (a) Nyquist plot of experimental results fitted with modeling results. Bode (b) impedance, (c¢) phase plot. (d)

Capacitance versus frequency of the optimized MAPbI; solar cell under the dark condition.

Fig 4.6 (b) and (c) show Bode impedance and phase plots. In the Bode impedance plot (Fig. 4.6 (b)),
the complex impedance (|Z|) increases with a slope -1 at a high frequency which shows a pure
capacitive behavior as the frequency decreases down to 5*10° Hz. At lower frequencies than 5x10°
Hz, |Z| becomes independent of the frequency and reaches a plateau corresponding to a pure resistance.

Accordingly, the phase Bode plots (Fig. 4.6 (c)) logically present a phase angle closed to -90 degrees
at high frequency (6x10* Hz) and then drop to zero at a lower frequency.

In the capacitance curve versus frequency (Fig. 4.6 (d)), 10.1 nF of capacitance (C) exists at a high-
frequency region which is coherent with the Bode impedance and phase plots. The capacitance C is
always present in the solar cells and indicates the geometrical capacitance (Cg) of the planar solar
cells. In the high-frequency region, the conductivity of halide perovskite is too low for the
photovoltaic system to respond fast enough to the high-frequency AC excitation, which has the system

behave like an insulator. Therefore, the geometrical capacitance is defined as:

Cy= € X & X ‘?‘ (4.2)

where &, is the dielectric constant of vacuum (8.8541x 10712 F/m), &, is the relative dielectric constant,
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A is the area, and t is the thickness of the absorber layer. The relative dielectric constant of MAPbI;
calculated with the capacitance of 9.64 nF is 19, in agreement with the value deduced by other groups
[140], [214]. Through the EIS measurement of the reference PSCs, we confirmed that the equivalent
circuit of the fresh inverted p-i-n planar solar cell is R1+C2/R». In addition, each physical parameter

in the PSCs can be quantified in the form of circuit parameters.

4.3.2 EIS Results by Applying the Electric Field

Fig. 4.7 shows cross-section images of PSCs with dry processed MAPbI3, wet-processed MAPDI3,
and 3CP, which is coherent with the schematics of PSC structure as shown in Fig. 4.1. These solar
cells were employed in this study. In this section, the impact of HTL material, the deposition process,
and the kind of halide perovskite on impedance properties are presented. The thicknesses of dry-
processed MAPbI; on PEDOT:PSS, PTAA, wet-processed MAPbI3, and 3CP are 500nm, 400 nm,
280 nm, and 450 nm, respectively. In all PSCs, any pinhole does not appear between the halide
perovskite layer and the hole transport layer. Although the co-evaporation technique with the same
condition is used for deposition of MAPbI; on PEDOT:PSS and PTAA, MAPDbI; on PTAA consists
of a relatively large number of grains as compared to those on PEDOT:PSS. If we consider the vertical
axis of perpendicular to the interfaces of the different structures, spin-coated MAPbI; on PEDOT:PSS,
the layer is also composed of 1 grain. 3CP layer in the PSCs is made up of 2-3 grains.

The grain sizes of each halide perovskite are shown in Fig. 4.8. The average grain sizes of dry-
processed MAPbI; on PEDOT:PSS and PTAA, wet-processed MAPbI; and 3CP are 400 nm, 200 nm,
500 nm, and 300 nm, respectively. Fig. 4.9 presents the XRD characterization of perovskite films. In
all MAPDbI; films, the three tetragonal peaks MAPDI; of (110), (220), and (310) peaks are shown with
red stars at 14.2 °,28.6 °, and 32.2 °. The 3CP film shares the same major perovskite peaks. However,
(001) peak of Pbl> shown as a gray star at 12.07 remains in MAPbI; film on PTAA and 3CP, which
indicates that there still remains Pbl. that has not reacted with cation halide components. The grain
size of co-evaporated MAPbI3 films on PEDOT:PSS and PTAA are explained in detail in section
3.3.3. spin-coated MAPDI; film grain has a larger grain size than those of dry-processed MAPbI3
because of chloride. Liao ef al. confirmed that the incorporation of minor chloride in MAPbI;
enhances film uniformity and grain growth [215]. Despite the incorporation of chloride, three
tetragonal peaks of MAPDI; are clearly shown in XRD results (Fig. 4.9 (c)). Therefore, the perovskite
film is regarded as MAPDI; in this study. For 3CP, the grain size of 3CP on PEDOT:PSS is smaller
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than other MAPbI; films on the same HTM layer because of residual Pbl; in the film.
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Figure 4.7 Cross-section SEM images of the structures (a) dry MAPbI; with PEDOT:PSS (i), (b) dry MAPbI; with PTAA
(i1), (c) wet MAPDI; (iii) and (d) 3CP (iv), respectively.
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Figure 4.8 Top view SEM images of MAPDI; [D] (a) on PEDOT:PSS, (b) on PTAA, (c) MAPbI; [W] and (d) 3CP.
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Figure 4.9 X-ray diffraction results of MAPbI; [D] on (a) PEDOT:PSS, (b) PTAA, (¢) MAPbI; [W] and 3CP. Red star
indicated the peak of perovskite (20 =14.2°, 28.6°, and 32.2°, respectively and the gray star means the peak of Pbl, (20
=12.07°).

Based on the film properties, their photovoltaic performances are described in Fig. 4.10 and Table
4.1. The power conversion efficiencies of PSCs with dry-processed MAPbIz on PEDOT:PSS and
PTAA, wet-processed MAPbI3 and 3CP are 14.8%, 13.4 %, 11.9 % and 13.0 %, respectively. Detailed
performances of PSCs with co-evaporated MAPDI; are described in chapter 3. In the case of spin-
coated MAPbI; PSCs, a PCE of 11.9 % with a Jsc of 19.2 mA/cm?, FF of 64.3 %, and a Voc of 0.93
V is obtained. The hysteresis index was 0.015, which is negligible. The Voc of PSCs with spin-coated
MAPDI; was higher than those of the reference PSCs. The incorporation of Cl slightly enlarges the
perovskite bandgap and increases the peak intensity of (110) orientation with better carrier
conductance which contributes to larger Voc. [215], [216]. However, the fill factor was found to be
lower, and the Rs was found to be higher than those of the reference PSCs. This could be the result
of the solvent in the precursor solution of MAPDI; that can damage the interface between MAPbI3
and PEDOT:PSS. For 3CP perovskite solar cells, a PCE of 13.0 % with a Jsc of 22.19 mA/cm?, FF
of 66.5 %, and a Voc of 0.88 V is obtained. The 3CP also has a negligible hysteresis index (0.015).
Compared to mono cation perovskite, rational composition engineering in triple cation-based
perovskite suppresses the charge recombination, which enhances Jsc [217]. The Voc is lower than

that of wet-processed MAPbI; PSCs because the Pbl phase remains in perovskite and acts as a defect.

The EIS is measured for these different PSCs before and after applying an electric field by using J-V
measurement (dry- and wet-processed MAPbI; PSC) or shorting the device (3CP). When two contacts
of the solar cell are connected, an internal electric field (built-in field) is formed due to the difference
in Fermi levels of HTL and ETL [218], [219]. Fig. 4.11 presents the EIS results of the PSCs according

to the effect of electric bias. It appears clearly that the impedance follows the same trends
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independently of the device structure (different HTL/ETL), absorber material (MAPI or 3CP), or

deposition process.
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Figure 4.10 J-V curves under 1-sun illumination of PSCs based on dry-processed MAPbI; on (a) PEDOT:PSS and (i) (b)
PTAA (ii), wet-processed MAPDI; (iii), and (d) 3CP (iv).

Table 4.1 Summary of photovoltaic parameters of MAPbI; solar cells with different HTM, deposition processes and kinds

of perovskite.

Sample Scan direction Voc Jsc FF Rs R PCE

P V) (mA/cmz) (%) (ohm) (ohm) (%)
(i) MAPbI [D] Forward scan 0.86 23.18 70.4 5.61 1.56k 14.10
with PEDOT:PSS - p erse scan 0.90 23.14 71.4 493 142k 14.79
(ii) MAPbL; [D] Forward scan 1.02 21.16 62.3 5.63 1.62k 13.40
with PTAA Reverse scan 1.00 21.20 63.5 6.69 0.52k 13.39
(iii) MAPbI; [W] Forward scan 0.94 19.1 64.2 7.76 1.32k 11.72
with PEDOT:PSS - p o erse scan 0.93 19.2 64.3 8.12 1.12k 11.90
(iv) 3CP Forward scan 0.86 22.13 66.9 6.51 1.21k 12.83
with PEDOT-PSS - erse sean 0.88 22.19 66.5 7.44 1.19k 13.03
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Before applying electric bias, the complex impedance (|Z|) and its phase of all samples follow the EIS
results with the equivalent circuit of Ri+C»/R». In the high-frequency region, the complex impedance
(|Z|) curve has a slope of -1 with a phase close to 90 degrees which implies pure capacitance in the
high-frequency region. On the other hand, in the low-frequency region, there is a plateau of the
complex impedance (|Z|) with phase 0 degree, indicating a pure resistance. With Eq. 4.2, the
geometric capacitance of each solar cell and the relative dielectric coefficients of each halide
perovskite in PSCs can be calculated. The geometric capacitances (Cz) of dry-processed MAPbI; on
PEDOT:PSS and PTAA, wet-processed MAPbIz and 3CP are 10.1 nF, 10.4 nF, 15.0 nF, and 10.3 nF,
respectively. In addition, their relative dielectric constants deduced from C; are 19, 17, 17, and 19 for
dry-processed MAPbI3 on PEDOT:PSS and PTAA, wet-processed MAPbI3 and 3CP, respectively.
These values are similar to the value of references reported by other research groups [140], [214],

[220], [221], and they fit well with the recommended value proposed by J. N. Wilson et al. [222].
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Figure 4.11 Bode impedance and phase plot of the different devices before and after applied electric field under dark
conditions; co-evaporated MAPbI; on (a) PEDOT:PSS (i) and (b) PTAA (ii), (c) spin-coated MAPbI; (iii) and (d) 3CP

(iv) (Short means shorting conditions.).

When the PSCs are polarized by an electric field, the total impedance (|Z|) at the low-frequency region
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is significantly changed with the reduction of the resistive plateau and the formation of a second
capacitive behavior. Another phase of - 90 degrees at low frequency supports the birth of a second
capacitance. In order to analyze the impedance properties of each PSC in detail, the measurement
data is fitted with the simulated data based on an equivalent circuit model. Fig. 4.12 shows the
measured and simulated Nyquist plot of the reference PSCs before and after applying an electric field.
The Nyquist plot of the polarized PSCs has another RC circuit connected with R in series compared
with those of the fresh sample. The equivalent circuit of PSCs after applying the electric field is
{R1+C>/(R2+C3/R3)} and the EIS results of all biased samples are in agreement. The different circuit

parameters, including Ri, Rz, C», R3, and C; are extracted by fitting the experimental data and are

reported in Table 4.2.
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Figure 4.12 (a) Measured Nyquist plot of the MAPbDI; reference solar cells before and after applying an electric field. (b)
Simulated Nyquist plot of the PSCs. Two inset figures are equivalent circuits of {R;+Cs/R»} and {Ri+Cs/(Ro+C3/R3)}.

Table 4.2 Characteristic parameters extracted by fitting equivalent circuits. For each device, the first line is before

polarization and the second line is after polarization.

Sample Condition R, (Ohm) R, (Ohm) _ C:(nF) _ R; (Ohm) __ C; (nF)
MAPbI; [D] with Before J-V measurement 9.91 41x10° 10.1 - -
PEDOT:PSS After J-V measurement 9.98 6.2 x 10 10.1 1.7x 108 73
MAPbI; [D] with Before J-V measurement 10.1 43x10° 104 - -
PTAA After J-V measurement 10.1 2.0 x 10* 10.4 3.4x 108 238
MAPbI; [W] with Before J-V measurement 12.5 4.4 x10° 15.0 - -
PEDOT:PSS After J-V measurement 13.5 ~10° 15.0 1.2x 108 5.0
4
3CP [W] with Before short 10.9 1.9x 10 10.3 - -
PEDOT:PSS After short 103 ~ 106 10.4 ~106 9.1

The R is the contact resistance as mentioned in chapter 4.3.1 and is not significantly affected by the
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electric effect. But Ry is strongly linked with Rg obtained by J-V measurement. As shown in Fig. 4.10
and Table 4.1, R is proportional to Rs, but greater. In J-V measurement, Rs is a contact resistance of
contact metal in PSCs. On the other hand, R; includes not only the resistance of contact metal but

also the electrical wire in the EIS measurement system.

After applying the electric bias, R increases indicating that the charge carrier recombination is
affected by the electrical field. On the other hand, the geometrical capacitance (C:) ignores the effect
of electric bias. Wet-processed MAPbI3 PSC has the biggest C», followed by 3CP PSC, dry-processed
MAPDI; with PTAA and PEDOT:PSS. It is related to the thickness of the PSCs. In Eq. 4.2, the
capacitance is inversely proportional to the thickness of the device. The thickness of the transport
layer is a few ten nm which is negligible. However, the thicknesses of the absorber layer are 280 nm,
400 nm, 450 nm, and 500 nm for spin-coated MAPDI3, 3CP, vacuum-deposited MAPbI; on PTAA,
and those on PEDOT:PSS, respectively. The capacitance (C3) observed in low frequency can be
considered as electrode polarization caused by interfacial phenomena, i.e., by ionic charge
accumulation at the interfaces of MAPbI3 [212], [221]-[223]. The next chapter describes a detailed

explanation of the charge accumulation layer formation.

4.3.3 Presentation of the Hypothesis of Generation of Second Capacitance

Caused by Electric Field

In the previous chapter, we confirmed that a second capacitance (C3) is observed at a low frequency
(10 -10 Hz) after applying electric bias. We can interpret the capacitance as charge accumulation
layers at both interfaces between halide perovskite and HTL and ETL. As noted earlier, it takes few
seconds for the halide ions or halide vacancy to move toward the interfaces and then to accumulate
under electric bias. The density of charge accumulated at the interfaces is high, which causes a large
capacitance [61], [221]. However, the charges are promptly screened by mobile charges such as ions,
electrons, and holes. Therefore, the charge accumulation layers transform into double layers called

Debye layer with Debye screening length, which is observed in the electrolytes [218], [221], [224].

In other words, we can regard the perovskite layer as an ionic solution filling the space between HTL
and ETL which is a parallel plate capacitor with a potential difference V as in electrolytes. Because
Debye length at the interfaces is short (about 1 nm), a high built-in field is created, and the current
density of electrons and holes can be controlled by the charged plane of high surface density (Fig.4.13

(a)). It means that the electric field formed inside the perovskite layer itself is too small to affect the
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charge transport properties in the structure of PSCs [218].

We present a hypothesis that mobile halide ions and their ionic vacancies tend to migrate easily via
grain boundaries, and the charge accumulation can be promoted by the presence of the grain
boundaries (Fig. 4.13 (b)). Fig. 4.8 and Fig. 4.9 support the hypothesis. For example, wet-processed
MAPDI; has the largest grain size, followed by dry-processed MAPbI; on PEDOT:PSS, 3CP, and dry-
processed MAPbI3 on PTAA. In addition, the number of grains that comprises the vertical line of the
absorber layer in wet- and dry-processed MAPbI; PSCs with PEDOT:PSS is the smallest. The larger
the grain size, the smaller the distribution of grain boundaries. The large distribution of grain
boundaries promotes the accumulation of ions at the interface, which results in higher capacitance
(C3). For the dry-processed MAPbI; PSC with PTAA and the smallest grain size, Cs is the highest
(Fig. 4.8 and Table 4.2), which can be provided as evidence for the hypothesis.
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Figure 4.13 (a) Scheme of band energy diagram in the perovskite after ion accumulation at the interfaces where t is the
thickness of the perovskite absorber, and Lp is Debye layer thickness. (b) Scheme of phenomena of ion/vacancies
accumulation at the interfaces between perovskite and charge transport layers. Ions and vacancies tend to migrate via

grain boundary [225].

4.4 Analysis of Degradation Caused by Air-Exposure

4.4.1 EIS Results by Air Exposure

We prepared two reference samples of PSCs (Fig. 4.1 (a), Fig 4.2 (a), and Fig. 4.7 (a)) with the same
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conditions. Two samples were stored in the air and in the dark. In one sample, EIS is measured
periodically (without J-V measurement to prevent EIS results from being affected by the electric field
from J-V measurement (as mentioned in chapter 4.3)), and in the other sample, the J-V curve is
measured periodically. Fig. 4.14 shows impedance data collected from fresh and aged samples upon
ageing time. In Bode plots (Fig. 4.14 (a) and (b)), the fresh sample shows a pure capacitance with a
phase angle closed to -90 degrees at high frequency (10%-10° Hz) and a resistive plateau at low

frequency.

In the Bode impedance plot (Fig. 4.14 (a)), the complex impedance (|Z|) shows a progressive change
of the resistive behavior at low and intermediate frequency range with time, while no modification is
observed at high frequency. At intermediate frequency (10>-10° Hz), |Z| decreases gradually upon
ageing. In the Bode phase plot (Fig. 4.14 (b)), there is a phase close to -90 degrees at 100 kHz in the
fresh sample. At an ageing after five days, a second capacitive behavior emerges by the phase close
to -90 degrees at a lower frequency range (1 Hz - 10 Hz). This feature at 1 Hz - 10 Hz is attributed to
the charge accumulation layers occurring at the interfaces between MAPbI3 and selective contact
layers. After that, the total impedance (|Z|) and the magnitude of the phase decrease gradually from -
90 to -80 degrees over time, indicating the loss of the pure capacitive property in the aged PSCs.
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Figure 4.14 EIS characteristics evolution as a function of ageing time for optimized MAPDI; solar cell. (a) Complex

impedance versus frequency. (b) Phase versus frequency. (¢) Capacitance versus frequency

In Fig. 4.14 (c), only a single capacitance (C2 = Cg ~ 14 nF) is obtained at the high-frequency
corresponding to the geometrical capacitance as mentioned previously for the fresh device. However,
a second capacitance (C3) appears as a function of ageing time with a value around 31 nF, clearly
identifiable until five days of ageing time (the measured value at lower frequency in Figure 4.14 (c)
is the sum of Cg + Cs3). In addition, the transition point from geometrical capacitance to the sum of a
geometrical capacitance (Cz) and a capacitance caused by accumulated ions (C3) shifts to the right
from 10? Hz to 10* Hz. After five days, the second capacitance increases gradually however, the

property of pure capacitance behavior is lost.

108



4.4.2 Application of Dielectric Modulus Spectroscopy to Study Degradation
in PSCs

In EIS results of degraded PSCs caused by air, the analysis of the high-frequency region in Z'-versus
-Z"" Nyquist plot in EIS is difficult to interpret. So dielectric modulus is applied for studying the
microscopic mechanism of charge transport upon exposure to air. Dielectric modulus (M) is the
inverse of the complex relative permittivity (&) with Eq. 4.3

M==M +iM" (4.3)

&

Dielectric modulus was first reported in 1967 by McCrum et al. to compare with the mechanical
modulus in the viscoelastic relaxation of polymers, as shown in Table 4.3 [226]. Macedo and his co-
workers first exploited the electric modulus to investigate electrical relaxation phenomena in the
vitreous ionic conductors [227]. Hodge et al. verified that the dielectric modulus is useful for studying

charge transport and dielectric polarization in electrolytes [228].

Table 4. 3 Comparison of mechanical and dielectric modulus.

Mechanical modulus

Dielectric modulus

Stress o
Strain y

Elastic compliance J

y=Jo
Elastic modulus G

g =Gy

G=1/J

Electric field E
Displacement D
Permittivity €
D =¢E
Electric modulus M
D =MD
M=1/¢

Furthermore, Bendahhou ef al. confirmed that dielectric modulus spectroscopy can be used to study
the effect of grain and grain boundary in BasCaTii.94Zno.osNbsO30, one of the dielectric materials,

separately [229].

Based on the properties mentioned above of dielectric modulus, we applied dielectric modulus to
analyze EIS results in-depth in a high-frequency region and investigate the change of grains and grain
boundaries in MAPDI3 separately. A dielectric modulus is also a complex number like impedance.
The real (M") and imaginary part (M'") of dielectric modulus can be calculated with the imaginary

and real part of impedance (Eq. 4.4 and Eq. 4.5).
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M= =2 (_7) (4.4)

er2+grn?

M=t = AR (7 (4.5)

&r2+grr2

Fig. 4.15 (a) shows the typical M"'(®) behavior of PSCs. For the fresh device, single M peak exists
at a high frequency. This peak is a relaxation peak caused by the hopping of electrons or holes. The
charge carriers are mobile over long distances (hopping from one site to the neighboring site) at
frequencies below the peak frequency, while the charges trapped in potential wells and can hop over
a short distance at frequencies above the peak frequency [230], [231]. After exposure to air, two M"’
peaks at low and high frequencies are observed. The second M"' peak is the relaxation peak of ions.
Ions also have long and short hopping at frequencies below and above the second peak frequency,
respectively. The modulus peak at high frequency exhibits a trend of the shift towards higher
frequency upon ageing. Meanwhile, the peak at low-frequency shifts towards lower frequency for up

to 7 days. After that, the shift in the peak towards higher frequency is observed.

Fig. 4.15 (b) illustrates the variation of the real part of the module M’ as a function of frequencies
with ageing time. In the fresh sample, M’ is near zero in the low-frequency region, but as the
frequency increases, M’ continuously increases and closes to saturation at a particular frequency. The
saturation in M’ is caused by the conduction mechanism due to the motion of the electrons and holes.
However, the stepwise transition from low to high values in M’ appears after exposure to air. The first
step at the low frequency is related to the conduction of ions and the other step indicates the electronic
conduction. From 1 day to 7 days, the first step related to ionic conduction shifts to low frequency,
and then it shifts to high frequency, which means that there are different mechanisms of the change

in the conduction mechanism.

The complex modulus spectra of M" versus M’ of PSCs upon ageing are shown in Fig. 4.15 (c). For
the fresh sample, one big semicircle is observed. With time, the arc is divided into two semicircular
arcs. The first semicircle at a higher frequency is because of grains, but the second semicircle at a
lower frequency is due to the effect of grain boundaries [229], [232]. The first semicircle at high
frequency decreases gradually, indicating that the conductivity in grains gradually decreases. On the
other hand, the second semicircle at low frequency decreases until 11 days and increases thereon. It
is worthy to note that the conductivity of carriers in grain boundary decreases until 11 days and then
increases. In addition, we can guess that grain size decreases, and the proportion of grain boundaries

increases with time in the air.
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Figure 4.15 (a) Imaginary and (b) real part of modulus versus frequency. (b) Complex modulus plots of optimized

MAPDI; solar cell upon ageing in air.

4.4.3 Discussion of Air Exposure Phenomena in the Reference PSCs

The relation of these results of impedance and modulus spectroscopy with the change of size of grain
and grain boundary is not substantiated yet. Experimental evidence of the increase in the proportion
of grain boundaries and the accumulation of ions is required. We estimate that the proportion of grain

boundaries increases as MAPbI; film is degraded under exposure to air.

Grain boundaries may have more vacancy-type defects and contribute most importantly to the
diffusion of I" ions. The results of J-V curves of other PSCs with the same condition stored in the
same environment are coherent with those of EIS. Fig. 4.16 (a) shows J-V curves of F-R (Reverse
scan) and R-F (Forward scan) upon ageing (from 0 days to 31 days). There is no big change in the
results of R-F upon ageing. On the other hand, the FF of the J-V curve with F-R direction decreases
gradually as time goes on. Accordingly, the magnitude of the hysteresis index also increases, which

means the amount of accumulated mobile I" ions increases upon ageing in air Fig. 4.16 (b).

We propose a hypothesis of the degradation mechanism of MAPDI; in the inverted p-i-n PSCs through
linking dielectric modulus results and J-V measurements. Fig 4.17 illustrates the mechanism of
degradation of MAPbI3 with ageing time from fresh to 31 days. In the fresh sample (Fig. 4.17 (a)),
the hysteresis is negligible in the J-V curve, and one big arc is shown in complex modulus spectra,
which indicates that only the electronic conduction exists, and any mobile ion is not observed. From
1 day to 7 days (Fig. 4.17 (b)), the Jsc of a reverse scan is lower than those of a forward scan. In
addition, the one big arc in modulus spectra is divided into two semicircles. It implies that the bonding
of some halides in grains is weak, and mobile halide ions are formed, which induces the appearance

of ionic conduction in the dielectric modulus spectroscopy.
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Figure 4.16 (a) Current density-voltage (J-V) curves of PSCs as a function of ageing time: fresh - 31 days. (b) Summary

of hysteresis index.
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Figure 4.17 Schematic illustration of the behavior of mobile halide ions and ionic vacancies in MAPbI3; with aged time:

(a) fresh, (b) 1 - 7 days, (c) 11- 14 days, and (d) 18-31 days.

In the period from 11 to 14 days (Fig. 4.17 (¢)), inverted hysteresis with higher PCE of forward scan
than those of reverse scan is observed. Furthermore, the radius of both arcs gradually decreases. We
can explain that the conductivity of both electronic and ionic carriers increases. Especially, the
number of mobile ions increases, and they are accumulated at the interfaces. After 14 days (Fig. 4.17
(d)), it was observed that the hysteresis gets stronger, the radius of arc at high-frequency decreases,
and those at low-frequency increases. It is worth noting that the grain degraded, which induced a
decrease in electronic conductivity. On the contrary, the proportion of grain boundaries becomes
higher, which promotes ion accumulation at interfaces. While this hypothesis is reasonable, it is

required to be verified by providing experimental evidence.

Experimental evidence of change in grain size under air is still not enough. However, there is evidence
of ion migration and the reaction of iodine with the contact layer. In one of the previous studies in
our laboratory (LPICM), Lee et al. investigated the change of the atomic composition in MAPbI3
PSCs with ageing under air using glow discharge optical spectroscopy technique (GD-OES). Fig.
4.18 (a) presents the GD-OES line profiles of iodine as a function of ageing time under dark
conditions and without applied bias. In GD-OES results, the position in PSCs can be defined by
plasma etching direction and the sputtering time. The silver is located at the shortest sputtering time,
and the position of ITO corresponds to the longest sputtering time [233]. In Fig. 4.18 (d), a significant
motion of iodide ions upon ageing is observed while the other components, including nitrogen, lead,
and chloride (Fig 4.18 (a), (b), and (c)), are stable. The intensity of the iodine peak at a sputtering

time, indicating the MAPbI; layer decreases significantly, and a shoulder increases gradually toward
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the Ag electrode with time. After four weeks, the iodine signal starts at 20 s of sputtering time (50 s

for the fresh device), corresponding to the silver position. It indicates that the iodine atom goes

through the PCBM layer and approach to Ag electrode in ageing condition.

The GD-OES results are proved by Fig. 4.18 (e), where the color variation of the top electrode from

silver to yellow is observed after two weeks of ageing. The color indicates the chemical reaction of

iodide ions with Ag, which results in Agl [225]. After four weeks, the perovskite film is completely

degraded only around the silver electrode showing a yellow Pbl, compound. Through GD-OES

results, we verified that halide ions not only migrate in halide perovskite but also approach charge

transport layers, which causes a chemical reaction. They are related to the change of impedance in

PSCs.
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5.1 Introduction

As mentioned in chapter 1, the detailed mechanism of the degradation phenomena in PSCs needs to
be understood to improve the stability and photovoltaic performance. To study the mechanism, the
chemical and electronic parameters changed by a specific environment need to be analyzed at the
micro- and nano- scales. Furthermore, organic-inorganic hybrid perovskites consist of organic
molecules, inorganic atoms, and halide atoms. The measurements that can characterize both organic

and inorganic materials at the nanoscale are necessary.
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STXM is one of the promising measurement techniques which satisfies these requirements. STXM
is a characterization technique based on synchrotron radiation. It focuses monochromatic X-rays to a
spot size of about 30-50 nm on a sample that is raster scanned. Transmitted photons are detected
simultaneously to obtain an absorption image that captures the chemical and structural characteristics
of the sample. Furthermore, the soft X-ray regime for STXM includes not only the outer shell X-ray
absorption edges of Pb and I but also the inner shell X-ray absorption edges of carbon and nitrogen.
This energy range provides the opportunity to investigate the organic component of the organic halide
perovskites in conjunction with the lead halide component. It could be particularly used to investigate
changes in the spectroscopic fine structure of the N K-edge at 405.5 eV, to explore the chemical

changes in interfaces to the active layers [234], as well as ion migration in the active layer [235].

In this chapter, we focused on the impact of the electric field, among various factors, in operating
conditions in PSCs, on MAPDI; film and solar cells based on STXM. To achieve the above objectives,
we systematically demonstrated the sensitivity of STXM to various elements/components contained
in halide perovskites and various aging or oxidation by-products. Furthermore, MAPbI; samples with
different Pbl,:MALI ratios and of various thicknesses were prepared and compared to highlight the
chemical and thickness sensitivity of STXM. After the functional verification of STXM for studying
halide perovskites, we employed a special electric biasing system for studying the degradation of
MAPDI; film caused by the electric field. Through the electric biasing test, we analyzed which

chemical components are mobile in MAPbI; under an electric field.

Furthermore, the reference PSC in this thesis (ITO/PEDOT:PSS/MAPbI3/Ceo/BCP/Ag) were
prepared, and an electric field was applied to the solar cells. Subsequently, FIB (Focused ion beam)
sections of the complete devices were investigated using STXM to obtain spatially resolved
information on ion migration and chemical changes in the bulk and interface of various transport
layers. Lastly, we tried to explain the mechanism of the electric field-induced degradation in MAPbI;

solar cells by correlating the results of STXM with EIS results described in chapter 4.

5.2 Experimental Details

5.2.1 Preparation of Films of Components Forming Halide Perovskites and

PSCs
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Pbly, MAIL PbCl,, KI, PbO, and MAPbI; , CsPblxBrs.x films To validate the utility of STXM for its

sensitivity to various elements/components that are contained in halide perovskites, films of Pblo,
MALI, PbCl,, KI, PbO, and MAPbI3 were prepared onto a SisN4 window (50 nm thickness of Si3N4
window, 200 um thickness of Si, frame size of 5x5 mm?, and fabricated by Norcada Inc., Edmonton,
Canada). In addition, CsPbIxBr3.x was prepared to characterize all-inorganic perovskite and compare
the change of perovskites, including inorganic cation with those of MAPbI3, under an electric field.
Si3N4 window (Fig. 5.1) is an X-ray and electron transparent sample holder. It is optimized for various
applications such as X-ray and electron microscopy, spectroscopy, interferometry, atomic force

microscopy, etc.
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Figure 5.1 Real images and schemes of (a) top view and (b) cross-section view SisN3 window.

STXM results, including microscope images or spectra, are recorded in transmission mode. Therefore,
the thickness of the sample is recommended to be thin (< 100 nm) enough so that the transmitted
photon can be counted by the detector (photomultiplier tube). For the preparation of the films, MAI,
PbCl,, K1, and PbO were deposited by spin-coating. On the other hand, Pbl> and MAPbI; were based
on vacuum deposition. MAI (Greatcell Solar, >99.99 %) solution was prepared by dissolving MAI
into N, N-Dimethylformamide (DMF, Sigma Aldrich, anhydrous, 99.8 %) with a concentration of

0.125 M. Both PbCl: (Alpha Aesar, ultra-dry, 99.99 %) and KI (Sigma Aldrich, 299 %) solutions

were prepared with a concentration of 0.025 g/ml in DMF. The 0.05 M of PbO (Sigma Aldrich, 99 %)
was dissolved in deionized water. All films of MAI, PbCl,, KI, and PbO were spin-coated at 3000

rpm in an N> environment.
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50 nm thick Pbl> film was prepared by dry process. The source of Pbl, was located at the same
evaporator for MAPbI;. Pbl; was sublimated in a vacuum chamber at 300 °C, and the deposition rate
of Pbl, was 1 A/s. During the deposition, the vacuum level was 1.6x10°% mbar. MAPbI; films with
different ratios of Pblo:MAI and thicknesses were prepared to characterize MAPDI3 in detail using
STXM and evaluate whether STXM is a useful measurement technique for analyzing halide
perovskite. The Pbl, rate was fixed to 1 A/s. The MAI rates used were 0.5 A/s, 1 A/s and 2.5 A/s. In
the optimized deposition condition of MAPbI;, the rate of Pbl, and MAI are 1 A/s and 2.5 AJs,
respectively. The detailed process is explained in section 3.2.1. With this optimized condition,
MAPDI; of 25 nm, 50 nm, and 75 nm thicknesses were prepared. CsPbIxBrs.x of 75 nm thickness was
also prepared by vacuum deposition in IPVF. The CsBr and Pbl, were sublimated at 380 °C and
270 °C, respectively. Each rate of CsBr and Pbl, were A/s and A/s.

FIB section of MAPbI; solar cells Three reference MAPbI3 PSCs with different conditions of applying
electric ~ bias  were  prepared. @ The  fabrication  details of MAPbl;  PSCs
(ITO/PEDOT:PSS/MAPbBI3/Cso/BCP/Ag) are described in section 3.2.2. After fabrication of the PSCs,

+ 2.5 V was applied to one PSC for 15 minutes. Secondly, - 2.5 V was applied to another PSC for 15
minutes. Lastly, the other PSC was kept without applying an electric field.

After applying the electric field to the PSCs with different conditions, cross-section lamellas of the
three PSCs were prepared by using the FIB technique on the PSCs. Before the milling process with
the FIB dual beam microscope chamber (Scios DualBeam), several preprocesses are required. Firstly,
a thin carbon layer was deposited by a carbonic pen to prevent any electron and ionic beam charge
effects that appear during the milling process. Secondly, a platinum layer was deposited on a target
area to avoid excessive ion damage, and the area was etched by the gallium ion beam. When the
selected area was isolated, the milling process began in the FIB chamber using an ion beam. In the
process, the ion beam current is low to obtain a very thin lamella (150-200 nm). The lamella formed

was fixed to the TEM grid as shown in Fig. 5.2.

-

R

Pt (unknown)

C (unknown)
Ag (120 nm)
BCP (8 nm)
Ceo (25 nm)

MAPbI; (500 nm)

PEDOT:PSS (25 nm)
ITO (80 nm)

Glass (1 mm)

Figure 5.2 Microscopy image of MAPbI3 PSC lamella fixed to TEM grid and scheme of the lamella.
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5.2.2 Instruments for Synchrotron-based Characterization

STXM measurements were performed at the HERMES beamline of synchrotron SOLEIL. The details
of the beamline are mentioned in the reference [155]. Fig. 5.3 (a) and (b) present the scheme of STXM
and a close-up view of the STXM with transmission detection in the vacuum chamber at the HERMES
beamline. The STXM measurement was performed under a pressure of 10 mbar. A Fresnel zone
plate of 25 nm outer zone width (Applied Nanotools Inc., Canada) was used to focus the
monochromatic X-rays to a spot size of (30 nm) which contributes to high-resolution images. The
sample is raster scanned across the X-ray spot with the help of an interferometrically stabilized
piezoelectric stage. A photomultiplier tube (PMT) positioned behind the sample measures the flux of

the transmitted X-rays after being converted to visible photons by the phosphorous screen.

(a)

Monochromatic
X rays

Fresnel Crer
Fone Plate Sorting Sample Photomultiplier Tube
Aperture

(b)

OSA Detector

FZP Sample

Figure 5.3 Scheme of the STXM technique. (b) Close-up interior view of the STXM instrument.

The following protocol is recommended in order to perform studies in a reproducible fashion: (a)

clean beamline optics is essential for investigating organic species, (b) if possible, in order to avoid
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contamination and degradation of the samples during transportation, a vacuum environment or
isolated environment with minimum exposure to light is recommended. Spectral data presented in
this section are primarily obtained from a stack of very low-resolution images measured at a range of

predetermined energies. Each spectral point in these cases is obtained by integrating over each image.

The energy range investigated for each sample is from 270 to 750 eV covering C K-edge, N K-edge,
O K-edge, I M-edge, Cs M-edge, and Pb N-edge. To avoid any mechanical drift and focusing issues
due to long-range travel of the zone plate, we split the scans into four partially overlapping sections

from 270 to 390 eV, 370 to 450 eV, 430 to 570 eV, and 550 to 750 eV.

Focus corrections and beam alignment were performed between each chosen energy range. High
spectral resolution (0.1 eV energy step) was used near the absorption edges of C, N, O, I, and Cs. In
the intermediate energy ranges, an energy step of up to 5 eV was used. Before real measurement, a
radiation damage study is recommended. To obtain spatially resolved spectra, energy stacks were
obtained over an area of 2x2 um? by raster scanning the sample with a step size of 30 nm with the
same energy definition as described above. The focal length of FZP is proportional to the energy of
the incident X-ray. During the acquisition of a stack, the distance between the FZP and the sample

changed to keep the sample in focus as the incident X-ray energy changed.

5.2.3 Specialized In-situ Electric Biasing System from Norcada Inc.

A special electric biasing system is required to obtain an in-depth understanding degradation
mechanism of MAPbI3 under electrical bias using STXM. Fig. 5 (a) shows the in-situ electric biasing
system designed by Norcada company in Canada in collaboration with MAX IV (Sweden). The
system consists of an electric biasing chip, its holder, an electric biasing controller, and software. The
electric biasing controller provides I-V measurement in the mA/mV range with the software “Blaze”.
Additionally, the controller and the software can measure not only current-voltage but also resistance.
Fig. 5 (b) presents the electric biasing chip and holder. The holder has four-point probes, and the
biasing chip can be customized with two-point or four-point probes according to the objective of the

research.

MAPDI; film on biasing chip is shown in Fig. 5 (¢). The biasing chip is a Si3Ns membrane with 50
nm-thick Au electrodes. The shadow mask was used for the deposition of MAPbI;. MAPbI; was

deposited between the two electrodes. Furthermore, CsPbIxBrs_x film on the electric biasing chip was
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also prepared to investigate the migration under electric bias according to chemical components,
including organic or inorganic cation and halide anion. The thicknesses of both MAPbI3 and

CsPblIxBr3.x film are 75 nm.

Electric biasing
controller

Figure 5.4 (a) Electric biasing system including electric biasing chip, its holder, electric biasing controller, and software.
(b) Close-up electric biasing chip and holder. (c) Schematic and microscope image of MAPbI; film on the electric biasing

chip.

After the preparation of the halide perovskite film on the electric biasing chip, the biasing holder with
the chip was installed inside the STXM instrument (Fig. 5.5). To keep the high vacuum in the chamber
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of STXM, the electrical connections are made through special feedthrough installed on the STXM

chamber. The film is biased in-operando during the STXM measurement.

Monochromatic
~ soft X-rays

Figure 5.5 Close-up interior view of the STXM instrument equipped with the in-situ electric biasing system.

5.3 Utility of STXM for Chemical Characterization of Halide

Perovskites

5.3.1 Identification of Components and By-products in Halide Perovskites

As mentioned in section 5.2.2, the soft X-ray regime from 270 to 750 eV is used to research the
chemical changes at interfaces between perovskite active layers and charge transport layers as well
as ion migration in the perovskite film itself. Fig 5.6 presents the simulated spectra of MAPbI; and
the chemical elements that make up the perovskite, including C, N, Pb, and I. In the simulated spectra,
there are inner shell X-ray absorption edges of carbon and nitrogen (C K-edge and N K-edge) and the
outer shell X-ray absorption edges of I M-edge and Pb N-edge. NEXAFS spectrum of MAPbI;
includes all absorption edges of C, N, Pb, and 1. Here, we would like to notice that the I M absorption
edge in our study has 20 eV higher energy (~ 640 eV) than that indicated in the Henke database (619
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eV) [236]. As pointed out by Hansen [237] and Comes et al. [238], studies about the energy of the
absorption edges are needed. The energy value of I M-edge has been blue-shifted by 20 eV in the

range of 620-700 eV to overcome the discrepancy before simulating the spectra using the software

aXis2000 [239].

-=-= MAPbI3,50nm, p = 4.5(g/cm?3) N
0.71{ — C.50nm, p=2.26(g/cm?)
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Figure 5.6 Simulations for the X-ray absorption spectrum of MAPbI; (top) and the different perovskite elements including

C, N, Pb, and I (bottom) in soft X-ray region using aXis2000 [239].

In order to demonstrate the utility of soft X-ray STXM for the characterization of halide perovskites,
NEXAFS of MAI and Pbl, which form MAPbI3;, were measured. Additionally, PbCl> and KI were
also characterized to verify the ability to identify halide and organic components and distinguish them
from other components. NEXAFS spectra of Pblb, MAI PbCl,, and KI, covering the C K-edge, N K-
edge, O K-edge, [ M-edge, and Pb N-edge are shown in Fig. 5.7. In the spectrum of Pbl,, a broad Pb
N-edge in the form of a “bump” can be observed at around 370 eV. A strong I M-edge at 631 eV is
also observed. The spectrum of MAI presents three edges at ~285 eV, ~395 eV, and ~631 eV, which
correspond to the C K-edge, N K-edge, and I M-edge, respectively. In the case of KI, the I M-edge at
~631 eV and K L-edge at ~295 eV are observed in the spectra. The spectra of PbCl> match well with

the simulated spectrum.

In comparison to the simulated spectrum, the experimental MAI spectrum appears with an inhibited
I M-edge. This fact is supported by energy-dispersive X-ray spectroscopy (EDX) analysis of MAI
films in Table 5.1, wherein the iodine atomic percent was observed to be small compared with those
of carbon and nitrogen. The experimental percentages of each element, including carbon, nitrogen,
and iodine, are described in the table. The atomic ratio of all components obtained by the

measurement is different from the ratio in the chemical formula of CH3NH3I. The atomic percentage
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of'iodide is much smaller than those of carbon and nitrogen, indicating that most iodine is volatilized

after deposition on the sample substrate.
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Figure 5.7 (a) Experimental XAS spectra. (b) Simulated spectra of Pbl,, MAI, PbCl,, and KI in the range of 280-720 eV.

Table 5.1 Energy-dispersive X-ray spectroscopy (EDX) analysis of carbon (C), nitrogen (N), and iodine (I) in MAI film.

Element line Net counts Atom %
CK 4217 10.82
NK 6305 20.43
1L 572 0.17

It is important to identify not only components of perovskite but also by-products from the film
processing and degradation processes to investigate physical and chemical phenomena in PSCs using
STXM. For example, in the study of stability in MAPbI3, the major by-products of aged perovskite
are Pbl, and PbO [239]-[243]. Fig. 5.8 shows their corresponding XAS spectra. We confirm that Pbl,
and PbO have broad Pb N-edge at 370 eV in common. However, I M-edge only exists in the OD
spectrum of Pbl, while the PbO spectrum is relatively flat at 640 eV. Furthermore, in the OD spectrum
of PbO, oxygen K-edge at 543 eV is clearly shown. The presence of oxygen moieties can also be
detected in the Pbl> spectra, highlighting the sensitivity of these techniques to degradation by-

products of aging in air.

These two results in Fig. 5.7 and Fig. 5.8 confirm that each component of MAPbI3, such as MAI and
Pbly, can be detected and distinguished from other components. The absorption spectra of KI (pure
iodine, no lead) and PbCl; (only lead, no iodine) in Fig. 5.7 show that we are able to reliably attribute

I and Pb contributions to spectra of films that contain both elements. Similarly, the absorption spectra
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of Pbl> and PbO presented in Fig. 5.8 are compared to their 1 nm equivalent simulated spectra to
assure the reliable detection of these by-products of aged MAPbI3 in the soft X-ray region. The low
energy anomaly observed in PbO in the C K-edge region (280-310eV) in Fig. 5.8 (a) could be due to

bad normalization or beamline optics contamination.
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Figure 5.8 (a) Experimental NEXAFS spectra. (b) Simulated spectra of Pbl, and PbO in the range of 280-720 eV.

5.3.2 Characterization of MAPbI3 using STXM

In general, MAPbI; is synthesized by the reaction of Pbl, and MAI The large grain size with a small
portion of grain boundaries in MAPDI; is generally considered to result in high photovoltaic
performance with a low recombination rate [244], [245]. The relative ratio of Pbl, to MAI in the
vacuum deposition process considerably affects the grain size in MAPbI3, as mentioned in section
3.3.2. Fig. 5.9 illustrates the use of STXM to characterize MAPbI3 with different Pbl> to MAI ratios.
STXM images of MAPbI; with Pbl, to MAI ratio of 1:0.5, 1:1 and 1:2.5 at 662 eV are shown in Fig.
5.9 (a), (b) and (c), respectively. Similar to other studies [246], [247], we observe that as the amount
of MAI increases, the grain size increases, which is coherent with the results in section 3.3.2. The
increase in grain size can be interpreted in Fig. 5.9 (a) to Fig. 5.9 (c) from the increase in domain size

(dimension of regions of similar intensity) and decrease in image “roughness”.
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Figure 5.9 STXM images and spectra of MAPbI; with different Pbl, to MAI ratios. STXM images and line profile (taken
from white dotted line in the image) at 662 eV with the ratio of (a) 1:0.5 (b) 1:1 (c) 1:2.5. (d) NEXAFS spectra in the
entire energy region (280-730 eV), edge normalized (¢) C K-edge, (f) N K-edge, and (g) I M-edge region of MAPbI3
with different Pbl, to MAI ratios. The shaded regions in (e) and (g) indicate the integrated C K-edge spectra and I M-

edge spectra, and the arrows in (f) represent the N K-edge jumps.

Fig. 5.9 (d) indicates spectra of MAPbI; with the different ratios that cover N K-edge, O K-edge, I
M-edge, and Pb N-edge energy range. The overall difference in the OD of the three spectra, especially
that with the Pblb to MAI ratio of 1:1, arises from the difference in film thickness. In order to compare
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the spectra and to obtain a semi-quantitative (relative) measure of organic molecules, the integrated
area under the edge-normalized C K-edge NEXAFS spectra (Fig. 5.9 (¢)), the edge-jump in N K-edge
NEXAFS spectra (Fig. 5.9 (f)) and the integrated area under the edge-normalized I M-edge NEXAFS
spectra (Fig. 5.9 (g)) are presented in Table 5.2. Investigations related to semi-quantitative studies
using NEXAFS spectra often use edge-normalized spectra [248]—[251]. The integrated area under
both the C K-edge spectra and the I M-edge spectra, as well as the edge jump in N K-edge spectra

(Table 5.2), can be clearly seen to be increasing for samples with higher MAI content.

Table 5.2 Integrated area under the edge-normalized C K-edge NEXAFS, the edge jump in N K-edge NEXAFS spectra,

and the integrated area under the edge-normalized I M-edge of various MAPbI; samples.

Area under the edge- Area under the edge-

Pbizitrgll\(/lli)gziltjon normalized C K-edge Edgei;;plég)]();li:nsN K normalized I K-edge
NEXAFS spectra (OD?) NEXAFS spectra (OD?)
1:0.5 35 0.008 149
1:1 39 0.058 153
1:2.5 45 0.065 169

Fig. 5.10 shows XAS obtained from STXM measurements of MAPbI; with optimized ratio (Pbl :
MALI = 1:2.5) and two different thicknesses. The two spectra of MAPbI; with 25 nm and 50 nm
thicknesses have similar features with the expected difference in OD that corresponds to the
difference in thickness. The clearly observed essential absorption edges (C K-edge, N K-edge, O K-
edge, and I M-edge) further confirm the reliability of STXM in detecting thickness variations in
MAPDI; films with similar chemical compositions. The sharp drop observed in the C K-edge region
is possibly due to incorrect normalization in this region or carbon contamination on the beamline

optics during these particular measurements.
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Figure 5.10 Experimental NEXAFS spectra of MAPbI3 with different thicknesses.
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5.3.3 Evaluation of Homogeneity of MAPbI; based on STXM

Inhomogeneous morphology was observed in MAPbI; with 1:2.5, and consequently, a spatially
resolved analysis was performed to investigate the chemical homogeneity in MAPbI3. Fig 5.11 (a)
shows a STXM image of MAPDbI; with the ratio of 1:2.5 at 662 eV. Fig 5.11 (b), (¢), and (d) indicate
the C, N, and I cluster maps of MAPbI; for the same region obtained from cluster analysis performed
by the software MANTIS [252]. Fig 5.11 (e), (f), and (g) are corresponding background removed
XAS spectra for different clusters represented in the cluster maps. In all cases, the shape of spectra
according to the clusters can be considered the same, and the variation observed arises only from the
overall intensity. The intensities of spectra arising from clusters 1 and 2 are almost identical but vary
in each case with the spectra of cluster 3. Considering the similarity in maps and spectra of clusters 1

and 2, the morphological and chemical homogeneities are obvious.
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Figure 5.11 (a) STXM image-at 662 ¢V of MAPbI; with Pbl, to MAI ratio of 1:2.5. Cluster images of MAPDI; in the (b)
C K-edge, (c) N K-edge, and (d) I M-edge region. Corresponding average cluster XAS spectra of cluster analysis in the
(e) C K-edge, (f) N K-edge, and (g) I M-edge region (Color of each spectrum corresponds to the color of each cluster on

the map).
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In C K-edge spectra (Fig. 5.11 (e)), the pre-edge spectral features of A (286 e¢V) and B (~287.5 eV)

are related to C1s—1*(C=C) and Cls—1t*(C=0) transitions respectively [253]. In this first study,

we guess that these features indicate the presence of oxidation and/or degradation products due to the

samples being exposed to air. The feature C at 289.5 eV and the shoulder just below it are most likely

caused by Cls—o* (C-H)/Rydberg peak [254]. Higher energy features in C K-edge (> 290 eV) and

in N K-edge (> 405 eV) accord with C1s—0* and N1s—0* transitions. The sensitivity of these two

absorption edges, along with O K-edge (not fully utilized in this study due to beamtime constraints)
to chemical moieties, is well-known [255], and spectral features in these edges could be utilized to

identify various functional groups in different halide perovskite.

The increase in OD of cluster 3 spectra indicates that while the chemical homogeneity persists on the
grain, the thickness is higher. These cluster maps obtained from STXM provide spatially resolved
spectra of not only the halide component but also organic components. They could be valuable in
accessing chemical changes that could arise from aging or different kinds of stress on the nanometer

scale.

5.4 Degradation of Halide Perovskite Film and Solar Cells

under In-situ Biasing

5.4.1 Degradation of MAPbI3 Film under In-situ Electric Bias

In the previous sections, we demonstrated that STXM has a high sensitivity to chemical composition
and homogeneity in halide perovskites. In addition, we verified that it is a useful characterization
technique for an in-depth analysis of physical and chemical phenomena in PSCs. As mentioned in
section 1.2.3, halide perovskites have outstanding optoelectric properties, which contribute to the
high-power conversion efficiency in PSCs. However, low operational stability is one of the main
issues challenging commercialization. Among the various operational environments, including light,
heat, and electric filed, which affect the degradation of PSCs, the influence of the electric field on the
degradation of PSCs has not been systematically studied. For a systematic study of the effect of the

electric field on the degradation of PSCs, a multimethod approach is necessary.
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Here, degradation phenomena caused by the electric bias are investigated using STXM. In this section,
the changes in the bulk of perovskite films were observed by using STXM. For this study, MAPbI3
thin film of 75 nm thickness was deposited on a special electrical biased chip. Fig. 5.12 (a), (b) shows
STXM OD (optical density) images of MAPbI; on the electric biasing chip with two Au electrodes
taken at 662 eV. 4 relatively thin film (75nm) along with a large inter-electrode distance (4 um)
implies a high resistance of the film along with a low current. To increase the current passing through
MAPDI3, we applied a higher voltage of 15 V than that applied to solar cells under operation. The
current detected by the blaze software is 7 uA.

(a) (b)
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@662 eV @662 eV

C.K-edge % 450 Nak-edge! | M-edge
(310eV) 409 eV (662 eV)

Tum E= 291.000 &V  dwell = 3.00ms 0.265 Tum E = 440000 eV  dwell = 3.00 ms 0.234 1um E = 662.000 v  dwell = 3.00ms 0.420
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Figure 5.12 STXM images at 662 eV of MAPDI; (a) before and (b) after applying an electric field. Red dotted regions in
(a) and (b) indicate the region of MAPbI; between two Au electrodes with the shortest distance. Zoomed-in STXM images
of the red dotted region before biasing at (c) 310 eV (C K-edge), (d) 409 eV (N K-edge), and (e) 662 eV (I M-edge).
Zoomed-in STXM images of the red dotted region after biasing at (f) 310 eV (C K-edge), (g) 409 eV (N K-edge), and (h)
662 eV (I M-edge).
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The red dotted square region in Fig. 5.12 (a) and (b) was chosen as the region of interest and
investigated closely. Fig. 5.12 (c), (d), and (e) indicate STXM images taken before biasing at C K-
edge, N K-edge, and I M-edge, respectively. These three images clearly imply that carbon, nitrogen,
and iodine are homogeneously distributed before biasing. Upon the application of the electric field,
the MAPDI; film, significant changes can be observed near the cathode. In Fig. 5.12 (f), the OD of
carbon near the cathode (green dotted region) is much relatively higher than in other regions. On the
other hand, the OD of iodine (Fig. 5.12 (h)) near the cathode is much smaller. Negative ions of iodine
have migrated to the anode under an electric field, as has also been observed in other studies [39],

[40], [140].

It is interesting to note that only a small change was observed in nitrogen OD (marked in red in Fig.
5.12 (g)) under electric bias, although the OD of carbon near the cathode increases relatively
significantly. To analyze the change of MA" under electric bias in detail, the spectra that cover the I
M-edge (Fig. 5.13 (¢)), C K-edge (Fig. 5.13 (d)), and N K-edge (Fig. 5.13 (e)) are extracted from the
region of MAPbI; near the cathode (Fig. 5.13 (a) and (b)). In the three spectra, the red lines indicate
the XAS spectra before applying an electric field, while the green lines indicate the XAS spectra
before applying the electric field.

In Fig. 5.13 (c), the OD intensity of I M-edge at 662 eV significantly decreases after applying an
electric field, which indicates that the iodine ions near the cathode migrate in the direction of the
anode. In the case of carbon, there is a change in the opposite direction implying that there is indeed

a migration of carbon atoms towards the cathode as well (Fig. 5.13 (d)). The spectra show additional

changes in the C K pre-edge. The minor peak related to C1s—c* (C-H) at 289.5 eV slightly increases.
In addition, the pre-edge spectral features of Cls—1t* (C=C), which are negligible before applying

electric bias, appear after applying the electric field. On the other hand, minor peak of C1s—T1* (C=0)

disappears after electric bias. With the changes in peaks in the C K pre-edge region, we can guess that
the electric field results in the change of chemical bond in MA*. This increase in carbon content is
accompanied by an increase the nitrogen content as well, indicated by the overall edge jump (440 V)
for the spectrum of the biased sample as compared to the unbiased sample. This comparatively smaller

shift (0.001 OD) could be due to incorrect normalization.

While it is evident that there is indeed a relative increase in C content near the cathode, in order to
investigate the relative changes in the region of interest (as opposed to an average visualization from
the spectra), the STXM OD images at 285 eV are subtracted from those at 291 eV for the biasing

experiment.
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Figure 5.13 STXM OD images at 662 ¢V of MAPbI; (a) before and (b) after applying an electric bias. The region of
interest near the cathode has been marked in red and green in (a) and (b). I M-edge (c) C K-edge, and (d) N K-edge
NEXAFS spectra of MAPDI; before and after electric biasing as extracted from the ROI.

Fig. 5.14 (a) shows STXM images before C K-edge energy (at 285 eV) and Fig. 5.14 (b) presents
STXM images after C K-edge energy (291 eV). The images are measured under the electric field

every ten minutes. Compared with the fresh image (0 minute), the changes in the OD of MAPDbI; near
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the cathode, both 285 eV and 291 eV, are shown after 10 minutes. Furthermore, the OD of the region
and the area of increased region increase with time. When the STXM image at 285 eV is deducted
from that at 291 eV, the difference between STXM images at two energies is constant regardless of
the time. For the images taken after 10 minutes, the observed bright regions around the anode and
bottom of the cathode in the image difference are artifacts of the image alignment procedure and not

the result of an actual change in OD.
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Figure 5.14 STXM images at (a) 285 eV (before C K-edge) and (b) 291 eV (after C K-edge) measured every 10 minutes
under electric field. (¢) Image difference between STXM image at 291 eV and that at 285 eV.

For clarity, below is the point-wise summary of observations:

1. Iodine is observed to migrate away from the cathode. Spectral data also indicate that the average
iodine content decreases near the cathode. OD images at 662 eV show a systematic decrease in the

OD near the cathode.

2. Spectral data and OD image at 291 eV indicate a clear increase in the carbon content near the
cathode. This increase is an overall increase in the carbon content, i.e., not a particular bond-specific

species, and can be ascertained from the difference between the 291 eV and 285 eV images.

3. While there is an increase in carbon content, a similar increase is not clearly observed in the
nitrogen content in figure 5.12 (g) but is seen in figure 5.13 (e). This indicates a breakdown or

decomposition of the MA" ions under an electric field.
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(b)

Figure 5.15 STXM images of CsPblxBr;.x at Cs M-edge (750.8 ¢V) (a) fresh, under in-situ electric bias for (b) 15 minutes

and (c) 60 minutes.

Additionally, preliminary STXM measurements of CsPbIxBr;.x film on the electric biasing chip
under in-situ biasing were also performed. CsPblxBrs.x is all inorganic perovskite compared to
MAPDI; with organic cation (MA™). In the STXM measurement of CsPblxBri_x, Cs M-edge at 740
eV is required to be considered. Fig. 5.15 presents the STXM images of fresh and biased CsPbIxBr3.
x film at 750.8 eV. In the energy region, the information of both iodine and cesium atoms can be
obtained at the same time. In Fig. 5.15, the CsPbIxBr3.x film in all regions is homogeneous regardless
of applying the electric field. It implies that not only cesium ions but also iodine ions do not migrate
under an electric field which emphasizes more stability than MAPbI;. However, more studies,
including measurement of the spectrum from all regions, including lead and bromine, are required to

investigate the detained change of chemical bond under the electric field.

5.4.2 Degradation of MAPbI; Solar Cells Induced by Ex-situ Electric Field

The influence of the electric field on the bulk of MAPbI; is investigated in the earlier section. Through
the experiment, the chemical change of MAPbI3, including the relative amount of atoms and the
chemical bond after applying an electric field, can be understood in detail. In this section, the
degradation behavior of MAPbI; in PSCs caused by an electric field is studied. The difference
between the experiment in this section and that in section 5.4.1 is that the chemical reaction between
MAPDI; and charge transport layers (HTL/ETL) also needs to be considered in this section. In this
experiment, five reference MAPbIs PSCs (ITO/PEDOT:PSS/MAPbI3/Cso/BCP/Ag) are prepared.
Among them, the J-V characteristics of two PSCs with different directions of the applied electric field
are measured to study electrical properties. The other PSCs are employed in the form of a FIB section

to analyze from the chemical point of view using STXM.

Fig. 5.16 shows the changes in J-V characteristics after applying positive/negative bias voltage, and

Table 5.3 summarizes the photovoltaic performance of PSCs with each condition. The PCE of two
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fresh solar cells is 14.74 % and 11.79 %, respectively. Although the PCE of the two reference solar
cells is different, they are in the normal range of PCE of the reference PSCs described in chapter 3
(Fig. 3.16 (b)). When the positive bias of 2.5 V is applied in one of the PSCs, a PCE of 11.02 % with
a Jsc of 22.55 mA/cm?, a FF of 61.4 %, a Voc of 0.80 V, and high hysteresis is obtained (Fig. 5.16
(a)). There is a noticeable decrease in Jsc, Voc, and Rsu, leading to a decrease in FF and PCE.
Especially, the decrease in Rsy and FF implies the formation of defects at the interfaces after applying
the electric field. Furthermore, J-V hysteresis behavior with HI of 0.46 indicates that the electric bias
causes ion migration in PSCs. On the other hand, the shorted circuit in PSC after applying the negative
bias to the other PSC. As shown in Fig. 3.15 (f) of chapter 3, PSC has diode J-V characteristics. In
the PSCs, the diode breakdown occurs at high negative voltages (Fig. 5.16 (b)). In these J-V
measurements of PSCs after applying electric bias, we confirm that the change of electric properties
induced by the negative electric bias is bigger than those caused by the positive voltage despite the

same magnitude of applied voltage.
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Figure 5.16 J-V characteristics of MAPbI3; PSCs (a) before and after applying an electric field of +2.5 V for 15 minutes
and (b) before and after applying an electric bias of -2.5 V for 15 minutes.

Table 5.3 Summary of photovoltaic parameters of MAPbI3 PSCs with the fresh condition and applying the electric bias
of+5Vand -5V

.. Voc Jsc FF Rs Rsu PCE
Scan direction V) (mAlem®) (%) (ohm)  (ohm) (%)
Fresh Forward scan 0.88 23.51 68.5 5.89 1.26k 14.09
res
Reverse scan 0.89 23.74 69.4 5.26 2.56k 14.74
Forward scan 0.60 22.39 43.8 10.7 273 59
+2.5 V 15 minutes
Reverse scan 0.80 22.55 61.4 5.58 861 11.02
Forward scan 0.84 19.40 72.5 5.71 2.89k 11.86
Fresh
Reverse scan 0.86 19.27 70.9 5.69 2.01k 11.79
Forward scan 0.03 4.57 25.0 5.75 5.71 0.03
-2.5 V 15 minutes
Reverse scan 0.03 4.10 22.1 5.20 5.46 0.02
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The three remained PSCs whose J-V characteristics were not measured were prepared with three
different biasing conditions fresh (0 V), +2.5 V for 15 minutes, and -2.5 V for 15 minutes,
respectively). After that, cross-section samples of each device were prepared with FIB. Fig. 5.17 (a),
(b), and (c) presents cross-section STXM images of MAPbI3z PSCs without electrical biasing and after
applying an electric field of +2.5 V and -2.5 V, respectively. Fig 5.17 (d), (e), and (f) correspond to
XAS spectra at the I M-edge of the middle part of the MAPbI; layer and the layer near PEDOT:PSS

and Ceo in each sample.

In the fresh sample (Fig 5.17 (a) and (d)), the form and the intensity of the spectra in a whole region,
including the middle part (green) and two interfaces between MAPbI; and charge transport layers
(PEDOT:PSS (blue) and Ceo (red)), are the same. The same spectra indicate that the morphological
and chemical properties of the full MAPbI3 layer are homogeneous. After applying the positive
voltage of +2.5 V, the shapes of the I M-edge in all the regions are the same however, the OD intensity
of I decreases from PEDOT:PSS to Ceo (Fig 5.17 (b) and (e)). It shows that negative iodine ions
migrate toward PEDOT:PSS under positive electric bias. In addition, small resonance features at the
pre-edge region (below 640 eV) are found in MAPbI3 near PEDOT:PSS after electric bias, which is
not found in the experiment of in-situ biasing MAPbI3; on Norcada biasing chip (in section 5.4.1).
The features imply that the electric field induces a chemical change of MAPDI; or reaction with
PEDOT:PSS. On the contrary, the OD intensity of I decreases from Cgo to PEDOT:PSS when the
positive voltage of -2.5 V is applied (Fig 5.17 (c¢) and (f)), re-emphasizing I" ion migration under an
electric field. Under the negative electric bias, the small resonance features at the pre-edge region
also appear. However, the peaks at 623 eV and 632 eV are conspicuous, and the overall spectra include
noise compared with other PSCs, including the fresh one and the device after applying the positive
voltage. As mentioned in the analysis of J-V characteristics of PSCs before and after applying the
positive voltage, the current at - 2.5V is higher than that at +2.5 V, or the breakdown occurs, which
indicates that applying the negative voltage is stronger for PSCs to be changed or degraded than the

positive voltage.
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Figure 5.17 STXM images of FIB sections of (a) fresh MAPbI3 PSCs and the PSCs after applying (b) +2.5 V and (c) -
2.5V for 15 minutes. The STXM images were measured at 616.5 eV. I M-edge NEXAFS spectra of (c) fresh MAPbI3
layers between PEDOT:PSS and Ceo, and the layer after applying (e) +2.5 V and (f) -2.5 V. The colors of the NEXAFS
spectrum line in (d), (e), and (f) accord with those marked in the regions of STXM images (a), (b), and (c) where each

absorption spectrum was obtained.

In order to further understand the electric field-induced degradation of the MAPDI; layer in the device,
XAS at the C K-edge of MAPDI; for the fresh sample and for the sample that was negatively biased

was measured. For the fresh sample, the various spectra are overlapping, underlying the homogeneity

of the deposition (Fig. 5.18 (a) and (b)). The C1s—Tt* feature is much more pronounced than in figure

5.13 (d), especially relative to the 0* region (high energy). We think that this could be because this

particular sample (fresh) is slightly thicker than rest of the samples. This saturates the signal above
the absorption edge (>287 eV). Consequently, the relative difference between the pre-edge and post-
edge features is not comparable to figure 5.13 (d). For the negatively biased sample (Fig. 5.18 (¢)
and (d)), the OD intensity of C K-edge at 291 eV decreases from PEDOT:PSS to Ceo, which is the
opposite direction of I migration under the electric bias and coherent with the results of an in-situ
biasing test of MAPbI; on the Norcada biasing chip (Fig. 5.13 (d)). Furthermore, there are changes
in C K pre-edge. The pre-edge spectral feature of Cls—n* (C=C) at 286 eV is higher, and that of
Cls—oc* (C-H) at 289.5 eV is lower at the interfaces than those of the middle part of MAPDI3. It
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means that C-H bonds in methylammonium are broken after applying electric bias, and new bonds

are formed at the interface. In addition, the OD intensity of Cls—1t* (C=0) at ~287.5 eV is much

stronger at the interface between MAPbI; and PEDOT:PSS. It is worth noting that we observe not
only the migration of the ions (also observed in the in-situ biasing chip) but we also observe the
changes in the resonance of iodine and the chemical bonds in MA™ at the interfaces between MAPbI;3
and HTL/ETL using STXM. A detailed explanation of the phenomena occurring in MAPbI3 between
PEDOT:PSS and Ceo are described in the next section. Note that we were unable to obtain reasonable

noise-free spectra of the positively biased sample due to a lack of sufficient beamtime.
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Figure 5.18 (a) Cross-section STXM images and (b) C K-edge NEXAFS spectra of fresh MAPbI; PSCs. (a) Cross-section
STXM images and (b) C K-edge NEXAFS spectra of MAPbI3; PSCs after applying -2.5 V for 15 minutes. The colors of
the NEXAFS spectrum line in (b) accord with those marked in the regions of STXM images (a) where each absorption

spectrum was achieved.
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5.4.3 Proposal to Explain Electric Field-induced Degradation Mechanism in

MAPDI; Solar Cells through the Correlation between STXM and EIS
Results

In chapter 4 and this chapter, the influence of the electric field on the MAPbIz PSCs is studied using
EIS (Fig. 4.11 in section 4.3.2), J-V characteristics (Fig. 5.16), and STXM (Fig. 5.13, Fig. 5.17 and
Fig. 5.18). In this section, we analyze the change in electrical properties of the PSCs by correlating
J-V characteristics with EIS results obtained in chapter 4. Furthermore, we try to propose the
mechanism of the electric field-induced degradation in MAPbI3 PSCs, which has a decisive influence

on the change in impedance properties in PSCs.

As mentioned in section 4.3.2, R; and C> in all PSCs with different perovskite materials, including
the reference solar cells, are not affected by the electric field. The R; indicates a contact resistance of
contact metal which also determines Rs in J-V characteristics. C> means geometrical capacitance,
which is determined by the thickness of PSCs. Based on two electrical parameters, we confirm that
the contact resistance and geometrical capacitance of PSCs are not influenced by the electric field. In
the J-V curves of the PSCs (Fig. 5.16 (a)), Rsu and FF decrease due to defects formed at the interfaces
after biasing. The defects at the interface accelerate the charge carrier recombination with the increase
in R» of EIS results. In addition, the appearance of C; and R3 upon the electric bias in EIS results
cannot be matched with electrical parameters such as Voc and Jsc. However, the J-V hysteresis is

observed (Fig. 5.16 (a)) before being a dead cell (Fig. 5.16 (b)).

A mechanism of electric field-induced degradation in MAPbI3 is proposed to describe the origin of
the defect at the interface, which contributes to the increase in R, and ion migration which contributes
to the appearance of R3 and Cs in EIS results based on the STXM results (Fig. 5.13, Fig. 5.17 (d) and
(f), and Fig. 5.18 (b) and (d)). Herein, the phenomena in the PSCs are explained in three parts
including the middle part of MAPbI; layer, MAPbI3 near Cso and PEDOT:PSS (Fig. 5.19). In Fig.
5.19 (a), mobile iodine ions (I") with iodine vacancies (Vi") are formed upon an electric bias. The
negative iodine ions migrate toward the Ceo layer under the electric field. In the case of MA™, two
decomposition pathways are more favorable rather than decomposition into simple MA" from
MAPDI; [Ref 1, 16, 18]. One is CH3NH; with HI, which is formed with H from MA™ and mobile T".
The other one is NH3 and CH3". The positive ion CH3" can be reacted with I" forming CHsI, or the
ion can migrate into PEDOT:PSS. In the case of nitrogen, CH3NH> and NHj3 are neutral and do not
migrate under an electric field, which enables the homogeneous XAS spectra of N in all regions (Fig.

5.13 (e)).
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Figure 5.19 Schemes of the electric field-induced degradation process in MAPDI; (a) in the middle part, (b) near C60
(ETL), and (c) near PEDOT:PSS. In the PSCs of the illustrations, negative electric bias is applied.

In MAPbI3 near Ceo (Fig. 5.19 (b)), the same chemical reactions of iodine and organic cation caused

by an electric field occur. In addition, the mobile iodine ions and methylammonium vacancies (MA™")

are accumulated at the interface between MAPbDI3 and Ce¢o. The ions and vacancies lead to the

formation of R3 and C3 and J-V hysteresis in J-V curves. Furthermore, CH3" ions formed by the

electric field react with the adjacent Cso/BCP layer, and H2C=M (M is an atom or a molecule from
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Cso and BCP) formed, which contributes to the increase in the peak of C1s—T1t* (C=C) at 286 eV and

decrease in Cls—o* (C-H) at 289.5 eV in XAS spectra (Fig. 5.18 (b)). The formation including the
C=C double bond at the interface plays a role as a defect leading to an increase in R3 of EIS results

and a decrease in Rsy measured by J-V characteristics.

Lastly, in the MAPbI; layer near PEDOT:PSS (Fig. 5.19 (c)), the formation of mobile iodine and the
decomposition of organic cation also occurs. Upon the negative bias, the positive ions of CH3" and
V1" are accumulated at the interface, which contributes to R3 and Cs in EIS results. At the interface
between MAPbI; and PEDOT:PSS, the single bond of C-N is broken, and C=C bond are formed
through reaction of CH3" ions with the PEDOT:PSS. Furthermore, PEDOT and PSS are divided
through methanol treatment to enhance the conductivity of PEDOT:PSS, as mentioned in chapter 2.

Here, PSS divided from PEDOT has O” bond. The oxygen ion in PSS reacts with CH3" and the C=0

bond forms leading to the increase in the peak of Cls—1t* (C=0) at 287.5 eV. In addition, the

diffusion of oxygen from ITO under thin PEDOT:PSS can also react with CH3" forming C=0. The
products formed by the reactions at the interface act as defects which affects the electrical properties

in PSCs.

Through this correlation between the results electrical characterization including EIS and J-V curves
and STXM results, we can propose a reliable hypotheses of electric field-induced degradation in PSCs.
During the degradation process, ion migration and the formation of defects at the interface occures.
They affect the electrical characteristics including deterioration of photovoltaic performance and
appearance of another impedance parameter which is shown in the J-V curves and EIS results.
Through the STXM results, we can propose to identify the mobile ions which is not only iodine but
also CH3". In addition, the form of defect at the interface can be explained based on change in the

chemical bonds of organic component at interface in the STXM spectra.
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Chapter 6.

General Conclusion and Perspectives

The main goal of the thesis was to study degradation in MAPDI3 solar cells caused by an electric field
and explain the electric field-induced degradation mechanism through a multimethod approach.
Degradation of PSCs during operation is a hindrance to the achievement of the PSCs with long-term
stability. Therefore, it is important to systematically understand the degradation mechanism so that
the solutions to the problems can be found. In this study, various methods for the characterization of

PSCs were employed, including J-V characteristics and EIS.

To study physical phenomena in PSCs, the high crystalline perovskite films and PSCs with high
efficiency and reproducibility are required. In the study, MAPbI3 was deposited by vacuum deposition.
By varying the deposition rate ratio of Pbl> and MALI, the rate of Pbl, and hole transport material
under MAPbDI;, high crystalline MAPbI; film without the Pbl, phase was achieved. Based on the
optimized film, MAPDI; solar cells with different ETL and HTL were fabricated. PCE of all PSCs
fabricated is over 11 %, with a low hysteresis index, which is appropriate for studying physical
phenomena in PSCs. Among them, a high PCE of 14.79 % with a low hysteresis index of 0.05 was
achieved in the reference MAPDI; solar cell in this study (ITO/PEDOT:PSS/MAPbI3/Ce0/BCP/Ag).

Using the reference solar cell, we have studied the change in the MAPbI; bulk and the interfaces
between MAPbI; and charge transport layers caused by an electric field from an electrical and
chemical point of view. Firstly, the influence of the electric field on the impedance of PSCs with
various activation layers (wet- and dry-processed MAPbI; and 3CP) was investigated using EIS. After
applying an electric field, R» resistance determined by nonradiative charge recombination increases,
and a second capacitance (C3) at a low frequency is observed. The second capacitance is interpreted
as a charge accumulation layer at interfaces. These results are coherent with the J-V curves of MAPbI3
solar cells after applying an electric field that the shunt resistance decreases, and the hysteresis index
increases. Additionally, the evolution of the reference solar cells under exposure to air was studied
with J-V curves, impedance, and dielectric modulus spectroscopy. It is worthy to note that the
conductivity of grain decreases and that of grain boundary increases with time which promotes ion

migration with J-V hysteresis.
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Secondly, we investigated the effect of the electric field on the degradation in bulk MAPbI; film and
PSCs with STXM. Before studying the effect, we demonstrated the possibility that STXM is
spectroscopy as well as microscopy for studying halide perovskite by identifying various components
of MAPbI; and MAPbI; with different conditions. After that, an electric field was applied to bulk
MAPDI; film on a special electric biasing chip during the STXM measurement (in-situ biasing). After
applying bias, not only I" migration but also carbon migration with deformation of carbon bonding
were observed. Furthermore, the various deformation of carbon bonding was observed at the interface
between MAPbDI3 and charge transport layers (PEDOT:PSS or Ceo) in the FIB section of biased
MAPDI; solar cells.

Through the correlation between electrical characterization, including EIS and J-V curve results and
STXM, we can propose an hypothesis to explain the degradation mechanism in MAPDI3 solar cells.
We highlight that ion migration of I', V1", CH3™ and Vma™ is observed with STXM, and the results
support the J-V hysteresis and EIS results under the electric field. In addition, the chemical reactions
at the interface between MAPDI; and charge transport layers are analyzed using STXM, and the
defects at the interfaces that affect impedance properties can be identified. This study emphasized the

utility of STXM for a detailed understanding of phenomena in PSCs.

In perspective, the hypothesis suggested that for a complete analysis, further investigation with a
wider range of techniques, including other synchrotron techniques such as photoelectron microscopy
for surface and interface effects, grazing incidence X-ray scattering for observing changes in
crystallinity, and hard X-ray fluorescence measurements for observing changes in ion migration are
needed. As a part of this PhD work, it is important to note that preliminary investigations on other
synchrotron-based techniques such as GIWAXS and nano-XRF have already been performed with
especially interesting results that need further analysis. In addition, STXM measurement with a more
systematic condition and additional measurements are required to establish the hypothesis.
Furthermore, we plan to study electric field-induced degradation in other PSCs with different active
layers such as FAPbl;, MAosFAosPbls, (MAo.17FA0.83)0.95Cs0.0sPb(lo.83Bro.17)3 using STXM to
understand the chemical change according to components in halide perovskite under an electrical
field. Meanwhile, we observed the change in the conductivity of grain and grain boundary with ageing,
and it implies that the increase in the conductivity of grain boundary promotes ion migration.
Therefore, the changes in grain boundaries under various environments from the chemical points of
view will be studied with STXM to understand the relation between grain boundaries and ion

migration in detail.
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Titre : Etude des mécanismes de dégradation dans les films de pérovskites halogénées et dans les
cellules solaires a base de pérovskite par caractérisation électrique et synchrotron...........cccccceveeee.

Mots clés : Cellules solaires a base de pérovskite, Dégradation attribuée au champ électrique,
Caractérisation a I'échelle nanométrique, Spectroscopie d'impédance, Microscopie a balayage par
transmission des rayons X

Résumé : Dans cette thése, un grand nombre de que, une deuxiéme capacité a basse fréquence a
techniques de laboratoire et de synchrotron sont ¢été observée. Cette deuxieéme capacité indique la
appliquées pour une meilleure compréhension présence d'ions mobiles.

détaillée des mécanismes et des phénomenes Enfin, la microscopie a balayage par
rencontrés dans les PSC. transmission des rayons X (STXM) sur faisceau
Trois thématiques sont abordées dans cette thése. synchrotron a été utilisée pour analyser les
Premiérement, les films de MAPbLI; et les changements a 1'échelle nanométrique dans la
cellules solaires correspondantes ont été utilisés composition chimique des PSC sous champ
comme systémes modeles pour les investigations électrique. En appliquant un champ électrique au
utilisant la caractérisation en laboratoire et au film de pérovskite et les PSCs, nous avons
synchrotron. Par conséquent, le film de MAPbl; observé non seulement la migration des
déposé par évaporation thermique a été optimis¢ halogénures, mais également des changements
en faisant varier les paramétres d'évaporation. de structure chimique dans les composants
Deuxiémement, nous avons analysé la organiques des cellules pérovskites halogénées.
dynamique des porteurs dans les PSC sous De plus, nous avons propos¢ d'expliquer le
champ électrique ou exposition a l'air, a I'aide de mécanisme de dégradation induite par le champ
la spectroscopie d'impédance électrochimique électrique dans les PSC grace a la corrélation

(EIS). Aprés application de la polarisation électri entre les résultats EIS et STXM.

Title : Study of degradation mechanisms in halide perovskite films and in perovskite solar cells using
electrical and synchrotron-based characterization.............c..ccvevvieriiineeriesieseeeese et ere e se e

Keywords : Perovskite solar cells, Degradation under electric biasing, Nanoscale characterization,
Impedance spectroscopy, Scanning transmission X-ray microscopy

Abstract : In this thesis, a multitude of capacitance at low frequency was observed.
laboratory-based as well as synchrotron-based This second capacitance indicates the presence
techniques are applied for a better understanding of mobile ions.

of the detailed mechanism of the phenomena in  Finally, synchrotron-based scanning
PSCs. transmission X-ray microscopy (STXM) was
Three following themes are covered in this employed to analyze the nanoscale changes in
thesis. Firstly, MAPbI; films and solar cells the chemical composition of PSCs under an
were used as model systems for investigations electric field. By applying an electric field to
using laboratory-based and synchrotron-based perovskite film and solar cells, we observed not
characterization. Therefore, MAPbI; film based only halide migration but also changes in
on thermal evaporation was optimized by chemical structure in organic components of
varying evaporation parameters. halide perovskites. Furthermore, we proposed to
Secondly, we analyzed carrier dynamics in explain the electric field-induced degradation
PSCs under eclectric field or exposure to air mechanism in PSCs through correlation
using electrochemical impedance spectroscopy between EIS and STXM results.

(EIS). After applying electric bias, a second
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