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Abstract

Metal halide perovskite solar cells (PSCs) have been intensively developed due to their
excellent optoelectronic properties and show great development prospects. However, the
detrimental defects present in the perovskite films could trap charge carriers and act as at-
tachment sites for oxygen and water molecules to penetrate the active layer of perovskite,
compromising the final device performance and long-term operational stability. In this
thesis, several effective additives are adopted to modify the surface of the active layer
and incorporate them into the bulk of the perovskite layer, to passivate the detrimental
defects in the thin films and improve the device performance and its long-term stability.
Grazing-incidence small-angle /wide-angle X-ray scattering (GISAXS/GIWAXS) are used
as important characterization methods to investigate the effect of additives on perovskite
grain orientation and its film morphology and to observe the variation in perovskite crystal
structure and crystal morphology of perovskite solar cells under operational conditions.
This thesis investigates the relationship between grain orientation and charge carrier dy-
namics in thin films and dissects the degradation mechanisms of PSCs based on different
grain orientations under operational conditions, which could provide insights for achieving
higher efficiency and stability of PSCs.

Zusammenfassung

Metallhalogenid-Perowskit-Solarzellen wurden aufgrund ihrer hervorragenden optoelek-
tronischen FEigenschaften intensiv entwickelt und weisen grofie Entwicklungsperspek-
tiven auf. Die in den Perowskitfilmen vorhandenen schadlichen Defekte konnten jedoch
Ladungstréiger einfangen und als Anlagerungsstellen fiir Sauerstoff- und Wassermolekiile
dienen, um in die aktive Perowskitschicht einzudringen, wodurch die endgiiltige Leistung
und die langfristige Betriebsstabilitit beeintrachtigt werden. In dieser Dissertation wer-
den mehrere wirksame Additive verwendet, um die Oberfliche der aktiven Schicht zu
modifizieren und sie in das volumen der Perowskitschicht einzubauen, um die schadlichen
Defekte in den Diinnschichten zu passivieren und die Leistung und ihre Langzeitsta-
bilitat zu verbessern. Kleinwinkel-/Weitwinkel-Rontgenstreuung unter streifendem Einfall
(GISAXS/GIWAXS) werden als wichtige Charakterisierungsmethoden verwendet, um die
Wirkung von Additiven auf die Perowskit-Kornorientierung und seine Filmmorphologie
zu untersuchen und die Variation der Perowskit-Kristallstruktur und Kristallmorpholo-

gie von Perowskit-Solarzellen unter Betriebsbedingungen zu beobachten, indem GIWAXS



und GISAXS in-situ genutzt werden. Diese Arbeit zielt darauf ab, die Beziehung zwischen
Kornorientierung und Ladungstrigerdynamik in diinnen Filmen zu untersuchen und den
Degradationsmechanismus von PSCs basierend auf unterschiedlichen Kornorientierungen
unter Betriebsbedingungen zu analysieren, was einige einfache Erkenntnisse fiir das Erre-

ichen einer hoheren Effizienz und Stabilitat von PSCs liefern konnte.
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1 Introduction

Global energy shortage has always been a key and hot topic of great concern to all sectors
of society. As human beings made great achievements and significant leaps in social,
economic, and technology, the ensuing global energy crisis and environmental pollution
problem have gradually come into the limelight and triggered intense discussions. On the
one hand, non-renewable energy sources such as natural gas, crude oil, and coal are being
exhausted and global storage is shrinking, which is difficult to meet the future needs of
the sustainable development of global human beings. Moreover, the use of these non-
renewable energy sources causes serious environmental pollution. The massive emission
of greenhouse gases has caused climate change, melting glaciers, and threatening animals
living in the Arctic and Antarctic. On the other hand, soaring energy prices have put a
lot of pressure on the daily lives of people, it is difficult for people with meager incomes
to pay record-high energy fees. In addition, while the smart life brings convenience to
people’s lives, it also invariably increases their dependence on electricity. The high energy

price will undoubtedly cause inconvenience in their daily life.

Developing clean and renewable energy sources to gradually replace the consumption
of non-renewable energy has become an important strategy to promote the adjustment
of the energy structure and cope with climate deterioration. Common renewable energy
such as hydroelectricity, wind power, solar energy, bioenergy (biogas), geothermal energy,
etc., have attracted the attention of many countries and are being vigorously developed
according to geographical locations and environmental conditions. Among them, wind
power and solar photovoltaic power generation are developing rapidly and are being com-
mercialized on a large scale. These renewable energy sources have a higher replenishment
rate than consumption rate and produce less pollution to the environment. Therefore,
the development and utilization of renewable energy are gaining increasing attention in

many countries, especially from these countries that are facing energy shortages.

Solar photovoltaics is to use the photovoltaic effect of semiconductor materials to con-
vert light into electricity. [1] When photos impinge on metals or semiconductors, the
electrons absorb energy and are released from the surface of the metal or semiconductor.

These electrons are attracted towards positively charged plate and produce photoelectric
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current. In 1954, the Bell Laboratory in the United States fabricated monocrystalline

silicon solar cells and achieved a photoelectric conversion efficiency (PCE) of 6 %. [2]

In recent years, with the continuous exploration in the field of solar cells. The efficiency
of solar cells has achieved a tremendous development. According to the composition of

materials, solar cells can be mainly classified into the following categories:

The first-generation silicon-based solar cells, mainly refer to solar cells with monocrys-
talline silicon, polycrystalline silicon, and amorphous silicon as light-absorbing. They are
the solar cells with the most mature technology and have relative high-efficiency conver-
sion at present. The efficiency reported by the laboratory is over 26 % and has been
commercialized. [3,4] The high efficiency of silicon-based solar cells relies on high-purity
silicon materials, which are expensive. At present, with the continuous improvement in

processing technology, the manufacturing cost decreases a lot.

The second-generation multi-compound thin film solar cells, mainly include gallium
arsenide (GaAs), indium phosphide (InP), copper indium gallium selenide (CIGS), and
cadmium telluride (CdTe) solar cells. [5] These cells have high photoelectric conversion
efficiency, stable device performance, and thin light-absorbing layer, which greatly re-
duce the consumption of raw materials. The active layers of most multi-compound thin
film solar cells contain some rare elements and heavy metals, which limit the large-scale

production and commercial application. [5-7]

The third-generation is the new type of solar cells, mainly including perovskite solar
cells, dye-sensitized solar cells, organic solar cells, quantum dot solar cells, etc. This type
of solar cells has abundant raw material storage, low materials and fabrication costs, high
power conversion efficiency, and could achieve flexible solar cell manufacturing. Among
these new types of solar cells, perovskite solar cells exhibit excellent optoelectronic proper-
ties, such as long charge carrier diffusion length, tunable band gap, high light absorption
coefficient, as well as can be fabricated into the single-junction and multi-junction so-
lar cell architecture, which show huge development prospects and are considered as the
most promising solar cells. At present, the highest efficiency of single-junction cells re-
ported in the laboratory is 25.7 %, [8] which is gradually approach the highest efficiency

of silicon-based cells. [3]

PSCs are a class of solar cells that use metal halide perovskite materials as the light-
absorbing layer. In 2009, it was used as a sensitizer in dye-sensitized solar cells and
achieved a power conversion efficiency (PCE) of 3.8 %. [3] In 2011, Park et al. prepared
CH3NH;3Pbl; into 2-3 nm nanocrystals and used it in dye-sensitized cells, achieving a PCE
of 6.5 %. [9] In 2012, Kim et al. introduced solid-state hole transport material (Spiro-
OMeTAD) into PSCs and prepared the first all-solid-state perovskite solar cell with a



PCE of 9.7 %. [10] In 2013, Gratzel et al. adopted a two-step deposition method to
prepare perovskite thin films and achieved a PCE of more than 15 %. [11] In 2014, Yang
et al. improved the PCE to 19.3 % by using Y to modify the TiO, surface. [12] In 2017,
Seok et al, introduced additional iodide ions into the organic cation solution to form the
perovskite layers through an intramolecular exchanging process, and achieved a certified
PCE of 22.1 % in small cells and 19.7 % in 1-square-centimeter cells. [13] With the deep
research of perovskite solar cells, the highest certified efficiency reported by perovskite
solar cells is as high as 25.7 % today. [§]

The rapid development achieved in perovskite solar cells shows great development
prospects and commercial value. But the perovskite materials are unstable and easily
degrade by chemical reaction or ions diffusion between functional layers when exposed to
moisture, oxygen, and heat conditions. [14-16] Moreover, it still has a distance to achieve
the theoretical efficiency. In the future development, the research of PSCs mainly focuses
on achieving high-efficiency approaches to the Schockley-Queisser limit, [17] achieving
large-scale commercial applications, and improving the long-term stability of perovskite
solar cells operated under ambient conditions. At present, many effective methods, such as
tuning the perovskite component and modifying the interface of the charge blocking layer
or perovskite active layer, designing and developing new film formation methods, as well
as optimizing the film morphology, [18-20] have been devoted and achieved remarkable

achievements in device efficiency and stability.

In addition to the above-mentioned approaches to optimize device stability, a more
in-depth understanding of the degradation mechanism is also important. Tracking the
crystal structure and film morphology evolution of device under operating conditions is
crucial to the exploration of degradation mechanism, which could provide new insights
for adopting appropriate and effective measures to improve device stability. Additionally,
the intrinsic link between the crystal orientation and the charge carrier kinetics is also

needs to paid attention to achieve better photovoltaic device performance.

The main goals of the present thesis is to address the improvement of methylammo-
nium lead iodide (MAPDI3, denoted as MAPI)-based device stability, the regulation of
crystallization behavior and crystal orientation during film formation, and the tracking of
the crytsal structure and film morphology evolution occurring on the PSCs under operat-
ing conditions. In this thesis, Chapter 2 introduces the theoretical background, including
the crystal structure of perovskite, the working principles and parameter characterization
of perovskite solar cells, the stability of perovskite materials, and the basic principles of
X-ray scattering methods used to study the perovskite thin film structure. Chapter 3

introduces some characterization methods used in this thesis. Chapter 4 introduces the
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preparation methods of perovskite thin films and the corresponding devices involved in

this thesis. Followed by the research results discussed in chapter 5 to chapter 7.

The degradation of the perovskite component starts from the up to the bottom of the
active layer, so the resistance of the upper interface to ambient conditions is crucial to the
stability of the PSCs. Moreover, the interface recombination and charge carrier transport
losses occurring at the interface also effect the charge carrier extraction efficiency, thus
impair the device performance of the perovskite solar cells. Therefore, in chapter 5, an an-
ionic surfactant, sodium dodecylbenzene sulfonate (SDBS), is used to optimize the upper
interface of MAPI. The SDBS located at grain boundaries and the surface of the active
layer can passivate un-coordinated lead ions, stabilize the cubic phase of the perovskite

film, as well as protect the perovskite components from water-induced degradation.

In addition to the grain boundaries and the defects at the interface that could cause
charge carrier loss, the crystal orientation of perovskite crystal is also correlated to the
charge carrier kinetics of polycrystalline materials, which will affect the photocarrier trans-
port across the absorber and relative interface, as well as the subsequent photovoltaic
performance of PSCs. [20] Then, in chapter 6, the relationship between the crystal orien-
tation distribution and the charge carrier dynamics in the device is explored by construct-
ing CsBr-doped mixed-cation perovskite phases. By GIWAXS measurements, the crystal
orientation is studied. It shows that the introduction of CsBr modulate the crystal orien-
tation distribution of perovskite crystal during crystallization, and affect the extraction

and transport properties of photogenerated charge carriers.

As mentioned above, the inhibition of perovksite degradation is essential to its stability
and commercial application. Tracking the crystal structure and morphology variation of
perovskite films under operating conditions is meaningful and could provide new insights
into the degradation mechanism. In chapter 7, GISAXS and GIWAXS are used to in-
vestigate the effects of ionic liquids on the crystallization behavior of thin films from a
microscopic perspective, and track the changes in crystal structure and morphology of
ionic liquid-containing devices under operation. Additionally, the stability of PSCs under

different conditions is also explored.

The final chapter 8 summarize the major findings of this thesis and gives a brief outlook

for further studies.



2 Theoretical Background

This chapter introduces the theoretical background of materials, devices, and characteri-
zations conducted in this thesis, mainly including the crystal structure of the perovskite,
the working principle of the perovskite solar cells, parameter characterization of perovskite

solar cells, stability of perovskite materials and X-ray scattering.

2.1 The perovskite crystal structure

The ideal perovskite crystal formula is ABXj3, which is generally a cubic or octahedral

structure, as shown in the Figure 2.1.

E
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Figure 2.1: Crystal structure of cubic perovskite with molecular formula ABX3

In PSCs, the A ions usually refer to organic amine cations or alkali metal ions, such as
CH3NH3;" (MAT) (R4 = 0.180 nm), NH,CH=NH," (FAT)(R4 = 0.230 nm) and Cs*. B
ions refer to divalent metal cations, mainly Pb?* (Rp = 0.119 nm) and Sn*" (Rz = 0.110
nm). X ions are halogen anions, namely I~ (Rx = 0.220 nm), CI~ (Rx = 0.181 nm), and
Br~ (Rx = 0.196 nm). The ABXj structure can be approximately regarded as the result

5
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of close packing. In the cubic close packing arrangement, A and X are arranged according
to the cubic close packing. In the crystal structure of perovskite, B ions are located at
the center of the octahedron and coordinate with X ions to form [BXg] octahedrons with
a coordination number of 6. X ions are located at the 6 vertices of the octahedron with
a coordination number of 2, and there are two B ions adjacent to it. Ions fill the center
of the voids between the octahedra, surrounded by 12 X ions to form a coordination

cuboctahedron [AX;s] with a coordination number of 12.

Adjacent octahedrons form an extended spatial three-dimensional network structure
through common vertices. Therefore, such classic perovskite materials are also called
three-dimensional perovskite materials. For perovskite materials, the tolerance factor ¢
and the octahedral factor p are the important parameters to evaluate whether it maintains
a stable ABXj3 structure

Ri+ Rx Rp
f— p=B 2.1
\/ﬁ(RB—i-RX) K RX ( )

where R 4, Rp, and Rx refer to the radii of A ion, B ion, and X ion, respectively. Usually,
when 0.81<t<1.11 and 0.44< pu <0.90, the ABX3 compound is a perovskite structure. [21]
The greater the gap between ¢ and 1, the greater the lattice distortion, and the crystal
gradually becomes tetragonal or even orthorhombic. [22,23] When ¢=1, the crystal is a
cubic lattice with the highest symmetry (« phase). When ¢ is between 0.89 and 1.00,
the lattice is a rhombohedral structure (trigonal system). when t <0.96, the symmetry
changes to an orthorhombic structure. [24] Additionally, under external conditions such as
temperature, electric field, and pressure, the perovskite materials also undergo transitions
in the crystal structure. Generally, as the temperature decreases, the crystal structure
will change to a low-symmetry crystal form. When temperatures are below 165 K, the
perovskite structure is an orthorhombic phase. When the temperature is between 165 K
and 327 K, the perovskite exhibits a tetragonal phase. When the temperature is increased
to 327 K, the disorder of the molecules increases, and the perovskite exhibits a cubic phase
. [22,23] Besides, organic-inorganic hybrid perovskites are also common and widely used
perovskite components, which combine the respective advantages of organic and inorganic

materials.

2.2 The working principle of perovskite solar cells

Perovskite solar cells are composed of electrodes, charge-blocking layers, and the per-

ovskite active layer. The working principle is shown in Figure 2.2. [25]



2.2. The working principle of perovskite solar cells 7

hv

e

[T
wo)
-

QIYSA0IDJ

OlI
TdH

OpOIOIH

+

)r
h

Figure 2.2: Schematic diagram of the working principle of perovskite solar cells

Under light, perovskite material absorbs photons and generates excitons, that is, a
pair of electron and hole which are attracted through electrostatic interactions to form
a bound state. Due to the low exciton binding energy of perovskite materials, under
operating conditions of perovskite solar cells, most excitons generated in the photoactive
layer are separated into free charge carriers: electrons and holes. [26] Due to the quasi-
Fermi energy level being different in the p-n junction, grain boundaries, and semiconductor
interface, a built-in electric field is created. The generated electrons and holes will drift
in opposite directions under the effect of the built-in electric field. [26] These free charge
carriers are transported through the perovskite active layer and into the charge blocking
layer: electron blocking layer(ETL) and hole blocking layer (HBL). The extracted charge
carriers are further collected by the corresponding electrodes. [27] It is the energy gradient
between the materials inside the device and the built-in electric field that ensure the
electrons and holes follow their respective transport paths to the external circuit, thus
creating a potential difference between the two electrodes and subsequently forming a
photocurrent. [26,27]

During the operation of perovskite solar cells, in addition to the generation and trans-
port of the charge carriers, charge carrier recombination also occurred in the bulk and on

the interface of perovskite materials.
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The charge carriers recombination process that occurs in the perovskite layer is mainly
divided into monomolecular recombination, bimolecular recombination, and Auger recom-

bination according to the kinetics characteristics. [26, 28]

dn
dt

where n refers to photogenerated charge carrier concentration, ki, k,, and k, refers to

= —/ﬁn - k2n2 — k3n3 (22)

the rate constant of monomolecular recombination, bimolecular recombination, and Auger
recombination, respectively. Monomolecular recombination is the most dominant form of
charge carrier recombination in perovskite materials, and usually refers to trap-assisted
recombination. [29] That is, the trap in the material captures free carriers and releases
energy through crystal vibration and other ways, mostly belonging to non-radiative re-
combination. Although most of the trap energy levels in perovskite materials are located
near the conduction band minimum or valence band maximum. [30] But there are also
some traps with deeper energy levels that become trap states for trapping charge carriers.
Their energy level depth, density, distribution, capture cross-section, and so on, affect the
rate of single-molecule recombination. [31] Therefore, improving the perovskite prepara-
tion method is important to reduce the effect of trap states and inhibit the occurrence of

monomolecular recombination.

Bimolecular recombination is a recombination process that occurs between free elec-
trons and holes and releases the energy via radiative transition, so it belongs to radiative
recombination. [32] In general, the rate of bimolecular recombination is much smaller
than that of monomolecular recombination, and its rate constant does not depend on the

preparation method of perovskite materials. [31]

Auger recombination refers to the process in which the energy released by electron-
hole recombination is absorbed by another electron, and generally has little influence on

perovskite solar cells under standard lighting conditions and can be ignored. [28]

The charge carrier recombination that occurs at the interface mainly includes the re-
combination on the perovskite grain boundary and the interface between the perovskite
and the charge blocking layer. [33] In some cases, if the perovskite thin film coverage is
poor, the HBL and the EBL could contact each other and occur recombination. Addi-
tionally, many defects exist on the perovskite surface, grain boundaries, and the interface
between the perovskite and charge blocking layer, and acted as trap centers to induce

charge carrier recombination, thus negatively affecting the device performance. [34]

Therefore, the preparation of high-quality perovskite films, passivation of grain bound-
aries and surface defects, and selection of better charge blocking layers are important to

improve device performance.
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2.3 Parameter characterization of perovskite solar cells

The performance of perovskite solar cells is usually characterized by the current density-
voltage (J-V) curve under light conditions. It is obtained by applying a continuously
varying external bias voltage to the solar cell and recording the current density at different

bias voltages. A typical J-V curve is shown in Figure 2.3.

JSC

{}I‘E\ Pmax
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Figure 2.3: Current density-voltage curves and performance parameters of perovskite solar cells

When measured under dark conditions, the J-V curves are called dark current curve,
which reflects the rectification characteristics of the solar cell as a diode. When measured
under light conditions, the commonly used light conditions are AM 1.5 G simulated sun-
light, the curve is the current density-voltage curve of the solar cell in the light field. For
evaluating the device performance of the perovskite solar cells on the J-V curve, there are
four main parameters: short-circuit current (J/g¢), open-circuit voltage ( Vo), fill factor
(FF), and PCE.

Jsc, under light conditions and no external bias voltage applied, the device is in a
short-circuit state. The current density through the cell is called short-circuit current
density. The main factors that affect the Jgo are the band gap of the perovskite material
(the range of light absorption wavelengths), the thickness of the perovskite layer (the
degree of light absorption), and the charge transport properties of the material itself.

Voe, under light conditions, when the current through the device is zero, the device
is in an open-circuit state. The voltage across the cell is called open-circuit voltage. The
open-circuit voltage is mainly determined by the band gap of the perovskite material. In
addition, the potential barrier between the charge blocking layer and the perovskite layer,

as well as the charge carrier recombination occurring in the device, could also affect the

Voc.
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FF, is the ratio of the maximum output power (P,,..) per unit area of the cell to the
product of the open-circuit voltage and the short-circuit current density. The fill factor is
mainly affected by the series resistance (the inverse of the slope of the curve at the Voo
point) and the parallel resistance (the inverse of the slope of the curve at the Jg¢ point)
in the solar cell. When the series resistance decreases or the parallel resistance increases,

the FF increases.

_ ImpVop

FF =
JscVoc

(2.3)

PCE, is the ratio of the maximum output power (P,,..) per unit area of the device to
the incident light irradiance P;,. PCE is the most intuitive parameter to evaluate the

performance of perovskite solar cells.

Pma:c Jm Vm JscVoc F'F
_ p P _ sCcvVocC (24)

PCE =
¢ P P b

In addition to J-V curves, incident photon-to-charge carrier efficiency IPCE is another
important parameter characterizing device performance, defined as the ratio of the number
of electrons generated by incident light irradiation on the device to the number of incident

photons, which is calculated as follows

N, J(mA/em?) 1240
IPCE = —1 = 1 2.
¢ N, 00% Py, (mW/em?) X(nm) 00% (2:5)

where N, is the number of collected electrons, N, is the number of incident photons, and

A is the wavelength of incident light.

IPCE reflects the utilization of devices for lights with different wavelengths and their
charge carrier transfer properties. By integrating the IPCE data at different wavelengths,

the short-circuit current density of the device can be obtained.

A
Jso = —q /A " IPCE(A)®, 0d) (2.6)
1

where ¢ is the fundamental charge, ®,, 5 is the photon flux corresponding to the wave-

length.

The short-circuit current density obtained by integration can evaluate the reliability of
the short-circuit current density derived from J-V curves. The closer the two values are,

the more reliable the short-circuit current density obtained from J-V is.
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2.4 Stability of perovskite materials

When the hybrid perovskite materials are exposed to high temperature or humidity con-
ditions, their lattice is easily destroyed, leading to the decomposition of the perovskite
material. Because perovskite materials are sensitive to temperature and humidity, ther-
mal stability and humidity stability are the key factors that determine whether hybrid

perovskite materials can be commercialized as solar cells.

2.4.1 Thermal stability of perovskite materials

As stated in Section 2.1, the tolerance factor ¢ is an important factor that can be used to
initially judge whether the perovskite structure is stable or not. When the ¢ value is in
the range of 0.78 to 1.05, a stable perovskite structure can be formed. [35] The ¢ can be
adjusted by replacing or introducing atoms with different radii to obtain a more stable
crystal structure, with a consequent impact on its stability in the environment. The work

lists the phase transition temperature of some perovskite crystals. [23]

When the organic cation A in perovskite structure is replaced by inorganic cations
such as Cs' and Rb™, the thermal stability of the perovskite materials could be greatly
improved. Unlike CH3NH3Pbl; that suffers from significant change in morphology, elec-
trical conductivity and chemical composition after exposed to air or nitrogen conditions
at 85°C for 24 h, [36] CsPbl; does not form a perovskite structure (an orthorhombic
crystal system) at room temperature. But when the temperature is increased to 634 K,
the orthorhombic CsPbl; undergoes a phase transition and transforms into a cubic per-
ovskite structure. [37] The element Rb, which is homologous to Cs, also be introduced
into the perovskite structure to form a stable cubic crystal of perovskite RbPblz at high
temperatures. This indicates that all-inorganic perovskite materials can withstand higher

temperatures than organic-inorganic hybrid perovskite materials.

Another effective way is to replace MA ion with another organic cation formamidine
ion (HN=CH(NH;)*). FAPbI3-based devices show higher thermal stability compared to
CH3NH3PblIs-based devices. Snaith et al. placed the FAPbl; and CH3NH3Pbl; films
at 150°C for 60 min, the CH3NH3Pbl3 film degraded into yellow Pbl, while FAPbI3
retained its previous dark color, showing better thermal stability. [38] Docampo et al.
performed the thermal decomposition test of perovskite containing different A cations
and showed that the thermal decomposition temperature of perovskite containing FA
was over 50 °C higher than that of perovskite containing MA. [39] Thus, the use of
FA-based perovskite with higher thermal decomposition temperature is helpful for the

thermal stability improvement of the perovskite solar cells.
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2.4.2 Humidity Stability of Perovskite Materials

Wang et al. systematically investigated the effect of water vapor on the perovskite material
CH3NH3Pbl;3 and reported the degradation mechanism of the perovskite material. [40,41]
Under humidity conditions, the water vapor dissolves the perovskite, the CHsNH3™ cation
is deprotonated by HyO to generate CH3NH;3lI, a mixture of CH3NH, and HI. HI, on the
one hand, can react with O to generate HoO and I;. On the other hand, HI itself is
unstable and easily decomposed to Hy and I,. Therefore, once the water vapor is absorbed
by CH3NH;3Pbl3, the subsequent decomposition reaction will proceed spontaneously, the

corresponding chemical reaction equation is shown below

CH,;NH,Pbl, (s)==Pbl, (s) +CH;NH,I(aq) . (la)
CH NH;I(aq)==CH;NH. (aq) + HI(aq) , (1b)
HICag) + 0, (g)==2L,+2H,0D, (1c)
2HICaq)==2H,(g) +1,(s). (1d)

Figure 2.4: Chemical reaction equation under moisture condition. [41]

where s stands for solid state, aq stands for aqueous solution, 1 stands for the liquid

state, and g stands for the gas state.

From the above decomposition reaction equation, it is clear that besides H,O, O and
UV light are also important influencing factors for the decomposition of perovskite. They
indicated that there are two pathways for HI decomposition: (1) reaction with O, see
Figure 2.4c. (2) decomposition under the UV light, see Figure 2.4d. The consumption of

HI accelerates the whole decomposition reaction.

To improve the stability of the perovskite material to moisture, two-dimensional mate-
rials with large groups are widely used in perovskite components. Sargent’s group studied
the effect of incorporating long organic chains into three-dimensional perovskites through
density functional theory and found that in addition to the hydrophobic effect of long or-
ganic chains, it can also constrain organic ions and [PbIg]®~ octahedrons. [42] However, the
doped organic long-chain molecules form a low-dimensional layered perovskite structure
with low carrier mobility, resulting in difficulty in interlayer carrier migration. Therefore,

devices based on two-dimensional perovskite materials exhibit lower efficiency. [43]
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The degradation of perovskite materials starts from the upper interface, so the dimen-
sionality reduction treatment of the upper interface is regarded as an effective method to
treat to improve the charge carrier mobility. You et al. used PEAI organic molecules to
form a thin two-dimensional perovskite layer between the perovskite layer and the charge

blocking layer, which greatly increases the efficiency and stability of the device. [44]

As stated in the 2.4.1 section, compared with MA-based perovskite, FA-based per-
ovskite has an advantage in terms of thermal stability, but its moisture stability is at a
disadvantage. [45] FAPbI3 has two crystal structures according to the processing temper-
ature: the yellow hexagonal crystal structure (§) without photosensitivity and the black
trigonal crystal structure («) with photosensitivity. The black a-type FAPbI; can be
transformed from the yellow d-type FAPDI; at a temperature of 160°C or higher. Bein et
al. prepared stable a-type FAPbI; by doping a small amount of CH3NH3" in FA-based
perovskite materials at a lower temperature. [46] Park et al. incorporated 10 % Cs™
into FAPDbI; to form FA(¢Csg1Pbls through the Lewis alkalinity of Pbly, which greatly
improve the humidity stability of the device. [47]

For the halogen X in the perovskite structure, the introduction of Br~ ions could im-
proves the Voo and the sensitivity of perovskite materials to humidity. [48-50] with
the increase of Br™ content with smaller radius, the crystal structure changes from the
three-dimensional distorted structure of CH3NH3Pbl3 to the regular cubic structure of
CH3NH3PbBr3. The compact stacking of the perovskite structure prevents the degrada-

tion of perovskite materials. [48-50]

By tuning the composition of perovskite materials to obtain perovskite materials with
different structures, the thermal and humidity stability of perovskite materials could be

improved without affecting the device efficiency.

2.5 X-ray investigation methods

X-rays are a powerful tool to investigate the crystal structure and crytsal morphology of
perovskite films. In this thesis, X-ray diffraction (XRD) and GIWAXS are used for the
analysis of the crytsal structure and GISAXS is used for the crytsal morphology. A brief
introduction to the theoretical background and analysis of XRD is presented in Section
2.5.1, followed by a short introduction to GIWAXS and GISAXS in Section 2.5.2 and
2.5.3, respectively.
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2.5.1 X-ray diffraction

The crystal can be regarded as composed of parallel atomic planes, and the diffraction
rays of the crystal should also be superimposed by the diffraction rays of the atomic
planes. X-rays can be irradiated not only to the crystal surface but also to a series of
parallel atomic planes within the crystal. If the phase difference between the reflection
rays of two adjacent crystal planes is an integer multiple of 27 (or the wave path difference
is an integer multiple of the wavelength), the reflection rays of all parallel crystal planes
can be uniformly strengthened, thereby obtaining diffraction in this direction. As shown
in Figure 2.5, after the incident ray [LM] is irradiated to the [AA] crystal plane, the
reflection ray is [MN]. Another parallel incident ray [L;Ms] is irradiated to the adjacent
crystal plane [BB], the reflection ray is [MsNy]. The wave path difference between the
two X-rays reaching at [NNj] is

‘ix\

Figure 2.5: Schematic illustration of the Bragg equation

If the lattice spacing of the crystal structure is d, it can be gained from Figure 2.5

0 =dsinf +dsinf = 2dsiné (2.8)

If the wavelength of the scattered (incident) X-rays is A, then the condition for the

mutual reinforcement of scattered rays in this direction is

2dsin @ = nA (2.9)
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In the Bragg equation, # is the angle between the incident ray (or reflected ray) and the
crystal plane, which is also called the Bragg angle. The angle between the incident ray
and the diffracted ray is 26, which is called the diffraction angle. The order of reflection

is an integer n.

X-ray diffraction analysis is based on the crystal structure. Substances with different
crystal structures have specific structural parameters, including lattice type, unit cell size,
number of atoms (ions or molecules) in the cell and their positions. These parameters are
reflected in the X-ray diffraction patterns, so each crystal provides a unique scattering
pattern. Therefore, the materials and their respective crystal structure can be identified

from the features such as the number of diffraction peaks, peak position, and intensity.

Additionally, the broadening degree of the diffraction spectra of X-rays is related to the
coherence length of lattice plane or the size of the crystal grain. The smaller the grain, the
more diffuse and broadened the diffraction rays will become. One Debye-Scherrer formula,
which describes the relationship between grain size and the full-width half maximum of

a diffraction peak, is
KA\

- Bcos6

(2.10)

where K is the Scherrer constant, B is the full width half maximum (FWHM) of the
diffraction peak, and typically K is 0.89. 6 is the Bragg diffraction angle, A is the X-ray

wavelength, and D is the average thickness of grains perpendicular to the crystal plane.

2.5.2 Grazing incidence small-angle X-ray scattering

GISAXS can be understood as small angle X-ray scattering (SAXS) in grazing incidence
geometry. Unlike the transmission geometry applied in SAXS, the X-ray beam impinges
onto the sample surface at a very shallow incident angle o;. Typical values for this incident
angle are ; < 1° (measured with respect to the sample surface). The scattering intensity
is probed with a two-dimensional detector as a function of the exit angle a; and out-of-
plane angle ¥ with respect to the sample plane. Figure 2.6 shows a simple schematic of the
scattering geometry, [51] the film surface defines the (x, y) plane and the scattering plane
is defined by the (x, z) plane. The x-axis is oriented along the X-ray beam direction, the
y-axis is parallel to the sample surface and the z-axis is along the surface normal. When
the wavelength \ is selected, for monochromatic X-rays with a wavevector k?; and a wave

number kg = 27“ being scattered along the k} direction, the scattering vector ¢ is given by
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Gz cos (ay) cos () — cos (a;)

L 2w 2 .

7= |w| = cos (ay) sin () (2.11)
q. sin (ary) + sin (o)

Figure 2.6: Sketch of the scattering geometry used in GISAXS or GIWAXS. The sample surface

is placed in the (x, y) plane, inclined by an incident angle «; with respect to the horizon. The
exit angle is denoted oy and the out-of plane angle 1. The color coding visualizes differences
in the scattered intensity. Typical sample-detector distances for GIWAXS and GISAXS are given

as example. [51]

Integration about lateral structures of the perovskite films is given by the components
ge and qg,. Due to q, < g, in GISAXS mainly the g, dependence is used for analysis and
the q, is neglected.

For X-rays, the refractive index n is smaller than 1 and represented as

n=1-6)+iB(\) (2.12)
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With the dispersion part for X-rays

e SO
L R T (2.13)
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With the absorption part for X-rays
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where e is the elementary charge, A is the wavelength, m_ is the electron rest mas, m, is
the speed of light, €y is the permittivity constant, p is the mass density, M, is the atomic
weigh, f" and f” are the dispersion corrections. fé“ can be approximated by the number
of electrons Z;. The summation is used for all atoms k of a small molecule of the material

under investigation.

When the incident angles is smaller than the critical angle .., the total external reflec-

tion of the impinging beam occurs.

LD
e V20 = A & (2.15)

T
The critical angle . depends on the material and the incident angle is typically smaller

than one degree and in the range of the critical angle of the study material. By adjusting
the incident angle «;, the near-surface structure and the inner structure of the film can
be distinguished. When the incident angle o;; < a, the penetration depth of the X-ray
beam is limited to a few nanometers and achieves high surface sensitivity. For a; > «,
the X-ray beam has a large penetration depth and can probe structures within the entire
depth of the film. [51]

The diffuse scattering is analyzed within the framework of the distorted-wave Born
approximation (DWBA), using the so-called effective interface approximation (EIA) for

the analysis of horizontal line cuts (with respect to the sample surface).

For «; > «a,. and with a constant (., the diffuse scattering intensity in the DWBA
simplifies for an EIA and the differential cross-section j—g for diffuse scattering is given by

do  An?

g = =) (T3 | T51” Paig (@) < Paigs () (2.16)

where A refers to the illuminated surface area, A refers to the wavelength, n refers to the
refractive index, T; and Ty refer to the Fresnel transmission coefficients for the incident

and exiting beam, respectively, and Py;rr(q) refers to the diffuse scattering factor which

contains the morphological information.
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Through using a form factor F(¢) of the individual scattering domains and a structure
factor S(¢) of the domain assembly, the modeling of the diffuse scattering factor can be

simplified as

Paiss(@) o< N |F(@I* S(@) (2.17)

where N is the number of identical and centro-symmetrical scattering objects with a
random orientation under the illuminated area. The selection of the form factors depends
on the type of scattering objects. Cylinders and spheres are the most common ones. The

structure factor is related to the spatial arrangement of the scattering objects.

In the modeling of the form factor contribution, the shape and the polydispersity, as
well as the size distribution need to be considered. The polydispersity is approximated
in the so-called decoupling approximation (DA), the local monodisperse approximation

(LMA), or the size-spacing correlation approximation (SSCA). [52]

In the DA, all correlations were neglected, and thus the type of the scattering objects
and their positions are uncorrelated, which typically applies to small polydispersities. [53]
In the LMA, neighboring objects are assumed to have the same shape and size, the
scattering weight of each particle is replaced by its mean value over the size distribution.
The scattering intensities from monodisperse subsystems are summed up incoherently
and weighted by the size—shape probabilities. The LMA requires that the modeled layers
consist of monodisperse domains. For large values of the scattering vector, the LMA is
asymptotically equal to the DA. Therefore, the differences from DA typically show that
the values of the scattering vector are smaller than the position of the particle correlation
peak. [54]

In LMA, cross-coupling between different substructures is not included. Therefore,

within the LMA, the diffuse scattering factor is proportional to

Paisy(q) o Zk:Nk F(@)” Sk(@) (2.18)

SSCA accounts for the correlation between particles, that is, size-dispersed particles
are aligned along a chain. [52,55] Such an introduction of partial correlation between
the adjacent particle sizes and their distance may be important for nanostructured films
with densely packed objects. It strongly modifies the shape of the diffuse scattering. In
particular, the q, position of the maximum in the scattered intensity is no longer simply
related to the mean particle separation D as expected in the DA or LMA approximation.
In contrast, in the SSCA| the correlation peak position decreases upon an increase in the

coupling parameter. [53]
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2.5.3 Grazing Incidence Wide Angle X-Ray Scattering

GIWAXS can be understood as the extension of GISAXS to the wide-angle region. Briefly,
switching from GISAXS to GIWAXS could be completed by changing the sample-detector
distance (SDD) from several meters to several centimeters to obtain a larger angular
range on the 2D area detector. Therefore, each pixel on the detector collects intensity
from a wider range of angles, which turns into more signal, but this also results in more
background in each pixel. If not blocked by the beamstop, the original GISAXS is visible
in the center of the reciprocal space. Similar to GISAXS, in GIWAXS measurements,
different information can be accessed by tuning the ratio between the incident angle «;

and critical angle a, for an active layer on solid support [51]

When «; <a.(active layer): Obtaining the information about the crystal structure of

the surface-near region of the active layer.

When «, (active layer) <a;<a, (solid support): Obtaining the information about crys-

tal structure in the entire active layer.

When a, (solid support) <a;: Obtaining the information about crystalline structures

in the active layer and of the solid support.

In the analysis of GIWAXS data, the scattering signal is consisting of Debye diffraction
cones for each Bragg angle 26, which provide information about the crystal structure and
crystal orientation with respect to the substrate surface normal of the active layer. The
crystal orientation is characterized by the azimuthal angle y to the normal component q,

of the scattering vector and has four common GIWAXS pattern. [51]

For a highly crystalline film with a crystal orientation parallel to the substrate surface,

the 2D detector shows pronounced Bragg peaks, as shown in Figure 2.7a.

For the film with crystal orientation parallel and perpendicular to the substrate surface,
the 2D detector shows Bragg peaks along the surface normal (vertical direction) and

horizontal direction, respectively, as shown in Figure 2.7b.

For a textured film with domains oriented with an angular distribution around the
horizontal alignment, the 2D detector shows the broaden Bragg peaks along the vertical

direction, as shown in Figure 2.7c.

For the film with randomly oriented crystallites, the 2D detector shows the Bragg peaks
smear out into Debye-Scherrer rings with homogeneous intensity distribution, as shown
in Figure 2.7d.
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Figure 2.7: Sketch of crystal lattice planes and corresponding 2D GIWAXS data in case of
(a) crystallites with vertical orientation, (b) crystallites with vertical and horizontal orientation,
(c) oriented domains with an angular distribution around the horizontal alignment and (d) full
randomly oriented crystallites. The GISAXS signal is blocked by a beam stop (black box) [51]

For the GIWAXS data representation, the momentum transfer from the reciprocal space
to the real-space coordinate system would result in a missing wedge. Consequently, the
GIWAXS data is presented in this thesis in the following ways without curvature. (1)
Plotting q, versus q,, it requires a transformation resulting in a distortion of the detector
image and missing wedge around q,=0 or x=0. (2) plotting total q = |¢] versus the
azimuthal angle y.

q, = ,/qgﬁ—q; (219)

For the GIWAXS data treatment, because the detector image is merely a distorted
version of the reciprocal crystal lattice, corrections for solid-angle, efficiency, polarization
need to be applied for complete reconstruction from raw 2D GIWAXS data into the

reciprocal-space coordinate system. [56-58]
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Solid-angle correction: Account for the measurement geometry, as the nominal pixel

area covers different solid angles with respect to the scattering center. [58]

Efficiency correction: Because of the short SDD and the wide scattering angles, several
effects need to be considered to correct the probability of scattered photos being detected
by the pixel. Photons scattered at different oblique scattering angle 26 travel through the
surrounding medium at a different distance with linear mass attenuation coefficient p .
For the measurement conducted in a vacuum, the scattered X-rays travel in the vacuum

system, no attenuation need to be considered and p,,=0. [58]

Polarization correction: The X-rays produced by synchrotron sources have a high per-
centage (usually around 98%) of horizontal (linear) polarization, which causes dipole
oscillations of the electron in the proved material in the polarization direction. Therefore,
a part of the photon’s energy is lost due to electron excitation and causes a decrease in the
scattering intensity in this direction. However, even for non-polarized beams, the dipole

emission profile has a slight effect on the scattering intensity:.

In the 2D GIWAXS data analysis, the pseudo-XRD refers to integration over all angles
theoretically resulting in a scattering pattern like powder XRD after the application of the
corrections. [58] For the extraction of crystal orientation information, azimuthal (tube)

cuts are carried out along the q position of the Debye-Scherrer ring of interest.






3 Characterization methods

The characterization of the perovskite film and the device performance of the perovskite
solar cells represent the main focus of this thesis. Various measurement techniques are
used to evaluate the properties of the perovskite films and corresponding devices, which
are closely related to the analysis of the experimental results and provide important in-
formation about the underlying working mechanism of perovskite solar cells. This section
deals with the experiment setups used for the measurement of photoelectric properties of

the perovskite films, charge carrier dynamics, as well as device performance of PSCs.

3.1 Perovskite film characterizations

3.1.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is a scanning probe technique that allows for the
surface morphology and the cross-section morphology analysis of the perovskite films.
All SEM images presented in this thesis are measured with FESEM Gemini NVision 40
instrument (Carl Zeiss GmBH, Jena, Germany) together with the software SmartSEM.
The electron source is a filed-emission gun with a tungsten filament. The electron beam
is focused on the films by magnetic and electrostatic lenses and scanned across the film
surface line by line. Through the interaction of the electron beam with the sample, which
is conductive material or with conductive material attached, the sample emits secondary
electrons and is collected by an in-lens detector. The number of counts will be translated
and represented in a 2D array as intensity, which reflects the surface morphology of
the samples. The intensity mainly depends on the material itself, beam size, and the
surface morphology, etc. Typically, materials with higher electronic conductivity are
brighter. Prominent sharp edges, small particles and relatively steep slopes that have

more secondary electron yields, appear brighter in images.

23
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The experiment is operated at a pressure of 2 x 107% mbar and an acceleration voltage
of 5 keV with working distances at around 3.2 mm. The SEM images are processed
with Image J software, and the contrast and brightness are properly adjusted for better
visibility of features. Additionally, the scale bars are added in all SEM images to clearly

and quickly know the grain sizes of the perovskite crystal.

3.1.2 Surface profilometry

A surface profilometer (DektakXT Stylus Profiler, Bruker) is a simple way to measure
the thickness of perovskite thin films. The obtained thickness values are primarily used

for calculating the trap density in SCLC and absorption coefficients in UV-vis.

After completing all other necessary measurements, the films are scratched with a sharp
tweezer and then placed at the center of the movable stage. A tip with a radius of 250 pum
is pressed on the films with a contact force of 1 mg, then the scan started across the scratch
with a scan speed of 35 um - s~! to obtain the height distribution of the film and then infer
the thickness of the film with respect to the substrate. For each sample, the measurement
would perform at multiple positions of the samples to avoid experimental error due to

potential film inhomogeneity and to improve the confidence of the measurement results.

3.1.3 Atomic force microscopy

Atomic force microscopy (AFM) uses a photodiode to detect the amplitude changes of
the interaction force between the tip and the surface atoms of the sample in the direction
perpendicular to the surface of the sample, then to obtain the information on the surface
morphology and surface roughness of the sample. There are three common measurement

modes: contact mode, non-contact mode, and tapping mode. [59]

Contact mode: During the scanning imaging process, the probe tip keeps close contact

with the sample surface, and the interaction force is the repulsive force.

Non-contact mode: When probing the sample surface, the cantilever oscillates at a
distance of 5-10 nm above the sample surface. The interaction between the tip and the
sample is controlled by van der Waals forces. Non-contact mode avoids sample damage

and tip contamination.

Tapping mode: The cantilever oscillates at its resonant frequency above the sample

surface and the tip only touches or taps the sample surface periodically. [60]
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The AFM measurements in this thesis is carried out by using an AFM instrument
(MFP-3D, Asylum Research) in tapping mode using conical-shaped tips. The scan rate
is 0.4 Hz with an integral gain of 10.

3.1.4 Ultraviolet-visible absorption spectra

Ultraviolet-visible absorption spectra (UV-vis) are measured to evaluate the optical
absorption properties of the perovskite film. The measurement is performed using
PerkinElmer Lambda 35 instrument which is equipped with two lamps as light source,
one is a deuterium lamp that provides light in the UV range of 190-326 nm, and another
one is a halogen lamp that provides light covering the visible to the near-infrared region
from 326 to 1100 nm. For each measurement, auto-zero (empty beam) is performed for
instrument calibration, and a glass or I'TO substrate is used as a reference sample. All
UV-vis measurements are conducted with a scanning speed of 280 nm/min, with the
wavelength range set from 400 to 900 nm. During the measurement, the incoming beam
is split by the beam splitter into two beams, one probes the samples and another probes
the reference samples. The ratio of the transmitted intensity through the sample and
the reference is recorded. Through the measured intensity ratios, the absorbance (A) is
calculated based on the Lambert-beer law. [61]

I;(\)
Iy(N)

where Iy(\) is the intensity of the reference beam, I;()) is the intensity of the incident

A(X) = —logyq (

) = a(\)Llog,,e (3.1)

beam after passing the sample, a()) is the absorption coefficient of the specific mate-
rial, and L is the length of light pathing through the sample (usually refer to the layer
thickness). The obtained absorbance reflects the light absorption ability of the material
at different wavelengths. Additionally, the Tauc plot can be derived from absorbance

UV-vis spectra using the Tauc equation. [62,63]

ahv = A(hv — E,)" (3.2)

where A is the constant, « is the absorption coefficient of the material, hv is the photon
energy, I, is the optical band gap, and n depends on the type of transition. Because
perovskite is direct band gap semiconductor, n:%. From the intercept of the linear
portion of the (ahv)? vs hv, the optical band gap of the perovskite film is estimated.
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3.1.5 X-ray and ultraviolet photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a method to measure the energy distribution of
photoelectrons and Auger electrons emitted from the sample surface when irradiated by X-
ray photons using an electron spectrometer. Through collecting information on the energy
and intensity of electrons excited from the material surface under incident X-rays, the
material surface is qualitatively and quantitatively analyzed. Ultraviolet photoelectron
spectroscopy (UPS) uses ultraviolet light to excite the surface of the sample, thereby
causing photoelectrons to be emitted from the sample surface, which used to analyze
the work function and valence band of conductor and semiconductor film materials. The

corresponding equation is as follows

Ek = hv — Eb - gb (33)

where Fj is the kinetic energy of the photoelectron, hv is the energy of the incident
photo, Fj is the binding energy of the electron that is calculated from the Fermi level, ¢ is

the work function that needs to be overcome for the photoelectrons to escape the surface.

XPS and UPS are all based on the Einstein Photoelectric effect. In this thesis, XPS
and UPS measurements are carried out to investigate the surface electronic properties
and valence states of SnOy and the perovskite films. For the XPS measurement, XPS
is conducted to analyze the near-surface composition using a monochromatized Al Ko
source (hv = 1486.6 €V) and a pass energy of 20 eV on a SPECS system. The spectra
are fitted using Casa XPS analysis software with Shirley background. For calculating the
surface atomic composition of the films, the peak area of the Pb 4f;,5 and I 3ds5/, peaks

is used with the corresponding atomic sensitivity factors

I I3ds/AtomicConcentration
Pb  Pb4 fr2AtomicConcentration

(3.4)

For the UPS measurement: laboratory-based UPS measurements are conducted using
the He I line at 21.22 eV from a commercial He gas discharge light source (Focus HIS
13). The photoemission spectra are collected using a SPECS Phoibos 150 hemispherical

analyzer with a pass energy of 5 V.
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3.1.6 Photoluminescence and time-resolved fluorescence

spectroscopy

Photoluminescence (PL) spectroscopy and time-resolved photoluminescence (TRPL) as
contactless optical methods are performed to probe the electronic structure and charge
carrier dynamics in the materials. [64] In PL measurement, the sample is excited by a
certain wavelength of light, then the electrons in the ground state absorb the energy and
occupy the higher energy states. Due to the excited state is unstable, the electron returns
to its equilibrium state by releasing energy. In the process of returning to the equilibrium
states, if the energy is released by emitting photons, this process is called a luminescent
transition or a radiative transition. If the excitation energy is dissipated as heat (lattice

vibration), this process is called nonradiative transition or quenching. [26,27]

The steady-state PL spectra is collected through a Horiba Jobin Yvon Fluorolog-3 FL3-
22 spectrometer with a 450W Xe lamp. The TRPL measurements are performed using
a homemade device with a white light laser (NKT SuperK Extreme EXR-20), which is
extended using an EXTEND-UV box. The perovskite film deposited on the ITO sub-
strate is excited with a 350 nm laser. The output signals are recorded using a Princeton
Instruments monochromator fiber connected to a low-noise Avalanche Photodiode from
Excelitas. The fast and slow lifetimes are obtained by fitting the decay profiles of TRPL
with bi-exponential decay functions of times, bi-exponential functions as a suitable func-
tion to mathematically describe the decay, not as a physical model. The average lifetimes

Tave Were calculated through the following equation

Tave = (A1 + Ao73 ) /(A1 + Agmy) (3.5)

where A is the amplitude fraction of each lifetime component, 7 is the decay lifetime.

3.1.7 Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) is a common ultrafast laser pump-probe tech-
nique, which uses an optical pump pulse to excite the sample to an excited state. By
adjusting the delay time and using the probe pulse to record the exciting state particles
at different delay times, the kinetic process of the transition of material molecules from
excited states to other lower energy levels or ground states can be obtained. In this thesis,

TAS is implemented to study the charge carrier kinetics in the perovskite films.
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All samples are given glass-lid encapsulation. The output of a Ti: sapphire amplifier
system (Spectra-Physics Solstice Ace) operating at 1 kHz and generating ~100 fs pulses
is used to generate the pump pulses. The 400-nm pump pulses are created by sending the
800-nm fundamental beam through a second harmonic generating (SHG) beta barium bo-
rate (BBO) crystal (Eksma Optics). The broadband white probe is provided by the Disco
(Leukos Laser, STM-2-UV) and the pump-probe decay is controlled electronically. The
white light is split into two identical beams (probe and reference) by a 50/50 beamsplitter.
The reference beam passing through the sample does not interact with the pump, which
allows for correcting for any shot-to-shot fluctuations in the probe that would otherwise
greatly increase the structured noise in the experiments. Based on this arrangement,
small signals with % ~107° could be measured. The transmitted probe and reference
pulses are collected with a silicon dual-line array detector (Hamamatsu S8381-1024Q),
spectrograph: Andor Shamrock SR-303i-B) driven and read out by a custom-built board

(Stresing Entwicklungsbiiro). Normalized TA kinetics are fit using bi-exponential decay.

t t
y = Ayexp(——) + Asexp(——) + yo (3.6)
1 2

Average lifetimes 7,,., were calculated by

Tave = <A17'12 + A27'22)/(A171 + Aymy) (3.7)

3.1.8 Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is used to identify the organic functional
groups in materials. When a beam of infrared light with a continuous wavelength passes
through the substance, the vibration or rotational frequency of one group in the molecule is
the same as the frequency of the infrared light, the molecule absorbs energy and transitions
from the original ground state vibrational (rotational) energy level to higher vibrational
(rotational) energy level. Infrared spectroscopy is an analytical method for determining
the molecular structure of substances and identifying compounds based on information

about the relative vibration between atoms within the molecule and molecular rotation.

The conditions for the generation of the infrared absorption spectrum are: (1) The
energy of the electromagnetic wave irradiated to the molecule is equal to the difference
between the two energy levels of the molecule. Then the electromagnetic wave of this
frequency could be absorbed by the molecule and cause the transition of the corresponding

energy level. The transition of two adjacent vibrational energy levels should satisfy

AFE = E(,,_H) - E(V) = hv (38)
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where hv is the photon energy.

(2) There is a coupling between infrared light and molecules, only the vibration with

the dipole moment changes causes infrared absorption.

In this thesis, FTIR measurements is used to verify the coordination between sulfonic
groups and lead ions on the perovskite surface. The FTIR measurements are carried out
at an Equinox 55 spectrometer (Bruker) with the software Opus v 6.0. Overall, 256 scans

1

(resolution = 2 cm™!) over a wavenumber range of 500-4000 cm ™! are averaged to get a

final FTIR spectra for each measurement.

3.2 Device characterization

3.2.1 J-V measurement

J-V measurements are the critical and direct technique to evaluate the photovoltaic per-
formance of solar cells. In this thesis, the J-V data is collected using a Keithley 2611B

source meter, under simulated AM 1.5 G sunlight at 100 mW cm ™2

irradiance generated
by a solar simulator (class ABA) equipped with Xenon lamp. Before measurement, the
intensity of the solar simulator is calibrated with a KGb5-filtered Si reference cell (Fraun-
hofer ISE019-2015), and the recorded intensity is used to calculate the precise power
conversion efficiency. Every device contains six gold top electrodes with a dimension of
2.5x10.0 mm? on a substrate with a size of 25x25 mm?2. The active area is defined by a
metal aperture mask (0.10 or 0.1875 ¢cm?) to avoid the high photocurrent caused by edge
effects. The J-V curves are measured with a scanning speed of 50 mV s! (integration
time of 100 ms) from forward to reverse scan ( from 1.25 V to -0.20 V and then back
from -0.20 V to 1.25 V). The cells are measured several times to reach the highest PCE

for each device.

3.2.2 Electrochemical impedance spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is to apply a small-amplitude AC exci-
tation signal to the electrochemical cell according to the sinusoidal law when the elec-
trochemical cell is in an equilibrium state (open-circuit state) or under a certain stable
DC polarization condition. Then record the changing relationship of electrochemical AC

impedance with frequency.
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The EIS data are commonly analyzed by fitting to an equivalent circuit model. The
circuit model consists of electrical elements such as resistors R, inductors, and capacitors
C through serial or parallel combination, the elements in the circuit model have their
physical electrochemical meaning. Thus, the result of EIS data could be used to analyze

the impedance value of each element in the equivalent circuit model and its meaning.

Two commonly used electrochemical impedance spectroscopies: Nyquist plot and Bode
plot. The Nyquist plot takes the real component of the impedance as the horizontal axis
and the negative number of the imaginary component as the vertical axis. Each point in
the spectroscopy corresponds to a different frequency, the left part is the high-frequency
area, and the right part is the low-frequency area. The Bode plot is a method to represent
the characteristics of electrochemical impedance spectroscopy. Including two curves, the
horizontal axis is the logarithm of the frequency, and the vertical axis is the logarithm of

the impedance modulus value. The other is the phase angle of the impedance.

In this thesis, EIS measurements on the whole cells are performed to provide insights
into the electrical properties such as interface charge transport and contact resistance. The
impedance spectroscopy in this thesis the main use is the Nyquist plot, the equivalent

circuit model adopted is shown in Figure 3.1.

Ry R

R, —— -
— - —
|l | |

CPEl CPE2

Figure 3.1: Electrical equivalent circuits used for impedance spectra.

The Nyquist plots are analyzed with an equivalent circuit model mainly composed of
series resistance (Rs) and two components for transfer resistance (Ry,) and recombination
resistance (R,..) forming a parallel circuit with capacitors (C;,. and C,..). The R primarily
reflects the electrical contacts, wires and sheet resistance of the electrodes, the Ry, ascribed
to the high-frequency element reflects the charge extraction/transfer properties at the
ETL-perovskite or perovskite-HTL interface, and the R,.. assigned to the low-frequency

one in EIS is related to the charge carrier recombination arising from defect densities.

For the EIS measurement, it is performed on the PSCs in dark conditions using a
scanning frequency between 1 and 10 Hz, and an AC amplitude of 5 mV (EC-Lab V11.36).
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3.2.3 Open circuit voltage decay measurement

Open circuit voltage decay (OCVD) is a useful method to detect the voltage variation
in a device with contact. The photovoltage V in solar cells depends on the difference in
the Fermi level of electrons and holes at their corresponding electron and hole selective
contact. [65,66] The separation is caused by the modification of a minority carrier Fermi

level by a photogenerated carrier, as

qV
k]TT) (3.9)

OCVD is introduced to measure the decay of open-circuit voltage to the state of dark

n = ng exp(

equilibrium value (V'=0). [67] The recombination times describe as follows

Trec = —

kT
q

(C;‘t/)—l (3.10)

where 7,... is the recombination lifetime of the minority carrier, q is the elementary
charge, kg7 is the thermal energy. Because the time constant measured by the reciprocal
voltage derivative is not related to recombination. [68] In the analysis of photovoltage
decays, an instantaneous relaxation time is defined to describe a general relaxation phe-

nomenon as follows [69]

av 1

— =V 3.11

dt Tir ( )
When the voltage decay obeys an ideal relaxation exponential law, the characteristic

time 7, is a constant. If not, then is a function of the voltage which describes as

(V) = (3, )

A2
V dt (3.12)

T (V) is the instantaneous advance of the relaxation which different from the recombi-
nation lifetime 7,¢.. [67] The representation of 7;,. (V) provides the discriminative ability

to separate different types of relaxation dynamics. [69]
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For the OCVD measurement in this thesis, a laser diode (central wavelength: 520
+ 5 nm, RGB Laser systems, NovaPro) is used as the excitation source, and the beam
power is tuned through a neutral density filter (Daheng Optics, GCO-074M). The device is
paralleled with a homemade CMOS switch (response time: ~ 4 ns, intrinsic resistance: 50
) and a digital oscilloscope (Lecroy, HDO4054A). The temporal sequence is synchronized
and controlled by a digital delay and pulse generator (Stanford Research Systems, DG535),
and the temporal evolution of the photoelectric signals is recorded by the oscilloscope
(coupling resistance 1M€2). The OCVD measurements are conducted by illuminating the
cells for ~5 s until the V,, reached a constant. Then the laser is turned off to induce the
decay of V,, at an open circuit. The large signal voltage decay of the device after light

excitation is monitored by oscilloscope.

3.2.4 Transient photovoltage and transient photocurrent

measurements

As a complement to the OCVD results, the small perturbation TPV is used to detect
faster decay components with relaxation times in ms scale. While TPC is performed
to investigate the photo-generated electron extraction and transportation in the us time

scale.

For the TPV and TPC measurements in this thesis, the device is irradiated under a
continuous-wave LED laser (5204+5 nm, RGB photonics, Lambda beam) to keep a steady-
state photovoltage (V,). The reduction (AV,,) in Vpr (Vpn/Ven < 5 %) is achieved with
a second laser (pulses at 532 nm, 7 ns). For TPV, the electric signal is recorded by a
digital oscilloscope (Lecroy, HDO4054A) with 1 M) input impendence. The lifetime is
obtained by fitting the decay profiles with bi-exponential decay function. For TPC, the
input impendence is set to 50 2 under the same illumination with TPV, the lifetime is

obtained by fitting the decay profiles with mono-exponential decay function.

3.2.5 Space-charge-limited current measurements

Space-charge-limited current (SCLC) measurement is a steady-state technique to study
the charge transport properties of semiconducting material, such as charge carrier trap
density n¢.q,, charge carrier mobility 4, charge carrier diffusion length Lp, and so on. In
the SCLC measurement, the dark current is performed under dark conditions as a function
of bias voltage. In this thesis, two device structures are prepared to collect the SCLC mea-
surement, electron-only devices based on glass/ITO/SnO,/perovskite/PCBM/Au archi-
tecture and hole-only devices based on glass/ITO/PTAA /perovskite/Spiro-OMeTAD/Au
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architecture. In general, the typical dark J-V traces shows three regions of behaviors, as

shown in Figure 3.2.
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Figure 3.2: Space-charge-limited current measurement.

The first region at low bias corresponded to the Ohmic region, where the current growth
linearly with increasing voltage, as confirmed by the fit to / oc V' function dependence.
From this region, the conductivities (o) of the perovskite crystals could be estimated. In
the second region, the current exhibits an abrupt nonlinear rise starting at Vg, known
as the trap-filling limit where all the available trap states are filled by the injected charge
carriers. [70] The density of trap states n, is linearly proportional to the onset voltage
Vrpr. From this region the n; is calculated by the following equation [71]
_ 2Vrpreeg
Ay

where Vi is the trap-filled limit voltage, € is the relative dielectric constants, ¢ is the

(3.13)

vacuum permittivity, e is the electron charge, and L is the thickness of the perovskite
crystal.

When the bias voltage further increase, the current show a linear relationship with the
square of the voltage (I o< V? ), defined as Child’s regime. From this region the charge
carrier mobility (electron mobility s, or hole mobility p,) is calculated according to the
Mott-Gurney law [72]

 8Jpl?
B= Oeey V2

(3.14)
where Jp is the current density.

By combining it with the charge carrier lifetime, the charge carrier diffusion length is

calculated by the following relation
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Lp= (M)Q (3.15)

e

where kg is Boltzmann’s constant and T is the temperature.

By using the longer charge carrier lifetime (bulk component), a best-case carrier diffu-
sion length is calculated. In contrast, the worst-case diffusion lengths are derived from

the fast transient lifetimes (surface component). [70, 73]

3.3 X-ray diffraction

3.3.1 X-ray diffraction

XRD is applied to identify the crystallinity and crystal structure of perovskite thin films.
In this thesis, the XRD measurements are carried out on a Bruker D8 Advance X-ray
diffractometer. This instrument uses a copper (Cu) anode as the source to generate X-
ray with a wavelength of 1.54 A (Cu K,) under operation at the voltage of 40 kV and the

current of 40 mA.

The X-ray beam impinges on the sample at an angle €, and the specularly reflected
X-ray beam is detected by a point detector at the same angle . To get higher quality
XRD spectra, two 0.6 mm slits are used to collimate the X-ray before impingement on

the sample and before the detector.

During the entire measurement, the couple /26 mode is applied that the angle between
the incident and the reflected beam is kept at 20. For perovskite thin films, the 26
scan range is set from 5° to 35° with a step size of 0.04°. The instrument is controlled
by the software Diffrac.commander, the XRD data of the samples is analyzed with the
software Jade using the Power Diffraction File (PDF) and identified by comparing with
the standard peaks from the International Centre for Diffraction Data (ICDD).

3.3.2 Grazing incidence wide-angle X-ray scattering

Information of films about crystal structure and crystal orientation is gained from static
GIWAXS measurements using a LAMBDA 4.5M detector (X-Spectrum) with a pixel size
of (55 x 55) um?. The sample-to-detector distance is 235.48 mm and the incident angle
a; is set from 0.2°, 0.4°, and 0.6° to obtain information at different depths and the whole
sample to avoid information missing. The X-ray wavelength and the beam size are 11.83

keV and (28 x 24) pum? (horizontal x vertical), respectively. The exposure time for all
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measurements is set to 1 s. To avoid radiation induced degradation during the GIWAXS
measurements, lateral scanning along the sample surface is performed to distribute the

X-ray dose between the individual measurement positions.

For the 2D GIWAXS data treatment, the treatment is conducted using the Matlab-
based software GIXSGUI which is developed by Zhang Jiang from the Advanced Photon
Source at the Argonne National Laboratory (Illinois, USA). [56] The correction is also
completed with the Matlab-based software GIXSGUI. Afterwards, the radial integral is
performed from 0° to 90° or -90° to 90° to obtain pseudo-XRD. The azimuthal (tube) cut is

performed from 0° to 90° along the interested q position to obtain the crystal orientation.

3.3.3 Operando grazing-incidence small/wide-angle X-ray scattering

The operando experiments are conducted at beamline P03 at Deutsches Elektronen-
Synchrotron (DESY, Hamburg), as shown in Figure 3.3. The energy of the monochromatic
X-ray beam is set to 11.83 keV to avoid absorption edges of the perovskite (around 13
keV) and thus minimize X-ray radiation damage. [74] Two-dimensional (2D) GIWAXS
data are collected with a Pilatus 300 k (Dectris, pixel size 172 ym) and LAMBDA 4.5 M
(X-Spectrum, pixel size 55 pm) detectors, the incident angle is set to 0.6°. 2D GISAXS
data is collected at an incident angle of 0.35° with Pilatus 2 M and Pilatus 300 k de-
tectors. The beam center and the sample-to-detector distance (SDD = 235.48 mm) of
the 2D GIWAXS data are calibrated via fits of CeOs powder data using the DPDAK
package. [75] The beam center and the sample-to-detector distance (SDD=3562 nm) of
the 2D GISAXS data are calibrated via silver behenate. The GISAXS detector images are
further treated via the DPDAK package based on Python v.2.7. The reciprocal g-space
GIWAXS scattering images, the line cuts, and the azimuthal integrations of the scattering
data are obtained with the GIXSGUI MATLAB plug-in. [75] To calibrate the intensity
of different scattering images, I normalize each frame to the intensity to the ionization

energy of the incident X-ray beam.

Figure 3.3: Sketch of operando GIWAXS/GISAXS experiment.
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3.3.4 Modeling of GISAXS data

The horizontal line cuts of 2D GISAXS data that include the information on the lateral
structure of the perovskite thin films, extracted at the Yoneda peak position, are modeled
in the framework of the distorted wave Born approximation (DWBA) using the local

monodisperse approximation (LMA). [51,76,77]

The scattering signal consisted of rotation-symmetric averages over the scattering cen-
ters in the plane of the substrate, with the substrate and film surface acting as vertical
confinement, the scattering objects are modeled with a cylindrical structure with a Gaus-
sian size distribution, referred to as the form factor. The center-to-center distance between
adjacent objects is referred to structure factor. For a successful modeling of the scattering
data, three kinds of cylinders with different size distribution are accounted. [77] In the
2D scattering image, vertical and horizontal line cuts are performed. In the vertical line
cuts, the Yoneda peak could be observed between the sample horizon and the specular
beam. In the horizontal cuts, the LMA model of the DWBA is applied to model the
horizontal cuts in which the radius and the corresponding center-to-center distance can

be extracted.

3.3.5 Calculation of lateral size distributions

Within the LMA, the scattering intensity is expressed as:
Puigs(q) o< N |F(q, R) (D[ S(@) (3.16)

Considering the cylinders with different radii R; and equal height, and F(q, R;, p)due to
an uncorrelated distribution of the scattering centers, the form factor of the cylinders is
F(q, R;), [77] and weighted with w;(R), the calculation of the mean square of the form

factor is )
_ Jud®)|F(q.R) dR

Jwi(R)dR
To account for deviations from the (three) mean radii, w;(R) represented a Gaussian size

|F(q, R;)[? (3.17)

distribution

1 R — R;)?
w;(R) = o exp(—i( 52 )

The superposition of form factor functions calculate with their intensities represented the

) (3.18)

lateral size distribution inside the perovskite film, while the intensity scale is linearly

related to the number of N; of scattering centers with a radius R; as

1(q) o (Z Nyw;(R)) |F(q, R)| dR (3.19)
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In this chapter, materials, preparation processes of perovskite films and fabrication of
perovskite solar cells are introduced. Section 4.1 describes the main materials used in
this thesis. Section 4.2 describes the substrate preparation. Section 4.3 describes the
preparation processes of the perovskite precursor solutions. Section 4.4 describes the

fabrication process of the perovskite solar cells.

4.1 Materials

4.1.1 Substrate materials

P-doped silicon wafers are purchased from SiMat Silicon Materials e.K, Kaufering, Ger-
many. The silicon wafers are polished on the side of (100) crystal planes. According to
experimental requirements, the silicon wafers are cut into the size of 1.5x1.5 cm with
a diamond cutter from the backside. The silicon wafers are subjected to cleaning in an
acid bath for 20-30 min, then washed with deionized water several times and dried with

nitrogen. Before use, the silicon wafers are functionalized with O, plasma for 10 min.

The standard microscope slides are made of soda-lime glass with dimensions 75x25
mm? and a thickness of 1 mm purchased from Carl Roth GmbH § Co. KG, Darmstadt,
Germany. According to the experimental requirement, the slides are cut into the size of
2.5x2.5 cm with a diamond cutter. Subsequently, the slides are cleaned sequentially with
diluted Hellmanex solution (V geumanes: V20, 2: 98) (purchased from Sigma-Aldrich,
catalog no. 7Z805939-1EA), deionized water, acetone (Carl Roth), and isopropanol (Carl
Roth) in an ultra-sonication bath for 25-30 min, then dried with dry nitrogen. Before

use, the substrates are treated with UV-oxygen for 10 min.

Indium-doped tin oxide (ITO)-coated glass substrates are purchased from Lumtec, cat-
alog no. LT-G001, the substrate size: 25x25 mm?, the ITO substrates are cleaned se-
quentially with diluted Hellmanex solution (V geumanez: Vu20, 2: 98), deionized water,
acetone, and isopropanol in an ultra-sonication bath for 25-30 min, then dried with dry

nitrogen. Before use, the substrates are treated with UV-oxygen for 10 min.

37
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4.1.2 Materials for preparing perovskite solar cells

Tin (IV) oxide 15 % in HyO colloidal dispersion (SnOs precursor solution) is purchased
from Alfa Aesar, catalog no. 44592. Deionized water is purchased from Sigma Aldrich
(catalog no. 8483331000), CAS number is 7732-18-5, and the molecular weight is 18.02
g/mol. [6,6]-Phenyl Cg; butyric acid methyl ester (PCBM, 910.88 g/mol ), catalog no.
684449, CAS number. 160848-22-6, is purchased from Sigma Aldrich.

Lead(II) Iodide (Pbly, 461.01 g/mol), catalog no. L0279, CAS number. 10101-63-0.
Formamidinium iodide (FAI, 171.97 g/mol), catalog no. F1263, CAS number. 879643-
71-7. Lead bromide (PbBrs, 367.01 g/mol), catalog no. L0288, CAS number. 10031-22-8.

These materials are purchased from TCI Chemicals.

Methylammonium bromide (MABr, 111.97 g/mol), catalog no. 793507, CAS number.
6876-37-5. Cesium iodide (Csl, 259.81 g/mol), catalog no. 914819, CAS number. 7789-
17-5. Cesium bromide (CsBr, 212.81 g/mol), catalog no. 915181, CAS number. 7787-
69-1. Phenethylammonium iodide (PEAI 249.09 g/mol), catalog no. 805904. Sodium
dodecylbenzenesulfonate (SDBS, 348.48 g/mol), catalog no. 289957, CAS number. 25155-
30-0. 1-butyl-1-methylpyrrolidinium tetrafluoroborate (Pyr14BFy, 229.07 g/mol), catalog
no. 900809, CAS number. 345984-11-4. 1-butyl-3-methylimidazolium tetrafluoroborate
(BMIMBF,4, 226.02 g/mol), catalog no. 711748, CAS number. 174501-65-6. 1-ethyl-
3-methylimidazolium trifluoromethanesulfonate (EMIMOTY, 260.23 g/mol), catalog no.
00738, CAS number. 145022-44-2. These materials are purchased from Sigma Aldrich.

2,27, 7-tetrakis[ N, N-di(4-methoxyphenyl)amino|-9,9’-spirobifluorene (Solarpur©
SHT-263, 1225.43 g/mol), catalog no. 902500, CAS number. 207739-72-8. Poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), catalog no.702471, CAS number.
1333317-99-9.  Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, 287.09 g/mol),
catalog no. 919977, CAS number. 90076-65-6.  Tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide] (FK 209 Co(III) TFSI,
1503.17 g/mol), catalog no. 805394. 4-tert-butylpyridine (TBP, 135.21 g/mol), catalog
no. 142379, CAS number. 3978-81-2. These materials are purchased from Sigma Aldrich.

N, N-dimethylformamide (DMF, 73.09 g/mol), catalog no. 227056, CAS number. 68-
12-2. Dimethyl sulfoxide (DMSO, 78.13 g/mol), catalog no. 276855, CAS number. 67-
68-5. Chlorobenzene (CB, 112.56 g/mol), catalog no. 284513, CAS number. 108-90-7.
Methanol (32.04 g/mol), catalog no. 322415, CAS number. 67-56-1. 2-Propanol (IPA,
60.10 g/mol), catalog no. 278475, CAS number. 67-63-0. These materials are purchased
from Sigma Aldrich.
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4.2 Substrate preparation

4.2.1 Preparation of the HBL

For SnO, as HBL, the tin oxide (SnO) precursor was prepared by dissolving tin (IV)
oxide 15 % in H,O colloidal dispersion in deionized water (Vs,02: Vg0, 1:4). The
precursor solution was stirred for 2 h at room temperature. Afterward, the tin oxide
solution (SnOy) was filtered and spin-coated on cleaned ITO substrates at 4000 r. p. m
for 30 s, followed by annealing at 150~170 °C for 30 min.

For the ionic liquids-treated SnOy substrate, discussed in Chapter 7. Ionic liquids
solution with different concentrations dissolved in methanol were spin-coated on the SnO,
substrates at 6000 r. p. m for 20 s, followed by annealing at 100 °C for 10 min in the
glovebox. After cooling down, the substrates were plasma-treated again for 10 min to

increase surface wettability, and then transferred into a N,-filled glovebox.

For the PCBM as HBL for the electron-only device, the PCBM solution was prepared
by dissolving PCBM (20 mg) in 1 mL chlorobenzene, and stirring for 30 min. Then the
PCBM solution was dynamically spin-coated on the top of the perovskite at a speed of
2000 r. p. m. for 30 s.

4.2.2 Preparation of the EBL

For Spiro-OMeTAD as EBL, the Spiro-OMeTAD solution was prepared by dissolv-
ing Spiro-OMeTAD (72.3 mg), 17.5 uL lithium bis(trifluoromethylsulphonyl)imide so-
lution (LiTFSI) (520 mg/mL in acetonitrile), 28.8 uL tris(2-(1H-pyrazol-1-yl)-4-tert-
butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide] (FK 209 Co(III) TFSI) so-
lution (180 mg/mL in acetonitrile), and 28.8 pL 4-tert-butylpyridine (TBP) in 1 mL
chlorobenzene, stirring for 40 min. Then the spiro-OMeTAD solution was dynamically

spin-coated on the top of the perovskite at a speed of 3500 r. p. m. for 20 s.

For PTAA as EBL for the hole-only device, the PTAA solution is prepared by dissolv-
ing PTAA (2 mg) in 1 mL toluene, stirring for 30 min. Then the PTAA solution was
dynamically spin-coated on the ITO substrate at a speed of 4000 r. p. m. for 25 s, then
annealed for 10 min at 100 °C.
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4.3 Preparation of perovskite precursor solutions

4.3.1 Preparation of perovskite precursor solution discussed in
Section 5

The MAPI perovskite precursor solution was prepared by dissolving lead iodide (Pbly,
1.0 M) and methylammonium iodide (MAI, 1.0 M) in a mixture of anhydrous N, N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) (V: V, 7: 3), and stirred
for 2 h at room temperature. Then the precursor was spin-coated on the SnO,/FTO
substrates at 3500 r. p. m. for 30 s in a N-filled glove box (acceleration rate 750 r. p.
m - s71). After the spinning started for 8 seconds, 200 uL. CB was rapidly dropped on
the rotating substrate. After finishing the spin-coating, the samples were placed at room
temperature for 2 min and then placed on preheated hotplate to anneal at 100 °C for 30

min.

For the SDBS treated perovskite film preparation, sodium dodecylbenzene sulfonate
(SDBS) powder was dissolved in isopropanol at a concentration of 1 and 2 mg/mL and
then stirred for 1 h. Subsequently, the SDBS solution was spin-coated on the MAPI
substrates at 4000 r. p. m. for 20 s, followed by annealing at 150 °C for 10 min.

4.3.2 Preparation of perovskite precursor solution discussed in
Section 6

The MAPI perovskite precursor solution was prepared by dissolving lead iodide (Pbls,
1.0 M) and methylammonium iodide (MAI, 1.0 M) in a mixture of DMF and DMSO (V:
V, 7: 3). For the (CsPbBr;3),(MAPbI3);_, perovskite solution was prepared by dissolving
cesium bromide (CsBr, x % M), MAI (1-x % M) and Pbly (1.0 M) in the same mixture
solvent. After stirring for 2 h, the perovskite precursor solutions were spin-coated on the
SnO,/FTO substrates at 3500 r. p. m. for 30 s in a No-filled glove box. During the
spin-coating, 150 pul. CB was rapidly dropped on the rotating substrate after 8 seconds
of the beginning of spin-coating. After finished, the samples were placed on preheated
hotplate to anneal at 100 °C for 30 min.

4.3.3 Preparation of perovskite precursor solution discussed in
Section 7

The (MAPDbBr3)o.15 (FAPbI;)g.85 perovskite precursor solution was prepared by dissolving
formamidinium iodide (FAI, 189 mg), lead bromide (Pbls, 530.2 mg), methylammonium
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bromide (MABr, 22.4 mg), and lead bromide (PbBry, 73.53 mg) in 1 mL mixed solvent
of DMF and DMSO (Vpyso: Vpur, 1: 4). In parallel, the ionic liquids-containing
perovskite precursor solution was prepared by dissolving the same components in a mixed
solvent containing different ionic liquids (0.1 mmol). The obtained perovskite precursor
solutions were stirred for 2 h in the glovebox and filtered (0.45 pum, PTFE) before spin-

coating.

4.4 Device fabrication

The fabrication process of devices in this thesis was shown in the Figure 4.1.

Perovskite precursor

‘EBL:}]BL
-~ HBL/EBL - - a— Evaporate Au
E@_’E@ — Bl — E@ ——

.0 W

Figure 4.1: Schematic diagram of the device preparation process

4.4.1 Fabrication of n-i-p device discussed in Section 5

Before further processing, the substrates were treated with an oxygen plasma for 10 min.
The diluted SnO; colloidal solution (1: 4 with deionized water) was spin-coated on the
cleaned FTO substrates at 4000 rpm for 30 s and placed on a hotplate for annealing for 30
min at 150 °C in ambient conditions. After being cooled down to room temperature, the
substrates were treated with an oxygen plasma for 10 min and then transfer to a No-filled
glovebox for further perovskite film deposition. The MAPI perovskite precursor solution
was prepared by dissolving Pbly (1.0 M) and MAI (1.0 M) in a mixture of DMF and
DMSO (V: V, 7: 3) and stirred for 2 h at room temperature. Afterward, the perovskite
precursor solution was spin-coated on the SnOy/FTO substrates at 3500 r. p. m. for
30 s. After the spinning started for 8 s, 200 uL. CB was rapidly dropped on the rotating
substrate. After finishing the spin-coating, the samples were annealed at 100 °C for 30

min.

For the SDBS-treated perovskite film, the SDBS solution was spin-coated on the MAPI
substrates at 4000 r. p. m. for 20 s, followed by annealing at 150 °C for 10 min. After the
substrates were cooled down to room temperature, 50 pL. Spiro-OMeTAD solution was
spin-coated on the perovskite layers at 4000 r. p. m. for 30 s. Finally, an 80 nm thick
gold electrode was thermally evaporated on the substrate under vacuum conditions with

the pressure of 2 x 107° torr.
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4.4.2 Fabrication of n-i-p device discussed in Section 6

The ITO substrates are treated with oxygen plasma for 10 min. Then the diluted SnO,
colloidal solution (1: 4 with deionized water) was spin-coated on the cleaned ITO sub-
strates at 4000 rpm for 30 s and annealed at 170 °C for 30 min in the air. After being
cooled down to room temperature, the substrates were treated with an oxygen plasma for
10 min and then transfer to a Na-filled glovebox for further perovskite film deposition.
Afterward, the pristine MAPI and (CsPbBr;),(MAPDI3);_, perovskite precursor solution
were spin-coated on the SnO, /FTO substrates at 3500 r. p. m. for 30 s. During the spin-
coating, 150 nL. CB was rapidly dropped on the rotating substrate after 8 seconds of the
beginning of spin-coating. After finished, the samples were placed on a hotplate to anneal
for 30 min at 100 °C. After the substrates were cooled down to room temperature, 35 uL
Spiro-OMeTAD solution was spin-coated on the top of as-prepared perovskite layers at
5000 r. p. m. for 30 s. Finally, a 70 nm thick gold electrode was thermally evaporated

on the as-prepared samples under vacuum conditions with the pressure of 1 x 10~ torr.

4.4.3 Fabrication of n-i-p device discussed in Section 7

The SnOy solution was filtered and spin-coated on cleaned ITO substrates at 4000 r. p.
m for 30 s, followed by annealing at 170 °C for 30 min. For the ionic liquids-treated SnO,
substrates (IM-perovskite), ionic liquids solutions with different concentrations dissolved
in methanol were spin-coated on the SnO, substrates at 6000 r. p. m for 20 s, followed
by annealing at 100 °C for 10 min in the glovebox. After cooling down, the substrates
were plasma-treated again for 10 min to increase surface wettability, and then transferred
into a No-filled glovebox. The perovskite precursor solution was spin-coated on ITO/SnO,
substrates at 1000 r. p. m for 5 s and 5000 r. p. m for 20 s, during the second spin-coating
process, 170 ul. chlorobenzene was quickly dropped into the center of the substrates at
10 s before the end of the program. Then the samples were put on a preheated hotplate
to annealed at 100 °C for 60 min. After the samples cooled down to room temperature,
the Spiro-OMeTAD solution was dynamically spin-coated on the top of the perovskite at
a speed of 3500 r. p. m. for 20 s. Finally, an 80-nm thickness gold layer (0.9 A s~1) was
thermally evaporated on the Spiro-OMeTAD layer at a pressure of 1x107% bar. Then the
devices were kept in the desiccator and measured regularly until the efficiency reached
stable values.
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4.4.4 Fabrication of electron-only device discussed in Section 7

The SnOs solution was spin-coated on cleaned I'TO substrates at 4000 r. p. m for 30 s,
followed by annealing at 170 °C for 30 min. For the ionic liquids-treated SnO, substrates
(IM-perovskite), ionic liquids solutions with different concentrations dissolved in methanol
were spin-coated on the SnO, substrates at 6000 r. p. m for 20 s, followed by annealing
at 100 °C for 10 min in the glovebox. Afterward, the perovskite precursor solution was
spin-coated on ITO/SnO, substrates at 1000 r. p. m for 5 s and 5000 r. p. m for 20
s and placed on a hotplate to annealed at 100 °C for 60 min. After the samples cooled
down to room temperature, the PCBM solution was dynamically spin-coated on the top
of the perovskite at a speed of 2000 r. p. m. for 30 s. Finally, an 80-nm thickness gold
layer (0.9 A s7') was thermally evaporated on the PCBM layer at a pressure of 1x10~
bar.

4.4.5 Fabrication of hole-only device discussed in Section 7

The PTAA solution was spin-coated on cleaned I'TO substrates at 4000 r. p. m for 25 s,
followed by annealing at 100 °C for 10 min. Afterward, the perovskite precursor solution
was spin-coated on I'TO/SnO, substrates at 1000 r. p. m for 5 s and 5000 r. p. m for 20
s and placed on a hotplate to annealed at 100 °C for 60 min. After the samples cooled
down to room temperature, the Spiro-OMeTAD solution was dynamically spin-coated on
the top of the perovskite at a speed of 3500 r. p. m. for 20 s. Finally, an 80 nm thickness
gold layer (0.9 A s1) was thermally evaporated on the Spiro-OMeTAD layer at a pressure
of 1x107% bar.






5 Sodium dodecylbenzene sulfonate
used as surface passivator

This chapter is largely based on the following published article: “Sodium
Dodecylbenzene Sulfonate Interface Modification of Methylammonium
Lead lodide as Surface Passivation of Perovskite Solar Cells” (Zou Y
et al., ACS Applied Materials Interfaces, 2020, 12(47): 52643-52651,
Doi.org/10.1021 /acsami.0c14732). Adopted with permission from Ref [78].
Copyright [2020] American Chemical Society. In this chapter, the PL and
TRPL was measured by Ali Buyruk, GIWAXS data was meausred by Tianx-

iao Xiao, FTIR data was measured by Lucas P. Kreuzer.

5.1 Preface

Lead-halide perovskite materials have recently attracted significant attention for their im-
pressive optoelectronic properties including high absorption coefficients, high defect toler-
ances, and long charge carrier diffusion lengths. [79-83] Moreover, low-cost and large-scale
fabrication is also an essential advantage for perovskite functional films to be considered
as promising candidates in various optoelectronic applications. Benefiting from these fa-
vorable properties, PSCs presented remarkable PCE values and outstanding operational
stability. [84-87] In the past decade, the PCE has significantly improved from 3.8 % to
a certified PCE of 25.2 %, reflecting enormous development prospects and tremendous

potential for commercialization. [88, 89

However, for achieving real-world applications, the long-term stability of PSCs under
ambient conditions in terms of thermal load, light, oxygen, and moisture exposure is still
a huge challenge. [11,90-93] The instability of PSCs mainly arises from the inherently
unstable nature of perovskite materials caused by component degradation, [25] defect
states, [94] and un-coordinated cations and anions (I", MAT and Pb?"). [34,95] The

45
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commonly used methylammonium (MA™) cation has relatively poor stability and is prone
to degrade and volatilize, resulting in a deterioration of the active layer components. [96]
On the other hand, the free lead ions have low formation energy and accumulate at
the surface and grain boundaries, which is considered to be one of the main sources of
defect states. [94] To effectively solve these stability issues, various methods have been
employed such as compositional engineering, [96,97] dimension regulation, [98-100] and
surface passivation. [101-103] Among all methods, surface passivation has been regarded
as an effective strategy to fabricate high-performance PSCs under ambient conditions
with remarkable moisture stability. For example, Fu and Jiang et al. revealed that long-
chain alkyl cations, such as BA™, PEA™, or FPEA™, bind to the surface of the perovskite
and thereby reduce the surface energy. This can play a dominant role in stabilizing
the perovskite phase of the crystal structure. [44,104] However, considering the short
charge carrier diffusion lengths and insulating properties, the 2D structure may impair
the charge carrier transport and decrease the device efficiency. [43,105, 106] Previous
literature reported that incorporating small molecules with special functional groups into
the perovskite components can also result in a significant passivation effect. [107] Zheng
and Huang et al. introduced a sulfonic zwitterion to simultaneously tune the perovskite
crystallization behavior and to passivate defect states of perovskite thin films. Based
on this approach, they obtained highly performing PSCs with good light stability and
low defect density. [108] Therefore, passivating the detrimental defects accumulating at
the grain boundaries and at the surface of the perovskite thin films and improving the
longevity of the device by functionalizing the film surface with functional ligands is a

promising approach.

In the present study, I demonstrated the fabrication of highly stable and efficient
PSCs by interface modification and surface passivation with sodium dodecylbenzene sul-
fonate (SDBS). I illustrated that the SDBS surfactant not only improved the resistance
of the perovskite film against moisture by its hydrophobicity but also interacted with
un-coordinated lead ions by its sulfonic functional groups. The introduction of SDBS can
simultaneously passivated defect states, facilitated charge carrier extraction, and reduced
charge carrier recombination. By introducing SDBS, the PCE of the PSCs was increased
from an average of 15.23 % (without SDBS) to 17.01 % (with SDBS). In addition, I
introduce a dark storage test under the ISOS-D-1 condition. [109] It demonstrated the
significantly enhanced tolerance of the PSCs against oxygen, moisture, and other aggres-
sive atmospheric components naturally present in the air. The device maintained 80 %

of the initial PCE of the PSCs after three months without device encapsulation.
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5.2 Working principle of SDBS for perovskite surface

passivation

®MvAa®OP 01 ®s Oo ec eH Vacancy

Figure 5.1: Schematic illustration of SDBS defect passivation. (a) Coordination between SDBS
and MA*, SDBS and Pb?*. (b) SDBS molecules passivate defect states at grain boundaries at
the film surface. Adopted with permission from Ref [78]. Copyright [2020] American Chemical
Society.

SDBS was a typical anionic surfactant with a hydrophobic alkylphenyl group (long alkyl
chain) and a hydrophilic sulfonic group (-SO3~). The molecular formula is C;5Ho9gNaO3S,
as seen in Figure 5.1a. SDBS was chosen as an additive to tune the perovskite crystalliza-
tion and passivate the detrimental defects. As previously reported, the negatively charged
sulfonic groups of SDBS can form complexes with un-coordinated Pb?** and MA™ existing
on the surface of the perovskite thin film (Figure 5.1a). [108,110,111] The electrostatic
interaction between -SO3~ and MA™ causes the hydrophilic sulfonic group of the SDBS
molecules to face the inside of the perovskite film, as shown in Figure 5.1b. This will result
in a decrease of the surface tension between the EBL and the active layer, and increase the
adhesion. [111-113] Due to the steric effects, the hydrophobic long alkyl chain aggregated
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on the surface of perovskite film will point to the outwards for resisting the infiltration
of external moisture, which improved the stability of the active layer components under
humid ambient conditions. More importantly, the poor contact between the EBL (low po-
larization of the organic material) and the perovskite (high polarization) is not sufficiently
conducive to obtaining high-performance PSCs. SDBS as an ambipolar passivation agent,
with a polar part (-SO3~, good contact with polar perovskite surface) and a non-polar
part (alkyl chain, contact with Spiro-OMeTAD), can greatly enhance contact between
the polar perovskite and relatively lower polarized HTM. Thereby, SDBS minimized the
barrier and accelerated the charge carrier transport, which was beneficial for obtaining
high current densities. [114]

5.3 Solar cell characteristics

“ 20
s 10

E » - rictine
s i SDBS w

= O 08 15
E = 5 b E
Z 15 AT, 5 9
> ) &
= ; 2 3 06 —— Pristine B Pristine
7] r o 54 = —&— With SDBS Tl w10
c 10 < ] © [s) —e—Wwith SDBS
3 Voo J  FF FCEG) o Eo04 o
- i 1104 267 0734 B4 4 S
© 5| e sossmgni1ne4 n2 07 we X 2 z 5
o 4 sDBS Mg 1133 2181 067 179 R 02
s =
S
6] o= 0 0.0 0

00 02 0.4 06 08 10 1.2 12 14 16 18 20 0 500 1000 1500 2000 0 500 1000 1500 2000
Voltage (V) PCE (%) Time (h) Time (h)

Figure 5.2: (a)J-V characteristics of champion MAPI devices without (black) and with (red)
SDBS passivation. (b) power conversion efciency (PCE) distribution of the devices based on
25 solar cells and (c) average photovoltaic performance of non-encapsulated MAPI devices in
ambient environment as a function of storage time based on 4 solar cells. (d) Photovoltaic
performance of the champion PSCs without (black) and with (red) SDBS passivation as a
function of storage time in ambient environment. Adopted with permission from Ref [78].
Copyright [2020] American Chemical Society.

MAPI was selected to investigate the effect of SDBS on device performance. SDBS (1
and 2 mg/mL) was deposited on the surface of the MAPI thin films followed by an
annealing step to prepared PSCs with SDBS modification. The current-voltage (J-V)
characterizations of the champion pristine and SDBS modified PSCs as measured under

AM 1.5G illumination were shown in Figure 5.2a.

The best-performing pristine device shown a PCE of 18.41 % with an Ve of 1.10 V, a
Jsc of 22.67 mA cm™2 and a FF of 0.74. The PSC treated with 1 mg/mL SDBS shown
improved performance with a champion PCE of 19.42 % due to an enhanced V¢ of 1.12
V, a Jgo of 23.23 mA cm~2, and an FF of 0.75. With the SDBS concentration further
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increased, the device performance started to deteriorate. The PSC treated with 2 mg/mL
SDBS shown a poor PCE of 16.79 %.

The statistical distribution of the PCE of the PSCs with and without SDBS (1 mg/mL)
modification based on 25 devices were shown in Figure 5.2b. The average PCE signifi-
cantly increased from 15.23 % to 17.01 % after the SDBS modification. Moreover, the
width of the PCE distribution was narrowed by the SDBS modification, which indicated
that the reproducibility was improved. Besides the device efficiency characterization, I
further investigated the stability of non-encapsulated devices under [SOS-D-1 conditions.
The PCE tracking based on four devices (Figure 5.2c) shown a significant improvement
in stability for the SDBS-modified PSCs. The SDBS-modified PSCs retained 80 % of
their initial average PCE for up to 2112 h, whereas the pristine PSCs retained only 55 %
under these conditions. In particular, at the beginning of the stability test, the pristine
PSCs suffered from a serious decrease in PCE. The stability test of the champion devices
confirmed these findings as shown in Figure 5.2d. The improved ambient stability of the
SDBS-modified PSCs was attributed to the hydrophobic character of SDBS long alkyl
chains. [113]

Sample: Pristine SDBS: | mg/mL

Contact angle (left, right) 45.6° ,46.4° 63.6° ,03.8°

Figure 5.3: Contact angle measurement of glycerol on MAPI films without SDBS (left) and with
(right) SDBS passivation. Adopted with permission from Ref [78]. Copyright [2020] American
Chemical Society.

With contact angle measurements, the changed hydrophobicity was evaluated. The
contact angles were measured with glycerol, also a common polar solvent, instead of
water, considering that water will accelerate the degradation of perovskite components
by causing chemical modification. [115,116] As seen in Figure 5.3, the contact angle of
the perovskite film increased from 46.0° to 63.7° after SDBS passivation, which means
that SDBS can improve the film resistance against moisture. These findings were in good

agreement with previous reports. [108,117,118]
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5.4 Optoelectronic characterization

To verify the coordination between sulfonic groups and lead ions on the perovskite surface,
Fourier-transform infrared (FTIR) spectroscopy measurements were done on MAPIT films
without and with SDBS modification (Figure 5.4a). SDBS was measured as a reference
as well. Thereby, the peaks appearing in the spectra at 2858 cm™! and 2926 cm ™! were
assigned to the asymmetric and symmetric -CH, stretching from SDBS. The peaks located
at 1046 cm~! and 1191 cm™! were attributed to the S=O stretching from the sulfonic
group of SDBS. Different from the pristine sample, these peaks were also found in the
FTIR spectra of the SDBS-modified MAPI films, which proofed that SDBS remained on
the surface of the perovskite layer. The peak located at 1010 cm ™! was attributed to the
coordination complex between Pb?T and the S-O stretching vibrations from SDBS, where
the oxygen in the sulfonic group contains two lone electron pairs and the 6p orbitals of
Pb contain empty orbitals. Compared to pure SDBS that the stretching vibration peak
position of S-O was located at 1012 cm ™!, there was a slight shift in the peak position
by -2 ecm ™!, which can be attributed to the complexation in the perovskite layer. Hence,
the S-O~ could provide lone electron pairs to occupy the empty orbitals of Pb, which
given rise to a coordination complex and inhibited the formation of morphological defects

during the processing of the perovskite film. [108,110]

To explore the impact of SDBS on the active layer band gap, I measured UV-vis ab-
sorption spectra of the MAPI films without and with SDBS modification (Figure 5.4b).
I compared two different SDBS concentrations (1 and 2 mg/mL). A slight red-shift oc-
curred in the UV-vis spectra for the SDBS passivated perovskite films, which increased
with SDBS concentration increase, as shown in the inset in Figure 5.4b. Thus, the SDBS
modification decreased the band gap of the perovskite thin film. To further confirm the
influence of SDBS on the apparent band gap of the perovskite layer, I collected steady-
state PL, as seen in Figure 5.4c. The red-shift in the PL increased with an increasing
amount of SDBS. After SDBS passivation, the PL peak position red-shifted about 10
nm, which indicated that the SDBS passivated sample has a lower optical band gap and
consequently allowed for more light absorption than the pristine MAPI sample from the
sunlight spectrum. Moreover, the 1 mg/mL SDBS passivated MAPI films exhibited a
large rise in the steady-state PL intensity in comparison to the pristine film and if 2
mg/mL SDBS was used. Thus, a moderate amount of SDBS (1 mg/mL) significantly
reduced the trap state density acting as non-radiative recombination centers in the MAPI
film, which will contribute to the improved FF of the PSCs. Using an excess of SDBS (2

mg/mL) introduced additional defects, which counterbalance the reduction of trap states.
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Figure 5.4: (a) FTIR spectra of MAPI (black), pure SDBS (green), and MAPI passivated
with SDBS (1 mg/mL). The spectra were shifted along the y axis for clarity. The dashed lines
indicated the stretching vibration peak of CHs and the asymmetric S=O0 stretching vibration. (b)
UV-vis absorption spectra, (c) steady-state PL spectra and (d) time-resolved photoluminescence
(TRPL) decay of MAPI films without (black) and with SDBS treatment (1 mg/mL in red, 2
mg/mL in blue). The fits to the TRPL data were shown with grey lines using a biexponential
rate law. Adopted with permission from Ref [78]. Copyright [2020] American Chemical Society.

To study the charge carrier recombination dynamics and compare the trap density of the
perovskite films, TRPL measurements were performed (Figure 5.4d). The TRPL curves
were fitted with a bi-exponential decay function, which was composed of two parts: the
fast-decay component 71 and the slow-decay component 7. [64,119] The fit results were

obtained when using the following equation

Ly 4 Ayexp(—1) (5.1)

Iy = Ajexp(——
T1 T2

where A; refers to the fractional amplitude and 7; refers to the time constant of the
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exponential functions were shown in Table 5.1. [64] The average lifetimes were calculated

and listed in Table 5.1 through the following equation

Tave = (A177 + Ao73 ) /(A1 + Agmy) (5.2)

The amplitude of the fast decay component (A7) increased from 29.2 % to 45.5 % with
increasing SDBS amount, accompanied by a minor decrease in the related time constant
(11 ). The amplitude of the slow decay component (A;) decreased from 70.8 % to 55.5 %
and the time constant (75 ) increased from 103 ns to 251 ns for the SDBS passivated films.
These changes indicated that the SDBS modification on the one hand was the origin of
additional defects itself, but on the other hand also effectively passivated some deeper
defects of the pure MAPI, which caused the increase in the amplitude A; and a decrease
in the lifetime 7. For further illustration, I also calculated the average lifetime 7.,
(Table 5.1). The 7,,. values for samples with 0, 1, and 2 mg/mL SDBS passivation were
98.83, 244.67, and 192.53 ns, respectively. The increase in the average lifetime of SDBS
passivated films mean that the defects in the perovskite film were significantly passivated
and that charge carrier trapping was strongly suppressed. Thus, the SDBS modification
effectively reduced the trap-density and suppressed the charge carrier recombination. In
more detail, using 1 mg/mL SDBS was more beneficial than 2 mg/mL as excess SDBS
acted as defects by itself. With respect to PSCs, the longest 7 values were beneficial for
the device performance due to the better balance between defect passivation and charge
carrier collection, which demonstrated that 1 mg/mL SDBS was the best-suited amount

for gaining an improved PCE.

Sample Without SDBS SDBS: 1mg/mL SDBS: 2mg/mL

Ay 29.2+0.1 38.2+0.1 45.5£0.1
To 12 11 10
Ay 70.8+0.1 61.8£0.3 55.5£0.2
Ta 103 251 200

T ave 98.83 244.67 192.52

Table 5.1: Fit parameters of the TRPL data using a biexponential decay model. Adopted with
permission from Ref [78]. Copyright [2020] American Chemical Society.
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5.5 Structure characterization

Figure 5.5: Scanning electron microscopy (SEM) images of the MAPI films prepared (a) without
and with SDBS treatment using a concentration of (b) x = 1 and (c) x = 2 mg/mL. Adopted
with permission from Ref [78]. Copyright [2020] American Chemical Society.

The effect of SDBS on the morphology of the perovskite films was probed with top-view
SEM, as shown in Figure 5.5. Only minor changes were seen with SEM. Thus, the SDBS

surface passivation did not affect the surface morphology of the perovskite films.

C,

Figure 5.6: 2D GIWAX data of MAPI films with different SDBS concentrations: (a,d) 0 mg/mL,
(b,e) 1 mg/mL and (c,f) 2 mg/mL measured at an incident angle (a-c) a; = 0.05° and (d-f)
0.40°. Adopted with permission from Ref [78]. Copyright [2020] American Chemical Society.

GIWAXS was used to study the crystal structure of perovskite thin films. [120-122]
The 2D GIWAXS data were shown in Figure 5.6. The GIWAXS data were collected at
two different incident angles (a; = 0.05° and 0.40°) to realize two different penetration
depths of the X-rays providing surface-sensitive and volume-sensitive structure informa-

tion, respectively. [123] Irrespective of the SDBS treatment, the diffraction patterns shown
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pronounced intensity rings of the tetragonal MAPI perovskite structure, e.g. at q = 1.03
A=' and q = 2.08 A~'. [124] The diffraction rings of SDBS passivated MAPI films ex-
hibited a relatively more homogeneous azimuthal intensity distribution at q = 1.03 A~*
compared with the pristine MAPI film, indicating that SDBS passivation promoted the
isotropic orientation distribution of the crystallites on the expense of the face-up orienta-
tion. [125]

The tube cuts performed along ¢ = 1.03 A~ contain the (002) and (110) Bragg peaks,
which correspond to the Debye-Scherrer rings formed from the reflection of the (002/110)
lattice planes of the MAPI crystals. For further analysis, the azimuthal intensity distri-
butions were fitted with a Gaussian function, in which standard deviation (o) was used

to describe the orientation distribution width.
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Figure 5.7: Tube cuts of the 2D GIWAXS data in case of (a) o; = 0.05° and (b) «; = 0.40°
of the (002/110) Bragg peak around q =1 A~! for the MAPI films without (black rectangles)
and with 1 mg/mL (red circles) and 2 mg/mL (blue triangles) SDBS. The solid lines are fits
based on a Gaussian function with the dashed lines indicate the fitting region. c) Corresponding
azimuthal widths from the Gaussian fits in case of a; = 0.05° (rectangular symbols) and «;
= 0.40° (circle symbols). Adopted with permission from Ref [78]. Copyright [2020] American

Chemical Society.

As shown in Figures 5.7a and b, all films shown a preferential orientation around y=
0°, meaning that the crystals were predominantly adopting a face-up orientation instead
of an edge-on orientation. Herein, I also made a statistical analysis of the width of
the orientation distribution (Figure 5.7¢). At «; = 0.05°, the scattering signal reflected
structure information from the surface-near region. [126] The azimuthal peak widths did
not change significantly from 5.56° 4 0.83, 5.43° £ 0.59 to 5.44° 4 0.54 for the samples with
0, 1, and 2 mg/mL SDBS, respectively (Figure 5.7¢), implying that the crystal orientations
did not change with increasing SDBS concentration. In contrast, at a; = 0.40°, due to
the larger penetration depth, the scattering signal given the information on the entire
perovskite film. The azimuthal o values were 5.43° 4+ 0.58, 4.78° 4 0.51, and 4.92° 4+ 0.66
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for the samples with 0, 1, and 2 mg/mIL SDBS, respectively (Figure 5.7c). This decrease
in the azimuthal o values indicated that the crystal orientation was more narrowly spread
inside the perovskite film after SDBS passivation. Thus, the SDBS passivation effected
the crystal orientation of the crystals located deeper inside the perovskite films and has
only a slight effect on the crystals located in the surface-near. I attributed the applied
soaking time before spin coating SDBS and the thermal annealing after spin coating to
enable the penetration of SDBS inside the perovskite film, instead of only staying on the

perovskite film surface.
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Figure 5.8: (a) Pseudo XRD data obtained from GIWAXS data integration and (b) XRD data for
MAPI films without (black) and with 1 mg/mL (red) and 2 mg/mL (blue) SDBS. (c) Zoom-in to
XRD pattern at the (110) Bragg peak of MAPI films without (black) and with SDBS passivation
using a concentration of x= 1 (red) and 2 mg/mL (blue). (d) XRD data of pure MAI (grey),
pure SDBS (green) and MAI with SDBS (purple) films. (e) XRD patterns of the MAPI films
prepared with excess MAI as indicated without and with SDBS (1 mg/mL). (f) Zoom-in to XRD
pattern at the (110) Bragg peak of MAPI films prepared with excess MAI as indicated without
and with SDBS (1 mg/mL). Adopted with permission from Ref [78]. Copyright [2020] American

Chemical Society.

It was worth noting that additional diffraction signals were found in the GIWAXS data
of the pristine and the SDBS-modified perovskite films, respectively. The intensity rings
located near q = 0.69 A~ and q = 0.91 A~! positions were attributed to the methylam-
monium iodide (MAI) (001) and Pbl, (001) Bragg peaks, respectively (Figure 5.6). [127]
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With SDBS modification, the MAI ring disappeared while the Pbl; ring appeared. Hence,
I hypothesized that the residual MAI may be consumed by SDBS, because the negatively
charged benzenesulfonic acid ion of SDBS can easily coordinate with the positively charged

MA™ to form complexes.

By performing an azimuthal integration, I achieved pseudo-X-ray diffraction (XRD)
data (Figure 5.8a). The Bragg peaks at ¢ = 1.03 A~ and q = 2.08 A~! arising from
the (110) and (220) lattice plane reflections of the perovskite crystals were well visible.
The peak located at q = 2.32 A~ was assigned to the Si peak. Irrespective of the SDBS
treatment, the peak intensities and widths did not change significantly. Due to the missing
wedge in GIWAXS, the pseudo-XRD data were complemented with XRD measurements
(Figure 5.8b). I observed the same Bragg peaks from the tetragonal MAPI perovskite
structure, which was in good agreement with the literature. [124] The position of the (110)
Bragg peak shifted slightly towards higher q values (Figure 5.8¢) in the case of SDBS-
treated samples, which indicated that the lattice constants changed by 0.08 % after SDBS
treatment. The smaller lattice constant was attributed to the penetration of SDBS into

the active layer, which squeezed the perovskite crystal and impacts deep defects.

To confirm the reaction between SDBS and MA™, XRD patterns of pure MAI, pure
SDBS, MAI, and SDBS mixed films were measured and the results were shown in Fig-
ure 5.8d. The Bragg peaks located at 0.70 A=*, 1.41 A~' and 1.86 A~ belonged to
MAL [128,129] After SDBS passivation, a new peak marked with an asterisk (*) ap-
peared at 1.29 A~'. T attributed this peak to complexes, which were formed by the
reaction between MAI and SDBS. To further study the interactions of SDBS and MAI, I
also measured XRD of MAPI films doped with 0 %, 10 %, and 30 % MAI excess under
the same SDBS concentration treatment (1 mg/ml), as shown in Figure 5.8e. Again, I
found the Bragg peaks from the tetragonal MAPI perovskite structure. The small peak
located at q = 0.91 A~' (marked with a blue triangle) was assigned to unreacted Pbl,.
Previous literature reported that a small amount of Pbl, can passivate the defect states
and improve the performance of PSCs. [130,131] In addition, I seen a peak located at q =
0.83 A= (marked with a blue asterisk) which did not match either the pure Pbl, or MAI
tetragonal phase. According to the literature, this peak can be assigned to the (MA),Pblg
phase. [132] With the MAI concentration increase, the Pbl, peak disappeared and the
peak located at q = 0.83 A~! appeared. After SDBS passivation, the peak disappeared.
This finding can be well explained by an interaction of SDBS and MA™, resulting in a
reduced number of defect states caused by free MA™ ions. In addition, as seen in Fig-
ure 5.8f, the peak at q = 1.01 A" shifted towards higher q values after SDBS passivation,

which was in good agreement with previous results (Figure 5.8¢).

It was worth mentioning that an indication of a phase transition was seen at (220)
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Bragg peak of the MAPIT film with excess MAI as seen in Figure 5.9. [133,134] The two
Bragg peaks indexed with (004) and (220) were located at q = 1.97 A~ to 2.04 A~!
signified the tetragonal phase of the MAPI perovskite. They appeared with increasing
MALI content. [135,136] After SDBS treatment, these peaks disappeared and merged to
the (200) Bragg peak of the cubic phase at q = 2.01 A=' (Figure 5.9). Thus, SDBS can
stabilize the cubic phase of the perovskite and inhibit the transformation of the cubic

phase to the tetragonal phase.
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Figure 5.9: Zoom-in to XRD pattern at the (220) Bragg peak of MAPI films prepared with
excess MAI as indicated without and with SDBS (1 mg/mL). Adopted with permission from
Ref [78]. Copyright [2020] American Chemical Society.

5.6 Summary

In summary, I demonstrated the role of an anionic surfactant with long-alkyl-chain in
improving optoelectronic properties by suppressing trap-state density and controlling the
crystal orientation. The incorporation of SDBS additive can effectively passivate defects
with the strong interaction between Pb?* and the sulfonic group (-SO37), and improve
the ambient stability by a hydrophobic alkyl-phenyl group. Benefiting from the excellent
properties of SDBS, the PCE of the SDBS-treated PSCs was further improved to over
19 % for our champion device. Moreover, also the ambient stability was significantly
improved by the SDBS passivation. Under ambient conditions (30-40 % relative humid-
ity), 80 % of its initial efficiency remained for the SDBS-treated PSCs after 2112 hours
without encapsulation. Thereby, our work represented an economic pathway towards the
manufacturing of high-performance PSCs in combination with the high stability of the
devices.






6 Influence of CsBr doping on Crystal
Orientation and Optoelectronic
Properties

This chapter is largely based on the following published article: “The In-
fluence of CsBr on Crystal Orientation and Optoelectronic Properties of
MAPDI3-Based Solar Cells” (Zou Y et al., ACS Applied Materials Inter-
faces, 2022, 14(2): 2958-2967, Doi.org/10.1021/acsami.1c22184). Adopted
with permission from Ref [137]. Copyright [2022] American Chemical So-
ciety. In this chapter, TPV and TPC were measured by Shuai Yuan, UPS
was measured by Johanna Eichhorn, SEM data was measured by Shanshan
Yin,TRPL data was measured by Buyruk Ali, GIWAXS data was measured
by Tianxiao Xiao, Manual A. Scheel, and Shambhavi Pratap, SEM-EDS was
measured by Christian L. Weindl.

6.1 Preface

Metal halide perovskite-based solar cells with the general formula ABXj3 (A represents
cation: methylammonium (MA™), formamidinium (FA™) or cesium (Cs™); [10,45] B rep-
resents the divalent metal cation: Pb?", Sn*T or Ge?*; [92] and X represents the halide
anion: Cl~, Br™, or I~ [138-140]) have captured considerable attention as superior light
harvesters. These materials are regarded as excellent candidates for energy conversion
due to their outstanding optoelectronic features including tunable bandgap, [111,141] low
exciton binding energy, [142,143] and excellent ambipolar charge carrier transport prop-
erties. [144] In recent years, PSCs attained remarkable achievements in the field of solar
energy conversion and PCE have increased from a value of 3.9 % to certified 25.5 %, cou-
pled with promising long-time operational stability. [88,145] This rapid progress rendered

PSCs not only interesting in terrestrial applications but also for use in space. [146]

29
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Despite the huge development prospect, PSCs inevitably face dilemmas for further

boosting their photovoltaic efficiency. [83] The performance of perovskite-based devices is
mainly determined by the film preparation conditions, which impact the resulting struc-
tural, electronic, and optical properties of the materials. [124] Perovskites typically form
polycrystalline thin-films and various detrimental defects can unavoidably manifest during
the rapid crystallization process of the films, resulting in a higher defect density compared
to their monocrystalline counterparts. [147-149] These defects tend to accumulate at in-
terfaces and grain boundaries, causing non-radiative recombination, which significantly
hinders the effective transport and extraction of photo-generated charge carriers. [116,150)]
To obtain effective photo-generated charge carrier transport and extraction, most investi-
gations have thus far emphasized the optimization of grain size and crystallinity during the
perovskite thin-film deposition process. [103,137,151] For instance, Huang et al. adopted
solvent annealing to increase the grain size and crystallinity of the perovskite films, result-
ing in significant improvement of the electronic properties. [152] Top-down approaches to
single crystal perovskite solar cells suffer from challenges introduced by the crystal size
compared with the needed device areas. [153] However, a significant knowledge gap exists
in understanding the role of the microstructure of these materials from colloidal precursors
in solution on the behavior of photo-generated charge carriers. [154] It was reported that
distinct differences exist in the growth orientation of different grains in a polycrystalline
perovskite film, which was reflected in the anisotropy of charge carrier lifetimes and trap
density distributions. [20, 155] If the grains grew preferentially along a particular crys-
tallographic plane, an extraordinary charge carrier mobility was observed along a certain
crystallographic direction. [156] Therefore, it is necessary to gain a profound insight into
the underlying relationship between the crystal orientation distribution and the charge

carrier transport for further improving the photovoltaic performance of perovskite devices.

In the present work, I doped the classical perovskite MAPI with different concentra-
tions of CsBr to form a mixed cation perovskite. Distinct from the previous study that
explore the defect passivation capabilities of CsBr, [157] I emphasized the influence of
CsBr addition on the preferred orientation distribution of the crystallites forming the
thin perovskite film. I focused on the crystal microstructure, as probed via GIWAXS
measurements. In combination with TPC, TPV, and trap density of states (tDOS) mea-
surements, I conducted an in-depth analysis on the interplay of the crystal orientation,
charge carrier dynamics, and resulting optoelectronic properties of perovskite devices.
Upon the incorporation of CsBr, the absorber layers exhibit a preferential crystal orien-
tation distribution with a significant crystalline order and superb charge carrier transport

properties, accompanied by a reduced charge carrier recombination. Due to the superior
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optoelectronic quality, the prepared PSC based on MAPI-CsBr mixed perovskite delivers
a remarkable PCE of 19.24 % and a high open-circuit voltage V¢ of up to 1.15 V.

6.2 The structure and preparation of perovskite solar

cells

Figure 6.1: Schematic diagram of (a) the configuration of the fabricated PSCs (from bot-
tom to top): Glass/ITO/SnO4/perovskite/spiro-OMeTAD/Au and (b) the evolution of active
layer component after doping the perovskite crystal with CsBr. Adopted with permission from
Ref [137]. Copyright [2022] American Chemical Society.

The PSCs were fabricated in the common device configuration of
ITO/Sn0O, /perovskite/Spiro-OMeTAD/Au, as illustrated in Figure 6.la. In terms
of the active layer, I prepared the mixed perovskite components based on MAPI as the
host by tuning the molar ratio of MAI: CsBr, as schematic in Figure 6.1b. Two molar
ratios of MAI: CsBr (97: 3 and 94: 6) were prepared to compare, corresponding to the
mixed perovskite components (CsPbBrs); (MAPDbI3)g; and (CsPbBrs)s (MAPDI3)y,
denoted as MAPI-3 % CsBr and MAPI-6 % CsBr, respectively. The perovskite films were
spin-coated by the conventional one-step solution process with CB as the antisolvent
(the detailed preparation procedure can be found in the sample preparation section
4.4.2). [110]

6.3 Morphology of perovskite films

The morphology of the perovskite films is key to the photovoltaic performance of the
respective PSCs. Generally, compact, smooth, and pinhole-free films are considered to

have relatively low defect concentrations and superior photovoltaic performance. SEM
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was applied to evaluate the surface morphology of the perovskite films doped with CsBr.
As shown in Figures 6.2a and b, all films have a homogeneous, and compact morphology
and a high surface coverage with crystal sizes in the range of hundreds of nanometers.
No additional smaller grains were discernable inside the crystals. [158] Notably, the grain
size distributions were summarized in Figures 6.2c and d, the grain sizes slightly increase
upon the incorporation of CsBr, which typically implied fewer grain boundaries and less
photo-generated charge carrier losses. In addition, an obvious difference in surface texture
can be observed for the MAPI and MAPI-CsBr films. It was reported that such a layered
texture morphology can effectively eliminate shunting paths and diffuse reflectance losses,
thereby leading to an enhanced performance of the devices. [159]
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Figure 6.2: Top-view SEM images of (a) MAPI and (b) MAPI-3 % CsBr. The statistical grain
size distribution of (c) MAPI and (d) MAPI-3 % CsBr films. Adopted with permission from
Ref [137]. Copyright [2022] American Chemical Society.
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MIAPI:3% CsBr-t MAPI-3% CsBr-Br

Figure 6.3: EDS mapping of Pb, | and Br component distribution in the MAPI and MAPI-3
% CsBr films. Adopted with permission from Ref [137]. Copyright [2022] American Chemical
Society.

To verify the distribution of elements in the films, the elemental mapping and X-ray
energy dispersive spectroscopy (EDS) analysis were performed for the MAPI and MAPI-
CsBr films, as shown in Figure 6.3. As observed from the elemental mapping images of
Pb, I, and Br, I confirmed that the three elements were uniformly distributed in the bulk
and surface of the perovskite film. Moreover, the relative atomic ratios were determined,
as shown in Figures 6.4a and b, indicating that Br was successfully incorporated into the

film from the precursor solution.
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Figure 6.4: EDS data and corresponding Pb, | and Br atomic ratios of the (a) MAPI and (b)
MAPI-3 % CsBr films. Adopted with permission from Ref [137]. Copyright [2022] American

Chemical Society.

6.4 Crystal structure of perovskite films

XRD characterization was used to examine the crystal structure and crystallinity of per-
ovskite films (Figure 6.5). The major peaks located at around 14.10°, 28.50°, and 31.90°
were assigned to the (110), (220), and (310) Bragg peaks, respectively. All mixed per-

ovskite films display the characteristic peaks of the tetragonal perovskite structure, illus-

trating the successful formation of a-phase MAPI. The relative intensities of the (220) and

(310) Bragg peaks were nearly constant with respect to the corresponding (110) Bragg

peak for all perovskite films, indicating that no significant preferential growth occurs with

the incorporation of CsBr. However, the absolute Bragg peak intensities of the MAPI
and MAPI-3 % CsBr films shown significant differences. With the incorporation of CsBr,
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the intensities of the (110), (220) and (310) Bragg peaks become higher than for the case
of the MAPI film. The detailed FWHM values of the diffraction peaks of the MAPI and
MAPI-3 % CsBr films were shown in Table 6.1.
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Figure 6.5: XRD data of MAPI (red) and MAPI-3 % CsBr (green). Adopted with permission
from Ref [137]. Copyright [2022] American Chemical Society.

Sample MAPI MAPI-3 %CsBr
(001)/(110)  0.20 0.18
(220) 0.21 0.20
(310) 0.22 0.22

Table 6.1: FWHM values of characteristic Bragg peaks of the MAPI and MAPI-3 % CsBr
films obtained from Gaussian fits. Adopted with permission from Ref [137]. Copyright [2022]

American Chemical Society.

The lower FWHM values extracted from the Bragg peaks of the MAPI-3% CsBr film
suggested that the incorporation of CsBr increases the crystal size in addition to enhance
the crystallinity of the perovskite film. [160,161] The formation of the perovskite films
occurs via the combination of nucleation and crystal growth processes. When CsBr was in-
corporated into the perovskite precursor solution, the Br~ and Cs™ can influence the crys-
tallization behavior and prolong the crystallization kinetics of the perovskite films, which

was beneficial for obtaining highly crystalline perovskite films with large grains. [162,163]
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Figure 6.6: Zoom-in of XRD data of the (a) (110), (b) (220) and (c) (310) Bragg peak of the
MAPI (red), MAPI-3 % CsBr (green) and MAPI-6 % CsBr (blue) perovskite films. Adopted
with permission from Ref [137]. Copyright [2022] American Chemical Society.

Moreover, the peak positions of the (110), (220) and (310) Bragg peaks exhibited the
same tendency to shift towards higher angles and the shift was proportional to the CsBr-
doping content, as shown in Figure 6.6. The specific diffraction peak locations of the

corresponding crystallographic planes were summarized in Table 6.2.

Sample MAPI (°) MAPI-3 %CsBr (°) MAPI-6 %CsBr (°)
(001)/(110)  14.12 14.17 14.19
(220) 28.50 28.52 28.53
(310) 31.94 31.96 31.97

Table 6.2: Bragg peak positions in 2theta of the MAPI, MAPI-3 % CsBr and MAPI-6 % CsBr
films. Adopted with permission from Ref [137]. Copyright [2022] American Chemical Society.

According to previous reports, [164] the formation of perovskite was estimated by the

tolerance factor
Ris+ Rx

V2(Rp + Rx)
where R4, Rp and Ry are the ionic radii of A, B and X (for the perovskite structure
ABX3). When smaller extrinsic Cs* ions (Cs*:1.69 A, MAT: 2.17 A) were introduced
into the MAPI-based perovskite, the tolerance factor (¢) was changed and thus the crystal
structure of the ABXj3 perovskite was influenced. The calculated tolerance factors of

different perovskite compositions were shown in Table 6.3.

(6.1)
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Perovskite MAPI MAPBr CsPI CsPBr
Tolerance factor (¢)  0.91 0.93 0.81  0.82

Table 6.3: Tolerance factor of different perovskite compositions. (MA*: 2.17, Cs*: 1.69, Pb%+:

1.19, I7: 2.2, Br™: 1.96). Adopted with permission from Ref [137]. Copyright [2022] American
Chemical Society.

A change in the tolerance factor can inevitably lead to a mismatch of the crystal lat-
tice constant and explain the observed peak shifts in the XRD characterization. [165]
Therefore, the gradual shift of the characteristic peaks of the perovskite phase to higher
diffraction angles can be attributed to the substitution of the vacant MA* and I~ sites in
the host perovskite by Cs' and Br~, which have smaller ionic radii, thereby decreasing
the residual stress and decreasing the lattice constant. [157] Thus, it was suggested that
CsBr is integrated into the perovskite lattice.

6.5 Optical properties of perovskite films
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Figure 6.7: (a) UV-vis absorption spectra, (b) Thickness determination (c)UV-vis absorption
coefficient of the MAPI (red), MAPI-3 % CsBr (green) and MAPI-6 % CsBr (blue) perovskite
films. Adopted with permission from Ref [137]. Copyright [2022] American Chemical Society.

To evaluate the influence of the CsBr dopant on the optical properties of the perovskite
materials, the absorption coefficient of the perovskite films was probed by measuring
UV-vis and the film thickness, as shown in Figure 6.7a and b. The calculated absorp-
tion coefficient curves were displayed in Figure 6.7c¢ and the corresponding calculation

parameters and equations were shown in Table 6.4 with the supplementary description.
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Sample MAPI MAPI-3 %CsBr MAPI-6 %CsBr
Film thickness (nm) 351 346 350
On-set wavelenth (nm) 778 773 769
Band-gap (eV) 1.58 1.59 1.60

Table 6.4: Film thickness, on-set wavelength and calculated values of the band-gap for the
MAPI, MAPI-3 % CsBr and MAPI-6 % CsBr films. Adopted with permission from Ref [137].
Copyright [2022] American Chemical Society.

Beer Lambert Law

I = Iyexp(—Alpha - t) (6.2)
then
Iy
In ( 7 ) = Alpha - t (6.3)
obtain ) 5034
Alpha = — (6.4)
1240
E, = .
7 lincidentwavelength(nm)] (6.5)
124
By= (6.6)

where I is incident intensity, I is the transmitted intensity, Alpha is absorption coefficient,

t is the thickness of the thin film, A is the absorbance, A is the incident wavelength (nm).

With increasing doping content of CsBr, the absorption coefficient of the films increased
systematically and the absorption edge slightly blue-shifted toward the short-wavelength
region. The increase in the band-gap was ascribed to two major aspects: First is the
substitution of MA™ in the host perovskite by Cs™ with a smaller ionic radius, resulting
in a decrease of lattice constant and an increase of the band-gap. [164,166] Second, the
bandgap is affected by the I/ Br atomic ratio. The introduction of Br will decrease
the antibonding overlap between the np orbital of X (I or Br) and the 6s orbital of Pb,
which results in a wider bandgap. [164] The enhanced absorption coefficient was beneficial
for increasing the photocarrier generation rate and the increased band-gap improves the

energy level alignment, respectively, thereby contributing to higher Voo values.
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Figure 6.8: Steady-state PL spectra of MAPI (red), MAPI-3 % CsBr (green) and MAPI-6 %
CsBr films (blue). Adopted with permission from Ref [137]. Copyright [2022] American Chemical
Society.

In addition, the blue-shift was also observed in steady-state PL (Figure 6.8), which may
be also induced by the reduction of the shallow trap density in the doped films. [155,167]
Furthermore, the steady-state PL intensities exhibited a twofold increase when increasing
the CsBr-doping from 0 % to 6 %. Such enhanced PL intensity demonstrated a decrease
in the rate of non-radiative charge carrier recombination, possibly due to a reduction in
the grain boundaries that serve as sites of non-radiative recombination. [155] This finding

was consistent with the results of the SEM and XRD measurements.

6.6 Crystal orientation of perovskite films

GIWAXS has been proven to be a versatile technique to investigate the crystal struc-
ture and the crystal orientation of polycrystalline perovskite films. [122] Herein, I applied
GIWAXS measurements to study the relationship between multiple crystal orientations
and the optoelectronic properties of these films. As depicted in Figure 6.9a, the corre-
sponding 2D GIWAXS data of the MAPI film exhibited strong diffraction rings for the
(110) and (220) Bragg peaks with a moderate preferential crystal orientation distribution.
Upon doping MAPI with CsBr, the 2D GIWAXS patterns distinctly changed for these

diffraction rings, as shown in Figures 6.9b and c, respectively.
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Figure 6.9: 2D GIWAXS data of (a) MAPI, (b) MAPI-3 % CsBr and (c) MAPI-6 % CsBr
films with highlighted (110), (220), and (310) diffraction rings. Adopted with permission from
Ref [137]. Copyright [2022] American Chemical Society.
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Figure 6.10: Azimuthal tube cuts of the 2D GIWAXS data in case of o; = 0.30° of (a) the
(002/110) Bragg peak at around q =1.00 A~! and (b) the (220) Bragg peak at around q =2.00
A= for MAPI (red), MAPI-3 % CsBr (green) and MAPI-6 % CsBr (blue) films. The fit results
based on a Gaussian function are displayed by the solid lines. (c) Corresponding azimuthal widths
(FWHM) from the Gaussian fits in case of (110) Bragg peak (rectangular symbols) and (220)
Bragg peak (circle symbols). (d) The crystal structure of perovskite with highlighted (110)
plane. Schematic diagram of crystal stacking pattern of (¢) MAPI and (f) MAPI-3 % CsBr or
MAPI-6 % CsBr with the (110) plane marked in red. An edge-up orientation corresponds to
the (110)-plane being parallel to the substrate. A side-on orientation corresponds to the (110)-
plane being normal to the substrate. Adopted with permission from Ref [137]. Copyright [2022]
American Chemical Society.
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To quantitatively analyze the differences in crystal orientation distribution among these
films, I performed azimuthal tube cuts along the (110) and (220) Bragg peaks of the GI-
WAXS data. I used a single Gaussian function to fit the respective Bragg peak orientation
distribution (Figure 6.10a-c). From the perspective of mosaicity of the crystallite distribu-
tion, the MAPI perovskite film exhibited a large number of sharp intensity peaks (marked
with purple dotted circles) in the range from 30° to 70° as seen from the strongly varying
intensity. Each intensity peak come from a large-size crystal domain in the MAPI film
contributing with a strong scattering intensity at a specific angle due to its individual
orientation. In contrast, the tube cuts of CsBr-doped samples were smooth for both (110)
and (220) Bragg peaks in the range from 30° to 70° and represent a wider distribution at
0°, which was caused by the concentrated distribution of the scattering peaks of the large-
size crystal domain near 0°. This difference in the angular intensity distribution indicated
that the doped films consisted of larger-sized crystalline domains. These domains were
consequently more compact in the film and overall better aligned than the domains in the
pure MAPI sample. This finding agreed well with the observations in the SEM images
of the doped samples. A generally enhanced intensity at around y = 0° in the tube cuts
of all perovskite films, suggested a preferred edge-up orientation distribution irrespective
of the doping. Figure 6.10d displayed the perovskite crystal structure and highlighted a
typical (110) crystal plane. The “edge-up” configuration effectively described the crystal
orientation preference with the (110) plane being oriented parallel to the substrate sur-
face. In more detail, the width of the peak located at xy = 0° broadens with doping as
quantified with the azimuthal full-width half-maximum (FWHM) values (Figure 6.10c).

The corresponding fit results were shown in Table 6.5.

Sample MAPI MAPI-3 %CsBr MAPI-6 %CsBr
(001)/(110) 13.93 25.40 24.13
(220) 17.51 26.57 26.96

Table 6.5: FWHM value of Bragg peaks extracted from fits to the azimuthal tube cuts of the
2D GIWAXS data for the MAPI, MAPI-3 % CsBr and MAPI-6 % CsBr films. Adopted with
permission from Ref [137]. Copyright [2022] American Chemical Society.

Thus, the crystal orientation distribution broadens due to doping. Moreover, I also
noticed that the (110) Bragg peak exhibited an orientation distribution at around 80°. In
fact, this intensity was part of an intensity maximum with its center at 90° since the tube
cuts contained both (110) and (100) Bragg peaks of the perovskite. The (100) Bragg peak

angularly distributed at 90° indicated a side-on orientation of the crystallites. Thus, for
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the case of the CsBr doped films, besides the broadened edge-on orientation also a side-
on orientation was present, so the CsBr-MAPI films have a more multi-oriented crystal
stacking configuration. Figures 6.10e and f sketched the stacking behaviors of the crystals
in the MAPI sample and the CsBr doped MAPI samples, respectively. If all crystals
grow along a particular crystallographic plane, representing one crystal orientation (such
as face-up, corner-up, or side-up), then the resulting film was likely to exhibit improved
charge carrier mobility and superior optoelectronic properties. Compared with the MAPI
film with many randomly oriented crystalline domains, the CsBr-doped films with broad-
ened crystal orientation distribution (edge-up and side-on) and less sharp peaks (from 30°
to 70°) shown a superior charge carrier transport, as described below. Moreover, it was
reported that a broadened orientation distribution of the crystallites is beneficial for both
charge carrier transport and the resulting device performance. [20,156,168,169] To verify

a similar effect in our case, the relevant charge carrier transport kinetics were determined
with TRPL, TPC, and TPV together with the device performance.
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Figure 6.11: Pseudo XRD data obtained from 2D GIWAXS data integration of MAPI (red),
MAPI-3 % CsBr (green) and MAPI-6 % CsBr (blue) perovskite films with labelling of the relevant
Bragg peaks. Adopted with permission from Ref [137]. Copyright [2022] American Chemical
Society.

Besides the tube cut analysis, also pseudo-XRD information can be gained from the
2D GIWAXS data by radial cake cut analysis (integrating over the whole Chi range), as
shown in Figure 6.11. In the respective line cut data, three characteristic peaks of the
tetragonal MAPI crystal structure were observed. These peaks were located at 1.00 A1,
2.01 A=) and 2.24 A~!, which matched well with the XRD measurements (Table 6.6).
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Sample MAPI MAPI-3 %CsBr MAPI-6 %CsBr
(001)/(110) (A~ 1.029 1.031 1.032
(220) (A-1) 2.056 2.063 2.061
(310) (A1) 2.298 2.306 2.297

Table 6.6: Bragg peak positions determined from the pseudo-XRD data obtained by integrating
the 2D GIWAXS data of the MAPI, MAPI-3 % CsBr and MAPI-6 % CsBr films. Adopted with
permission from Ref [137]. Copyright [2022] American Chemical Society.

6.7 Charge carrier kinetics in perovskite films and devices
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Figure 6.12: (a) TRPL decay of MAPI (red), MAPI-3 % CsBr (green) and MAPI-6 % CsBr
(blue) films. The fits to the TRPL data are based on a biexponential rate law. Measurements of
(b) TPC, (c) TPV and (d) tDOS deduced from C-f plots for the mixed devices. Current-voltage
responses and corresponding devices structure for hole-only devices constructed from (e) MAPI
and (f) MAPI-3 % CsBr devices. Adopted with permission from Ref [137]. Copyright [2022]
American Chemical Society.

The effect of CsBr doping on the dynamic behavior of charge carriers was also studied

in-depth. I used time-resolved TRPL to investigate the charge recombination dynamics
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in the perovskite films (Figure 6.12a). The TRPL profiles were fitted by applying the bi-
exponential decay model. The corresponding calculated average lifetimes and the adopted
equations were displayed in Table 6.7.

Sample MAPI MAPI-3 % CsBr MAPI-6 % CsBr
Ay (%) 29.16 37.71 41.45
71 (ns) 11.99 8.27 4.17
Ay (%) 70.84 62.29 58.55
7o (ns) 103.17 8244.59 180.12
Ayxr; (ns) 3.50 3.12 1.73
Asx7y (ns) 73.00 152.35 105.46
f; 0.05 0.02 0.02
f5 0.95 0.98 0.98
Tqp amplitude weighted (ns) 7 155 107
71 intensity weighted (ns) 99 240 177

Table 6.7: Average charge carrier lifetimes obtained by fits of the TRPL spectra for the MAPI,
MAPI-3 % CsBr and MAPI-6 % CsBr films. Adopted with permission from Ref [137]. Copyright
[2022] American Chemical Society.
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For the CsBr-doped films, the photo-generated charge carriers decay much slower and
exhibited significantly longer intensity-weighted average lifetimes (largest =240 ns in the
case of 3 % CsBr) compared to the pure MAPIT film (99 ns). The prolonged charge carrier
lifetimes indicated that the concentration of recombination sites was significantly reduced
and non-radiative carrier recombination was effectively suppressed by introducing CsBr
into the perovskite. This finding agreed well with the steady-state PL measurements
described above.
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Furthermore, TPC and TPV were also measured to gain insight into the charge carrier-
transfer kinetics and charge carrier-recombination within the materials. The measurement
method was detailed in the methods section. TPC measurements were widely applied to
monitor the charge carrier transport in the context of the entire device. The collected TPC
data of devices based on the MAPI and CsBr-doped MAPI films were normalized and
then fitted with a single-exponential function (Figure 6.12b). The extracted fit parameters

were summarized in Table 6.8.

Sample MAPI MAPI-3 %CsBr MAPI-6 %CsBr
Tave (ps) — 3.42 3.26 3.44

Table 6.8: Fitted decay times from TPC spectra for the MAPI, MAPI-3 % CsBr and MAPI-6
% CsBr devices. Adopted with permission from Ref [137]. Copyright [2022] American Chemical
Society.

The device based on MAPI-3 % CsBr film exhibited a faster charge transfer lifetime
(3.26 s) compared to both the pristine MAPI film (3.42 s) and at higher CsBr doping.
Thus, from the TPC data, the 3 % CsBr doping appeared to be most advantageous.
The enhanced charge carrier transfer could be the result of the reduced concentration of
detrimental defects and better crystal orientation distribution, resulting in more efficient
charge carrier extraction and faster charge carrier transport. The finding was in good
agreement with the GIWAXS results. It suggested that a broadened crystal orientation
distribution (CsBr doped film: edge-up and side-on, MAPI: edge-on) was beneficial for
charge carrier transport. TPV measurements correlated with electron lifetimes provided
an in-depth understanding of charge carrier recombination dynamics across the entire
device. The voltage-time curves and the corresponding results fitted by bi-exponential

functions were shown in Figure 6.12c and Table 6.9 give the related parameters.

Sample  MAPI MAPI-3 %CsBr MAPI-6 %CsBr

Ay (%) 40 19 37
71 (ms)  0.09 0.10 0.10
Ay (%) 58 78 71
7o (ms)  0.27 0.37 0.36
Taw (ms)  0.19 0.31 0.28

Table 6.9: Fitted decay times from TPV spectra for the MAPI, MAPI-3 % CsBr and MAPI-6
% CsBr devices. Adopted with permission from Ref [137]. Copyright [2022] American Chemical
Society.
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The photovoltage decay times of the devices based on MAPI, MAPI-3 % CsBr and
MAPI-6 % CsBr mixed perovskite components were 0.19, 0.31, and 0.28 ms, respectively.
The CsBr-doped devices were characterized by longer electron lifetimes, which results
from the effective suppression of trap-assisted recombination, lower defect concentration,
and superior film quality. The longest photovoltage decay time was found for 3 % CsBr,
confirming also from TPV that the 3 % CsBr material was the most promising in terms

of optoelectronic quality.

Thermal admittance spectroscopy (TAS) was implemented as a tool to further elucidate
the trap-state distribution in the devices. I calculated the tDOS distribution from the
capacitance versus frequency (C-f) curves measured with TAS. The trap density as a
function of energy depth profiles was displayed in Figure 6.12d. Upon doping with CsBr,
the device shown a relatively lower trap-state density at the energy region from 0.30 eV to
0.41 eV (shallow trap states) and a slightly higher trap-state density from 0.41 eV to 0.49
eV (deep trap states) compared to a MAPI-based device. The tDOS results demonstrated
that the CsBr-doping can inhibit the generation of defects to a certain extent and has a
passivation effect on shallow defects, which was in agreement with the PL characterization.
The observed increase in deep trap-states can be related to lattice distortion induced by
the CsBr doping. [170] Comprehensively, the introduction of CsBr played an indispensable
role in the passivation of the trap-sate density, which was beneficial for improving the
Voc and FF values of the devices. To quantify this, the SCLC technique was used to
investigate the trap density (n4.,) in hole-only devices (FTO/PTAA /perovskite/Spiro-
OMeTAD/Au). Figure 6.12e¢ and 6.12f displayed the current-voltage characteristics of
the MAPI and MAPI-3 % CsBr devices measured under an applied bias. The curve can
be divided into three regions with different n values. The Ohmic region at a low bias
(n=1) can be used to calculate the conductivities of the crystals. In the trap-free regime
(n=2), the charge carrier mobility of the perovskite can be estimated by Mott-Gurney’s
law. When n>3 (trap-filling region), the current abruptly increases at Vppp. In this

region, the trap density 1., can be calculated using the following equation [171,172]

QVTFL550
ng— ———
el?

where Vrpp, is the trap-filled limit voltage, € is the relative dielectric constant for MAPI

(6.10)

(X=I, Br), g is the vacuum permittivity, e is the electron charge, L is the thickness of

the perovskite crystal.

The Vppp, values for the MAPI and MAPI-3 % CsBr devices obtained from the I-V
curve were 0.34 V and 0.21 V, respectively. The calculated ny.,, of the MAPI device
(1.91x10'® cm™3) was higher than that of the MAPI-3 % CsBr device (1.20 x10'® cm™3),

which can be interpreted as the defect passivation effect of CsBr.
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6.8 Photovoltaic performance and stability of perovskite

solar cells
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Figure 6.13: (a) UPS spectra of the MAPI and MAPI-3 % CsBr films. (b) Schematic diagram of
the energy-level alignment of the devices. (c) Typical photocurrent density-voltage characteristics
of devices with different CsBr content. (d) PCE distribution based on 40 solar cells for MAPI-
based (red) and MAPI-3 % CsBr-based devices (green). Adopted with permission from Ref [137].
Copyright [2022] American Chemical Society.

UPS measurements were used to investigate the effect of CsBr as an additive in the
perovskite precursor solution on the energy levels of the perovskite films (Figure 6.13a).
The work function (WF) slightly decreased from 4.37 eV (MAPI film) to 4.29 €V in the case
of the CsBr-doped MAPI. The decrease of the WF could increase the built-in potential
inside the devices and was favorable to enhance the Ve of PSCs. [173] Considering the
WF and Fermi levels, the valence band maximum (VBM) values of the MAPI and MAPI-
3 % CsBr films were calculated to be 6.17 €V and 5.94 eV, respectively. Considering the
HOMO level of Spiro-OMeTAD at around 5.22 eV, the small VBM difference indicated
that CsBr doping can promote a better matching of the energy levels (energy diagram was
displayed in Figure 6.13b). The optimized energy band alignment between the perovskite
and electron blocking layer was favorable to reducing charge carrier recombination at the
interface and facilitating photoinduced charge carrier extraction and transfer. Thus, both
contribute to reducing the V¢ loss of PSCs. This was in good agreement with the PL

intensity variation and charge carrier kinetics characterization.

To explore how the crystal orientation affects the photovoltaic properties of devices, I
prepared MAPI-based solar cells with different CsBr doping concentrations in the active
layer. The representative J—V curves and corresponding photovoltaic parameters were
displayed in Figure 6.13c and Table 6.10.
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Sample MAPI MAPI-3 % CsBr MAPI-6 % CsBr
Voo (V) 1.09 1.14 1.15
Jsc (mAfem?)  22.88 22.20 21.84
FF 0.72 0.76 0.76
PCE (%) 17.82 19.24 18.96

Table 6.10: Summary of devices performance parameters for the champion MAPI, MAPI-3 %
CsBr and MAPI-6 % CsBr devices. Adopted with permission from Ref [137]. Copyright [2022]

American Chemical Society.

The best MAPI-based device exhibitd a power conversion efficiency (PCE) of 17.82 %
with a relatively high short-circuit current density (Jg¢) of 22.86 mA cm™2, an Ve of
1.09 V and a fill factor (FF) of 0.72. The champion device based on MAPI-3 % CsBr
yielded an enhanced PCE of 19.24 %, together with a Jgo of 22.20 mA ecm~2, a V¢ of
1.14 V, and a high FF of 0.76. In addition, the champion device based on MAPI-6 %
CsBr yielded an enhanced PCE of 18.96 %, together with a Jgc of 21.84 mA cm™2, a
Voc of 1.15 V, and a high FF of 0.76. In general, many factors can affect the photovoltaic
performance of the devices. In the present work, the effects of charge carrier dynamics and
crystal orientation distributions on the device performance were the focus of the research.
Although the charge carrier transport characteristics of the MAPI-6 % CsBr device were
inferior to those of the MAPI-3 % CsBr device, its grain orientation distribution was
diversified. Thus, the difference in the photovoltaic properties may be ascribed to the
synergistic effect of the charge carrier dynamics and crystal orientation distribution. The
PCE distribution histograms of devices based on MAPI and MAPI-3 % CsBr components
(40 solar cells) was shown in Figure 6.13d. Compared to MAPI, the average PCE of
MAPI-3 % CsBr-based devices was increased distinctly from 15.38 % to 17.74 %.

Figure 6.14 shown the statistical distribution results of the corresponding photovoltaic
parameters of the devices based on MAPI and MAPI-3 % CsBr films. A clear improvement
was observed after CsBr doping. Compared to the MAPI-based devices, the optoelectronic
parameters of devices based on MAPI-3 % CsBr, particularly Ve and FF were greatly
enhanced. The average Voo was increased from 1.05 V to 1.12 V, while the average FF
was increased from 0.66 to 0.71. These results clearly illustrated that the incorporation
of CsBr can effectively improve the optoelectronic properties of mixed perovskite-based
photovoltaic devices. As discussed above, this remarkable improvement was attributed
to the simultaneously improved charge carrier transport and suppressed charge carrier

recombination.
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Figure 6.14: Statistical distribution of the photovoltaic parameters of the MAPI (red) and
MAPI-3 % CsBr (green) PSCs based on 40 solar cells: (a) open-circuit voltage (Vo¢), (b) short-
circuit current (Jsc), (c) fill factor (FF) and (d) power conversion efficiency (PCE). Adopted
with permission from Ref [137]. Copyright [2022] American Chemical Society.
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Figure 6.15: (a) EQE spectra and corresponding integrated Jg¢ curves. (b) Dark J-V curves.
(c) photocurrent stability under constant illumination data. (d) Long-time efficiency stability
under continuous illumination is measured for the MAPI and MAPI-3 % CsBr devices. Adopted
with permission from Ref [137]. Copyright [2022] American Chemical Society.

External quantum efficiency (EQE) measurements were performed to crosscheck the
short-circuit current density in the J-V measurements (Figure 6.15a). Both, the MAPI
and MAPI-3 % CsBr devices were characterized by values around 90 % in the wavelength
range from 300 nm to 850 nm. The integrated Jg¢ values extracted from the EQE spectra
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were 21.34 mA cm™? and 20.94 mA cm~? for the MAPI and MAPI-3 % CsBr device,
respectively, which matched well with the Jgc obtained from J-V curves, indicating
good reliability of the J-V measurements. Moreover, dark current measurements were
also performed to confirm the suppressed charge carrier recombination (Figure 6.15b).
Compared with the pristine device, the MAPI-3 % CsBr device shown a lower dark current
density, which suggested that the leakage paths related to charge losses were suppressed
and less photocurrent was shunted. Therefore, the incorporation of CsBr can effectively

inhibit charge carrier recombination and facilitate charge transfer. [174]

The device stability under ambient conditions played a crucial role in commercial ap-
plications. To examine the effect of CsBr doping on the operational stability of PSCs, I
recorded the steady-state current output at the maximum power point (MPP). As seen
in Figure 6.15¢, the current density of the MAPI and MAPI-3 % CsBr device correspond-
ing to its maximum power point (0.77 V) were 19.24 and 20.21 mA cm™2, respectively.
After illumination for 300 s, the steady-state current curve of the MAPI-3 % CsBr device
remained stable without any decrease, whereas the curves of the MAPI device undergo a
slight decrease. This indicated that the MAPI-3 % CsBr device has better stability than
the MAPI device. T also tracked the lifetime of the MAPI and MAPI-3 % CsBr devices
under an ambient atmosphere with continuous simulated AM 1.5G illumination. The J-V
data were collected every 3.29 min and measured for 4 h. As shown in Figure 6.15d, the

incorporation of CsBr can significantly improve the device’s stability.
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Figure 6.16: The J-V curves of the MAPI and MAPI-3 % CsBr devices before and after

illumination for 4 h. Adopted with permission from Ref [137]. Copyright [2022] American
Chemical Society.

After being exposed to continuous illumination for 4 h, the device based on MAPI-3 %
CsBr preserved more than 80 % of its initial PCE and the corresponding PCE decreased
from 15.76 % to 12.13 %, the corresponding J-V curves were shown in Figure 6.16. The
PCE of the MAPI reference device presented a significant decay (from 15.10 % to 4.67 %)
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and retains only 32 % of its original PCE. This implied that the incorporation of CsBr
inhibited the light-activated photocurrent degradation and stabilized the perovskite light
absorber to a certain degree.

6.9 Summary

In conclusion, I investigated the impacts of CsBr doping on the crystal orientation distri-
bution and the optoelectronic behavior of the resulting perovskite films and PSCs. The
incorporation of CsBr effectively promoted a self-optimization of the crystal orientation
distribution, inhibited the generation of the non-radiative recombination sites, and facil-
itated charge carrier transfer and extraction. These CsBr doping-induced improvements
in the structure and optoelectronic behavior result in an enhanced Voo and superior
photovoltaic efficiency of the corresponding PSCs. Best-performing devices with supe-
rior stability were observed for 3 % CsBr doping. Thus, our research on improving the
perovskite crystals and reducing shallow defects to improve charge carrier dynamics pro-

vided an essential guideline for performance optimization and the further developments
of PSCs.
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This chapter is largely based on the following accepted article: “Ionic lig-
uids tailoring crystal orientation and electronic properties for stable and
high fill factor perovskite solar cells” (Zou Y et al., Nano Energy, 2023,
108449, Doi.org/10.1016/j.nanoen.2023.108449). Adopted with permission
from Ref [175]. Copyright © 2023 Elsevier. In this chapter, XPS and UPS
were measured by Johanna Eichhorn, TRPL was measured by Sebastian
Rieger, EQE was measured by Yiting Zheng, TPV, TPC and OCVD were
measured by Shuai Yuan, SEM data was measured by Shanshan Yin, GI-
WAXS and GISAXS were measured by Yuqin Zou, Lukas V. Spanier, and
Julian E. Heger.

7.1 Preface

Metal halide PSCs have rapidly developed as highly-promising systems in the photo-
voltaics field, with the highest certified PCE reaching up to 25.7 %. [8,176] However,
PSCs still faced considerable challenges on the path towards commercial deployment.
Current research focused strongly on further increasing the PCE towards the theoretical
Shockley-Queisser (S-Q) limit, [177] enabling the fabrication of large-area devices, [178]
and improving the long-term operational stability of the devices. [19,179] The achieve-
ment of these visions was intrinsically related to overcome the inherent flaws of perovskites.
Perovskite films with polycrystalline morphologies inevitably contained a large number
of defects at grain boundaries and interfaces generated during crystallization. [180, 181]
These defects and associated recombination pathways induced the non-radiative recom-
bination of charge carriers, leading to a loss in the Ve of the devices. [180-182] On
the other hand, the perovskite components were sensitive to the external environment,

particularly oxygen, light, and moisture. Long-term exposure to these influences lead
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to the formation of superoxide (Oy~) species and induces subsequent degradation of the
perovskite materials. [183,184] Therefore, tailoring the crystallization process during film
formation and rationally modulating the perovskite composition were powerful strategies
for overcoming both, efficiency and stability limitations. Along these lines, the primary
objectives can be grouped into two categories. One was to improve the film formation
quality and the charge extraction efficiencies. This enabled charge carriers to be col-
lected by the electrodes before being captured by defects, thereby lowering recombination
rates. [103] The other approach was to strengthen the tolerance of perovskite materials
to the external environment (moisture, light, oxygen, etc.). [183,184] For example, con-
structing a protective layer on the film surface or forming stronger coordinate bonding or
chemical connections between the additives and the perovskite by introducing functional
ligands have been demonstrated to simultaneously stabilize the structure and passivate
defects. [98,185, 186]

Ionic liquids have been intensively investigated in energy storage devices due to their
outstanding ionic conductivity and thermal stability. [187] In the PSCs field, ionic lig-
uids have been used as additives to improve device performance and operational stabil-
ity. [19, 179, 185, 188] For example, Snaith et al. used BMPBF,; and BMIMBF, ionic
liquids in the perovskite component to inhibit compositional segregation into impurity
phases and strengthen the long-time operational stability of the devices. [19,179] How-
ever, most previous studies have emphasized the paramount role of ionic liquids in defect
passivation, energy level optimization, and phase separation suppression. Few studies
have been conducted to investigate the modulation effect of ionic liquids on the crystal-
lization kinetics during film formation from the perspective of crystal stacking mode, and
in-depth explored the impact of ionic liquids on the device optoelectronic properties from
the viewpoint of charge carrier kinetics (transport, extraction and recombination), as well
as tracked the morphological evolution of the crystals under continuous illumination from
the microscopic scale, as well as how these properties change over time to define the

long-term stability.

In the present study, three different ionic liquids were selected to examine their influence
on the film structure and device performance via component regulation and interface mod-
ification. By combining SEM and GISAXS/GIWAXS, I explored the role of ionic liquids
in film formation, including their impacts on defining morphology and crystal orientation
from a nanoscopic perspective. I found that ionic liquids promoted the development of
homogenous large-grained perovskite films and enhanced the ordered arrangement of the
perovskite crystals in a preferential corner-up orientation. Among the three different ionic
liquids, I selected a pyrrolidinium-based ionic compound (Pyr;4BFy) for further in-depth

studies. I analyzed the kinetics of the charge carrier transport, extraction, and recombina-
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tion within the perovskite films and devices utilizing a suite of transient optical and elec-
trical measurements, revealing that the incorporation of ionic liquids increased the charge
carrier mobility and extended the carrier lifetime, thereby improving charge transport and
enabling efficient charge extraction. Using operando GIWAXS and GISAXS, I monitored
the temporal evolution of the crystal structure, film morphology, and photovoltaic proper-
ties of the devices under operating conditions. Light-induced lattice expansion and grain
fragmentation occurring in control devices under continuous illumination were prevented
by the incorporation of ionic liquids. Accordingly, the Pyr4BF4-containing devices ex-
hibited a high resilience under the light. Exposed to ambient conditions for up to 4368
h (6 months), the non-encapsulated Pyri4BF -containing device maintained 97 % of its
initial PCE value, only decreasing from 18.54 % to 18.04 %. Based on the comprehensive
characterization of structural, electrical, and chemical properties of the films, I discussed
the underlying mechanisms by which ionic liquids simultaneously enable high efficiency
and stability perovskite devices, highlighting the importance of this strategy for further

development of this class of materials.

7.2 Film morphology and crystal orientation

7.2.1 Film morphology
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Figure 7.1: (a) Schematic of the n-i-p perovskite solar cell: ITO (grey)/SnO2

(blue)/(MAPDbBTr3)o.15(FAPbI3)0.85/Spiro-OmeTAD (pink)/Au (green). (b) Cross-sectional
SEM image of the full device stack made from (MAPbBr3)g.15(FAPbI3)o.85 with 1 mM Pyry4BF .
(c) The chemical structure of the used ionic liquids: Pyri4BF4, BMIMBF, and EMIMOTH.
Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.

Figure 7.1a depicted the planar negative-intrinsic-positive (n-i-p) device architecture,
where SnO; and Spiro-OMeTAD were used as hole and electron blocking layers, re-
spectively. The cross-sectional SEM image for a representative n-i-p cell based on the
perovskite composition of (MAPbBr3)o15(FAPbI3)gg5 containing 1 mM Pyr4,BF, (with
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respect to one milliliter of solution) (Figure 7.1b) clearly shown the device configura-
tion with different layers of ITO, compact SnO,, perovskite, spiro-OMeTAD and Au.
I screened out three promising and widely utilized ionic liquids as additives, 1-butyl-1-
methylpyrrolidinium tetrafluoroborate (Pyri4BF}), 1-butyl-3-methylimidazolium tetraflu-
oroborate (BMIMBF,) and 1-ethyl-3-methylimidazolium trifluoromethanesulfonate (EMI-
MOTI), to investigate their impacts on the morphology and crystal orientation during
perovskite film formation.

Interface modification (IM)

s

Figure 7.2: Schematic diagram of the perovskite solar cells fabrication using the interface
modification (IM) or component doping (D) process. Adopted with permission from Ref [175].
Copyright © 2023 Elsevier.

The chemical structures of these three ionic liquids were depicted in Figure 7.1c.
The schematic diagram of the corresponding film and device preparation process was
shown in Figure 7.2. In the following, the pristine (MAPbBr3) 15 (FAPbI;)¢.s5 perovskite
component was denoted as control, the SnO, surface modified with ionic liquid solution
was denoted as IM- (interface modification), and the perovskite component incorporating

ionic liquids within its bulk was denoted as D- (component doping).

Figure 7.3a-d shown the SEM images of the D-series perovskite films. In general,
the ionic liquid-doped perovskite films shown a better coverage and a higher uniformity
compared with the control film. Statistical analysis of the grain sizes revealed that the
ionic liquid-doped perovskite films exhibited a larger average grain size (Figure 7.3e-h)
compared with the reference (217 nm for control, 320 nm for D-Pyr;yBF,, 319 nm for
D-BMIMBF, 272 nm for D-EMIMOTY). The formation of the perovskite thin film was
influenced by nucleation and crystal growth according to the LaMer model. [178] For
conventional spin-coated perovskite films, a low density of heterogeneous nuclei with a
fast growth rate promotes the growth of large dendritic perovskite structures, impairing
the ultimate device performance. [189] In order to form high-quality perovskite films with
higher surface coverage and fewer defects, the generation of a large number of nuclei (fast

nucleation) before the triggering of the crystallization process (slow crystal growth) is
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crucial. Analysis of SEM images suggested that the homogenous and enlarged grains
observed in the ionic liquid-containing perovskite films most likely originated from the
incorporation of the non-volatile ionic liquid, which promoted the formation of uniformly
distributed crystal nuclei on the substrate, while also maintaining the liquid environment
for subsequent crystallization by retarding the solvent evaporation. [190] These synergistic
effects of fast nucleation and slow crystallization result in the initial generation of a large
number of perovskite crystal nuclei that subsequently grow. When the grains intersected,

the crystal growth stagnated and a uniform and full-coverage perovskite film formed.
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Figure 7.3: (a-d) Top-view SEM images and (e-h) statistical grain size distribution of perovskite
films treated (a, e) without and with ionic liquids comprising (b, f) Pyr14BFy, (c, g) BMIMBF4
and (d, h) EMIMOT(. Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.

Figure 7.4 depicted SEM images and calculated grain size distributions of perovskite
films doped with different concentration of Pyri4BF,. The observed homogenous and
large-grained perovskite films from all doping ratios further confirmed the tailoring ef-
fect of ionic liquids on the nucleation and subsequent crystal growth processes. I noted
that such large-grained and homogeneous perovskite films are expected to promote long-
term device stability due to the inverse correlation between superoxide generation yield
(and subsequently degradation rate) and the perovskite grain size reported in the lit-
erature. [183] In the case of the ionic liquid-treated films composed of large perovskite
crystallites, it exhibited longer O, diffusion paths to the grain interiors as well as lower
photo-induced superoxide formation rates, resulting in higher device stability, as discussed
in further detail below. [183]
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Figure 7.4: Top-view SEM images and grain size statistical distribution of perovskite films doped
with different Pyr14BF, concentration: (a,b) Control, (c,d) 1 mM, (e,f) 2 mM and (g,h) 3 mM.
Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.
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Figure 7.5: UV-vis absorption spectra of (a) perovskite films doped with different ionic liquid
additives, (b) perovskite films doped with different Pyr;4BF, concentration and (c) perovskite
films in which the SnQO, films are modified with different Pyri4BF4 concentrations. Adopted
with permission from Ref [175]. Copyright © 2023 Elsevier.

UV-vis absorption spectroscopy was used to examine the light-harvesting ability of the
different perovskite films, as shown in Figure 7.5a-c, as well as potential changes of elec-
tronic structure induced by ionic liquid incorporation. Importantly, UV-vis revealed no
significant change of the position of the absorption edge, indicating that the incorporation
of ionic liquids did not have a substantial effect on the optical band gap of the perovskite
films. The slightly enhanced light absorption observed in D-Pyr;yBFfilms originated
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from the high crystallinity of these films, which contributed to a higher photocurrent of
the related devices (Figure 7.5b), as described below. [185]

In addition, XRD patterns indicated a slight shift towards high angles in the charac-
teristic peaks of D-Pyr;4BF perovskite films with respect to the control film, while there
are no discernible differences for the case of IM-Pyr;4BF,films, as shown in Figure 7.6.

Such a shift can originate from the selective interaction of the ionic liquid and precursor
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Figure 7.6: (a) XRD spectra of perovskite thin films with Pyr4BF4 additive. (b) Zoom-in of
the XRD spectra of the perovskite (110) peaks shown in (a) to better show the peak shift and
shape. Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.

7.2.2 Crystal orientation

To gain deeper insights into the crystallization process, I performed GIWAXS, in which
the crystal lattice spacing is associated with the position of the Bragg peaks (scattering
vector q) and the crystal orientation is derived from the azimuthal intensity distribution
of the Bragg peaks. [124] Figure 7.7a-d shown the two-dimensional (2D) GIWAXS data
of the perovskite films doped with different ionic liquids. Azimuthal tube cuts along the
(110) and (220) Bragg peaks of the GIWAXS data, fitted with Gaussian functions, were
performed to quantitatively analyze the crystal orientation distribution (Figure 7.7e and
f). The large-size crystal domains in the perovskite films contributed a strong scattering
intensity at a particular angle due to their individual orientations. [191] The intensity
distribution in the control film was broadly distributed over all angles, suggesting that
the crystal orientation was nearly randomly distributed. However, in the case of the
ionic liquid-doped films, the scattering signal of large-size crystal domains contributed
pronounced intensity at xy = 35° and 65°, indicating preferential crystal growth with a

corner-up orientation.
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Figure 7.7: 2D GIWAXS data of perovskite thin films for (a) the control, (b) D-Pyr14BF4, (c)
D-BMIMBF, and (d) D-EMIMOTf. Azimuthal tube cuts of the 2D GIWAXS data measured
at a; = 0.60° of the (e) (002/110) and (f) (220) Bragg peak at around q =1.00 A~! for D-
perovskite films doped with different ionic liquids, (g) (002/110) and (h) (220) Bragg peak for
IM-perovskite films based on SnO, surface modified with different ionic liquids. Adopted with
permission from Ref [175]. Copyright © 2023 Elsevier.
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Figure 7.8: 2D GIWAXS data of IM-perovskite films in which the SnO, films are modified with
different ionic-liquids: (a) Control, (b) IM-Pyr14BF4, (c) IM-BMIMBF,4 and (d) IM-EMIMOTH.
Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.

In the case of the IM-series perovskite films, the (110) and (220) Bragg peaks also
exhibited a preferential crystal orientation at 35° and 65° (Figure 7.7g and h). The
corresponding 2D GIWAXS data of IM-series perovskite films was shown is Figure 7.8.
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Figure 7.9: Pseudo-XRD data extracted from the 2D GIWAXS data by radial cake cut analysis
for (a) D-perovskite and (b) IM-perovskite films. Adopted with permission from Ref [175].
Copyright © 2023 Elsevier.

In the pseudo-XRD data obtained from the 2D GIWAXS data via radial cake cut
analysis (Figure 7.9a), 1 observed that the peak intensity of a secondary lead iodide
(Pbly) phase (marked with a blue asterisk) in the D-series perovskite films was significantly
weakened and even fades away. Such a decrease in Pbl, content could result from hydrogen
bonds formed between the high-boiling point ionic liquid and residual solvent molecules
during the annealing of the perovskite films. Such bond formation delayed the rapid
evaporation of the residual solvent when the film transformed from a colloidal into a solid-
state film, thereby lowering the loss of volatile MAI and thus hindering the precipitation
of Pbl,. For the case of the IM-series perovskite films, a weakening Pbl, peak was also
observed in the pseudo-XRD data for two of the ionic liquid-containing perovskite films
(Figure 7.9b). These findings implied that the pre-treatment of the SnOs film surface with
ionic liquids also promoted an isotropic growth of the perovskite crystals with preferential

orientation.

In summary, based on the crystal orientation distribution, the utilization of ionic lig-
uids for both bulk doping and SnO, interface modification facilitated the transition of
the thin film texture from randomly oriented to preferentially corner-up oriented. Im-
portantly, perovskite films with such a preferred corner-up crystal orientation have been
demonstrated to exhibit higher out-of-plane charge carrier mobility, thereby significantly
promoting photo-excited carrier transport and efficient charge extraction, [20,137] as will
be discussed in the recombination kinetics section below. From the viewpoint of crystal
structure, the introduction of ionic liquids into the active layer effectively inhibited the
segregation of the Pbly phase from the perovskite component during the film formation

process.
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7.3 Photovoltaic performance

Among the three different ionic liquids studied regarding the perovskite crystal growth,
Pyr14BF4 was selected as the primary additive to investigate its role in photovoltaic per-
formance, charge carrier dynamics and long-term stability of PSC devices for its high elec-
trical conductivity, high charge carrier mobility and superior optical transparency. [187]
As a starting point, the correlation between ionic liquid concentration and photovoltaic
performance was explored from the perspectives of SnO, interface modification and per-
ovskite component doping (Figure 7.2).

The Pyr14BF, concentration was adjusted from 0.0 to 4.3 mM for the interface modifica-
tion series (IM-series) and from 0.0 to 3 mM for the doping concentration series (D-series).
The distribution of photovoltaic parameters and the typical current density-voltage (J-V)
characteristics of the champion devices for each of the interface modifications with 4.3,
2.9 and 1.4 mM PyriyBF; (IM-4.3, IM-2.9, IM-1.4), control and for the doping series
with 1, 2, and 3 mM Pyri4yBF, (D-1, D-2 and D-3) were depicted in Figure 7.10, with
the corresponding statistical results listed in Table 7.1. For the D-series, a low Pyr;4BF,
concentration resulted in a positive influence on the photovoltaic performance. However,

at higher Pyr;4BF, concentrations, the device performance was reduced.
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Figure 7.10: Statistics of device parameters for solar cells based on ITO/SnO2 /perovskite /Spiro-
OmeTAD/Au structure, from left to right are spin-coated different Pyri4BF, concentrations
dissolved in methanol ranging from 4.3 to 1.4 mM on the SnOs surface, control, perovskite
precursors doped with Pyr14BF4 concentration ranging from 0 to 3 mM. (a) Jsc, (b) Voc, ()
FF, (d) PCE were determined from the J-V scan curves of 20 cells for each condition. Adopted
with permission from Ref [175]. Copyright © 2023 Elsevier.
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Device Jsc (mA ecm™2) Voo (V) FF PCE (%)
IM-4.3 mM Pyr;4BF4

Average 21.75 +£ 0.69  1.05 £0.02 0.68 + 0.02 15.50 4+ 0.64
Champion 22.12 1.07 0.70 16.57
IM-2.9 mM Pyr;4BF4

Average 21.81 + 0.82 1.11 £ 0.04 0.69 + 0.03 16.59 + 0.81
Champion 23.02 1.13 0.70 18.28
IM-1.4 mM Pyr4BFy

Average 22.13 £ 0.22 1.10 £ 0.02 0.73 + 0.01 17.74 £+ 0.50
Champion 22.35 1.12 0.75 18.63
Control devices

Average 2211 £0.63 1.13 £0.02 0.70 £ 0.02 17.59 £+ 0.59
Champion 23.18 1.15 0.72 19.06
D-1 mM Pyr4BF,

Average 22.88 + 0.51 1.14 £ 0.02 0.75 + 0.04 19.49 £+ 0.80
Champion 23.27 1.14 0.81 21.34
D-2 mM Pyr4BF,

Average 23.22 + 0.25 1.12 £ 0.01 0.73 = 0.02 19.09 + 0.56
Champion 23.44 1.13 0.75 20

D-3 mM Pyr4BF,

Average 22.48 + 0.55 1.13 £ 0.02 0.69 + 0.01 17.53 £ 0.36
Champion 23.39 1.13 0.69 18.22

Table 7.1: Summarized photovoltaic parameters of solar cells based on glass/SnO mod-
ified with Pyr14BF4/perovskite/spiro-OMeTAD/Au structure, 1TO/SnO2/perovskite /spiro-
OMeTAD/Au structure, and 1TO/SnO2/perovskite doped with Pyr;4BF4/spiro-OMeTAD/Au
structure. Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.

Figure 7.11a depicted the J-V characteristics of the champion PSCs. For the champion
device comprising 1 mM Pyr4BF4, I measured an Ve of 1.14 V, a Jg¢ of 23.27 mA cm 2
and a high FF of 0.81 yielding a PCE of 21.34 %. The champion control device exhibited
a PCE of 19.06 %, due to a lower FF of 0.72. The considerably increased FF achieved in
Pyr4BF4-containing devices was attributed to the following aspects: i) The tailoring and
repairing effects of the ionic liquid during nucleation and crystal growth, resulting in larger
grains and improved crystallinity with fewer grain boundaries and fewer defects. ii) The
crystal stacking transfer from isotropic to preferential corner-up orientation, exhibiting

higher charge carrier mobility and leading to higher FF values. iii) Better energy level
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alignment between the perovskite layer and charge blocking layers and superior charge
carrier transport and extraction capabilities, which helps to avoid introducing energy
barriers to charge transport and improves the charge carrier extraction efficiency, which
will be demonstrated by the following UPS, EIS, TPC and TPV sections. iv) Lower trap
density and lower charge carrier recombination rate in the perovskite film, which will be
discussed in SCLC and TRPL section.
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Figure 7.11: Current density-voltage (J-V) curves of the best performing devices measured
from forward to reverse scan under simulated AM 1.5 sunlight. (b) EQE spectra and integrated
Jsc of the fabricated perovskite solar cells. (c) PCE distribution histograms based on 50 cells
per type. (d) Steady-state photocurrent density measured at the maximum power point. (e)
Nyquist plots of EIS with the equivalent circuit. (f) Dark J-V curves. Adopted with permission
from Ref [175]. Copyright © 2023 Elsevier.

Figure 7.11b displayed the external quantum efficiency (EQE) of devices and the in-
tegrated results of the EQE curves. The enhanced response in the wavelength ranges
from 450 to 750 nm observed in Pyri4BF,-containing devices suggested that the incorpo-
ration of Pyri4BF, was favorable for promoting photo-generated charge carrier transport
and efficient extraction by the charge blocking layer. Considering the enhanced EQE for
longer wavelengths, this effect is especially pronounced for charge carriers generated deep
within the absorber layer. [192] The Jg¢ integrated over the solar spectrum was 20.71
mA cm~2 for the control, 22.25 mA c¢cm~2 for the D-Pyr;yBF, and 21.01 mA cm~2 for

the IM-Pyr14BF, device, respectively, in excellent agreement with the Jgo values derived
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from J-V curves. Figure 7.11c displayed the histograms of the PCE distributions of the
control and the Pyr;4yBF,-containing devices based on 50 solar cells prepared for each
condition. Upon the incorporation of 1 mM Pyri4BF,, the average PCE was improved
from 17.91 % to 19.52 % with high reproducibility. As an initial assessment of stability,
steady-state output current densities were recorded as a function of time at the maximum
power point (Figure 7.11d), with the current density of the control, D-Pyri4BF, and
IM-Pyr14BF, devices stabilizing at around 20 mA cm~2, 21 mA cm~2 and 20 mA cm ™2,
respectively. While the D-Pyr;4BF, device maintained high stability, both the control
and the interface-modified devices were characterized by slight decreases of photocurrent

during illumination for more than 600 s.

Sample Rs () Ry Ryee ()
Control 54.16 7736 188090
D-Pyr4BF, 256.68 7376 365490
IM-PyryBF, 101.60 10328 167070

Table 7.2: EIS parameters for the PSCs based on three types of devices. Adopted with permis-
sion from Ref [175]. Copyright © 2023 Elsevier.

EIS measurements on the whole cells were performed to provide additional insights into
the interfacial charge transport, recombination and series resistance. The Nyquist plots
depicted in Figure 7.11e were analyzed with an equivalent circuit model (see inset of Fig-
ure 7.11e) composed of series resistance (Rs) and two elements for the transfer resistance
(Ry+) and recombination resistance (R,..), each of which are in parallel with capacitors
(Cyr and C,.). The Rs primarily reflects the electrical contacts, wires and sheet resistance
of the electrodes, the Ry, is ascribed to the high-frequency element and reflects the charge
extraction/transfer properties at the HBL-perovskite and/or perovskite-EBL interface,
and the R,.. is assigned to the low-frequency region and is related to charge carrier re-
combination arising from defects within the active layer. [111,193] The Ry, and R,... were
determined to be 7.74 k2 and 188 k2 for the control, 7.38 k{2 and 365 k2 for D-Pyr;4,BFy,
and 10.33 k2 and 167 k) for IM-Pyr;4BF, (Table 7.2), respectively. For the case of the
doped device, the smaller Ry, and larger R,.. values reflected more efficient charge carrier
extraction/transport at the interface and considerably suppressed photo-excited charge
carrier recombination. The findings highlighted the paramount role of ionic liquids in
boosting charge carrier injection and minimizing transfer resistances, leading to a high
FF. [111,177] Furthermore, the lower dark current density of the Pyri4BF—containing
device suggested reduced shunting, which would contribute to improved Jgso and Ve
observed for PSCs constructed from this material (Figure 7.11f). [171]
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7.4 Surface electronic properties of films
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Figure 7.12: (a) Sn 3d and O 1s XPS spectra of SnOy and SnO2-Pyri4BF, films. (b) Pb 4f
and | 3d XPS spectra of control and D-Pyr14BF, perovskite films. (c) N 1s and (d) F 1s XPS

spectra of neat Pyr;4BF,, perovskite and D-Pyri4BF4 perovskite films. Adopted with permission
from Ref [175]. Copyright © 2023 Elsevier.

Sample N1s (eV) Fls(eV) Sn3dsp (V) O 1s(eV) pbdfz, (eV) 13ds (eV)
Pyr4BF, 403.7 687.4 No No No No
SnOs No No 487.0 530.9 No No
SnO,-Pyr4BF, 402.7 686.5 487.2 531.2 No No
Perovskite 400.5 No No No 138.4 619.3
D-Pyr4,BF, 400.5 No No No 138.4 619.3

Table 7.3: Binding energies of elements obtained from X-ray photoelectron spectroscopy (XPS).
Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.
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XPS and UPS measurements were carried out to investigate the influence of Pyr;4BFy
on the surface electronic properties of SnO, and the perovskite layer (Figure 7.12). The
binding energies of all main components were listed in Table 7.3. For the XPS spectra
of the SnO, film treated with Pyr4BF, (abbreviated as SnOs-Pyr14BF,), I noted a peak
shift towards higher binding energies in the Sn 3d and O 1s spectrum relative to pure
SnO, (Figure 7.12a). In detail, the Sn 3ds/, (487.0 V) and Sn 3ds/, (495.4 eV) peaks of
SnO, film were shifted to 487.2 eV and 495.6 eV, respectively, and the main peak of O 1s
was shifted from 530.9 eV to 531.2 eV after Pyr;4BF, treatment. The observed shifts could
arise from the chemical interaction established between Sn and more electronegative F (F:
3.98, O: 3.44), increasing the coordination number surrounding Sn atoms. [185,194,195]
For the pristine and D-Pyr14BF, perovskite films, no binding energy shift was observed
for the Pb 4f;/, and I 3ds/, spectra (Figure 7.12b), as well as for the N 1s spectrum after
Pyr;4BF, incorporation (Figure 7.12¢). Additionally, no fluorine signal was detected in
the Pyr;4BF,-containing perovskite film (Figure 7.12d). [19] Previous studies pointed out
that the BF,~ utilized for perovskite component doping was predominantly distributed
at the bottom of the perovskite layer and was thus challenging to detect on the top
surface. [19,185,196] Therefore, it was difficult to determine the chemical interaction

between Pb, I and BF,™ in terms of the electron density variation of Pb and I.

The UPS spectra of SnOy and SnO,-Pyri4BF, were depicted in Figure 7.13a and the
energy level parameters were listed in Table 7.4. From the secondary electron cutoff,
I observed a 600 meV decrease in the work function (WF) of SnOs, from 4.5 €V to
3.9 eV, after Pyr;4yBF, modification. The energetic positions of the valence band max-
ima below the Fermi level (Eypgys), obtained from valence band spectroscopy, were 3.3
eV for pure SnOy and 3.4 eV for SnO,-Pyr4BF, films. The electron affinity (energetic
position of the conduction band minimum below the vacuum level) was calculated to
be 4.2 eV (3.7 €V) for SnOy (SnOy-Pyr;4BF,). The electronic properties of control and
Pyr14BF,;—containing perovskite films were also determined by WF and valence band max-
imum (VBM) measurements using UPS and UV-vis (Figure 7.13b and Figure 7.14). The
WF significantly decreased from 4.4 eV to 4.0 eV for the case of the Pyr;4BF,—containing
perovskite film, indicating an upward shift of 400 meV. Relative to the vacuum level, the
VBM and CBM were determined to lie at -5.7 eV and -4.1 eV for the control, and at
-5.2 €V and -3.6 €V for the D-PyryBF, film, as determined by combining photoemission
results with optical bandgaps derived from Tauc plots. The corresponding changes of
energy alignment at heterojunctions between the perovskite films and charge transport
layers was schematically summarized in Figure 7.13c. The maximum achievable photo-
voltage of PSCs was determined by the quasi-Fermi-level splitting of electrons and holes,
Voo = %(Efn — Fyp). [63,185]The shallower valence band position in D-Pyr4BF, per-
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ovskite reduced the potential barrier to block the transfer of holes at the perovskite/HTL

interface, while greatly boosting interfacial charge separation and collection, [185,197]

consequently leading to the increased Ve and FF.

a

Intensity (a.u.)

1

C

Energy (eV)

Sno, Sno, Control Control
—— IN- Pyr, B —— IM- Pyr, BF, —— D- Pyr, BFL\ ——— D-Pyr,,BF,
[ iy — /
| bt n\ 5 (!
| \ © n
‘ 8 T,
| \ > | \\
] \‘ ‘@ { ‘\
\ c |
l ) o} | \
, \\ S ‘ \
| \ |
/ Bt il / N
) Y Mmerorkmins
6E SgE e e s ey 19 18 17 16 4 2 0 2

Binding energy (eV) Binding energy (eV)

SnO,-Pyr,,BF,

E\':\c

CB

39eV

340V 3.6eV

VB

CB

SnO,

4.5eV

33eV | 3.6eV

VB

Binding energy (eV) Binding energy (eV)

Perovskite
44¢eV
CB
Er f
1.3eV | 1.6eV
VB~ -

Perovskite-Pyr,,BF,

4.0eV

CB
By

v $
13ev | 1.6eV

Figure 7.13: UPS spectra of secondary electron cut-off and valence band edge of (a) SnOs

and SnOs3-Pyr14BF, films and (b) control and D-Pyri4BF4 perovskite films.

(c) Schematic

illustration of energy levels based on UPS and UV-vis measurements. Adopted with permission
from Ref [175]. Copyright © 2023 Elsevier.

Sample Ecutoff (€V)  Eonser (V) WEF (eV) E, (V) VBM (eV) CBM (eV)
SnO- 16.7 3.3 4.5 3.6 7.8 4.2
SnOs-Pyr4,BF, 17.3 3.4 3.9 3.6 7.3 3.7
Perovskite 16.8 1.3 4.4 1.6 5.7 4.1
D-Pyr,BF, 17.3 1.3 4.0 1.6 5.2 3.6

Table 7.4: Energy level parameters obtained from ultraviolet photoelectron spectroscopy (UPS)
and UV-vis. Adopted with permission from Ref [175]. Copyright © 2023 Elsevier. (Note: the
band gap of SnOs is the theoretical value, [198] and our experiment shows the introduction can't

influence the bandgap of SnO3)



7.5. Recombination kinetics 99

o
=n

Control Control
. 0-Pyr, BF, —D-PyruF,
=] PES
I 24 g
3 S
= =
o] o /
: . \\ ::; / /.
g o 3 /
< \\\ ~ /
0 ] —— T : T
550 600 650 700 750 800 15 16 17 18
Wavelength (nm) Energy (eV)

Figure 7.14: (a) UV-vis spectra of glass/perovskite and glass/perovskite doped with Pyr;4BF4
(b) Tauc plot of glass/perovskite and glass/perovskite doped with Pyri4BF4. Adopted with
permission from Ref [175]. Copyright © 2023 Elsevier.

7.5 Recombination kinetics

The build-up and disappearance of charge carrier densities in PSCs involve multiple pro-
cesses: Light absorption and charge carrier generation, separation, transport, extraction
and recombination in the bulk or at interfaces. Maximizing charge carrier generation and
transport while minimizing recombination is universally perceived being important for
optimizing device efficiencies. [32,137,181] Time-resolved measurements, which are exten-
sively implemented in photovoltaic characterization, can reveal fundamental mechanisms
such as voltage and current generation, as well as competitive charge carrier recombi-
nation within devices. [32,199] Herein, the crucial role of ionic liquids on such dynamic
processes in perovskite thin films and devices is investigated using transient optical and
electrical measurements.

7.5.1 Optical characterization

Contactless optical methods such as steady-state P and TRPL were implemented to
provide insights into excited state and charge carrier dynamics in the active materials.
Figure 7.15a and b shown the TRPL curves that are fitted with bi-exponential functions
and the fit parameters were listed in Table 7.5.

The extracted 7., were 44.5, 38.6, 48.1, 73.2, 132.2, 128.4, and 64.7 ns for IM-4.3,
IM-2.9, IM-1.4 mM, control, D-1, D-2, D-3 mM Pyr4BF, perovskite films, respectively.
The increase of 7,,. with respect to the control sample, especially for Pyr;4BF4 concen-

tration between 1 mM and 2 mM, was consistent with the suppression of defect-assisted
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non-radiative recombination pathways in the perovskite film. This suggested that the
introduction of Pyr;4BF into active materials resulted in lower concentrations of defect
states that act as recombination centers and thus was beneficial to photo-generated charge
carrier extraction. [192,200] Indeed, the concentration dependence of the decay time re-
produced the trend observed for the Pyry,BF, concentration dependence of the PCE
(see Figure 7.10d). This corroborated the assignment to suppression of defect-assisted
recombination through Pyr,BF}y.
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Figure 7.15: Time-resolved PL decay spectra of (a) perovskite films with SnOy treated
with different Pyri4BF4 concentrations and (b) perovskite films doped with differ-
ent Pyri4yBF, ratios. Characteristic J-V trace of (c) electron-only devices based on
glass/ITO/SnO2 /Perovskite/PCBM/Au architecture and (d) hole-only devices based on
glass/ITO/PTAA/Perovskite/Spiro-OMeTAD/Au architecture. Showing three different regions
obtained from the log | versus log V plots with marked for Ohmic (I o V"=1), TFL (I x V*>3),
and Child'’s regimes (I o< V"=2). (e) Open-circuit voltage decay (OCVD) traces. (f) Instanta-
neous relaxation time as a function of voltage. (g) Transient photovoltage traces. (h) Transient
photocurrent traces of the control and Pyri;4BF4-containing devices. Adopted with permission
from Ref [175]. Copyright © 2023 Elsevier.

Fundamental quantities such as charge carrier trap density (1n,,) and charge carrier
mobility (u), which directly affect the potential of the material for application in PSCs,
were investigated via SCLC measurements (Figure 7.15¢ and d). [201] The calculated
conductivities (o), Nyqp, and g of the three investigated samples were listed in Table 7.6

and Table 7.7, respectively, with the calculations detailed in the methods section.
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Sample Ay 11 (ns) Ay 7o (nS) Tape (n8)
IM-4.3 mM Pyri4,BF, 0.48 1044 0.56 50.46 44.5
IM-2.9 mM PyryBF, 0.62 9.77 0.51 46.19 38.6
IM-1.3 mM Pyri4,BF, 0.40 11.15 0.58 53.40 48.1
Control 0.40 1443 0.59 80.34 73.2
D-1 mM Pyr4BFy 0.34 2098 0.62 141.23 132.2
D-2 mM Pyr4BF, 0.32  26.58 0.61 138.68 128.4
D-3 mM Pyr4BFy 0.47 1641 0.55 73.94 64.7

Table 7.5: Parameters of TRPL spectroscopy based on the TTO/perovskite. Adopted with

permission from Ref [175]. Copyright © 2023 Elsevier.

Sample Thickness Conductivities Trap density Mobilities
Lmm) o(Q tem™) ny(em™)  p(em? VVist)
Control 600 14.04 8.85x 101 3.11x1073
D-yri4BFy 611 3.19 5.89x 10%° 3.73x1073
IM-Pyr,,BF, 592 1.84 6.68x 1015 1.31x1073

Table 7.6: Calculated parameters of the electron-only devices. Adopted with permission from

Ref [175]. Copyright © 2023 Elsevier.

Sample Thickness Conductivities Trap density Mobilities
Lmm) o(Q tem™)  np(em™) g (em? V©ist)
Control 600 7.85 7.99x10% 3.15x1073
D-yr1,BF, 611 12.02 7.48% 10 3.75% 1073
IM-Pyr4,BF, 592 15.41 7.33x10% 2.70x1073

Table 7.7: Calculated parameters of the hole-only devices.

Ref [175]. Copyright © 2023 Elsevier.

Adopted with permission from

Based on electron-only devices (Table 7.6), the calculated trap density was 8.85x10'
em™3 for the control, 5.89x10' c¢cm=2 for D-Pyr;;BF; and 6.68x10' cm=3 for IM-
Pyri4BF4 devices. The corresponding charge carrier mobility was 3.11x107% cm? V!
s ! for the control, 3.73x1073 cm? V! 5! for D-Pyri4,BF, and 1.31x107% cm? V! s7! for
IM-Pyr4BF, devices. The substantially decreased trap density and the enhanced charge
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carrier mobility estimated from D-Pyri4BF, devices implied that ionic liquids positively
reduced detrimental defect concentrations while also driving rapid charge carrier collec-
tion. These conclusions extracted from electron-only devices were almost identical to
those drawn from hole-only devices (Figure 7.15d and Table 7.7). The lower trap den-
sity and higher charge carrier mobility acquired in D-Pyr4BF devices demonstrated the
optimization effect of Pyri4BF, on the optoelectronic properties, suppressing the recom-
bination of charge carriers besides facilitating charge separation and transport, leading to
a higher FF.

7.5.2 Electrical characterization

Direct electrical time-domain measurements of contacted photovoltaic materials such as
OCVD, TPV and TPC, were used to determine recombination dynamics in terms of

charge carrier lifetimes.

Two different types of perturbation, including larger perturbation photovoltage decays
(OCVD) and small perturbation photovoltage decays (TPV), were conducted to describe
the photovoltage behavior of PSCs. TPV is differentiated from OCVD, as the latter is a
continuous measurement that provides extremely high resolution in voltage. The OCVD
traces were obtained by recording the voltage variation due to the disappearance of the
excess photo-generated charge carriers by recombination after turning off a green LED,
which was used as an illumination source to generate the photovoltage. Two distinct
photo-induced changes were observed (Figure 7.15¢). One is the rapid increase in the
decay rate manifested as a rapid drop in the decay curves, which is associated with the
rapid recombination occurring on both interfaces as the high charge carrier concentration
remained after turning off the LED. The other one is the build-up of electrostatic potential,
as a result of the ion accumulation at the interface. [199,202] Both devices displayed a
long photovoltage decay with times of up to tens of seconds, with the Pyri4BF4-containing
device exhibiting a substantially slower voltage decay than the control. To further quantify
the analysis of the OCVD data, the corresponding instantaneous relaxation times, 7;,, were
calculated from the following expression (1), which was used to describe the instantaneous

variation of the relaxation, depicted in Figure 7.15f
-1
Tir(V) = (_%%) (7.1)

Both devices displayed a similar shape of the relaxation time and consisted of two decay
components. At high voltage, the 7;. undergo a rapid transition at short times towards
larger time-scale decay. The relatively fast decay components observed are associated with

electrical phenomena, i.e., the discharge and recombination of photo-generated electrons
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and holes. [203] After that, the traces entered a region close to the plateau and shown a
power-law decay (non-exponential) at longer times. The slow decay component is related
to the overall polarization status of devices induced by ion accumulation. [203] It was
reported that the electronic trap in the center of the gap cannot cause relaxation at
long time scales but has effects on the electron recombination dynamics at shorter time
scales. [203] Thus, the observed longer lifetimes in the Pyr4BF,-containing device at short
time scales implied a lower concentration of deep traps that cause strong Shockley-Read-
Hall recombination. At the long-time decay, the log 7 vs. log V plots of both devices

overlap.

As a complement to the OCVD results, I performed small perturbation TPV to detect
faster decay components with relaxation times in the ms scale. The TPV depicted in
Figure 7.15g. Table 7.8 listed the calculated electron lifetimes 7. gained by fitting the

TPV traces with bi-exponential functions.

Sample Control D-yri4yBF4
TPC 7( 1) 1.53 1.09
A (%) 0.47 0.57
71 (ms) 0.03 0.09
TPV Ay (%) 0.56 0.45
To (ms) 0.08 0.21
Tave (ms)  0.06 0.15

Table 7.8: Parameters of TPV and TPC curves obtained from exponential fits. Adopted with
permission from Ref [175]. Copyright © 2023 Elsevier.

The high concentration of defects would provide vacancy-mediated pathways and sites
for ion migration and superoxide generation, respectively, which is detrimental to the
overall performance and operational stability of PSCs. [183,204] The prolonged rfound
in the Pyry4BF,-containing device (0.06 ms for control, 0.15 ms for Pyr{4BF,-containing
device) implied a reduced trap density in the active material and substantially suppressed
charge carrier recombination, leading to relatively low recombination rates and superior
stability. High charge carrier generation, low charge carrier recombination rates and fast
charge carrier transport are considered to be the key indicators for evaluating the electrical
properties of PSCs. The combination of a short recombination lifetime and fast transport

assures a high electron collection efficiency. [205]
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TPC was performed to further verify the photo-generated electron extraction and trans-
portation at us time scales (Figure 7.15h). The charge carrier lifetimes 7, extracted from
TPC traces fitted by a single exponential function, decreased from 1.53 to 1.09 us after
Pyr14BF, incorporation (Table 7.8), suggesting that more effective charge carrier extrac-
tion arises from the faster charge carrier transfer rate from perovskite to the SnO, layer.
This highlighted the importance of ionic liquids in rapidly removing electrons from the

photoactive layer before being captured by traps.

The transient measurements described above confirmed the crucial impact of ionic lig-
uid on the charge carrier kinetics (recombination, extraction, and transport) and the
photovoltage behavior of PSCs on picosecond to millisecond time scales. The accelerated
charge carrier transport and more efficient electron extraction realized in the Pyri4BFy-
containing devices minimized the probability of charge carriers being trapped by defects,
which was vital to the overall photovoltaic performance of PSCs, especially for improve-
ment in FF. This also confirmed the hypothesis I propose from the analysis of GIWAXS
data that films with preferential corner-up orientation exhibited improved charge trans-

port and extraction characteristics.

7.6 Stability of perovskite thin films and devices

The composition of the active materials in PSCs is extremely sensitive to the exter-
nal environment. Exposure to moisture, oxygen, and heat will cause rapid degradation.

Therefore, the long-term operational stability of PSCs was also investigated.

7.6.1 Structure and morphology variation during device operation

To study operation-induced changes of the perovskite structure and morphology, the
operando GIWAXS measurements on PSCs with continuous voltage-bias scans and illu-
mination were performed under ambient conditions (Figure 7.16 and Figure 7.17). The
selected incident angle «; was 0.6°, ensuring that the X-ray beam penetrates the entire
film and yields information on the entire active layer. The time evolution of 2D GIWAXS
data for the control device demonstrated a remarkable lattice contraction as seen in the
azimuthally integrated line profiles (Figure 7.18a). The position of the (110) Bragg peak
decreased slightly from 1.022 to 1.021 A—' during the first 30 min of illumination, after
which it increased significantly from 1.021 to 1.024 A~' during the subsequent illumina-

tion (Figuree 7.18c). In contrast, the temporal evolution of the line profiles indicated that
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the Pyry4BF,-containing PSC undergo a slight lattice expansion during the first 10 min of

illumination and thereafter remained practically unchanged (Figuree 7.18b ande 7.18d).

Figure 7.16: Temporal evolution of the 2D GIWAXS data of device based on
ITO/SnO2/perovskite/Spiro-OMeTAD/Au under illumination with full-spectrum sunlight at 25
°C in air with a relative humidity (RH) ranging from 20 % to 30 %: (a) 0 min, (b) 20 min, (c)
50 min, (d) 80 min, (e) 110 min and (f) 150 min. Adopted with permission from Ref [175].
Copyright © 2023 Elsevier.
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50 min

Figure 7.17: Temporal evolution of the 2D GIWAXS data of device based on
ITO/SnO2/perovskite doped with Pyri4BF4/Spiro-OMeTAD/Au under illumination with full-
spectrum sunlight at 25 °C in air with relative humidity (RH) ranging from 20 % to 30 %: (a) 0
min, (b) 20 min, (c) 50 min, (d) 80 min, (e) 110 min and (f) 150 min. Adopted with permission
from Ref [175]. Copyright © 2023 Elsevier.

Next, I performed GISAXS measurements at an incident angle of 0.35°, which is above
the critical angle (a.) of all involved materials, to investigate the morphological evolution
of PSCs during operation under ambient conditions. Selected 2D GISAXS data of both
devices were displayed in Figure 7.19 and Figure 7.20. To quantify the results from
operando GISAXS, I analyzed the temporal evolution of the horizontal line cuts and
modeled these data with form and structure factors in the framework of the distorted wave
Born approximation (DWBA), as seen in Figure 7.18e and Figure 7.18f. [51,206,207] Three
cylindrical form factors with different radii were implemented to fit the curves within the
local monodisperse approximation that regards the scattering signals as the superposition
of scattering from monodisperse domains with different size ranges. The structure factor
described the center-to-center distances between adjacent domains. The time evolution
of the extracted characteristic lateral structural dimensions for the control device under
illumination was significantly different from the D-Pyr;yBF, device (Figure 7.18g and

Figure 7.18h). In the control device, the radii of large domains decreased while those
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of the medium domains gradually increased. In contrast, only minor changes in domain

sizes were observed for the Pyr4BF -containing device.
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Figure 7.18: Time evolution of operando GIWAXS data plotted as azimuthally integrated line
profiles of the 2D GIWAXS data for the operation of PSCs at ambient conditions for (a) the
control and (b) D-Pyr14BF, devices. Evolution of radial GIWAXS profiles integrated over all

azimuthal angles (pseudo-XRD profiles) during operation for PSCs at ambient conditions for (c)
the control and (d) D-Pyr14BF, devices. Horizontal line cuts of the 2D GISAXS data extracted at
the Yoneda peak position for (e) the control and (f) D-Pyr14BF,4 devices. Characteristic lateral

structure sizes extracted from the model curves of (g) the control (h) D-Pyr14BF4 devices,

respectively. Evolution of lateral size distributions under operation at ambient conditions for (i)
the control and (j) D-Pyr14BF, devices. Adopted with permission from Ref [175]. Copyright ©

2023 Elsevier.
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Figure 7.19: Temporal evolution of the 2D GISAXS data of device based on

ITO/SnOs/perovskite/Spiro-OMeTAD/Au under illumination with full-spectrum sunlight at 25
°C in air with relative humidity (RH) ranging from 20 % to 30 %: (a) 0 min, (b) 20 min, (c)
50 min, (d) 80 min, (e) 110 min and (f) 150 min. Adopted with permission from Ref [175].

Copyright © 2023 Elsevier.



7.6. Stability of perovskite thin films and devices 109

110 min 150 min

Intensity

q, (nm™)

-1.5 1.0 -0.5 0.0
1
d, (nm™)

Figure 7.20: Temporal evolution of the 2D GIWAXS data of device based on
ITO/SnO2/perovskite doped with Pyri4BF4/Spiro-OMeTAD/Au under illumination with full-
spectrum sunlight at 25 °C in air with relative humidity (RH) ranging from 20 % to 30 %: (a) 0
min, (b) 20 min, (c) 50 min, (d) 80 min, (e) 110 min and (f) 150 min. Adopted with permission
from Ref [175]. Copyright © 2023 Elsevier.

To further analyze the operando GISAXS data, lateral size distributions were cal-
culated from the individual form factors used in the data modeling (Figure 7.18i and
Figure 7.18j). [208] In the control device, the number of large-sized domains gradually
decreased as the operation time increased, while the number of small-sized domains con-
comitantly increase. This change in the domain size distribution was directly linked
to a strain-induced splitting of large perovskite grains into smaller-sized crystals. [208]
Such a grain fragmentation phenomenon was reported in a previous operando study of
PSCs. [209] The slight increase in the number of large-sized domains observed in the
Pyr14BF -containing device might be explained by the strain-induced merging of smaller
crystals on the surface with larger crystals in the film via an epitaxial assimilation pro-
cess. [208] In an alternative explanation, small crystals could be consumed via the growth

of larger crystals through Ostwald ripening under continuous illumination. [208] Such
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a behavior was also expected to occur in the control device, which means that I ob-
served a competition between large grain fragmentation and small crystal coalescence in
the control device. The increased number of medium-sized domains resulting from grain
fragmentation introduced additional grain boundaries that were the primary regions for
charge carrier recombination, which was detrimental to device performance. [209] Impor-
tantly, this implied that the morphological stability of the ionic liquid-containing device

will favorably impact operational PSC performance characteristics.

7.6.2 Device stability under operation
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Figure 7.21: XRD data of pristine and aged films of (a) the control and (b) Pyr14BF s—containing
films on SnO3/ITO coated glass substrates. The blue stars and blue cross represent the Pbls
and 0-FAPDI3 phase, respectively. Adopted with permission from Ref [175]. Copyright © 2023

Elsevier.

XRD data of the control film before and after 2.5 h of light soaking revealed an enhanced
Pbly peak (marked with blue stars) (Figure 7.21a), implying additional Pbl, phase gener-
ation under continuous illumination. Such an increase could originate from MAPI decom-
position induced by the superoxide generated in the presence of light or oxygen. [19,184]
In contrast, no excess Pbly phase was found in the light-soaked Pyri4BF —containing
perovskite films (Figure 7.21Db).

To further quantity chemical changes to the film components, I conducted XPS mea-
surements before and after light illumination (Figure 7.22). The results of the spectral
analysis were listed in Tables 7.9 to 7.12. In brief, I found that the I/Pb ratio in the
control film decreased by 14 % (from 4.62 to 3.96), while that of the Pyr;4BF ;—containing
perovskite film only decreased by 6 % (from 4.81 to 4.53) during 2.5 h light soaking. The
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decrease in the I /Pb ratios implied that more Pbl, migrated to the perovskite surface. [209]
Accumulation of Pbly at the interface could be caused by light-induced degradation of

the near-surface region.
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Figure 7.22: XPS spectra of Pb and | before and after light illumination: (a) Control and (b)
Pyr14BFs—containing films based on Si substrates. Adopted with permission from Ref [175].
Copyright © 2023 Elsevier.

Perovskite Only I/Pb ratio
Core level Binding energy % At Conc  Spectral component Main peak
(V)
I3d 617.7 6.70 3= 4.39
13d 619.3 67.85 Perovskite
13d 620.7 7.66 Pbl, Whole peak area
Pb 4f 136.9 1.18 Pby 4.62
Pb 4f 138.4 15.46 Perovskite
Pb 4f 39.6 1.15 Pbl,

Table 7.9: Peak information of iodine 3d (I 3d) and lead 4f (Pb 4f) gained through fits of
the XPS spectra based on Si/perovskite before light exposure. Adopted with permission from
Ref [175]. Copyright © 2023 Elsevier.
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Perovskite Only After Light I/Pb ratio
Core level Binding energy % At Conc Spectral component Main peak
(eV)
I 3d 617.8 6.29 3= 3.71
13d 619.3 66.15 Perovskite
I3d 620.7 7.39 Pbl, Whole peak area
Pb 4f 137.0 1.12 Pby 3.96
Pb 4f 138.4 17.82 Perovskite
Pb 4f 39.5 1.23 Pbl,

Table 7.10: Peak information of iodine 3d (I 3d) and lead 4f (Pb 4f) gained through fits of
the XPS spectra based on Si/perovskite after light exposure. Adopted with permission from
Ref [175]. Copyright © 2023 Elsevier.

D-Pyr4,BF, Perovskite I/Pb ratio
Core level Binding energy % At Conc Spectral component Main peak
(eV)
I3d 617.7 6.93 I3~ 4.54
I3d 619.3 67.79 Perovskite
I3d 620.7 8.07 Pbl, Whole peak area
Pb 4f 137.0 1.05 Pby 4.81
Pb 4f 138.4 14.92 Perovskite
Pb 4f 39.5 1.23 Pbl,

Table 7.11: Peak information of iodine 3d (I 3d) and lead 4f (Pb 4f) gained through fits of the
XPS spectra based on Si/perovskite doped with Pyri4BF4 before light exposure. Adopted with
permission from Ref [175]. Copyright © 2023 Elsevier.
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D-Pyr4,BF, Perovskite After Light I/Pb ratio
Core level Binding energy % At Conc Spectral component Main peak
(eV)
I3d 617.7 6.62 I3~ 4.25
13d 619.3 68.40 Perovskite
I3d 620.8 6.90 Pbl, Whole peak area
Pb 4f 137.1 0.89 Pbg 4.53
Pb 4f 138.4 16.08 Perovskite
Pb 4f 39.6 1.11 Pbl,

Table 7.12: Peak information of iodine 3d (I 3d) and lead 4f (Pb 4f) gained through fits of the
XPS spectra based on Si/perovskite doped with Pyr14BF, after light exposure. Adopted with
permission from Ref [175]. Copyright © 2023 Elsevier.

I further investigated the operational stability of PSC devices aged under simulated
full-spectrum sunlight in ambient air (relative humidity of approximately 20-30 %). The
evolution of normalized average photovoltaic parameters obtained from 5 devices for
each condition was plotted in Figure 7.23. 1 observed a positive light-soaking effect
on Pyr;yBF,-containing devices so that the normalized PCE increased by 5 % during
aging, which was a consequence of improvements in the FF and Jgc. In contrast, the
normalized PCE of the control devices decreased sharply during the first 30 min of oper-
ation. The enhanced efficiency observed in the Pyr4BF4-containing devices under illumi-
nation can be a consequence of the photo-brightening effect resulting from defect passi-
vation in the perovskite film via reaction with photo-generated superoxide and peroxide
species. [179,210,211] In addition, the higher starting PCE of the Pyr{4BF4-containing
devices was attributed to the lower trap densities in these films, which reduced both
recombination and ion-migration, thereby allowing more efficient collection of charge car-
riers at the electrodes. [212] Furthermore, the subsequent stabilization of the efficiency
was explained by the established balance between the generation of photo-excited charge
carriers and the trap densities originating from the perovskite degradation induced by
light. In contrast, the observed initial decrease in efficiency in the control devices can be
ascribed to two factors: First, a significantly higher defect concentration was present in the
pristine films, which results in a higher capture rate of charge carriers. Under continuous
illumination, the local fields created by the filling of traps can induce ion migration, fur-
ther reducing efficiency. [212] Second, a higher concentration of defects was created by the
continuous light-induced decomposition of the perovskite components. The eventual sta-

bilization of efficiency could arise from the formation of the Pb-O bond networks from the
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reaction between Pb atoms predominantly at the perovskite surface and peroxide under
continuous illumination. [211,213] The oxidation process compensated for the degrada-
tion loss by reducing the number of charge-trapping states. The decrease in the Voo
traces was likely caused by the trap-assisted non-radiative recombination that occurred
in the perovskite absorber and the poor electronic quality of perovskite/charge-transport-
layer heterojunctions, leading to heterojunction-induced non-radiative losses. [214] The
relatively slight decrease of Voo observed in the Pyry4BF,-containing devices originated
from the lower defect concentration and more efficient extraction, leading to a lower non-
radiative recombination rate. Thus, the incorporation of ionic liquid into the perovskite
provided a promising route to reach higher open-circuit voltages and radiative efficiencies
by minimizing the defects responsible for non-radiative recombination and developing an

efficient perovskite/charge extraction layer.
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Figure 7.23: Evolution of photovoltaic parameters measured by the reverse scan (from 1.3 V
to -0.2 V) under the ISOS-L-1 protocol at ambient conditions. The shaded areas indicate error
bars extracted from the standard deviation of normalized (a) Jsc, (b) Voc, (c) FF and (d)
PCE values of five devices. (e) PCE evolution of non-encapsulated devices aged at 20-30 °C in
air with a relative humidity (RH) in the range from 20 % to 30 %, including standard errors
calculated from five devices. (f) PCE evolution of the best-performing device under the same
aging conditions as in (e). Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.

7.6.3 Long-term stability of devices in ambient conditions

Having demonstrated the stability of Pyr;4BF;—containing perovskite films, I proceed to
investigate the stability of non-encapsulated PSCs under ambient conditions. Figure 7.23e

shown the average PCE variation calculated from 5 devices operated at 20-30 °C in the
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air with relative humidity (RH) in the range from 20 % to 30 %. The corresponding

statistical parameter values were listed in Tables 7.13 and 7.14.

Time (h)  Devices Jsc (mA ecm™2) Voo (V) FF PCE (%)
0 Average 2291 +£0.33 1.10 £0.02 0.70 &+ 0.03 17.60 £ 0.50
Champion 22.84 1.08 0.74 18.21
192 Average 22.40 +£ 0.59  1.06 £ 0.03 0.70 + 0.03 16.67 4+ 0.47
Champion 22.60 1.03 0.73 16.94
600 Average 22.35 £ 0.62 1.07 £0.02 0.66 &= 0.02 15.75 £+ 0.69
Champion 22.89 1.06 0.66 16
1032 Average 22.10 £ 0.43  1.07 £0.06 0.66 & 0.04 15.61 £ 0.40
Champion 21.75 1.01 0.69 15.19
1536 Average 2221 +£0.34 1.06 £0.02 0.67 = 0.02 15.72 4+ 0.65
Champion 22.18 1.07 0.66 15.68
1752 Average 22.03 £ 048  1.09 £0.04 0.65 + 0.04 15.49 4+ 0.25
Champion 21.75 1.05 0.69 15.76
2184 Average 21.82 +1.12  1.08 £0.04 0.66 + 0.04 15.50 4+ 0.61
Champion 22.84 1.02 .70 16.13
2664 Average 21.75 +£0.16  1.06 £ 0.03 0.67 + 0.01 15.50 4 0.30
Champion 21.85 1.02 0.69 15.36
3216 Average 21.87 + 0.71 1.08 + 0.03 0.66 £0.02 15.50 £ 0.61
Champion 22.90 1.06 0.66 15.92
3552 Average 22.24 + 037  1.08 £0.03 0.62 + 0.05 14.79 £+ 0.69
Champion 22.10 1.04 0.66 15.09
3864 Average 2248 £0.45  1.08 £0.02 0.65 &£ 0.02 15.75 £ 0.22
Champion 22.16 1.08 0.67 15.92
4200 Average 21.93 £ 0.70  1.05 £0.04 0.64 £0.04 14.59 £ 0.47
Champion 22.58 1.00 0.68 14.97
4368 Average 20.86 = 0.68  1.04 £0.04 0.61 £0.03 13.21 4+ 0.31
Champion 21.28 0.99 0.64 13.37

Table 7.13: Summarized photovoltaic parameters of the long-term stability performance of the
most stable device based on ITO/SnOy/perovskite/Spiro-OMeTAD /Au. Adopted with permis-
sion from Ref [175]. Copyright © 2023 Elsevier.
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Time (h)  Devices  Jsc(mA ecm™2) Voo (V) FF PCE (%)
0 Average 23.07 + 0.49 1.11 4+ 0.02 0.71 + 0.02 18.13 4+ 0.85

Champion 23.51 1.11 0.71 18.54
192 Average 23.23 + 0.32 1.09 + 0.02 0.73 &+ 0.02 18.39 + 0.29
Champion 23.50 1.11 0.71 18.42
600 Average 2351 +£0.27 111 £0.04 0.73 £ 0.02 18.92 £ 0.58
Champion 23.19 1.14 0.74 19.58
1032 Average 2323 +£042 114 +£0.04 0.71 £ 0.02 18.82 £+ 0.62
Champion 23.38 1.14 0.74 19.57
1536 Average 23.38 + 0.12 1.11 £ 0.03 0.75 £ 0.02 19.39 4+ 0.32
Champion 23.33 1.12 0.76 19.77
1752 Average 23.25 + 0.30 1.12 +£ 0.01 0.74 + 0.02 19.25 £+ 0.57
Champion 23.46 1.13 0.76 20
2184 Average 23.37 + 0.33 1.10 + 0.02 0.72 + 0.01 18.40 £+ 0.33
Champion 23.12 1.11 0.73 18.77
2664 Average 23.54 + 0.23 1.12 +£ 0.01 0.70 £ 0.02 18.41 4+ 0.32
Champion 23.65 1.11 0.72 18.94
3216 Average 23.41 + 0.19 1.13 £ 0.01 0.71 + 0.01 18.61 4+ 0.23
Champion 23.28 1.12 0.71 18.50
3552 Average 2343 £0.30 1.13 +£0.01 0.73 +£0.01 19.30 £ 0.27
Champion 23.55 1.12 0.74 19.40
3864 Average 2325 +£036 1.124+0.02 0.71 £ 0.02 18.53 £ 0.28
Champion 23.68 1.11 0.71 18.56
4200 Average 22.66 £ 0.71  1.12 +£0.02 0.71 &+ 0.01 18.04 £ 0.36
Champion 23.13 1.11 0.73 18.54
4368 Average 23.13 + 0.31 1.10 £ 0.02 0.70 = 0.01 17.62 £+ 0.26
Champion 22.93 1.11 0.71 18.04

Table 7.14: Summarized photovoltaic parameters of the long-term stability performance of the
most stable device based on ITO/SnO2/perovskite doped with Pyri4BF4/Spiro-OMeTAD/Au.
Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.

The average PCE of the control devices decreased rapidly over the first few hundred
hours, and then slowly decreased in the subsequent aging period. After aging for six
months, the final average PCE (13.21 %) decreased to 75 % of the initial PCE value
(17.60 %). In contrast, I observed an increase in the average PCE of Pyr;4BF,—containing

devices during the first 1752 h of aging, after which it remained essentially constant.
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The final average PCE (17.62 %) maintained 97 % of the initial PCE value (18.13 %)
after 6 months. Figure 7.23f shown the PCE evolution of non-encapsulated champion
devices based on J-V characteristics as a function of aging time. Distinct from the
control device that experienced a significant PCE decrease at the onset of aging, the
Pyr4BF s—containing champion device remained above the initial value after aging for
4200 h in ambient conditions, with the maximum PCE reaching up to 20 % (Table 7.14).
In the subsequent 100 h of aging, the device performance undergo a slight decrease, with
the final PCE retaining approximately 97.3 % of the initial performance (PCE of 18.04
% after aging, compared to 18.54 % before aging). Moreover, no visible discoloration was

observed for the Pyr;4BF,;—containing device (insets in Figure 7.23f).

7.7 Mechanisms of ionic liquid in film and device

(1) Film formation (2) Crystal orientation (3) lllumination

t
/
/
A

Sn0, : ‘ <

Pyr,,BF ;-containing

Figure 7.24: Schematic diagram of the working principle of Pyri4BF,4 in perovskite solar cells.
Adopted with permission from Ref [175]. Copyright © 2023 Elsevier.

To understand the underlying mechanisms by which ionic liquids enhance the photovoltaic
performance and long-term operational stability of PSCs, I presented several possible in-
sights as illustrated schematically in Figure 7.24. First is the formation of homogeneous
and larger grain perovskite films (Figure 7.24 (1)). The introduction of ionic liquids
in the film formation process promoted the uniform distribution of nucleation sites on
the substrates and reduced the crystallization rate, which facilitated the synchronous and
uniform growth of perovskite crystals. Such homogeneous and large-grained films dramat-
ically reduced the number of grain boundaries and their associated defects, which served

as photocarrier trap sites and chemically susceptible points for reactions with moisture



118 Chapter 7. lonic liquids tailoring crystal orientation and electronic properties

and oxygen. Indeed, the generation of large crystallites lowered the yield of superox-
ide species (Oy7) and increased the diffusion lengths required for oxygen to reach the
interiors of grains, thereby slowing the degradation of the perovskite films and devices
over long time-scales. Second, along with affecting the grain morphology, the addition of
ionic liquids during synthesis induced a transition from random to preferentially oriented
perovskite grains within thin films (Figure 7.24 (2)). In particular, the induced pref-
erential corner-up crystallographic orientation lowered the energy barrier for intergrain
electronic transport, improved charge carrier mobility and decreased the probability of
carrier trapping at defects, resulting in high photocurrent and photovoltage. [20, 156]
Third, improved charge carrier transport and associated beneficial photo-carrier dynam-
ics leaded to high PCE and improved long-term durability of PSCs. Degradation of
the perovskite component can be triggered by the reaction of photo-generated electrons
and oxygen under continuous illumination. The enhanced charge transport identified in
Pyr14BF,—containing devices decreased the probability of electron transfer to oxygen by
shortening the residence time of charge carriers in the active layer. In particular, the
high charge carrier mobility and extended charge carrier lifetime promoted timely charge
carrier extraction by ETL, thereby reducing carrier accumulation and interface recom-
bination. The rapid extraction of photo-generated electrons from the photoactive layer
suppressed the reaction with oxygen to form superoxide species (Oy7), facilitating an
improved device performance and operational stability of the PSCs under ambient con-
ditions. In addition to kinetically stabilizing the perovskite films, the presence of ionic
liquid improved the photo-stability of PSCs by suppressing light-induced fracturing of
the perovskite film (Figure 7.24 (3)). In the absence of ionic liquid, light-induced grain
fracturing leaded to an increase in the number of small crystallites, thereby generating
additional grain boundaries that acted as sites for both chemical attack and photocar-
rier recombination. As a consequence of this photo-instability, the stability of PSCs was
substantially compromised over a long time. In stark contrast, the Pyr4BF—containing
films were stabilized against light-induced grain fracturing and the generation of large
crystallites leaded to sluggish oxygen diffusion kinetics, thereby inhibiting the light- and

oxygen-induced degradation rates.

7.8 Summary

In summary, I demonstrated the crucial role of ionic liquids (Pyr4BF,, BMIMBF, and
EMIMOTY) as effective additives in tailoring crystal orientation, minimizing detrimental
defects, and forming large-sized crystals and uniform perovskite films. Furthermore, I

found that the use of ionic liquid Pyr;4BF, inhibited the formation of the yellow o-
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FAPbDI;5 phase, facilitated charge carrier transport and extraction, and extended charge
carrier lifetimes in the active layer. These superior characteristics enable a champion PCE
of 21.34 % for Pyr4BF,;—containing PSCs with excellent reproducibility and long-term
operational stability. Our approach represented a simple, broad application strategy for
the fabrication of PSCs with excellent photovoltaic performance and long-term operational
stability.






8 Conclusion and outlook

In this thesis, the effects of several functional ligands on the crystallization behavior dur-
ing the formation of perovskite thin films and the photovoltaic performance and stability
of the resulting device are investigated. GIWAXS as an essential characterization method
is adopted to track the effects of additives on the crystal structure and crystal orientation
of perovskite films from a microscopic perspective, and GISAXS is used to observe the mi-
croscopic changes in the perovskite morphology of the PSCs under operating conditions.
In addition, PL, TRPL, TAS, TPV, TPC are also used to characterize the effects of ad-
ditives on charge carrier dynamics within films and devices, respectively. Such as charge
carrier recombination, transport, and extraction behaviors. Moreover, the long-term op-
erational stability of the device, as the main challenge for the commercial application of

perovskite solar cells, is also tracked as a focus in this thesis.

In the first part of the thesis, an anionic surfactant, sodium dodecylbenzene sulfonate
(SDBS), is used to prepare high-quality PSCs based on MAPI perovskite component
with excellent ambient stability. The SDBS is dissolved in isopropanol solvent and spin-
coated on perovskite film to modify the perovskite interface. The experiment results
show the SDBS located at grain boundaries and surface of the active layer can effectively
passivate un-coordinated lead ions, tune the crystal orientation and improve the resistance
of perovskite to moisture. Benefiting from these excellent properties, the SDBS passivated
MAPI devices achieve a champion power conversion efficiency of 19.42 % with an Voo
of 1.12 V, a Jgc of 23.23 mA cm™2, and a FF of 74 %. Moreover, the SDBS passivated
devices also show a superior moisture stability. After storage in ambient conditions for
2000 hour, the SDBS passivated devices still remain 80 % of their initial average PCE

based on 4 solar cells.

In the second part of the thesis, CsBr is introduced into the perovskite precursor solu-
tion to construct mixed-cation perovskite phases to reveal the effect of crystal orientation
distribution on the optoelectronic behavior of the resulting perovskite films and PSCs.
The GIWAXS measurement is used to detect the crystallographic properties of mixed
perovskite films at the microscopic scale and shown that CsBr doping could change the

stacking pattern of the crystals and promote a self-optimization of the crystal orientation

121
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distribution. TRPL and SCLC measurement results show that the introduction of CsBr
could passivat the trap-state densities and inhibit the generation of the non-radiative re-
combination sites. TPC and TPV measurement results show that the photo-generated
charge carrier transport and extraction properties are also facilitated after CsBr incor-
poration. The improvements in the structure and optoelectronic behavior result in an
enhanced Vo and superior photovoltaic efficiency of the corresponding PSCs. The best
performing devices based on 3 % CsBr achieve a champion PCE of 19.24 % compared
with the reference device with 17.82 %.

In the third part of the thesis, a pyrrolidinium-based ionic compound (Pyri4BF,) is
introduced into the perovskite precursor solution to investigate the impact of ionic lig-
uids on the crystal growth of perovskite films. Using time-resolved measurements, such
as PL, TRPL, TAS, TPC, and TPV, the charge generation, transport, recombination,
and extraction behavior in perovskite films and corresponded devices are investigated.
The characterization results show that the incorporation of ionic compound Pyr;4BF,
could inhibit charge carrier recombination and accelerate electron transport and extrac-
tion. Moreover, the GIWAXS result of perovskite films based on different ionic liquids
incorporation show that ionic liquids can tailor the crystal growth from a disordered to
a preferential corner-up orientation during film formation. Additionally, the operando
grazing-incidence small- and wide-angle X-ray scattering measurements of PSCs indicate
that the reference devices exhibit light-induced lattice compression and grain fragmen-
tation. Whereas the ionic liquid-containing devices only exhibit a slight light-induced
crystal reconstitution as well as stronger tolerance against illumination. Under ambient
conditions, the non-encapsulated Pyri4BF-containing device retain 97 % of its initial
efficiency after 4368 h.

Based on the experiments executed in the present thesis, further related investigations
can be envisioned. In this thesis, three functional ligands are used to study their passiva-
tion effects on defects existing in film bulk, grain boundaries and interfaces, and also to
explore the impact on the resulting device performance and long-term stability. Because
most of the above data are based the experimental results, much time could be take up.
Therefore, in the later experiment design, theoretical calculations could be introduced and
combine with experiments. Through density functional theory calculation and molecular
dynamics simulations to analysis problems such as defects, energy levels, and intermolecu-
lar interactions. On the one hand, theoretical calculations could be used for pre-screening
to select the best functional ligands for performance optimization. On the other hand, it
helps us to gain an in-depth understanding on the role of functional ligands in perovskite,
especially intermolecular interactions. In addition, the stability of perovskite solar cells is

closely related to future commercial applications. Tracking the composition and crystal
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structure of perovskite under heat, oxygen, UV and humidity conditions, which is helpful
for the in-depth understanding of the degradation mechanism and provide new insights

into the structural optimization and encapsulation of devices.
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