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Abstract

A systematic investigation was conducted on the effect of sputtering power, argon flow
rate, sputtering duration, and argon pressure on the performance of the perovskite solar
cells (PSCs) with sputtered silver (Ag) contacts. The results show that PSCs prepared in
the air at high relative humidity (RH) achieved a high power conversion efficiency (PCE)
of 18.35%. The devices also exhibit an excellent short-current density of 22.56 mA/cm?,
an open-circuit voltage of 1.10 V and a fill factor of 73.7%. Furthermore, this study
demonstrates that depositing metal contacts using magnetron sputtering with optimised
parameters could be valuable in preparing highly efficient PSCs.

An investigation was also conducted on the effect of a novel chlorodimethyl
(pentafluorophenyl)silane (CPFS) additive on the performance of PSCs prepared in the
air at high RH. The results reveal that PSCs modified with 3 pl of CPFS additive achieved
a PCE of 17.82% compared to 18.07% obtained for control devices. Furthermore, the
stability study shows that the devices modified with 3 ul of CPFS additive exhibit
degradation in PCE of 23% after 1035 hours of storage, compared to 33% degradation
achieved for the control devices. This study proves that PSCs with improved stability
could be prepared in the air at high RH using CPFS additive process.

A study was conducted on how treating perovskite films with a mixture of methyl
ethanoate and trichloromethane antisolvents affects the PCE and stability of PSCs
prepared at high relative humidity. The results show that PCE increased from 17.1% for
the devices treated with methyl ethanoate (100%) to 18.6% for those treated with a
mixture of methyl ethanoate (70%) and trichloromethane (30%). The stability study
shows that the PCE of devices treated with methyl ethanoate (85%) mixed with
trichloromethane (15%) degraded by 7% after 552 hours of storage. Conversely, PSCs
treated with methyl ethanoate (100%) suffered a PCE degradation of 22% after the same
period. This study demonstrates that preparing devices using a suitable mixture of methyl
ethanoate and trichloromethane antisolvent improves the PCE and stability of air-
fabricated PSCs.
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Chapter 1: Introduction

1.1. Background

Carbon dioxide emission from fossil fuels (Coal, Liquid fuels, Natural gas etc.) is a central
cause of global warming and the greenhouse gas (GHG) effect [1]. Since 1900, global
warming and GHG effects have worsened as carbon dioxide emission has increased
exponentially. In 2019, the International Energy Agency (IEA) reported 33 gigatonnes
(Gt) of global energy-related emissions [2]. The increase in global warming and other
associated disasters resulted in the United Nations (UN)-led 2015 Paris Agreement aimed
at reducing global warming by cutting GHG emissions [3]. A reliable method of reducing
GHG emissions is through partial or total replacement of fossil fuel technologies (coal
plants, gas plants, diesel plants, automobile engines etc.) with clean energy technologies
(wind energy, hydro energy, solar energy etc.) [4]. Among all the clean energy sources,

energy from the sun is the most readily available, cost-effective and easily convertible.

The most cost-effective and efficient method for harvesting energy from the sun is using
solar cell technologies, which are cost-effective and have excellent power conversion
efficiency (PCE). The development of solar cells started with the production of single-
junction crystalline silicon (c-Si) solar cells with a PCE of 6% in 1954 by Chapin et al.
[5]. Consequently, Yoshikawa et al. reported a PCE of 26.7% for a single-junction c-Si
solar cell in 2017 [6]. The abundance, high stability, and non-toxicity of the c-Si have
made the material indispensable in solar cell industries. Over the years, the cost/kWh of
c-Si solar cells has decreased significantly due to massive research and development
(R&D) investment and technology maturity of the c-Si technology [7]. Hence, PV
magazine reported a cost of 0.32/Wp in 2019 [8], whereas PVinsights reported 0.155/Wp
in 2022 [9] for monocrystalline silicon photovoltaic systems.

Despite the low cost-per-watt of c-Si solar cells, there is ongoing research to develop
alternative solar cell technologies. Examples of alternative solar cell technologies are
gallium arsenide, indium phosphide, copper indium gallium selenide, gallium indium
phosphide, organic, quantum dot and perovskite solar cells [10]. Most alternative solar
cell technologies use ultra-thin film (<1000nm) photovoltaic materials deposited on
supporting substrates to generate charge carriers from incident photon energy [11,12].

One of the most efficient alternative solar cell technologies is GaAs, and an efficiency of



29.1% was reported for single-junction GaAs solar cells in 2020 [13]. However, toxicity,
scarcity and high cost have limited the applications of gallium arsenide in solar cell

technology.

One of the most promising solar cell technologies is perovskite solar cells (PSCs) which
contain perovskite as the active element. Perovskite has a generic chemical formula of
ABXs, where A represents monocations (e.g. methyl ammonium ion), B represents
dications (e.g. lead ion), and X represents monoanions (e.g. iodide ion) [14]. The high
absorption coefficient, excellent carrier properties, high dielectric constant, tunable and
near-optimum energy bandgap (1.48 — 1.6 eV), the abundance of materials and low-cost
fabrication processes have attracted research interest in PSCs [15-17]. An energy
bandgap (Eg) is an energy gap between the valence band (VB) and conduction band (CB),
where no electronic states exist. Eq indicates the minimum energy that is required to excite
an electron from the valence band to the conduction band. The Eg of perovskite materials

could be tuned by changing perovskite composition.

The high absorption coefficient (absorbance per unit material thickness) of perovskite
materials enables an ultra-thin film (thickness < 500nm) to absorb nearly all the incident
photons with energy (E) > Eg [18]. Similarly, the low cost of materials for PSCs has
significantly reduced the overall cost of the technology. Also, the adaptability of the
technology to solution-processing and low-temperature treatment allows the use of low-
cost fabrication equipment like spin-coating and hotplates (for heat treatment) for solar
cell development. Thus, combining thin-film requirements, low cost of materials, and
fabrication processes arguably made PSCs one of the most economically viable solar cell
technologies [19,20].

Also, excellent carrier properties of perovskite materials, such as long carrier lifetime,
diffusion length, and fast carrier mobility and diffusion coefficient, ensure efficient
charge carrier extraction [21]. While tunable and near-optimum Eg also guarantees
efficient light energy utilisation and carrier extraction [22]. The combination of excellent
carrier properties, tunable and near-optimum Eg of perovskite materials has improved
PCE from 3.8% in 2009 [23] to 25.2% in 2021 [24].

Despite the numerous advantages of PSCs, the instability caused by moisture and the high
cost of facilities for inert fabrication negatively affect the viability of PSC technology
[14,25-32]. Hence, air fabrication is a promising method of eliminating the cost of inert



facilities and minimising the overall cost of PSCs. However, air-fabricated PSCs have
low efficiency and poor instability as perovskite materials are moisture-sensitive. They
quickly decompose at high relative humidity because of the weak intermolecular bonds
in the materials [33]. Furthermore, light accelerates the degradation of perovskite
materials caused by moisture. Consequently, developing techniques for improving the
efficiency and stability of air-fabricated PSCs is crucial to improving the commercial

prospect of the technology.

Reports have shown that humidity-resistant antisolvent, additive, and passivation
techniques can enhance the efficiency and stability of PSCs prepared in ambient air
[14,25-32,34-37].

Humidity-resistant antisolvents protect sensitive perovskite/dimethyl sulphur (IV) oxide
(DMSO) adducts from moisture interference during air fabrication. High water solubility
and vapour pressure of humidity-resistant antisolvents make them effective in protecting
MAPDI3/DMSO adduct from moisture during spin-coating of perovskite films,
particularly at high relative humidity [34,37,38]. Mixing an antisolvent with a high dipole
moment and another with a low dipole maximises the effectiveness of humidity-resistant
antisolvents [35]. The mixed antisolvent process minimises the removal of DMSO from
MAPbI3/DMSO adducts while retaining the antisolvent's moisture protection. Hence, the
mixed antisolvent approach enhances film quality and crystal packing, minimises
moisture penetration into the films, and enhances the PCE and stability of air-fabricated
PSCs [34,37-39].

A few researchers have employed non-silane additives like Pb(SCN), [40-42] and silane
additives such as decaphenyl cyclopentasilane [43,44] in enhancing the PCE and stability
of air-fabricated PSCs [26,40-50]. This method involves adding the additive material in
the perovskite solutions before deposition. Additives strengthen the intermolecular bonds
in perovskite film, making films more resistant to moisture decomposition [51,52]. In
addition, additives with silyl and fluoride groups also form strong crosslinking bonds with
perovskite materials, thereby minimising the deterioration of perovskite films in the

presence of moisture [53].

Surface passivation is another method of improving the efficiency and stability of air-
fabricated PSCs. Passivation involves depositing a thin layer of passivating materials on
top of perovskite films to fill some pinholes and grain boundaries, thereby protecting the



surface from moisture ingress. In addition, the technique reduces perovskite/HTL
interface defects that act as moisture entry points and charge traps, which play a severe

role in PSCs' performance degradation at ambient conditions [54].

Reports have shown that non-silane materials like iodopentafluorobenzene, methyl
ammonium bromide and ethylammonium chloride effectively passivate perovskite layers
[42,55,56]. In addition, silane materials such as trichloro(octyl)silane and trichloro(3,3,3-
trifluoropropyl)silane have also demonstrated their effectiveness in passivating

perovskites layers [51,52,57].

Besides improving the stability of PSCs, reproducibility is also a critical factor affecting
the technology's commercial prospects. The metal contact deposition process enhances
perovskite solar cells' reproducibility. Magnetron sputtering (MS) is a viable method of
depositing metal contacts to achieve reproducible and scalable PSCs. MS has the
advantages of improved film adhesion, precise deposition parameter control, scalability

and, consequently, superior metal contact morphology over thermal evaporation [58-61].

Currently, the PCE and stability of the perovskite solar cells fabricated in the air are not
as good as those manufactured in an inert atmosphere. Also, the metal electrodes of most
PSCs are fabricated using thermal evaporation. The method for preparing the metal
electrodes of PSCs using magnetron sputtering is not widely employed, and the PCE

achieved using the technique is relatively low based on limited reports [58,61-66]

1.2. Motivation

This study is motivated by the desire to develop new processes for preparing more stable
and efficient PSCs in the air at high relative humidity. This research focuses on
developing approaches for perovskite solar cell preparation in the air at high humidity

because air fabrication benefits future low-cost, large-scale, and commercial production.

1.3. Objectives

The objectives of this study include the following:

» To establish the suitable process, optimal solution parameters, and antisolvent
treatment for preparing perovskite solar cells in ambient air.
» To determine the optimal magnetron sputtering parameters for depositing silver
contacts on the perovskite solar cells.
4



» To determine the optimum volume of chlorodimethyl(pentafluorophenyl)silane
additive for preparing perovskite solar cells with improved stability in ambient
air.

» To establish an optimal mixture of methyl ethanoate and trichloromethane
antisolvents for preparing perovskite solar cells in ambient air.

1.4. Thesis structure

This thesis describes a detailed experimental investigation of novel silane additive and
mixed antisolvent processes for air-fabricated perovskite solar cells with magnetron-
sputtered silver contacts. It comprises eight chapters and adopts the International Union
of Pure and Applied Chemistry (IUPAC) nomenclature for all the chemicals used in this

study. This subsection summarises the purpose of each chapter as follows:
Chapter 1

Chapter 1 introduces the background and motivation for the research. It also presents the

research's key objectives and the thesis's structure.
Chapter 2

Chapter 2 presents an extensive literature review on solar energy conversion. It
summarised the fundamentals and principles of operation of solar cells, solar cell
equivalent circuits, photovoltaic parameters and factors that affect the performance of
solar cells. It also elaborates on perovskite solar cells (PSCs) and structures, energy band
matching, thin-film deposition methods and the characterisation of films and PSCs. The
review finally focuses on recent progress in metal contact deposition using magnetron

sputtering, silane additive process and mixed antisolvent treatment.
Chapter 3

Chapter 3 describes the experimental techniques and processes developed and applied for
preparing and characterising perovskite solar cells in this project. It also provides detailed
descriptions of the facilities employed for the films and solar cells characterisation with
the testing results to demonstrate the reliability of the equipment. Materials, their sources,
and percentage purity are provided in this chapter to allow for a reproduction of the

experiments.



Chapter 4

Chapter 4 presents the preliminary studies that guided the initial trial of methods and
procedures for preparing efficient perovskite solar cells in the air at Cardiff University.
The chapter describes the effect of depositing Ag contact at very high and low sputtering
power on the performance of perovskite solar cells prepared at high relative humidity.
The chapter also comparatively investigated the impact of FTO (TEC-8) and FTO (TEC-
15) on the performance of devices. The studies also presented results from calibrating the
hotplate used for the annealing process. Finally, this chapter also shows the impact of
Petri dish-controlled annealing of SnO, and MAPbIs films on the performance of PSCs.

Chapter 5

Chapter 5 describes a systematic experimental investigation of the effect of solution
parameters on the performance of perovskite solar cells. It includes the impact of tin (1)
chloride dihydrate (SnCl2.2H20) concentration on the properties of the prepared tin (1V)
oxide (Sn02) films and PSCs, the influence of methyl ammonium lead iodide (MAPDI3)
concentration on the properties of MAPDbIz films and the photovoltaic performance of
PSCs, the impact of the amount of tris(2-(1H-pyrazol-1-yl)- 2-methylpropan-4-yl
pyridine) cobalt (I11) tris(bis(trifluoromethylsulfonyl) amine) (FK209) additive
incorporated in Spiro-OMETAD solution on the properties of Spiro-OMETAD films, and
the performance of the prepared devices. The chapter also provides a detailed discussion
of the results and a summary of the developed optimal parameters for preparing SnO2,
MAPbI3 and Spiro-OMETAD films and perovskite solar cells.

Chapter 6

Chapter 6 describes the experimental efforts to determine the optimum sputtering
parameters for preparing high-quality silver contact for efficient perovskite solar cells.
The investigation includes the effect of sputtering power, argon flow rate, sputtering
duration, and argon pressure on the photovoltaic characteristics of PSCs and the impact
of these sputtering parameters on the properties of silver films. It also presented a detailed
description of the results and a summary of the optimal magnetron sputtering parameter

for Ag contacts deposition for efficient PSCs.



Chapter 7

Chapter 7 describes a novel attempt to use the chlorodimethyl(pentafluorophenyl) silane
(CPFS) additive to improve the stability of perovskite solar cells prepared in the air at
high relative humidity. It presented the methods for preparing the MAPDI films and
devices in the study, the physical properties of MAPbDI films, and the photovoltaic
performance and stability of the devices. This chapter established the optimal volume of

CPFS additive required to achieve good stability.
Chapter 8

Chapter 8 describes the suitable antisolvent treatment for preparing perovskite solar cells
with improved efficiency and stability. It also investigated the impact of chlorobenzene,
trichloromethane, methyl ethanoate and methylbenzene on the performance of PSCs and
the properties of MAPDIs films. Furthermore, the research demonstrates the benefit of
mixing methyl ethanoate and trichloromethane antisolvents on the stability and efficiency
of PSCs.

Chapter 9

Chapter 9 summarises the main findings and conclusions of this research. It also provides

recommendations for future work to explore.



Chapter 2: Literature Review

2.1. Introduction

This chapter begins with a brief introduction to the fundamental aspects of solar cell
operation and the key factors affecting their performances, followed by a comprehensive
review of perovskite solar cells (PSCs) technology, the research topic of this project. It
also elaborates moisture degradation routes of perovskite solar cells and the mitigation
procedures. Finally, the review focuses on the recent progress in developing high
performance perovskite solar cells in air, including PSC structures, energy band structure,

energy band matching, thin-film deposition methods, films, and characterisation methods.

2.2. Fundamentals of solar cells

Among clean energy technologies, solar energy technology is the most promising as the
average energy of 3,400,000 exajoule (EJ) reaches the earth's surface yearly from the sun
[67]. This energy is much more than the annual global energy consumption projected by
Statista from 2005 to 2040, as shown in Table 2.1 [68].

Table 2.1: Projected global energy consumption from 2005 to 2040 [68]

Energy consumption (EJ)

Year Hydro Nuclear ~ Renewable Natural gas Oil Coal
2005 28 27 4 99 169 130
2010 32 26 10 114 173 151
2015 35 23 18 125 184 158
2018 38 24 27 138 190 158
2025 43 26 48 154 191 155
2030 46 27 70 166 190 149
2035 47 28 89 175 187 145
2040 49 29 114 180 182 138

The abundance, ease of harvesting and environmental friendliness of solar energy have

led to the development of cost-effective and efficient solar cell technologies [69]. Solar

cells convert photon energy (E) to electrical energy via the photovoltaic effect, first

observed by French Physicist Edmund Becquerel in 1839 [70-72]. Photovoltaic materials
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sandwiched between the electrodes perform energy conversion in solar cells. Photovoltaic
materials are semiconductors with an energy bandgap (Eg) that allow a substantial number
of incident photons with energy E > Eg to excite electrons from the valence band (VB)
to the conduction band (CB) [22]. When electrons (negative charge) are excited from VB
to the CB, holes (positive charges) are left on the VB, resulting in electron-hole pairs [22].
Electrons are excited to CB when E > Eq for direct bandgap materials (e.g. perovskite)
and E > E4 for indirect bandgap materials (e.g. silicon) [22,73,74]. Figure 2.1
demonstrates the excitation of electrons and the creation of electron-hole pairs in
photovoltaic materials. External quantum efficiency (EQE) represents the photon-
electron conversion efficiency of materials. Equation (2.1) expresses EQE, the ratio of
the number of electrons collected to the number of incident photons on solar cells. EQE
Is easier to determine than internal quantum efficiency (IQE), which represents the ratio
of the number of electrons collected to the number of photons absorbed by the solar cell
[75]. IQE determination is challenging because it is difficult to determine the number of

photons absorbed by a material accurately.

Excited __° CB
electron e
\ 4
v O CDAD OGD|v

Photons

Figure 2.1: Electron-hole pair generation in photovoltaic materials

Numer of collected electrons/second
EQE = / (2.1)

Number of incident Photons/second

Efficient photovoltaic materials operate within a 380 nm-1100 nm wavelength range, as

most electromagnetic spectra are within this region, according to the American Society

for Testing and Materials (ASTM) [76—78]. Figure 2.2 shows the spectra distribution of
8



the electromagnetic spectrum. The Air mass zero (AMO) spectrum represents the
spectrum in space where there is a negligible amount of air molecules and consequently
low spectrum absorption (due to Oz). Air mass 1.5 (AML1.5) global spectrum describes
the total solar irradiance that reaches the earth's surface (sea level) from the sun on a clear
day when the sun is about 48.2° from the zenith (vertical) [79]. It has an integrated power
density of 1000 W/m? and represents standard reference irradiance for testing flat solar
photovoltaics in the laboratory. The AM1.5 direct spectrum refers to solar irradiance that
reaches the earth's surface (sea level) from the sun’s disk on a clear day when the sun is
about 48.2° from the zenith [79]. It has an integrated power density of 900 W/m? and is
the standard reference irradiance for testing concentrated solar photovoltaics. The AM1.5
spectrums in Figure 2.1 have deeps due to selective absorption by atmospheric gas (O,

CO: and H20) as the spectrum travels through the atmosphere [72].
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Figure 2.2: ASTM G173-03 reference spectral derived from SMARTS v.2.9.2 [80]



2.2.3. Operation of solar cells

Solar cells are specialised diodes that convert photon energy (E) to electrical energy
(direct current) via the photovoltaic effect. Solar cells' photovoltaic materials (e.g.,
organic and perovskite) generate electron-hole pairs when electrons are excited from the
VB to the CB. The n-type and p-type in the junctions facilitate the separation of electron-
hole pairs and charge collection [81]. In perovskite solar cells, perovskite acts as an i-
type material. However, experiments have shown that the Fermi level of perovskite has
an offset of 0.23 eV from the CB and an offset of 1.35 eV from the VB, suggesting that
it is probably not intrinsic material [82]. Intrinsic material has equal numbers of electron
and hole carriers, and the Fermi level is mid-way between the VB and CB. The n-type
materials have electrons as the majority carriers, while p-type materials have holes as the
majority carriers. Junctions provide the electric field that separates the electron-hole pairs
generated in i-type material and causes the movement of electrons to the n-type side and
the holes to the p-type side, as shown in Figure 2.3 [22,71,83,84]

Electron Hole

Positive
electrode —

p-type —
i-type

n—type—

electrode

Light photon
Figure 2.3: Basic operation of perovskite solar cells
The movement of these charge carriers results in the development of photocurrent (Ipn),
the maximum electric current generated by solar cells when exposed to light irradiance.

Ion increases with an increase in incident irradiance as photovoltaic materials generate

more charge carriers when the intensity (number) of incident photons with E > Eq is
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increased [85]. However, a fraction of Ipn is supplied as load current (1) to the load (R),
while the rest is lost as leakage current through the diode and shunt resistance (Rp) of the
solar cells [86]. Similarly, the voltage drop across the series resistance (Rs) reduces the

voltage (V) developed across R.

To facilitate direct comparison among solar cells that have different active areas (A), the
current density (J), defined by equation (2.2), is employed, which represents the current

generated by a solar cell of a unit area [87].

I
" (2.2)

| =
2.2.4. Equivalent electrical circuits of solar cells

The equivalent circuit of solar cells is a representation of solar cells using electrical
circuits and discrete electrical components. It consists of Ry in parallel with the diode, a

current source (charge generator) and Rs which is in series with the load (R).

The Rs represents losses due to the interface resistances, the resistance of the electrodes,
and connecting wires and causes the loss in load voltage (V). Conversely, Rp relates to
various recombination losses inside a solar cell and reduces the load current due to
leakages [88]. In solar cells, large Ry relates to low recombination and reduced loss in
load current, while low Rs indicate a decrease in the loss of load voltage [89-91]. Figure
2.4(a) presents a single-diode model of a solar cell connected to a load [92]. Equation
(2.3) shows the expression for the current density (J) through R, where Jp represents the
current density leakage via the diode, and Jp is the current density leakage through the Rp

[22,87,93]. However, Jp exists when the diode is forward-biased.

J=Jph—Jp—Jp (2.3)
Figure 2.4(b) shows the Thevenin equivalent of a single-diode model of solar cells under
dc conditions [94], where R;j represents the dc resistance of the diode junction. Typical
solar cells have R; << Rp when the diode is forward-biased and R; >> R, when the diode

is reverse-biased.
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Figure 2.4: (a) A single-diode model of solar cells and (b) Thevenin equivalent circuit of
the single-diode model [94].

2.3. Performance characteristics of solar cells

The key performance characteristics of solar cells are open-circuit voltage (Voc), short-
circuit current density (Jsc) and fill factor (FF). The current density at maximum power
point (Jm), the voltage at maximum power point (Vm), maximum power (Pm), Rs, Rp,
junction resistance (R;) and junction capacitance (C;) of solar cells also impact
performance. Subsections 2.3.1 to 2.3.9 review these performance characteristics of solar
cells. Figure 2.5 presents a J-V curve of a typical perovskite solar cell with some
performance parameters. Rqdc_rand Rqc_f represent the dc equivalent resistances of the solar

cell when the diode in Figure 2.4(a) is reverse and forward biased respectively.
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Figure 2.5: J-V curve of a typical perovskite solar cell, showing the key features of the J-

V curve of solar cells.

2.3.1. Open-circuit voltage

Vo is a crucial factor that affects the performance of solar cells. It is the voltage across
the output of the solar cells in an open-circuit condition (J = 0). Figure 2.6 shows a single-
diode model of a solar cell in an open-circuit state. Equation (2.4) is the expression of Vo

derived from a single-diode model at an open circuit [95].

Voc = Rp(lph —Ip) (2.4)
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Figure 2.6: Single diode model of a solar cell in open circuit condition

The Vo can be measured experimentally using a source measure unit (SMU) and a solar
simulator. SMU is electronic equipment that can generate current/voltage and
simultaneously measure them accurately [96]. Vo represents the point where the curve
crosses the V-axis in J-V curves. The Voc of a solar cell depends on the energy band
mismatch, film morphology, R, and the work function of the electrodes [22,73,97-100].
For example, poor film morphology results in low Vo due to short-circuiting (low Rp). In

addition, the energy losses due to mismatch also decrease the Voc [101].

2.3.2. Short-circuit current density

Short-circuit current density (Jsc) is the current density measured at the output of a solar
cell when the terminals are shorted (R = 0 and V =0). Experimentally, the Jsc of a solar
cell can be measured directly using an SMU in conjunction with solar simulators. Js
represents the maximum current density a solar cell can supply and is the intercept on the
J-axis of a J-V curve. Figure 2.7 presents a single-diode model of a solar cell in short-

circuit conditions.
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Figure 2.7: Single diode model of solar cell in short-circuit state [95]
R

Jsc = TJ:)RS (Iph — Ip) (2.5)
Equation (2.5) presents the expression for Jsc derived from Figure 2.7. Jsc depends on the
incident photons, the absorption coefficient of photovoltaic materials, diode current, Rs
and the Ry of the solar cell [102]. It depends on the incident photons and the absorption
coefficient of materials because more electron-hole pairs are generated when the intensity
of incident photons with E > E4 and the absorption coefficient of photovoltaic material
increases. Low Rs and large R, support efficient current flow through the load.

2.3.3. Maximum power point

Maximum power point (MPP) is a point on the J-V curve where the solar cell transfers
maximum power to the load. It corresponds to a point along the J-V curve where the

impedance of solar cells closely matches the load impedance [95].

2.3.4. Voltage at the maximum power point

The voltage at the maximum power point (Vm) is the output voltage of the solar cell at
MPP.

2.3.5. Current density at the maximum power point

The current density at the maximum power point (Jm) is the current density supplied to
the load at MPP.
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2.3.6. Maximum power density

Maximum power density (Pm) is the power density transferred to the load at MPP. It is
the maximum power delivered to a load by a solar cell of a unit area. Equation (2.6) gives

the expression for calculating Pm from the experimental data using Voc, Jsc and FF.

Pp = V,..Jsc. FF (2.6)
2.3.7. Fill factor

The fill factor (FF) is an important parameter that indicates the quality of solar cells [103].
It is a measure of how closely the maximum power output (Pm) of a real solar cell matches
the maximum power output (Voc. Jsc) of an ideal solar cell [93]. Furthermore, FF is
affected by resistive and recombination losses [104,105]. Equation (2.7) shows the

expression for calculating the FF from experimental data.

FF = —tm

VOC'ISC

2.7)

2.3.8. Series and shunt resistance

Resistance represents the opposition to the flow of electric current in electrical circuits.
Series resistance (Rs) and shunt resistance (Rp) represent resistive and recombination
losses in solar cells. A large Rs indicates a significant power consumption inside the solar
cell, leading to less power delivered to the load. A small Rp represents a significant current
loss due to recombination internally, resulting in a smaller current delivered to the load.
Therefore, it is desirable to have a small Rs and large Ry for an efficient solar cell [89—
91,106].

2.3.9. Power conversion efficiency

Power conversion efficiency (PCE) is the maximum power density (Pm) supplied to a load
by a solar cell divided by the incident solar irradiance (Pin) [107-109]. The PCE is also a
function of solar cells' FF, Voc and Jsc. For standardization, I-V measurement of solar cells
is conducted at incident solar irradiance of 1000 W/m? ( AM1.5 global spectrum) [22].
Equation (2.8) presents the expression for calculating PCE from measured photovoltaic

parameters.
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PCE = E—m x 100 (2.8)

mn

2.4. Factors that affect the performance of solar cells

The performance of solar cells depends on photon absorption characteristics, carrier
transport properties, charge carrier separation, energy bandgap, energy band alignment,

Rs, and Rp. These factors are discussed in detail in subsections 2.4.1 to 2.3.5.

2.4.1. Energy bandgap of photovoltaic materials

The Energy bandgap (Eg) of photovoltaic materials is a crucial factor that influences the
performance of solar cells because of Shockley-Queisser's limitation. Shockley-Queisser
limit is the maximum theoretical efficiency of single-junction solar cells illuminated by a
black body with a surface temperature (Ts) of 6000K when the only loss mechanism is
radiative recombination [73]. Radiative recombination is the emission of photons by
electrons when they transition from the CB to the VB [110]. Every material radiates
photons via the black-body radiation effect when its temperature is above absolute zero
(OK or -273°C). Equation (2.9) presents the expression for the Shockley-Queisser limit
(PCEiimit) for solar cells (2.10) [111]. The Shockley-Queisser limit model assumes that

every photon with E > Eg4 generates an electron-hole pair [111].

__ Absorbed photon/s—Radiated photon/s
PCEjimit = (2.9)

Incident photon/s
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Figure 2.8: (a) FF and PCE limits and (b) Jsc and Voc limits as a function of energy
bandgap [73,112]

Existing studies have shown that to achieve excellent PCE from solar cells, the Eg of
photovoltaic materials must be within 1.2 < Egq < 1.6 eV, with 1.48 eV as the optimum
energy bandgap [22,73,112,113]. Photovoltaic materials with Eq < 1.2 eV have efficient
charge generation properties (due to narrow Eg) but reduced charge extraction
characteristics (due to short delay before excited electrons return to VB). Nevertheless,

materials with Eq> 1.6 eV have decreased charge generation properties (due to wide Eg)
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but excellent charge extraction characteristics (due to the long delay before excited
electrons return to VB) [22]. Hence, the FF and Vo limits of solar cells increase when the
Ey of the photovoltaic materials increases because of the improvement in charge
extraction characteristics. However, solar cells' short-circuit current density (Jsc) limit
decreases when the Eg4 of the photovoltaic materials increases due to reduced charge
generation [73]. Figures 2.8(a) and 2.8(b) present Voc, PCE, FF and Jsc limits of solar cells

as a function of Eq4 of the photovoltaic materials [73].

2.4.2. Photon absorption characteristics

Absorption coefficient (a) and film thickness (d) play crucial roles in the photon
absorption characteristics of photovoltaic materials. The a determines the amount of
incident photon absorbed by a unit thickness of material [114]. Figure 2.9 presents the
absorption coefficient for common photovoltaic materials. Materials with low absorption
coefficients (e.g., crystalline silicon) require thick films (about 200 pum). In contrast,
materials with large absorption coefficients (e.g., perovskite) require ultra-thin films
(about 500 nm) to absorb incident photons efficiently. For efficient photon absorption, d
must be greater than the material's absorption length (1/a) [18].

In addition to the absorption coefficient and film thickness, the morphology of films
affects their photon absorption properties. Hence, films with poor morphology severely

decrease photon absorption because their rough surfaces cause light scattering [115-117].
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Figure 2.9: Absorption coefficient of materials as a function of wavelength [114,118-
121]

2.4.3. Charge carrier properties

Diffusion length (L), carrier lifetime (t), electron density (N), carrier mobility (i) and
carrier diffusion coefficient (D) are some carrier properties that affect the PCE of solar
cells [122]. L is the average distance carriers can move from the region of the generation
before recombination, while 7 is the time between carrier generation and recombination
[21]. p quantifies how fast carriers can move in semiconductors when subjected to an
external electric field [123]. L, 7, p and D magnitudes determine the effectiveness of
charge extraction from devices and the optimum thickness of photovoltaic materials
[124,125]. For excellent solar cell performance, the thickness of photovoltaic materials
must be optimised to enhance efficient photon absorption without compromising carrier
extraction. Hence, d > 1/a and L > d to ensure efficient light absorption and carrier
extraction [18,126]. Equation (2.10) gives the mathematical relationship between L and
U, T and D, where Kg is the Boltzmann constant (1.38064 x 102 m? kg s? K'!) and T is
the temperature (in Kelvin) [18].

L:\/D.TZ\/kB.T. T (2.10)
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2.4.4. Charge carrier separation

Electron-hole pairs generated in photovoltaic materials could be weakly or strongly
bound by electrostatic force. An electrostatic force is the force of attraction/repulsion
between two static charges. The strength of the electrostatic force binding electron-hole
pair depends on the exciton binding energies of the photovoltaic materials. The exciton
binding energy is required to separate an electron-hole pair into free charge carriers [127].
Materials with weak exciton binding energies produce weakly bound electron-hole pairs
[128-130], while strongly bound electron-hole pairs (excitons) are generated in materials
with strong exciton binding energies [128].

Consequently, organic materials (e.g. P3HT: PCe1BM) generate strongly bound electron-
hole pairs, while perovskite materials (e.g. MAPDI3) produce weakly bound electron-hole
pairs as a result of partial charge pair separation [81]. Hence, organic materials need
strong electric fields, while c-Si requires a weak electric field to separate electron-hole
pairs. Figure 2.10 shows the plots of exciton binding energies of common photovoltaic

materials.
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Figure 2.10: Exciton binding energies of some photovoltaic materials [128-134]
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For efficient charge separation in solar cells, n-type and p-type materials are combined to
form junctions that provide the electric fields required to separate the electron-hole pairs
[81]. The n-p, n—i—p and p—i—n junctions are commonly used for charge separation in
solar cells [22,71,83]. In the n—i—p junction, n, p, and i represent the electron transport
layer (ETL), hole transport layer (HTL) and photovoltaic materials (e.g., perovskite),

respectively.

Q)

p-type material
(Hole transport layer)

i-type material

(Photovoltaic material)

n-type material
(Electron transport layer)

Light photon

b)

p-type photovoltaic material
(Base)

n-type Photovoltaic material
(Emitter)

Light photon

Figure 2.11: (a) n—i—p junctions and (b) n—p junctions. These diagrams were drawn in this

thesis to demonstrate the differences between n—i—p and n—p junctions.
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Similarly, n and p represent the emitter (very thin) and base (very thick) layers in the n—
p junction. Figure 2.11(a) shows an n—i—p junction preferred in solar cells when the
photovoltaic material has a short carrier diffusion length (e.g., perovskite material). On
the other hand, Figure 2.11(b) presents an n—p junction which is quite efficient when the

photovoltaic material has a long carrier diffusion length (e.g. c-silicon) [22].

Barrier voltage (Vi) develops from the junction in solar cells. Vpi arises from the
difference between the work function of p-type (WF,) and the work function of n-type
(WFn) before junction formation [22,135]. Equation (2.11) presents the expression for
calculating Vpi from work functions of the n-type and p-type materials, where e is the
electron charge (1.602x10%° C).

_ WFy—-WF,

e

Vi (2.11)

Vi provides the electric fields that overcome the electrostatic force binding the electron-
hole pair together and drives electron carriers towards n-type material and hole carriers
toward p-type materials in solar cells [22,71,83,84]. The strength of the electric field
developed in a junction is proportional to the magnitude of Vui. Consequently, high Vy; is
beneficial for efficient electron-hole pair separation and transportation [22,97,107].
Figures 2.12 (a) and 2.12 (b) show the energy band diagram of a typical perovskite solar
cell at open-circuit conditions, operating under dark and illumination, respectively
[82,135-137].
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Figure 2.12: Energy band diagram of n—i—p junction under (a) dark (b) illumination at
open-circuit conditions [82,135-137].

2.4.5. Energy band matching

Energy band matching represents the extent to which the CB of the n-type material aligns with
the CB of the i-type material and the degree to which the VB of the p-type material matches

24



the VB of the i-type material. It is an essential factor influencing the PCE of solar cells with
n—i—p junctions.
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Figure 2.13: An n—i—p junctions of illuminated PSC with (a) CB and VB mismatch
relative to perovskite and (b) no CB and VB mismatch relative to perovskite [138-140].

Mismatching in solar cells reduces the Vo by causing recombination losses because of

charge accumulation and the reverse flow of charges [141-143]. Figure 2.13(a) shows the

25



energy band diagram of a solar cell with a CB mismatch at the n—i junction and a VB
mismatch at the i—p junction. Equation (2.12) presents the expression for estimating the

resultant energy loss (Eiess) due to these mismatches [138-140].
ElOSS ES ACBn_i + AVBi_p (212)

Minimizing CB and VB mismatch at n—i and i—p junctions improves solar cells' charge
extraction and Voc [144,145]. Figure 2.13(b) presents the energy diagram of a solar cell

with matched CB and VB at n—i and i—p junctions respectively.

2.5. Basics of perovskite solar cells

Perovskite solar cell technology is promising for low-cost and efficient solar energy
conversion to electricity [30]. The photovoltaic materials in perovskite solar cells are
perovskite. The perovskites have an absorption coefficient of about 1.1x10%cm at a
wavelength of 600 nm, suggesting that ultra-thin perovskite films are required for high-
performing devices [19,20]. Currently, the PCE of single-junction PSCs has grown from
3.8% in 2009 to 25.8% in 2021 [23,24,45,146-156].

2.5.1. Components of perovskite solar cells

Perovskite solar cells (PSCs) consist of a top electrode, hole transport layer (HTL),
perovskite layer, electron transport layer (ETL) and fluorine-doped tin oxide (or indium-
doped tin oxide) layer. These layers are systematically arranged to achieve the preferred
device structure. PSCs could have a regular or inverted structure [157-159]. In regular

structure (n—i—p), the ETL (n-type) is deposited on the FTO substrate.

Figure 2.14(a) presents the regular structure of PSCs. The regular structure is preferred
when the ETL deposition process may remove or alter the composition of the perovskite
layer. Conversely, in an inverted structure (p—i-n), the HTL (p-type) is deposited on the
FTO substrate. Figure 2.14(b) presents the inverted structure of PSCs [157-159].
Transport layers with low energy band mismatch relative to the perovskite materials are
chosen in PSCs to minimise charge accumulation and recombination losses. These layers

are discussed in detail in subsections 2.5.1.1. t0 2.5.1.5.
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Figure 2.14: (a) Regular PSC structure and (b) Inverted PSC structure [140,157-159].

2.5.1.1. Fluorine-doped tin oxide

Fluorine-doped tin oxide (FTO) is a transparent conductive oxide (TCO) with high-
temperature stability, excellent electrical conductivity, wide Eg and high optical
transparency. It has applications as a working electrode in PSCs and electronic displays
[40,160-164]. The functions of FTO substrates in solar cells include admitting light
photons into the solar cells and transporting charges generated in the devices to the
external circuits. In addition, FTO substrates have wide Eg which ensures that a broad

spectrum of photons is admitted into the PSCs.
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FTO substrates are classified based on their sheet resistance, root-mean-square (RMS)
roughness, thickness, and transparency. Table 2.2 presents the properties of TEC-8 and
TEC-15 FTO substrates. FTO substrates are vital in most critical applications due to their

mechanical hardness, high-temperature resistance, and low cost [161,165-167].

Table 2.2: The properties of TEC-8 and TEC-15 FTO substrates [168,169]

Class Sheet resistance Average Average Transmittance
(Q/sq.) RMS (nm) thickness (nm) (%) at 550 nm

TEC-8 8 34.8 600 76.4

TEC-15 15 12.5 330 82.5

2.5.1.2. Electron transport layer

The n-type semiconductors are generally applied as the electron transport layers (ETLS)
in PSCs [170,171]. ETL allows electrons to flow from the CB of the perovskite layer to
the FTO. However, it blocks the flow of holes from the VB of the perovskite layer to the
FTO [40]. ETL materials are to have very low CB and large VB mismatches at the
ETL/perovskite interface to minimise electron accumulation and electron-hole
recombination [172-175]. Also, ETL must not be too thin as this may result in multiple
pinholes that lead to electron-hole recombination and low Rgc r, whereas films that are
too thick increase the Rqc_f Of the devices [176]. Reports have shown that ETL materials
achieve adequate hole blocking when their thickness is larger than the RMS of FTO [177].

Table 2.3 presents typical materials for electron transport layers.

Notwithstanding the availability of many materials for ETLs, TiO2 and SnO, are most
extensively studied for PSC applications [178-182]. These materials have low CB
mismatch relative to most perovskites and excellent electron mobility, conductivity,
transmittance and wide bandgap [158,166,180,183-185]. Over the years, the efficiency
of devices based on TiOz has improved from 3.8% in 2009 to 23.2% in 2018 [23,151].
However, the high annealing temperature (> 450°C) requirement of TiO> has limited the

application in perovskite solar cells.

Table 2.3: Typical materials of electron transport layers [185-189]
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Material VB (eV) CB (eV) Eg (eV)

Titanium (1V) Oxide (TiOz) -7.20 -4.00 3.20
Zinc (I1) oxide (ZnO) -71.67 -4.30 3.37
Tin (IV) oxide (Sn0O>) -8.61 -4.21 4.40
Graphene oxide (GO) -6.60 -3.60 3.00

Because of the high-temperature requirement of TiO2, SnO with a low annealing
temperature (180°C) requirement was introduced [180,185]. Reports have shown that
SnO- films annealed at low temperatures effectively block hole transportation through it
[189-192]. Hence, the PCE of devices based on SnO; has improved from 13.27% in
2015to 25.8% in 2021 [45,149,193,194].

2.5.1.3. Perovskite layer

The perovskite layers generate electron-hole pairs required to operate PSCs [195,196].
The composition and morphology of the perovskite layer play substantial roles in the
performance and stability of PSCs [113,172,177,197,198]. The perovskite composition
influences the Eg and the film's intermolecular bond strength. Perovskite materials have
high absorption coefficients, excellent carrier properties, and low processing costs, and
the materials are readily available [15-17]. Similarly, most perovskite materials have CB
and VB that closely match the CB and VB of commonly applied ETL and hole transport

layers. Table 2.4 presents the energy bands of some perovskite materials.

Table 2.4: Energy bands of some perovskite materials [199-203]

Perovskite materials VB (eV) CB(eV) Eg(eV)
Methylammonium lead iodide (MAPbI3) -5.43 -3.93 1.50
Methylammonium lead bromide (MAPbBr3) -5.60 -3.40 2.20
Caesium lead Iodide (CsPbls) -5.44 -3.45 1.99
Caesium lead bromide (CsPbBr3) -5.85 -3.35 2.50
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Figure 2.15: Chemical structures of (a) methylammonium iodide, (b) lead iodide, (c)
methylammonium lead iodide, (d) dimethyl methanamide and (e) dimethyl sulphur, (IV)

oxide. These chemical structures were drawn using ACD/Chemsketch software.

Perovskite layers require low-cost materials and are adaptable to solution processing
because the materials are very soluble in polar solvents [14,36,195,204-206]. Perovskite
materials are soluble in polar solvents because they are ionic. Figures 2.15(a) — 2.15(c)
show the molecular structures of methyl ammonium iodide (MAI), lead iodide (Pbl>),
methyl ammonium iodide (MAPbI3), dimethyl methanamide (DMM) and dimethyl
sulphur (IV)oxide (DMSO). Carbon/oxygen double bonds (C=0) in DMM and DMSO

molecules make them polar and suitable as solvents for perovskite materials.

2.5.1.4. Hole transport layer

The hole transport layer (HTL) is a p-type material that blocks the flow of electrons from
the CB of perovskite to the top electrode through its CB but permits the flow of hole from
the VB of perovskite to the top electrode via its VB. Hence, low VB mismatch and large
CB mismatch at the perovskite/HTL interface are required to minimise electron-hole
recombination and hole accumulation [177,207]. Table 2.5 presents some HTL materials

with widespread application in PSCs.
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Table 2.5: Typical materials for hole transport layers [187,199,208]

HTL Material VB (eV) CB (eV) Eg (eV)
Spiro-OMETAD -5.30 -2.05 3.25
Poly(triaryl)amine -5.25 -2.30 2.95
Nickel (II) oxide -5.40 -2.40 3.00
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Figure 2.16: Chemical structures of (a) Spiro-OMETAD, (b) Li-TFSI, (c) FK209, and (d)
MPPD.

Spiro-OMETAD has extensive application in PSCs because of its low cost, large CB
mismatch and low VB mismatch relative to perovskite. In addition, adding additives is
an effective method of modifying the conductivity, CB, VB, and work function of Spiro-
OMETAD. Some common additives for Spiro-OMETAD are lithium
bis(trifluoromethanesulfonyl)amine (Li-TFSI), 2-methylpropan-4-yl pyridine (MPPD)
and  tris(2-(1H-pyrazol-1-yl)-  2-methylpropan-4-yl  pyridine)  cobalt  (II)
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tris(bis(trifluoromethylsulfonyl) amine) (FK209) additives [209-215]. Reports have
indicated that devices based on Spiro-OMETAD have reasonable PCEs [41,216-219].

A problem with Spiro-OMETAD is that it employs hydrophilic additive (especially Li-
TFSI), which hasten its degradation and reduces the stability of the perovskite layer [220—
223]. Figures 2.16(a) — 2.16(d) present the chemical structures of Spiro-OMETAD, Li-
TFSI, FK209 and 2-methylpropan-4-yl pyridine (MPPD), respectively. Currently, nickel
oxide, which is low-cost and stable, is being adopted in inverted architecture
[89,224,225].

2.5.1.5. Top electrode

Top electrodes receive the electrons from an external circuit and transport them through
the HTL to the perovskite layers. The key factors determining the top electrode's choice
are conductivity, work function, and cost. Top electrodes with high work function are
more resistant to oxidation [106], and this explains the improved stability for PSCs with
Gold (Au) contacts [41,146,155,156,226-228]. Low cost, high conductivity and good
work function alignment relative to the VB of HTL have made Ag the most widely used
electrode in PSCs [204,216,229-231]. Table 2.6 presents typical metals employed as top
electrodes in PSCs.Thermal evaporation, e-beam and sputtering techniques are some
techniques for depositing top electrodes [61-63,146,151,219,232].

Table 2.6: Metals for top electrodes and their properties [233,234]

Metal Work Function (eV) Resistivity ((Qm)
Gold 5.33 2.4x10°®
Silver 4.53 1.6x1078
Aluminium 4.32 2.8x108
Copper 4.90 1.7x10®
Platinum 5.65 10.6x108

2.5.2. Air-fabrication of perovskite solar cells

Air-fabrication of PSCs is a viable method of reducing the overall cost of perovskite solar
cell technology and encouraging large-scale production for commercial applications.

However, PSCs prepared in the air have low PCE and suffer from severe degradation

32



because of moisture interference. This challenge has limited the adoption of the air-
fabrication process. Subsections 2.5.2.1 and 2.5.2.2 detail the degradation mechanisms of

PSCs due to moisture and the mitigation methods.
2.5.2.1. Degradation of air-fabricated perovskite solar cells

Perovskites severely decompose when exposed to moisture during or after the perovskite
film nucleation processes [48,235]. Perovskite films deteriorate when exposed to
moisture because it has weak intermolecular bonds. Also, exposure to moisture during
preparation causes the perovskite films to have poor morphology and many pinholes.
These pinholes act as entry points for water molecules and hasten the rate of
decomposition [236,237]. An example of perovskite is methylammonium lead iodide
(MAPbDI3).

In the presence of moisture, MAPbI3 decomposes to form different products depending
on the light condition [238-242]. For example, Lang et al. and Christians et al. reported
that the exposure of MAPbIs; to moisture in the dark causes it to decompose into
methylammonium iodide (MAI) and lead iodide (Pbl,) (see equation (2.13)) [241,242].
However, in the presence of moisture and light, MAPDI3 decomposes to produce Pbly,
methyl amine (CH3NH2) and hydroiodic acid, as in equation (2.14) [240]. Consequently,
the effort to mitigate the damaging effect of moisture on the perovskite films is an

essential aspect of developing PSC technology.

H,0+ dark

2.5.2.2. Methods of minimising degradation of air-fabricated PSCs

Different methods have been developed and employed to minimise the degradation of air-
fabricated perovskite solar cells. These methods aim to exclude moisture from the
perovskite films during nucleation and strengthen the perovskite's intermolecular bonds.
Similarly, a combination of these routes could result in enhanced device stability and
PCE. Sections 2.5.2.2.1 — 2.5.2.2.3 elaborate on some of these methods.
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2.5.2.2.1. Humidity-resistant antisolvent method

Humidity-resistant antisolvents protect against moisture interference during perovskite
film deposition and enhance the film's long-term stability. These antisolvents have high
water solubility and vapour pressure, which make them effective in protecting the
MAPDI3/DMSO adduct from moisture during perovskite film deposition, particularly at
high relative humidity [34,37]. The high vapour pressure accelerates the evaporation of
DMM and moisture around the films, while high water solubility enhances moisture
absorption around the films [37]. By protecting the films against moisture, these
antisolvents promote the formation of films with compact grains and quality morphology.
These are vital in minimising moisture ingress into the films and enhancing long-term
stability and PCE of air-fabricated films PCSs [34,37,243].

Troughton et al. introduced humidity-resistant antisolvent treatment for PSCs prepared in
ambient air. The researchers reported that PSCs treated with ethyl ethanoate antisolvent
have improved PCE and stability compared to devices treated with methylbenzene [34].
In addition, research has shown that devices treated with ethyl ethanoate have improved
PCE and stability because of the high water solubility and vapour pressure of antisolvent.
In 2018, Yang et al. reported that devices prepared using methyl ethanoate have improved
stability and PCE over devices treated with ethyl ethanoate antisolvent. This observation
is because methyl ethanoate has higher vapour pressure and water solubility than ethyl
ethanoate[37]. Wang et al. showed that ethoxyethane antisolvent treatment makes the
perovskite film deposition process reasonably insensitive to moisture at RH < 50% [38].
In 2019, Yang et al. demonstrated that for RH<30%, perovskite film deposition using
trichloromethane antisolvent is humidity insensitive [244]. Trichloromethane was only
effective within this range because it has low water solubility, despite its high vapour

pressure.

Besides using a single antisolvent, mixed antisolvents effectively improve the PCE and
stability of PSCs prepared in ambient air [35]. Mixing an antisolvent of high dipole
moment with an antisolvent of low dipole moment reduces the removal of DMSO from
the solution, thereby improving the perovskite film quality and the performance of PSCs
[39,245-249].

Table 2.7: Properties of typical antisolvents for perovskite film treatment [250,251]
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Vapour pressure  Water solubility Boiling Dipole

Antisolvent point moment
mmHg) at 23°C %) at 23°C
( g) ( 0) (oc) (D)
Chlorobenzene 9 0.05 131.00 1.55
Trichloromethane 160 0.50 61.15 1.04
Methyl ethanoate 173 25.00 56.90 1.71
Methylbenzene 21 0.07 110.00 0.38
Ethyl ethanoate 73 10.00 77.22 1.78
Ethoxyethane 440 8.00 34.44 1.28
1-butoxybutane 4.8 0.03 141.00 1.26
Propyl ethanoate 25 2.00 101.67 1.86
Butyl ethanoate 10 1.00 125.56 1.87
2-Butanol 12 16.00 99.44 1.62
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Figure 2.17: Chemical structures of (a) chlorobenzene (b) trichloromethane (c) methyl
ethanoate (d) methylbenzene (e) ethyl ethanoate (f) propyl ethanoate (g) ethoxyethane (h)
1-butoxybutane (i) butyl ethanoate and (j) 2-butanol
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In 2021, Jung et al. reported improved stability and PCE of 20.55% for devices treated
with 1-butoxy butane (30%) mixed with ethoxy ethane (70%) antisolvents at relative
humidity > 40% [39]. Table 2.7 shows the physical properties of typical antisolvents
frequently used to fabricate perovskite solar cells. Figures 2.17(a) — 2.17(j) present the

corresponding chemical structures.

2.5.2.2.2. Additive technique

The additive technique is another method of enhancing the stability of air-fabricated
PSCs. In the additive process, additives are introduced in the perovskite solution to
achieve a homogenous solution before film deposition. Additive materials can enhance
the stability of air-fabricated PSCs through two routes. In one method, non-silane
additives are added to the perovskite solution to delay nucleation. Optimal delay in
nucleation increases grain sizes and reduces the film pinholes, consequently minimising
the entry points for moisture [226,252-255]. In the second instance, silane additives
crosslink and strengthen the intermolecular bonds of perovskite films, thereby making the
films less prone to decomposition [43,52,256,257]. Bag et al. conducted the first study on
applying the non-silane additive process in PSCs in 2016 [255]. The researchers reported
PCSs with improved stability and PCE when the perovskite materials contained sodium
bromide (NaBr) additive. In 2017, Sun et al. enhanced the PCE and stability of PSCs by
adding lead (I1) thiocyanate (Pb(SCN)z2) in the perovskite solution [252]. In 2018, Zhang
et al. reported PSCs with improved PCE and stability when perovskite films were
modified with sodium thiocyanate (NaSCN) and potassium thiocyanate (KSCN)
additives [226]. The investigators explained that the improvement in PCE and stability is
due to the large grain sizes and the fewer pinholes on the perovskite films with these
additives. Finally, in 2021, Salim et al. demonstrated that lead (I1) sulphide (PbS) additive

is beneficial in air fabrication [258].

Silane additives are becoming quite popular due to their ability to form a cross-linking
bond with perovskite and delay the nucleation process [43,44]. Studies indicate that silane
materials become more effective when they contain both silyl and fluoride groups. These
groups form strong crosslinking bonds with perovskites and reduce the decomposition
rate in the presence of moisture [53]. Oku et al. conducted the first study applying silane

additives in PSCs, and the researchers reported that using decaphenylcyclopentasilane
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additive enhanced the PCE of devices from 5.82% to 10.46% [43]. In 2021, Zheng et al.
improved the PCE of the devices from 18.85% to 20.72% by applying a 3-
aminopropyltrimethoxysilane additive [44]. The researchers also reported that the
additive improved the stability of the devices prepared at 50-60% relative humidity by
40% compared to the control devices after 400 hours of storage. Figures 2.18(a) and
2.18(b) present the chemical structures of decaphenylcyclopentasilane and 3-

aminopropyltrimethoxysilane.
2.5.2.2.3. Passivation technique

Surface passivation involves depositing a thin layer of passivating materials on perovskite
films to fill pinholes and gaps between grain boundaries. By filling some of the pinholes
and the cracks between grain boundaries, the passivation technique minimises the degree

of moisture ingress into the films and enhances device stability [54].

The first application of surface passivation in PSCs reported improved PCE for devices
with films passivated using iodopentafluorobenzene and pyridine [46,55]. The
researchers attributed the improvement in PCE to the fluoride and nitride groups which
protected the perovskite films from moisture [53]. In 2015, Jeong et al. reported that
passivating the perovskite films with polytetrafluoroethene resulted in devices with
improvement in PCE and stability [259]. They explained that the polymer layer repels
H>O molecules, thereby significantly enhancing the stability of the PSCs.
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Figure 2.18: Chemical structures of (a) decaphenylcyclopentasilane, (b) 3-
aminopropyltrimethoxysilane (c) trichloro(3,3,3-trifluoropropyl) silane and (d) Octyl

trichlorosilane
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In 2017, researchers reported enhanced PCE and stability for devices passivated using (2-
hydroxyethyl)trimethylammonium chloride [260]. This ammonium salt enhances the
PCE and stability by reducing trap densities and moisture ingress into the films. Finally,
in 2019, ethylammonium iodide was reported to improve the PCE and stability of devices
[261].

Few studies have demonstrated that silane materials are effective passivation agents for
enhancing the PCE and stability of devices [52,57]. The first study on silane passivation
reported improved PCE and stability when trichloro(3,3,3-trifluoropropyl)silane was
used [52]. In the same year, Zhao et al. achieved enhanced PCE and stability by applying
trichloro(octyl)silane [57]. Octyl trichlorosilane and trichloro(3,3,3-trifluoropropyl)
silane effectively passivate perovskite layers since they form crosslinking bonds with
perovskites [52,57]. Figures 2.18(c) and 2.18(d) present the chemical structures of

trichloro(3,3,3-trifluoropropyl) silane and octyl trichlorosilane.

2.6. Film deposition methods

Spin-coating, inkjet printing, slot-die coating, blade coating, screen printing, spray-
coating, and magnetron sputtering are some film deposition techniques for PSC
fabrication. This project used the spin-coating method because of its reproducibility [262—
264]. Similarly, the benefits of improved film adhesion, scalability, reproducibility and
precision made magnetron sputtering suitable for this study [58-61]. In this section, spin-
coating and magnetron sputtering techniques are described in detail because these two

techniques are relevant to this project.

2.6.1. Spin-coating

Spin-coating is a laboratory standard, reproducible, fast, solution and low-temperature
technique for depositing uniform and quality thin films on flat substrates using the

interaction between surface tension and centrifugal force as substrate rotates [264—266].
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Table 2.8: Solvents for the spin coating process [267—-270]

Solvent Boiling Molar  mass Density Required
point (°C)  (g/mol) (g/ml) spin  time
(s)
Propan-2-ol 82.6 60.10 0.79 30
Methylbenzene 110.6 92.14 0.87 30
Dimethyl 153 73.09 0.94 >30
methanamide
Dimethyl  sulphur 189 78.13 1.10 >30
(IV) oxide
Ethane nitrile 82 41.05 0.79 30
Chlorobenzene 131 112.56 1.11 30
Methoxybenzene 153 108.14 1.0 >30

In spin-coating, a known volume of the coating solution is spread on a substrate, and the
substrate is then spun at high speed to distribute the applied solution uniformly on the
substrate. For uniform and pinhole-free film, substrates must be thoroughly cleaned, the
solution must be filtered, and sufficiently enough solution must be applied on the
substrate. Using too little solution on the substrate leads to uncoated areas, while solid
particles due to an unfiltered solution or improperly cleaned substrate result in films with
numerous pinholes [271].

A practical method of spin-coating quality films is mixing a primary solvent with a
moderately low boiling point and a minor solvent with a relatively high boiling point
[268,272]. However, using a volatile solvent only leads to fast nucleation, while using a
solvent with a high boiling point alone leads to delayed nucleation and rewetting
[273,274]. Table 2.8 presents effective solvents for spin-coating processes during PSC

preparation and the required spin-coating time.

2.6.2. Magnetron sputtering

Magnetron sputtering (MS) is a scalable, reproducible, and precise method for depositing
films on a substrate at ultrahigh vacuum chamber pressure. It uses magnetic field-
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accelerated gaseous ions (e.g. argon ions) to eject atoms or molecules to be deposited

from target materials [275]. The operation of magnetron sputtering is as follows:

» Magnetron system generates high-power microwave energy.

» The high-power microwave energy ionises the inert gas in the chamber to create
gaseous ions (positive ions).

» A strong magnetic field accelerates the gaseous ions towards the target material
(cathode).

» The accelerated gaseous ions eject atoms from the target materials.

» The ejected particles travel towards the substrate at high speed and get deposited.

Direct current (DC), pulsed DC and radio frequency (RF) magnetron sputtering are the
classes of magnetron sputtering. The target is always negatively charged in DC
magnetron sputtering, making it only suitable for sputtering conducting materials. DC
magnetron sputtering is not used for low-conducting and insulating materials because
these materials cause positive ions to accumulate on the target, resulting in the non-
passing of current through the target materials. In RF magnetron sputtering, the polarity
of the target alternates at high frequency, thereby preventing charge accumulation and
ensuring that current flows through the target materials. RF magnetron sputtering is
suitable for depositing insulators, conducting materials, polymers, and ionic and covalent
compounds [276]. Titan magnetron sputtering systems can operate in RF, pulsed DC, and

DC magnetron sputtering modes [277].

Magnetron sputtering has the advantages of improved film adhesion, precise deposition
parameter control, scalability and superior morphology over other metal contact
deposition methods [58-61]. However, researchers rarely use MS to deposit contacts on
perovskite solar cells because it causes damage to the organic HTLs and HTL/perovskite
interfaces [58,61,64].

2.7. Characterisation techniques

This section describes techniques applied in studying thin films and solar cells prepared
in this project.

40



2.7.1. Atomic force microscopy

Atomic force microscopy (AFM) is a 3-dimensional imaging technique that uses the force
of interaction between the probe and the sample molecules to measure the topology and
morphology of the sample surface [278]. It uses probes (which consist of a cantilever and
tips) installed in a probe holder for image capturing [279]. Tapping and contact modes
are the two most common operational modes of AFM, and in each case, the probe

oscillates at its resonance frequency.

a)

Cantilever

Cantilever

Figure 2.19: (a) Schematic of the MLCT probe and (b) schematic of SCM-PIT-V2 probe
[280,281]. This project applied these probes.

In tapping mode, the oscillating probe tip lightly taps the sample surface, unlike in contact
mode, where the tip has direct mechanical contact with the sample surface. Although

tapping mode is valuable for soft and hard samples, it is crucial for soft samples that get
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damaged when captured in contact mode. Also, probes with a small spring constant are
preferred for soft samples [279].

AFM is vital in perovskite solar cell study as it helps determine and visualise film
morphology, crystal sizes and thickness of the layers. It also provides visual evidence of
pinholes and degradation in the films. Figures 2.19(a) and 2.19(b) present the schematics
of the MLCT probe (for capturing soft samples) and SCM-PIT-V2 probe (for capturing
hard samples), respectively. This project applied these probes for AFM studies.

2.7.2. Ultraviolet-Visible spectroscopy

Ultraviolet-Visible (UV-Vis) spectroscopy is a technique for determining the optical
absorbance (Abs) and transmittance (Tx) of samples across the ultraviolet and visible
regions of the electromagnetic spectrum [282]. It operates by measuring the intensity of
light transmitted through a sample (lo) and comparing it with the intensity of the incident
light (or light transmitted through the reference) (i) [283]. Equation (2.15) shows the

expression for calculating transmittance (Tx) from measured data [284].

T, = 2 100 (2.15)

Depending on the purpose of the study, the samples are deposited on suitable substrates
such as FTO substrate, glass, or quartz glass (fused silica). For example, for energy bandgap
(Eg) measurement, FTO and glass substrates are suitable for materials with narrow Eg (e.g.,
perovskite and Spiro-OMETAD), while quartz glass (fused silica, 193 < A < 2000 nm

transmission) is required for materials with wide Eg (e.g., SnO»).

Equation (2.16) presents an expression for determining the Eq from a plot of a?E? against
E for direct bandgap material. Equation (2.17) estimates Eq from a plot of o?EY? against
E for indirect bandgap material [285-287]. Other reports have shown that absorption
coefficient (o) with absorbance [288] or absorption [289,290] against E also gives

accurate Eq from the Tauc plots.

[a(D).E(D)]* = K[E() — E,| (2.16)

[a (). E(A)ﬁ = K[E(A) — E,] (2.17)
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UV-Vis spectroscopy is essential in PSC studies as it gives vital information on the
absorbance characteristics, the perovskite layer's quality and the transport layers'
transparency. It also gives information about the Eg of the layers and provides indirect

evidence of layer degradation.

2.7.3. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy gives spectral and vibrational
information relating to the functional groups, bond types, unique compositions, and
quantity of the material in organic and inorganic samples. It operates in the mid-infrared
region ranging from 400 cm™ (25 pm wavelength) to 4000 cm™ (2.5 um wavelength)
[291].

FTIR works in either transmission or attenuated total reflection (ATR) mode. In the
transmission mode, the infrared spectrum is transmitted through samples deposited on
substrates (e.g. zinc sulphide, potassium chloride, sodium chloride etc.) [292]. The
problem with the transmission mode is that all the suitable substrates are expensive and
brittle [293]. Conversely, ATR mode uses low-cost and highly reflective substrates (e.g.
silver and aluminium) [294]. In ATR mode, the infrared beam transmitted through the
sample gets reflected by the substrate and then re-transmitted through the sample [293].
FTIR technique is quite relevant in perovskite solar cell study as it provides information
about the functional groups, bond types and the degree of formation of the samples. It

also gives direct evidence of layer degradation.

2.7.4. X-ray diffraction

X-ray diffraction (XRD) is valuable for the phase identification of crystalline material. It
provides information on the dimension of unit cells, atomic spacing, strain (shift in peak
position, peak broadening), film thickness, degree of crystallization (peak intensity),
preferred orientation (peak position) and grain size (peak broadening and dislocation
density) using constructive interference of X-ray scattered by the material [177,295].
Target material (e.g. copper, iron, nickel, Zirconium and Molybdenum) emits X-rays
when bombarded by high-energy electrons from the heated cathode of the X-ray machines

[296]. The wavelength of X-rays is characteristic of the target materials.
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A
z= Bfose (2.18)

Equation (2.18) estimates grain size (z) from the XRD pattern [297] where B is the Full-
Width Half Maximum (FWHM), A is the x-ray wavelength of the target, 0 is half of the
angle at the peak position and p is the grain shape constant which is 0.9 for a spherical
crystal [297].

In PSCs study, XRD provides vital information on each layer's crystallinity, thickness,
crystal sizes and orientation. It also provides direct evidence of the degradation of the

perovskite layers.

2.7.5. Ultraviolent photoelectron spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) measures the Kinetic
energy spectra of electrons emitted from a sample material when the electrons on the VB
of the material absorb incident ultraviolet photons of sufficient energy. This technique is
vital in determining the sample's VB, Fermi level and WF. UPS equipment uses
aluminium Ko radiation (hf=1486.7 eV) for the measurement of the core levels as well
as another discharge lamp (e.g. Neon, Helium I, Neon Il and Helium I1) that provides the
ultraviolet photon (Ka) [298-301]. Equation (2.19) is the expression for estimating VB
from UPS spectra where E is the photon energy, WF is the work function, and Emax is the
onset energy [302]. For accurate work function determination, a negative bias voltage (-
2 V to -5 V) is applied to the sample to enable the measurement of the secondary electron
cut-off [303].

VB=—(E+WF) +Ep., (2.19)

In the perovskite solar cell study, the UPS provides vital information on the films' work
function (WF), Fermi level and VB.

2.7.6. Field emission scanning electron microscopy

Scanning electron microscopy (SEM) is a characterisation method that captures the

images of samples using an accelerated electron beam [304]. Field emission scanning

electron microscope (FE-SEM) and thermionic emission scanning electron microscope
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(TE-SEM) are the two types of scanning electron microscopes. FE-SEM is an ultra-high-
resolution electron microscope that scans and captures sample images using a high-
energy electron beam from a field emission electron gun (cold cathode) [305]. It has a
much higher resolution than TE-SEM as a field emission electron gun produces about
1000x more electrons than the thermionic emission electron gun (hot cathode) used in
TE-SEM [305,306]. Also, FE-SEM requires much higher vacuum conditions than
thermionic emission scanning electron microscope (TE-SEM) [306]. A high electric field
applied across the cathode causes the emission of electrons from the field emission gun,
unlike thermionic emission guns (hot cathodes) that emit electrons from heated cathodes
[307]. Top-view SEM images provide vital information on surface morphology, crystal
sizes, grain compactness, grain boundaries and pinholes, which are relevant in perovskite
solar cell study. Also, the cross-sectional view measurement gives vital information about

the thickness of each layer in perovskite solar cells.

2.7.7. 4-Probe measurement

The 4-Probe is an instrument that uses four electrodes to measure the resistivity, sheet
resistance and conductivity of either bulk or thin-film materials. It uses the voltage
difference (potential drop) between two of the four electrodes to determine the sheet
resistance (conductivity or resistivity) of test samples [308]. 4-Probes work by passing
current (I) through the samples from the two outer probes (current probes) and measuring
the voltage (V) across the inner probes (voltage probes). The sheet resistance of samples
measured using 4-Probe is independent of the contact resistances of the probes and
connectors [309]. Equation (2.20) shows the expression for estimating the sheet resistance
of a sample with the thickness (d) < 0.4x using 4-Probe [308,310-312]. Figure 2.20

presents the generic schematics of the 4-probe.

. T \%
Sheet resistance = ne T (2.20)
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Figure 2.20: Generic schematics of 4-probe [309].

On the other hand, a 2-Probe (e.g. Ohmmeter) uses two electrodes as both current and
voltage probes to measure the resistive properties of samples [313,314]. As a result, the
2-Probe measurement depends on the contact resistances of the probes and connectors.

The accuracy of the 4-Probe technique made it suitable for this project [313].

2.7.8. Current-voltage measurements

Current-voltage (I-V) measurement is a technique for determining the I-V characteristics
of electrical/electronic devices. The I-V measurement involves supplying increasing
voltages across the device and measuring the current that flows through the device at each
voltage level. In this measurement, a voltmeter connected in parallel to the device
measures the voltage across the device. In contrast, an ammeter connected in series to the
device measures the current through the device [315]. For devices with sourcing ability,
switching circuits (e.g. transistors) regulate the devices' voltage and current output while
voltameters and ammeters measure these parameters[316]. For example, Figure 2.21
shows a simple circuit for measuring the |-V characteristics of sourcing devices. The

circuit works as follows [316,317]:

» Anincreasing ramp voltage (Vramp) is applied to the Op-amp to increase the gate

voltage of the field-effect transistor (FET).
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» As the FET gate voltage increases, the current flow from the solar cell via the
Source-Drain pins of the FET transistor also increases.

» The oscilloscope measures the voltage (V) across the solar cell and the voltage
(VR) that drops across the resistor (R) connected in series to the solar cell at each
Vramp,

» The current (1) supplied by the solar cells is computed using equation (2.21).

VR

1=-k (2.21)
Photons
] —
—|— >
+
FET Vramp
R
— | — | . —
Solar cell
V
GND

Oscilloscope

Figure 2.21: A circuit for measuring 1-V characteristics of solar cells [316]

In practice, the SMU (e.g. Autolab PGSTAT32, Keithley 2400 and Keysight B2912A)
[318-321] measures the 1-V characteristics, while a solar simulator (e.g. Newport Oriel
LCS-100) provides the AM1.5 global spectrum. The |-V measurement error depends on
the characteristics and resolution of both SMU and the solar simulator.

A solar simulator is a controllable indoor test facility that provides illumination that
approximates the AML1.5 global spectrum under laboratory conditions for testing
photovoltaic devices. Solar simulators are classified using spectral mismatch, spatial non-
uniformity, and temporal instability of the illumination. Table 2.9 presents ASTM E927-

10 classification of spectra qualities of Newport solar simulators [77,78,321]. Xenon,
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halide, quartz tungsten halogen and light-emitting diode lamps are widely used in solar

simulators because they have good spectral qualities [77].

Table 2.9: ASTM classification of Newport solar simulators.

Solar simulator Spectral Spatial Temporal Class

mismatch (%) Non-Uniformity  Instability (%)

(%)
Oriel Sol3A 0.75-1.25 2 2 AAA
Oriel VeraSol-2 0.75-1.25 2 2 AAA
Oriel MiniSol LSH-  0.75-1.25 5 2 ABA
7320
Oriel 94042A 0.75-1.25 5 2 ABA
Oriel LCS-100 0.75-1.25 5 5 ABB

2.7.9. Impedance spectroscopy

Impedance spectroscopy (IS) is a technique for measuring the impedance characteristics
and frequency response of electrical/electronic devices over a frequency range. 1S
measurement involves supplying sinusoidal voltage input V(t) to a device at different
illumination conditions and measuring the sinusoidal current output I(t) from the device
[18,322,323]. Equation (2.22) presents the expression for calculating the complex
impedance parameters of the device from the Fourier transform of V(t) and I(t)
[18,92,324].

Z(w) = % (2.22)

IS measurement provides information on the impedance model, parameters and frequency
response of devices [325]. In IS measurement, the impedance measured at the upper cut-
off frequency relates to the Rs of the solar cell. In contrast, the impedance at the lower
cut-off frequency is associated with the junction resistance (R;), shunt resistance and
series resistance of the solar cells [326]. At the resonance frequency, the measured

impedance relates to the impedance characteristics of the junction and shunt resistance
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[326,327]. IS measurement could be conducted at different dc voltage biases and

illumination to reveal some inherent properties of the device [18,322,323].

© -

V(t)

Figure 2.22: AC equivalent circuit of a forward-biased PSC [328].

Figure 2.22 shows the ac equivalent circuit of a solar cell, with C; representing the
capacitance of the n — i — p junction [328]. The circuit oscillates at resonance frequency
when the reactance (Xc) of the junction capacitance is equal to the resultant resistance of
Rjand Rpwhich are in parallel. The resonant frequency is the natural frequency at which
an RC circuit oscillates at the highest amplitude [329]. Equation (2.23) presents the
expression for extracting junction capacitance (C;) from impedance spectroscopy (IS)
measurement [330].

G= — (2.23)

(L).XC

The junction capacitance (C,) is directly proportional to the carrier density (N) of the

devices, as reported in the literature [18].
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2.8. Review of recent literature relevant to the key studies

Many studies have reported new processes for preparing efficient and stable PSCs in the
air [26,34,37,38,245-248,331-333]. For example, reports have shown that additive
processes enhance the efficiency and stability of devices. Hence, Tai et al. showed that
modifying MAPbIs layers with Pb(SCN)2 additive improves the stability of air-fabricated
PSCs by 26.7% [26]. Also, Oku et al. reported that modifying MAPbI; layers with
decaphenylcyclopentasilane increased the PCE of devices by 5% [43]. In contrast, Zheng
et al. improved the PCE of the devices by 2% by modifying the perovskite material with
3-aminopropyltrimethoxysilane [44].

Reports showed that humidity-resistant antisolvent treatment improved the performance
of PSCs prepared in ambient air. Consequently, Troughton et al. reported enhanced
efficiency and stability for devices based on MAPbI3 layers treated with ethyl ethanoate
antisolvent [34]. Later, Yang et al. demonstrated that devices treated with methyl
ethanoate have improved PCE and stability relative to devices treated with ethyl
ethanoate [37]. Studies have also reported that mixed antisolvent treatment improves
device performances [245-248]. In addition, studies show that magnetron sputtering
improved film adhesion, precise deposition parameter control, scalability and superior

metal contact morphology [58-61].

This section reviews only works of literature on silane additive and mixed antisolvent
processes for improving the performance of perovskite solar cells and metal contact
deposition by magnetron sputtering. These three areas of literature are relevant to the key

studies in the project.

2.8.1. Recent studies on metal contact deposition by magnetron sputtering

Magnetron sputtering (MS) has the advantages of improved film adhesion, precise
deposition parameter control and scalability, which may offer a better quality metal
contact over thermal evaporation [58-61]. However, magnetron sputtering causes
damage to the soft organic hole transport layer (HTL) and perovskite layers when the
deposition parameters are not suitably optimised [63,66]. This damaging effect is due to
the impact of high kinetic energy metal atoms from the sputtering target. Consequently,
MS has limited application in PSC fabrication. In addition, the HTL gets damaged when

metal particles remove some HTL or dope into the HTL/perovskite interface to form
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recombination sites [64]. The extent of penetration and the number of metal dopants in
the HTL/perovskite interface depend on the particle kinetic energy and deposition rate,
respectively [58]. Numerous metal particles dope in the perovskite layer at remarkably
high kinetic energy, leading to severe performance degradation. Because of this, only a
few research studies reported using magnetron sputtering for depositing metal contact in
PSCs [58,61-66]. To date, most of these studies focused on the effect of magnetron
sputtering of different metal contacts on the performance of PSCs [62,63,65,66]. In
addition, a few studies investigated the dependence of PSC performance on the thickness
of metal electrodes [65,66] and the influence of deposition rate [58]. However, few
authors have conducted comparative studies of PSCs with metal contacts deposited using
thermal evaporation, magnetron sputtering and e-beam techniques [58,61,64].
Furthermore, these researchers conducted their studies in a controlled laboratory
environment (glovebox), and the best efficiencies reported were 18.32% and 15.97% for
devices with sputtered Au [58] and Ag contacts [63]. Notwithstanding these reports, a
systematic study of the effect of metal contact sputtering parameters on the performance
of PSCs is still lacking, especially for devices processed in ambient laboratory

environments relevant to real-life manufacturing conditions.

2.8.2. Recent studies on performance enhancement using silane additive

Studies showed that modifying perovskite layers with silane additives improved the PCE
and stability of PSCs [43,44,51-53,334]. This is because silyl groups readily form
crosslinking bonds with perovskite molecules, enhancing the bond strength and
protecting against humidity [51,52]. Furthermore, reports show that a fluoride group
enhances silane additives' effectiveness in strengthening intermolecular bonds in
perovskites and minimising decomposition [53]. Therefore, silane materials are applied
as passivation agents or additives in perovskite layers to enhance the stability of the
layers. However, despite the benefits of silane materials in strengthening the bond
strengths in perovskites, quite a few studies have investigated the effect of silane additives
on the performance of PSCs [43,44,334]. Oku et al. conducted the first study on the silane
additive process. The researchers reported devices with PCE that improved from 5.82%
to 10.46% when the decaphenyl cyclopentasilane additive was incorporated in MAPDbI3
layers [43]. In 2019, Xie et al. reported improved stability and PCE for devices based on
perovskite layers modified with a 3-Mercaptopropyltrimethoxysilane additive [334]. In
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2021, Zheng et al. improved the PCE of the devices from 18.85% to 20.72% by adding
3-aminopropyltrimethoxysilane in perovskite [44]. In addition, the researchers
demonstrated that devices with 3-aminopropyltrimethoxysilane additives degraded by
about 40% after 400 hours at 50-60% compared to about 80% degradation for control

devices.

Although these studies contributed immensely to silane additive processes for preparing
PSCs with enhanced PCE and stability, the researchers conducted their fabrications in
inert atmospheres, where exposure to moisture is negligible. Hence, a systematic study of
the effect of silane additives on the PCE and stability of PSCs fabricated in the air at high

relative humidity, relevant to real-life manufacturing conditions, is still lacking.

2.8.3. Recent studies on performance enhancement via mixed antisolvents

Antisolvents play significant roles in improving the PCE and stability of PSCs. The
effectiveness of any antisolvent depends on its vapour pressure, water solubility and
dipole moment at room temperature [37]. The high water solubility of methyl ethanoate
and ethyl ethanoate has proven effective in protecting MAPbIs/DMSO adduct from
interacting with moisture during perovskite film deposition, particularly in high relative
humidity [37]. Antisolvents with high vapour pressure and low boiling point accelerate
the evaporation of DMM and moisture around the films [37]. However, these antisolvents
have high dipole moments that enable them to dissolve and quickly extract DMSO from
the perovskite solution, resulting in less DMSO in the MAPbIz/DMSO adduct. Quick
extraction of DMSO from the adducts could lead to a fast nucleation process and poor

film morphology [35,36].

Additionally, antisolvents with high dipole moments remove more MAI from perovskite
solution, leading to low grain compactness [137,205,335,336], reduction in the film
thickness and introduction of lead (I1) iodide particles [337—-339]. On the other hand,
antisolvents with relatively low dipole moments (e.g. trichloromethane and
methylbenzene) dissolve less DMSO. Therefore, they cannot extract DMSO quickly from
the perovskite solution, leaving excess DMSO in the MAPbIs/DMSO adduct. Excess
DMSO in MAPDbI3/DMSO adduct can result in significant rewetting, a slow nucleation
process, poor film morphology and low grain compactness, especially at high humidity

[35,36]. Therefore, mixing different antisolvents helps optimise the amount of DMSO in
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the MAPDI3/DMSO adduct [36]. A convenient method of reducing the solubility of
DMSO in humidity-resistant antisolvents without affecting their moisture protection
ability is by adding other antisolvents with a lower dipole moment [35]. This approach
has been applied to the fabrication of PSCs to achieve improved performances [245-248].
Wang et al. conducted the first study on the effect of antisolvent mixing on PSC
performance in 2017. They reported that devices treated with chlorobenzene mixed with
2-propanol achieved the best PCE of 17.8%, while PSCs treated with chlorobenzene
(100%) attained the best PCE of 16.1% [245]. Similarly, Yu et al. reported that devices
treated with trichloromethane mixed with hexane exhibited a PCE of 17.1%, whereas
devices treated with trichloromethane (100%) achieved a PCE of 15.8% [249]. In 2018,
Chen et al. reported improved performance for the devices treated with 2-butanol mixed
with chlorobenzene or 2-butanol mixed with ethoxyethane antisolvents [35]. Since 2018,
reports have shown that mixed antisolvents such as methylbenzene mixed with
ethoxyethane [246], methylbenzene mixed with dichlorobenzene [246], and 2-methyl
pentane mixed with ethyl ethanoate improve the PCE and stability of devices. Although
these studies contributed immensely to developing antisolvent mixing techniques for PSC
fabrication, they were all conducted in a glovebox of exceptionally low humidity (0.1 —
1.0 ppm or 0.00001 - 0.0001%). Very recently, Jung et al. reported that at relative
humidity > 40%, devices treated with 1-butoxybutane (30%) mixed with ethoxyethane
(70%) achieved improved stability and PCE of 20.55% [39]. However, despite recent
studies, extensive study of the effect of mixed antisolvent on the PCE and stability of

PSCs processed in ambient environments is still lacking.

2.9. Summary

This chapter conducted the overview of the operation, factors that affect the performance
cells, energy band diagram, energy band matching, junction formation and performance
characteristics and precisely presented the observations and explanations. Furthermore,
this chapter discussed the basics of PSCs, structures, fabrication, and characterisation
techniques. Finally, the moisture degradation routes of perovskite solar cells and the
mitigation procedures, which are highly relevant to the key study of this thesis, are

reviewed and discussed.
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Chapter 3: Materials and Methods
3.1. Introduction

This chapter describes the procedures for preparing perovskite solar cells (PSCs) in
ambient air and measurement techniques used for characterisation. This chapter will
extensively elaborate on processes for cleaning FTO substrates and preparing electron
transport layers, perovskite layers, hole transport layers, and top electrodes. The
equipment employed for solar cells and film characterisation is discussed, together with
the test results, to demonstrate the reliability of the equipment. It will also provide
information on materials, their sources, and other relevant details to allow for a

reproduction of the experiments.

3.2. Perovskite solar cell fabrication

This section discusses the cleaning of FTO substrates and the preparation of other layers
in PSCs. Figure 3.1 shows the FTO/SnO2/MAPDbIs/Spiro-OMETAD/Ag structure applied
for PSCs fabrication in this project. This structure was adopted from the study reported

by Yang et al. [37], except for replacing gold electrodes with silver electrodes.

b) Top electrode
(Silver)

Electron transport layer
(SnO 2)

Perovskite layer
(MAPbI3 )

Hole transport layer
(Spiro-OMETAD)

Working electrode
(FTO)

Light photon

Figure 3.1: Structure of devices fabricated in this project.
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FTO substrate preparation
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Sn0, layer deposition
(Spin-coating)
MAPbI; layer deposition
(Spin-coating)
Spiro-OMETAD layer deposition
(Spin-coating)

Silver contact deposition
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Figure 3.2: Flow chart of PSCs fabrication
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Y

Figure 3.3: Products at each step of device fabrication

Figures 3.2 and 3.3 show the fabrication flow chart of the PSCs and the products at each
stage of the fabrication process. Figure 3.4 presents the Laurell spin-coater (WS-650Hz-
23NPPB) utilized in depositing solution-processed layers (SnO2, MAPbIs; and Spiro-

55



OMETAD). All the solution-processed films were deposited at relative humidity (RH)
ranging from 40-55% (see Chapters 4 -8 for the actual RH range for each study).

Figure 3.4: Laurell spin-coater used for depositing solution-processed layers

3.2.1. Cleaning of Fluorine-doped Tin Oxide substrates

Pingdingshan Mingshuo Technology Co. Ltd (TEC-15), and Kintec Company LTD
(TEC-8) supplied the Fluorine-doped Tin Oxide (FTO) substrates. The FTO substrates
have dimensions of 15 mmx20 mm. This project used Laser-patterned FTO substrates to
reduce the likelihood of edge defects and short-circuiting problems in the devices. Figures
3.5(a) and 3.5(b) show the design and a sample of the FTO substrate with dimensions.
The FTO substrates were thoroughly cleaned before device fabrication for a clean surface.
Firstly, the FTO substrates were cleaned using diluted Hellmanex (111) solution and then
rinsed thrice with deionized water. Later, the FTO substrates were successively sonicated
in deionized water, 2-propanone, and 2-propanol at 50°C for 10 minutes using an
ultrasonic bath (Allendale ultrasonic bath, US-CU-DI-9L). Finally, the FTO substrates
were dried using nitrogen gas (with an air gun) before they were treated in the ultraviolet
(UV)-ozone cleaner (Ossila UV-ozone cleaner, L2002A2-UK) for 10 minutes to improve
surface energy and wettability [340-344]. Figures 3.6(a) and 3.6(b) show the ultrasound
bath and UV-ozone cleaner used for the experiments.
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Figure 3. 5: (@) The design of the FTO substrate and (b) a picture of a sample FTO

substrate

Figure 3.6: (a) Allendale ultrasonic bath and (b) Ossila UV-ozone cleaner

3.2.2. Electron transport layer preparation

The SnO- layers were prepared from tin(l11) chloride dihydrate (SnCl2.2H20, 99.995%)
bought from Sigma Aldrich and absolute ethanol purchased from Fisher Scientific.
Figures 3.7(a) and 3.7(b) and Table 3.1 presents the chemical structure and properties of
ethanol and SnCl>.2H0.

The required amount of SnCl,.2H2O (see Chapters 4-8 for the exact amount) was
dissolved in ethanol. Next, the solution was stirred at 50 °C and 300 rpm (using
Corning™ Hot Plate Stirrer, Glass Ceramic, 1150 rpm) for 4 hours to achieve
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homogenous solutions before being filtered using 0.45 pm syringe filter (nylon). Then,
90 pl of the SnCl,.2H-0 solution was spin-coated on the FTO substrates at 4000 rpm for

30 seconds.

H H Cl

Figure 3. 7: Chemical structures of (a) ethanol, (b) tin(Il) chloride dihydrate and (c)
tin(IV) oxide

The samples were placed on the hotplate at 110°C (Corning™ Hot Plate Stirrer, Glass
Ceramic, 550°C), covered with a petri dish to ensure uniform temperature distribution,
and annealed at 180°C for 60 minutes to convert the SnCl>.2H>0 films to the SnO; films.
The chemical structure of the SnO. formed is shown in Figure 3.8(c). The annealed
samples were allowed to cool to 110 °C before being removed from the hotplate to avoid
the likelihood of cracks arising from non-uniform expansion. The deposited SnO> layers
were treated in a UV-ozone cleaner for 10 minutes before the deposition of the perovskite

layer.

3.2.3. Perovskite layer preparation

The MAPbDI; layers were prepared from lead(ll) iodide (Pbl2, 99.999%) sourced from
Alfa Aesar and methylammonium iodide (MAI, 99%) bought from Sigma Aldrich.
Across Organics supplied dimethyl methanamide (DMM, 99.8%), chlorobenzene
(99.6%) and methyl ethanoate (99%). Fisher Scientific provided methylbenzene,
trichloromethane and chlorodimethyl(pentafluorophenyl)silane (CPFS, 96%). Alfa Aesar
delivered dimethyl sulphur(IV) oxide (DMSO, 99.8%). This project used CPFS as an
additive for the perovskite layer (see Chapter 7 for details). Figures 3.8(a) - 3.8(i) and

Table 3.1 show these materials' chemical structures and properties.
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Figure 3.8: Chemical structures of (a) dimethyl methanamide, (b) dimethyl sulphur(1V)
oxide, (c) methylammonium iodide, (d) lead(ll) iodide, (e) chlorobenzene, (f)
trichloromethane, (9) methyl ethanoate, (h) methylbenzene, Q)

chlorodimethyl(pentafluorophenyl)silane, (j) MAPDIz and (k) crystal structure of MAPDI3

The MALI, Pbl> and chlorodimethyl(pentafluorophenyl)silane (see chapters 4-8 for the
exact amount of solutes) were dissolved in a mixture of solvents containing 800 pl of
DMM and 200 pl of DMSO. The perovskite solution was stirred at 50 °C and 300 rpm
for 11 minutes to achieve a homogenous solution before filtering using a 0.45 pm syringe
filter (nylon). Later, 90 pl of perovskite solution was spin-coated on the surface of the
SnO:> layer at 4000 rpm for 30 seconds. The antisolvents (see the exact volume and
antisolvents in chapters 4-8) were dropped on the spinning perovskite films after the first
15 seconds to induce supersaturation and crystallisation. In addition, the antisolvent was
dropped from a height of 2 mm above the film surface to minimise the impact force on
the wet film and hence the resultant damage. Finally, the samples were placed on a
hotplate, covered with a petri dish, and then annealed at 110 °C for 15 minutes to form
dark MAPDI3 films. Figures 3.8(j) and 3.8(k) present the chemical and crystal structure
of MAPbIs. The crystal structure has a tetrahedral shape, with the MA™ occupying the
vertexes of the cube, Pb* occupying the cube's centre, and I- occupying the cube's six (6)

faces.
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3.2.4. Hole transport layer preparation

Borun New Materials supplied the 2,2',7,7'-tetrakis (N, N -di-p -methoxyphenylamino)-
9,9'- spirobifluorene (Spiro-OMETAD, 99.8%) for hole transport layers. Alfa Aesar
delivered lithium bis(trifluoromethylsulfonyl) amine (Li-TFSI, 98%). Sigma Aldrich
provided Tris(2-(1H-pyrazol-1-yl)-  2-methylpropan-4-yl pyridine) cobalt (l1I)
tris(bis(trifluoromethylsulfonyl) amine) (FK209, 98%) and 2-methylpropan-4-yl pyridine
(MPPD, 96%). This project used Li-TFSI, FK209 and MPPD as additives for Spiro-
OMEAD. Figures 3.9(a) — 3.9(d) and Table 3.1 present the chemical structures and
properties of Spiro-OMETAD, Li-TFSI, FK209 and MPPD, respectively.
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Figure 3. 9: Chemical structures of (a) Spiro-OMETAD, (b) Li-TFSI, (¢) FK209 and (d)
2-methylpropan-4-yl pyridine.

90 mg of Spiro-OMETAD powder was dissolved in 1 ml of chlorobenzene. The Spiro-
OMETAD solution was doped with 36 ul of MPPD, 22 ul of Li-TFSI solution (520mg/mi
in ethane nitrile), and FK209 solution (300mg/ml in ethane nitrile) (see Chapters 4-8 for
the amounts of FK209 solution). Li-TFSI, FK209 and MPPD additives were added to the
Spiro-OMETAD solution to enhance the electrical and energy band properties of the HTL
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[212,213]. The HTL solution was stirred at 30°C and 300 rpm for 30 minutes. Next, a
90pul of the HTL solution was spin-coated on the perovskite layers at 4000 rpm for 30
seconds. Finally, the HTL films oxidized in a desiccator for 10 minutes before the

deposition of the silver contacts.

Table 3. 1: Properties of chemicals used in this project

Vapour pressure Water solubility Boiling Dipole

Material

(mmHg) at 23°C (%) at 23°C point (°C) moment (D)
Chlorobenzene 9 0.05 131.00 1.55
Trichloromethane 160 0.50 61.15 1.04
Methyl ethanoate 173 25.00 56.90 1.71
Methylbenzene 21 0.07 110.00 0.38
Ethanol 44.6 Miscible 79 1.66
Chlorodimethyl
(pentafluorophenyl) 0.5 hydrolyse 253.7
silane
Dimethyl sulfoxide 0.42 miscible 189 3.96
Dimethyl .

3.87 Miscible 153 3.86

methanamide

2-methylpropan-4-

o 0.5 6.9mg/ml 196.5 3.29
yl pyridine
Lead (1) iodide 0.76 mg/ml
Tin (Il) chloride
) 839mg/ml
dihydrate
Methylammonium
N/A
iodide
FK209 N/A
Li-TFSI 6000mg/ml
sparingl
Spiro-OMETAD paringly
soluble
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3.2.5. Top electrode sputtering

Silver contacts were deposited from a 2-inch diameter, 0.125-inch-thick silver sputtering
target (Ag, 99.99%) purchased from Kurt J. Lesker Company Ltd. Figures 3.10 shows a
picture of the Pulsed Laser Deposition system (PLD2000) with Titan magnetron
sputtering subsystem used for Ag contact deposition. First, the sputtering chamber was
evacuated to a pressure of 10 pTorr and then refilled with argon gas before the deposition
of Ag contacts at 20°C (see Chapters 4-8 for details of other sputtering parameters). Next,
the Ag contacts were sputtered on the Spiro-OMETAD layer using a 2.2-inch substrate
holder that simultaneously accommodates four 20 mm x15 mm substrates. The holder
was also designed to deposit four devices of 0.15cm? active area on each substrate (the
mask for preliminary studies in Chapter 4 has a different design). Figures 3.11(a) and
3.11(b) show the substrate holder used for Ag contact deposition and a substrate with four
deposited active devices, respectively.

| e —TT
k"‘. —— : —— : ‘-\.

Figure 3.10: Pulsed Laser Deposition system with Titan magnetron sputtering subsystem.
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Figure 3.11: (a) Ag sputtering mask, (b) substrate with four deposited active devices, (c)
low-melting-point Bio.s4Sno.26Cdo.2 soldering wire and (d) substrate with soldered active

devices.

Figure 3.11(c) shows a low melting-point (157°C) Bismuth Tin Cadmium Alloy
(Bio54Sno.26Cdo.2) soldering wire, used for soldering the contacts of the active devices to
protect the Ag contacts from damage during testing. Figure 3.11(d) presents the substrate
with solder-protected active devices. During soldering, high temperature removes the
MAPDI3z and Spiro-OMETAD layers around the soldered area to ensure that the solder/Ag
layer made good contact with FTO (cathode) and the glass/Ag (at the anodes).

3.3. Equipment and Characterisation

This project employed various techniques to characterise the films and devices prepared
in this project to ensure they have the required electrical, optical, morphological, and
photovoltaic properties. Figure 3.12 presents schematically all the equipment employed
in this study. The function and reasons for using these facilities are discussed briefly in
subsections 3.3.1 to 3.3.9 below.
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Atomic force microscope
(AFM, Dimension 3100)

X-ray diffractometer

(XRD, Siemens D5000)

4-Probe equipment

Ultraviolet-Visible
spectrometer (UV-Vis,
Hitachi U-1900)

Field effect scanning
electron microscope
(FE-SEM, Nikon
JCM5000)

Solar simulator with
source meter (Newport
Oriel LCS-100 with
PGSTAT302N Autolab
Metrohm)

Fourier Transform
Infrared photo-
spectrometer (FTIR,
Shimadzu 8400S)

Ultraviolet
photoelectron
spectroscopy (UPS,
Kratos Axis Ultra DLD
XPS)

Figure 3.12: Equipment applied for films and device characterisation.

3.3.1. Atomic force microscopy

An atomic force microscope (AFM) uses the force of interaction between the probe and
the atoms of the sample surface to measure the morphology of the sample surface [278].

It determines the surface morphology of samples as follows [345]:

» The probe raster scanned the surface line by line

» At each point, the probe tip bends due to interaction with atoms on the sample
surface

> As the probe tip bends, the reflection angle of the laser light from the tip changes

» The photodiode detects laser light reflected by the tip

» The AFM reproduces the surface image of the sample from the detected laser
light.

This project used a dimension 3100 atomic force microscope to study the morphology of
FTO, Ag, SnO2, MAPbI3 and Spiro-OMETAD films.
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L3

Figure 3.13: (a) Dimension 3100 AFM for morphology measurement and (b) an AFM

image of silver film on a glass substrate

This project conducted AFM measurement in tapping mode and laser sum of 4.0 V. It
utilized MLCT probes (consisting of silicon nitride cantilever and silicon nitride tips) in
studying MAPDI3z, Spiro-OMETAD and Ag films (soft samples), and SCM-PIT-V2

probes (made of platinum-indium coated tips) for FTO and SnO> films (hard samples).
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The studies used glass substrates for Ag samples and FTO substrates for SnO2, MAPDI3
and Spiro-OMETAD samples. The WSxM and Gwydion applications were used to
analyse the AFM images to obtain root-mean-square (RMS) roughness and pit heights.
Figure 3.13(a) shows the Dimension 3100 AFM setup. Figure 3.15(b) presents an AFM
image of Ag film obtained using the setup to demonstrate the suitability of this facility

for characterising surface morphology.

3.3.2. Ultraviolet-Visible spectroscopy

Ultraviolet-Visible (UV-Vis) spectroscopy determines the absorbance, transmittance and
energy bandgap of materials across the ultraviolet and visible regions of the
electromagnetic spectrum [282]. The operation of a UV-Vis spectrometer involves the
following phases [283]:

» The source lamps emit UV and visible light.

» The light spectrums are filtered with monochromatic filters to transmit a single
wavelength at a time.

» The filtered light (incident light) is focused on the sample of interest using sets of
lenses.

» The intensity of light transmitted through a sample is measured and compared

with the intensity of the incident light.

Figure 3.14(a) shows the image of the Hitachi U-1900 UV-Visible spectrometer used for
determining the optical absorbance, transmittance, reflectance, and energy bandgap (Eg)

of samples in this project.

This project employed a UV-Vis spectroscopy to determine the absorbance of MAPDI3
and transmittance (transparency) of SnOz, FTO, Ag, and Spiro-OMETAD films. The
instrument is also vital in estimating the Eq of MAPDI3, SnO2, and Spiro-OMETAD films
using Tauc plots. For all the measurements, the equipment was operated in wavelength
scan mode. Figure 3.16(b) presents a typical absorbance spectrum of MAPbIs films to

demonstrate the reliability of the setup.
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For Eg determination, the SnO- films were deposited on quartz substrates (Corning HPFS
7980, Kintec Ltd), while FTO substrates were used for measuring the optical transmittance
of SnO: films [346,347]. FTO substrates were applied to study optical characteristics and
Eq of MAPDI3 and Spiro-OMETAD films. The glass substrates were employed when

measuring the transparency of Ag films.
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Figure 3.14: (a) Hitachi U-1900 Spectrophotometer and (b) absorbance spectrum of
MAPDI3 film deposited on FTO substrates
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Figure 3.15: (a) Tauc plot using absorbance (b) Tauc plot using absorption coefficient with
a thickness (d)= 50 nm (c) Tauc plot using absorption coefficient with d = 100 nm (d)
Tauc plot using absorption coefficient with d = 200 nm (e) Tauc plot using absorption
coefficient with d = 300 nm and (f) Tauc plot using absorption coefficient with d = 400

nm

A Tauc plot is a graphical method of determining the Eq from the absorbance spectra of
the materials. In this project, the Eg of the films was estimated from Tauc plots obtained
using equation (3.1), where K is a constant. This method has been reported to be accurate
in Eq determination [288-290], and it is convenient as it does not require the knowledge
of film thickness. The E4 estimated from equation (3.1) is practically the same as the Eg
obtained from equation (2.20), as demonstrated in Figures 3.15(a) - 3.15(f). These figures

show that the knowledge of film thickness is not necessary when determining the Eg4 of

68



materials using Tauc plots. This is because dividing the absorbances with a constant does

not change the energy characteristics of the materials under investigation.

[Absorbance(1).E(A)]? = K.E(A) (3.1)

3.3.3. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy gives spectral and vibrational
information relating to the functional groups, bond types, and quantity of the material in
organic and inorganic samples. It operates in the mid-infrared region ranging from 400
cm? (25 um wavelength) to 4000 cm™ (2.5 um wavelength) [291]. The operation of the
FTIR spectrometer involves the following stages:

» The infrared light source emits the infrared (IR) spectrum.

» The emitted IR spectrum is filtered with monochromatic filters to transmit a single
wavelength at a time.

» The filtered IR light (incident IR light) is focused on the sample of interest using
lenses.

» The IR light transmitted through the sample (lo) is measured and compared with

the incident IR light (or light transmitted through the reference) (1;).

Figure 3.16(a) shows the Shimadzu FTIR-8400S spectrometer employed in this project.
This FTIR was used to determine the bond types, structures, and functional groups in
SnO2, MAPDI3, and Spiro-OMETAD layers. It was also used to determine the presence
of silver iodide (Agl), which is direct evidence of MAPbIs degradation when in contact
with Ag. The FTIR spectrometer was operated in attenuated total reflection (ATR) mode
from 500 to 4000 cm™™. Silver substrates were used in this study because silver is highly
reflective and applied as the devices' top electrode. Figure 3.16(b) presents the
transmittance spectra of MAPbI3 film to demonstrate the reliable performance of the

setup.
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Figure 3.16: (a) FTIR measurement facility and (b) typical FTIR spectra of MAPDI3 film
on a silver substrate.

3.3.4. X-ray diffraction

X-ray diffraction (XRD) is used for phase identification of crystalline samples using
constructive interference of monochromatic X-rays scattered by the material. XRD
provides information on the dimension of unit cells, atomic spacing, strain (shift in peak
position, peak broadening), film thickness, degree of crystallization (peak intensity),
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preferred orientation (peak position) and grain size (peak broadening and dislocation

density) [177,295]. The operation of XRD involves the following processes:

» Electron emission guns (cathode) emit electrons.
» The emitted electrons are accelerated toward the anode (target material) by
applying 35 to 40 kV voltage between the cathode and the anode. Copper, iron,

nickel, Zirconium and Molybdenum are the typical target materials for XRD.

A\

The high-speed electrons interact with the k-shell electrons of the target materials
to emit X-rays.

Lenses focus the generated X-ray on the samples.

The crystals and atoms in the sample scatter the incident X-ray.

The scattered X-ray undergoes constructive and destructive interferences.

YV V V VY

Intensities and angles (20) of the x-ray pattern that resulted from constructive
interferences are recorded [296].

Figure 3.17(a) presents the Siemens D5000 X-ray diffractometer utilised in this project
for XRD measurement. This XRD machine diffractometer was used to determine the
structure of the MAPDI3 Ag and SnO; films by identifying the peak intensity, peak
position, and preferred orientation. The equipment was operated at a current of 35 mA

and a voltage of 40 kV (voltage applied between the cathode and the anode).

Copper (Cu, CuKa radiation of 1.5418 A) was the target material. FTO was used as the
substrate for MAPbIs film studies, and the diffraction patterns were acquired within 10°
<26 <50° as MAPbIz films have peaks within this region. XRD patterns were measured
within 10° < 20 < 80° for SnO> films deposited on FTO substrates to capture all the
possible peaks, as few studies have been reported on the XRD structure of low-
temperature processed SnO> films. XRD data capture from 10° <26 < 50° was performed
for SnO2 films on glass substrates to verify some bumps observed in spectra of SnO; films
on FTO substrates. Glass substrates were used for Ag film studies, and the data were
acquired within 10° < 26 < 80° because Ag has peaks within this region. The acquired
XRD spectra were processed using X'Pert HighScore Plus, while the XRD formats were
converted to Excel formats using a POWDLL converter. Figure 3.17(b) shows typical

XRD spectra of MAPDI3 films on FTO substrates to demonstrate the facility's reliability.
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Figure 3.17: (a) Siemens D5000 X-ray diffractometer and (b) A typical XRD spectra of
MAPDI3 film on FTO substrate.

3.3.5. Ultraviolent photoelectron spectroscopy

Ultraviolet photoelectron spectroscopy (UPS) measures the Kinetic
energy spectra of electrons emitted when electrons on the VB of material absorb
ultraviolet photons. The UV spectrum for UPS is generated from Neon, Helium I, Neon
I1 or Helium 11 light source [298-301].
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Figure 3.18: (a) Kratos Axis Ultra DLD XPS spectrophotometer, and (b) a typical UPS
spectra for Spiro-OMETAD film on FTO substrate
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This technique helps determine the VB, Fermi level and WF of materials. In conjunction
with a UV-Vis spectrometer, UPS also provides vital information on the CB of the

material. The operation of UPS involves the following processes [298-301]:

» AUV light source emits the UV spectrum.

» A narrow beam of the UV spectrum (Ka) is focused on a test sample.

» Electrons are emitted from the VB of the sample when the material absorbs the
UV light.

» The kinetic energy and intensity of the emitted electrons are measured using a
detector.

Figure 3.18(a) shows the Kratos Axis Ultra DLD XPS spectrophotometer (with UPS
capability) at Warwick University used for the UPS measurements in this project.
Helium I discharge lamp was the ultraviolet photon source. This technique was used
to determine the VB and work function of SnO2, MAPbIs, Spiro-OMETAD, FTO and
Ag films. FTO substrates were used for SnO2, MAPbI3 and Spiro-OMETAD films,
while glass substrates were used for FTO and Ag films. The VB of the materials was
calculated from the UPS spectra using equation (2.20). Figure 3.18(b) shows a UPS
spectrum obtained using this facility from Spiro-OMETAD film deposited on FTO

substrates to demonstrate the instrument's effectiveness.

3.3.6. Field emission scanning electron microscopy

A field emission scanning electron microscope (FE-SEM) is an ultra-high-resolution
electron microscope that captures sample images using a high-energy electron beam
emitted from a field emission electron gun (cold cathode) [304,305]. FE-SEM has a high
resolution and requires high vacuum conditions to operate effectively [305,306]. The
operation of FE-SEM involves [348]:
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Figure 3.19: (a) Carl Zeiss 1540XB FE-SEM system and (b) Top view SEM image of
MAPDI3 film
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The emission of primary electrons from field emission electron guns
The primary electrons are accelerated to high velocity using a high electric field.
A narrow beam of the primary electrons is focused on the test sample.
Secondary electrons are emitted when the primary electrons bombard the test
sample.
The detector measures the angle and velocity of the secondary electrons. These
parameters define the surface structure of the sample.
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» The SEM image of the sample is reconstructed from the angle and velocity.

Figure 3.19(a) shows the Zeiss 1540 XB Crossbeam Field emission scanning electron
microscope (FE-SEM) system used in this project. The setup was used to capture the top-
view images of MAPbIs films and cross-sectional view images of PSCs. The top-view
SEM image of MAPbIs films was performed to identify the grain sizes, morphology, and
the presence of pinholes in the films. Similarly, cross-sectional SEM images of PSCs
were used to estimate the thickness of FTO, MAPbIs, Spiro-OMETAD and Ag films in
the devices using ImagelJ. For top-view SEM measurement, the Working Distance (WD)
and Electron High Tension (EHT) were set at 7.1 nm and 5.0 kV, respectively. Figure
3.19(b) presents a typical top-view SEM image of MAPI; film obtained using this system.

3.3.7. The 4-probe

The 4-Probe can measure the sheet resistance, conductivity and resistivity of test samples
with reasonable accuracy [308]. It works by passing current (1) through the samples from
the outer probes (current probes) and measuring the voltage drop (V) across the inner
probes (voltage probes). Since the voltmeter connected in series to the voltage probes has
high input resistance, virtually all the current supplied from the current probes will flow
through the sample while only negligible current flows through the voltage probes.
Hence, the voltage difference measured across voltage probes accurately relates to only
the potential drop across the sample. This is because the voltage drop across the

connectors and probes of the voltage probes is relatively negligible.

Figure 3.20 shows the 4-probe setup for sheet resistance measurement in this project. The
4-probe instrument was a homemade facility developed at Cardiff University, and it can
measure the sheet resistance and resistivity of materials. The 4-Probe was applied to
measure the sheet resistance of Ag films deposited on glass substrates. The sheet
resistance was chosen for measurement because it does not require the knowledge of film

thickness, unlike conductivity and resistivity.
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Figure 3.20: 4-probe measurement setup, developed at Cardiff University.

3.3.8. Current-voltage measurement

Current-voltage (1-V) measurement is a technique for determining the I-V characteristics
of electrical/electronic devices. The I-V measurement involves increasing voltages across
the device and measuring the current that flows through it at each voltage level. In this
measurement, a voltmeter connected in parallel to the device measures the applied
voltage. In contrast, an ammeter connected in series measures the current through the
devices [315]. For devices with sourcing ability, the I-V measurement uses a switching
device (e.g. transistors) to control the device's voltage and current output [316]. For high

accuracy, SMU is used for this measurement.

Figure 3.21(a) shows the setup for the I-V measurement in this project. The I-V
measurement was conducted using AUTOLAB (Metrohm, PGSTAT302N) in
conjunction with Newport Oriel LCS-100 solar simulator (Class ABB, xenon lamp as the
light source) providing the standard solar irradiance of 1000 W/m? (i.e., AM1.5G). Figure
3.21(b) presents the current density-voltage (J-V) curve of a typical PSC calculated from

the I-V curve and device active area.
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Figure 3.21: (a) Newport Oriel LCS-100 solar simulator/PGSTAT302N Autolab
Metrohm setup for I-V measurement system (b) J-V curve calculated from I-V curve
measured at 1000 W/m?

3.3.9. Impedance spectroscopy

Impedance spectroscopy (1S) is a technique for measuring the impedance characteristics
and frequency response of electrical/electronic devices over a frequency range. IS

measurement involves applying a combination of sinusoidal input (low frequency to high
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frequency) and a dc voltage input to the device and determining the impedance
characteristics of the device at different illumination conditions [18,322,323]. In IS
measurement, the impedance measured at the upper cut-off frequency relates to the
resistance of the contacts and the wires. In contrast, the impedance measured at the lower
cut-off frequency is associated with the resistance of the solar cell under dc conditions
[326]. At the resonance frequency, the measured impedance is related to the impedance

characteristics of the junction [326,327].

Figure 3.23(a) shows a simple electronic circuit for impedance spectroscopy of solar cells,
and the operation involves the following steps [349]:

» A low amplitude sinusoidal input, V(t) and direct current voltage, Vqc, are applied
to the positive inputs of the summing operational amplifier (OP1) to generate a
frequency-dependent superimposed voltage, V(t) + Vqc (see Figure 2.23(b)).

» The output of OP1 is connected positive terminal (Ag contact) of the solar cells.

» The solar cells' negative terminal (FTO substrate) is connected to the positive
input of the operational amplifier buffer (OP2) to protect the solar cell from
overloading.

» The output of the OP2 is passed through a capacitor to filter off the dc voltage.

A\

The ammeter measures the sinusoidal current (I(t)) flowing through the solar cell.
» The complex impedance parameters of the solar cell are calculated from the

Fourier transform of V(t) and I(t).
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Figure 3. 22: (a) A simple circuit for measuring impedance spectroscopy of solar cells

and (b) Superimposition of V(t) and V.

This project used Figure 3.21(a) setup to measure the impedance spectroscope (IS). Input
sinusoidal signal with an amplitude of 75 mV and frequency varying from 10 Hz - 1.0
MHz was applied to the devices. Forward dc bias (1.0 V) and low sinusoidal input (75
mV) were applied to the devices to ensure the measurement was performed within the
linear region. A dc bias of 1.0 VV was chosen in this project to ensure that bias is sufficient
to overcome the Vi of PSCs (0.94 V). Figure 3.23 shows the energy band diagram of the
perovskite solar cell during IS measurements in this project.
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Figure 3.23: Energy band diagram of perovskite solar cell during IS measurements.

Figure 3.24(a) presents the dark 1-V characteristics of a typical perovskite solar cell
showing the Vi and the position of the applied dc voltage bias during measurement. This
project conducted 1S measurements at an irradiance of 1000 W/m?. In this project, the
junction capacitance, which relates to the carrier density of the device, was extracted from
the measured data using ZSimpWin software. ZSimpWin is an IS Data analysis software
developed by Ametek Scientists Instrument. Figure 3.24(b) shows the impedance plot of
adevice measured at 1000 W/m? (AM1.5G spectrum) and dc bias of 1.0 V. The maximum
point in the impedance plot represents the condition under which the circuit oscillates at
the natural frequency.
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Figure 3.24: (a) Dark 1-V characteristics of PSCs and (b) impedance plot of a perovskite
solar cell obtained at 1000 W/m? and 1.0 V.

3.4. Summary

This Chapter explored and tested procedures suitable for fabricating and characterising

perovskite solar cells at the Cardiff laboratory. It also evaluated the suitability,
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accessibility and reliability of the established practical methodologies for future studies.
This chapter also briefly explains the processes for cleaning FTO substrates and preparing
SnO2, MAPbDI3, Spiro-OMETAD layers, silver top electrodes and the equipment for films
and solar cell characterisation. This chapter also presented typical results demonstrating
the reliability of the developed fabrication procedures and characterisation techniques.
Finally, this Chapter also provided information on the materials and the suppliers to allow
for the reproducibility of the experiments. Chapters 4-8 will present and discuss the

results from investigations conducted using these procedures and methods.
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Chapter 4: Preliminary Studies
4.1. Introduction

This chapter presents the preliminary studies aiming at exploring suitable components
and processes for fabricating perovskite solar cells at Cardiff University for the first time.
The studies involve trial runs of preparing different layers of solar cells and whole devices
to reveal the key issues and challenges for making efficient perovskite solar cells for
further investigation. The results of this preliminary work will help identify suitable
methods, components, and processing routes for systematic study in future research.

4.2. Film and device fabrication

The fabrication processes employed for the initial trial runs were designed based on the
information collected from the literature and a brief training at Swansea University with
consideration of the available facilities at Cardiff University. The devices prepared in this
study adopted structures, transport materials, perovskite, and antisolvent reported by
Yang et al. [37]. However, this project replaced the gold contact deposited by the thermal
evaporator in [37] with low-cost silver contact deposited using magnetron sputtering. The

key device and film fabrication steps are briefly explained as follows:

SnO; films were deposited on FTO substrates from 21 mg/ml of SnCl22H,0 solutions
using a spin-coater. Next, MAPbIs layers were spin-coated on SnO; layers from a 1.5 M
solution of MAPDI3 solutions. Then, the spinning perovskite films were treated with 150
ul of methyl ethanoate antisolvent after the first 15 seconds. HTLs were spin-coated on
MAPDI3 layers from HTL solution containing 90 mg Spiro-OMETAD, 36 pl of MPPD,
and 38 ul of FK209 solution (300 gm/ml) ethane nitrile) and 22 pl of Li-TFSI solution
(520 mg/ml in ethane nitrile) in 1 ml of chlorobenzene. All the solution-processed layers
were prepared in ambient air. Finally, Ag contacts with active areas of 0.15 cm? were
deposited on HTLs at different sputtering powers. All Ag sputtering in this chapter will
be performed at an argon flow rate of 15.0 sccm, pressure of 5.0 mTorr and sputtering

duration of 60 minutes.
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4.3. Feasibility of fabricating Ag contact by magnetron sputtering

This study was to explore the feasibility of fabricating Ag contacts using a magnetron
sputtering facility available in our laboratory. FTO (TEC-8) substrates were used in this
study on the assumption that their low sheet resistance will enhance the performance of
devices. The SnO2 and MAPDI3 films were annealed at hotplate readings of 180°C and
110°C, respectively.

4.3.1. Photovoltaic performance of devices

In the first experiment, PSCs were prepared with the Ag contacts deposited using a
sputtering power of 200 W, with the hypothesis that Ag contacts with low sheet resistance
would benefit device performance. This is because low sheet resistance is achieved when
Ag films are deposited using high sputtering power [350]. The Ag contacts were
deposited using a sputtering mask used at the early stage of the research as shown in
Figure 4.2(a) (with 8 slits for devices and a central slit for the common). Figure 4.2(b)
presents an image of a substrate with 8 solar cells. The bright areas are the regions where
the solar cells were fabricated, which become transparent after Ag deposition at 200 W,
indicating the loss of perovskite/HTL layers. Figure 4.2(c) shows that the J-V curve
obtained from devices with Ag contacts deposition at 200 W (black line) is almost straight
lines with low Voc, FF and Jsc. It corresponds to a very low PCE of 0.04% as shown in
Table 4.1.

Consequently, further experiments were conducted with more devices prepared using
sputtering power of 50.0 W, 10.0 W, 5.0 W and 1.0 W while keeping other parameters
constant. The J-V curves of these devices are shown in Figure 4.2(c) and the
corresponding parameters are presented in Table 4.1. The results show that the Vo, FF
and PCE were increased as the sputtering power was decreased, indicating less damage
to perovskite/HTL layers when the sputtering power was reduced. Evidently, high
sputtering power negatively affects the efficiency of the PSCs and a systematic
investigation is needed to identify the optimal sputtering power of perovskite solar cell

fabrication.
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Figure 4.1: (a) Sputtering mask for Ag deposition in this study, (b) image of the devices
immediately after contact deposition at a sputtering power of 200 W, (c) J-V curves of

the devices with Ag contacts deposited at different suppering powers.

Table 4.1: Photovoltaic parameters of devices with Ag contacts deposited at different
sputtering powers (the rows denoted “Best” represent the data obtained from the best solar
cells of the batch; the rows denoted “Av” represent the average of all cells). The average

parameters were calculated from 8 devices for each power.

Sputtering Voc (V) Jsc FF (%) Rac t Racr PCE (%)
power (mA/cm?) Q) (Q
200 W 0.08 1.76 26.82 338 320 0.04
50 W Best 0.60 5.07 24.41 649 912 0.75

Av 0.47+.10 3.60+1.04 24.8+1.65 0.44+0.21
10w Best 0.57 19.24 31.48 122 290 3.46

Av 0.60+0.03 15.39+3.85 32.10%+0.62 2.91+0.55
5W Best 0.66 20.22 33.17 135 434 443

Av 0.64+0.02 15.69+4.54 41.81+8.64 3.96+0.47
1w Best 0.90 8.39 64.07 192 2673 4.84

Av 0.95+0.05 7.99+0.40 60.56+3.50 4.58+0.25
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4.4. Benefit of replacing FTO (TEC-8) with FTO (TEC-15)

Having used FTO (TEC-8) and varied the sputtering power from 200 W to 1 W without
achieving good efficiency, | decided to try different FTO substrates while keeping other
components and parameters constant. A trial was conducted using a few FTO (TEC-15)
substrates collected from a research colleague who visited Cardiff University from
Germany. The trial experiment resulted in promising results. Hence, more FTO (TEC-
15) substrates were purchased from the same company (Pingdingshan Mingshuo
Technology Co. Ltd) for further experiments. In this study, the parameters specified in
section 4.2 were employed to deposit SnO2, MAPbIz and Spiro-OMETAD layers. The
SnO2 and MAPbIs films were annealed at hotplate readings of 180°C and 110°C,
respectively. A sputtering power of 1.0 W, which achieved the best PCE in the last

experiments, was used to deposit the Ag contacts.

4.4.1. Properties of FTO substrates

Before the fabrication of PSCs, AFM, UV-Vis spectrometer and XRD were used to
characterise the FTO substrates. Figures 4.2(a) and 4.2(b) present the AFM images of FTO
(TEC-8) and FTO (TEC-15) substrates, respectively. The images indicate that the FTO
(TEC-8) substrate has a larger grain size and rougher surface than the FTO (TEC-15)

substrate.

The RMS roughness of the FTO surfaces estimated from the AFM images using WSxM
software indicates that FTO (TEC-8) has an RMS roughness of 38.32 nm in contrast to
14.32 nm obtained from FTO (TEC-15). These RMS roughness details suggest that a
more concentrated ETL solution is required to fill the rough surfaces of FTO (TEC-8)
substrates, provide smooth surfaces, and reduce recombination [177]. A smooth surface
between the SnO. and MAPbI3 decreases the interface resistance at the SnO2/MAPbDI;

junction.
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Figure 4.2: (a) AFM image of FTO (TEC-8) (b) AFM image of FTO (TEC-15) (c)
Transmittance of FTO (TEC-8) and FTO (TEC-15) and (d) XRD spectra of FTO (TEC-
8) and FTO (TEC-15)

Figure 4.2(c) shows that FTO (TEC-15) has better transmittance compared to FTO (TEC-
8). This better transmittance indicates that devices prepared from (TEC-15) will likely
have higher short-circuit currents as the active materials will receive more photons from
the FTO (TEC-15) substrate. Figure 4.2(d) shows that the intensity of FTO (TEC-8) peaks
at 38.2° and 26.71° are larger than the peak intensity of the corresponding peaks from
FTO (TEC-15). This result indicates that FTO (TEC-8) films are thicker and have larger
crystals than FTO (TEC-15) substrates.

4.4.2. Photovoltaic performance of devices

Devices were prepared using FTO (TEC-8) and FTO (TEC-15) substrates. Figure 4.3
presents the J-V curves and Table 4.2 summarises the photovoltaic parameters of the
devices. The J-V curves show that devices prepared using FTO (TEC-8) have lower Js
and Voc than those fabricated using FTO (TEC-15). The lower Jsc of the devices based on
FTO (TEC-8) could be due to the lower transmittance of FTO (TEC-8) (see Figure
4.2(c)). The low Vo of the devices based on FTO (TEC-8) could also be due to poor
charge extraction and high recombination caused by significant interface resistance at the
SnO2/MAPDIs junction.
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Both J-V curves also show the presence of an s-shape. This could be due to the poor
electrical conductivity of SnO», poor carrier mobility in MAPbIz and high interface
resistance at SnO/MAPbIz or MAPbIs/Spiro-OMETAD junction. The annealing
temperature has significant influences on the charge transport properties of these layers.
Hence, further studies will be needed to establish the impact of the annealing temperature
of SnO2 and MAPDIz films on the J-V characteristics.
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Figure 4.3: J-V curves of devices prepared using FTO (TEC-8) and FTO (TEC-15)
substrates. The SnO, and MAPDbIz were annealed with a hotplate with display
temperatures of 180°C and 110°C, respectively.

Table 4.2: Photovoltaic parameters of PSCs prepared using different FTO substrates (the
rows denoted “Best” represent the data obtained from the best solar cells of the batch; the
rows denoted “Av” represent the average of all cells). The SnO2 and MAPDbI3 films were

annealed at hotplate readings of 180°C and 110°C, respectively

FTO Voc (V) Jio FF (%) Rict Ricr PCE (%)
substrate (mA/cm?) Q) (kQ)
TEC-8 Best 0.9 8.39 64.07 192 26 4.84

Av  0.95+0.05 7.99£0.40 60.56£3.50 4.58+0.25
TEC-15 Best 1.07 11.98 76.74 139 1.2 0.84

Av  1.07+£0.00 10.26£1.73 66.39+£10.35 7.48+2.36
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4.5. Establishing the accurate hotplate setting for film annealing

This study aims to calibrate the hotplate to establish the correct temperature setting for
annealing SnO2 and MAPDIs layers. The PSCs prepared in this study applied the
parameters reported in section 4.2 for SnO2, MAPDI3 and Spiro-OMETDA layers. The
SnO2 and MAPDI3 layers were annealed at thermocouple readings of 180°C and 110°C,

respectively. The Ag contact was deposited at 1.0 W, keeping other parameters the same.

4.5.1. Accuracy of thermocouple and hotplate reading

The hotplate for annealing was calibrated using a thermocouple. During the calibration,
the thermocouple was attached to a copper plate (to ensure good contact and stability)
which was placed in the centre of the hotplate and the reading was taken when the
temperature reached a steady state. Figure 4.4 shows a plot of the thermocouple reading

against the hotplate reading obtained from the calibration.
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Figure 4.4: Thermocouple reading against the hotplate reading

The results show that the temperature display of the hotplate has a significant systematic
deviation from the thermocouple reading. Hence, the SnO, and MAPbI3 films annealed

at hotplate readings of 180°C and 110°C respectively, were unintentionally annealed at
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low temperatures of 153°C and 92°C. These temperatures are insufficient for achieving
quality SnO, and MAPDI3 layers with good electrical/carrier properties. Literature has
reported that SnO> and MAPDI3 films for efficient PSCs need annealing temperatures of
approximately 180°C and 110°C [37,191,351].

4.5.2. Photovoltaic performance of devices

Further, PSCs were prepared from SnO2 and MAPbIs films annealed at thermocouple
readings of 180°C and 110°C. Figure 4.5 presents the J-V curves of 4 solar cells out of
the 8 solar cells fabricated, while Table 4.3 summarises their photovoltaic parameters.
The results show that the s-shape close to the Jsc (see Figure 4.3) seems to have

disappeared, suggesting that the devices' charge collection properties have improved.
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Figure 4.5: J-V curves of devices with SnOz and MAPbDIs films annealed at hotplate
reading or thermocouple readings of 180°C and 110°C.
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Table 4.3: Photovoltaic parameters of devices with SnO2 and MAPDIs films annealed at
thermocouple readings of 180°C and 110°C (the rows denoted “Best” represent the data
obtained from the best solar cells of the batch; the rows denoted “Av” represent the

average of all cells). This average was estimated from 6 solar cells.

Voc (V) Js FF(%)  Rdf Rdr PCE (%)
(mA/cm?) Q) (kQ)
Best 1.07 19.48 42.42 422 2.5 8.88
Av  1.08+0.01 18.45+0.76  40.63t1.84 8.10+£0.64

This could be because the conductivity of SnO; increased, resulting in reduced interface
resistance at the ETL/MAPDIs junction[352]. This result suggests that increasing the
annealing temperature of SnO2 and MAPDI3 films benefits the carrier extraction and
PSCs performance. However, the s-shape about the Vo remains, implying that there
might be some issues at the MAPDbIz/HTL interface [352]. The problem at MAPbIs/HTL
interface could have resulted from moisture interfering with MAPDI3 films during
annealing. More studies will be needed to confirm this assumption.

4.6. Benefits of Petri dish-covered annealing of SnO2and MAPDbIs films

This study explores the benefits of covering SnO2 and MAPbI3 films with a petri dish
during annealing. This method was adopted from the annealing process developed in the
literature [38]. In [38], the researchers reported that covering the films with a Petri dish
during annealing protects them from moisture interference and ensures a uniform

temperature.

This study used FTO (TEC-15) as substrates while SnO2, MAPbI3z and Spiro-OMETAD
layers were deposited on it using the procedures and parameters specified in section 4.2.
The SnO, and MAPDIs films were covered with a Petri dish and annealed at a
thermocouple reading of 180°C and 110°C, respectively. The Ag contacts were deposited
at a sputtering power of 1.0 W.

The PSCs prepared in this study were characterised at an irradiance of 2000W/m?. Figure
4.6 shows the J-V curve of 4 out of the 8 devices prepared and Table 4.4 presents the
photovoltaic parameters of the devices. The results show an improvement in Voc, FF, Jsc

and PCE for solar cells based on films annealed under petri dish covering, compared to
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devices based on films annealed without petri dish covering (see Figure 4.5). It can be
seen that the s-shape near both the Voc and the Jsc has disappeared. Clearly, covering the
MAPbDIz films with a petri dish during annealing enhances the quality of MAPDIs,

minimises the interface resistance at MAPbIs/HTL, and significantly benefits the device's

performance.
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Figure 4.6: J-V curves of devices with SnO. and MAPbI3 films annealed at thermocouple

readings of 180°C and 110°C. The films were covered with a petri dish during annealing.

Table 4.4: Photovoltaic parameters of devices with SnO2and MAPDI3 films were covered
with a petri dish and annealed at thermocouple readings of 180°C and 110°C (the rows
denoted “Best” represent the data obtained from the best solar cells of the batch; the rows

denoted “Av” represent the average of all cells). The average parameters were estimated

from 12 cells.
Voc (V) Jse FF (%) Rac t  Rac r PCE (%)
(mA/cm?) Q) (kQ)
Best 1.08 21.23 60.58 87 5.7 13.88
Av  1.07£0.01 19.38+2.6 60.33+0.92 12.52+1.84
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4.7. Summery

This chapter presents the results of initial exploratory experiments to determine the
suitable materials, processes and conditions for fabricating perovskite solar cells. The
studies revealed that using a low sputtering power for depositing the Ag contacts is
necessary to ensure satisfactory performance of PSCs. The study also shows that a better
performance is obtained from using FTO (TEC-15) rather than FTO(TEC-8) as the
substrate due to surface smoothness and transmittance. In addition, the initial exploratory
work demonstrated that it is important to calibrate the temperature of the hotplate to
ensure an accurate annealing temperature that has significant influences on the quality of
the solar cell layers. Furthermore, a simple procedure of covering the films with a petri
dish during annealing can improve the quality of the films, resulting in improved J-V
characteristics. With these efforts, the efficiency of the fabricated cells has reached a
value beyond 10%, indicating that the planned systematic investigations for in-depth
optimisation studies can commence based on the findings from this work. In the following
studies described in Chapters 5-8, FTO (TEC-15) is used as the substrate and all films are
covered by a Petri dish during annealing with an accurate temperature measured by the

calibrated thermocouple.
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Chapter 5: Tailoring solution parameters for efficient perovskite solar cells

5.1. Introduction

The performance of PSCs is strongly affected by the thicknesses of electron transport
layers (ETLs) and perovskite layers, which depend on the solution concentrations. In
addition, the amount of additive in the Spiro-OMETAD also affects the PSCs
characteristics. This chapter studies the effect of solution parameters on the performance
of perovskite solar cells (PSCs). These studies include the impact of tin (1) chloride
dihydrate (SnCl>.2H20) concentration on the properties of tin (IV) oxide (SnOz) films
and PSCs and the influence of perovskite concentration on the properties of MAPDI3 films
and the photovoltaic performance of PSCs. This chapter will also explore the impact of
the amount of FK209 additive in the Spiro-OMETAD solution.

5.2. Suitable SnCl2.2H20 concentration for efficient devices

This study aims to establish the suitable SnCl2.2H>0 concentration for preparing PSCs
with high performance. SnO. films and devices were fabricated from SnCl2.2H.0
solution in ethanol with concentrations varying from 10 mg/ml to 21 mg/ml to identify

the optimal concentration for PSC fabrication.

5.2.1. Film and device fabrication

SnO; films were deposited on FTO substrates by spin-coating from 10, 13, 15, 18, and 21
mg/ml of SnCl2.2H20 solutions, respectively. MAPbI3 layers were spin-coated on SnO;
layers froma 1.5 M solution, followed by the antisolvent treatment using 150 pul of methyl
ethanoate. HTLs were deposited on MAPbIs layers from HTL solution containing 90 mg
Spiro-OMeTAD, 36 ul of MPPD, and 38 pl of FK209 solution (300 gm/ml) ethane nitrile)
and 22 ul of Li-TFSI solution (520 mg/ml in ethane nitrile) in 1 ml of chlorobenzene. All
the fabrication processes were carried out in ambient air (50-55% relative humidity).
Finally, Ag contacts with active areas of 0.15 cm? were deposited on HTLs at 1.0 W, 15.0
sccm and 5.0 mTorr for 60 minutes. Chapter 3 (section 3.2) gives the details of this

fabrication.
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5.2.2. Properties of the prepared SnO:2 films

This study investigates the crystallinity, transparency, and optical bandgap of low-

temperature processed SnO; films.
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Figure 5. 1: (a) XRD spectra of glass/SnO: films, (b) Transmittance spectra of FTO
substrate and FTO/SnO: films and (c) Tauc plots of SnO> films deposited on quartz as a
function of SnCl,.2H,0 concentration.

XRD studies were performed to explore the crystallinity of the prepared SnO; films.
Establishing the crystallinity of SnO> films is crucial, as amorphous SnO> films are
required for effective electron-blocking [189]. XRD measurements were conducted on
SnO: films deposited on glass substrates. Figure 5.1(a) presents XRD spectra of glass and
SnO: films deposited on glasses from different SnCl..2H>O concentrations and annealed
at 180°C and 350°C. The XRD spectra show the presence of only broad bumps at about
12° for both glass and glass with SnO> films annealed at 180°C. Consequently, these
broad bumps agree with the bump at about 12° reported for glass in [353]. However, SnO-
deposited on glass from 21 mg/ml of SnCl2.2H>0 and annealed at 350°C has a peak at
31.78°, closely matching the peak of 31.44° reported for SnOz annealed at 300°C in [354].
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The XRD study suggests that SnO, films annealed at 180°C could have an amorphous
structure. The report has shown that SnO; films annealed at 180°C were amorphous [189].
Amorphous SnO: is suitable for preparing effective electron transport (ETL) layers as it
is a wide energy bandgap semiconductor, unlike SnO> with crystalline structures, which

acts as a conductor.

Figure 5.1(b) shows the transmittance of SnO: films deposited on the FTO substrate as a
function of SnCl,.2H>O concentration. The results show that the SnO- films on FTO
substrates have very high transparency [205]. The results also showed that the
transmittance of FTO with SnO- layers slightly improved with increased SnCl,.2H>0O
concentration. This could be because films deposited from high SnCl2.2H20
concentration have a smoother surface and scatter less light as reported in [180]. Figure
5.1(c) presents the Tauc plots of SnO> films deposited on quartz. The results show that
the energy bandgap (Eg) of SnO films decreased from 4.75 eV to 4.3 eV as the
concentration of SnCl>.2H.0 solution increased from 10 mg/ml to 21 mg/ml. These Egq
closely match Eq of 4.4 eV reported elsewhere [189]. Therefore, all the SnO> films

deposited showed high transmittance and wide Eq needed for efficient light transmission.

5.2.3. Photovoltaic performance of the devices

This study aims to determine the suitable SnCl22H>O concentration for preparing
efficient perovskite solar cells. Figure 5.2 presents the devices' J-V curves as a function
of SnCl>.2H,0O concentration, with the device parameters summarized in Table 5.1. The
results showed that, as the SnCl,.2H>0O concentration was increased from 10 to 15 mg/ml,
there was a slight increase in open-circuit voltage (Voc) and short-circuit current (Jsc) but
a significant increase in the fill factor (FF) and power conversion efficiency (PCE) of the
devices. The lower Vo and FF observed for devices fabricated from 10 mg/ml of
SnCl,.2H20 are likely due to poor carrier extraction due to recombination losses arising
from high interface defects and inefficient hole carrier blocking, as reported elsewhere
[176,177]. The SnO: films prepared from 10 mg/ml of SnCl2.2H>0 would be quite thin
and could have many pinholes. Also, the reduced Jsc might be caused by increased leakage
current, resulting from large Rqc f and low Rgc r, as indicated in Table 5.1. Pinholes in
SnO; films cause an increase in interface defects at SnO2/perovskite, increasing Rqc s and

decreasing Rqc r [355].
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Figure 5.2: J-V curves of best devices as a function of SnCl,.2H,0 concentration. The J-

V curve of the devices prepared from 21 mg/ml of SnCl>.2H20 shows a typical s-shape

near Vo, indicating a significant barrier to charge extraction due to an increased thickness

of SnO films.

Table 5.1: Photovoltaic parameters of devices as a function of SnCl>.2H20 concentration

(the rows denoted “Best” represent the data obtained from the best solar cells of the batch,;

the rows denoted “Av” represent the average of all cells)

SnCl2.2H20 Voo (V) Jeo FF (%) Rict Racr PCE (%)
(mg/ml) (mA/cm?) Q) (kQ)
10 Best 1.08 21.38 59.47 120 139 13.69

Av  1.07+£0.00 20.80+1.00 58.17+0.95 12.98+0.58

Best 0.99 23.01 64.24 57 225 14.69
13 Av  0.99+0.03 22.67+0.80 62.62+1.32 13.99+0.67
15 Best 1.09 21.90 70.55 55 40.0 16.82

Av  1.08+0.01 21.44+0.61 69.08+0.85 16.01+0.52
18 Best 1.09 22.96 64.04 90 19.0 16.00

Av  1.09+0.00 22.65+0.30 62.64+0.72 15.40£0.36
21 Best 1.03 23.62 57.33 187 50 13.93

Av  0.99+0.02 22.20+1.85 52.7845.29 11.61+1.67
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As the concentration increased from 15 to 18 mg/ml, the Js slightly improved while FF
decreased. A reason for Jsc improvement for devices based on 18 mg/ml is due to the
higher transmittance of the SnO> films (see Figures 5.2(c) and 5.2(d)). On the other hand,
the FF decreased because of an increase in Rqc f resulting from a probable rise in SnO>
film thickness (see Table 5.1). An increase in Rqc ¢ leads to poor carrier extraction and,
consequently, a decrease in FF [356,357]. Therefore, the PCE decreased because of a
more pronounced reduction in FF compared to the increase in Jsc. When the concentration
increased from 18 to 21 mg/ml, the Jsc increased further while the Voc and FF degraded
severely. The s-shape in the J-V curve provides evidence of poor carrier extraction for
devices based on a 21 mg/ml of SnCl,.2H>0O solution. Hence, a combined effect of the
decrease in FF and Vo results in outstanding degradation in PCE. This observation
indicates that at 21 mg/ml concentration, the impact of resistance of the SnO> films
outweighs the benefits of improved transmittance, resulting in poor device performance.
These results suggest that 15 mg/ml is a suitable concentration of SnCl..2H.0O for

preparing efficient perovskite solar cells.

5.3. Tuning MAPDbIs concentration for efficient perovskite solar cells

This study aims to establish the best MAPDIz concentration for preparing the efficiency
of PSCs and MAPDI3 film properties. The perovskite films and devices were prepared
using different MAPDbI3 concentrations ranging from 1.00 M to 2.00 M. Subsection 5.31
describes the device preparation, while subsections 5.3.2 and 5.3.3 present the results of

the characterisation of the films and devices, respectively.

5.3.1. Film and device fabrication

SnO: films were deposited on FTO substrates from 15 mg/ml of SnCl, 2H>0 solution.
MAPDI3 layers were deposited on SnO- layers from 1.00 M, 1.25 M, 1.50 M, 1.75M and
2.00 M solutions. The MAPbIs films were treated with 150 pl of methyl ethanoate after
15 seconds of spinning. HTLs were spin-coated on MAPbIs layers from an HTL solution
containing 90 mg Spiro-OMeTAD, 36 pl of MPPD, and 38 pl of FK209 solution (300
gm/ml) ethane nitrile) and 22 pl of Li-TFSI solution (520 mg/ml in ethane nitrile) in 1 ml
of chlorobenzene. All the solution-processed layers were prepared at 50-55% relative

99



humidity. The Ag contacts with active areas of 0.15 cm? were sputtered on HTLs at 1.0
W, 15.0 sccm and 5.0 mTorr for 60 minutes (see Chapter 3, section 3.2 for fabrication

details).

5.3.2. Properties of the prepared MAPDbIs films

This study aims to determine the influence of MAPDIs concentration on the optical,

morphological, and chemical properties of MAPbI3 films.

Figure 5.3: AFM images of MAPbIs films prepared using MAPbIs concentration at (a)
1.0 (b) .25 M (c) 1.5 M (d) 1.75 M and (e) 2.0 M solution s as a function perovskite

concentration.
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MAPDI3 films were deposited on FTO substrates from 1.00 M, 1.25 M, 1.50 M, 1.75 M,
and 2.00 M of MAPDI3 solutions, respectively. The prepared films were rigorously
studied using AFM, XRD and UV-Vis techniques. Figures 5.3(a) — 5.3(e) show the AFM
images of the MAPDI3 films as a function of solution concentration. The AFM images
indicate that all the MAPDIs films have good morphology and nearly similar grain sizes,
except the films deposited from 1.0 M solution, which appeared to have the poorest
morphology. Also, the films deposited from 1.0 M seem to have the roughest surface,
while those deposited from 2.0 M have the smoothest surface. This observation is because
more perovskite molecules are available to cover the substrate surface when MAPbI3

concentration increases.
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Figure 5.4: (a) XRD spectra of FTO/MAPDI3, (b) absorbance spectra and (c) Tauc plots

of MAPDI3 films as a function of perovskite concentration.

Figure 5.4(a) presents the XRD spectra of MAPDI3 films deposited on FTO substrates as
a function of solution concentration. The XRD data show that MAPbI3 peaks appeared at
20 =14.2°, 28.4° and 31.8 ° while the FTO peaks occurred at about 26 =26.7 and 38.2°.
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These peaks closely agree with the 14.1°, 28.4° and 31.9° reported for MAPbI3 [358] and
26.5° and 37.8° reported for FTO [359]. The results also indicate that the preferred crystal
growth direction occurred at about 38.2° and 14.2° for FTO and MAPbIs films,
respectively. The XRD measurements show that the ratio of the MAPbI3 peak intensity
at 14.02° to the FTO peak intensity at 37.9° increased as the MAPbIs concentration
increased from 1.0 M to 2.0 M. Therefore, the ratio of MAPDI3 intensity to FTO intensity
was estimated to be 2.38, 4.16, 5.02, 8.60 and 11.96 for films deposited from 1.0, 1.25,
1.5, 1.75 and 2.0 M of MAPbDIs solution, respectively. These results indicate that film
thickness increases with an increase in solution concentration, as reported in [360].

Figures 5.4(b) and 5.4(c) present the absorbance spectra and the Tauc plots of MAPbI3
films deposited on FTO substrates. Figure 5.4(b) indicates that the absorbance spectra of
the films increased with the increase in the MAPDI3 concentration, which is probably due
to a rise in the film thickness [361,362]. The results also showed that each film has an
absorption onset peak at about 722 nm-800 nm [363]. The absorption onset represents the
wavelength where the films started absorbing the incident photons with E > E4 of the
photovoltaic materials. The results also show the presence of exciton peak within the
wavelength ranging from 450 nm - 510 nm for green and purple curves. Exciton peaks
represent the wavelength region with the highest incident photons and photogenerated
charges [363]. Figure 5.4(c) also indicates that the films have Eq varying from 1.57 eV -
1.6 eV. These results closely agree with Eq of 1.59 eV reported in the literature [364].
Hence, this study demonstrates that the prepared films have good absorbance and Eq4
expected from excellent quality perovskite materials.

5.3.3. Photovoltaic performance of the devices

This study aims to determine the suitable concentration of MAPDIs solution for preparing
highly efficient PSCs. Figure 5.5 shows the J-V curves of the devices for different
concentrations of MAPDI3 solution. Table 5.2 summarises the photovoltaic parameters of
the devices. The results show that when the concentration of MAPbI3z increased from 1.00
M to 1.50 M, the Vo, FF and Jsc of the devices increased. A reason for the increase in Jsc
could be due to the rise in photon absorption (see Figure 5.4(b)). On the other hand, FF
and Voc improved probably because of an enhanced charge carrier extraction, arising from

probable decreased Rgc ¢ and increased Rgc r that resulted from lower pinholes (see
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Figures 5.3(a) - 5.3(c)) [355]. Hence, the combined enhancement in Jsc, Voc and FF leads
to improved PCE.

On the other hand, when the concentration of MAPDIs increased from 1.5 M to 2.0 M, the
FF of the devices decreased further while the Jsc continued to rise. The increased Jsc is due
to further enhancement in photon absorption from increased film thickness (see Figure
5.4(b)). Conversely, the FF decreased likely because of the decrease in charge carrier

extraction properties of the devices due to an increase in Rqc ¢ (see Table 5.3).

The increase in Rqc_f as perovskite concentration was increased from 1.5 M to 2.0 M is
likely because of an increase in film thickness beyond the optimum thickness of MAPDI3
films, leading to poor charge carrier extraction [18]. Despite the slight rise in Js, the
significant decrease in FF leads to a steady reduction in PCE as the MAPbI3 concentration
increased from 1.5 to 2.0 M. Therefore, this study suggests that 1.5 M is the best MAPDbI3
concentration for preparing efficient PSCs under the fabrication condition.
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Figure 5.5: J-V curves of the best devices as a function of MAPbIz concentration and
literature [37]. The perovskite films were spin-coated on FTO substrates at 4000 rpm for

30 seconds and annealed at 110°C for 15 minutes.
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Table 5.2: Photovoltaic parameters of devices prepared from different MAPDI3
concentrations (the rows denoted “Best” represent the data obtained from the best solar
cells of the batch; the rows denoted “Av” represent the average of all cells). Also included
in the table is the data from Yang et al. [37].

MAPbDI3 Voo (V) Jsc FF (%) Racf Rder PCE (%)
(M) (mA/cm?) Q) (kQ)
1.00 Best 1.04 18.47 61.50 100 124 11.78

Av  1.03+0.02 17.75x0.58 59.92+1.12 10.97£0.46
1.25 Best 1.05 20.71 63.97 67 6.1 13.95

Av  1.05+£0.01 20.35+0.24 62.76+1.58 13.41+0.41
1.50 Best 1.09 21.90 70.55 55 40.0 16.82

Av  1.08+0.01 21.44+0.61 69.08+0.85 16.01£0.52
1.75 Best 1.06 22.44 67.35 58 7.4 16.03

Av  1.06+0.01 21.83+0.90 65.24+1.1.080 15.09+0.66
2.00 Best 1.10 23.10 61.62 84 6.5 15.62

Av  1.08+0.04 21.99+1.14 59.80+3.21 14.16£1.21
Ref-1[37] Best 1.05 22.21 70.00 16.30

Yang et al. [44] reported a PCE comparable to the PCE achieved in this project. This
could be because similar materials, antisolvents, and laboratory conditions were used
except for the replacement of gold deposited with thermal evaporation with silver

deposited with magnetron sputtering.

5.4. How the addition of FK209 in Spiro-OMETAD affects the PCE of PSCs

This study aims to determine how the addition of an FK209 additive in Spiro-OMETAD
affects the efficiency of PSCs. The Spiro-OMETAD solutions were modified using 0, 10,
20,20 and 38 pl of FK209 additive (300 mg/ml of ethane nitrile). Subsection 5.4.1
presents the fabrication process, while subsections 5.4.2 and 5.4.3 discuss the
characterisation results obtained from the prepared Spiro-OMETAD films and PSCs in

this experiment.
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5.4.1. Film and device fabrication

SnO: layers were deposited on FTO substrates from 15 mg/ml of SnCl»2H»O solution.
Next, MAPDI3 layers were spin-coated on SnO- layers from a 1.5 M solution. Next, the
spinning films were treated with 150 pl of methyl ethanoate. HTLs were deposited on
MAPDbI3 layers from an HTL solution containing 90 mg Spiro-OMETAD, 36 ul of MPPD,
22 pl of Li-TFSI solution (520 mg/ml in ethane nitrile) and a varying amount of FK209
additive in 1 ml of chlorobenzene. Different HTL solutions were prepared using 0 pl, 10
pl, 20 pl, 30 pl and 38 pl of FK209 additive solution (300 mg/ml of ethane nitrile). All
the solution-processed films were prepared in ambient air of 50-55% relative humidity.
Finally, Ag contact with an active area of 0.15 cm? was deposited on HTLs at 1.0 W, 15.0
sccm and 5.0 mTorr for 60 minutes to form complete devices with
FTO/SnO2/MAPbDI3/Spiro-OMETAD/Ag structures.

5.4.2. Properties of Spiro-OMETAD films

This study aims to determine how the amount of FK209 additive added in the Spiro-
OMETAD solution affects the Eg, VB and work function of HTL films. Spiro-OMETAD
films deposited on FTO substrates were studied using UPS, AFM, UV-Vis and FTIR
techniques. Figure 5.6 presents the UPS spectra of Spiro-OMETAD films deposited on
FTO substrates while Table 5.3 summarises the energies of Spiro-OMETAD and
MAPDbI3. The results show that the work function of HTL shifted from 4.6 eV to 4.85 eV
as the amount of FK209 additives in Spiro-OMETAD films increased from 0 to 38 pl.
The work function rose with the increase in the amount of FK209 additive because the
number of p-type carriers increased. These results are consistent with the results reported
in [365].

Equation (2.22) was used to calculate the VB of Spiro-OMETAD and VB of MAPbI;
from UPS spectra). The data show that the VB of the Spiro-OMETAD downshifted from
-4.97 eV to -5.22 eV when the amount of FK209 additive increased from 0 to 38 pl,
agreeing with -5.22 eV reported in [365,366]. This is because the VB of Spiro-OMETAD
is dependent on its oxidation level [367]. Research has shown that the FK209 additive
oxidises neutral Spiro-OMETAD to Spiro-OMETAD"™. The number of charges per
molecule and the number of molecules oxidised is directly proportional to the amount of
FK209 added [368,369].
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Figure 5.6: UPS spectra of FTO and FTO/Spiro-OMETAD as a work function of FK209
additive.

Table 5. 3: Band properties of Spiro-OMETAD modified with FK209 additive. The table
also contains the VB and Fermi level of MAPDI3

FK209 | VB (eV) Fermi level (eV) | VB (eV) | Fermi level (eV)
(D) (Spiro-OMETAD) | (Spiro-OMETAD) | (MAPbI3) | (MAPbDIs)

0 -4.97 -4.6

10 -5.04 -4.67
20 -5.12 -4.75 -5.56 -4.02
30 -5.18 -4.78
38 -5.22 -4.82

Equation (5.1) was used to compute the VB mismatch between Spiro-OMETAD and
MAPDI; and results show that the VB mismatch decreased as the amount of FK209
additive increased. Hence, the VB mismatch decreased from 0.59 eV to 0.34 eV as the

FK209 additive rose from 0 to 38 pl. These results imply that there could be less reduction
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in Voc for PSCs based on 38 pl of FK209 [187]. Furthermore, these results demonstrate
that HTL modified with 38 pl of FK209 additive has the least VB mismatching relative
to the MAPbI3 and could result in devices with the best performance [370].

VB mismatch = VBgpiro-omerap — VBmapbiz (9.1)

The results indicate that the difference between the work function and VB remained
constant and independent of the quantity of FK209 additive incorporated in the Spiro-
OMETAD films. These results suggest that the Fermi level and VB shifted proportionally
when the FK209 additive increased.

Figure 5.7(a) presents the FTIR spectra of the HTL films as a function of the amount of
FK209. The results showed that peaks occurred at 827.49, 1038.74, 1247.02, 1465.95,
1509.35 and 1606.76 cm™, despite the amount of FK209. These peaks agree with the
peaks reported in [371]. Therefore, no appearance of new peaks after adding FK209 could
indicate that adding a small amount of FK209 additive does not change the peak position
of Spiro-OMETAD. Figures 5.7(b) and 5.7(c) present the transmittance and the
corresponding Tauc plots of Spiro-OMETAD films as a function of the amount of FK209
additive. The transmittance spectra show that the intensity minima at about 512 nm
decreased steadily as the amount of FK209 additive increased. The decrease in intensity
minima suggests that the proportion of Spiro-OMETAD molecules oxidised to Spiro-
OMETAD" increased with the amount of the FK209 additive [368,369]. Therefore, the
minima at 512 nm represent Spiro-OMETAD* as reported in [372,373].
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Figure 5. 7: (@) FTIR spectra of Spiro-OMETAD (b) Transmittance spectra and
absorbance of Spiro-OMETAD™ (c) Tauc plot as a function of FK209 doping and (d)
Spiro-OMETAD molecule Oxidised by FK209 additive.

The Tauc plots also show that the Eg of the Spiro-OMETAD films remains practically
unchanged when the amount of FK209 additive increased from O ul to 38 pl. The Eq4
remained virtually the same, probably because only a small amount of the additive was
added. The E4 of about 3.0 eV achieved in this study closely agrees with the 2.99 eV
reported in [366]. Figure 5.7(d) shows the molecule of Spiro-OMETAD oxidised by
FK209. The image indicates that one molecule of FK209 additive introduces three

positive charges in a molecule of Spiro-OMETAD.

5.4.3. Photovoltaic performance of the devices

This study determines a suitable FK209 additive to be added in Spiro-OMETAD to
achieve perovskite solar cells with satisfactory performance. Figures 5.8(a) - 5.8(d) show

the energy band diagrams of each device layer as obtained using UPS measurement. The
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energy band diagrams demonstrate that the VB mismatch between HTL and MAPDI3
decreases with the increase in the FK209 additive.

-1.98 eV Fermi level -2.02 eV
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Figure 5.8: VB mismatch between Spiro-OMETAD and MAPbIs layers for Spiro-
OMETAD modified with (a) 0 ul (b) 10 pl (c) 20 ul and (d) 38 pl of FK209 additives.
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Figure 5.9: J-V curves of best devices as a function of FK209 additive incorporated in
Spiro-OMETAD
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Table 5.4: Photovoltaic parameters of the devices for different FK209 doping (the rows

denoted “Best” represent the data obtained from the best solar cells of the batch; the rows

denoted “Av” represent the average of all cells)

FK209 VooV) s FF (%) Ricf Racr PCE (%)
(W) (mA/cm?) Q) (k)
0.0 Best 1.05 18.90 61.66 81 119 12.26
Av  1.02+0.02 17.62+1.44 58.30+1.76 10.5621.22
10.0 Best 1.09 22.13 66.99 77 182 16.15
Ave 1.07+0.01 21.45+1.07 66.11+1.16 15.24+1.02
20.0 Best 1.10 22.33 70.93 47 333 17.43
Av  1.08+0.03 22.05:0.54 67.37+2.77 16.07+1.26
1.11 22.61 68.80 50 111 17.16
30.0 1.10£0.01 22.130.77 67.03+2.14 16.3621.15
38.0 Best 1.08 22.76 71.42 45  59.0 17.54
Av  1.06+0.01 22.20+0.86 70.41+0.61 16.61+0.70

The J-V characteristics of the devices were measured at 1000 W/m?. Figure 5.9 presents
the J-V curves of the devices as a function of the amount of FK209 additive. Table 5.4
summarises the device parameters. The results show that the devices' Jsc, FF and PCE
increased when the amount of FK209 additive in the HTL rose from 0 to 38 pl. Device
performance improved because HTL became more conductive due to the oxidation of
Spiro-OMETAD films by the FK209 additive. In addition, the conductivity of the Spiro-
OETAD films increased because the FK209 additive increased hole carrier density in the
HTLs by creating additional hole carriers [369]. Hence, the improved charge extraction
resulted in a reduction of Rqc . Studies have also proven that increasing the amount of
FK209 additive in Spiro-OMETAD leads to an increase in the conductivity of HTLs
[369,374,375]. However, aslight decrease in FF when the Spiro-OMETAD was modified
with 30 ul of FK209 additive could be because the devices corresponding to this amount

were fabricated during the revision period.

The results also show that the Vo increased when the amount of FK209 additive rose
from 0 to 30 pl before decreasing slightly with a further increase in the amount of FK209
additive. The initial rise in Voc with FK209 additive from 0 to 30 pl is probably because
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of the reduction in VB mismatch at the HTL/MAPDbI3 interface. Vo increased when the
offset between the VB of HTL and MAPbIs decreased because the reduction in VB
mismatch encourages charge extraction and minimises the recombination arising from
the backward flow of holes [376]. However, the available data could not explain the
observed decrease in Voc when the FK209 additive increased from 30 pl to 38 pl. This
study demonstrates that increasing the amount of FK209 additive in Spiro-OMETAD
results in PSCs with improved PCE.

5.5. Summary

This chapter investigated the effect of solution parameters on the performance of
perovskite solar cells (PSCs). The study shows that the efficiency of devices started
decreasing when the concentration of perovskite solution exceeded 1.5 M. The results
also indicated that the efficiency reduced when the concentration of SnCl..2H20
surpasses 15 mg/ml. The data also showed that devices performed best when Spiro-
OMETAD solutions contained 38 pl of FK209 additive (300 mg/ml in ethane nitrile).
These results demonstrated that devices prepared using 15 mg/ml of SnCl,.2H20 solution,
1.50 M of MAPbI3 solutions and Spiro-OMETAD modified with 38 pl of FK209 additive
achieved the best PCE. Hence, Chapters 6-8 will employ these parameters for all the

investigations.
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Chapter 6: Optimum silver contact sputtering parameters for efficient perovskite
solar cell

6.1. Introduction

This chapter investigates the optimum sputtering parameters for depositing silver contacts
for efficient perovskite solar cells (PSCs). The deposition of silver contact on the Spiro-
OMETAD layer using magnetron sputtering is a challenging task because it can induce
damage to this organic layer. Therefore, this study systematically investigated how
sputtering power, argon flow rate, sputtering duration, and argon pressure for depositing
Ag contacts affect the performance of perovskite solar cells. This investigation is the first
comprehensive study to determine the optimal condition for depositing Ag contacts on

perovskite solar cells.

6.2. Film and device fabrication

The SnO. and MAPbI3 layers were prepared using the parameters described in Section
5.4.1. The HTLs were prepared using the parameters described in Section 5.3.1. Ag
contacts with active areas of 0.15 cm? were deposited on HTLs using the sputtering
parameters specified in sections 6.3, 6.4, 6.5 and 6.6. All the perovskite solar cells
prepared in this chapter have FTO/SnO2/MAPbIs/Spiro-OMETAD/Ag structures.
Section 3.2 in Chapter 3 provides more information on the device fabrication process.

6.3. Influence of sputtering power on the performance of devices

This study aims to investigate how the sputtering power for depositing the Ag contact
affects the performance of PSCs. This study is crucial because sputtering power affects
the deposition rate, kinetic energy and the sizes of metal particles, which can induce
severe damage to the organic layers. Ag contacts were prepared by varying the sputtering
power from 1.0 to 5.0 W while keeping the argon flow rate, sputtering duration and argon
pressure at 15 standard cubic centimetres per minute (sccm), 60 minutes and 5 millitorrs
(mTorr), respectively. Subsections 6.3.1 and 6.3.2 discuss the properties of prepared Ag

films and devices, respectively.
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glass substrates. Figures 6.1(a) — 6.1(e) present the AFM images of Ag films as a function
Figure 6.1: AFM images of Ag films sputtered at a sputtering power of (a) 1.0 W, (b) 2.0
W, (c) 3.0 W, (d) 4.0 W and (e) 5.0 W. The films were deposited on glass substrates at 5

The AFM, 4-Probe and UV-Vis spectrometer were used to study Ag films deposited on
mTorr and 15 sccm for 60 minutes.

6.3.1. Properties of the prepared silver films

of sputtering power.

113



The AFM images show that the surface smoothness of the films decreased steadily as the
sputtering power was increased from 1.0 W to 5.0 W. This observation is relatively
consistent with the results reported in [377]. Hence, the Ag films deposited at 1.0 W
exhibit the smoothest surface.

Figure 6.2(a) shows the RMS roughness derived from the AFM images using WSxM and
Gwyddion software. The results indicate that the RMS roughness increased as the
sputtering power was increased from 1.0 W to 5.0 W. This suggests that the surface

smoothness of the films decreased as the sputtering power increased.

Figure 6.2(b) shows the XRD spectra of Ag films deposited on glass substrates using
different sputtering power. The XRD spectra show that all films have crystalline
structures and that the peak intensity grows with increased sputtering power. The increase
in peak intensity suggests that the film thickness increases with the rise in sputtering
power. The results also demonstrate that the preferred crystal growth direction occurred
at about 38°, indicating that it is independent of the sputtering power. The Ag films
deposited at 1.0 W, 2.0 W, 3.0 W, 4.0 W and 5.0 W have normalised intensities of 0.3231,
0.4635, 0.5605, 0.5959 and 1.0000, respectively.

Table 6.1: XRD parameters of Ag films as a function of sputtering power. The films were

deposited on glass substrates at 15 sccm and 5 mTorr for 60 minutes.

Power (W) Normalised 20 (°) FWHM (°) Grain size (hm)
intensity
1.0 0.3231 38.2073 0.2765 33.7854
2.0 0.4635 38.1247 0.2301 40.5784
3.0 0.5605 38.1307 0.2225 41.9674
4.0 0.5959 38.1203 0.2214 42,1727
5.0 1.0000 38.1549 0.2180 42.8370

Using Origin Lab Software, this project extracted the peak positions (260) and full width
at half maximum (FWHM, B) from the XRD spectra. Equation (2.18) presents the

expression for calculating the grain sizes (z) from  and 0. Table 6.1 shows the 260, 3 and
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z parameters for films as a function of sputtering power. These results indicate that the
FWHM decreased while the grain size increased with increased sputtering power.
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Figure 6.2: (a) RMS roughness, (b) XRD pattern, (c) sheet resistance, (d) transmittance,
(e) average transparency, and (f) thickness of Ag films deposited on glass substrates as a
function of sheet resistance.

Figure 6.2(c) presents the sheet resistance of the Ag films measured using a 4-Probe. The
results show that the average sheet resistance of the Ag films decreased from 0.193 €/sq.
to 0.0344Q/sq. as the sputtering power was increased from 1.0 W to 5.0 W. This is likely
because an increase in sputtering power led to a rise in the film thickness, resulting in
reduced sheet resistance of the film.
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Figure 6.2(d) shows the transmittance spectra of Ag films at different sputtering power.
The data indicate that all the Ag films have low transparency in the 300 nm — 900 nm
wavelength range. Figure 6.2(e) shows that films deposited at 1.0 W, 2.0 W, 3.0 W, 4.0
W and 5.0 W have average transparencies of 0.9%, 0.4%, 0.3%, 0.2% and 0.01% over
300 nm — 900 nm wavelength, respectively. The results also indicated the presence of
transmittance maxima at about 344 nm. The position and appearance of the maxima
achieved in this study are consistent with those reported elsewhere [378]. In addition, the
results indicate that the height of the maxima increased with the reduction in sputtering
power and, consequently, the film thickness. This observation agrees with the maxima
trends reported in [379].

AFM images of thin Ag films were captured at the edge glass/Ag interface. The AFM
images were processed using WSxM and Gwydion software. Figure 6.2(f) presents the
measured and extrapolated thickness of Ag films as a function of sheet resistance. The
results indicate that as sheet resistance decreased, the film thickness increased. Hence,
films deposited at 1.0 W, 2.0 W, 3.0 W, 4.0 W and 5.0 W have estimated thicknesses of
95 nm, 120 nm, 184 nm, 223 nm, and 360 nm, respectively.

The cross-sectional images of fabricated devices were studied using a scanning electron
microscope (SEM) to ascertain the damaging effect of sputtering power on HTLs. Figures
6.3(a) — 6.3(d) present the cross-sectional SEM images of the devices as a function of
sputtering power. Table 6.2 summarises the film thicknesses extracted from the SEM
images using ImageJ. The SEM studies indicate that the HTL thickness was reduced from
156 nm to 75 nm when the Ag sputtering power increased from 1.0 W to 4.0 W (see Table
6.2). The SEM results suggest that the HTL suffered damage, and the degree of damage
is proportional to the sputtering power. The Table also presented the thicknesses of the
FTO and MAPbIs films from the SEM images.

116



Spiro-OMETAD

Figure 6.3: Cross-sectional SEM images of the devices with Ag contacts deposited at a
sputtering power of (a) 1.0 W, (b) 2.0 W, (c) 3.0 W and (d) 4.0 W. The films were

deposited at 5 mTorr, 15 sccm for 60 minutes.

Table 6.2: Thicknesses of FTO, MAPbI3z and Spiro-OMETAD films estimated from SEM
images using ImageJ. The Ag films were deposited at 15 sccm and 5 mTorr for 60

minutes.
Sputtering Average film thickness (nm)
power (W) FTO MAPDI3 Spiro-OMETAD
1.0 400 343 156
2.0 400 396 120
3.0 400 355 101
4.0 400 355 75

6.3.2. Photovoltaic performance of the devices

The impedance spectra of the devices were measured at 1000 W/m? and 1.0 V. Junction

capacitances were extracted from the IS plots using ZSimpWin software. Figure 6.4(a)
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shows the junction capacitance of the devices as a function of the sputtering power. The
results show that the junction capacitance of the devices reduced as the sputtering power
increased. This observation could be due to degradation in charge extraction arising from
damages to the HTL, as indicated by the SEM measurements in Figures 6.3(a) - 6.3(d).
Consequently, this suggests a decrease in carrier density as the sputtering power

increases.

The J-V measurement was conducted at 1000 W/m?. Figure 6.4(b) shows the PSCs' J-V
curves as a function of the sputtering power. Table 6.3 summarises the photovoltaic
parameters of the devices prepared. The photovoltaic parameters indicate that as the
sputtering power increased from 1.0 to 2.0 W, the solar cells' fill factor (FF) decreased
slightly, and the short-circuit current density (Jsc) increased. At the same time, the open-
circuit voltage (Voc) remained practically the same. The improvement in Jsc is possible
because of the reduction in the sheet resistance of the Ag contact, as shown in Figure
6.2(c). These results suggest that good contact conductivity could be crucial in achieving
high electrical currents. The decrease in FF and PCE may be attributed to a slight drop in
charge extraction (see Figure 6.4(a)) due to a minor reduction in HTL thickness arising
from increased sputtering power, as shown in Figure 6.3(b). However, the Vo showed no
notable change because the HTL damage and Ag doping into HTL/perovskite layers were
negligible. Since the reduction in FF is more significant than the improvement in Js, the

PCE of devices with contacts deposited at 2.0 W slightly deteriorated.

When the sputtering power increased from 2.0 to 3.0 W, the Vo and FF decreased further
while the Js slightly increased. The significant reduction in Vo and FF is due to more
acute HTL damage that has led to a decrease in HTL thickness, as shown by SEM images
in Figures 6.3(b) and 6.3(c). Few reports have proven that HTL damages result in severe
recombination and poor device performance [58]. Consequently, the damaged HTL
reduces charge density, as indicated by the drop in junction capacitance [64]. However,
the Jsc is increased further, probably because of thinner barriers (HTL) and a further
reduction in the sheet resistance of the Ag contact. Hence, the combined effect of FF and
Voc degradation counteracted the improvement in Js, leading to a significant decrease in
PCE of the devices with Ag contacts deposited at 3.0 W.
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Figure 6.4: (a) Junction capacitance and (b) J-V curves of the best devices as a function
of sputtering power for PSCs with Ag contacts. The Ag contacts of the devices were

deposited at 15 sccm and 5 mTorr for 60 minutes.

119



Table 6.3: Photovoltaic parameters of the devices with Ag contacts deposited using
different sputtering powers (the rows denoted “Best” represent the data obtained from the

best solar cells of the batch; the rows denoted “Av” represent the average of all cells).

The Ag contacts of the devices were deposited at 15 sccm and 5 mTorr for 60 minutes.

Sputtering Voc Jsc FF Rac f Racr PCE

Power (W) V) (mA/cm?) (%) Q) (kQ) (%)
Best 1.09 21.90 70.55 55 40.0 16.82

1.0 Av  1.08+0.01 21.44+0.61 69.08+0.85 16.01+£0.5
Best 1.09 23.21 65.24 55 125 16.49

2.0 Av 1.08+0.01 22.40+1.10 62.28+4.35 15.08+0.83
Best 1.07 23.96 60.00 67 89 1541

3.0 Av  1.07+£0.01 23.13+0.74 60.08+1.66 15.05+0.29
Best 0.88 22.29 38.75 164 16 7.61

4.0 Av  0.86+x0.03 21.22+0.85 37.62+1.00 6.88+0.38
Best 1.05 18.55 35.18 498 14 6.86

>0 Av  0.69+0.36 18.06x3.59 33.23%5.69 3.81+£1.83

With a further increase in the sputtering power from 3.0 to 4.0 W, the devices' PCE
drastically decreased due to a significant reduction in Vo and FF, even though the sheet
resistance of the Ag contact was further reduced. The considerable decrease in Voc and
FF is likely due to severe damage to organic HTL by Ag particles during high sputtering
power. Sputtering Ag contacts at 4.0 W reduces HTL thickness to about 75 nm (see Figure
6.3(d) and Table 6.2). A consequence of the damage to the HTL is an increase in charge
recombination that leads to a decrease in charge carrier density (junction capacitance) of
the devices [64]. Further, Js, FF, and PCE reduced when the sputtering power increased
from 4.0 W to 5.0 W. However, the available data could not explain a slight increase in
the Vo of best devices for sputtering power above 4.0W. The results from this study seem
to indicate that the difference in the sheet resistance of Ag films deposited using 1.0 W
and 5.0 W has little influence on the performance of the perovskite solar cells. This
observation could be because the sheet resistance obtained from Ag films deposited at 1.0
W is already sufficiently low (0.193 Q/sq.). Hence, further improvement in sheet

resistance of Ag films deposited at 5.0 W only introduces severe degradation in Js., FF
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and Voc. This study suggests that 1.0 W is the most suitable sputtering power for
depositing Ag contacts at sputtering conditions of 5.0 mTorr, 15 sccm and 60 minutes.
Since this magnetron sputtering equipment does not support sputtering power below 1.0
W, the study could not be extended below 1.0 W.

6.4. Dependence of device performances on the argon flow rate

This study investigates the dependence of PSC performances on the argon flow rate for
depositing Ag contacts. The films and devices were prepared by varying the argon flow
rate from 5 sccm to 25 sccm while the argon pressure, sputtering power and duration were
kept at 5.0 mTorr, 1.0 W and 60 minutes, respectively. Subsection 6.4.1 discusses the
properties of Ag films, while subsection 6.4.2 analyses the photovoltaic characteristics of
PSCs.

6.4.1. Properties of the prepared silver films

AFM, XRD, 4-Probe and UV-Vis spectrometer were used to study Ag films deposited on
glass substrates. Figures 6.5(a) — 6.5(e) show the AFM images of the Ag films as a
function of the Ar flow rate. The AFM images suggest that the surface smoothness of
films increased as the argon flow rate was increased from 5.0 sccm to 20.0 sccm before
slightly decreasing as the argon flow rate increased to 25.0 sccm. This observation could

be because of the increase in grain interconnections as the deposition rate increased.

The AFM images were analysed using WSxM and Gwyddion software to obtain the
roughness parameters. Figure 6.6(a) presents the RMS parameters of the films prepared
at different argon flow rates. The results show that the RMS roughness of the films
decreased as the argon flow rate increased from 5.0 sccm to 20.0 sccm before slightly
increasing when the argon flow rate further increased to 25.0 sccm. The observed
decrease in RMS with the increase in argon flow rate is likely because of the improvement
in surface coverage and grain connectivity. However, the available data could not explain
why the RMS roughness increased slightly when the argon flow rate increased beyond 20

sccm.
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Figure 6.5: AFM images of Ag films sputtered at an argon flow rate of (a) 5 sccm, (b) 10
scem, (€) 15 scem, (d) 20 sccm and (e) 25 sccm. The films were deposited on glass

substrates at 5 mTorr and 1.0 W for 60 minutes.

Figure 6.6(b) shows the XRD spectra of Ag films deposited on glass substrates. The XRD
spectra indicate clearly that all the films have crystalline structures and that the intensity
increased when the argon flow rate increased. The increase in intensity is possible because

of an increase in film thickness. Table 6.4 presents features of the XRD spectra relative
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to the flow rate. The results show that the grain sizes increased and FWHM decreased as
the argon flow rate increased from 5 to 25 sccm.

Table 6.4: XRD parameters of Ag films deposited at different argon flow rates. The films
were deposited on glass substrates at 1.0 W and 5.0 mTorr for 60 minutes.

Argon flow rate Normalised 20 (°) FWHM (°)  Grain size (hm)

(sccm) intensity
5.0 0.5358 38.2137 0.2861 32.6569
10.0 0.6737 38.2001 0.2828 33.0320
15.0 0.7507 38.2073 0.2765 33.7854
20.0 0.7772 38.2355 0.2607 35.8199
25.0 1.0000 38.2355 0.2593 36.0364
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Figure 6.6: (a) Root-Mean Square roughness, (b) XRD pattern, (c) sheet resistance and
(d) transmittance of Ag films as a function of argon flow rate. The Ag films were
deposited on glass substrates at 1 W, five mTorr for 60 minutes.
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Figure 6.6(c) presents the sheet resistance of the Ag films. The resistance data show that
the average sheet resistance of the Ag films decreased from 0.235 Q/sq. to 0.181 €/sq. as
the argon flow rate increased from 5.0 sccm to 25.0 sccm. The decrease in sheet resistance
is a consequence of the increase in film thickness resulting from an increase in deposition

rate.

Figure 6.6(d) shows the transmittance of Ag films deposited at different argon flow rates.
The results indicate that the transparency of the films was relatively low at 300 nm — 900
nm wavelength. Hence, Ag films deposited at 25 sccm and 5.0 sccm have average
transparencies of 0.8% and 1.6%, respectively. The results also demonstrated the
presence of maxima at about 344 nm, just like the data reported in subsection 6.2.1. The
results also show that the intensity of the maxima increases with a reduction in the argon
flow rate, suggesting that it is a function of film thickness. Ag thicknesses estimated from
Figure 6.2(f) indicate that the film thickness increased from 82 nm to 101 nm as the argon
flow rate increased from 5.0 sccm to 25.0 sccm.

6.4.2. Photovoltaic performance of the devices

J-V measurements of the devices were studied immediately after fabrication. Figure
6.7(a) presents the junction capacitance of the PSCs with Ag contacts deposited at
different argon flow rates. The results show that the junction capacitance reached the
maximum at an argon flow rate of 15.0 sccm before decreasing when the flow rate
increased to 25.0 sccm. These results suggest that devices with Ag contact deposited at
15.0sccm could achieve the best charge extraction and PCE.

Figure 6.7(b) presents J-V curves of PSCs as a function of argon flow rate, while Table
6.5 summarises device parameters. The results show that the Jsc of the devices improved
as the argon flow rate increased from 5.0 to 25.0 sccm. The Jsc may have improved due
to a reduction in sheet resistance of the Ag films as the argon flow rate was increased (see
Figure 6.6(c)). The results also show that Vo remained virtually constant when the argon
flow rate increased from 5.0 to 20.0 sccm. However, the Vo decreased when the argon
flow rate increased to 25.0 sccm. This observation is likely due to slight damage to HTL,
resulting in reduced charge extraction (see Figure 6.7(a)).
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Figure 6.7: (a) Junction capacitance of devices and (b) J-V curves of best devices with
Ag contacts deposited at different argon flow rates. The Ag contacts of the devices were
deposited at 1.0 W and 5.0 mTorr for 60 minutes.
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Table 6.5: Photovoltaic parameters of devices with Ag contacts deposited using different
argon flow rates (the rows denoted “Best” represent the data obtained from the best solar

cells of the batch; the rows denoted “Av” represent the average of all cells). The Ag

contacts of the devices were deposited at 1.0 W and 5.0 mTorr for 60 minutes.

Argon Rdc  Rdc r

flow rate Voc Jsc FF i (kQ) PCE

(sccm) (V) (mA/cm?) (%) Q) (%)
Best 1.09 20.84 68.22 5 74 15.44

5.0 Av  1.09+0.01 20.42+1.18 64.71+2.66 14.39+1.21
Best 1.10 21.22 69.03 56 226 16.12

10.0 Av  1.08+0.02 20.63+0.73 65.82+2.71 14.70+0.97
Best 1.09 21.90 70.55 55 40.0 16.82

15.0 Av  1.08+0.01 21.44+0.61 69.08+0.85 16.01+0.52
Best 1.09 22.44 71.64 46 18.2 17.49

20.0 Av  1.08+0.00 21.16+2.01 70.26+0.99 16.13+1.70
Best 1.06 22.56 70.32 49 219 16.91

25.0 Av  1.06+0.01 23.01+0.99 63.27+5.12 15.45+0.97

On the other hand, at 5.0 sccm, the Vo of the devices was slightly reduced, probably due
to the high sheet resistance of the Ag films, which led to poor carrier collection. The
results also indicate that the FF showed an increasing trend as the argon flow rate
increased from 5.0 to 20.0 sccm before decreasing as the argon flow rate increased to 25.0
sccm. The decrease in sheet resistance (see Figure 6.6(b)) of the Ag films with an increase
in the argon flow rate, helps improve the charge carrier extraction. However, the severity
of HTL damage increased with the argon flow rate because of an increase in deposition
rate. The rise in HTL damage leads to the deterioration of the charge carrier extraction
(see Figure 6.7(a)). In summary, 20.0 sccm appears to be the most suitable argon flow
rate for preparing Ag contact using magnetron sputtering for conditions under 5.0 mTorr,
1.0 W and 60 minutes.
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6.5. Optimal sputtering duration for efficient perovskite solar cells

This study aims to determine the optimal sputtering duration for depositing Ag contact
on PSCs to achieve good efficiency. The sputtering time for Ag contact deposition varied
from 20 to 100 minutes, whereas the sputtering power, argon flow rate and argon pressure
were kept constant at 1.0 W, 15.0 sccm and 5.0 mTorr, respectively. Subsection 6.5.1
presents the properties of the prepared Ag films, while subsection 6.5.2 discusses the

results obtained from the photovoltaic characterisation of PSCs.

6.5.1. Properties of the prepared silver films

Initially, the Ag films deposited on glass substrates were studied using AFM. Figures
6.8(a) — 6.8(e) show the AFM images of Ag films. The AFM images show that the surface
smoothness of the films decreased steadily as the sputtering duration increased. Hence,

the films deposited for 20 minutes have the smoothest surfaces.

Figure 6.9(a) shows the RMS roughness of the films deposited for different durations.
The results indicate that the RMS roughness of the films increased when the sputtering
duration was increased from 20 to 40 minutes, remaining more or less the same as the
sputtering time increased to 80 minutes. However, an increase in sputtering duration from
80 minutes to 100 minutes caused a slight rise in RMS roughness. The available data
could not explain the slight increase in the RMS roughness when the sputtering duration
increased beyond 80 minutes. These results indicate that films deposited for 20 minutes

have the smallest grain sizes and the smoothest surfaces.
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Figure 6.8: AFM images of Ag films sputtered for (a) 20 minutes, (b) 40 minutes, (c) 60
minutes, (d) 80 minutes and (e) 100 minutes. The films were deposited on glass substrates
at 5.0 mTorr, 15 sccm and 1.0 W.

Figure 6.9(b) presents the XRD spectra of Ag films on glass substrates as a function of
sputtering duration. The XRD spectra demonstrate that all the films have crystalline
structures and that the intensity of the films increased with the sputtering period. The

increase in the intensity of the spectra with sputtering time suggests an increase in film
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thickness with sputtering duration. The increase in film thickness with increased
sputtering duration occurred because the long sputtering time allowed the deposition of
many more Ag particles. The results also indicate that the sputtering time does not affect
the preferred crystal growth direction. Table 6.6 shows FWHM and the grain sizes of the
films deposited for different durations. The results indicate that the grain sizes increased
while the FWHM decreased when the deposition duration increased.

Table 6.6: XRD parameters of Ag films as a function of sputtering duration. The films
were deposited on glass substrates at 1.0 W, 5.0 mTorr and 15 sccm.
Sputtering duration Normalised 260 (°) FWHM (°) Grain size

(min) intensity (nm)

20.0 0.1888 38.2005 0.4164 22.4374
40.0 0.3056 38.2148 0.3118 29.9631
60.0 0.6360 38.2073 0.2765 33.7854
80.0 0.7506 38.1161 0.2640 35.3766
100.0 1.0000 38.2139 0.2526 36.9675

Figure 6.9(c) gives the sheet resistance of the Ag films as a function of sputtering
duration. The graph shows that the average sheet resistance of the Ag films decreased
from 0.943 Q/sq. to 0.100 €/sq. as the sputtering time increased from 20 to 100 minutes.
The decrease in sheet resistance is likely because of increased film thickness with

increased sputtering duration.

Figure 6.9(d) shows the transmittance of Ag films deposited at different sputtering
durations. The results reveal that films deposited for 20 and 40 minutes have good
transparency over 300 — 900 nm. Hence, an average transparency of 18.04% was achieved
for films deposited for 20 minutes (see Figure 6.2(e)). The results also indicate the

transmittance maxima shift with the increase in film thickness for the very thin films.
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Figure 6.9: (a) Root-Mean Square roughness, (b) XRD pattern, (c) sheet resistance and
(d) transmittance of Ag films as a function of sputtering duration. The films were

deposited on glass substrates at 1 W and 5.0 mTorr for 15 sccm.

Thickness estimated from Figure 6.2(f) demonstrates that film thickness increased from
27 nm to 160 nm when the deposition time increased from 20 to 100 minutes. These
results are consistent with the rise in XRD intensity, which indicates an increase in film

thickness.

6.5.2. Photovoltaic performance of the devices

The devices were studied using the IS technique to understand their charge extraction
characteristics. Figure 6.10(a) presents the junction capacitance of devices as a function
of sputtering duration. The results indicate that the junction capacitance, related to the
carrier density and charge extraction efficiency, peaked at 40 minutes before reducing
steadily as the sputtering duration increased beyond 40 minutes. This observation

suggests that the devices with Ag contacts deposited for 40 minutes will likely achieve
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the best performance. Figure 6.10(b) shows the J-V curves of PSCs as a function of
sputtering durations, while Table 6.7 summarises the photovoltaic parameters of the

devices.
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Figure 6.10: (a) Junction capacitances of devices and (b) J-V curves of the best devices
as a function of Ag sputtering duration and the J-V curve from the literature [62]. The Ag

contacts of the devices were deposited at 1.0 W, 5.0 mTorr and 15 sccm.
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Table 6.7: Photovoltaic parameters of devices with Ag contacts deposited using different
sputtering durations (the rows denoted “Best” represent the data obtained from the best
solar cells of the batch; the rows denoted “Av” represent the average of all cells). The Ag
contacts of the devices were deposited at 1 W, 5.0 mTorr and 15 sccm. The data obtained

by Wang et al [62] is also included as a reference for comparison.

Sputtering Rdc f Rde.r

duration Voc Jsc FF (Q) (kQ) PCE

(min) (V) (mA/em?) (%) (%)
Best 1.08 21.73 64.04 68 7.1 15.02

20 Av  1.08+0.01 19.65+1.06 65.27+2.20 13.84+0.56
Best 1.10 22.56 73.70 45  60.0 18.35

40 Av  1.09+0.02 22.18+0.93 70.25+2.29 16.99+0.98
Best 1.09 21.90 70.55 55 40.0 16.82

60 Av  1.08+0.01 21.44+0.61 69.08+0.85 16.01+0.52
Best 1.06 21.53 68.69 55 151 15.73

80 Av  1.04+0.02 21.28+1.03 65.93+1.76 14.53+0.49
Best 1.07 22.25 60.94 90 53 14.46

100 Av  1.06+£0.01 21.76+0.64 57.49+4.89 13.26+1.53

Ref-2[62] 1.057 19.88 76.00 15.97

The photovoltaic parameters show that as the deposition duration increased from 20 to 60
minutes, the Vo, Jsc, and FF of the devices reached maximum values at a sputtering time
of 40 minutes, resulting in a remarkable PCE of 18.35% for PSCs prepared in the air at
high relative humidity. This result may be due to improved carrier extraction, as Figure
6.10(a) demonstrates. As shown in Table 6.7, this efficiency corresponds to a favourable
combination of lowest Rqc 1, highest Rqc rand high junction capacitance. The key reason
for the significant improvement in the PCE is the substantial reduction in the power losses
associated with the Rqc f and Rqc_ r. Depositing the Ag contacts for 40 minutes makes it
possible to achieve Ag contacts with sufficiently low sheet resistance (Figure 6.9(c))
without considerable damage to the HTL and the interfacial quality between the HTL and
Ag film, which are prone to damage by particle impact or stress. With a further increase
in sputtering duration from 60 to 100 minutes, the FF and PCE of the devices further
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degraded. This observation is because the HTL becomes further damaged due to the
prolonged impact of the Ag particles on the organic transport layer.

Although the Voc and Jsc increased slightly when the duration increased to 100 minutes
(which cannot be explained by the available data), the PCE of the best devices decreased
from 18.35% to 14.46% due to a significant decrease in FF. The results also show that
deposition at any other sputtering time would increase the series resistance and decrease
shunt resistance, as revealed in Table 6.7. This study suggests that 40 minutes is the best
sputtering duration for depositing Ag contacts at the conditions under investigation. The
PCE achieved in this study represents an improvement in efficiency over devices with Ag
contact deposited using magnetron sputtering reported by Wang et al. [62].

6.6. Suitable argon pressure for preparing perovskite solar cells

This study aims to establish the suitable argon pressure for sputtering Ag contacts on
perovskite solar cells. The argon pressure for sputtering Ag contacts was varied from 4
mTorr to 12 mTorr while keeping the sputtering power, duration and argon flow rate at
1.0 W, 40 minutes and 15.0 sccm, respectively. Subsection 6.6.1 presents the properties
of Ag films, and subsection 6.6.2 shows the results from the J-V measurements of the
PSCs.

6.6.1. Properties of the prepared silver films

Ag films sputtered on glass substrates were studied, and Figures 6.11(a) — 6.11(d) show
the AFM images of Ag films as a function of argon pressure. The AFM images indicate
that the grain sizes of the films decreased steadily as the argon pressure increased,
agreeing with the report in [380]. In addition, the deposition rate decreased when argon
pressure increased because more Ag particles suffered scattering and obstruction from
the increased number of Ar ions in the chamber. Hence, a fewer number of Ag particles

get to the substrate, resulting in a reduction in the rate of film deposition.

Figure 6.12(a) shows the RMS roughness extracted from the AFM images. The results
demonstrated that the RMS roughness of the films increased significantly as the argon
pressure increased from 4 mTorr to 10 mTor. This observation is likely because the grains

are poorly interconnected at low argon pressure, resulting in uncovered areas. However,
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the available data could not explain the slight fall in the film roughness when the pressure

increased to 12 mTorr.

Figure 6.11: AFM images of Ag films sputtered at (a) 4 mTorr (b) 5 mTorr (c) 7 mTorr
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Figure 6.12: (a) Root-Mean Square roughness, (b) XRD pattern, (c) sheet resistance and
(d) transmittance of Ag films as a function of argon pressure. The films were deposited

on glass substrates at 1 W, 15sccm and 40 minutes.

Figure 6.12(b) illustrates the XRD spectra of Ag films deposited on the glass. The XRD
spectra demonstrate that all the films have crystalline structures and that the intensity of
the films decreased with the increase in argon pressure. The decrease in the intensity as
argon pressure increased suggests that the film thickness dropped as the argon pressure
increased. This result is expected because the number of Ag particles obstructed from
getting to the substrate by the Ar ions will increase when the argon pressure increases.
The results also indicate that films have the same preferred crystal growth direction
independent of the argon pressure. Table 6.8 presents FWHM and the grain sizes obtained
from the XRD spectra. The results show that the FWHM increased while the grain size

of the films decreased as the argon flow rate increased.
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Table 6.8: XRD parameters of Ag films as a function of argon pressure. The films were
deposited on glass substrates at 15 sccm and 1 W for 40 minutes.
Argon pressure Normalised 20 (°) FWHM (°)  Grain size

(mTor) intensity (nm)
4.0 1.0000 38.2309 0.2792 33.4610
5.0 0.9714 38.2148 0.3118 29.9631
7.0 0.7571 38.2323 0.3255 28.7035
10.0 0.3905 38.2190 0.3491 26.7484
12.0 0.1810 38.2263 0.4167 22.4118

Figure 6.12(c) presents the sheet resistance of the Ag films measured using 4-Probe. The
results show that the average sheet resistance of the Ag films increased from 0.346 Q/sq.
to 0.720 Q/sq. as the argon pressure was increased from 4 to 12 mTorr. These results
agree with the report that sheet resistance of sputtered metal films increased as the argon
pressure was increased [380]. The high sheet resistance achieved at high argon pressure
is likely because of a reduction in film thickness arising from the obstruction of the Ag
particles by Ar ions [58]. Figure 6.12(d) shows that over 300 nm — 900 nm wavelength,
Ag films deposited have good transparency that improved when the argon pressure
increased. Hence, the average transparency of the films increased from 4.58% to 9.49%
when the argon pressure increased from 4 to 10 mTorr (see Figure 6.2(e)). The results
also show that the transmittance maxima shifted with the film thickness. The
transmittance spectra also indicate that the maxima's intensity increases as the argon
pressure increases. The thicknesses estimated from Figure 6.2(f) show that film thickness
decreased from 61 nm to 32 nm when argon pressure was increased from 4 to 12 mTorr.
These results are consistent with the report that the film thickness decreases as the argon

pressure is increased [381].

6.6.2. Photovoltaic performance of the devices

Figure 6.13(a) presents the junction capacitance of the devices extracted from the 1S
measurements. The results indicate that the junction capacitance of the devices peaked at
5.0 mTorr. These results demonstrate that devices with contacts deposited at 5.0 mTorr

may have the best photovoltaic performance.
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I-V measurements were also conducted on the devices at 1000 W/m?. Figure 6.13(b)
presents the J-V curves of PSCs as the argon pressure was increased from 4 to 12 mTorr.
Table 6.9 summarises the device parameters obtained from the characterisation. The
results show that the Voc and FF of the devices increased when the argon pressure was
changed from 4.0 to 5.0 mTorr while the Jsc slightly improved. The lower Vo, FF
achieved at 4.0 mTorr may be attributed to possible HTL damage due to deposition at
low argon pressure, which results in a high deposition rate. The HTL damage results in
poor charge carrier extraction, as indicated by reduced junction capacitance in Figure
6.13(a) [63]. This observation is because, at 4.0 mTorr, Ag particles suffer less scattering
by Ar ions. Therefore, more Ag particles reach the HTL surface with high impact. On the
other hand, the Jsc increased slightly, probably due to the improved conductivity of Ag
films arising from improved film coverage (see sheet resistance in Figure 6.12(c)). When
the argon pressure is 5.0 mTorr, the Kinetic energy of Ag particles is reduced due to
increased scattering by Ar ions, resulting in less damage to the HTL and, consequently,

improvement in Vo, and FF, resulting in improved PCE.

As the argon pressure increased from 5 mTorr to 12 mTorr, the FF, Vo, and Jsc of the
devices decreased steadily. The steady reduction in FF, Vo and Jsc as argon pressure
increased above 5.0 mTorr arises from a significant decrease in sheet resistance of Ag
films (see Figure 6.12(c)), resulting in poor charge carrier extraction as suggested by the
reduced junction capacitance. These results obtained in this study show that the argon
pressure significantly influences the performance of the PSCs, and 5.0 mTorr is the

optimum pressure for depositing Ag contacts.
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Figure 6.13: (a) Junction capacitance and (b) J-V curves of the devices with Ag contacts

deposited at different argon pressures. The Ag contacts were deposited at 1.0 W and 15

sccm for 40 minutes.
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Table 6.9: Photovoltaic parameters of devices with Ag contacts deposited using different
argon pressures (the rows denoted “Best” represent the data obtained from the best solar

cells of the batch; the rows denoted “Av” represent the average of all cells). The Ag

contacts of the devices were deposited at 1 W, 15sccm and 40 minutes.

Ar pressure Voc Jsc FF Rac f Racr PCE

(mTorr) V) (mA/cm?) (%) Q) (kQ) (%)
Best 1.04 22.86 69.70 46 144 16.57

4.0 Av  1.04+0.01 21.56+0.97 68.93+£1.19 15.52+0.86
Best 1.10 22.56 73.70 45 60.0 18.35

5.0 Av  1.09+0.02 22.18+0.93 70.25+2.29 16.99+0.98
Best 1.10 22.42 66.57 64 29.3 16.43

7.0 Av  1.08+0.01 20.24+1.68 64.59+1.76 14.19+1.35
Best 1.06 21.43 56.3 122 84 12.80

109 Av  1.04+0.02 21.06+£0.25 57.23+0.98 12.51+0.21

120 Best 1.03 21.23 54.50 149 10.0 11.96
Av  1.04+0.01 21.03+0.20 51.43+2.44 11.28+0.48

6.7. Summary

This study investigated the effects of sputtering parameters on the performances of
perovskite solar cells with silver contacts deposited using magnetron sputtering. The
parameters investigated were sputtering power, argon flow rate, sputtering duration, and
argon pressure. The results indicated that the device with silver contacts deposited at a
sputtering power of 1.0 W, argon flow rate of 15sccm, sputtering duration of 40 minutes
and argon pressure of 5SmTorr achieved the best performance. The results also show that
sputtering power significantly impacts the device performance and the properties of Ag

films.
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Chapter 7: Novel CPFS Additive for Improving the Stability of perovskite solar
cells

7.1. Introduction

This chapter describes a novel chlorodimethyl(pentafluorophenyl)silane (CPFS) additive
process for improving the stability of perovskite solar cells (PSCs) prepared in the air at
high relative humidity. Improving perovskite solar cells' stability is crucial as this will
enhance the commercialisation prospect. CPFS is chosen for this study because it is
miscible with dimethyl methanamide (DMM) and contains fluoride and silyl groups.
These functional groups readily form crosslinking bonds with perovskite, thereby
strengthening the chemical structure and minimising the decomposition in the presence
of moisture. To my knowledge, this is the first application of CPFS additive in PSC
fabrication.

This chapter includes a description of the physical properties of methylammonium lead
iodide (MAPDI3) films and the photovoltaic performance and stability of the devices.

Finally, the chapter will summarise the observation and the conclusion.

7.2. Properties of CPFS and crosslinking bond formation

Chlorodimethyl(pentafluorophenyl) silane (CPFS) contains fluoride and silyl groups,
which form crosslinking bonds with perovskites [44,57]. It hydrolyses in water to produce
hydroxydimethyl(pentafluorophenyl) silane and hydrogen chloride, as shown in Figure
7.1(a). Figure 7.1(b) shows the formation of crosslinking bonds between the perovskite
and hydroxydimethyl(pentafluorophenyl) silane. These crosslinking bonds strengthen the
perovskite structure, thereby minimising its decomposition rate. CPFS additive also

provides surface passivation against moisture intrusion into perovskite layers [51-53].
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+ HCI

Figure 7.1: (a) Hydrolysis of chlorodimethyl(pentafluorophenyl)silane in water and (b)
formation of crosslinking bonds  between  perovskite and hydrolysed
chlorodimethyl(pentafluorophenyl)silane

7.2. Film and device fabrication

The devices fabricated in this study have FTO/SnO./MAPbIs/Spiro-OMETAD/Ag
structures. SnO; films were deposited on FTO substrates from 15 mg/ml of SnCl22H,0
solutions. MAPDI3 films were deposited on SnO; films from 1.50 M solutions of MAPDI3
solution containing O ul, 3 ul, 6 ul, 9 pl and 15 pl of CPFS additive, respectively. In
addition, the perovskite films were treated with150 pl of methyl ethanoate antisolvent.
HTLs were deposited on MAPDI3 layers from an HTL solution containing 90 mg Spiro-
OMeTAD, 36 ul of MPPD, and 38 pul of FK209 solution (300 gm/ml in ethane nitrile)
and 22 ul of Li-TFSI solution (520 mg/ml in ethane nitrile) in 1 ml of chlorobenzene. All
the solution-processed films were deposited in ambient air of 50-55% relative humidity.
Finally, Ag contacts with active areas of 0.15 cm? were deposited on HTLs at sputtering
power, argon flow, argon pressure and sputtering duration of 1.0 W, 15 sccm and 5.0
mTorr, respectively, for 40 minutes. Chapter 3 (Section 3.2) presents the details of the

device fabrication process.
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7.3. Properties of the prepared MAPDI3 films

MAPDI3 films were deposited on FTO substrates from MAPDIs solutions modified with O
pl, 3 pl, 6 pl, 9 pl and 15 pl of CPFS additives. The films were examined using AFM,
UV-Vis spectrometer, FTIR and XRD techniques.

Figure 7.2: AFM images of MAPDIs films modified with (a) 0 pl, (b) 3 pl, (c) 6 pl (d) 9
pl and (e) 15 pl of CPFS additive.
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Figures 7.2(a) - 7.2(e) present the AFM images of MAPDI3 films as a function of CPFS
proportion. The films modified with CPFS additive appeared to have slightly larger grain
sizes than the control films. This enlarged grain is probably because of the delay in the
nucleation process, which results in films with increased grain sizes, as reported in [382].
The results also show that all the films have suitable morphologies. The enhanced surface
coverage of films modified with CPFS additive is likely because of the delay in the
nucleation process. Reports have shown that a slight delay in the nucleation process can
result in films with improved surface morphology [43]. The enhanced image quality of
films modified with 9 pl of CPFS additive could be due to using a more advanced AFM

machine in the image capturing.
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Figure 7.3: (a) Absorbance spectra at 0 hours, (b) Tauc plots at 0 hours, (c) absorbance
spectra at 840 hours and (d) Tauc plots at 840 hours of MAPDIs films as a function of the
amount of CPFS additive.

Figures 7.3(a) - 7.3(d) present the absorbance spectra and the Tauc plots of MAPbI; films
deposited on FTO substrates at 0 hours and after 840 hours of storage. Figure 7.3(a) shows
that the initial absorbance spectra of the MAPbI3 films were not significantly affected by
the proportion of CPFS additive in the MAPbIs material. Over 300 — 780 nm wavelength,
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the control samples (i.e., MAPDIs films without CPFS additive) have an average
absorbance of 2.29 arb. units, while the MAPDI3 films with 3 pl, 6 pl, 9 pl and 15 pl of
CPES additives show similar absorbance values, which are 2.21, 2.21, 2.30 and 2.25 arb.

units, respectively.

Figure 7.3(b) shows that the E4 value of all the films appeared to be about 1.6 eV and
independent of the CPFS proportion. This result suggests that the energy band structure
of the MAPDI3 is not affected by the amount of CPFS additive incorporated in the MAPDI3
materials. Figure 7.3(c) shows that the average absorbance of the control MAPbI3 films
decreased by about 7.61% after 840 hours of storage compared to an average decrease of
1.13%, 3.04% and 3.23% for the films with 3 pl, 6 pl and 15 pl of CPFS additive,
respectively. The results also show that the degradation is wavelength-dependent,
significantly reducing absorbance over the 350 - 500 nm range. However, this degradation
does not considerably affect the E4 of the material, as shown in Figure 7.3(d), where the
Eq values of the films only decreased slightly. These results suggest that modifying
MAPbI3 material with a suitable amount of CPFS enhances the optical stability of
MAPDI3 films. A study has reported using UV-Vis measurement to identify degradation
in MAPbDIs films [383].

Figures 7.4(a) and 7.4(b) present the FTIR spectra measured at 0 hours and after 456
hours of storage from MAPDI3 films deposited on Ag substrates. Figure 7.4(a) shows that
the FTIR peak positions of MAPDI; films occurred at 910, 1469 and 3180 cm * ((N-H
stretching) and appeared to be independent of the CPFS proportion. These peaks are
consistent with  910.43, 1469.81 and 3180.72 cm™ reported in [384]. These results
demonstrate that incorporating a minute amount of CPFS additive in MAPbI3 films does

not change the bond types in MAPDI;3 films.

Figure 7.4(b) reveals that the peak at 3180 cm™ was reduced by about 65% after 456
hours of storage for the control films, in contrast with peak reduction of 38%, 50% and
79% observed for films altered with 3 pl, 6 pl and 15 pl of CPFS additive, respectively.
The results also indicate that as the peaks of MAPDI3 degrade, a new peak that matches
the silver iodide (Agl) peak reported elsewhere [385] occurred at 3457 cm™. Reports have
shown that MAPDIz reacts with the silver substrate to form Agl [229,386]. The
degradation of MAPDIs films deposited on the Ag substrate appeared faster than those
deposited on FTO substrates (see UV-Visible and FTIR studies). This observation agrees
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with the report by Kato et al. that Ag hastens the degradation of MAPDI3 films as they
react to form Agl [229]. Research has demonstrated using FTIR to study the degradation
of MAPbI; films [383].
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Figure 7.4: (a) FTIR spectra of MAPbIs at 0 hours (b) FTIR spectra of MAPDI3 at 456
hours (c) XRD pattern of MAPDIs at 0 hours and (d) XRD pattern of MAPbI3 at 384

hours.

Figures 7.4(c) and 7.4(d) show the XRD pattern of MAPbIs films deposited on FTO
substrates at 0 hours and after 384 hours of storage. Figure 7.4(c) indicates that MAPDI3
peaks occur at 20 =14.02° (preferred orientation), 28.4° and 31.8° for all the films,
independent of the amount of CPFS additive incorporated [137,358]. The results also
indicate that the intensity grew as the proportion of CPFS additive increased. This
observation suggests that increasing the amount of CPFS additive results in an increase
in film thickness. Using FTO peak intensities (37.9°) as references, Figure 7.4(d) reveals
that after 384 hours of storage, the peak intensity of MAPbIz (14.02°) degraded by about
8.18% for control MAPDIs films while the peaks of films altered with 3 ul, 6 pl and 15ul
of CPFS additive reduction by 0%, 5.15% and 5.61%, relative to the first-day
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measurement. These results suggest that some of the MAPbIs molecules decomposed to
form PDbly, as revealed by the appearance of Pbl> peaks at 12.82° [387,388]. The XRD
spectra also demonstrate that the MAPDIs films modified with 3ul of CPFS were the most
chemically stable, as indicated by the insignificant appearance of the Pbl, peak after 384
hours. These results demonstrate that altering MPADI3z with a suitable amount of CPFS
additive enhances the stability of MAPDI3z films. The MAPbI3 films treated with 9 pl
CPFS additive were fabricated and characterised during the revision period, but their

stability has not been studied.

7.4. Photovoltaic performance of the devices

The photovoltaic parameters of devices were studied at 1000 W/m?. Figure 7.5 presents
the J-V curve of the best devices as a function of the amount of CPFS additive, while
Table 7.1 summarises the electrical parameters of the devices. The results show that the
FF and PCE of the devices decreased steadily as the amount of CPFS additive increased
from 0 to 15 ul. The available data cannot explain the causes for a decrease in FF with

increasing CPFS additive.
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Figure 7.5: J-V curves of best devices as a function of CPFS proportion in this project

and 3-aminopropyltrimethoxysilane in literature [44].
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Table 7.1: Photovoltaic parameters of devices as a function of CPFS additive (the rows
denoted “Best” represent the data obtained from the best solar cells of the batch; the rows

denoted “Av” represent the average of all cells). The data obtained by Zheng et al [44] is

also included as a reference for comparison.

Perovskite Voc(V) Jsc FF (%) Rdc f Rdcr PCE (%)
material (mA/cm?) Q) (kQ)

MAPDI3 + Best 1.05 23.19 74.11 73 134 18.07
OulCPES  Av  1.03£0.01 21.87£1.05 73.62+0.68 16.57+£1.05
MAPDIs + Best 1.04 23.06 74.29 71 60.9 17.82
3ulCPFS Av  1.03#0.01 21.47+0.85 71.82+2.00 15.89+1.01
MAPDIs + Best 1.04 22.85 70.6 81 304 16.85

6ul CPFS Av  1.03+0.01 21.90+0.74 70.18+2.85 15.80+0.75
MAPDIz + Best 1.08 22.65 62.29 80 6.7 15.18
9ulCPFS Av  1.08+0.002 22.76+.30 60.43+£1.60 14.82+0.44
MAPDIz + Best 1.03 22.65 60.98 90 3.0 14.14

15ul CPFS Av  1.02+0.01  22.15+0.50 59.56+1.42 13.45+0.71
Ref-3[44] Best 1.12 22.36 76.80 19.31

The control devices achieved the best PCE of 18.07%, compared to 17.82%, 16.85%,
15.18% and 14.14% obtained for devices fabricated from MAPbIs films modified with 3
pl, 6 pl, 9 pl and 15 pl of CPFS additive, respectively. These efficiencies represent about
0.25%, 1.22% and 3.93% loss in PCE relative to the control devices as the CPFS additive
increased from 3 pl to 15 pl. The available data could not explain the reduced photovoltaic
parameters observed in the devices modified with CPFS immediately after fabrication.
Hence, further studies are required to provide a convincing explanation. This study
demonstrates that altering MAPbIs films with CPFS additive does not improve the PCE
of devices immediately after fabrication. Zheng et al. [44] reported a higher PCE using a
silane additive approach. However, as different perovskite materials, antisolvents, silane
additives and laboratory conditions were used, it is difficult to directly compare these

results.
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7.5. Device stability

This study measured the J-V properties of the devices after 0, 336, 504, 672, 840, 1008,
1176 and 1344 hours of storage in a desiccator using an irradiance of 1000 W/m?. The
Voc, Jsc, FF and PCE of the devices were determined from the J-V data. Figures 7.6(a) -
7.6(d) present the devices' normalised Vo, Jsc, FF and PCE as a function of storage
duration. Figure 7.6(a) shows that the Vo of the devices remains practically unchanged
after 1344 hours for both control devices and devices modified with CPFS additive. These

results agree with the Vo degradation reported in [34,38,333].
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Figure 7.6: (a) Normalised Vo, (b) normalised Jsc, (¢) normalised FF and (d) normalised
PCE as a function of CPFS proportion. The devices were stored in a desiccator for 1344

hours.

Figure 7.6(b) shows that the Jsc has a general decreasing trend with time for both devices.
Nevertheless, the Jsc degradation in the devices modified with CPFS additive is less
significant than the degradation of the control devices. The average Jsc of the control
devices degraded by about 11% after about 1344 hours of storage, compared to about 9%
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degradation for the devices modified with 3 pl of CPFS additive, representing an
improvement of 2% for the devices modified with CPFS additive. The Js of the control
devices degraded severely because more MAPbI3 molecules decomposed in the presence

of moisture, reducing photon absorption (see Figure 7.3 (b)).

The Jsc of the devices modified with 3 pl of CPFS additive suffered less degradation. This
can be attributed to the crosslinking bonds between MAPDI3 and CPFS that minimise the
decomposition of MAPDbIz molecules in the presence of moisture. The negligible
degradation in the absorbance of MAPDI3 films modified with 3 pl of CPFS (see Figure
7.3 (b)) provides evidence of the reduced decomposition. This result demonstrates that
the crosslinking bond between MAPbIs and CPFS additive enhances the Jsc stability.

Figure 7.6(c) shows that devices modified with 3 ul of CPFS additive have improved FF
stability relative to control devices. The average FF of the PSCs with 3 pl of CPFS
additive decreased by about 15% after 1344 hours, compared to about 22% degradation
for the control devices. This result represents about a 7% enhancement in FF stability
against the control device. The average FF of the control devices degraded significantly
because many MAPbIs molecules in the control devices decomposed to produce excess
localised Pbl> particles, which acted as additional recombination sites and decreased the
charge extraction of the PSCs [389,390]. The increase in Pbl particles is evident from
the increase in the intensity of Pbl> in the XRD pattern. The FF of the devices based on
MAPbI3 films modified with 3 pl of CPFS additive suffered less degradation because the
films generated fewer Pbl; particles. The negligible increase in the intensity of Pbl, peaks
of MAPDI3 films modified with 3 pl of CPFS (see Figure 7.4 (d)) provides evidence of

the formation of fewer Pbl; particles.

Figure 7.6(d) shows that the devices with CPFS additive exhibit improved stability
compared to the control devices. The average PCE of the perovskite solar cells with 3 pl
of CPFS additive degraded by only 23%, compared to about 33% in the control devices.
This degradation represents an improvement in PCE stability of about 10% for devices
based on films treated with CPFS additives. The poor stability of PCE in the control
devices is caused by a severe decomposition of MAPbIz molecules in the presence of
moisture (see Figures 7.3 (b) and 7.4(d)). The severe deterioration of MAPbI3 molecules
leads to decreased photon absorption and increased recombination sites, reducing the
PCE. The PCE of the devices modified with CPFS additive suffered less degradation due
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to a reduced decomposition by the crosslinking bonds formed between MAPbI3; and
CPFS.

These results demonstrate that altering MAPDIs films with 3 pl of CPFS additive
improves the average Js, FF and PCE stability by 2%, 7% and 10%, respectively,
compared to the control devices. This stability enhancement is probably because CPFS
readily forms crosslinking, strong ionic and intermolecular bonds with perovskite
molecules, thereby enhancing the bond strength and protection against moisture, as
reported in [51-53]. This study demonstrates that a novel CPFS additive enhances the
stability of perovskite solar cells prepared in the air at high relative humidity. The stability
of the devices prepared from MAPDIz modified with 9 pl of CPFS was not studied

because the result was obtained and added during the revision period.

7.6. Summary

This chapter described a novel attempt to use chlorodimethyl(pentafluorophenyl)silane
additive in the fabrication process for improving the stability of perovskite solar cells
(PSCs) prepared in ambient air of high relative humidity. The results showed enhanced
stability of perovskite films and the devices based on MAPbIz modified with 3 pl of CPFS
additive. However, it does not lead to an improvement in the power conversion efficiency
of the devices. These studies demonstrate the benefit of CPFS additive in fabricating
perovskite solar cells in ambient air of high relative humidity. It also provides insights

into silane additives' application for enhancing perovskite solar cells' stability.
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Chapter 8: Humidity-resistant antisolvent process for perovskite solar cells

8.1. Introduction

This chapter aims to develop a humidity-resistant antisolvent process for preparing
perovskite solar cells (PSCs) with improved efficiency and stability at high relative
humidity. Antisolvent treatment is necessary for PSC fabrication because it induces the
crystallisation of perovskite/dimethyl sulphur (IV) oxide (MAPbI3/DMSO) adduct in
dimethyl methanamide (DMM). At high relative humidity, antisolvents with high water
solubility and vapour pressure protect the adduct from moisture interaction and accelerate
the evaporation of DMM during perovskite film deposition. Therefore, developing a
suitable process for fabricating PSCs in ambient air of high humidity is beneficial to the

low-cost and large-scale fabrication of PSCs.

This chapter investigates the effect of using different volumes of methyl ethanoate (MET)
antisolvent on the properties of MAPDI3 films and the performance of the perovskite solar
cells. It also explored the influence of MET, chlorobenzene (CBZ), trichloromethane
(TCM), methyl ethanoate (MET) and methylbenzene (MBZ) antisolvents on MAPbI3
films and device characteristics. Finally, this chapter also studies how mixing methyl
ethanoate and trichloromethane antisolvents affects the efficiency and stability of

perovskite solar cells.

8.2. Chemical structures and properties of antisolvents

The properties of antisolvents significantly affect their effectiveness when preparing
perovskite films at high relative humidity. Antisolvent with high vapour pressure and
water solubility is beneficial in minimising the moisture influence on the MAPDI3 films
during deposition. In addition, antisolvent with moderate dipole moment can remove the
DMM without severely altering the stoichiometry of DMSO in MAPDbIs/DMSO adduct.
However, if an antisolvent has a low dipole moment, it cannot remove the DMM
efficiently. On the other hand, if an antisolvent has a high dipole moment, it will not only
remove the DMM but also change the stoichiometry of DMSO in the MAPbIs/DMSO
adduct. Figures 8.1 (a) — 8.1 (d) present the chemical structures of CBZ, TCM, MET and
MBZ, respectively. The properties of these antisolvents are summarised in Table 8.1. The
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bonds between carbon and highly electronegative chloride and oxygen atoms make CBZ,
TCM and MET polar, while MBZ is non-polar. The high dipole moment of MET, arising
from the C=0 bond makes it more aggressive in removing DMSO. Still, the high-water
solubility and vapour pressure of MET gives it an advantage over CBZ and TCM during

high-humidity fabrication.
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Figure 8.1: Chemical structures of (a) chlorobenzene (b) trichloromethane (c) methyl

ethanoate and (d) methylbenzene

Table 8.1: Properties of chlorobenzene, trichloromethane, methyl ethanoate and
methylbenzene [250,251]

] Vapour pressure  Water solubility ~ Boiling Dipole
Antisolvent
(mmHg) at 23°C (%) at 23°C point (°C)  moment (D)
Chlorobenzene 9 0.05 131.00 1.55
Trichloromethane 160 0.50 61.15 1.04
Methyl ethanoate 173 25.00 56.90 1.71
Methylbenzene 21 0.07 110.00 0.38

8.3. Suitable methyl ethanoate volume for efficient perovskite solar cells

This study aims to establish how the volume of methyl ethanoate antisolvent used for
treating MAPbI3 affects the efficient PSCs prepared in ambient air. Methyl ethanoate was
employed in this study because it has high vapour pressure and water solubility beneficial
for high-humidity fabrication. This study is the first to investigate how the volume of
methyl ethanoate antisolvent for preparing MAPDI3z films affects the performance of
PSCs. Subsection 8.2.1 discusses the preparation of devices, while subsections 8.2.2 and
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8.2.3 describe the results obtained from characterising MAPbIz films and devices,

respectively.

8.3.1. Film and device fabrication

A 15 mg/ml of SnCl,.2H0 solution was used to deposit SnO- layers on FTO substrates.
MAPDI3 films were spin-coated on SnO: layers from 1.50 M solutions of
methylammonium lead iodide (MAPbIz). This study used 80, 100, 150, 200, and 250 pl
of methyl ethanoate antisolvent to treat MAPDI3 films after 15 seconds of spinning. HTL
was deposited on MAPbDI3 layers from an HTL solution containing 90 mg Spiro-
OMETAD, 36 ul of MPPD, 38 pl of FK209 solution (300 gm/ml ethane nitrile) and 22
pl of Li-TFSI solution (520 mg/ml in ethane nitrile) in 1 ml of chlorobenzene. All the
solution-processed processes were carried out in the air (48-50% relative humidity).
Finally, Ag contacts with active areas of 0.15 cm? were deposited on HTLs at sputtering
power, argon flow, argon pressure and sputtering duration of 1.0 W, 15 sccm and 5.0
mTorr, respectively, for 60 minutes. Chapter 3 (Section 3.2) presents the details of the

fabrication process.

8.3.2. Properties of the prepared MAPDbI3 films

Figures 8.2(a) — 8.2(d) present the images of MAPDI3z films on FTO substrates as a
function of methyl ethanoate volume. Figure 8.2(a) shows that the film treated with 80 pl
of methyl ethanoate has significantly inferior quality, as indicated by its greyish
appearance. This observation could be due to the application of insufficient antisolvent,
which probably results in poor extraction of DMM and incomplete MAPbIs/DMSO
adduct crystallisation [391]. Figure 8.2(b) shows that as the volume of methyl ethanoate
increased to 100 pl, the quality of the film appeared to have improved. Hence, the image
shows that the grey appearance observed in Figure 8.2(a) has become darker. Figure
8.2(c) shows no observable change in the formation of the films treated with 100 and 150
ul of methyl ethanoate. There is no noticeable change because normal eyes cannot
differentiate the minute changes in the quality of films from the image. Figure 8.2(d)
reveals that as the volume of antisolvent increased from 150 to 200 pl, the coatings
appeared slightly more greyish. Consequently, AFM, XRD and a UV-Visible
spectrometer were employed to investigate the films further.
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Figure 8.2: Images of MAPDIs films treated with (a) 80 ul (b) 100 pul (c) 150 ul and (d)
200 pl of methyl ethanoate.

a)-b
C).d

Figures 8.3(a) — 8.3(e) present MAPbDIs films studied using AFM. The AFM images in
Figures 8.3(b) - 8.3(¢) show that films treated with 100, 150, 200 and 250 ul of methyl
ethanoate appeared to have similar morphology. Conversely, Figure 8.3(a) indicates that
the AFM image of the films treated with 80 ul of methyl ethanoate appeared to have the
worst surface roughness. Insufficient antisolvent could likely impede the formation of

smooth MAPDI3/Spiro-OMETAD interfaces, resulting in poor device performance [392].
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Figure 8.3: AFM images of MAPDI3 films treated with (a) 80 pl, (b) 100 pl (c), 150 pl,
(d) 200 pl of methyl ethanoate, and (e) 250 pul of methyl ethanoate

These images indicate that the surface smoothness of the films increased significantly as
the volume of methyl ethanoate increased from 80 to 150 ul. However, the surface
smoothness decreased slightly when the volume of methyl ethanoate further increased
from 100 to 250 pl. This decrease in smoothness is possible because using 200 or 250 pl
of MET causes excess removal of DMSO from the MAPbI3/DMSO adducts, resulting in

155



fast nucleation and rough surfaces. These results suggest that 150 pl is a suitable volume
of methyl ethanoate for depositing MAPDIs films with excellent surface smoothness. This
conclusion is probably accurate for experiments using 15 mmx20 mm substrates at high
humidity. Furthermore, the low surface roughness of the films treated with 150 pl will
likely lead to devices with low Rgc s and high R r and, thus, good photovoltaic
performance [175,355,393-397].

The RMS of MAPbDIs films were extracted from the AFM images using WSxM and
Gwyddion software. Figure 8.4(a) shows the RMS roughness of the coatings as a function
of the volume of methyl ethanoate. The results indicate that the roughness of the films
decreased significantly when the volume of methyl ethanoate increased from 80 to 100
pl. The film roughness remained virtually the same when the MET volume increased
from 100 to 150 pl. However, RMS roughness increased slightly when the volume of
methyl ethanoate rose from 150 to 250 pl. Films treated with 80 pul of methyl ethanoate
are roughest because an insufficient amount of antisolvents was used. These results
suggest that 150 pl is a suitable volume of methyl ethanoate for depositing MAPbI3 films
with excellent morphology and surface smoothness. This conclusion is accurate for
experiments using 15 mmx20 mm substrates at high humidity. The low surface roughness
of the films treated with 150 pl will likely lead to devices with low Rqc f and high Ryc r
and, thus, good photovoltaic performance [175,355,393-397].

The films were also studied using the XRD method. Figure 8.4(b) shows the XRD pattern
of FTO and MAPDI3 films on FTO substrates as a function of the volume of methyl
ethanoate. The results show that all the MAPDI3 films have crystalline structures and that
their peak intensity (preferred direction), relative to FTO peak intensity (preferred
direction), attained a maximum value at 100 pl. Relative to FTO, MAPDI3 peaks of 0.8,
1.08, 0.95 and 0.84 resulted from films treated with 80, 100, 150 and 200 pl, respectively.
These results suggest that MAPbIs films treated with 100 pl of methyl ethanoate have the
thickest films. Films treated with 80 pl of methyl ethanoate seem to have low peak
intensity, indicating poor crystallinity due to insufficient antisolvent. The results also
show that the peak intensity of the films decreased when the amount of methyl ethanoate
increased from 100 to 200 pl. Therefore, the XRD measurement suggests that the film

thickness decreased when the antisolvent volume increased beyond 100 pl.
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Figure 8.4: (a) RMS roughness, (b) XRD spectra, (c) Absorbance spectra and (d) Tauc
plot of MAPDIs films as a function of methyl ethanoate volume. FTO substrate (TEC-8)
was used for this XRD study.

Figures 8.4(c) and 8.4(d) show the absorbance spectra and the corresponding Tauc plots
of MAPDI3 films as a function of antisolvent volume. These results indicate that for
wavelengths above 480 nm, the absorbance of the MAPDI3 films decreased as the volume
of methyl ethanoate increased from 80 to 250 pl. This reduced absorbance is due to the
removal of MAI molecules by antisolvent, which reduces film thickness
[137,205,335,336]. Below 480 nm, all the films appeared to have almost the same
absorbance. The MAPDI3 films treated with 80 pl of methyl ethanoate have the highest
average absorbance. The Tauc plots also show that the Eg of the MAPDIs films varied
from 1.58 to 1.61 eV as the volume of methyl ethanoate was increased from 80 to 250 pl,
decreasing slightly when the antisolvent volume increased to 250 ul. The available data

could not explain Eg's variation with the methyl ethanoate volume.
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8.3.3. Photovoltaic performance of the devices

Figure 8.5 presents the J-V curves of the devices as a function of the volume of methyl
ethanoate. Table 8.2 summarises the device parameters. The results show that when the
volume of methyl ethanoate increased from 80 to 150 pl, the Vo and FF of the devices
increased while the Jsc decreased. The improvement in Voc and FF arises from enhanced
charge carrier extraction [398—400].
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Figure 8.5: J-V curves of the best devices as a function of the volume of methyl ethanoate

antisolvent.
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Table 8.2: Photovoltaic parameters of the device as a function of methyl ethanoate volume

(the rows denoted “Best” represent the data obtained from the best solar cells of the batch;

the rows denoted “Av” represent the average of all cells)

Volume VooV)  Js FF(%)  Rdacf Rdcr PCE (%)
(1) (mA/cm?) Q@ (kY
80 Best 0.91 23.68 49.07 100 1.4 1056

Av  0.90£0.02 22.53+1.38 47.10+1.62 9.56+0.72
100 Best 1.07 22.00 67.89 60 234 15.99

Av  1.05£0.02 21.44+0.41 63.20%5.01 14.31+1.58
150 Best 1.09 21.90 70.55 55 400 16.82

Av  1.08+0.01 21.44+0.61 69.08+0.85 16.01+0.52
200 Best 1.07 19.84 68.61 60 111 1461

Av  1.07£0.01 19.18+0.46 66.62+1.99 13.64+0.58
250 Best 1.09 21.83 60.40 81 84 1435

Av  1.05+0.05 21.94t0.19 59.58+1.08 13.69+0.94

The charge extraction from the devices improved because of the reduction in surface
roughness, which minimises the Rqc_fand maximises the Rqc . On the other hand, the Jsc
obtained decreased due to reduced photon absorbance (see Figure 8.4(c)). Consequently,
the enhancement in both Vo and FF overcompensates the degradation in Js, thereby
increasing the PCE of the devices. As the volume of methyl ethanoate rose from 150 to
200 pl, the devices' Voc, PCE, FF and Jsc decreased. The Voc and FF of the devices treated
with 200 ul were low, probably due to increased surface roughness [401]. Large surface
roughness led to significant interface resistance at the MAPDIs/Spiro-OMETAD
interface, thereby resulting in an increase in Rqc_ ¢ and a decrease in Rqc_r. In addition, the
decline in Jsc could be due to a reduction in light absorption and an increase in current
leakage. The absorbance of the films treated with 200 ul of methyl ethanoate dropped
because the film thickness reduced and the Eg increased [36].

8.4. Suitable antisolvents for preparing perovskite solar cells in humid air

This study explores suitable antisolvents for preparing efficient perovskite solar cells at

high relative humidity. Having successfully established the optimal volume of methyl
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ethanoate (MET) required for preparing PSCs in ambient air, chlorobenzene (CBZ),
trichloromethane (TCM), MET and methylbenzene (MBZ) antisolvents were
comparatively studied to establish their suitability for preparing PSCs at high relative
humidity. These antisolvents were selected for this study because they are readily
available and have wide application in perovskite solar cells. Subsection 8.4.1 presents
device fabrication, while subsections 8.4.2, 8.4.3 and 8.4.4 discuss the results from

characterising MAPDI3 films and devices.

8.4.1. Film and device fabrication

The devices were fabricated using the same conditions and parameters described in
Section 8.3.1, except for MAPDI3 films treated with 150 pl of either CBZ, TCM, MET or
MBZ antisolvents. Chapter 3 (Section 3.2) presents the details of the device fabrication

process.

8.4.2. Properties of the prepared MAPDbI3 films

AFM, UV-Vis spectrometer, XRD and FTIR techniques were used to study MAPbIs films
treated with CBZ, TCM, MET, or MBZ antisolvents. Figures 8.6(a) — 8.6(d) present the
images of MAPbIs films deposited on FTO substrates. Figure 8.6(a) indicates that films
treated with CBZ have some degree of haziness, indicating the presence of pinholes, light
scattering characteristics and poor qualities [34]. The observed poor film quality could be
due to low vapour pressure and water solubility of CBZ (see Table 8.1), which make it
less effective in protecting the MAPDbIs/DMSO adducts against moisture during
deposition [37].
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f) h)

Figure 8.6: Images of annealed MAPDI3 films (a) treated with CBZ on day 1 (b) treated
with TCM on day 1 (c)treated with MET on day 1 (d) treated with MBZ on day 1 ©
treated with CBZ on day 65 (f) treated with TCM on day 65 (g) treated with MET on day
65 and (h) treated with MBZ on day 65.

Figure 8.6(b) shows that perovskite films treated with TCM have improved qualities. The
film quality could have improved because TCM has high vapour pressure, which makes
it relatively effective in protecting the MAPbIs/DMSO adducts against moisture
interference during film deposition (see Table 8.1). Similarly, TCM has moderate dipole
moments that can induce the crystallisation of the MAPDbI3/DMSO adducts from the
solution without extracting a significant amount of DMSO from the adduct. Figure 8.6(c)
shows that films treated with MET have excellent qualities (dark and reflecting). This is
because methyl ethanoate has very high vapour pressure and water solubility, which
makes it quite effective in protecting films against moisture interference [402].

Figure 8.6(d) also indicates that films treated with methylbenzene have poor morphology,
as demonstrated by the high haziness of the prepared films. The inferior quality of films
treated with methylbenzene is likely due to two factors. Methylbenzene has a relatively
low dipole moment, which makes it ineffective in inducing the crystallisation in
perovskite solution. This could result in a prolonged nucleation process and rewetting,
which prolonged the exposure of the adducts to the humid environment. Secondly,
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methylbenzene has considerably low vapour pressure and water solubility, which makes
it ineffective in protecting the MAPbIs/DMSO adducts against moisture [37].

Figures 8.6(-) - 8.6(h) show the images of the MAPbI;z films captured after 65 days of
storage in a desiccator. The images show that films treated with trichloromethane or
methyl ethanoate were the least bleached after 65 days. Nevertheless, films treated with
MET were less bleached than those treated with TCM because MET antisolvent has high
water solubility and dipole moment. The results indicate that films treated with
chlorobenzene or methylbenzene bleached significantly after the same period. However,
films treated with chlorobenzene appeared to have been bleached less than those treated
with MBZ. MBZ has quite a low dipole moment, low vapour pressure and water
solubility, which make it less valuable as an antisolvent relative to CBZ. These results

demonstrate that MET treatment results in films with enhanced stability.

TCM MET cBZ MBZ

Antisolvent
Figure 8.7: AFM images of MAPDI;s films treated with (a) CBZ, (b) TCM, (c) MET, (d)
MBZ and (e) RMS roughness of MAPDI3 films immediately after deposition annealing.

Figures 8.7(a) — 8.7(d) present the AFM images of the films captured immediately after
preparation. The AFM images show that the films treated with methyl ethanoate and
trichloromethane have good qualities. In contrast, films treated with CBZ and MBZ

antisolvents appear to have poor morphology.
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The RMS roughness of the films was extracted from the AFM images using WSxM
software. Figu©8.7(e) shows that the films treated with MET and TCM have low RMS
roughness relative to the films treated with CBZ, while films treated with MBZ have
significantly the largest RMS roughness. Films treated with MET, TCM, CBZ, and MBZ
showed RMS roughness of 21 nm, 20 nm, 22 nm, and 32 nm, respectively. These results
suggest that devices based on films treated with TCM, MET, or CBZ could have low

interface resistance because of reduced RMS roughness [355].

Figures 8.8(a) —8.8(b) present the absorbance spectra and the Tauc plots of the MAPDI3
films treated with different antisolvents. The absorbance spectra show that for
wavelengths above 500 nm, the films treated with MBZ and CBZ have the highest
absorbance. The absorbance seems higher in films treated with MBZ and CBZ
antisolvents because these films cause more light scattering. On the other hand, the results
show that films treated with trichloromethane or methyl ethanoate have higher
absorbance over the wavelength ranging from 400 nm - 500nm. Still, the available data

could not explain the reason for this observation. Further investigation is needed.

Figure 8.8(b) shows that the Eg of the MAPbDIs films is slightly antisolvent-dependent.
The Eg varies from 1.55 eV -1.61 eV, with the films treated with MBZ having the lowest
Eg and those treated with MA having the widest Eg. The reason for this observation is not

yet understood.
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Figure 8.8: (a) Absorbance spectra, (b) Tauc plots, (c) XRD spectra and (d) FTIR spectra
of MAPDI3 films immediately after preparation for different antisolvents. FTO substrate

(TEC-8) was used for this XRD study.

Figures 8.8(c) — 8.8(d) show the XRD and FTIR spectra of films treated with different
antisolvents. The XRD spectra in Figure 8.8(c) indicate that the MAPbIs films treated
with MET and TCM have a preferred crystal growth direction at 14.02°, consistent with
the preferred direction reported for the films prepared in the glovebox [403]. These results
suggest that MET and TCM are suitable for preparing perovskite films at high relative
humidity. In contrast, the preferred crystal growth direction appeared at 24.8° for the films
treated with CBZ and MBZ. The results also indicate that CBZ and MBZ may not be
suitable for preparing quality MAPbIs films at high relative humidity [403]. The FTIR
spectra in Figure 8.8(d) reveal that all the films have peaks at 910, 1470 and 3181 cm™.
These peaks closely agree with 920, 1500 and 3200 cm™ reported in [384]. The results
also indicate the presence of a peak at 1020 cm™ in films treated with methylbenzene.

This peak represents a CH3 rocking, as reported in [404].
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8.4.3. Photovoltaic performance of the devices

Figure 8.9 shows the J-V curves of the devices prepared using different antisolvents,
while Table 8.3 summarises the photovoltaic parameters of the devices. The results show
that devices treated with MET achieved the best PCE and Vo while those treated with
MBZ had the lowest PCE and V. The devices treated with MET attained high Voc
probably because of the reduced carrier recombination, interface resistance and wide Eg
(see Figures 8.7(e) and 8.8(b)). These results are consistent with reports that the Vo of
photovoltaic devices increases with Eg [73,112].

Similarly, devices treated with CBZ, TCM, MET, and MBZ have virtually the same J.
Also, the devices treated with CBZ, MBZ and MET have nearly the same FF, while those
treated with MBZ have poor FF. The reduced Voc and FF of the devices treated with MBZ
are likely due to an increased RMS roughness, as reported in [349,405].
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Figure 8.9: J-V curves of the best devices treated using different antisolvents.

165



Table 8.3: Photovoltaic parameters of the devices treated using different antisolvent (the

rows denoted “Best” represent the data obtained from the best solar cells of the batch; the

rows denoted “Av” represent the average of all cells)

Antiso Voc(V) Jsc FF (%) Rdc Rdcr PCE (%)
Ivent (mA/cm?) t (kQ)
Q)

CBzZ Best 1.04 22.38 72.26 43 135 16.80

Av 0.99+0.04 22.12+0.32 69.61+2.02 15.31+1.10
TCM  Best 1.05 22.93 72.32 45 36.2 1742

Av 1.04£0.01 22.66+0.44 71.62%+0.80 16.91+0.39
MET  Best 1.09 22.93 72.17 45 25.0 18.10

Av 1.09£0.00 22.49+0.43 71.18+1.16 17.50£0.51
MBZ  Best 0.86 23.00 62.46 51 10.0 12.37

Av 0.86x0.01 22.71+0.30 59.04+2.37 11.57+0.59

8.4.4. Device stability

The J-V measurement was performed after 0, 192, 360, 528, 696 and 864 hours of storage
in a desiccator. The devices' Vo, Jsc, FF and PCE were determined from the measured J-
V characteristics. Figures 8.10(a) - 8.10(d) present the normalised Voc, Jsc, FF and PCE
as a function of antisolvent and storage time. Figure 8.10 (a) indicates that the Vo of the
devices degraded only slightly after 864 hours, and it appeared to be independent of the
antisolvent applied.

Conversely, Figure 8.10(b) shows that the average Jsc of the devices treated with MBZ
degraded by about 57% after 864 hours, while the Jsc of devices treated with other
antisolvents degraded more slowly. The severe degradation in the Jsc of devices based on
MAPDI3 films treated with MBZ can be attributed to the decomposition of a significant
amount of MAPbIz molecules, leading to reduced photon absorption. The quick
deterioration of the films treated with MBZ could be due to multitudes of pinholes that
act as moisture entry points. On the other hand, the high vapour pressure and water
solubility of MET result in compact films with fewer entry points for moisture and,

therefore, fewer decomposition of MAPbIs molecules. Hence, the average Jsc of the
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devices based on films treated with MET degraded by only 6%, while the devices
prepared from films treated with CBZ and TCM decreased by about 22% and 8%,

respectively.

Figure 8.10(c) also indicates that the average FF of devices fabricated from films treated
with MBZ degraded by 53% after 864 hours compared to 25%, 21% and 10% for the
devices prepared from MAPDIs treated with CBZ, TCM, and MET antisolvents,
respectively. PSCs from films treated with MBZ have the worst FF degradation because
many Pbl, particles, which act as carrier recombination sites, were produced from the
decomposition of MAPbIs molecules. The devices treated with MET exhibit the lowest
degradation in FF because films treated with MET generated the least Pbl>, which could

act as localised recombination sites.
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Figure 8.10: Normalised (a) Voc (b) Jsc (c) FF and (d) PCE of devices, all parameters as a

function of antisolvent and storage duration.

Figure 8.10(d) shows that the average PCE of the devices prepared from films treated
with MET degraded by 16% after 864 hours compared to PCE degradation of 25% for

the devices based on films treated with TCM. The results also show that the average PCE
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of the devices prepared from films treated with CBZ and MBZ degraded by 51% and
80%, respectively. The observed degradation in PCE of the devices is a result of the
combined degradation of both Jsc and FF. Devices treated with MET are the most stable
because the antisolvent protects the MAPbI:/DMSO adducts from moisture interference
during deposition. Similarly, the devices treated with TCM also showed a reasonable
level of stability. MET and TCM protect MAPbI3/DMSO adducts against moisture due
to their high vapour pressure at room temperature, but MET has better protection than
TCM due to its high-water solubility. Low vapour pressure and water solubility of CBZ
and MBZ limit their ability to protect MAPbIs/DMSO adducts against moisture
interference during fabrication. Consequently, the devices treated with CBZ and MBZ
have the worst stability overall. However, the devices treated with CBZ appeared more
stable than those treated with MBZ. The low dipole moments of MBZ cause the films
treated with it to suffer from a slow nucleation process and rewetting. This slow
nucleation process and rewetting prolong the exposure of the MAPbI:/DMSO to
moisture, resulting in poor film quality and stability. These results demonstrate that
devices treated with MET have the best Jsc, FF and PCE stability and, therefore, the most

suitable antisolvents for preparing PSCs in ambient air among the antisolvents studied.

8.5. Improving the stability and PCE of PSCs using mixed antisolvents

This study investigates how mixing methyl ethanoate and trichloromethane antisolvents
affects the PCE and stability of PSCs prepared at high relative humidity. Combining these
antisolvents reduces the solubility of DMSO in the resultant antisolvent and ensures that
the optimal amount remains in the MAPbIs/DMSO adducts. This process could enhance
the quality of MAPDI3 films and improve the efficiency and stability of PSCs prepared in

ambient air.

8.5.1. Film and device fabrication

The devices in this study were prepared using the same parameters and conditions
described in Section 8.3.1. In addition, however, the MAPDbIz films were treated with
methyl ethanoate mixed with trichloromethane (0%, 15%, 30%, 45%, and 60%). Chapter

3 (section 3.2) presents the details of the device fabrication process.
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8.5.2. Properties of the prepared MAPDI3 films

Figure 8.11(a) shows the image of MAPbIs film before the application of antisolvent and
annealing. The films seem yellow due to lead iodide in the solution since the perovskite
films have not formed. Figures 8.11(b) - 8.11(e) show the image of MAPDI3 films after
applying antisolvents but before annealing. The film images show that the colour of the
unannealed films became lighter as the proportion of trichloromethane increased from
0% to 45%. The results indicate that films treated with methyl ethanoate (100%) are deep
brown, suggesting partial perovskite formation even before annealing. This observation
is probably because a substantial proportion of the DMSO was extracted from the
MAPDI3/DMSO adducts by the methyl ethanoate due to its high dipole moment.
Removing a considerable proportion of DMSO from the MAPDbI3/DMSO adducts fastens
the nucleation process. Consequently, dark brown films formed as a substantial
proportion of MAPbIs/DMSO adducts have been partially converted to perovskite, even
before annealing [204]. Conversely, the films treated with antisolvent containing methyl
ethanoate (55%) and trichloromethane (45%) appeared light. This observation indicates
a delay in the nucleation process and that it may take longer annealing to complete

perovskite formation than films treated with methyl ethanoate.

Figures 8.11(f) — 8.11(i) present the images of the MAPbI3 films after applying antisolvent
and annealing. All the images appear dark, suggesting that they have good qualities.
Hence, the possible differences in film quality are not visually noticeable. Consequently,
more advanced instruments like AFM and SEM are required to identify any possible
change in the film qualities.
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Figure 8.11: Images of MAPbDIs films treated with methyl ethanoate (MET) only and
treated using the mixture of methyl ethanoate with trichloromethane (TCM) before and
after annealing. The films were deposited at 4000 rpm for 30 seconds and annealed at
110°C for 15 minutes under 50-55% RH.

The MAPDI3 films were examined using FE-SEM to inspect their surface morphology.
Figures 8.12(a) - 8.12(d) show the SEM images of films treated with a different mixture
of methyl ethanoate and trichloromethane. The SEM images show that all the films have
good crystallinity, morphology, and compactness. Furthermore, a detailed inspection
shows that the films treated with methyl ethanoate (85%) mixed with trichloromethane
(15%) have a smoother surface than those treated with methyl ethanoate (100%). This is
because the solubility of DMSO in the mixed antisolvent decreased, leading to a more
optimised DMSO amount in the MAPbI3/DMSO adduct.
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Figure 8.12: SEM images of MAPbI; films treated with methyl ethanoate mixed with (a)
0% trichloromethane, (b) 15% trichloromethane, (c) 30% trichloromethane and (d) 45%

trichloromethane.

The results indicate that grain size increased as the trichloromethane proportion increased
from 15% to 30%. This is because the solubility of DMSO in the mixed antisolvents
decreased, leaving slightly more DMSO in the MAPbIs/DMSO adduct. More DMSO
slowed the speed of the nucleation process slightly and resulted in larger crystals, which
are beneficial to improving the power conversion efficiency. However, the slow
nucleation process in the MAPbIs/DMSO adduct with excess DMSO may result in
pinholes and defects between larger grains, which open pathways for moisture penetration
and degradation in the stability. Furthermore, the grain size and surface smoothness
degraded when the trichloromethane percentage increased from 30% to 45%. In addition,
the solubility of DMSO in the mixed antisolvents was reduced further, leaving excess
DMSO in the MAPDI3/DMSO adduct. Excess DMSO delays the nucleation process,
causes rewetting and, consequently, a degradation in the film quality [35,36,406]. These

results indicate that the perovskite films treated using methyl ethanoate mixed with 15%
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and 30% trichloromethane have the best quality regarding surface smoothness, grain size,

and compactness.

Figure 8.13: AFM images of MAPblIs films treated with methyl ethanoate mixed with (a)
0% trichloromethane, (b) 15% trichloromethane, (c) 30% trichloromethane, (d) 45%

trichloromethane and (d) 60% trichloromethane.

Figures 8.13(a) — 8.13(d) show the AFM images for the films treated using the methyl
ethanoate mixed with 0%, 15%, 30%, 45% and 60% of trichloromethane, respectively.
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The AFM images indicate that all the films exhibit good morphology of typical perovskite
films. However, the films treated with methyl ethanoate (70%) mixed with
trichloromethane (30%) have the best surface smoothness. AFM image analysis using
WSxM and Gwyddion software confirms this observation. Figure 8.14(a) shows that
films treated with methyl ethanoate (70%) mixed with trichloromethane (30%) and
methyl ethanoate (85%) mixed with trichloromethane (15%) achieved the lowest RMS
roughness. Figure 8.14(b) showed the decrease in the solubility of DMSO in the mixed
antisolvent when the proportion of TCM increased, indicating that the film smoothness

improvement could be related to DMSO solubility in the antisolvent.

Figures 8.14(c) and 8.14(d) show the XRD data of MAPbI3 films on FTO substrates taken
at 0 hours and after 384 hours of storage, respectively. The results obtained at 0 hours
show that MAPDI3 peaks occurred at 20 =14.1°, 28.4° and 31.8° and were independent of
the mixed antisolvent composition. These peaks agree with the peaks reported elsewhere
[358]. The peak at 14.02°is the preferred crystal growth direction for the MAPbI3 films,
while the peak at 37.9° is the preferred crystal direction for the FTO layer. The XRD
measurements show that the ratio of the MAPbI3 peak intensity at 14.02° to the FTO peak
intensity at 37.9° increased with an increase in the trichloromethane proportion. The result
indicates that the thickness of MAPbIs films increased when the amount of

trichloromethane in the antisolvent mixture increased.

Moreover, the XRD spectra measured after 384 hours (see Figure 8.14(d)) show that the
peak intensity of MAPbI3 (14.02°) relative to the peak intensity of FTO (37.9°) degraded
by about 9% for the films treated with the methyl ethanoate. However, films treated using
methyl ethanoate mixed with 15%, 30% and 45% of trichloromethane degraded by 0%,
0% and 15%, respectively. This result indicates that the MAPDIs films treated using MET
mixed with 15% and 30% trichloromethane remained unchanged. Conversely, the films
treated with methyl ethanoate (100%) or methyl ethanoate (55%) mixed with
trichloromethane (45%) degraded. Figure 8.14(d) shows that the Pbl, phase emerges for
all films after 384 hours of storage. The Pbl. peaks indicate the decomposition of MAPDI3
due to moisture penetration [407]. Furthermore, the Pbl, peaks revealed that films treated
with methyl ethanoate (85%) mixed with trichloromethane (15%) were the most stable

and produced the least amount of Pbl, particles after 384 hours.
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Figure 8.14: The effect of trichloromethane (TCM) proportion mixed with methyl
ethanoate (MET) on (a) RMS roughness of MAPbIs films, (b) solubility of DMSO in the
resultant antisolvent, (c) XRD spectra of MAPDIs films at 0 hours and (d) XRD spectra
of MAPDIs films after 384 hours storage.

The UV-Visible measurement was conducted on MAPDIs films treated using MET mixed
with different proportions of TCM antisolvents after 0 and 384 hours of storage. Figures
8.15(a) - 8.15(d) show the measured absorbance spectra and the related Tauc plots. The
results obtained at 0 hours show that over the wavelength range of 400 nm — 500 nm, the
MAPbDI3 films treated using the MET mixed with TCM antisolvents have better
absorbance than those treated with methyl ethanoate (100%). Hence, films treated with
methyl ethanoate (100%) have an average absorbance of 1.725 compared to 1.77, 1.81,
1.75 and 1.799 obtained from films treated with methyl ethanoate mixed with 15, 30,
45% and 60% of TCM. These results indicate that the absorbance of the MAPbIs films
seems independent of the mixed antisolvent composition. Furthermore, the Tauc plots
show that the energy bandgap (Eg) of MAPbIs films is about 1.59 eV and independent of

the mixed antisolvent composition.
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Figure 8.15: (a) Absorbance of MAPDIs films after O hours, (b) Tauc plots of MAPbIs
films after O hours, (c) absorbance of MAPDIs films after 360 hours, and (d) Tauc plots
of MAPbI; films after 360 hours. The MAPDI3 films were treated with methyl ethanoate
(MET) mixed with different proportions of trichloromethane (TCM)

The UV-Visible measurements after 360 hours show that the average absorbance of the
films treated with methyl ethanoate (100%) degraded by about 5%. Conversely, the films
treated with methyl ethanoate mixed with 15%, 30% and 45% trichloromethane suffered
average absorbance degradation of 0%, 2% and 2%, respectively. Hence, the films treated
with methyl ethanoate (85%) mixed with trichloromethane (15%) suffered the least
degradation. The improved surface smoothness of these films (SEM image in Figure
8.12(b)) suppresses moisture ingress and MAPbIs decomposition. The improvement in
the surface smoothness of the MAPDI3 could be beneficial in improving the stability and
efficiency of the PSCs. It should be noted that the films treated with methyl ethanoate
(40%) mixed with trichloromethane (60%) were fabricated and investigated during the

revision period. Hence, their stability was not investigated because it is challenging to
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ensure that the films are exposed to the same environmental conditions as the other films
during the previous stability testing.

8.5.3. Photovoltaic performance of the devices

The impedance characteristics of the devices were measured using illumination of 1000
W/m? and a DC bias of 1.0 V. The junction capacitances of the PSCs were extracted from
the impedance data using ZSimpWin software and presented in Figure 8.16(a). The
results show that the junction capacitance increased as the TCM proportion increased
from 0 to 30%, attaining the maximum at 30% trichloromethane. These results indicate
that devices treated with methyl ethanoate (70%) mixed with trichloromethane (30%)
have the best charge extraction. The results also showed a further decrease in junction

capacitance when the trichloromethane proportion increased from 45% to 60%.

Figure 8.16(b) presents the J-V curves of the best devices for different trichloromethane
proportions. Table 8.4 summarises the critical photovoltaic parameters for these devices
and the average values of all devices. The results show that the devices' average Jsc, FF
and PCE increased slightly when the trichloromethane proportion increased from 0% to
30%. The Jsc increased because an increase in light absorption ((see Figure 8.15(a)))
increases charge generation while low Rqc + minimises leakage current via the Rqc r. A
decrease in the Rqc ¢ value could result from the reduction in interface resistance, which
depends on the surface roughness of the MAPbIs films. An increase in the FF indicates
an improvement in carrier extraction. The junction capacitance results in Figure 8.15(a)
support this explanation. The results show that devices treated with methyl ethanoate
(70%) mixed with trichloromethane (30%) have the best PCE, despite having similar
surface smoothness as devices treated with methyl ethanoate (85%) mixed with
trichloromethane (15%). This observation might be because the devices treated with
methyl ethanoate (70%) mixed with trichloromethane (30%) have slightly larger grains.
Films with good coverage and large grain sizes result in better device performance due to

the reduced grain boundaries, which act as recombination sites [45,50,260].
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Figure 8.16: (a) Junction capacitance and (b) J-V curves of the devices treated with methyl
ethanoate mixed with trichloromethane and J-V curve in the literature [39]. The devices
were prepared at 50 -55% RH
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Table 8.4: Photovoltaic parameters of the device treated with methyl ethanoate mixed
with trichloromethane (the rows denoted “Best” represent the data obtained from the best
solar cells of the batch; the rows denoted “Av” represent the average of all cells). The

data by Jung et al [39] is also included as a reference for comparison.

. Voc Jsc FF Rdc_f Rdc_r PCE
Antisolvent
V) (mA/cm2) (%) Q@ (kQ) (%)
100% Best 1.10 23.49 66.08 &7 13.9 17.13
MET Av  1.09+0.02 21.99+1.02 64.72+1.37 ' 15.48+0.92
85% MET Best 1.08 23.62 67.70 17.34
+ 15% 57 195
Av  1.09+0.02 22.66+1.10 65.92+3.38 16.21+1.15
TCM
70% MET Best 1.10 23.26 72.76 18.55
+ 30% 42 20.0
Av  1.09+0.02 22.70+0.93 69.59+2.05 17.16+0.94
TCM
55% MET Best 1.09 23.27 69.66 17.59
+ 45% 55 13.0
Av  1.09+0.01 22.33+1.36 68.20+1.77 16.55+1.06
TCM
40% MET Best 1.09 24.34 62.33 81 104 16.46
+ 60%
Av  1.07+0.02 24.18+0.21 61.52+0.84 15.92+0.34
TCM
Ref-4 [39] Best 1.08 24 .82 82.15 22.06

When the trichloromethane proportion increased from 30 to 45%, the Voc and FF of the
devices decreased slightly while the Jsc remained practically the same. The Jsc remained
almost the same since there was only a minor difference in the average absorbance
between these films. However, the FF and Vo of the devices decreased when the TCM
proportion increased to 45%. This is likely due to a reduced charge carrier extraction, as
indicated by the junction capacitance in Figure 8.16(a). The degradation of FF and Voc
causes a decrease in the PCE of the devices treated with methyl ethanoate (55%) mixed
with TCM (45%). A further increase in trichloromethane from 45% to 60% led to a
decrease in Voc and FF, probably because of the reduced charge extraction. These results
show that devices treated with methyl ethanoate mixed with 30% TCM have slightly

better performance immediately after fabrication. Jung et al. [39] have reported a higher
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PCE using a similar approach. However, it is difficult to compare directly because the
perovskite materials, antisolvents, contact materials, contact deposition method, and

laboratory conditions are different.

8.5.4. Device stability

This study investigates how mixing methyl ethanoate and trichloromethane affects the
stability of PSCs prepared in ambient air. The J-V parameters of the devices were
measured after 0, 216, 360 and 552 hours of storage in a desiccator. The devices' Voc,
Jsc, FF and PCE were determined from the J-V data. Figures 8.17(a)-8.17(d) present the
devices' normalised Vo, Jsc, FF and PCE as a function of TCM proportion in the methyl
ethanoate. Figure 8.17(a) shows that the Voc remains virtually unchanged after 552 hours
of storage for all devices. The Voc remained stable for all the PSCs, probably because the
work function of both FTO substrates and the Ag contacts did not change after

degradation [93]. However, there is no available data to confirm this assumption.

g p——m————y | |

3 3

£ 2

& : &

< 0.9 {——100% MET =

> |——85% MET + 15% TCM = 099 00% MET

B |——70%MET +30% TCM B |——85%MET +15% TCM

2 |—55% MET + 45% TCM 2 ——70% MET + 30% TCM

[}

B os £ |——55%MET +45% TCM

£ E 0.8

[=]
4 -4
0.7 ‘ ‘ : 0.7 . . .
0 150 300 450 600 0 150 300 450 600
Storage duration (hour) Storage duration (hour)

o) _ d 3

5 =

1.0 5 1.0

5 £

g 3

)

E 3 0.9

%09 g %31~ 100% MET

@ |=——100% MET ® e 85% MET + 15% TCM

5 |——85% MET +15% TCM £ |—70% MET +30% TCM

E .8~ 70% MET + 30% TCM £ 0.8 |——55% MET + 45% TCM

6 "% 1——55% MET + 45% TCM 5

=z z

0.7 ‘ . . 0.7 . . .
0 150 300 450 600 0 150 300 450 600
Storage duration (hour) Storage duration (hour)
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In contrast, Figure 8.17(b) shows that Jsc decreases with time for all devices. However,
the devices treated with the mixed antisolvents degraded more slowly than those treated
with the methyl ethanoate (100%). The Jsc of the devices treated with methyl ethanoate
(100%) degraded by about 10% after 552 hours. Conversely, PSCs treated with methyl
ethanoate mixed with 15%, 30% and 45% trichloromethane deteriorated only by 3%, 6%
and 4%, respectively. Figure 8.17(c) shows that the device treated with methyl ethanoate
(85%) mixed with trichloromethane (15%) suffered the least FF degradation of 3%, while
devices treated with methyl ethanoate (100%) degraded most by 13%. The devices treated
using methyl ethanoate mixed with 30% and 45% trichloromethane show 10% and 14%
FF degradation, respectively. Figure 8.17(d) shows that the device treated with methyl
ethanoate (100%) has the worst PCE stability, with a degradation of 22% after 552 hours.
In comparison, PSCs treated with methyl ethanoate mixed with 15% trichloromethane
suffered PCE degradation of 7%. The results also show that the devices treated with
methyl ethanoate mixed with 30% and 45% trichloromethane degraded by 15% and 17%,
respectively. These results demonstrate that all the devices treated with methyl ethanoate
mixed with trichloromethane have improved stability over devices treated with methyl
ethanoate (100%). Consequently, devices treated with methyl ethanoate (85%) mixed
with trichloromethane (15%) exhibit the most improved stability. These results
demonstrate a clear correlation between stability and surface smoothness. The study also
reveals that the degradation of perovskite solar cells is associated with the decomposition
of MAPDI3 films. Therefore, using appropriate antisolvent mixtures for treatment could
mitigate the deterioration. Note: the stability data for the devices treated with methyl
ethanoate mixed with 60% trichloromethane was not available as explained in section
8.5.2.

8.6. Summary

This chapter investigated the effects of antisolvent treatments on the efficiency and
stability of perovskite solar cells prepared in ambient air. The study on how the volume
of methyl ethanoate affects the performance of devices showed that devices based on
films treated with 150 pl methyl ethanoate have the best efficiency. Investigation into
applying CBZ, TCM, MET, and MBZ antisolvents in PSCs indicated that devices based
on films treated with MET exhibited the best efficiency and stability. In contrast, devices

treated with MBZ demonstrated the worst device performance. Finally, the study also
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showed that devices based on films treated with methyl ethanoate (70%) mixed with
trichloromethane (30%) have the best efficiency. In comparison, devices treated with
methyl ethanoate (85%) mixed with trichloromethane (15%) demonstrated the best
stability. These studies provide a valuable guide in applying antisolvents for fabricating
perovskite solar cells in the air.
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Chapter 9: Conclusions and future work

9.1. Conclusions

This project represents the first attempt at Cardiff University to fabricate perovskite solar
cells. It involves establishing laboratory facilities and developing fabrication processes
specifically for perovskite solar cell fabrication in ambient air at high relative humidity,
which has low-cost and large-scale fabrication applications. An efficiency of 18.55% was
achieved, which is comparable with the highest efficiency of perovskite solar cells
fabricated in the air. This outcome was achieved through a series of systematic
investigations of the effects of fabrication parameters on the performance of perovskite
solar  cells, which include  silver  contact  sputtering  parameters,
chlorodimethyl(pentafluorophenyl)silane additive, methyl ethanoate volume, different
antisolvents and mixed antisolvent of methyl ethanoate and trichloromethane. The major
findings of this research project are summarised as follows:

1. Preliminary studies were conducted to determine how components and
preparation processes affect the performance of air-fabricated perovskite solar
cells with sputtered silver contact. The results suggest that the sputtering power
of silver contact has the most significant impact on the PCE of perovskite solar
cells. It was also noted that the choice of FTO glass, annealing temperature and
process of SnO2 and MAPbIs significantly influence the efficiency of PSCs. This
work established the benchmark components and procedures for preparing

perovskite solar cells in main studies.

2. A study investigated the effect of solution parameters on the efficiency of
perovskite solar cells prepared at high relative humidity. The results suggested
that using 15 mg/ml of SnO2.2H.0, 1.5 M of MAPbIz and 90 mg/ml of Spiro-
OMETAD modified with 38 pl of FK209 solution (300 mg/1ml of ethane nitrile)
Is an appropriate combination for obtaining efficient devices. This combination
achieved a power conversion efficiency of 17.54%. The work established a
benchmark and provided a foundation for further optimisation study and

improvement.
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3. A systematic investigation was performed to determine the optimum parameters
for depositing Ag contacts using magnetron sputtering for preparing efficient
perovskite solar cells. The results show that the best power conversion efficiency
of 18.40% was obtained using a sputtering power of 1.0 W, an argon flow rate of
15sccm, a sputtering duration of 40 minutes and an argon pressure of 5mTorr. The
results also showed that selecting appropriate sputtering power is the most crucial
factor in Ag contact deposition to minimise possible damage to HTL layers. This
work demonstrates that magnetron sputtering can be employed to prepare the Ag
contacts of perovskite solar cells if appropriate sputtering parameters are
identified and applied.

4. A novel chlorodimethyl (pentafluorophenyl)silane additive process was
developed for preparing efficient and stable perovskite solar cells in the air at high
relative humidity. The results demonstrate reasonable efficiency and stability for
perovskite solar cells prepared from MAPDI3 films modified with chlorodimethyl
(pentafluorophenyl)silane. Hence, devices based on films modified with 3 pl of
chlorodimethyl (pentafluorophenyl)silane exhibited a power conversion
efficiency of 17.82%, compared to 18.07% achieved for control devices.
Furthermore, the results indicate that devices modified with 3 pl of
chlorodimethyl (pentafluorophenyl)silane have the best photovoltaic stability
after 1350 hours of storage. Consequently, power conversion efficiency, short-
current density, and fill factor of the devices modified with 3 pl of chlorodimethyl
(pentafluorophenyl)silane degraded by about 23%, 9% and 15%, respectively,
relative to degradation of 33%, 11% and 22% achieved for control devices. The
results also revealed that the open-circuit voltage of the devices remains virtually
unchanged and  appeared independent of the  chlorodimethyl
(pentafluorophenyl)silane modification. The study also indicated that the average
absorbance of MAPDIz  films  modified with  chlorodimethyl
(pentafluorophenyl)silane degraded by about 1.13% compared to 7.61%
degradation for control films after 840 hours of storage. These results demonstrate
the benefits of this new chlorodimethyl (pentafluorophenyl)silane-modified
process for preparing high-quality perovskite films at high relative humidity and

uncontrolled atmosphere, relevant low-cost and large-scale manufacturing.
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5. An investigation was conducted on the effect of the volume of methyl ethanoate
antisolvent on the power conversion efficiency of perovskite solar cells prepared
in the air. The results show that the films treated with 100 or 150 ul of methyl
ethanoate have low surface roughness, while those treated with 80 ul appeared
rough. Furthermore, the photovoltaic characteristic indicated that devices treated
with 150 pl of methyl ethanoate achieved the best power conversion efficiency.
Hence, devices treated with 150 ul of methyl ethanoate achieved the best power
conversion efficiency of 16.82%. These results demonstrate that treating devices
with 150 ul of methyl ethanoate achieves quality perovskite films and efficient
devices in ambient air, which is relevant for low-cost and large-scale

manufacturing.

6. A study was conducted on the effect of chlorobenzene, trichloromethane, methyl
ethanoate and methylbenzene antisolvents on the stability and power conversion
efficiency of perovskite solar cells prepared at 40-43% relative humidity. The
results show that perovskite films treated with either trichloromethane or methyl
ethanoate have low surface roughness, while films treated with methylbenzene
appeared rough. As a result, devices treated with methyl ethanoate or
trichloromethane have improved efficiency and stability at moderately high
relative humidity. Hence, devices treated with methyl ethanoate and
trichloromethane achieved the best power conversion efficiency of 18.10% and
17.42%, respectively. In contrast, devices treated with chlorobenzene and
methylbenzene achieved PCE of 16.80% and 12.37% in ambient air. Results also
show that devices treated with methyl ethanoate and trichloromethane suffered
PCE degradation of 16% and 25% after 864 hours of storage compared to the
degradation of 51% and 80% achieved from devices treated with chlorobenzene
and methylbenzene, respectively. These results demonstrate the effectiveness of
methyl ethanoate and trichloromethane antisolvents in preparing high-quality
perovskite films at high relative humidity.
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7. This study developed a new mixed methyl ethanoate/trichloromethane antisolvent
process for fabricating high-quality perovskite films at high relative humidity (>
50%). It chose methyl ethanoate and trichloromethane for this investigation
because it has high water solubility and vapour pressure, facilitating moisture
extraction around the films in a high-humidity environment. Furthermore,
trichloromethane was selected because it has a relatively low dipole moment that
enables adjustment of the solubility of DMSO in the mixed antisolvent when
mixed with methyl ethanoate. As a result, this new mixed antisolvent process
could enhance the efficiency and stability of the perovskite solar cells fabricated
at high relative humidity. The results show that the surface roughness of the
perovskite films was significantly improved when methyl ethanoate and
trichloromethane were mixed in appropriate proportions. The devices treated with
methyl ethanoate (70%) mixed with trichloromethane (30%) exhibit the best PCE
of 18.55% compared to 17.13% for those treated with methyl ethanoate only. In
addition, devices treated with the methyl ethanoate (85%) mixed with
trichloromethane (15%) suffered slow PCE degradation of 7% after 552 hours of
storage, compared to PCE degradation of 22% for the devices treated with methyl
ethanoate only. These results demonstrate the usefulness and benefits of this new
mixed antisolvent for fabricating high-quality perovskite films at high relative
humidity, paving the way for low-cost manufacturing that does not require a

controlled atmosphere.

9.2. Future work

These studies demonstrated that highly efficient perovskite solar cells could be prepared
by selecting suitable solution parameters for solution-processed layers, optimising
magnetron sputtering parameters for depositing metal contacts, and modifying magnetron
sputtering parameters for depositing metal contacts perovskite layers with
chlorodimethyl(pentafluorophenyl)silane and using mixed methyl ethanoate/
trichloromethane antisolvent. However, future studies still need to address a few research

questions. To assist in further investigation, the required aspects of the studies are:

1. To develop an approach for enhancing the conductivity of low-temperature

processed tin (1) oxide films without significantly affecting the transparency of
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films. This may facilitate the application of thick tin (IV) oxide films as electron

transport layers to enhance smooth surfaces and transmittance.

To study the deposition of the metal contacts at high argon pressure. This may
facilitate high conductive and smooth metal contact deposition with negligible
damage to the organic hole transport layers or hole transport layer/perovskite
interface. In addition, contact deposition at high pressure reduces the speed of

particles and minimises the damage to the organic layers.

To explore the optimum annealing regime for chlorodimethyl
(pentafluorophenyl)silane-modified  perovskite  films.  The  significant
improvement in the efficiency of the devices modified with chlorodimethyl
(pentafluorophenyl)silane after a few days suggests an incomplete nucleation
process during annealing. Therefore, optimising the annealing temperature and

duration may facilitate the preparation of devices with enhanced performance.

To explore a more environmentally friendly alternative to trichloromethane in
preparing mixed antisolvent for perovskite solar cells preparation. This may

facilitate the removal of toxic trichloromethane from the process.
To explore degradation pathways in perovskite solar cells using monochromatic

efficiency studies. This may facilitate the improvement in the stability of

perovskite solar cells.
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Appendixes

Appendix A: Other results not included in the main chapters.
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Figure A.1: (a) J-V curve (b) UV-Visible spectra (c) FTIR spectra (d) UPS spectra (e) VB
and VB mismatch and (f) difference between work function and VB as a function of Li-
TFI proportion in Spiro-OMETAD
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Figure A.2: (a) J-V curves of devices (b) power conversion efficiency (c) fill factor and
(d) short-current density as a function of Spiro-OMETAD deposition speed.
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Figure A.3: (a) J-V curves (b) transmittance spectra (c) fill factors and (d) power

conversion efficiency of devices as a function of electron transport layers
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Figure A.4: UPS spectra of SnO2, FTO, MAPbIs and Ag. FTO glass substrates were used

for SnO2 and MAPDI3
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