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Abstract

Perovskite solar cells have become a promising photovoltaic technology for harvesting
energy from the sun. However, despite their low-cost processing and high perfor-
mance, a few issues remain for their wider application. One of the main concerns is
their stability. Commercializable solar photovoltaic technologies must remain stable
under constant illumination and high-temperature not only for a few days as they
would be tested in a lab, but for several years. In particular, low-cost, dopant-free,
and stable hole-transporting materials need to be found to replace Spiro-OMeTAD,
due to its instability issues. Furthermore, better passivation strategies need to be
discovered and employed.

The primary aim of this project was to look for alternative charge-transfer materials
to replace those typically used in a regular architecture solar cell device, and to make
the perovskite absorber material more stable by additive engineering. To achieve this,
various hole-conducting materials and passivation molecules were tested, and those
which improved the film quality were further characterized and tested in devices for
their performance and stability. The lessons learned from these studies led to the
fabrication of a very stable solar cell architecture.

Chapter 4 focuses on a pair of alternative hole-conductors that are dopant-
free and low in cost. They were found to perform just as well as spiro-OMeTAD
whilst being more stable. Chapter 5 discusses an often-overlooked additive ap-
proach of applying aromatic amines to passivate the perovskite absorber. Our aver-
age benzylamine-modified perovskite devices maintained 80% of their initial efficiency
over 2,400 hours in 65°C 1 sun aging test. Meanwhile, the average control devices
without additives degraded to 45% of their initial efficiency. Chapter 6 investigates
the potential of applying a fullerene-based self-assembling monolayer to stabilize the
electron-transporting layer/perovskite interface. However, the results of the fullerene
self-assembling monolayer-modified interface were less stable. Despite that, the rea-
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sons for their instability were investigated and a future research direction is proposed
to improve them.

The novel charge-transporting materials and bulk/interface modifications studied
in this thesis are promising solutions for stabilizing the regular architecture of per-
ovskite solar cells. Moreover, the investigation into why certain passivation methods
work and others fail can help us design and select better materials and passivation
methods for more durable solar cells.
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CHAPTER 1

Introduction

1.1 Motivation for Solar Cells

Historically, before the European Industrial Revolution, fossil fuels played less of a part

in human activities. Among the three major fossil fuel resources, coal, oil, and natural

gas, coal has been used for heating since prehistoric times, as it was discovered that

coal could burn longer than wood. Archaeologists have found that the Romans used

coal in Britain between 40 and 50 AD [1, 2]. The first time that coal was used on

an industrial scale was in the eleventh century in China [3]. The Chinese also drilled

wells to reach natural gas reservoirs as early as 500 B.C.[4]. A few hundred years

later, they used bamboo pipes to carry natural gas to heat up people’s houses [5, 6].

They also appear to be the first to drill oil around 200 B.C.[7]. Oil used to be a

by-product of salt wells, and it was not widely used until recently. It was during the

Industrial Revolution (1750-1870s) that the use of fossil fuels expanded widely, rising

up to over 120,000 terawatt-hours globally by 2021 [8] (Figure 1.1). Following James

Watt’s development of the steam engine, the use of coal dramatically increased. The
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Chapter 1. Introduction

burning of fossil fuels emits carbon dioxide (CO2), which is a greenhouse gas that

enters the atmosphere and traps heat. This in turn warms up our atmosphere which

is the main cause of global warming.

Figure 1.1: Global primary energy consumption by fossil fuel source, measured in terawatt-hours
(TWh). Reproduced from reference [8].

Today, the world is hungrier for fuel than ever. The result of excessive usage of

fossil fuels became apparent to climate scientists in the mid-1980s [9]. The concern

was raised in international political forums in the early 1990s when global warming was

recognized as a threat to our planet [10]. The Intergovernmental Panel on Climate

Change (IPCC) issued its First Assessment Report in 1990, pushing a strategy to

reduce fossil fuel consumption [11]. However, the use of fossil fuels keeps on rising

sharply. At the 2009 Copenhagen Climate Summit, major governments in the world

proposed a list of goals for cutting carbon emissions by 2020, which mostly ended in

failure. In the Paris Summit in 2015, the central objective was to limit the long-term

rise in temperature (by 2100) to “well below 2 °C above pre-industrial levels”. By
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1.1. Motivation for Solar Cells

November 2022, the world was already 1.2 °C hotter than the pre-industrial average

temperature, and rising (See Figure 1.2).

Figure 1.2: The climate action tracker thermometer. The temperatures on the CAT thermometer
are ‘median’ warming estimates in 2100. This means that there is a 50% chance that the calculated
temperature would be exceeded if the given emissions pathway is followed. Reproduced from ref.
[12].

Limiting global warming requires a transition from non-renewable, fossil fuel energy

to renewable energy, such as wind energy, tidal energy, and solar energy. Solar power

is particularly promising. The Cambridge physicist, David MacKay, has estimated

that the amount of solar energy that reaches the earth every 40 minutes is enough

to satisfy the entire world’s energy needs for a year. The claim of course refers to an

oversimplified and idealized situation, since it is impossible to cover the entire surface

of the earth in solar panels and solar panels do not convert 100% of the energy they

receive. Nevertheless, it does show that there is a huge source of energy that we have

3
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Chapter 1. Introduction

not made the most of. As the cost of utility-scale solar photovoltaics (PVs) becomes

cheaper, solar energy has become more competitive with fossil fuel energy such as oil

and gas (see Figure 1.3). As of September 2022, solar PVs accounted for 3.6% of

global electricity generation [13]. However, to achieve the ambitious goal of net zero

emissions by 2050, we need an annual generation growth of 25%. To achieve this, we

need better policies that foster renewable energy growth, we need the private sector

to invest more in renewable energy, and we need cheaper and higher power conversion

efficiency solar cells.

The global solar PV market was estimated at 85 billion USD in 2021 and is

projected to exceed 369 billion USD by 2030 [14]. In the PV market, crystalline

silicon solar cells make up 86% of the market share, while thin film solar cells (GaAs,

CIGS, etc.) make up 14% [14]. Silicon PVs also have the longest lifetimes, which

makes the initial investment worthwhile. There are solar cells installed in the 1970s

that are still in operation today [15]. While the fabrication of silicon solar cells is

already competitively cheap, it has other challenges. The production of silicon solar

cells requires a temperature of over 1,420°C to melt silicon. Crystalline Si (c-Si)

has fewer grain boundaries and recombination centers and gives high performance

(∼26.1%) [16]. However, c-Si is much more difficult to grow; a single-crystal Si seed

is required to extract molten Si to grow a single-crystal boule. While polycrystalline

Si is easier to fabricate and widely commercialized, it is also lower in performance

(15∼20%) [17]. At the moment, fossil fuels such as coal and oil are still needed

for the manufacturing of silicon PVs. However, some of the next generation ’thin

film’ solar cells are cheaper to fabricate and use less material, so could potentially be

produced with a smaller energy budget. A typical crystalline (c-Si) wafer is about 200

µm thick, while thin film solar cells are only several nanometers to tens of micrometers

thick.

4
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1.1. Motivation for Solar Cells

Figure 1.3: Projected share of cumulative power capacity by technology, 2010-2024. Reproduced
from reference [13]. This is a work derived by me from IEA material and I am solely liable and
responsible for this derived work. The derived work is not endorsed by the IEA in any manner.

While second-generation thin-film PV technologies have advantages compared to

traditional Si PV, they have their challenges too. Gallium arsenide (or other III-V) solar

cells have higher efficiency than Si solar cells, but they still require strict growth and

processing conditions such as molecular beam epitaxy and chemical vapor deposition,

which is still expensive and not scalable. Therefore, they could be used in applications

where cost is not an important consideration compared to efficiency and reliability,

such as in aerospace projects. Copper indium gallium selenide (CIGS) solar cells have

high efficiencies of up to 23.4% (2018-12) and can be made on flexible substrates

for portable devices. However, CIGS solar cells consist of a toxic CdS layer. Other

chemicals used to produce CIGS cells like thiourea and H2Se are also toxic and require

proper disposal and waste treatment [18]. While many elements used in CIGS cells

are earth-abundant, indium is scarce and researchers are currently searching for an

alternative.

Third-generation organic photovoltaics (OPV) and perovskite photovoltaics (PPV)

have recently gained more attention as competitors in the PV market. OPVs can pro-

vide electricity at a low cost. They are lightweight and roll-to-roll processable. They

do not contain toxic heavy metals which can have an environmental impact. However,

they are lower in efficiency (highest 18.2% in 2020-11 [16, 19]), and their long-term
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Chapter 1. Introduction

stability (predicted ∼10 years unencapsulated [20]) needs to be improved to compete

with silicon PV. Research on PPV has increased substantially over the past decade

and their efficiencies are rivaling of c-Si and GaAs. They can be solution-processed

or vapor-deposited, which makes them scalable and can be fabricated on flexible

substrates. The main concern regarding PPVs is the toxicity of the lead they con-

tain. Alternative perovskite materials such as tin-based perovskite, and CuAgBiI5,

Cs2AgBiBr6 have been investigated to overcome this issue. Another problem with

lead halide perovskite is its long-term stability. Currently, PPVs have an estimated

lifetime of ∼a year [21] whereas Si PVs have a lifetime of over 25 years [22].

6
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CHAPTER 2

Theory and Background

2.1 Light from the Sun

When sunlight passes through the atmosphere, many processes can attenuate the

light intensity. For example, the ozone layer can scatter ultraviolet radiation, and

water and carbon dioxide can absorb infrared radiation. Air mass is used to quantify

the amount of sunlight reaching different parts of the earth. It is defined as the direct

path length the light takes to reach the earth’s atmosphere, expressed as a ratio

relative to the path length vertically upwards. The air mass (AM) coefficient is used

to characterize the performance of solar cells under standardized conditions. The

standard spectrum reaching the earth’s surface is AM 1.5G (G stands for globally),

which is normalized to give 1 kW/m2 or 100 mW/cm2 (spectrum shown in Figure

2.1). The sun’s intensity outside of the earth’s atmosphere is called AM 0 because

the light does not pass through the earth’s atmosphere [23]. For all terrestrial solar

cell applications, as in this thesis, we use AM 1.5G to characterize our solar cells’

efficiencies.

7
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Chapter 2. Theory and Background

Figure 2.1: Spectral irradiance of the AM 1.5G spectrum. Reproduced from reference [24].

2.2 Semiconductor Materials

Solar cells use semiconductor materials as light absorbers. Semiconductor materials

often have some long-range periodicity. In a crystalline solid, there is some basic

structure that is repeated throughout the solid so that the crystal appears to be the

same at one point as it does at another point. This periodicity is given by a symmetric

array of points called a lattice. Atoms or a group of atoms can be added to lattice

points to create a basis. The basis is then repeated to get a crystal.

Electrons in a material are not free to exist in any state. In crystalline materials

with a repeating lattice structure, the energy and momenta of electrons are restricted.

This restriction can be understood in two ways: through the interaction of electron

orbitals in the compounds, which limits the available states, or by considering the

wavefunctions of free electrons interacting with the periodic Coulomb potential cre-

ated by the nuclei at lattice sites. As a result, specific combinations of energy and

momenta are permitted for the electrons. Moreover, at energies where the wave

function of the electron would form standing waves with respect to the lattice, there

is destructive interference with the wave function of the electron. This phenomenon

creates a forbidden gap, known as the band gap (Eg), within the energy-momenta

space of permissible states (see Figure 2.2).

8
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2.2. Semiconductor Materials

Figure 2.2: Conduction and valence band energies of GaAs as a function of wave vector. The values
noted on the diagram are those appropriate for room temperature. Reproduced with permission from
Journal of Applied Physics [25].

When a large number of atoms combine to form a crystal, the atomic orbitals of

their outermost shell electrons interact to form continuums which consist of closely

spaced orbitals. These continuums are called bands. The range of highest energies

that the electrons can have but still be bound to specific lattice sites is the valence

band Ev and the range of lowest energies that the electrons have to become free

charge carriers is the conduction band Ec. In between Ev and Ec is the Eg. The band

gap energy is the lowest required amount of energy to promote the electron from the

valence band to the conduction band. An electron can obtain energy either from a

photon or phonon and get excited from the valence band to the conduction band,

leaving behind a "hole", an absence of an electron; these electrons and holes can then

participate in conduction. For an intrinsic semiconductor, in the middle of the band

gap, halfway between the valence band and the conduction band, lies the Fermi level

(or chemical potential), Ef = Egap/2. At 0 K, the electrons have no kinetic energy

and occupy the lowest available energy levels. The Fermi energy is the highest energy

an electron can fill up to at temperature 0 K. At any temperature above 0 K, some

electrons have enough energy to occupy states above the Fermi energy, as shown in

9



i
i

“output” — 2023/8/15 — 17:02 — page 10 — #30 i
i

i
i

i
i

Chapter 2. Theory and Background

Figure 2.3. At any given temperature, the Fermi level is the energy level at which it

has 50% probability of occupancy at any given time.

Figure 2.3: Semiconductor Fermi level band diagram under 0 K, a low temperature and a high
temperature. Reproduced from reference [26].

Semiconductors can either be direct Eg or indirect Eg. For a direct Eg semicon-

ductor, the Ec and the Ev occur at the same momentum in the momentum space.

Whereas, for an indirect Eg semiconductor, the Ec and the Ev occur at different

momentums. Thus, for an indirect Eg semiconductor, an energy transition and a

momentum transition are needed for an electron to move from band to band.

2.2.1 Intrinsic Semiconductor and Doping

At absolute zero, 0 K, no electrons in the valence band can be excited to the con-

duction band. However, as the temperature increases above absolute zero, some

electrons gain enough thermal energy to populate the conduction band, while leav-

ing behind holes. In the process, the material becomes more conductive. At 300

K, around the temperature that solar cells are measured, in silicon there are about

9.65 × 109 cm-3 charge carriers [27], which are called intrinsic charge carriers. For

intrinsic semiconductors, the Fermi level lies in the middle of the Eg.

The charge carrier concentration can also be increased by doping. Doping a

group IV material (for example Si) with a group III material (eg. boron) causes

10
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2.2. Semiconductor Materials

the crystal lattice to be deficient in one valence electron (leaving an extra hole)

and doping the group IV material with a group V material (eg. phosphorus) gives the

lattice an extra electron. The extra electrons and holes can increase the charge carrier

density for conduction, and they are called extrinsic carriers. An excess electron-doped

semiconductor is an n-type semiconductor and its Fermi level (EFn) lies closer to the

conduction band. An excess hole-doped semiconductor is a p-type semiconductor

and its Fermi level (EFp) lies closer to the conduction band. In the case of an n-type

semiconductor, the majority charge carriers are electrons, and the minority charge

carriers are holes, and vice versa with p-type semiconductors.

2.2.2 Charge Carrier Generation

When light passes through a semiconductor material, depending on its energy, three

things can happen. (1) When the photon energy, hν, is greater than the bandgap, Eg,

the photon can get absorbed by the material, promoting an electron to the conduction

band, and excess energy greater than the Eg is subsequently lost due to thermalization.

(2) When the photon energy is equal to the Eg energy, there is just enough energy

for the photon to be absorbed by the semiconductor. (3) When the photon energy

is less than the Eg, the light passes through the material as if it is transparent. For

the solar spectrum, there is an ideal Eg that is not too wide, where most wavelengths

of light pass through it, nor is it too narrow, where some of the energy from higher

energy photons is lost to phonon scattering. For example, metal-halide perovskite is

a material with tunable Eg. Thus, it is possible to adjust its composition such that it

maximizes the energy absorbed.

In a p-type semiconductor, the light incident on it generates electron-hole pairs,

the minority carriers (in this case electrons) instantly recombine with an overwhelm-

ingly large number of majority carriers (holes), whereas, the hole is in excess and free

to move around. Most of the electron-hole pairs are generated near the surface of

11
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Chapter 2. Theory and Background

the absorber material, as the absorption (and therefore light intensity in the material)

varies with depth according to the equation

I(x) = I0exp(−αx) (2.1)

Where I is the light intensity at a certain depth (x), I0 with a unit of [cm-2] is the

intensity of incident light, and α is the absorption coefficient. The photon current

(per unit of time) is therefore:

j(x) = j0exp(−αx) (2.2)

The absorption coefficient, α varies with the light frequency, α(ℏν) with a unit

of [cm-1].

The charge generation rate, G with a unit of [cm-3 s-1], is related to Equation 2.2.

G(x) =

∫
α(ℏν, x)dj(ℏν, x) (2.3)

The integral should be extended to the absorbed photon energies that result in

free carrier generation (pg. 89 [28]).

2.2.3 Charge Carrier Recombination

The charge carrier recombination process is the opposite to charge carrier generation.

The electron in the conduction band is in a meta-stable state and ultimately releases

its energy and combines with a hole in the valence band, annihilating the pair. When

the electron-hole pair recombines, they give off either light or heat. There are three

kinds of recombination that can happen in a solar cell: radiative recombination, non-

radiative recombination, and Auger recombination. (1) Radiative recombination is

also called band-to-band recombination. During this process, the electrons in the

conduction band recombine with holes in the valence band and release energy in the

12
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form of a photon with energy equal to the Eg energy. (2) The non-radiative recom-

bination or trap-assisted recombination/Shockley-Read-Hall recombination process

consists of two stages. First, an electron in the conduction band is captured by a

trap state or defect level inside the bandgap. Second, if a hole moves to the same

trap state from the valence band before the trapped electron is re-thermalized into

the conduction band, then the electron will recombine with the hole. In this case,

because neither the electron nor the hole gives off energy as wide as the bandgap, it

is likely to give off energy in the form of heat rather than light. If the charge carrier

(electron/hole) is trapped close to the conduction band/valence band edge (shallow

trap states), it is more likely that it will be re-thermalized to the conduction/valence

band. However, if the defect level is deep in the middle of the bandgap, then it

is less likely that the trapped charges will re-thermalize to the conduction/valence

bands. For example, most of the trap states in perovskite materials are shallow, so

the material is considered defect tolerant. (3) Auger recombination involves three

charge carriers. When an electron recombines with a hole, the energy is given to a

third electron in the conduction band, this electron then thermalizes back to the con-

duction band. The process applies less to perovskite material under 1 sun intensity of

light (100 mW/cm2). It applies to semiconductors with high injection rates and high

carrier concentrations, such as heavily doped silicon under high-intensity illumination.

Surface/interface, and grain boundary recombination are particularly relevant and

important for perovskite solar cells and in general, all solar cells. Because perovskite is

a polycrystalline material, there are disruptions to the periodicity of the crystal lattice

which create dangling bonds and adsorb impurities at the surface and grain boundary.

These defects often called surface states act as traps and recombination centers.

These surface states can have a continuous distribution within the bandgap and

when they trap electrons and holes, they can be recombination centers. Therefore,

passivating these surfaces and grain boundaries becomes crucial for enhancing the

performance and stability of solar cells.
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Chapter 2. Theory and Background

2.2.4 Charge Carrier Lifetime, Mobility, and Diffusion Length

Charge carrier transport is important for photovoltaic devices because in order to

extract current out of the device, the charge carriers must be able to reach the

contacts before they recombine. There are certain parameters that are important to

measure for charge carrier transport in semiconducting materials. The charge carrier

diffusion length, L, is the average distance that charge carriers travel before they

recombine. The average amount of time that the charge carriers stay in the excited

states before they recombine is called the carrier lifetime, τ. The minority carrier

lifetime decreases with doping since there is faster recombination of minority carriers

with majority carriers when the material has a high doping density. The lifetime also

generally decreases as the material is doped more heavily because the lattice mismatch

of the introduced material can cause more strain and recombination centers. If the

material is more crystalline, there are fewer recombination centers and if the material

is polycrystalline or amorphous, there are more recombination centers. The mobility

(µ) relates to how easy it is for charge carriers to move across a material under the

influence of an electric field. For a highly doped material, the µ also drops because

electrons are strongly scattered by the long-range Coulomb field of the charged dopant

[29, 30]. The diffusivity, D, is the rate of diffusion, a measure of the rate at which

the charge carriers can spread. The Einstein relation relates mobility to diffusivity.

D = µkBT (2.4)

Where D is the diffusivity, kB is Boltzmann’s constant, and T is the absolute

temperature in Kelvin. The charge carrier diffusion length, L, is given by

L =
√
Dτ (2.5)
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2.2. Semiconductor Materials

Thus, at a given temperature, the longer the carriers travel before it recombine,

and the higher the charge carrier mobility, the longer the charge carrier diffusion

length.

2.2.5 Charge Transport

Since light is mainly absorbed near the surface of the material, charge carriers are

generated close to the surface. The generated electron-hole pair randomly move inside

the material and eventually recombines. The charge carriers move for a certain mean

free path before colliding with the lattice and scattering off in a different direction.

The generated charge carriers will redistribute from a high concentration gradient to

a low concentration gradient until they are evenly distributed. Carrier movement due

to a concentration gradient is called diffusion. The electron current contribution from

charge carrier diffusion, Jn,diff , is given by

Jn,diff (x) = qDn
dn(x)

dx
(2.6)

And likewise, the diffusion current from holes, Jp,diff , is

Jp,diff (x) = −qDp
dp(x)

dx
(2.7)

Where q is the elemental electron charge, Dn and Dp are the diffusion coefficients

for the electron and holes and n is the electron concentration and p is the hole

concentration. There is a negative sign for Jp,diff since an electron carries a negative

charge -q.

Aside from charge carrier diffusion, the current density can also arise in the pres-

ence of an electric field. Electrons carrying a negative charge move opposite to the

direction of the electric field and holes move in the direction of the electric field.

Thus, a net current flows in the direction of the electric field. The drift equation is

given by
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Jx(x) = q(nµn + pµp)Ex (2.8)

Where Jx is the current density in the x direction, q is the electron charge, µn

and µp are the electron and hole mobilities, respectively, n and p are the electron and

hole concentrations, and Ex is the electric field in the x-direction.

2.3 Semiconductor Heterojunctions

2.3.1 p-n Junctions

When a p-type material is layered with an n-type material, since the electrons are

higher in concentration in the n-type material and the holes are higher in concentration

in the p-type material, the electrons will diffuse into the p-type material due to the

concentration gradient and vice versa. When electrons diffuse away from the n-region,

they leave behind positive ions and when holes diffuse away from the p-region, they

leave behind negative ions. This creates an electric field from the positive to the

negative ions, forming a space-charge depletion region. The voltage generated in

this region is called the built-in voltage (Vbi). Due to the electric field, most of the

electrons stay inside the n-type region and the holes stay inside the p-type region,

but there is always a small number of minority carriers that are within a diffusion

length of the depletion region that will get swept across the depletion region into

the majority carrier material. The depletion region presents a low resistance path to

minority carriers and high resistance to the majority carriers due to the electric field.

Without an electrical bias, this process reaches equilibrium, and the net current

flow is zero. However, with an electrical bias, the space-charge region will expand or

shrink. Under forward bias, electrons and holes flow towards the p-n junction where

they recombine and the depletion region is reduced, increasing the probability of

minority carriers being swept across the depletion region; under reverse bias, electrons,

and holes move away from the junction and the depletion region is expanded, reducing
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2.3. Semiconductor Heterojunctions

the probability of minority carriers being swept across the depletion region. In other

words, under forward bias, the applied voltage is subtracted from the Vbi and the

charge extraction barrier is lower; under reverse bias, the applied voltage is added to

the Vbi and the charge extraction barrier is higher. The built-in voltage is given by

Vbi = (Eg − EFp − EFn)/q (2.9)

Illumination reduces the built-in voltage by generating an electric field that opposes

the Vbi. Under illumination, excess electrons and holes are generated in the n and

p regions, respectively. Since the voltage is reduced over the depletion region, the

energetic barrier to the (majority carrier) diffusion current is lowered.

2.3.2 p-i-n and n-i-p Junctions

P-i-n and n-i-p junctions have an extra intrinsic (i) layer sandwiched between the n-

type region and the p-type region. For MHP solar cells, the n-i-p device architecture is

normally referred to as the regular architecture and p-i-n is the inverted architecture.

The difference is that light is incident on opposite sides of the device stack. Junctions

with an intrinsic layer are preferred when carriers are unlikely to be generated in the n

and p-type regions, but are only advantageous in materials with a long charge carrier

diffusion length (such as perovskite materials) since the charge carriers have to diffuse

through the thick intrinsic region. This architecture effectively separates the charge

generation and collection processes. Rather than having a thin depletion region, the

electric field extends across the entire intrinsic region. Charge carriers are generated

in the intrinsic region rather than the p- or n-regions. The exciton (bound state of

an electron-hole pair) is separated by the electric field across the intrinsic region and

collected by the n- and p-type regions. The electron transport layer (n-layer) presents

a low-resistance path for electrons and a high-resistance for holes and vice versa. In

the p-i-n/n-i-p configuration, since there are no majority or minority carriers in the

intrinsic region, there is no diffusion current, and the drift current dominates.
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Chapter 2. Theory and Background

In the n-type material, the EFn is closer to the conduction band, whereas, in the

p-type material, the EFp is closer to the valence band. In the intrinsic layer, EFi is at

the intrinsic level in the middle. However, at equilibrium in the dark, the Fermi level

must be aligned throughout the heterojunction (Figure 2.4). Therefore, this creates a

“step-like structure” among the p-i-n conduction bands and among the p-i-n valence

bands. The Vbi is extended across the entire intrinsic region and the electric field is

constant throughout the intrinsic region.

Figure 2.4: Schematic band alignment of type-II semiconductor heterojunction showing charge
separation at the interface. Illustration of band bending in order for the EF to stay flat under
equilibrium. The example given is a plasmonic metal and semiconductor nanoparticle decorated
TiO2-based photocatalysts. Reproduced from ref.[31] with permission.

2.3.3 Photovoltaic Action

When light is absorbed by the intrinsic layer material, an electron-hole pair is gen-

erated. The electron-hole pair is separated by the electric field across the intrinsic

region and can only survive for an amount of time equal to the charge carrier lifetime

(τ). If the electrons and holes are not collected by an external circuit within this

lifetime, then the charge carriers will recombine and the current/ power from them

will be lost. The charge carriers that make it to the electrode and are successfully

extracted will contribute to the measured current. In that case, the holes flow to
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2.3. Semiconductor Heterojunctions

the p-contact, whereas, the electrons flow through the external circuit and recombine

with the holes at the p-contact. The effect of light is to “shift” the dark J-V curve

from the first quadrant downward to the fourth quadrant (Figure 2.5), effectively

increasing the negative current and generating energy. Illuminating the cells adds the

illuminated current onto the dark current, following the diode equation:

I = I0[exp(
qV

nkT
)− 1]− IL (2.10)

Where IL is the current generated under illumination and n is the ideality fac-

tor. The ideality factor can range from 1 to 2. An ideality factor close to 1 shows

mostly bimolecular recombination or trap-assisted recombination in the bulk mate-

rial, whereas, an ideality factor greater than 1 can happen under Auger recombination

(n=2/3) or trap-assisted recombination under high-intensity illumination. The effect

of the ideality factor greater than 1 is to reduce the fill factor.

The short-circuit current density (Jsc ) is the photogenerated current density when

no voltage is applied and the Fermi level is constant at the junction. It is the J-V

curve interception with the y-axis. The open-circuit voltage (Voc) is the voltage at

which the applied voltage cancels out the Vbi. It is the J-V curve interception with

the x-axis (see Figure 2.5). When the applied voltage keeps on increasing towards

Voc, the light-generated current exactly balances the forward bias diffusion current

and there is no net current flow.

The fill factor (FF) is defined by the power at the maximum power point, PMax,

over Voc · Jsc

FF =
VMPP · JMPP

Voc · Jsc
(2.11)

Where VMPP and JMPP are the voltage and current density under maximum

power point conditions. It is the largest “rectangle” that can be fit under the J-V

curve (see Figure 2.5).

19



i
i

“output” — 2023/8/15 — 17:02 — page 20 — #40 i
i

i
i

i
i

Chapter 2. Theory and Background

Figure 2.5: Example solar cell J-V curve (from a real device) with properties highlighted.

PMax = FF · Voc · Jsc (2.12)

The power conversion efficiency (ηMPP) is the fraction of incident energy (Pin)

converted to power (PMax). It is given by

ηMPP =
FF · Voc · Jsc

Pin

(2.13)

The presence of series resistance (Rs) and shunt resistance (Rsh) have the effect

of lowering the ηMPP by reducing the JMPP and VMPP.

For a given semiconductor with bandgap, Eg, the Shockley-Queisser limit gives the

theoretical maximum solar energy conversion efficiency for that Eg. The calculation

assumes that all photons with energy above Eg are absorbed and all charge carriers are

collected [32]. In reality, not all photons with energy above Eg are absorbed, as some

are reflected or transmitted (due to the film being too thin). Not all charge carriers
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2.3. Semiconductor Heterojunctions

are collected, as some recombine before they are collected. The external quantum

efficiency (EQE) is the ratio of the number of charge carriers collected by the solar

cell to the number of incident photons at a certain wavelength. Likewise, internal

quantum efficiency (IQE) is the ratio of the number of charge carriers generated to

the number of photons absorbed.

2.3.4 Multi-junction Solar Cells

Even in an idealized situation, the ηMPP is limited by the Shockley-Queisser limit.

Moreover, a solar cell with a certain Eg always has some losses because for a low Eg

semiconductor, high energy photons would thermalize to the Ec edge, "wasting" en-

ergy, and a high Eg semiconductor would not be able to absorb lower energy photons.

Hence, a multi-junction solar cell, called a tandem solar cell, can be fabricated to

increase the absorption from the solar spectrum. The advantage of having a tandem

solar cell is that sub-cells with different Eg can be optimized to absorb a different

spectrum of light and then combined to maximize the overall efficiency. The idea

is that light is incident on the higher Eg semiconductor first and the sub-cell would

absorb the higher energy portion of the solar spectrum. Then the longer wavelength

light would pass through a lower Eg semiconductor and the sub-cell would absorb the

remaining lower energy light, as shown in Figure 2.6 (a) and (b).

There are mainly two designs for tandem solar cells: two-terminal (2-T) and

four-terminal (4-T), as shown in Figure 2.6 (c). In a 2-T tandem solar cell, the

sub-cells are connected monolithically by a recombination layer, and a second sub-cell

is fabricated on top of the first sub-cell. In a 4-T tandem solar cell, the sub-cells

are connected separately through an external circuit so the sub-cells are fabricated

on separate substrates and operate independently. The sub-cells are only physically

stacked on top of one another. The 2-T configuration has only two contacts and one

needs to be semi-transparent. Since the two sub-cells are electrically connected, it

requires current-matching of the top and bottom sub-cells. In comparison, since the
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Chapter 2. Theory and Background

4-T tandem solar cell requires four contacts, of which three must be semi-transparent,

there are more optical losses due to parasitic absorption of semi-transparent layers.

Figure 2.6: (a) Tandem solar cell concept, where higher-energy photons are absorbed from the
wider-bandgap semiconductor (in blue) and lower-energy photons can be absorbed by the narrower-
bandgap semiconductor (in red). (b) Solar irradiance spectrum showing the spectral regions over
which the two semiconductors could absorb. (c) Diagram of the architecture of two-terminal (2-T)
and four-terminal (4-T) tandem solar cells. (a) and (b) are reproduced from reference [33], Nat Rev
Chem. (c) is reproduced from reference [34], AAAS.

2.4 Metal Halide Perovskite Solar Cells

Metal halide perovskite solar cells (PSCs) are a class of emerging thin-film solar cells.

The efficiencies of PSCs have increased from 3.8% [35] when they were first made

in 2009 to a record 25.7% by 2022 [16], making their efficiency competitive with

silicon PV technology. PSCs also have the advantage of potentially lowering the

fabrication cost compared to other PV technologies, as the entire device stack can
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2.4. Metal Halide Perovskite Solar Cells

be blade-coated [36, 37], slot-die coated [38, 39], or evaporated [40, 41], requiring

relatively low temperatures. It is compatible with large-scale roll-to-roll processing.

Additionally, metal halide perovskite has a tunable Eg and the Eg can be easily tuned

by changing the composition. This allows them to be integrated into perovskite/per-

ovskite, perovskite/silicon, perovskite/organic, or perovskite/CIGS tandem solar cells

to overcome the single junction limit. However, the main challenge for the commer-

cialization of metal halide PSCs is their stability and large-scale uniformity. When the

device area increases, it is more likely to get more pinholes and defects, increasing the

likelihood of shunts and reduced Voc. A typical silicon solar cell can last up to 20 years

without much efficiency lost, whereas perovskite solar cells are less environmentally

inert and some of the most stable ones are only stable up to 10,000 hours (>400

days) [42] when well encapsulated. In this thesis, I attempt to address some issues

relating to metal halide PSC stability.

2.4.1 Architecture

Most metal halide PSCs are fabricated as an intrinsic region (i) with p- and n-type

extraction layers. The photo-absorption happens in the intrinsic region rather than

the doped p and n regions. The p-i-n architecture is better for long wavelength

absorption since the perovskite layer can be made several hundreds of nanometers

thick, increasing the quantum efficiency (QE). Long-wavelength light just above the

Eg has a higher chance of being absorbed and generates electron-hole pairs deep into

the perovskite layer. Owing to long charge carrier lifetimes and diffusion lengths (up

to ∼1 µm) of perovskites [43], most charge carriers can reach the charge extraction

layers before recombining. The p- and n-type layers are only responsible for extracting

holes and electrons, respectively.

23



i
i

“output” — 2023/8/15 — 17:02 — page 24 — #44 i
i

i
i

i
i

Chapter 2. Theory and Background

2.4.2 Working Principle

When light is illuminated on a PSC, the perovskite absorbs the frequencies of light with

photon energies equal to or greater than its Eg, and the absorbed energy generates an

exciton (a bound electron-hole pair). The exciton dissociates into an electron and hole

by the electric field in the intrinsic region. The electrons in the Ec of the perovskite

get injected into the Ec of the electron-transporting layer (ETL) and then transported

through the layer to reach the fluorine-doped tin oxide (FTO) or indium tin oxide

(ITO) substrate. On the other hand, holes in the Ev of the perovskite get injected

into the Ev of the HTL and transported through the layer to the metal contact. The

electrons flow through the external circuit to the counter electrode (cathode) where

it recombines with the holes.

2.4.3 n-i-p vs p-i-n Perovskite Solar Cells

Most metal halide perovskite solar cells have either the regular architecture, negative-

intrinsic-positive (n-i-p) (planar or mesoporous) or inverted architecture, positive-

intrinsic-negative (p-i-n) (planar or mesoporous) (Figure 2.7). For an n-i-p device,

the light is incident through the ETL, whereas, in a p-i-n device, the light is in-

cident through the hole-transporting layer (HTL). As mentioned previously, metal

halide perovskite is an ambipolar material that has a high absorption coefficient and

long carrier-diffusion lengths. Thus, the transport layers are solely used to conduct

electrons and holes that are extracted from the perovskite layer. In the early days

when solid-state perovskite solar cells just emerged, they had the mesoporous n-i-p

structure with TiO2 as the mesoporous scaffold (Figure 2.7 a). This architecture was

borrowed from the dye-sensitized solar cells (DSSCs) structure before the perovskite

material was known to have a long enough diffusion length for charge carriers to reach

the contacts; therefore, a mesoporous metal-oxide and perovskite blend was used to

increase the ETL/perovskite contact area and reduce the distance that charge carriers
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have to travel to reach the contacts. Later studies with an insulating mesoporous

Al2O3 [44, 45] (Figure 2.7 b) and planar heterojunction PSC architectures showed

that electrons and holes can be transferred within the perovskite film itself and semi-

conducting scaffolds are unnecessary [46]. More recently, the planar architecture has

been used more frequently, especially as SnO2 (used in the planar architecture) was

found to be a more UV-stable material than TiO2 (used in the mesoscopic architec-

ture). In fact, the latest record PSC of efficiency 25.7% was a planar n-i-p device.

For planar solar cells, there are also the n-i-p (Figure 2.7 c) and p-i-n (Figure 2.7

d) architectures. The two architectures apply different materials as the electron and

hole selective layers due to different energy level alignments and practical processing

readability considerations. Some of the reasons why the architecture cannot just be

flipped are because of the processing temperatures limitations (eg. metal oxides can-

not be processed on top of a perovskite because they require high temperature) and

the transparency of the materials (whichever faces the light needs to be transparent,

while whichever is on top can be absorbing). In a typical planar n-i-p PSC, FTO or ITO

is used as the substrate. TiO2 or SnO2 is used as the ETL due to both their n-type

transporting property and their resistance to perovskite solvents. Above the ETL

is the perovskite layer. On top of the perovskite layer is the HTL. Common HTL

materials used for n-i-p are 2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-

spirobifluorene (Spiro-OMeTAD), Poly(3-hexylthiophene) (P3HT), and poly[bis(4-

phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) due to their suitable band-energy align-

ment and solvent orthogonality with the perovskite solvents. The top electrodes are

usually metals such as Au, Ag, or Cu. MoOx/Al was also reported to enhance stability

[47].

On the other hand, for a p-i-n device, FTO or ITO are also used as the sub-

strate. An inorganic HTL material used is NiOx and common organic materials

used are polymers such as PTAA, Poly[N,N’ -bis(4-butylphenyl)-N,N’ -bis(phenyl)-

benzidine] (Poly-TPD), and poly (3,4-ethylenedioxythiophene) polystyrene sulfonate

(PEDOT:PSS). Polymer materials are used as the bottom HTL because they are
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Figure 2.7: Variety of device architectures for perovskite solar cells. Reproduced with permission
from reference [46].

more perovskite-solvent resistant than small organic molecular HTLs. Common ETL

materials used are fullerene derivatives such as PC61BM and C60, mainly due to their

solvent orthogonality to perovskite, high electron affinity, and high electron mobility

[48]. Electrode materials used are similar to that of n-i-p, Au, Ag, and Cu, but of-

ten to achieve more stable devices, Cr/Au electrodes or sputtered zinc-doped indium

oxide (IZO) or ITO can be used.

2.4.4 Surface and Interface Recombination

Most of the charge carriers are generated close to the surface as the penetration depth

of perovskite materials is typically 20 nm∼200 nm for UV-vis light (λ = 100 ∼ 800

nm). Moreover, the absorber material surface has more defects than the bulk since

there is a disruption to the crystal lattice, high doping in the HTL/ETL, and dangling

bonds that either act as traps or recombination centers. Thus, most of the non-

radiative recombination losses of perovskite solar cells come from interfacial or surface

recombination [49, 50]. The quantum efficiency at short wavelengths (<350 nm) is

very low due to the high front surface recombination rate and the QE is also low
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at long infrared wavelengths due to back surface recombination. Charge carriers

generated near the surface will quickly recombine. Moreover, the high-defect density

and charge-trapping at the interface make the surface chemically reactive and initiates

degradation. Therefore, finding suitable interfacial passivation is becoming crucial for

further improving the efficiency and stability of PCSs.

2.5 Perovskite Material as a Photo-absorber

2.5.1 Perovskite Structure

Unlike most solar cell materials such as silicon and III-V’s, the perovskite structure

is not covalent but ionic. The typical perovskite structure is given by the formula

ABX3, where A is a cation, such as formamidinium ( HC(NH2)2+), methylammonium

(CH3NH3
+), and Cs+. The B site is a metal which has 6-side coordination with anions

(such as Pb2+, Sn2+, Ge2+, Bi2+ ). The X can be a halide or other anion that fits

into the octahedral lattice. The superior optical properties of perovskite arise from

its direct bandgap, high optical absorption coefficient (∼ 105 cm-1 ) [51], and long

diffusion lengths (∼1 µm) [43, 52]. These properties originate from direct bandgap

p-p transition enabled by the Pb lone-pair s orbitals, perovskite symmetry, and strong

antibonding coupling between Pb lone-pairs and I p orbitals [53]. The valence bands

of lead halide perovskite are mainly halogen p orbitals mixing with a small component

of Pb s states. The conduction bands are mainly derived from unoccupied Pb p

orbitals [46, 53] (see Figure 2.8).

The bands of MHP are preferable to both Si and GaAs because it is a more

efficient transition (see figure 2.9). Si has an indirect bandgap, so it requires the

assistance of an optical phonon for the energy transition. GaAs has a direct bandgap

but its valence band arises from the p orbital of As and the conduction band from

the s orbitals of Ga and As, and since there is less overlap between an s-p orbital

compared to a p-p orbital, there is less coupling and it is more dispersive. The p-p
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Figure 2.8: Band energy levels and structure of CH3NH3PbI3. Reproduced with permission from
reference [44]

transition can only arise from elements that have lone pair s electrons. MHP is ideal

because it has the advantages of both p-p transition and a direct bandgap. Therefore,

the Pb lone-pair s orbitals and high symmetry give rise to a high optical absorption

coefficient [53]. Due to the low loss in energy transition, lead halide perovskite has

higher theoretical Voc and PCE compared to conventional semiconductors like Si and

GaAs. In lead halide perovskite, the effective mass of holes is smaller than that of

electrons, which is different from p-s semiconductors. As a result, the transfer of

electrons and holes is well-balanced.
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Figure 2.9: Schematic optical absorption of (a) Si, (b) GaAs, and (c) CH3NH3PbI3 perovskite.
Reproduced with permission from reference [53].

2.5.2 Defect Tolerance

Many defects can exist in crystalline materials. Defects can be categorized by their di-

mensionality. Point defects include vacancies, interstitials, substitutions, Frenkel, and

Schottky defects. Vacancies occur when a normally occupied atomic site is missing

an atom. Unfortunately, it is not possible to eliminate vacancy defects in crystalline

materials, because according to thermodynamics, the presence of vacancies increases

entropy in the crystalline material. Interstitials, on the other hand, arise when extra

atoms are crowded into small void spaces that are not normally occupied. In substitu-

tional defects, atoms or ions are replaced by impurity species. Frenkel defects happen

when an atom leaves its place in the lattice and becomes an interstitial, meanwhile,

leaving a vacancy behind. Schottky defects forms when a pair of oppositely charged

ions leave their lattice sites and create oppositely charged vacancies. Line defects are

one-dimensional imperfections that occur along a line in the crystal lattice. The most

common type is dislocation, including edge dislocation, resulting from an extra half-

plane of atoms inserted into the lattice structure, and screw dislocation, when there is

a shear distortion along a plane in the lattice. Two-dimensional defects include grain

boundary defects and surface defects. Grain boundary defects occur between two
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grains with likely the same chemical composition and crystal structure but with dif-

ferent crystallographic orientations. Surface defects occur at the boundaries between

the crystal and a foreign material or external environment. They can influence surface

energy and reactivity. Lastly, volume defects involve three-dimensional irregularities

within the bulk of the crystal, including voids and cracks.

These defects can influence the ionic conductivity of a solid. In crystalline solids,

defects provide pathways for ion migration. Vacancies create vacant sites that the ions

can occupy, therefore, facilitating their movement. On the other hand, interstitials

can obstruct ion movement by creating barriers or distortions in the lattice, thereby

reducing ionic conductivity. Substitutional defects involve impurity ions that can lead

to enhanced ionic conductivity if they have higher mobility compared to the host ions.

For example, it can occur when impurity ions are smaller in size, allowing for easier ion

movement. Grain boundary defects can create additional pathways for ion transport,

increasing ion conductivity, but there can also be grain boundary defects that hinder

ion movement. For example, ions can be trapped at the grain boundaries, inhibiting

their diffusion [54]. Overall, defects have a significant effect on the ionic conductivity

of crystalline solids, thus, controlling defect formation becomes crucial for reducing

nonradiative recombination and limiting ion migration in perovskite solar cells.

Due to their soft ionic nature, lead halide perovskites are more defect-tolerant.

Their defect states are either shallow near the band edge or reside within the bands

and are therefore benign. Instead of causing electron-hole recombination, these trap

states will only temporarily trap charge carriers. The defect states with low formation

energy, such as I vacancy or Pb dangling bond, have shallow defect states close to

the Ec minimum and Ev maximum. Whereas, deep defect states that can form come

from Pb-p, Pb-p or I-p, I-p wrong bonding or IPb, IMA, Pbi, and PbI, which have high

formation energies [53].
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(a) (b)

Figure 2.10: (a) Quasiparticle Self-consistent GW (QSGW) Electronic structure of CH3NH3PbI3.
Zero denotes the valence band maximum. Bands are colored according to their orbital character:
green depicts I 5p, red depicts Pb 6p, and blue depicts Pb 6s. Points denoted M and R are
zone-boundary points close to ( 12 , 12 ,0) and (12 , 12 , 12 ), respectively. Reproduced with permission from
reference [55]. (b) PbI2 bonding. Reprinted (adapted) with permission from [53]. Copyright 2015
American Chemical Society.

2.5.3 Bandgap Tunability

One advantage of lead halide perovskite over other conventional PV absorber materials

is their Eg tunability. By changing the A-site, B-site cations, or anion X, the Eg can be

adjusted in a wide range, from the narrowest Sn-based perovskite of 1.22 eV [56] to

wide-bandgap Cs and Br-rich perovskites of over 2.00 eV [57]. The bandgap tunability

allows easy integration of PSCs into tandem solar cells. As mentioned previously, the

perovskite Ec,min and Ev,max are mainly determined by the Pb and I orbitals [53].

The Pb-I octahedral framework, therefore, determines the Eg. The organic cation

sitting in the middle of the cage provides charge compensation. However, the cation

still influences the Eg by causing lattice contraction/expansion or tilting of the BX3

octahedra [58]. For example, small cations like Cs+ causes the lattice to contract,

which pulls the Pb-I bonds closer together and thus increases the Eg, whereas large

cations like FA+ cause lattice expansion and reduces the Eg. Similarly, changing the
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halide from I- to Br- increases the Eg due to the smaller ionic radii of Br- compared

to I-.

Substituting some Pb with Sn first narrows the Eg reaching a minimum at ∼40∼60%

Sn and then increases the Eg again when Sn content is further increased up to 100%

Sn [59]. This is called the “bandgap bowing” effect which defies Vergard’s law. The

Eg is determined by

Eg(x) = (1− x)Eg(x = 0) + xEg(x = 1)− bx(1− x) (2.14)

Where b is the bowing parameter which describes how strong the band bowing is.

The reason for this bandgap bowing is still under debate. One hypothesis is that the

band structure of Sn is similar to that of Pb. However, ab initio calculations at DFT,

hybrid DFT and QSGW [60] have shown that the Ev,max and Ec,min energy levels for

Sn are shallower than that of Pb. Thus, in the mixed Pb-Sn system, the Ec,min would

consist of Pb-I orbitals, and the Ev,max would consist of Sn-I orbitals, which narrows

the Eg and gives rise to a bowing parameter of 1.08.

Since Pb-based perovskite can only give bandgaps as low as 1.48 eV, which is

slightly higher than the Schockley-Queisser ideal Eg of ∼1.34 eV [61], alloying Pb

with Sn can help achieve a lower bandgap that is closer to the ideal Eg.

Different Eg solar cells can be put together to make either two-terminal monolithic

solar cells or four-terminal tandem solar cells. Each bandgap can then absorb a differ-

ent range of the solar spectrum and be added together so that it is no longer bound to

the theoretical Schockey-Queisser limit of 33%. By exploiting the bandgap tunability

of perovskite material, monolithic perovskite/silicon tandem solar cells have achieved

a record efficiency of 32.5% [16] and all-perovskite tandem solar cells achieved a

record of 27% by December 2022 [62].
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(a) (b)

(c)

Figure 2.11: Anomalous bandgap behavior (bowing effect) of Pb-Sn mixed perovskites as seen by
(a) plot of energy gap vs. fraction of Pb, (b) schematic diagram showing the Ec and Ev levels and
corresponding bandgap values. a) and b) reprinted (adapted) with permission from [59]. Copyright
2014 American Chemical Society. (c) Schematic summarizing the origin of the band gap bowing
in MA(Pb1–xSnx)I3. Shaded regions represent the valence and conduction bands with thick lines
showing the molecular orbital picture of the formation of electronic bands in the alloy. Reprinted
(adapted) with permission from [60]. Copyright 2018 American Chemical Society.

2.6 Stability of Planar n-i-p PSCs

2.6.1 Material Instability

As mentioned previously, PSCs in general are less stable than other PV technologies.

Planar n-i-p devices especially have worse stability compared to their p-i-n counter-

parts. This can be due to many reasons. The n-type layer in the regular architecture

(usually metal-oxide) could be less stable than the organic n-type materials used in
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Chapter 2. Theory and Background

p-i-n (C60, PC61BM, etc.). Originally, compact TiO2 and mesoporous TiO2 were

used as the ETL for n-i-p. However, TiO2 was found to be unstable under UV light

illumination [63]. An alternative ETL material is ZnO. It has an appropriate energetic

alignment, high electron mobility, and high transmittance in the visible light range.

However, perovskite processed on the ZnO surface is found to be thermally unstable

[64]. The thermal instability stems from the basic nature of ZnO and an acid-base

reaction can happen once the perovskite is in contact with the ZnO [65, 66]. SnO2

was introduced as an ETL to improve the UV and thermal stability.

Aside from the ETL, the top HTL used is also considered unstable. The commonly

used HTL in n-i-p devices with the best performance is a small organic hole trans-

port material, 2,2’,7,7’-tetrakis(N, N-di-p-methoxyphenylamine)-9,9’-spirobifluorene

(Spiro-OMeTAD). Spiro-OMeTAD has a low glass-transition temperature (Tg) of

125°C [67]. Long-term operation under temperature close to its Tg can degrade the

material. Moreover, iodine migration was found to cause doping in the HTL which

creates trap states in the HTL and interface [68]. The deeper highest unoccupied

molecular orbital (HOMO) level HTLs are more resistant to iodine doping [69]. Spiro-

OMeTAD, however, has a relatively shallow HOMO level of 5.20 eV compared to other

HTMs such as PTAA (5.40 eV). Pristine Spiro-OMeTAD also has poor conductivity

and doping, or pre-oxidizing is necessary for it to work as an HTL. The common

dopants added to Spiro-OMeTAD are lithium bis(trifluoromethanesulfonyl)imide (Li-

TFSI), 4-tert-butyl pyridine (tBP), and Tris [4-(tert-butyl)-2-(1H-pyrazol-1-yl)pyridine]

cobalt(II) bis(trifluoromethanesulfonimide) (Co(III)-TFSI or FK209). Li-TFSI was

found to cause instability due to its hygroscopic nature [70] and Li-ion migration

[71]. tBP was also believed to de-dope Spiro-OMeTAD and erode the perovskite

surface [72, 73, 74]. Hence, finding stable alternative HTL and ETL materials that

do not require doping (or contain stable dopants) becomes important for enhancing

the stability of n-i-p PSCs.
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2.6.2 Mechanical Instability

In addition to the thermal and light stability of the ETL, the residual strain that

comes from processing “soft” perovskite on a “hard” metal oxide surface under high

temperature induces strain that has to be relaxed in the perovskite grains when it cools

down [75]. This is due to the thermal expansion coefficient (TEC) mismatch of the

two materials [76, 77]. Residual strain can induce degradation through delamination

of the perovskite grain from the substrate, creating cracks and voids [78, 79].

Fabricating perovskite films on substrates with different thermal expansion coeffi-

cients can either induce or relax the strain in the perovskite lattice [75]. If perovskite

is fabricated on a material with a higher TEC, then when the stack cools down after

annealing, the substrate will induce compressive strain to the perovskite lattice; if the

perovskite is fabricated on a material with a lower TEC, then when the stack cools

down, the substrate will induce tensile strain to the perovskite lattice [80]. Studies

have shown that while tensile stress causes cracks and delamination which acceler-

ates perovskite degradation, compressive stress suppresses cracks and delamination,

improving the perovskite stability [78, 81, 82].

In comparison, for a p-i-n device, the first layer processed on the substrate is

usually a polymer material, which has a larger TEC than perovskite, whereas, a metal

oxide has a lower TEC than perovskite [80]. Therefore, when perovskite films are

processed on substrates at an elevated temperature, there is a residual compressive

strain for p-i-n devices, whereas, there is a residual tensile strain for n-i-p devices.

As a result, the tensile strain in n-i-p devices accelerates their degradation, and n-

i-p devices aged under light and elevated temperatures without any ETL/perovskite

interlayer modification often show voids, cracks, and delamination [83, 84, 85].

35



i
i

“output” — 2023/8/15 — 17:02 — page 36 — #56 i
i

i
i

i
i

Chapter 2. Theory and Background

2.6.3 Ion Migration

Metal halide perovskites are often susceptible to ion migration. In particular, I-, Br-,

and Cl- species can diffuse and form vacancies over time. Iodide reacts to form

iodine and can leave the perovskite in the form of iodine vapor. Ion migration is

especially pronounced under illumination. For mixed-halide wide-bandgap perovskite,

photoinduced halide segregation is observed to occur on the order of seconds to

minutes.

The typical PSC metal contacts such as gold can migrate through the HTL into

the perovskite layer at temperatures as low as 70°C [86]. Following gold migration,

the degradation products of perovskite which formed iodine/iodide species will react

with gold to form AuI2 and AuI3 [87]. Gold can further react with other halide species

to form AuCl3, AuBr3 and AuI [88]. Other more reactive metal contacts such as Ag

can accelerate the degradation of the perovskite and form PbO, PbI2, and AgI [89].

Aside from materials and mechanical concerns, one reason for the worse stability

of n-i-p solar cells under open-circuit conditions might be that there is inherently a

difference in the architecture. While n-i-p devices are illuminated from the n-type

charge selective contact, the p-i-n devices are illuminated from the p-type contact.

For n-i-p, this biases the direction of I- ion migration towards the top hole-transporting

layer where it can escape as I2 [90, 91, 92, 93]. Whereas, it is speculated that for a

p-i-n under open circuit conditions, iodine cannot escape so readily as the p side is the

substrate side. This is hypothesized because from our group’s experience, an n-i-p

device with stable charge-selective contacts degrades at a similar rate as a p-i-n device

under dark, elevated temperature (85°C) conditions. However, under illumination at

open circuit conditions, where ion migration is accelerated [94, 95], our n-i-p devices

degrade faster than p-i-n devices.
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2.7 The Role of Additional Amine in Perovskite

Amine additives or surface modification have long been used to improve the grain

size and crystallinity of perovskite [96, 97]. Sometimes, it is used to create surface

2D phases to passivate the surface and grain boundaries [98]. Other times, they

are used as ligands to "anchor" on the grain boundaries and increase the (001)

orientation [99]. Amines can potentially play many roles in perovskite, including

N-alkylation with other organic perovskite cations, such as formamidinium (FA+)

and methylammonium (MA+). For example, in solution, methylamine generated

from deprotonated methylammonium iodide reacts with formamidinium to form N-

methyl FAI and N,N’-dimethyl FAI within 24 hours [100, 101]. On a perovskite film,

Jiang et al. used 3-(aminomethyl)pyridine (3-APy) as a perovskite surface treatment

and found that 3-APy reacts with FA to form N-(3-methylpyridine)formamidinium

(MPyFA+) passivating the surface [102]. The result is the formation of ammonia and

a new amine which can further react with another acidic alkylammonium.

Aside from alkylation, the presence of Pb2+ complicates the matter, as Pb2+ is a

soft Lewis acid that can react with the basic amine. Amine can assist in dissolving

PbI2 as it is more strongly coordinated to Pb than other common perovskite solvents

such as dimethylformamide (DMF) and dimethyl sulfoxide (DMSO). As a result, an

alkylammonium salt and Pb-alkylamide (Pb(II)-NHR) can form after solution aging

[103]. These roles that amines play not only affect the precursor solution, but also may

affect the crystallization process to obtain the final polycrystalline metal halide per-

ovskite film. The new organic species formed in the solution can either co-crystallize

in the precursor phase and then subsequently be lost (such as methylamine), or stay

in secondary phases that are retained in the end material (such as benzylamine or

ethylenediamine). In chapter 5, I will discuss this in more detail in the case of using

benzylamine as a bulk passivation.
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2.8 The Structure of This Thesis

In this thesis, I will attempt to address some of the long-term stability issues, partic-

ularly in regular n-i-p architecture devices.

Following the general introduction given in this and the preceding chapter, in

Chapter 3, I will give a summary of the experimental methods used in the projects

to follow.

In Chapter 4, I will introduce a pair of new carbazole-based enamine hole-

transporting materials (HTMs). These small organic molecular HTMs have high

mobility and conductivity even without dopants, which makes them cheap and easy

to process. Additionally, they have enhanced stability compared to a more established

material, Spiro-OMeTAD. The syntheses of these materials are also facile and require

inexpensive materials, reducing the cost by ten-fold compared to Spiro-OMeTAD.

In Chapter 5, I will discuss modifying the perovskite absorber layer with amine

passivation to improve performance and stability. In particular, I will look into a

wide-bandgap (1.68 eV) methylammonium-free perovskite for stable integration into

silicon/perovskite tandem solar cells. In this chapter, the detailed mechanism of how

the amine additive reacts with the perovskite cation to form new products and phases

in-situ will be investigated. This understanding is generalizable to other types of

monoamine passivation.

In Chapter 6, I will move on to present a new n-type self-assembling monolayer,

C60-phosphonic acid (C60-PA) SAM, as a surface modifier to the ETL. C60-PA pas-

sivated the SnO2 surface and improved the voltage and efficiency of n-i-p solar cells.

C60-PA can also slightly improve the charge-transfer efficiency. The solar cell hystere-

sis was also reduced by applying this surface modification. Although the performance

of the device is improved with the C60-PA modification, the stability is worsened. I

will delve into why the interface is less stable. Lastly, I will present the stability result

of the most stable n-i-p architecture I have thus far.
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In Chapter 7, I will summarize the findings of my research. Future research direc-

tions will be proposed to better understand the origin of the instability of perovskite

solar cells and improve them for commercial applications.
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Experimental Methods

3.1 Synthesis of Materials

3.1.1 Syntheses of MeO5PECz and MeO4PEBCz

The syntheses of MeO5PECz and MeO4PEBCz are reported in reference [104].

Briefly, MeO5PECz and MeO4PEBCz are synthesized through the reflux and re-

crystallization methods.

N3, N3, N6, N6, 9-pentakis [2,2-bis (-methoxyphenyl) ethenyl] -9H-

carbazole-3, 6- diamine (MeO5PECz): a mixture of 9H-carbazole-3,6-diamine

(0.5 g, 2.5 mmol), 2,2-bis(4-methoxyphenyl)acetaldehyde (4.06 g, 15.8 mmol) and

camphor-10-sulfonic acid (β) (0.59 g, 2.5 mmol) were dissolved in THF (10 ml +

volume of the Dean-Stark trap ml), 3Å molecular sieves were added to absorb water.

The mixture was heated under an argon atmosphere for 8 hours at reflux. Afterwards,

the reaction mixture was cooled to room temperature and poured into 200 ml of

ethanol. The precipitate was filtered and washed with 200 ml of ethanol and then
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crystalized from acetone, resulting in yellow crystals of MeO5PECz (m.p. 187-189°C).

Yield: 2.05 g (58 %).

N3, N3, N6, N6, 9-tetrakis[2,2-bis(-methoxyphenyl)ethenyl]-9-butyl-9H-

carbazole-3,6-diamine (MeO4PEBCz): a mixture of 9-Butyl-9H-carbazole-3,6-

diamine (1 g, 3.9 mmol), 2,2-bis (4-methoxyphenyl) acetaldehyde (5.0 g, 19.7 mmol)

and camphor-10-sulfonic acid (β) (0.9 g, 3.9 mmol) were dissolved in toluene (10 ml

+ volume of the Dean-Stark trap ml). The mixture was heated for 1 hour at reflux.

Afterwards, the reaction mixture was cooled to room temperature and extracted with

ethyl acetate. The organic layer was dried over anhydrous Na2SO4, filtered, and then

the solvent was removed. The crude product was washed with hot ethanol giving

green crystals, which were then recrystallized from a mixture of THF and ethanol

(1:1), resulting in yellowish crystals of MeO4PEBCz (247-249°C). Yield: 2.31 g (49

%).

3.1.2 Synthesis of C60-Phosphonic Acid Self-Assembling Mono-

layer

The synthesis of C60-phosphonic acid SAM is reported elsewhere in reference [105].

3.2 Device Fabrication

3.2.1 Materials

Tin(II) chloride dihydrate (99.995%), urea (≥98%), hydrochloric acid (37%), thio-

glycolic acid (≥99%), potassium chloride (KCl), n-octylammnonium bromide, n-

hexylammonium bromide and phenethylammonium iodide (PEAI) were purchased

from Sigma-Aldrich. Ultrapure water was purchased from Cambridge Bioscience.

Formamidinium iodide (FAI) (99.999%) and methylammonium chloride (MACl) were

purchased from Dyenamo. Methylammonium bromide (MABr) was purchased from
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Xi’an Polymer Light Technology Corp. Lead(II) iodide (PbI2) (99.999%) and ce-

sium iodide (CsI) (>99.999%) were purchased from Alfa Aesar. Lead(II) bromide

(PbBr2) (>98.0%) was purchased from TCI. 4-methoxy-phenethylammonium iodide

(MeO-PEAI) was purchased from GreatCell Solar Materials. 2,2’,7,7’-tetrakis(N,N’-

di-p-methoxyphenylamine)-9,9’-spirobifluorene (Spiro-OMeTAD) (>99.5%) was ob-

tained from Luminescence Technology Corp. Poly[N,N’ -bis(4-butylphenyl)-N,N’ -

bis(phenyl)-benzidine] (Poly-TPD) was purchased from Luminescence Technology

Corp. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) (Mn = ∼17,500 g/-

mol) was purchased from Flexink. PC61BM (99.5%) was purchased from Solenne.

Bathocuproine (C26H20N2 > 98%) was purchased from TCI Chemicals. Lithium bis-

(trifluoromethanesulfonyl)imide (Li-TFSI, >99%), 4-tert-butylpyridine (tBP, 98%),

Isopropanol (IPA, 99.5%), N, N-dimethylformamide (DMF, anhydrous 99.8%), dimethyl

sulfoxide (anhydrous DMSO, >99.9%), anisole (anhydrous, 99.7%), chlorobenzene

(CB, 99.8%), acetonitrile (ACN, anhydrous 99.8%), Al2O3 nanoparticles (20 wt.% in

isopropanol) were purchased from Sigma-Aldrich. Chemicals were used as received

without further purification. Gold pellets and chromium bars for evaporation were

purchased from Kurt J. Lesker.

3.2.2 n-i-p Device Fabrication

Substrate Cleaning

Pre-etched FTO substrates (Pilkington Tec 7) were cleaned by subsequently sonicat-

ing in Decon 90 solution (1% vol. in D.I. water), D.I. water, acetone, and isopropanol

for 10 min each. Then they were dried in a stream of nitrogen gas and UV-ozone

cleaned for 15 minutes.

SnO2 Chemical Bath Deposition

17.4 mg/mL tin(II) chloride dihydrate was dissolved in isopropanol and spin-coated

onto the FTO substrates at 3,000 rpm for 25 seconds under an ambient atmosphere.
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Subsequently, they were dried on a hotplate at 100°C for 10 minutes. Then the hot-

plate temperature was increased to 180°C and the substrates were annealed for 1 hour

and then they were cooled to room temperature. A chemical bath solution containing

200 mL D.I. water, 2.5 g urea, 50 µL thioglycolic acid, 2.5 mL hydrochloric acid, and

540 mg tin(II) chloride dihydrate was stirred until fully dissolved. The substrates were

then laid inside a Pyrex glass dish with the FTO side face up. The chemical bath

solution was added to the glass dish and closed with a glass lid. The container was

left in a 90°C oven for 3∼4 hours for the chemical bath deposition. Afterward, the

substrates were taken out and subsequently sonicated in D.I. water and isopropanol

for 5 minutes each and dried with a nitrogen gun. Then the substrates were annealed

again at 180°C for 1 hour.

PCBM Passivation of SnO2

Before PCBM deposition, the substrates were UV-ozone cleaned again for 15 min-

utes. The substrates were transferred into a nitrogen-filled glovebox. A 5 mg/mL

PCBM in chlorobenzene solution was spincoated on the substrates at 5,000 rpm for

30 seconds. Then the substrates were annealed at 100°C for 10 minutes.

KCl Passivation of SnO2

20 mM KCl in D.I. water was spincoated onto the SnO2 substrate at 3,000 rpm for

30 s (2000 rpm/s ramp speed). Then the substrates were annealed at 100°C for 10

min. The substrates were UV-ozone cleaned for another 15 min before the perovskite

film deposition.

FAPbI3 (with MACl and MAPbBr3) Deposition

1.5 M FAPbI3 (99%) with 35% excess MACl and 1% MAPbBr3 additive was used as

the absorber material and prepared in a nitrogen-purged glovebox. 255.4 mg of FAI,

35.4 mg of MACl, 1.7 mg of MABr, 684.6 mg PbI2, and 5.5 mg of PbBr2 were dis-

solved in 1 mL of 4:1 DMF:DMSO. The solution was stirred on the hotplate at room

temperature for 1 h. The solution was passed through a 0.45 µm polytetrafluoroethy-

lene (PTFE) syringe filter before use. Inside a compressed dry air-purged drybox, 100

µL of precursor solution was drop-casted on the substrate and spun at 6,000 rpm for
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30 s (3000 rpm/s ramp speed). 300 µL of anisole was dropped onto the substrate 10

s into the spinning program. The perovskite films were then annealed at 150°C for

15 min.

FA0.83Cs0.17Pb(I0.9Br0.1)3 Deposition

1.45 M FA0.83Cs0.17Pb(I0.9Br0.1)3 precursor solution was made by dissolving 64.0 mg

CsI, 79.8 mg PbBr2, 207.0 mg FAI, and 568.2 mg PbI2 into 1 mL of a DMF:DMSO

solvent mixture (4:1 volume ratio). The precursor solution was stirred on a hotplate

at room temperature for 1 hour in a nitrogen-purged glovebox before use. The solu-

tion was passed through a 0.45 µm PTFE filter and transferred to a compressed dry

air-purged drybox at around 10% relative humidity for perovskite deposition. Then

35 µL of the precursor solution was spread on an FTO/SnO2 substrate using a pipette

tip and then spun at 6,000 rpm for 35 s (with a ramp speed of 2000 rpm/s). 100 µL

anisole was dropped at the center of the substrate 10 s before the end of spinning.

The film was annealed on a hotplate at 100°C for 45 min.

FA0.75Cs0.25Pb(I0.8Br0.2)3 (1% access PbI2) Deposition

A 1.2 M perovskite precursor solution was made by dissolving 154.8 mg FAI, 77.9

mg CsI, 132.1 mg PbBr2, and 391.1 mg PbI2 in 1 mL 7:3 ratio of DMF:DMSO. The

perovskite precursor solution was dropped dynamically onto the substrate spinning

at 1,000 rpm for 10 seconds with 200 rpm/s acceleration and then 5,000 rpm for

45 seconds with 800 rpm/s acceleration. The antisolvent (1:1 diethyl ether: ethyl

acetate) was dropped onto the substrates 15 seconds before the end of the program.

Then the substrates were annealed at 100°C for 45 minutes.

PEAI Passivation on Perovskite

For perovskite layer passivation, 5 mM phenethylammonium iodide (PEAI) was dis-

solved in isopropanol and spin-coated onto the perovskite layer. The PEAI solution

was dynamically dropped onto the substrate spinning at 3,000 rpm for 30 s without

annealing.

MeO-PEAI Passivation on Perovskite

4-methoxy-phenethylammonium iodide (MeO-PEAI) was dissolved in isopropanol to
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make a 16 mM solution. The solution was dropped onto the substrate at 5,000rpm

(2,500 rpm/s ramp) for 30 s. Then the substrate was annealed at 100°C for 5 min-

utes.

Spiro-OMeTAD

85 mg/ml Spiro-OMeTAD was dissolved in chlorobenzene. 33 µL of tert-butyl pyri-

dine (tBP) is added to every 1 mL of the Spiro-OMeTAD solution first. A 517 mg/ml

Li-TFSI stock solution in acetonitrile is made separately. Then 20 µL of the Li-TFSI

solution is added to every 1 mL of Spiro-OMeTAD solution. The Spiro-OMeTAD so-

lution is dynamically dropped onto the substrate spinning at 2,500 rpm (2,500 rpm/s

ramp) for 30 seconds.

MeO5PECz

MeO5PECz solution was prepared by dissolving 25 mg MeO5PECz in 1 mL anhy-

drous chlorobenzene along with 20 µL Li-TFSI solution (concentration: 64.6 mg/mL

in acetonitrile) to achieve 25 mol% Li-TFSI with respect to MeO5PECz (Mw=1388.67

g/mL). 33 µL tBP was added to the solution. The solution was stirred and heated

at ∼60°C overnight until it had completely dissolved. Then the solution was passed

through a 0.22 µL PTFE filter. 50 µL of MeO5PECz solution was dynamically de-

posited onto the substrates at 2,500 rpm for 30 s. The dopant-free MeO5PECz

solution and the tBP dopant-only solution were prepared in a similar way.

MeO4PEBCz

MeO4PEBCz solution was prepared by dissolving 25 mg MeO4PEBCz in 1 mL anhy-

drous chlorobenzene along with 20 µL Li-TFSI solution (concentration: 74.4 mg/mL

in acetonitrile) to achieve 25 mol% Li-TFSI with respect to MeO4PEBCz (Mw=1206.49

g/mol). 33 µL tBP was added to the solution. The solution was stirred and heated

at ∼60°C overnight until it had completely dissolved. Then the solution was passed

through a 0.22 µL PTFE filter. 50 µL of MeO4PEBCz solution was dynamically de-

posited onto the samples at 2,500 rpm for 30 sec. The dopant-free MeO4PEBCz

solution and the tBP dopant-only solution were prepared in a similar way.

PTAA
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The PTAA solution was prepared by dissolving it in toluene at 20 mg/mL. 10µL/mL

tBP was added to the solution. Then 5 µL/mL Li-TFSI solution (520 mg/mL in

acetonitrile) was added. The solution was stirred on the hotplate overnight until it

was fully dissolved. The solution was filtered with a 0.22 µm PTFE filter before spin-

coating. 200 µL solution was dropped onto the substrate and then spun at 6,000 rpm

for 20 sec (3,000 rpm/sec acceleration). No annealing was necessary.

Metal Electrodes

For the top metal contact, the evaporation chamber was pumped down until the

pressure reaches <5X10−6 Torrs. Then 80 nm of Au was evaporated at the rate of

0.1 Å/s for the first 10 Å and then the evaporation rate was gradually increased to

0.7 Å/s for the rest. For Cr/Au evaporation, first 3.5 nm Cr was evaporated at the

rate of 0.1 Å/s then the same Au program was subsequently used to evaporate 80

nm of Au.

C60-PA Deposition

C60-phosphonic acid SAM was dissolved in DMSO at a concentration of 1 mM (0.932

mg/mL). Due to the low solubility of the SAM, the vial was first stirred at 70°C for

3 days and then sonicated at 40°C for 3 hours. The solution was passed through

a 0.22 µm PTFE filter right before use. The SAM solution was dropped onto the

substrate and spun at 3,500 rpm for 1 minute and then annealed at 100°C for 10

minutes. Afterward, any excess unbound SAMs were rinsed away with pure DMSO

solvent using the same spin-coating program and dried again at 100°C for 10 minutes.

C60-CA Deposition

C60-carboxylic acid SAM was dissolved in a 1:1 v:v cosolvent of tetrahydrofuran:

chlorobenzene (THF:CB) at a concentration of 1 mM. The solution was passed

through a 0.22 µm PTFE filter right before use. The SAM solution was dropped

onto the substrate and spun at 3,500 rpm for 1 minute and then annealed at 100°C

for 10 minutes. Afterward, any excess unbound SAMs were rinsed away with pure

THF:CB solvent using the same spin-coating program and dried again at 100°C for

10 minutes.
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3.2.3 p-i-n Device Fabrication

For the p-i-n device fabrication, Pilkington Tec 15 FTO was used. Following the

same substrate cleaning procedure in the n-i-p device, the rest of the p-i-n stack is

fabricated as follows:

Poly-TPD

The hole-transporting layer is poly (N,N’-bis-4-butylphenyl-N,N’-bisphenyl) benzidine

(poly-TPD). Poly-TPD was dissolved in toluene at a concentration of 1.2 mg/ml and

heated at 70°C and stirred overnight. Then the solution was filtered with a 0.22 µm

PTFE filter. Poly-TPD was dropped onto the substrate spinning at 2,000 rpm (2,000

rpm/s ramp) for 20 s. Then the substrate was annealed at 130°C for 10 minutes.

Al2O3 nanoparticles

Al2O3 nanoparticles were used to improve adhesion of the perovskite on Poly-TPD.

A dispersion of Al2O3 nanoparticles (20 wt.% in IPA) was diluted with IPA at a 1:150

ratio. Then the colloidal dispersion was dropped onto the substrate and spun at 5,000

rpm (5,000 rpm/s ramp) for 20 s. The substrate was subsequently annealed at 100°C

for 2 minutes.

Perovskite

The FA0.75Cs0.25Pb(I0.8Br0.2)3 (1% access PbI2) perovskite layer was deposited the

same way as in the n-i-p recipe.

Electron-transporting layer, PCBM

Phenyl-C61-butyric acid methyl ester (PCBM) was dissolved in 3:1 by volume chloroben-

zene (CB): dichlorobenzene (DCB) at a concentration of 20 mg/ml. The solution

was dropped onto the substrate spinning at 2,000 rpm (2,000 rpm/s ramp) for 30 s.

Then the film was annealed at 100°C for 4 minutes.

Hole blocking layer, BCP

Bathocuproine (BCP) was dissolved in IPA at a concentration of 0.5 mg/ml. The

solution was dropped onto the substrate spinning at 5,000 rpm (2,000 rpm/s ramp)

for 20 s. Then the films were annealed at 100°C for 1 minute.
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Metal Electrodes

For the top metal contact, the evaporation chamber was pumped down until the

pressure reaches <5X10−6 Torrs. Then 80 nm of Au was evaporated at the rate of

0.1 Å/s for the first 10 Å and then the evaporation rate was gradually increased to

0.7 Å/s for the rest. For Cr/Au evaporation, first 3.5 nm Cr was evaporated at the

rate of 0.1 Å/s then the same Au program was subsequently used to evaporate 80

nm of Au.

3.3 Materials Characterization

3.3.1 Solution NMR

The nuclear magnetic resonance (NMR) experiments (including 1H, 13C, COSY, and

HSQC) were conducted using a two-channel Bruker Avance III HD Nanobay 400 MHz

instrument running TOPSPIN 3 equipped with a 5 mm z-gradient broadband/fluorine

observation probe. Deuterated DMSO was used as the solvent for this experiment.

3.3.2 UV-vis Absorption Measurement

Absorption spectra were measured in dilute solutions and on glass substrates using a

UV/Vis-NIR spectrophotometer, Lambda 35 (Perkin-Elmer).

3.3.3 Steady-state and Time-resolved Photoluminescence

Steady-state and time-resolved PL measurements were acquired using a time-correlated

single-photon counting (TCSPC) setup (FluoTime 300, PicoQuant GmbH). Film sam-

ples were photoexcited using either a 510 nm/405 nm/630 nm laser head (LDH-P-

C-510/LDH-P-C-405/LDH-P-635, Pico Quant GmbH) pulsed at a frequency of 5

kHz∼1 MHz, with a pulse duration of 128 ps∼4 ns and fluence of 30 nJ/cm2. The

PL was collected using a high-resolution monochromator and hybrid photomultiplier
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detector assembly (PMA Hybrid 40, PicoQuant GmbH) with a detection wavelength

set to the peak PL emission wavelength from the sample.

3.3.4 Photoluminescence Quantum Yield (PLQY)

PLQY (or PLQE) values were determined following the method of De Mello et

al.[106] using a 532 nm or 410 nm continuous wave laser excitation source (Roith-

ner, RLTMLL-532 2 W) to illuminate a sample in an integrating sphere (Newport,

70682NS), and the laser scatter and PL were collected using a fiber-coupled spec-

trometer (Ocean Optics MayaPro). The beam intensity was modified using neutral

density filters. To obtain PLQY values that correlate with a device operating under

1 sun illumination for a particular wavelength laser, an optical density filter was used

to adjust the laser output to the equivalent of AM 1.5G for each perovskite bandgap.

See Figure 3 from Kirchartz et al. [107]. Reproduced in Figure 3.1.

Figure 3.1: AM1.5G equivalent steady-state absorbed photon flux for different bandgap energies,
assuming a step-function-like absorptivity where all the photons with energy above the bandgap are
absorbed. The power density required to achieve such photon flux values for different excitation
wavelengths is stated on the right axis. Reproduced from reference [107].
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3.3.5 Ionization potential measurement (Ip)

For the carbazole hole-transporting materials (HTMs), the ionization potential (Ip) of

each enamine compound was measured by electron photoemission in air (the error of

this method is evaluated as ±0.03 eV). The samples were prepared by dissolution in

THF and the solutions were coated on Al plates pre-coated with a methyl methacrylate

and methacrylic acid copolymer adhesive layer (∼0.5 mm). The thickness of the

transporting material layer was 0.5 ∼ 1 mm. The organic materials investigated

are stable enough in oxygen that the measurements may be carried out in ambient

conditions. The samples were illuminated with monochromatic light from a quartz

monochromator fitted with a deuterium lamp. The power of the incident light beam

was (2 ∼ 5) × 10−8 W. A negative voltage (-330 V) was supplied to the sample

substrate. The counter electrode with a 4.5 mm × 15 mm slit for illumination was

placed 8 mm from the sample surface. The counter electrode was connected to the

input of the BK2–16 type electrometer, working in the open input regime, for the

photocurrent measurement. The 10−15 ∼ 10−12 A photocurrent (I) flowed in the

circuit under illumination. The value of I is strongly dependent on the incident-light

photon energy (hν). The dependence I0.5 on incident-light quanta energy hν was

plotted from the experiment results. Usually, the dependence of I on the incident

light quantum energy is described well by the linear relationship I0.5 = f(hν) near the

threshold. The linear part of this dependence was extrapolated to the hν axis and the

Ip value was determined as the photon energy at the interception point.

3.3.6 Charge carrier mobility measurements (µ)

The samples for the charge carrier mobility measurements were prepared by spin-

coating solutions of the synthesized compounds in THF onto polystyrene films with

a conductive Al layer. The layer thickness was in the range 5∼10 µm. The charge

drift mobility was measured by Xerographic time of flight (XTOF). An electric field
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was created by positive corona charging. The charge carriers were generated at the

layer surface by illumination with pulses of a nitrogen laser (pulse duration = 2 ns,

λ = 337 nm). The layer surface potential decrease as a result of pulse illumination

was up to 1∼5% of the initial potential before illumination. The capacitance probe

that was connected to the wide-frequency band electrometer measured the speed of

the surface potential decrease (dU/dt). The transit time (tt) was determined by the

kink on the curve of the dU/dt transient on a linear or double logarithmic scale. The

drift mobility was calculated by the formula µ = d2/U0tt (d is the layer thickness, U0

is the surface potential at the moment of illumination).

3.3.7 Contact Angle Measurement

The contact angles of the HTM films were measured using a video-based optical

contact angle measuring device (Ossila Contact Angle Goniometer) and analyzed

using the Ossila Contact Angle 3.0.9.1 software. All measurements were performed

in ambient atmosphere and at room temperature.

3.3.8 Kelvin Probe Force Microscopy (KPFM)

FAPbI3 (with MACl and MAPbBr3) perovskite films used for KPFM experiments (in

Chapter 6) were made using a precursor solution that is diluted down 10 × to achieve

a thin perovskite film of around 50∼60 nm. All other processing procedures were

the same as in the aforementioned device processing procedure, except the stack was

processed only up to the perovskite layer.

Work function measurements were collected with the Kelvin Probe system SKP5050

in air. The probe tip was first calibrated by a standard Highly Ordered Pyrolytic

Graphite (HOPG) sample for a reference work function.
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3.3.9 X-ray Photoelectron Spectroscopy (XPS)

The samples made for XPS experiments were made following the procedure in the

experimental methods. For this experiment, SnO2 and SnO2/C60-PA films were made

on TEC 7 FTO substrates.

XPS was measured with a Thermo Scientific Kα X-ray photoelectron spectrome-

ter. The samples were measured using a monochromated Al Kα X-ray source. The

measurements were made at room temperature and at a takeoff angle of 90°. The

core level spectra were recorded using a pass energy of 20 eV (with a resolution of

approximately 0.4 eV) from an analysis area of 400 µm × 400 µm. The spectrometer

work function and binding energy scale were calibrated using the Fermi edge and 3d

peak recorded from a polycrystalline silver sample prior to the experiments. Fittings

that were done to extract relative stoichiometry from the XPS data were carried out

using the Avantage XPS software suite.

3.3.10 Optical-pump-terahertz-probe (OPTP) Measurement

The half-stack samples for this characterization were made on quartz substrates.

Subsequently, the ETL and FAPbI3 perovskite layers were fabricated following the

same procedure as reported in the experimental methods. Afterward, a PMMA layer

was processed on top of the perovskite film to encapsulate it. 20 mg/mL PMMA

layer was spin-coated on top of the half-stack at a spin speed of 2,000 rpm (2,000

rpm/s ramp rate) for 20 s.

Optical-pump Terahertz-probe (OPTP) setup (described in more detail in refer-

ence [108, 109]) was measured using a Spectra Physics Mai Tai-Empower-Spitfire

Pro Ti:Sapphire regenerative amplifier. The amplifier generates an ultra-fast laser

with 35 fs pulse duration, 800 nm center wavelength, and 5 kHz repetition rate.

400 nm optical pump excitation wavelength was achieved by frequency doubling the

fundamental laser output through a BBO crystal. THz probe pulses were generated
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by a spintronic emitter consisting of quartz/2 nm Tungsten/1.8 nm Co40Fe40Be20/2

nm Platinum. The samples were stored in an evacuated chamber at a pressure of

less than 10-1 mbar and were excited with the pump and probed with the THz pulse

shortly after. The pump and THz pulses were chopped with optical choppers with

frequencies of 1.25 and 2.5 kHz respectively to obtain the THz transmission change

∆T. The diameters (FWHM) of the pump and probe beam at the sample positions

were measured as 4.4 mm and 0.7 mm respectively. The power of pump pulses was

tuned by an ND filter wheel. The THz transmission from samples was detected by

electro-optic sampling in a (110)-ZnTe crystal (1 mm thickness) with a spatially and

temporally overlapping 800 nm gate pulse. The THz transmission was measured at

the peak of the THz pulse for different delays of the pump beam, mapping the THz

transmission as a function of time after photoexcitation. The OPTP decay traces

with different delays were measured for 4 fluences (in the range of 4.2 µJ·cm2 ∼ 54.6

µJ·cm2) on the quartz side for each sample. The identical experimental procedure

was repeated after each aging time.

3.3.11 X-Ray Diffraction (XRD)

XRD patterns were collected using a Panalytical X’Pert Pro X-ray diffractometer with

a Cu Kα source (λ=1.54 Å).

3.3.12 Scanning Electron Microscopy (SEM)

Cross-sectional SEM and surface SEM images were collected using an FEI Quanta

600 scanning electron microscope at 5 kV acceleration voltage and a spot size of 3.0.
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3.4 Photovoltaic Device Characterization

3.4.1 Current Density-Voltage (J-V) Measurements

The photovoltaic devices were characterized in ambient conditions with the room

temperature around 20∼25°C and 25% relative humidity under AM 1.5G simulated

sunlight generated by a class AAA WaveLabs Sinus-220 solar simulator, using a Keith-

ley 2400 source meter. The intensity of the solar simulator was set to produce 100

mW/cm2 equivalent irradiance using a certified KG3-filtered Si reference photodiode

(Fraunhofer ISE). The voltage was swept at a rate of 0.61 V/s first from forward

bias to reverse bias followed by a reverse sweep in the opposite scan direction. The

minimum voltage was -0.2 V and the maximum voltage was 1.2 V. On each substrate,

there were three devices with an area 0.25 cm2 and one larger device with an area of

1.00 cm2. The areas were defined using black anodized aluminum shadow masks in

direct contact with the glass side of the substrates within enclosed sample holders.

3.4.2 External Quantum Efficiency (EQE) Measurements

External quantum efficiency was acquired with a custom build Fourier transform pho-

tocurrent spectrometer utilizing a Bruker Vertex 80v Fourier Transform Interferome-

ter. Devices were calibrated to a Newport-calibrated silicon reference solar cell with

known external quantum efficiency and illuminated with an AM1.5 filtered solar sim-

ulator. Device were masked with the same metal aperture masks as in the J-V

measurements, with active areas 0.25 cm2 and 1 cm2.
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3.5 Device Stability Measurements

3.5.1 65°C and 85°C AM 1.5 Light-soaking Box

The 65°C and 85°C light aging tests were done on encapsulated devices in an ambient

atmosphere, either 65°C or 85°C, full spectrum pulsed light ATLAS SUNTEST XLS+

aging box. The (1,700 W) xenon lamp is pulsed at 100 Hz and averaged off to 1 sun

intensity.

3.5.2 85°C N2 Aging Box

The 85°C thermal aging test was done on unencapsulated devices in a dark nitrogen

atmosphere. Devices were put inside a home-built oven with temperature control

set to 85°C (±3°C) and removed periodically to measure device performance under

ambient conditions.

3.6 Data Analysis

3.6.1 Quasi-Fermi Level Splitting (QFLS)

The quasi-Fermi level splitting (QFLS) analysis was done using methods previously

reported by Caprioglio et al. [49, 110].

3.6.2 Time-resolved Photoluminescence (TRPL) Fitting

The time-resolved PL decays were fitted to a stretched exponential function

f(t) = Aexp(− t

τ
)β (3.1)
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in which β is the stretching parameter. 0<β<1 indicates how much the curve

deviates from a mono-exponential decay of β=1. The mean lifetime of the photogen-

erated charges 〈τ〉 is given by

< τ >=

∫ ∞

0

dt exp(−(
t

τ
)β) =

τ

β
Γ(

1

β
) (3.2)

where Γ is the gamma function. The fitting method is detailed in this paper published

by Habisreutinger et al. [111].
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CHAPTER 4

Low-cost dopant-free carbazole enamine

hole-transporting materials for thermally

stable perovskite solar cells

The research in this chapter is based on the following publication:

Suer Zhou, Maryte Daskeviciene, Matas Steponaitis, Giedre Bubniene, Vygintas

Jankauskas, Kelly Schutt, Philippe Holzhey, Ashley R. Marshall, Pietro Caprioglio,

Grey Christoforo, James M. Ball, Tadas Malinauskas, Vytautas Getautis, Henry J.

Snaith. (2022), "Low-Cost Dopant-Free Carbazole Enamine Hole-Transporting Ma-

terials for Thermally Stable Perovskite Solar Cells". Sol. RRL, 6: 2100984.

DOI: 10.1002/solr.202100984

Direct link: https://onlinelibrary.wiley.com/doi/full/10.1002/solr.202100984

This article is published under the Creative Commons CC BY license. The struc-

ture and content of this article are modified to fit the format of this thesis. Where
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data was collected and analyzed by co-authors, this is indicated in the relevant figure

caption. Unless otherwise stated, all other data were collected and analyzed by me.

4.1 Introduction

Perovskite solar cells (PSCs) have dramatically risen in performance in the past

decade owing to the considerable changes to their device architecture, the com-

position of perovskite, processing methodologies, and electron extraction layers since

the early reports. However, the hole-conductor, 2,2´,7,7´-tetrakis(N,N-di-p-methoxy-

phenylamine)-9-9´-spirobifluorene (Spiro-OMeTAD), along with a “cocktail” of ionic

and basic additives, remains essentially unaltered in the highest efficiency perovskite

cells. [112, 113, 114] This extraction layer was first employed in the first solid-state

perovskite cells reported in 2012, and originated in solid-state dye-sensitized solar cells

from 1998 [115].

Despite the promises of this technology, PSCs can degrade due to a variety of

reasons [116, 117, 118] and moisture is one of the key culprits [119]. The best-

performing perovskite materials are usually comprised of a mixture of multiple small

organic and inorganic mono-cations, lead(II) cations, and halide anions [120]. When

such perovskites interact with water, they can form an intermediate hydrated struc-

ture, followed by degradation to lead halide, which leads to a large drop in power

conversion efficiency (PCE) [121, 122, 123]. One of the possible pathways for mois-

ture to reach the perovskite layer is through the hygroscopic dopants (ionic and basic

additives) used to induce chemical oxidation that improves conductivity and photo-

electric properties of the hole-transporting materials (HTMs) [124]. For example,

one commonly used dopant, bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI),

is hygroscopic [125]. Doping increases the conductivity of commonly-used HTMs by

increasing the hole density, since conductivity is proportional to the product of the

hole density and mobility [126, 127, 128]. However, it is preferable to improve the

inherent mobility of the HTMs because doping can lead to additional instabilities.
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Different doping strategies can be applied to boost the performance of the HTM,

such as oxidation in air, the addition of chemical oxidization agents (such as cobalt-

based metal complexes) [129], direct addition of pre-synthesized HTM+ bis (triflu-

oromethane) sulfonimide (TFSI)- and the use of chemical adducts [130, 131, 132].

For instance, the most widely used hole-transporting material for devices in the n-

i-p configuration is Spiro-OMeTAD, which has low conductivity in its pure form.

It is commonly doped with Li-TFSI, 4-tert-butyl pyridine (tBP), and cobalt-based

metal complexes (for example tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)

tri[bis(trifluoromethane)sulfonimide]) (FK209) [129]. If Li-TFSI is used without the

cobalt salt, the oxidation process depends on prolonged ambient oxygen exposure

and therefore suffers from poor control over doping levels [133]. FK209 partially

oxidizes Spiro-OMeTAD by reducing Co(III) to Co(II), thus initially increasing the

HTM conductivity. To further oxidize Spiro-OMeTAD, air oxidation with Li-TFSI is

still needed to deliver the most efficient solar cells [125, 134, 135]. The addition of

lithium ions can contaminate other parts of the device, potentially lowering the PCE

over time through processes such as lithium-ion migration causing increased hysteresis

[136, 137].

The presence of tBP was also shown to reduce the glass-transition temperature

of Spiro-OMeTAD to below 100°C [138]. Adding tBP along with Li-TFSI further

causes morphological transformations at the perovskite/Spiro-OMeTAD interface at

elevated temperatures (>85 °C) [139, 140]. Therefore, it is desirable to avoid chemical

oxidation and additives for better device stability, thus making “dopant-free” HTMs

very attractive alternatives. There are two main types of dopant-free HTMs for

the common (n-i-p) device architecture: polymers and small molecules. Without

additives, polymers tend to demonstrate better device PCEs, possibly due to the ability

to coat thinner uniform films, in comparison to their small-molecule counterparts.

However, they suffer from drawbacks such as purity, batch-to-batch reproducibility

[141], and higher synthetic costs [142]. On the other hand, the PCEs of small-

molecule, additive-free HTMs are typically around 15%, with very few examples over
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18% [143, 144, 145]. Nevertheless, the synthesis of these small molecules, p-type

semiconductors is reproducible; they can be purified in many different ways and,

similarly to dopant-free polymers, increase the long-term stability of devices [142].

In this study, we describe the synthesis and application of new carbazole-based

enamines as HTMs, specifically, N3, N3, N6, N6, 9-pentakis [2,2-bis (-methoxyphenyl)

ethenyl]-9H-carbazole-3, 6-diamine (MeO5PECz) and N3, N3, N6, N6, 9-tetrakis[2,2-

bis(-methoxyphenyl)ethenyl]-9-butyl-9H-carbazole-3,6-diamine (MeO4PEBCz) (Fig-

ure 4.1). These materials are the product of a simple synthesis that avoids expensive

organometallic catalysts or costly purification techniques, resulting in significantly re-

duced costs. Furthermore, no chemical oxidation or dopants are required to reach

high PCEs, making these materials attractive alternatives for applications in PSCs.

4.2 Synthesis

The syntheses of enamines MeO5PECz and MeO4PEBCz from commercially available

carbazole diamines are shown in Figure 4.1. See details of the 1H NMR spectra of

these materials in Appendix A.

The carbazole diamine precursors are dissolved in THF (for MeO5PECz) or toluene

(for MeO4PEBCz) and heated at reflux with acid catalysts. Then they were cooled

to room temperature and purified via recrystallization.

Carbazole derivatives MeO5PECz and MeO4PEBCz have been obtained without

the use of expensive palladium-catalyzed cross-coupling in a simple, acid-catalyzed

condensation reaction between carbazole diamines and bis (4-methoxyphenyl) - ac-

etaldehyde (Figure 4.1). MeO5PECz and MeO4PEBCz were purified by recrystalliza-

tion, without column chromatography or sublimation. Recently, Chang et al [146]

found that Spiro-OMeTAD would be the highest single contributor to cost, by a sig-

nificant margin, if employed in perovskite solar cells and perovskite/silicon tandems.
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Figure 4.1: a) Synthesis of carbazole enamines MeO5PECz and b) MeO4PEBCz. Reproduced from
reference [104]. The syntheses were done by Dr. Maryte Daskeviciene and Dr. Giedre Bubniene,
Kaunas University of Technology, Lithuania.

It is possible to lower the manufacturing cost of the HTM by around one order of mag-

nitude from 92 USD/g for Spiro-OMeTAD [146] to 10.33 USD/g for MeO4PEBCz

and 7.83 USD/g for MeO5PECz (based on calculations done in Appendix B).

4.3 Optoelectronic Characterizations

Optical properties, such as absorption spectrum, and electrical properties, such as

ionization potential (Ip) and mobility are essential parameters for assessing the success

of an HTM in optoelectronic devices. UV-vis absorption was performed on thin films

of the HTMs on glass substrates (Figure 4.2). The π–π* transition of MeO4PEBCz

can be seen at 353 nm and of MeO5PECz at 358 nm. The π–π* transitions peaks of
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Figure 4.2: UV-vis absorption spectra of carbazole derivatives MeO5PECz, MeO4PEBCz, and
Spiro-OMeTAD thin films on glass.

both carbazole HTMs are at slightly shorter wavelengths than that of Spiro-OMeTAD

(peak at 385 nm [147]) and weaker absorption in the visible range (380∼700 nm).

The π–π* transition is indicative of an electron transfer from the bonding π state to

its antibonding π* state. In other words, it is the charge transition from its highest

occupied molecular orbital (HOMO) level to the lowest unoccupied molecular orbital

(LUMO) level.

Photoemission spectroscopy in air was used to measure the ionization potential

(Ip) of the carbazole derivatives in the solid-state (the error is estimated to be ±0.03

eV) (Figure 4.3a; Figure 4.3b). All materials have similar Ip of near 5.00 eV (Ta-

ble 4.1); interestingly, the additional electron donating bis(4-methoxyphenyl)ethenyl

moiety in MeO5PECz increases the Ip slightly compared with MeO4PEBCz. Steric

hindrance, resulting from five bis(4-methoxyphenyl)ethenyl fragments connected to

the carbazole core, could be the main factor behind the small differences in Ip, since

it influences the electronic coupling between the peripheral phenyl units and the car-

bazole core. In this case, the one additional bis(4-methoxyphenyl)ethenyl group in

MeO5PECz increases the steric hindrance around the carbazole core, thus forcing
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other phenylethenyl fragments to adopt a less planar configuration, mitigating the

electron donor impact of the substituents.

(a) (b)

Figure 4.3: (a) Ip measurements of MeO5PECz (b) Ip measurement of MeO4PEBCz. The Ip are
measured and analyzed by Dr.Egidijus Kamarauskas, Kaunas University of Technology, Lithuania.

Table 4.1: Photophysical properties of the synthesized materials and Spiro-OMeTAD for compari-
son.

Compound Ip, eV (a) µ0, cm
2V −1s−1 (b) µ, cm2V −1s−1 (c) α (d)

MeO5PECz 5.01 3.7× 10−5 7.8× 10−4 0.0038
MeO4PEBCz 4.96 1.2× 10−4 1.1× 10−3 0.0027
Spiro-OMeTAD [130] 5.00 4.1× 10−5 5× 10−4 0.0031

(a) Ionization potential was measured on films by photoemission spectroscopy in air; (b) Hole mo-
bility value at zero field strength; (c) Hole mobility value at the electric field strength of 6.4×105

V·cm−1; (d) Poole–Frenkel parameter. The Ip are measured and analyzed by Dr. Egidijus Kama-
rauskas. The Xerographic time-of-flight mobilities were measured and analyzed by Dr. Vygintas
Jankauskas, Vilnius University, Lithuania.

The xerographic time-of-flight (XTOF) method (Figure 4.4) was used to esti-

mate the drift carrier mobility of the investigated pristine materials. MeO4PEBCz

displayed slightly higher mobility of 1.1×10-3 cm2V-1s-1 versus 7.8×10-4 cm2V-1s-1

for MeO5PECz under an electric field (Table 4.1). Despite many similarities be-

tween the molecules, the difference in drift carrier mobility could be explained by

the closer packing of MeO4PEBCz and consequentially smaller charge hopping dis-

tance. This correlates well with the Ip results, since the additional electron do-

nating bis(4-methoxyphenyl)ethenyl moiety in MeO5PECz increases steric hindrance
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in the molecule and π–π stacking distances, reducing the charge carrier mobility

[148, 149, 150, 151, 152, 153].

Figure 4.4: Drift carrier mobility of the tested MeO5PECz and MeO4PEBCz. The Xerographic
time-of-flight mobilities were measured and analyzed by Dr. Vygintas Jankauskas, Vilnius University,
Lithuania.

Four-point probe conductivity measurements were carried out on MeO5PECz,

MeO4PEBCz, and Spiro-OMeTAD films with various doping concentrations of Li-

TFSI on glass. When undoped, MeO5PECz has around a factor of 10 higher conduc-

tivity and MeO4PEBCz has around a factor of 100 higher conductivity compared to

pristine Spiro-OMeTAD (Figure 4.5). For MeO4PEBCz, this is in part due to mobil-

ity that is three times higher, but for both MeO4PEBCz and MeO5PECz, the higher

conductivities are mostly attributed to their higher intrinsic carrier density compared

to pristine Spiro-OMeTAD, since conductivity is proportional to both mobility and

carrier density. Furthermore, while the conductivity of Spiro-OMeTAD increases sig-

nificantly (approximately three orders of magnitude) with the addition of Li-TFSI,

the conductivities of the carbazole-based enamines improve more moderately (ap-

proximately two orders of magnitude) up to 250 mol% Li-TFSI. Typically, 50 mol%

Li-TFSI is added to Spiro-OMeTAD in devices [154, 155]. At the highest doping
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concentrations, MeO4PEBCz is still an order of magnitude more conductive than

Spiro-OMeTAD.

Figure 4.5: The conductivity of Spiro-OMeTAD, MeO5PECz, and MeO4PEBCz variation with
Li-TFSI doping concentration (after having been left in an air-filled dry box for 24 hours), were
measured with a 4-point probe.

4.4 Thermal and Moisture Stability

The thermal stability of the HTMs was determined using thermogravimetric analysis

(TGA), the results are shown in Figure 4.6 and Table 4.2. The materials demonstrated

5% weight loss just slightly below 400°C, showing that they are sufficiently thermally

stable for application in PSCs. Furthermore, the rapid weight loss seen in Figure 4.6

just above 450°C suggests that the investigated materials can readily sublime and

demonstrate the potential for vacuum deposition.

Under working conditions, PSCs can reach temperatures well above 65°C; [156]

therefore, HTMs must have glass transition temperatures (Tg) above 65°C. The Tg of

the enamines was measured using differential scanning calorimetry (DSC) and the re-

sults show that both MeO5PECz and MeO4PEBCz have acceptable Tg’s of 152°C and

140°C, respectively (Table 4.2). The difference in Tg becomes clearer when we look

67



i
i

“output” — 2023/8/15 — 17:02 — page 68 — #88 i
i

i
i

i
i

Chapter 4. Low-cost dopant-free carbazole enamine hole-transporting
materials for thermally stable perovskite solar cells

Figure 4.6: TGA heating curves of MeO5PECz and MeO4PEBCz. Measurements were done by
Maryte Daskeviciene and Matas Steponaitis, Kaunas University of Technology, Lithuania.

Table 4.2: Thermal characteristics of the carbazole enamine HTMs and Spiro-OMeTAD for com-
parison.

Compound Tg, °C (a) Tm, °C (b) Tcr, °C (c) T5%,°C (d)
MeO5PECz 152 204 − 395
MeO4PEBCz 140 260 214 392
Spiro-OMeTAD 126 245 − 449

(a) Determined by DSC: scan rate = 10 °C min-1, N2 atmosphere; second run; (b) Determined by
DSC: scan rate = 10 °C min-1, N2 atmosphere; first run; (c) Determined by DSC: scan rate = 10
°C min-1, N2 atmosphere; (d) 5% weight loss determined by TGA: heating rate = 10 °C min-1, N2
atmosphere. Measurements were done by Dr. Matas Steponaitis, Kaunas University of Technology,
Lithuania.

at the structure of the HTMs. Both organic semiconductors are carbazole derivatives,

however, MeO5PECz has an additional bis(4-methoxyphenyl)ethenyl fragment at the

9-position of the carbazole moiety, while MeO4PEBCz has an aliphatic butyl chain

instead, which reduces the bulkiness of the molecule thus lowering the Tg [157]. Fur-

thermore, both materials are partially crystalline with melting temperatures of 204°C

for MeO5PECz and 261°C for MeO4PEBCz (Figure 4.7). Interestingly, during the

second heating of MeO5PECz, no crystallization takes place, which is important for

the formation of good quality thin films, since spontaneous and uncontrollable crys-

tallization causes charge trapping and layer separation which result in a drop in device
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efficiency [158]. Although MeO4PEBCz starts to crystallize during the first and sec-

ond heating, it also possesses relatively high Tg which should lower the probability of

the crystallization occurring in a working device quite significantly.

(a) (b)

Figure 4.7: DSC heating curves of (a) MeO5PECz and (b) MeO4PEBCz (heating and cooling rate
10 K·min-1). Measurements were done by Dr. Matas Steponaitis.

The water contact angles were measured for Spiro-OMeTAD with Li-TFSI and the

carbazole-based enamine HTMs without Li-TFSI (as shown in Figure 4.8). Without

the hygroscopic Li-TFSI dopant, the water contact angles of the carbazole HTMs are

both higher than that of Spiro-OMeTAD, which suggests that the carbazole HTMs

can effectively reduce moisture ingress to the perovskite layer when coated on top

without dopant.

Figure 4.8: Water contact angle of films (a) Spiro-OMeTAD doped with Li-TFSI and tBP (b)
MeO5PECz doped with tBP (c) MeO4PEBCz doped with tBP
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4.5 Interfacial Properties

To probe the quality of the interface between the HTMs and the perovskite ab-

sorber layers, we performed absolute photoluminescence (PL) measurements. We

determined the external PL quantum yield (PLQY) on “half-devices” made with the

structure: glass/perovskite/HTM and compared them to films of perovskite on glass

(Table 4.3 and Figure 4.9). The samples were illuminated with a 532 nm wavelength

laser under 1 sun equivalent intensity for the perovskite bandgap (59.28 mW/cm2 for a

1.6 eV Eg perovskite). The perovskite absorber material was FA0.83Cs0.17Pb(I0.9Br0.1)3

with a bandgap of ∼1.6 eV. Compared to the perovskite films deposited on glass, we

observe a reduction in absolute PLQY for all films coated with the charge-extraction

layers denoting the presence of non-radiative recombination at the transport layer in-

terfaces. Perovskite films coated with the undoped enamine HTMs have the highest

PLQY of all the HTM-coated samples, while perovskite films coated with the doped

enamines show higher PLQY as compared to the doped Spiro-OMeTAD. Notably, the

perovskite films coated with the undoped MeO5PECz show very little quenching of

the PLQY.

From these PLQY measurements, it is estimated that the quasi-Fermi-level-splitting

(QFLS) in the perovskite layer following the method outlined in reference [159] which

is equivalent to the maximum open-circuit voltage (Voc) which could be generated

by the perovskite/HTM heterojunction. Specifically, we found the Spiro-OMeTAD

interface, either doped or undoped, to be the one characterized by the largest amount

of recombination losses, limiting the QFLS to ∼1.15 eV for the doped case. Remark-

ably, when the Spiro-OMeTAD is replaced with enamine HTMs, the losses at the HTL

interface are significantly reduced, achieving a QFLS as high as 1.24 eV. To examine

the ETL/perovskite heterojunction, we also fabricated and measured the PLQY of a

sample: FTO/SnO2/perovskite and calculated the QFLS. In Figure 4.9, the SnO2 in-

terface shows significant recombination losses, limiting the QFLS to ∼1.17 eV. These

results highlight how both the electron transport layer (ETL) and hole transport layer
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(HTL) interfaces limit the Voc of n-i-p devices, with the conventional materials SnO2

and Spiro-OMeTAD. Since the Voc of a full device stack is limited by its weakest

interface, the QFLS results (enamine HTMs > FTO/SnO2 > Spiro-OMeTAD) indi-

cate that Spiro-OMeTAD is limiting Voc, but when using enamine HTMs, FTO/SnO2

becomes the limiting interface.

Across all three of the HTMs, the PLQYs of the perovskite/HTM films consis-

tently drop when Li-TFSI is added to the HTMs (Table 4.3 and Figure 4.9b). Con-

trary to what is often interpreted as more efficient carrier extraction [159, 160, 161],

under open-circuit conditions, a higher degree of PL quenching implies increased non-

radiative recombination [126, 162]. Since our half-devices are not connected to an

external circuit, they are operating similarly to a device at open-circuit conditions

and the charge carriers only recombine through internal pathways. Since adding

Li-TFSI increases the PL quenching, it suggests that adding Li-TFSI increases the

rate of non-radiative recombination relative to the rate of radiative recombination,

which will negatively impact open-circuit voltage. Li-TFSI has poor solubility directly

in chlorobenzene, so it is normally dissolved in acetonitrile before adding it to the

Spiro-OMeTAD/chlorobenzene solution. Previous reports have shown that both ace-

tonitrile and tBP can dissolve PbI2 and damage the perovskite surface, which may

cause an increased level of defects [101, 163, 164, 165]. On the other hand, tBP has

been shown to interact with the perovskite surface favorably, by passivating defects

or inducing p-type surface doping [166]. We hypothesize that without the addition

of Li-TFSI, there are fewer traps at the perovskite/HTM interface which gives better

perovskite/HTM interfacial properties.

Time-resolved photoluminescence (TRPL) decays were measured via time-correlated

single-photon counting (TCSPC) on the same films used for the PLQY measurements,

the results of which we show in Figure 4.10. Fitting the decays using a stretched-

exponential curve (details in chapter 3 section 6.2), we determine a mean carrier

lifetime (<τ>) of the PL decay of 308.4 ns for the neat perovskite film coated on

glass, 40.2 ns for perovskite films coated with neat Spiro-OMeTAD, compared to
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(a) (b)

Figure 4.9: a) PLQY of half stacks on glass with the middle line denoting the median value and
the boxes showing 25% ∼ 75% range of the data points with the raw data plotted as circles. b)
Box plot for the corresponding QFLS calculated using the PLQY.

Table 4.3: Photoluminescence properties and estimated quasi-Fermi level splitting (QFLS) of
FA0.83Cs0.17Pb(I0.9Br0.1)3 perovskite thin-films coated on glass substrates and coated with different
HTMs, with and without Li-TFSI doping.

HTM PLQY(%) QFLS (eV)
Perovskite 6.6±0.5 1.249±0.002
Perovskite/Spiro (neat) 0.32±0.05 1.171±0.004
Perovskite/Spiro (50%mol Li-TFSI, tBP) 0.2±0.1 1.15±0.02
Perovskite/MeO5PECz (neat) 4.8±0.8 1.241±0.004
Perovskite/MeO5PECz (25%mol Li-TFSI, tBP) 0.9±0.2 1.196±0.006
Perovskite/MeO4PEBCz (neat) 1.0±0.3 1.201±0.006
Perovskite/MeO4PEBCz (25% mol Li-TFSI, tBP) 0.53±0.04 1.184±0.002
FTO/SnO2/Perovskite 0.36±0.07 1.174±0.005

All samples were illuminated from the glass side similar to in devices. The data reported in the table
were averaged across four PLQY measurements for each condition. The errors given for the PLQY
are the statistical error of the measurements, and those for the QFLS are the propagated errors
from the PLQY. For the PLQY measurements and subsequent QFLS calculations, the excitation
was measured using a 532 nm laser, with an absorbed photon fluence approximately matching AM
1.5 100 mW/cm-2 irradiance. The dopant concentration in each type of HTM is optimized for the
best device performance.
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Figure 4.10: Time-resolved photoluminescence measurements of perovskite films on glass (pristine),
perovskite coated with Spiro-OMeTAD doped with both tBP and Li-TFSI, and perovskite with the
new enamine hole-transporting materials with and without both Li-TFSI and tBP dopants. Measured
with 510 nm excitation, fluence 221.1 nJ·cm-2

160.3 ns and 52.0 ns for neat MeO5PECz and MeO4PEBCz films, respectively (Ta-

ble 4.4). This varies consistently with the PLQY trends (Figure 4.9a), indicating for

the new enamine-based HTMs, there is less non-radiative recombination introduced

at the perovskite/HTM interfaces, in contrast to the perovskite/Spiro-OMeTAD het-

erojunction.

Table 4.4: TRPL curve fitted parameters according to equation 3.1 and equation 3.2.

Compound τ(ns) β Lifetime (ns)
Perovskite 244.4 0.70 308.4
Perovskite/Spiro (neat) 34.6 0.77 40.2
Perovskite/Spiro (50%mol Li-TFSI, tBP) 6.7 0.74 8.1
Perovskite/MeO5PECz (neat) 126.2 0.70 160.3
Perovskite/MeO5PECz (25%mol Li-TFSI, tBP) 37.0 0.67 48.9
Perovskite/MeO4PEBCz (neat) 41.0 0.70 52.0
Perovskite/MeO4PEBCz (25% mol Li-TFSI, tBP) 28.2 0.68 36.9
FTO/SnO2/Perovskite 60.8 0.62 87.3

The excitation wavelength for the TRPL was 510 nm, illuminated from the glass side, excited at
300 MHz frequency.
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4.6 Device Performancec

We fabricated n-i-p perovskite solar cells with the architecture FTO/ SnO2/ FA0.83Cs0.17

Pb(I0.9Br0.1)3 / HTM/ Au (Figure 4.11). Upon investigating doping Li-TFSI and tBP

into the new carbazole enamine HTMs, we optimized the doping concentrations for

each HTM layer. Champion devices made with MeO5PECz achieved a maximum

power point tracked efficiency (ηmpp) of 17.4% when doped with 33 µL/mL tBP and

25 mol% Li-TFSI with respect to MeO5PECz (Figure 4.12b). Similarly, MeO4PEBCz

achieved a ηmpp of 16.7% at the same mol% dopant concentrations (Figure 4.12a).

Figure 4.11: Cross-sectional SEM image of a MeO5PECz device and schematic illustration of the
device stack.

Due to their high hole mobilities, MeO5PECz and MeO4PEBCz were further

tested as dopant-free HTMs (Figures 4.13a, 4.13b). The MeO5PECz and MeO4PEBCz

layers are 55 nm and 45 nm, respectively, according to thin film profilometry. In Table

4.5 we report the parameters of the devices with the HTMs without dopants, with only

tBP, and with both tBP and Li-TFSI. J-V scans and maximum power point tracked

efficiency (ηmpp) plots show that the devices made with undoped MeO4PEBCz and

MeO5PECz have performances similar to that of devices employing doped Spiro-

OMeTAD. Without any Li-TFSI or tBP doping, MeO4PEBCz achieved a ηmpp of

15.9% while MeO5PECz devices achieved a ηmpp of 16.1%, as compared to 17.4%

with doped Spiro-OMeTAD. Notably, there are quite significant hystereses among all
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(a)

(b)

Figure 4.12: (a) J-V scan of MeO5PECz device. MeO5PECz was doped with both Li-TFSI and
tBP (b) J-V scans of MeO4PEBCz device. MeO4PEBCz was doped with both Li-TFSI and tBP.
The insets show their maximum power point tracked efficiencies for 50 seconds.
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three devices made with different HTMs. This is partly due to the fast voltage sweep

speed (0.61 V/s) we used in our solar cell measurements since we focus on the stabi-

lized max power point tracking for our analysis. On the other hand, high hysteresis is

common in n-i-p devices and is often attributed to the lower charge carrier mobility

of the ETL, SnO2, compared to the HTL [167, 168, 169]. Charges accumulate at

the SnO2/perovskite interface, causing increased hysteresis. Since hysteresis is highly

scan-rate dependent, we analyze our devices based on the stabilized maximum power

point efficiency instead of each forward/reverse scan efficiency.

The external quantum efficiency (EQE) spectra are also similar for devices made

(a) (b)

(c) (d)

Figure 4.13: (a) Undoped MeO4PEBCz (b) undoped MeO5PECz (c) Spiro-OMeTAD (doped with
Li-TFSI and tBP) as HTMs with their corresponding maximum power point tracked efficiency (ηmpp)
shown in the insets. (d) Statistics of the ηmpp for all devices. Spiro-OMeTAD was doped with tBP
and Li-TFSI. MeO5PECz and MeO4PEBCz were undoped.
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Table 4.5: Jsc, Voc, FF, PCE (reverse scans) of champion devices and average performance ±
standard deviation (both forward and reverse scans) of a batch of devices fabricated with different
HTMs, with or without dopants.

with the three different HTMs (Figure 4.15). Notably, there are some differences

between the Spiro-OMeTAD device and the carbazole HTM devices in the EQE spec-

tra, likely to originate from the difference in the HTM layer thicknesses and coherent

interference from the incident and light reflected from the rear Au electrode.

Based on the EQE and PLQY measurements for the full devices made with doped

Spiro-OMeTAD, undoped MeO5PECz, and MeO4PEBCz, we can perform QFLS anal-

ysis on these full devices stacks and compare with the measured Voc to assess the Voc

loss in each case (Figure 4.17).

The approach used follows that reported by Rau et al. [110]. Briefly, the black

body photon flux is

ϕBB =
1

4π2ℏ3c2
E2

exp( E
kBT

)− 1
(4.1)
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Figure 4.14: Cross-sectional SEM image of devices with (a) undoped MeO5PECz and (b) undoped
MeO4PEBCz as HTMs.

Where ℏ is the reduced Planks constant, kB is the Boltzmann constant and T is

the temperature. Assuming that the perovskite solar cell is at 300 K in thermal

equilibrium with its environment, the dark radiative recombination current is

J0,em = q

∫
EQEpv(E)ϕBB(E)dE = J0,rad (4.2)

With EQEPV the photovoltaic external quantum efficiency of the perovskite solar

cell and Jem,0 the current giving rise to emission, which also defines the dark radiative

recombination current at V=0. From that, the radiative limit of the QFLS (QFLSrad)

at EQEEL=1 can be calculated with the following equation

QFLSrad =
kBT

q
ln

JG
J0,rad

· 1 (4.3)

Where JG is the generation current under illumination, in this case, approximated

to the short circuit current Jsc. We calculated the radiative Voc of our perovskite

absorber by using equation 4.3.

Voc,rad =
kBT

q
ln

Jsc
J0,rad

= 1.320V (4.4)
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Figure 4.15: External quantum efficiency of devices with Spiro-OMeTAD (doped with tBP and
Li-TFSI), undoped MeO5PECz and undoped MeO4PEBCz as HTMs.

QFLS = kBT · ln ( Jrad
J0,rad

)

= kBT · ln (PLQY
JG

J0,rad
)

= QFLSrad + kBT · ln (PLQY ) (4.5)

From the QFLS analysis on the half-stacks, we find similar values for the devices

fabricated regardless of HTM. As such, this finding highlights that, in a full device,

even if the carbazole HTMs improve the perovskite/HTL interfaces, the detrimen-

tal SnO2 interface dominates the VOC losses and the QFLS in a working device.

Therefore, as a future study, the ETL/perovskite interface should be concomitantly

improved to fully benefit from the HTL optimizations that we report here.

Comparing the QFLS calculated for the full devices to the measured Voc reveals

a further loss in the complete devices. In all cases, the measured Voc is lower than
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Figure 4.16: EQEPV onset (black line) convoluted with the black-body (ΦBB) radiation of the sur-
roundings at 300 K (red dotted line). The perovskite emission spectra resulting from the convolution
are plotted in blue. The emission spectra are integrated over the photon energy and multiplied by
the elementary charge q in order to calculate the dark radiative current J0,rad, plotted in purple.

the estimated QFLS of the device stack, and this difference is more severe for the

cells employing the undoped enamine-based HTMs than those employing the doped

Spiro-OMeTAD. The difference between the QFLS of the full device stack and the Voc

could be explained by either an energetic misalignment between the perovskite and

the charge transport layers or the imperfect selectivity of the charge extraction layers

[49, 50]. From the device results shown in Table 4.5 and Figure 4.17, devices without

Li-TFSI and tBP dopants in the HTM have higher Voc losses, which contradicts

the QFLS results in Figure 4.9. However, if the ETL/perovskite interface is the

dominant recombination channel, the improvements in the HTM will be obscured in

the full devices [50]. Furthermore, there could be additional interactions between

the dopants added to the HTM and the ETL/perovskite interface, especially under

bias where lithium ions can readily diffuse to and alter the ETL/perovskite interface

[136, 170]. Further studies are required to understand the potential interactions

between the dopants and the ETL/perovskite interface. That said, looking at the
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histogram (Figure 4.18), while the statistical Voc of MeO4PEBCz is similar to that of

Spiro-OMeTAD, the overall Voc of MeO5PECz is slightly higher than the other two.

Figure 4.17: Calculated quasi-Fermi level splitting (QFLS) of champion full device stacks with the
different HTMs (undoped MeO4PEBCz, undoped MeO5PECz, and doped Spiro-OMeTAD, with
metallic electrodes) and measured steady-state open-circuit voltage (Voc) of the same perovskite
solar cells. We note that the QFLS analysis in Figure 4.9 was performed on bi-layer films.

According to the device statistics (Figure 4.19), while doping MeO5PECz seems

to improve the ηmpp of the device, doping MeO4PEBCz does not improve the device

efficiency to the same extent. We hypothesize that the higher conductivity of the

undoped MeO4PEBCz accounts for the high device performance and removes the

need for oxidative p-doping. Spiro-OMeTAD and MeO5PECz device efficiencies are

improved by approximately 3% (absolute ηmpp, Figure 4.19) at an optimum concen-

tration of 50 mol% Li-TFSI for Spiro-OMeTAD and 25 mol% Li-TFSI for MeO5PECz

and 33 µL/mL tBP. In contrast, the performance of MeO4PEBCz devices is not

affected by similar doping (25 mol% Li-TFSI and 33 µL/mL tBP). In fact, higher

doping concentration reduces the ηmpp of the cells employing MeO4PEBCz. This

discrepancy in the effectiveness of doping can be explained by the fact that pristine

Spiro-OMeTAD has much lower mobility and conductivity than the carbazole-based

enamines, and hence requires p-doping to have a suitably low series resistance for
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Figure 4.18: Box plots of the device (a) short-circuit current, (b) open-circuit voltage, (c) fill factor,
and (d) power conversion efficiencies. Spiro-OMeTAD was doped with both tBP and Li-TFSI, while
the carbazole-based HTMs were dopant-free.

the conduction of holes out of the solar cell. Besides the intrinsic properties of the

HTM, another effect that could explain why the PCEs of devices employing Spiro-

OMeTAD increase significantly upon doping, is that the optimized Spiro-OMeTAD

layer (200 nm) is thicker than the undoped carbazole-based enamine layers (45∼55

nm). Predictably, doping is more necessary for thicker transport layers because the

resistance through the layer will increase linearly with increasing thickness, causing a

fill factor drop in devices [126]. The series resistance could be reduced by decreasing

the Spiro-OMeTAD layer thickness, but at a cost of introducing pinholes and lowering

shunt resistance, since this material is not effective at forming continuous films when

the thickness is decreased. Hence, the ability to form a continuous film in a thin layer

is another important property of these carbazole-based enamines HTMs.
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Figure 4.19: Maximum power point tracked efficiencies (ηmpp) (for 33 seconds) comparison be-
tween undoped HTMs and their corresponding counterparts doped with both Li-TFSI and tBP.
Spiro-OMeTAD was doped with 50 mol% Li-TFSI and 33 µL/mL tBP. Both MeO5PECz and
MeO4PEBCz were doped with 25 mol% Li-TFSI and 33 µL/mL tBP which were optimized for
best device performances.

4.7 Device Stability

Since these new HTMs perform well without dopants and have higher glass-transition

temperatures (Tg) than Spiro-OMeTAD, we carried out stability studies on com-

plete solar cells. The n-i-p device stack (shown in Figure 4.11) was modified for

better stability by introducing a phenyl-C61-butyric acid methyl ester (PCBM) inter-

layer between the SnO2 and the perovskite absorber layer: glass/FTO/SnO2/PCBM/

FA0.83Cs0.17Pb(I0.9Br0.1) /HTM/Au. Upon the addition of a PCBM layer, there is no

significant difference in the device performance aside from a slight enhancement in

the Voc. Devices with three different HTMs: Spiro-OMeTAD doped with Li-TFSI and

tBP, undoped MeO5PECz, and undoped MeO4PEBCz were aged at 85°C in a nitro-

gen atmosphere (Figure 4.20a). While devices employing Spiro-OMeTAD showed fast

degradation within the first 24 hours, the devices employing the two new carbazole-

based enamines exhibited a striking contrast – they improved in efficiency over the
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first 100 hours and maintained > 80 % of their peak performance after 1,000 hours.

Thermal degradation of Spiro-OMeTAD devices has been reported in the literature

and has been shown to be caused by the formation of voids at the Spiro-OMeTAD/

perovskite interface [139, 140, 165], post-iodine doping of Spiro-OMeTAD from the

perovskite film during aging [171], tBP reacting with Spiro-OMeTAD forming new

pyridinated species [172, 173], and Spiro-OMeTAD recrystallizing at 85°C due to its

low glass transition temperature [158, 174, 175].

Figure 4.20: (a) 85°C dark aging under a nitrogen atmosphere, removed occasionally and tested at
room temperature in air, with max power point tracked efficiency shown, averaged over 18 devices.
(b) Efficiency as a function of time for encapsulated perovskite cells aged under AM 1.5 full spectrum
sunlight (xenon lamp Suntest aging box) at 85°C. (c) Photograph of (unencapsulated) devices after
7 days of ambient LED light aging (with 60 mW/cm-2 intensity under 40°C).

There have been many tests and exemplifications of good stability of perovskite

solar cells, in both the p-i-n and n-i-p configuration, stressed under simulated sunlight
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at normal operating temperatures [176, 53]. However, the combination of tempera-

ture and light is particularly stressful for perovskite solar cells. Although there have

been very encouraging results for ambient 65°C and 85°C full-spectrum light soaking

for p-i-n cells [177, 178], there have been few reports of stress tests of n-i-p cells under

combined (heat and light) stress conditions. There are some reports of n-i-p device

stability with SnO2 under combined light and 65°C in a nitrogen atmosphere [179]

or 55°C ambient light stability test [180]. Here we assess the stability of our n-i-p

perovskite solar cells comprising the three different HTMs, encapsulated and subject

to full-spectrum 1 sun irradiance at 85°C (±3°C) in ambient conditions; the results

of which we show in Figure 4.20b. Unfortunately, all the devices degraded rapidly un-

der the combination of thermal and light stress, however, the degradation trends are

somewhat different. The devices made with the new carbazole-based HTMs improved

in the initial 24 hours of aging and then gradually degraded, whereas Spiro-OMeTAD-

based devices degraded rapidly from the beginning. These results are consistent with

the thermally driven degradation due to the Spiro-OMeTAD HTM likely dominating

the first 24 hours of aging, but a further degradation mechanism takes over when

devices are stressed for longer times under light at elevated temperatures. We pos-

tulate that reactions and degradations at the perovskite/n-type layer heterojunction

are driving this degradation under light and temperature.

In order to probe the influence of the atmosphere (humidity and oxygen) upon

the illuminated cells, we subject complete non-encapsulated devices to LED white

light illumination with close to 0.6 sun equivalent irradiance, in air at 40°C, under

open-circuit conditions. In Figure 4.20c we show photographs taken at the end of 7

days of aging under the LED light. After stressing, the gold contacts on top of the

Spiro-OMeTAD devices have become visible from the glass side, whereas the devices

employing MeO5PECz and MeO4PEBCz remain opaque, since the perovskite beneath

the new HTMs remains black. This indicates that some form of electrochemical or

galvanostatic degradation is taking place within the devices employing Li-TFSI and
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tBP doped Spiro-OMeTAD, possibly driven by the migration of water and/or lithium

ions into the active layer of the device [47].

These results illustrate that although we have now achieved thermally stable n-

i-p cells with the new HTMs and improved stability under light soaking in ambient

conditions, the issue of good stability under combined light and elevated temper-

ature remains unsolved. We hypothesize that further improvements to the n-type

ETL/perovskite heterojunction and the electrodes are now required, in order to de-

liver competitively stable n-i-p perovskite solar cells.

4.8 Conclusion

We have presented the synthesis of two novel carbazole-based enamines HTMs. The

new HTMs can be obtained in a simple synthesis procedure from commercially avail-

able materials and without the use of expensive palladium-catalyzed cross-coupling

reactions. Moreover, none of the investigated compounds required column chro-

matography or any other expensive purification techniques, making them more than

tenfold cheaper at research volumes than Spiro-OMeTAD. Both new carbazole-based

enamine materials are thermally stable, have high Tg, suitable energy levels and

bandgap, and relatively high charge carrier mobilities (up to 1.1×10-3 cm2V-1s-1),

negating the need for dopant additives in the solar cells.

We demonstrated devices made with MeO5PECz and MeO4PEBCz that can reach

>16% PCEs without adding Li-TFSI or tBP into the HTM solutions. Through QFLS

analysis, we have revealed that significant further improvements in both Voc and effi-

ciency will be possible by focusing future efforts upon improving the ETL/perovskite

interface in conjunction with employing the new HTMs reported here. Leaving out

Li-TFSI and tBP additives improves the device’s moisture and thermal stability, since

no hygroscopic additives are present, and no volatile dopants can escape under el-

evated temperature nor react with the perovskite. The low synthetic cost and less

material required in the optimized devices make the new HTMs significantly more
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economically viable to integrate into perovskite solar cell devices and tandem mod-

ules. Furthermore, the simplicity of synthesis and high operational stability of devices

may make these HTMs the new standard HTMs for perovskite PV research going

forward.
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CHAPTER 5

Benzylamine Passivation of Wide-bandgap

Perovskites

5.1 Introduction

The tuneable bandgap (Eg) of metal halide perovskite (MHP) provides an opportunity

for integration alongside silicon solar cell technology to fabricate perovskite/silicon

tandem photovoltaics capable of yielding PCEs of over 33% [16]. To maximize per-

formance, a two-terminal perovskite/silicon tandem cell requires a top cell with 1.65

< Eg < 1.70 eV [181]. Typically, mixed-cation mixed-halide perovskites have been

employed as the photoabsorber in such top cells. However, many challenges remain

for perovskite to be integrated with silicon. For example, their typical lifetime is not

commensurate with that of silicon. Particularly, the wide-bandgap mixed-halide per-

ovskite on top of the silicon suffers from a range of degradation mechanisms, many

of which are exacerbated by compositional inhomogeneity in the as-fabricated ma-

terials [182, 183]. In-operando ion migration, including halide segregation, leads to
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reduced photocurrent over time [184]. Furthermore, degradation to photo-inactive

non-perovskite phases can reduce photoabsorption and prevent charge carrier ex-

traction leading to reduced photocurrent and device fill factor (FF) [185]. Having

established high-performance PSCs of appropriate Eg, much current research effort is

dedicated to reducing trap states and suppressing sources of instability in PSCs.

Amines have long been employed as additives to passivate defects in perovskites to

improve their photoluminescence and stability. Zheng et.al [96] found that via ligand

anchoring, amines can alter the perovskite growth, exhibiting stronger orientation and

lower trap density. Feng et al. [186] investigated the defect passivation efficacy of

different alkylamine chain lengths and found that amines can anchor on the surface of

perovskite grains. Not only can alkylamine additives promote more oriented perovskite

growth, but also increases the grain size and the hydrophobicity of the perovskite.

Amines can interact with the perovskite precursor solutions in several ways. They

can coordinate with Pb and assist in the dissolution of PbI2/PbBr2 [187]. Kerner

et al. [103] found that the acid-base reaction between PbI2 and alkylamines slowly

forms (alkylamido)lead species and alkylammonium halides. Amines can also proton-

exchange with acidic species such as ammoniums and amidiniums. Recently, we have

shown that a similar reaction occurs between ethylenediamine and formamidinium

in perovskite precursor solutions to form imidazolinium achieving more homogeneous

mixed-halide perovskite films and enhanced device performance for a 1.69 eV bandgap

perovskite [188]. The new organic species formed in the solution can either co-

crystallize in the precursor phase and then subsequently be lost, or in secondary phases

that are retained in the final material. These amine interactions in the precursor

solution will affect the crystallization process, ultimately influencing the composition,

morphology, and heterogeneity of the polycrystalline MHP film.

While the effects of adding linear alkylamines into the perovskite precursor so-

lutions have been more extensively studied, there are fewer reports investigating

the effects of amines incorporating aryl or heteroaryl groups. There have been re-

ports of their use as surface passivation agents. For example, Jiang et al. used
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3-(aminomethyl)pyridine (3-APy) as a perovskite surface treatment and found that 3-

APy reacts with FA via a similar addition-elimination reaction to form N-(3- methylpyri-

dine) formamidinium (MPyFA+) which can passivate surface defects [189]. Through

this passivation method, they achieved a record 25.35% stabilized power output p-i-n

solar cell and impressive stability [189]. Herein, we report using benzylamine (BnAm)

as an additive to improve the structural and optoelectronic properties of perovskite

materials with a range of bandgaps relevant to Si/perovskite tandem photovoltaics.

The use of BnAm as an additive in the perovskite precursor significantly reduces non-

radiative recombination, supresses halide segregation, and enhances the long-term

stability of wide bandgap perovskite films. Halide segregation of wide-bandgap per-

ovskite is also suppressed. X-ray diffraction (XRD) and nuclear magnetic resonance

(NMR) were used to elucidate the mechanism underlying the enhanced properties.

5.2 Reaction of Benzylamine with Formamidinium in Precur-

sor Solution

To investigate the occurrence and rate of any chemical reactions between formami-

dinium (FA+) and BnAm when the latter is added to perovskite precursor solutions,

we carried out a range of nuclear magnetic resonance (NMR) spectroscopy exper-

iments. Figure 5.3a shows a 1H NMR spectrum carried out on a solution of for-

mamidinium iodide (FAI) in deuterated dimethyl sulfoxide (DMSO-d6) with 5 mol%

BnAm added. By comparison with similar spectra of FAI, BnAm, and benzylammo-

nium iodide (BnAI) alone (Figure 5.4), it is evident that none of the 5 mol% BnAm

added is found in solution, nor is it simply protonated. Instead, a mixture of FAI

and a new benzyl-containing organic is detected. The new species shows a singlet

with chemical shift (δ) at 7.99 ppm, close to the methine environment of FA+ (7.86

ppm). Correspondingly, 13C NMR of the same solution (Figure 5.3b) shows a new

signal at 154.7 ppm, suggesting the presence of a new non-FA+ methine environ-

ment. Heteronuclear single quantum correlation (HSQC) spectroscopy, which shows
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cross-peaks between 1H and 13C nuclei that are directly bonded, confirms that the

two new signals described correspond to bonded nuclei (Figure 5.3c). Moreover, the

HSQC spectrum highlights the correlation between new signals at 44.9 and 4.48 ppm

in the 13C and 1H spectra respectively and also shows that the broad singlet at 4.52

ppm is not bonded to any 13C environment (but to a nitrogen). Taken together, we

interpret these data as indicating the formation of N-benzyl formamidinium (BnFA+)

by nucleophilic attack of BnAm on FA+, which is present in 20-fold excess in this so-

lution stoichiometry, with subsequent elimination of ammonia. We show this reaction

scheme in Figure 5.3d, and account for it mechanistically in Figure 5.1. Notably and

in spite of the nomenclature we have employed, unlike in FA+ where the 3-centre,

2-electron conjugated amidinium system deshields all NH environments equally, in

BnFA+, we are able to resolve independent amine (4.52 ppm) and iminium (7.99

ppm) environments in the cation. The presence of both a Lewis basic amine moiety

and a positively charged iminium is expected to have direct implications on the nature

of coordination between BnFA+ and other species in perovskite precursor solutions.

Figure 5.1: Mechanistic justification for the formation of N-benzyl formamidinium (BnFA+). Nu-
cleophillic addition of BnAm to FA+, along with acidic H+ transfer, is followed by the elimination
of ammonia, which is entropically favorable. This figure was made by Benjamin Gallant.

Figure 5.2: Mechanistic justification for formation of N,N’-dibenzyl formamidinium (2BnFA+).
Nucleophillic addition of BnAm to BnFA+, along with acidic H+ transfer, is followed by the elim-
ination of ammonia. Release of ammonia is entropically favorable, while reformation of the three
centre-two electron conjugated amidinium system is enthalpically favored. However, this process
becomes increasingly unlikely with increasing FA+:BnAm stoichiometry; excess FA+ leads to the
rapid reaction of almost all BnAm with FA+, leaving little or none to react with the forming BnFA+.
The NMR analysis was done by Benjamin Gallant.
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Figure 5.3: (a) 1H NMR of BnAm and FAI in d6-DMSO. (b) 13C NMR of BnAm and FAI in
d6-DMSO. (c) HSQC of the solution. (d) Schematic of reaction between FAI and BnAm.The NMR
analysis was done by Benjamin Gallant.
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Figure 5.4: Liquid-state 1H nuclear magnetic resonance (NMR) spectra of (bottom to top) for-
mamidinium iodide (FAI), benzylamine (BnAm), benzylammonium iodide and a mixture of 5:75
BnAm:FA+ all dissolved in DMSO-d6 at equivalent concentrations. Although the presence of coor-
dinating halides in solution can shift signals in liquid NMR, if concentrations of all species are kept
equivalent we expect these effects to be consistent, particularly for 1H in apolar C-H bonds. As
such, that signals in the FAI + 5 mol% BnAm sample do not align with those in either BnAm or
BnAI demonstrates that these species are not present in this solution. The NMR analysis was done
by Benjamin Gallant.
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Figure 5.5: Liquid-state 1H NMR spectrum of a solution of FAI + 20 mol% BnAm in DMSO-d6.
Formation of BnFA+ via the mechanism set out in 5.1 is apparent. However, an additional set of
signals is observed, which correspond to the formation of 2BnFA+, as set out in Figure 5.2. The
NMR analysis was done by Benjamin Gallant.
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The BnAm is reacted to near completion, as the hydrogen signal from the amine

is gone (Figure 5.4). By comparing the 1H NMR spectrum of FAI+5 mol%BnAm

with BnAI, it is clear that benzylammonium is not formed from this reaction either.

The use of higher BnAm stoichiometries leads to more complex precursor solution

chemistry. For <5 mol% BnAm the substantial excess of FA+ in the solution ensures

that the only product formed in detectable quantities is BnFA+. However, as we show

in Figure 5.2, when 20 mol% BnAm is added N,N’-dibenzyl formamidinium (2BnFA+)

is formed via condensation of a second BnAm molecule with BnFA+ in solution.
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5.3 BnAm Bulk Additive Thin Film Phase and Morphology

To investigate the effects of the BnFA+ additive on perovskite films, wide-bandgap

perovskite films were prepared with a solution composition FA0.75Cs0.25 Pb(I0.8Br0.2)3

along with a range of BnAm additive concentrations from 0∼5 mol%.

Time-of-flight secondary-ion spectroscopy (Tof-SIMS) data were acquired on a 0.6

mol% BnAm additive perovskite film to determine how BnFA+ is distributed within

it (Figure 5.6). Since Tof-SIMS uses sputtered ions to characterize the chemical

nature of the material, the first data points in Tof-SIMS can vary significantly. This

is because the cations under analysis are not yet destroyed and the surface chemical

environment can be different from the bulk so the first points are not fully reliable. As

time passes, the sputtering ion beam reaches deeper into the thin film. At around 40

s, the sputtering ion beam reaches the glass substrate. According to the depth profile,

the BnFA+ fragment is mostly distributed around the bottom surface (perhaps also

the top surface) of the film.

Figure 5.6: Tof-SIMS molecular distribution of perovskite film with 0.6 mol% of Bza additive. The
Tof-SIMS was done by Yangwei Shi and Jian Wang, University of Washington, Seattle.
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Figure 5.7: XRD of FA0.75Cs0.25Pb(I0.8Br0.2)3 perovskite films with different amounts of BnAm
additive. The perovskite films were made on FTO substrates.

X-ray diffraction (XRD) was initially acquired from these thin films. As the amount

of BnAm increases, a peak at 12.6° corresponding to PbI2 in the 0 mol% control film

disappears, while a new peak around 7.0° starts forming. BnAm consumes excess

PbI2 first and then the 3D perovskite to form a quasi-2D perovskite (Figure 5.7).

The quasi-2D phase large cation formed in the >5 mol% BnAm film likely only

involve FA+ and not Cs+, so the BnAm was added directly into pure FAPbI3 to

confirm the phases present that only consists of BnFA+. To exaggerate the quasi-

2D phase and mimic the surface quasi-2D seen in the surface treatment case, larger

amounts (20% and 50%) of BnAm are added into a pure FAPbI3 perovskite (Figure

5.8a). Indeed, the peaks that appear at 20% BnAm in FAPbI3 are the same in the

FACs-based perovskite. Interestingly, in the 20% and 50% BnAm-FAPbI3 films, the

lower dimensional peaks seen in the 3 vol% and 5 vol% surface treatment case can

be reproduced (see Figure 5.9).

While in the 20% BnAm case, extra lower dimensional diffraction peaks start

forming, this does not happen with the 20% benzylammonium halide counterparts

(see Figure 5.8b). In the case of high amounts of BnAI, BnABr, and BnACl additives,
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the peaks are still the same as the pure FAPbI3, which suggests that BnAX additive

does not consume the 3D perovskite to form secondary phases. Amines are good

solvents for perovskite, and amine coordination to PbI2 is preferred to even strong

perovskite solvents like DMSO. This is also evident in the top-view scanning electron

microscopy (SEM) images in Figure 5.10. The excess BnAm added reacts with PbI2

and consumes it. Hence, we hypothesize that while BnAm passivates the perovskite

by reacting with the organic cation and dissolve excess PbI2 to form 2D phases,

the benzylammonium halides do not assist in dissolving PbI2, but instead passivates

through filling in cation and anion vacancies by coordinating with Pb2+.

(a) (b)

Figure 5.8: (a) XRD of FAPbI3 films with 20 mol% and 50 mol% BnAm addition (b) FAPbI3 film
with 20 mol% of different benzylammonium halides (BnAX).
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Figure 5.9: XRD patterns of FA0.75Cs0.25Pb (I0.8Br0.2)3 perovskite films with 1 vol%, 3 vol%, and 5
vol% BnAm surface treatment. This XRD experiment was done by Yangwei Shi from the University
of Washington, Seattle, US.

Figure 5.10: Different mol% of BnAm additive in 1.68eV FA0.75Cs0.25Pb(I0.9Br0.1)3 perovskite. 1%
PbI2 excess in all of the films.
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5.4 Optoelectronic Properties of the Thin Films

To see if the BnFA+ has a passivation effect on the surface and grain boundaries

of the perovskite, optoelectronic characterizations were done on the thin films. The

photoluminescence quantum yield (PLQY) were measured for these films under a 532

nm laser of 1 sun intensity (53.83 mW/cm2 for this 1.68 eV Eg perovskite). According

to Figure 5.11, the PLQY is optimized when 0.3 mol% is added to the perovskite.

Notably, the PL peak position is also slightly red-shifted a few nanometers when

BnAm is added (Figure 5.12a). However, the absorption onsets (Figure 5.12b) of the

perovskite films with different amounts of BnAm are all identical. This phenomenon

is likely due to charge carriers generated in the higher bandgap phase transporting to

the lower bandgap phase and then emitting because PL is more sensitive to changes

in material composition compared to UV-vis. The apparent peak shift of the PL could

also be due to high-energy photo re-emission by a higher bandgap and re-absorption

by a lower bandgap. This effect is most prominent when the BnAm additive amount

is increased to 5%. It appears that there is a main peak in the original peak position

of 740 nm and an extra “shoulder”. Since there is a large overlap between the PL

and the absorption spectrum (a small Stokes shift), it is possible that there is a small

amount of photon recycling, which has a positive effect on the perovskite films [190].

2D spatial mapping (Figure 5.13a and 5.13b) also shows a slight enhancement in

the intensity and homogeneity of the QFLS with 0.1 mol% and 0.3 mol% of BnAm

additive. However, too much ∼1.0 mol% of BnAm actually quenches the QFLS.

Consistent with the surface treatment, the absorbance of the films slightly dropped

when a large amount of BnAm (5 mol%) is added, which suggests that some of the

black 3D perovskite is etched thinner and/or converted into a less absorbing quasi-

2D/2D perovskite.

The PLQY spectrum was recorded over time under a high spectral irradiance of

1,300 mw/cm2, 532 nm laser to probe accelerated halide segregation in this 1.68 eV

mixed halide perovskite. A PLQY spectrum was taken every 30 seconds for both the
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Figure 5.11: Photoluminescence quantum yield (PLQY) of FA0.75Cs0.25Pb(I0.8Br0.2)3 with 0.1
mol%∼5.0 mol% BnAm additive measured with a 532 nm laser at 100 mW/cm2 (AM 1.5) intensity.
Four points were measured on each film.

control perovskite sample and the 0.3 mol% BnAm additive sample on glass. As can

be seen from the 3D color maps (Figure 5.14a and 5.14b), within the first 30 seconds,

the control samples has already dropped to a lower intensity, whereas, the 0.3 mol%

BnAm additive perovskite has a much more gradual drop in intensity. In fact, it has

not dropped to the same intensity after 6 minutes of high-intensity laser exposure.

From the 2D absolute PL spectra (Figure 5.14c and 5.14d), it is also apparent that the

control sample’s peak position has already red-shifted several nanometers, indicating

halide-segregation and charge carrier funneling to a lower, iodide-rich perovskite Eg;

whereas, the PL peak position of BnAm additive perovskite still has not dropped to

the same position after 6 minutes. It is speculated that the bulky BnFA+ cation which

likely gets excluded to the grain boundary, can retard the rate of I-, Br- migration,

which ultimately slows down halide segregation. As a result, it may be promising to

use BnAm to improve the wide-bandgap perovskite stability under light.

Time-resolved photoluminescence (TRPL) was done on the thin films and fitted

with a stretched-exponential decay curve, according to Equation 5.1 and 5.2. The 405

nm laser source probes close to the surface. According to the TRPL fitting results,

the average lifetime, τ, between the front and back illumination was calculated. The
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5.4. Optoelectronic Properties of the Thin Films

(a) (b)

Figure 5.12: (a) Photoluminescence quantum yield (PLQY) spectra with their best PLQY listed.
(b) UV-vis absorption spectra of FA0.75Cs0.25Pb(I0.8Br0.2)3 with BnAm additiveUV-vis absorption
spectra of FA0.75Cs0.25Pb(I0.8Br0.2)3 with 0.1 mol%∼5.0 mol% BnAm additive. Corrected with
transmission/reflection mode measurements.

average lifetime increased from 0∼0.3 mol% BnAm and starts dropping again at 0.5

mol%. While the control sample has an average lifetime of 305.8 ns, the 0.3 mol%

BnAm sample has an enhanced lifetime of 333.0 ns. The β however, consistently

decreases as more BnAm is added, from β=0.78 at 0 mol% to β=0.65 at 0.3 mol%,

which suggests that the compositional homogeneity is dropping and there could be

mixed BnFA+-rich phases at the surface and grain boundaries.

y = a exp(− t

τc
)β (5.1)

τavg =
τc
β
Γ(

1

β
) (5.2)

The beta value is 0< β <1 and it indicates the heterogeneity of carrier lifetimes

distribution. When beta is closer to 0, there is a more heterogenous distribution,

whereas, when it is close to 1, the material has a more homogenous distribution.
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Chapter 5. Benzylamine Passivation of Wide-bandgap Perovskites

(a)

(b)

Figure 5.13: (a) QFLS of each sample calculated by measuring PLQY of four points from pho-
toluminescence imaging. (b) Spatially-resolved QFLS for perovskite films with the first four BnAm
concentrations in (a). The PL imaging and analysis were done by Akash Dasgupta, University of
Oxford.
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5.4. Optoelectronic Properties of the Thin Films

(a) (b)

(c) (d)

Figure 5.14: Time-dependent photoluminescence color map of (a) pristine
FA0.75Cs0.25Pb(I0.8Br0.2)3 perovskite and (b) perovskite with 0.3 mol% BnAm additive in it.
(c) The 2D PL spectra of the reference sample over time. (d) The 2D PL spectra of perovskite
with 0.3 mol% BnAm additive over time. All samples were measured with a 532 nm laser under
1,300 mW/cm2 intensity.
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Chapter 5. Benzylamine Passivation of Wide-bandgap Perovskites

(a) (b)

(c) (d)

Figure 5.15: Time-resolved photoluminescence of 0.1 mol%∼0.5 mol% BnAm additive in
FA0.75Cs0.25Pb(I0.8Br0.2)3 perovskite (a) back (b) front. Measured with a 405 nm laser, 5 kHz
pulse frequency with a fluence of 242.1 nJ·cm-2. The data were fitted with a stretched-exponential
decay fitting. (c) The average charge-carrier lifetime variation with BnAm concentration. (d) The
beta factor variation with BnAm concentration.
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5.5. BnAm Additive in Medium and Wide-bandgap MA-free Perovskite
Solar Cells

Table 5.1: TRPL curve fitted parameters according to equation 3.1 and equation 3.2.

Compound Front Front Back Back Average Average
BnAm Concentration τ (ns) β τ (ns) β τ (ns) β

0 mol% 328.3 0.78 283.3 0.78 305.8 0.78
0.1 mol% 283.4 0.78 365.8 0.73 324.6 0.76
0.3 mol% 388.9 0.65 277.1 0.65 333.0 0.65
0.5 mol% 298.5 0.52 243.5 0.55 271.0 0.54
1.0 mol% 125.3 0.57 125.2 0.57 125.2 0.57
5.0 mol% 158.7 0.63 111.8 0.67 135.3 0.65

TRPL spectra were measured with a 405 nm laser, 5 kHz pulse frequency, and 10% excitation
attenuation. The data is fitted with a stretched-exponential decay fitting to obtain the average
lifetime τ and homogeneity factor β.

5.5 BnAm Additive in Medium and Wide-bandgap MA-free

Perovskite Solar Cells

Following the enhancement of the perovskite film quality, we fabricate both negative-

intrinsic-positive (n-i-p) and positive-intrinsic-negative (p-i-n) perovskite solar cells

(PSCs) with 0 mol%∼1 mol% BnAm additive (the optimum concentration range in

thin films) to investigate if the increase in PLQY translates to an increase in open-

circuit voltage (Voc) of the device.

For the n-i-p device, the architecture is FTO/SnO2/PCBM/Perovskite/spiro-

OMeTAD/Au with a perovskite absorber of FA0.75Cs0.25Pb(I0.8Br0.2)3. Figure 5.16a

shows the schematic of the device structure. With BnAm additive, the Voc slightly

increases which is consistent with the improvement in PL (Figure 5.17a). The statis-

tical fill factor and short-circuit current density (Jsc) are also slightly improved with

0.3 mol% BnAm addition (Figure 5.17b and 5.17c), which contributes to the increase

in maximum power point tracked efficiency (ηMPP).

From the EQE spectrum (Figure 5.18), the 0.3 mol% BnAm additive perovskite

device has a slight “bump” around 700 nm, which corroborates our hypothesis of

BnAm additive perovskite films exhibiting a reabsorption effect, increasing the EQE

at longer wavelengths. Taking the derivative of the EQE (dEQE/dE), we find that
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SnO2

Perovskite + BnAm

FTO
Glass

Spiro-OMeTAD

PCBM

Au

(a) n-i-p device structure.

Poly-TPD

Perovskite + BnAm

FTO
Glass

BCP
PCBM

Au

(b) p-i-n device structure.

Figure 5.16: Schematic illustration of the two device architectures used for this study.

although the PL peak position slightly red-shifts when BnAm is added, the bandgap

is maintained at 1.68 eV (Figure 5.19).

Benzylamine was also added to a medium bandgap 1.55 eV FA0.8Cs0.2PbI3 in

varying concentrations (Figure 5.20). Devices with the p-i-n configuration FTO/Poly-

TPD/perovskite/PCBM/BCP/Au were made (Figure 5.16b). In this case, the BnAm

concentration was optimized at 0.2 mol%, reaching a champion reverse scan PCE of

18.82% compared to the control devices at 16.55% (Figure 5.21a). After maximum

power point (MPP) tracking for 30 seconds, the devices with 0.2 mol% BnAm were

stabilized at ηMPP of 17.35%, whereas the control devices were stabilized at 16.07%.

Further, EQE measurements reveal that the slight improvement of the Jsc stems from

the increase in EQE in the visible spectrum 400∼700 nm compared to the control

devices (Figure 5.21b).
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5.5. BnAm Additive in Medium and Wide-bandgap MA-free Perovskite
Solar Cells

(a) (b)

(c) (d)

Figure 5.17: n-i-p FA0.75Cs0.25Pb(I0.8Br0.2)3 PSC device parameters statistics (a) stabilized Voc
(b) quasi-fill factor (c) stabilized Jsc (d) maximum power point tracked efficiency (ηMPP ).

Figure 5.18: EQE spectrum and integrated current density of n-i-p FA0.75Cs0.25Pb(I0.8Br0.2)3 de-
vices with 0-0.3 mol% BnAm additive in the perovskite.
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Chapter 5. Benzylamine Passivation of Wide-bandgap Perovskites

Figure 5.19: The photovoltaic bandgap of a device with (a) pristine wide-Eg perovskite (b) wide-Eg
perovskite with 0.3 mol% BnAm. Found by taking the first derivative of their device EQE spectra.

(a) (b)

(c) (d)

Figure 5.20: 1.55 eV FA0.8Cs0.2PbI3 p-i-n device parameters statistics (a) stabilized Voc (b) quasi-
fill factor (c) stabilized Jsc (d) maximum power point tracked efficiency (ηMPP ). 1.55 eV medium
bandgap p-i-n devices were made by James Drysdale, University of Oxford.
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5.5. BnAm Additive in Medium and Wide-bandgap MA-free Perovskite
Solar Cells

(a)

(b)

Figure 5.21: (a) J-V curves of champion FA0.8Cs0.2PbI3 p-i-n solar cells with 0.2 mol% BnAm addi-
tion and without BnAm addition. 1.55 eV medium bandgap p-i-n devices were made and measured
by James Drysdale. (b) EQE and integrated current density for p-i-n devices with FA0.8Cs0.2PbI3
as the absorber. "BnAm surface" is with 25 mM BnAm (in chlorobenzene) concentration surface
treatment, BnAm bulk is with 0.2 mol% BnAm additive. BnAm Bulk+ Surface is perovskite with
0.2 mol% BnAm additive and 25 mM BnAm surface treatment. The EQE was measured by James
Drysdale.
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5.6 Device Stability with BnAm

Since p-i-n structure devices have been shown to have better stability, this architecture

was selected for the accelerated stress test of BnAm-added perovskite. Two MA-

free perovskites, medium bandgap, FA0.8Cs0.2PbI3, and wide bandgap, FA0.75Cs0.25Pb

(I0.8Br0.2)3, were chosen to make devices with the architecture, FTO/Poly-TPD/

perovskite/PCBM/BCP/Cr/Au (Figure 5.16b).

An initial stress test of MPP tracking for 1 hour was done on the 1.55 eV FA0.8Cs0.2

PbI3 p-i-n, as shown in Figure 5.22. Both devices show an initial increase in MPP after

which they stabilize; however, we note that the BnAm-treated perovskite device has

a higher initial performance which was maintained over the testing time. After one

hour, the control device stabilized to 16.8% PCE, whereas, the BnAm bulk additive

device stabilized at 18.6%.

For the medium and wide bandgap MA-free perovskite, control devices with no

BnAm additive, devices with the optimum concentration of bulk additive (0.2∼0.3

mol%), and devices with the optimum surface treatment concentration (25 mM) were

made and stressed under a 65°C, AM 1.5 light aging box.

Figure 5.22: Maximum power point tracking (ηMPP) of p-i-n devices with the architecture,
FTO/Poly-TPD/FA0.8Cs0.2PbI3/PCBM/BCP/Cr/Au (encapsulated) under AM 1.5 intensity. BnAm
bulk is with 0.2 mol% additive.

112



i
i

“output” — 2023/8/15 — 17:02 — page 113 — #133 i
i

i
i

i
i

5.6. Device Stability with BnAm

The medium bandgap perovskite devices were unencapsulated to show accelerated

aging and the effects of moisture (Figure 5.23). While the control devices and the

devices with the best surface treatment degraded rapidly, the BnAm additive devices

were more stable and maintained a T80 (the time it takes for a device to degrade to

80% of its initial efficiency) of 108 hours.

The wide-bandgap perovskite solar cells were encapsulated and aged under the

same condition (Figure 5.24). After the initial burn-in, the BnAm devices gradually

increase in efficiency again, while the BnAm surface treatment and control films stay

at low ηMPP values. The device aging results show that the in-situ formed BnFA+

can passivate the perovskite surface and grain boundary, achieving a remarkable T80

stability of 2,460 hours.

Figure 5.23: 65°C AM 1.5 intensity aging of p-i-n devices with the architecture, FTO/Poly-
TPD/FA0.8Cs0.2PbI3/PCBM/BCP/Cr/Au (unencapsulated). BnAm bulk is with 0.2 mol% additive
and BnAm surface is with 25 mM of surface passivation. Each data point is the average ηMPP of 5
devices for each condition. Devices were aged under open-circuit voltage conditions and taken out
of the aging box regularly for testing. This stability test is done by James Drysdale.
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Chapter 5. Benzylamine Passivation of Wide-bandgap Perovskites

Figure 5.24: 65°C AM 1.5 intensity aging p-i-n devices with the architecture, FTO/Poly-
TPD/FA0.75Cs0.25Pb(I0.8Br0.2)3/PCBM/BCP/Cr/Au (encapsulated). BnAm bulk is with 0.3 mol%
additive and BnAm surface is with 25 mM of surface passivation. Each data point is the average
ηMPP of 6 devices for each condition.

Figure 5.25: Normalized medium and average ηMPP of BnAm additive devices and control devices
to show T80.
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5.7. Conclusion

5.7 Conclusion

In this study, we investigated the multitude of effects of adding BnAm into lead-

halide perovskite precursor solutions. BnAm reacts with FA+ to produce BnFA+ and

NH3 and this produces secondary phases seen in the XRD. Meanwhile, the BnAX

counterparts do not react with the FA+ cation and do not produce new phases. The

incorporation of BnFA+ into the perovskite grains improves the photoluminescence

and charge carrier lifetime, which demonstrates reduced non-radiative recombination.

Additionally, the rate of halide segregation under strong irradiance is also slowed down

by adding a small amount of BnAm. The enhancement in optoelectronic properties

of the perovskite film also translates into an increase in device parameters and perfor-

mances. Furthermore, BnFA+ helped protect the perovskite from moisture, light, and

heat-induced degradation by passivating the surface and grain boundaries and slowing

down halide segregation, ultimately improving the device stability. The approach of

adding an aryl-containing amine demonstrates an under-explored way of passivating

perovskite defects while improving the perovskite stability.
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CHAPTER 6

C60-Phosphonic Acid Self-assembling

Monolayer-passivated Tin(IV) Oxide for

Efficient Solar Cells

6.1 Introduction

In typical planar negative-intrinsic-positive (n-i-p) perovskite solar cells (PSCs), in-

terfaces are often the dominant recombination pathways [191, 50]. In particular, the

SnO2/perovskite interface can introduce non-radiative recombination losses due to

the undercoordinated Sn/oxygen vacancies creating trap states [112, 189, 192, 193].

Furthermore, surface hydroxyl groups were shown to cause increased hysteresis and

degradation in devices [171]. Hence, passivating the SnO2 surface becomes crucial for

further improving the performance and stability of PSCs. Furthermore, SnO2 is known

to have a lower mobility than the top hole-transporting material (HTM) (often Spiro-

OMeTAD), thereby limiting the electron-transport efficiency in a device [168, 194].
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Chapter 6. C60-Phosphonic Acid Self-assembling Monolayer-passivated
Tin(IV) Oxide for Efficient Solar Cells

To overcome these issues, we look into applying an organic self-assembling monolayer

to improve charge extraction while passivating the SnO2 surface. Fullerene derivatives

are good n-type transport layers with defect passivation effects [195, 196]. Fullerenes

such as C60 and PC60BM (PCBM) are commonly used on top of the perovskite in p-i-

n devices. There have been reports of using them as surface passivation for the SnO2

in n-i-p devices [197, 198, 199]. Mainly, the open-circuit voltage (Voc) is improved

by passivating surface defects that likely originate from under-coordinated SnOx, and

the hysteresis is reduced from enhanced charge extraction [197]. By adding anchoring

functional groups to the C60, we can create a C60-SAM that will bind to the substrate

surface and achieve a thin uniform monolayer for charge-extraction at this interface.

C60 SAMs have been commonly used to modify metal-oxide ETLs. Wojciechowski

et al. reported enhanced Voc and fill factor by modifying their TiO2 layer with C60-

carboxylic acid (C60-CA) SAM, which is now commercially available. Changing the

functional group of the C60-SAM to -PO(OH)2 can potentially improve binding at

the surface and passivate more defect sites [200]. The binding mode of -COOH

and -PO(OH)2 to the surface hydroxide group is somewhat different. While -COOH

can bind to the surface through hydrogen bonding to bridging oxygen and hydrogen

bonding to bridging carboxylic oxygen (Figure 6.1b), -PO(OH)2 can bind to the sur-

face through covalent bonding (P-O-M) which is a far stronger bond (Figure 6.1b)

and for every -PO(OH)2 up to two under-coordinated Sn/oxygen vacancy sites can

be passivated [201]. Furthermore, while PCBM passivation on SnO2 forms a ph-

ysisorbed layer, C60-SAMs can form a chemisorbed layer, chemically bonded to the

substrate which improves electron injection and reduces non-radiative recombination

[202, 203]. Recently, You et al. have reported using a 4-(1’,5’-dihydro-1’-methyl-2’H-

[5,6] fullereno-C60-Ih-[1,9-c]pyrrol-2’-yl) phenylphosphonic acid (C60-PA)/perovskite

blend in which the C60-PA molecules get excluded to the grain boundaries (GB)

of the perovskite and passivates the GB to improve moisture stability and prevent

ion migration [204]. Herein, we use a C60-PA modified SnO2 layer to improve the
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6.2. Physical Properties

ETL/perovskite interface charge extraction efficiency and passivate SnO2 surface de-

fects (shown in Figure 6.1b). The solar cells with SAMs treatment show reduced

hysteresis and higher fill-factor and Voc. As a result, the maximum power point

tracked efficiency (ηMPP) was improved from 18.9% to 20.0%.

(a) (b)

Figure 6.1: (a) Schematic of C60-CA binding to the SnO2 surface. (b) Schematic of C60-PA binding
to the SnO2 surface. Schematics not drawn to scale.

6.2 Physical Properties

Since n-type SAMs are coated at the perovskite/SnO2 interface, the SAM needs to

be designed such that their absorption does not interfere with the main perovskite

absorption spectrum. The SAM exhibits an absorption peak of around 326.1 nm

(Figure 6.2). Although the material is weakly absorbing in the UV-visible region, it

has little parasitic absorption as the n-type layer, since the deposited SAM is extremely

thin. In fact, no difference is detectable from the UV-vis when the SAM is spincoated

on a glass substrate compared to pristine glass.

Contact angle measurements were performed on SAMs deposited on fluorine-

doped tin oxide (FTO) substrates to assess the surface energy modification and predict

the wettability of the perovskite solution (Figure 6.3). For reference, the contact

angle of water on FTO directly after UV-ozone is roughly 15° (Figure 6.3 a). The
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Figure 6.2: C60-PA absorption spectrum in solution, diluted down to 0.2mM.

water contact angle of C60-CA SAM modified FTO increased drastically to 95°. This

increase in hydrophobicity makes it more difficult to deposit the perovskite precursor

solution on top. In comparison, the contact angle of C60-PA modified FTO is around

37°, which indicates the presence of C60-PA on the substrate whilst not causing a

significant increase in hydrophobicity. As a result, we expect the perovskite grown on

top to have similar morphology to that of perovskite on SnO2.

Figure 6.3: Contact angle measurement of water on (a) FTO. (b) C60-CA modified FTO 95° and
(c) C60-PA modified FTO 37°

XPS analysis was done on C60-PA modified SAM compared to pristine SnO2.

Although the phosphorous content was below detection limits, the C60-PA modified

substrate has a much higher carbon content compared to the control sample, which

likely indicates the carbon-rich fullerene-SAM attachment to the substrate (coupled

with the reduction in average Sn 3d signal). Part of the carbon content may be
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6.3. Perovskite Grown on C60-PA-modified Tin(IV) Oxide

attributed to hydrocarbon contamination, but this is not expected to affect the SAM

formation as hydrocarbons do not have a high affinity for the SnO2 surface [205].

Furthermore, the reduction in the O 1s signal is more compared to the SnO2 only

sample, which could indicate a drop in surface hydroxyl states [206].

Table 6.1: Average XPS intensity ± standard deviation. The analysis is done by Alexandra Ramadan

Elements C 1s O 1s N 1s Sn 3d
SnO2 15.37 ± 0.53 61.60 ± 0.98 2.06 ± 0.60 20.58 ± 0.31
SnO2/C60-PA 42.82 ± 1.62 40.13 ± 4.32 0.86 ± 0.02 16.20 ± 3.33

6.3 Perovskite Grown on C60-PA-modified Tin(IV) Oxide

To investigate if the C60-PA SAM causes any morphological changes, scanning elec-

tron microscopy (SEM) images and X-ray diffraction (XRD) patterns were taken for

the perovskite grown on FTO/SnO2 and FTO/SnO2/C60-PA. As seen from the top

view SEM (Figure 6.4), there is little difference in apparent grain size compared to the

SnO2/perovskite samples. They display similar morphologies but perovskite grown on

FTO/SnO2/C60-PA was slightly more compact and has fewer pinholes. From the XRD

pattern (Figure 6.5), the α-FAPbI3 (100) peaks were stronger for FAPbI3 (with MACl

and MAPbBr3) grown on both SnO2 and SnO2/C60-PA, indicating a more oriented

crystal growth of perovskite. Although we observe a difference in surface energy, as

evidenced by our contact angle measurements, between the SnO2 control and C60-PA

modified substrates there appears to be a negligible difference in the resultant XRD

patterns. This indicates that the C60-PA modification on SnO2 does not alter the

resulting perovskite orientation or crystal structure.

To further investigate how the C60-PA modification can change the work function

of the perovskite near the ETL/perovskite interface, Kelvin probe force microscopy

(KPFM) measurements were conducted on “half stack devices” consisting of only

ETL/perovskite bilayers. The perovskite layer was made extremely thin 50∼60 nm
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Figure 6.4: Top-view scanning electron microscopy (SEM) images of FAPbI3 processed on (a) FTO
(b) FTO/SnO2 (c) FTO/C60-PA (d) FTO/SnO2/C60-PA

(see details of fabrication in the experimental methods in chapter 3 section 3.3.8) to

probe the energetic effects that the underlying interface has on the thin perovskite.

According to the results in Figure 6.6, the C60-PA SAM has very little effect on the

FTO/SnO2 layer, and they both show an n-type work function (WF) of around 4.64

eV. The C60-CA SAM, however, has a slightly deeper work function of 4.71 eV in

comparison.

Considering that the aforementioned characterizations show little change in the

perovskite bulk, we analyzed the ETL/perovskite interface further. Steady-state pho-

toluminescence (SSPL) was carried out on bilayer films of ETL/perovskite (Figure

6.7). Under open-circuit voltage (Voc) conditions (when the stack is not connected

to the external circuit), the electrons and holes must all recombine eventually through

internal pathways. Therefore, a higher PL intensity indicates more radiative recom-
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6.3. Perovskite Grown on C60-PA-modified Tin(IV) Oxide

Figure 6.5: X-ray diffraction (XRD) patterns of FAPbI3 with MACl on top of the three different
substrates.

bination compared to non-radiative recombination. The increase in SSPL intensity

of perovskite films on C60-PA SAM suggests that there is less non-radiative loss at

this interface with the perovskite as compared to the unmodified SnO2 which should

result in a greater degree of quasi-Fermi level splitting (QFLS).

To see if there was any improvement in charge carrier lifetimes, time-correlated

single photon counting (TCSPC) was performed on "half-stacks" samples with or

without C60-PA modification. Stretched exponential decay fitting was applied to

extract their charge carrier lifetime, τ, and β. (Figure 6.8). The β exponent is in the

range of 0< β <1, and it indicates the heterogeneity of the material. A β value closer

to 0 indicates a heterogeneous distribution of emissive states and a β value closer to
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Figure 6.6: Work function of 50 nm FAPbI3 on different n-type substrates, determined by Kelvin
probe force microscopy.

Figure 6.7: Steady-state photoluminescence of perovskite processed on three different FTO-
modified substrates.
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6.3. Perovskite Grown on C60-PA-modified Tin(IV) Oxide

Figure 6.8: Time-resolved photoluminescence of perovskite processed on three different substrates,
ETL/perovskite half stack. Excitation frequency 300 kHz, 635 nm laser, with a fluence of 217.2
nJ·cm-2, measured from the substrate side.

1 indicates a more homogeneous distribution of emissive states [188, 207]. Table 6.2

summarizes the τ and β values for all three bilayer stacks. According to the TCSPC

analysis, perovskites fabricated on FTO/SnO2/C60-PA substrates have the longest

charge carrier lifetimes and fewer traps.

Table 6.2: Charge carrier lifetime and β factor of ETL/perovskite bilayer stack determined by
stretched exponential decay fitting.

Bilayer Stack τ (ns) β

FTO/FAPbI3 22.89 0.69
FTO/SnO2/FAPbI3 189.21 0.82
FTO/SnO2/C60-PA/FAPbI3 139.12 0.71

Intensity-dependent photoluminescence (PL) was measured on these half stacks

in an integrating sphere. Under the same fluence, the PLQY of perovskite on

FTO/SnO2/C60-PA is shifted to a higher intensity compared to that of perovskite

on FTO/SnO2 and FTO substrates (Figure 6.9a). Thus, it is expected that the per-

ovskite coated on FTO/SnO2/C60-PA would have the highest percentage of radiative

recombination compared to perovskite on FTO or SnO2. Therefore, we expect the
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(a) (b)

Figure 6.9: (a) Intensity-dependent PLQY of half stacks. (b) Quasi-Fermi level splitting (QFLS)
calculated from the Intensity-dependent PLQY.

least amount of interfacial loss from the C60-PA passivated sample and the highest

QFLS.

QLFS is then fitted to determine how close their corresponding devices would

follow the ideal diode equation (Equation 6.1).

I = IL − I0[exp
qV

nkT
− 1] (6.1)

Where n is the ideality factor. An ideality factor close to n=1 generally indicates

biomolecular radiative recombination of free charges, whereas, an ideality factor close

to n=2 suggests more first-order nonradiative recombination. Under this picture, the

ETL stack with FTO/SnO2/C60-PA gives the device the highest QFLS and would

behave closer to an ideal diode (Figure 6.9b).

To investigate whether the extra layer of C60-PA would affect the mobility of

charge carriers at the ETL/FAPbI3 interface, Terahertz (THz) spectroscopy was done

on "half-stacks" shown in Figure 6.10. The samples were illuminated from the quartz

side. From the THz spectroscopy, we extract the mobility (µ) according to Equation

6.2.
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ϕµ = −ϵ0c(nA + nB) ·
Aeffhc

Eeλ(1−Rpump(λ))(1− Tpump(λ))
· (∆T

T
) (6.2)

Where Aeff is the effective overlap area of the optical pump and THz probe beams,

ϵ0 is the dielectric permittivity, c is the speed of light, nA and nB are the refractive

indices of the two media on either side of the film, E is the energy contained in an

optical excitation pulse of wavelength λ, Rpump and Tpump are the sample reflectance

and transmittance at the pump wavelength, and ϕ is the branching ratio of photons-

to-free-charges. ∆T is the photoinduced change in the transmitted THz electric field.

Figure 6.10: Schematic of half-stack devices made with different ETL modifications.

By comparing the mobilities among the three samples, perovskite, SnO2/perovskite,

and SnO2/C60-PA/perovskite (Figure 6.11), we found no significant differences in

their initial mobilities.

A 65°C AM 1.5 light stability test was conducted on these samples and their

time-resolved terahertz spectroscopy (TRTS) measurements were taken throughout

time. According to Figure 6.12, the mobilities of all of the samples drop as they

age, but the drop in mobility is the slowest for FAPbI3, followed by SnO2/FAPbI3

and SnO2/FAPbI3/C60-PA. The result suggests that the degradation at the ETL/per-

ovskite interface is accelerated with each layer of SnO2 and C60-PA added.
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Figure 6.11: Time-resolved THz spectroscopy (TRTS) (400 nm optical pump) of FAPbI3 perovskite
on three different substrates: quartz, quartz/SnO2, and quartz/SnO2/C60-PA. The measurements
were performed and data were plotted by Jae Lee, University of Oxford.

Figure 6.12: THz mobilities of "half-stack" samples aged under 65°C AM 1.5 light over time. The
analysis was carried out and the plot was made by Jae Lee, University of Oxford.
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6.4 n-i-p Perovskite Solar Cells with C60-PA SAM

To see if the improvement in PLQY would translate to improvements in Voc, negative-

intrinsic-positive (n-i-p) perovskite solar cells were made on different n-type layer

substrates: directly on FTO, FTO/C60-PA, FTO/SnO2/C60-PA, or FTO/SnO2/C60-

CA (Figure 6.13). The open-circuit voltage (Voc) of devices on FTO (0.61±0.09

V std. dev) was significantly improved by adding a C60-PA layer on top of the

FTO (0.80±0.05 V) and also improved by adding a SnO2 electron extraction layer

(1.01±0.11 V). The combination of C60-PA on top of the SnO2 gives the best volt-

age of 1.03±0.09V. From the Jsc of devices on FTO compared to FTO/ C60-PA, it

is evident that C60-PA enhances electron extraction as the current density was im-

proved by nearly 1 mA/cm2. Similarly, comparing the Jsc of FTO/SnO2 with that of

FTO/SnO2/ C60-PA (Figure 6.13b), the current density was on average improved by

0.23 mA/cm2 after adding a C60-PA SAM. With C60-PA-modified SnO2, the forward

J-V scan fill-factor (FF) was slightly enhanced, resulting in reduced hysteresis which is

also evident by comparing the J-V scans in Figure 6.14b. As a result of these improve-

ments to the photovoltaic parameters, the average maximum power point tracked

efficiency (ηmax) was improved from 17.5±2.6% for FTO/SnO2 to 19.3±0.5% for

FTO/SnO2/C60-PA. The champion device ηmax was improved from 18.9% for SnO2

to 20.0% for SnO2/C60-PA. All parameters are listed in Table 6.3.

Table 6.3: The statistical parameters of n-i-p devices made with the different ETL modifications
± standard deviation.

Device ETL Voc (V) Jsc (mA/cm2) FFforward FFreverse ηMPP (%)
FTO/SnO2 1.01 ± 0.11 23.26 ± 0.39 0.70 ± 0.03 0.80 ± 0.02 17.5 ± 2.6
FTO/SnO2/C60-CA 0.96 ± 0.15 23.31 ± 0.54 0.66 ± 0.10 0.70 ± 0.12 16.3 ± 4.2
FTO/SnO2/C60-PA 1.03 ± 0.09 23.49 ± 0.28 0.74 ± 0.05 0.79 ± 0.02 19.3 ± 0.5
FTO 0.61 ±0.09 22.80 ± 0.14 0.41 ± 0.04 0.67 ± 0.04 7.8 ± 3.9
FTO/C60-CA 0.72 ± 0.07 23.32 ± 0.34 0.47 ± 0.03 0.65 ± 0.08 9.9 ± 1.8
FTO/C60-PA 0.80 ± 0.05 23.74 ± 0.14 0.51 ± 0.02 0.69±0.03 13.5 ± 2.2
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(a) (b)

(c) (d)

Figure 6.13: (a) Box plot of stabilized Voc (b) Jsc (c) forward and reverse fill factor (d) maximum
power point tracked efficiency (ηMPP ) of bilayer films of perovskite on different modified FTO
substrates.
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(a) (b)

(c)

Figure 6.14: Forward and reverse J-V scan plots of different SAMs as the interlayer (a) without
SnO2 and (b) with SnO2. (c) MPP tracking of C60-PA, C60-CA, SnO2 champion devices.

It can be seen more clearly from SnO2-free devices in Figure 6.14a that C60-PA

assists in current extraction and reduces non-radiative recombination since both Jsc

and Voc improved with C60-PA only as an ETL. The difference in statistical mean

between the Voc of devices with C60-PA and without it is 22.0 mV.
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6.5 n-i-p Perovskite Solar Cells Stability

Recently, You et al. [204] suggested that when this C60-PA is mixed together in the

perovskite precursor and crystallized in the bulk, it can prevent halide segregation by

passivating the grain boundaries through -PO(OH)2 interacting with the perovskite

and fullerene interacting with the halide. Furthermore, the moisture stability of the

perovskite is also improved by the hydrophobic C60-PA modification. The perovskite

was able to resist degradation to δ-FAPbI3 and PbI2 under high (70%) relative hu-

midity.

To test if our C60-PA as a SAM interlayer could improve the SnO2/perovskite

interface stability, we fabricated some devices and first aged them in the 85°C dark

under a nitrogen atmosphere for over 2,800 hours and then encapsulated them and

brought them into the light, aged under 85°C AM 1.5 light for another 1,080 hours.

The total aging time was 3,900 hours. (Figure 6.15). This stability test was done to

compare the effects that light has on devices under an elevated temperature because

we (our group) often get good device stability under an 85°C dark nitrogen environ-

ment, but when light is added as an extra stress factor, the devices degrade more

rapidly.

Although the device stack used before had high ηMPP, doped Spiro-OMeTAD

is considered unstable [208, 209] and Au electrodes can migrate into the device

[86]. Hereby, the device stack was modified with more stable materials and pas-

sivation to test the long-term stability of the C60-PA. The specific architecture used

was: FTO/SnO2/C60-PA/Al2O3/FA0.83Cs0.17Pb(I0.9Br0.1)3 with BMPBF4 additive/

n-octylammonium-Br/PTAA/Cr/Au in which the ETL is SnO2 with or without Al2O3.

1-butyl-1-methylpiperidinium tetrafluoroborate (BMPBF4) is an ionic liquid additive

that stabilizes the perovskite [178]. Al2O3 was added to some devices to investigate

if it can improve the perovskite adhesion on the substrate [210]. The results in Figure

6.15 show that the SnO2 layer with C60-PA SAM modification and/ or Al2O3 mod-

ification degrade faster than without them. Surprisingly, the maximum power point
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(a)

(b)

(c) (d)

Figure 6.15: (a) Average ηMPP of devices with different ETL modification, first aged under an
85° C dark, nitrogen environment for 2,800 hrs and then taken into 85° C AM 1.5 for 1,084 hours.
(b) Average ηMPP of devices normalized by the initial efficiency and zoomed into the last 1,084 hrs
under the light. In (a) and (b), the error ranges denote the standard deviations. (c) Champion
device ηMPP for each condition. (d) Champion device ηMPP zoomed into the last 1,084 hrs under
the light.
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tracked efficiencies of all devices were low (with this new stack) but quite stable under

the dark for this structure, but once the devices were moved to under the light, their

ηMPP jumped up by 3.8% for the SnO2 devices and 6.7% for the SnO2/C60-PA on

average. On closer inspection of the J-V curves evolution (Figure 6.16) reveals that

under dark aging, the fill factor decreases over time and s-kink forms, but once the

devices were introduced to the light, the fill factor increases again to higher than the

pristine devices, and the s-kinks were essentially gone for the control devices. We

postulate that the charge-extraction barrier that built up under the dark is removed

by ion migration under light soaking. Moreover, the Voc of the SnO2 control de-

vice continues to increase. This was quite well reported as an oxidative passivation

phenomenon under light [211]. In fact, the ηMPP of the C60-PA devices initially in-

creased more than it did for the control devices, but subsequently also dropped more

dramatically.

(a) (b)

Figure 6.16: (a) J-V curve evolution of SnO2 devices first aged under 85°C dark and then 85°C
light. (b)J-V curve evolution of SnO2/C60-PA devices first aged under 85°C dark and then 85°C
light.

In comparison, with a longer 85°C light aging time, the SnO2/C60-PA devices

reduce in current density, indicating that there is a major difference in their interfacial

degradation rate. According to the images taken at the end of the entire 3,900

hrs aging test (Figure 6.17), the perovskite on SnO2 (control sample) stayed darker

compared to the perovskites on any other modified SnO2. These results follow the

trend of our stability test results on the "half-stacks". Perovskite degrading at the
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6.5. n-i-p Perovskite Solar Cells Stability

Figure 6.17: A picture of the devices after the entire 3,900 hrs aging process. The full substrate
area is 30 mm×30 mm. The small devices are 0.25 cm2 in size and the large device is 1 cm2 in size.

interface (possibly due to delamination) with C60-PA can explain their THz mobility

drop over time.

Finally, to understand whether it was the C60-PA/perovskite interface that was de-

laminating (as it appears in Figure 6.17), a "peeling test" was done on these degraded

devices. The devices were cleaved from the substrate FTO side and cracked. The way

in which the coverslip peeled off is indicative of the adhesion of each device layer to

one another. As can be seen from Figure 6.18, while for both the SnO2/C60-PA device

and the SnO2/C60-PA/Al2O3 device, the perovskite peeled off from the substrate, the

SnO2 device and SnO2/Al2O3 device only peeled off from the metal contacts, indi-

cating strong adhesion of the device stack to the substrate. Hence, we conclude

that the C60-PA interlayer weakens the mechanical adhesion of the SnO2/perovskite

interface, causing the device to degrade. The J-V curve evolution in Figure 6.16b is

consistent with perovskite delaminating from the C60-PA because compared to the

control device (Figure 6.16a), the C60-PA device loses current density and FF over
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Figure 6.18: Photo of devices cleaved at the end of the stability test.

time while Voc stays the same, which can be a result of losing contact area of the

substrate to the rest of the device stack.
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6.6 Conclusion

A new phosphonic acid SAM, C60-PA, was investigated as a passivation and charge-

extraction interlayer. C60-PA was compared to a similar, commercially available, C60-

CA SAM. We found by adding the C60-PA SAM on SnO2, the PLQY of the perovskite

film on top of the ETL increased, contributing to increased QFLS and Voc. Moreover,

the presence of this SAM seems to enhance electron extraction at the interface. The

improvement was not found mostly due to improved crystallinity, grain size, or grain

morphology of the perovskite bulk, but it is attributed to the passivation effects of

C60-PA on the SnO2. While the performance of the solar cells improved by adding

this C60-PA SAM layer, it does not seem to make the interface more stable, rather

it was found that it likely causes delamination. Further research needs to be done

on synthesizing SAMs that are bi-functionally linking both the perovskite and SnO2

sides to reduce delamination. In general, more work needs to be done to improve the

stability of n-i-p solar cells.
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CHAPTER 7

Conclusion

7.1 Summary and Future Work

The research in this thesis showed advancements towards enhancing the regular n-

i-p device stability by changing the charge extraction layers, modifying perovskite

interfaces, and improving perovskite bulk stability with additives.

Chapter 4 demonstrated how the commonly used hole-transporting material

(HTM), Spiro-OMeTAD, is unstable and costly. A pair of new carbazole-based enam-

ine hole-transporting materials were introduced to overcome these issues. Cost-wise,

these materials are around ten times cheaper than Spiro-OMeTAD to manufacture.

Stability-wise, these new HTMs have higher glass transition temperatures than Spiro-

OMeTAD, and no hygroscopic dopants are needed. The devices made with these

carbazole-based enamine HTMs maintained 83% of their peak efficiencies after 1,000

hours of 85°C thermal aging. While this work demonstrated the good thermal stability

of these new HTMs, the light stability still needs improvement. However, the fact

these carbazole-based enamine devices degrade at a similar rate to Spiro-OMeTAD
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devices under light could mean that our device stack was not stable enough and their

degradation was not limited by the HTMs but by other layers. Future work would

include putting these new HTMs into a more stable device stack and testing them

under the 85°C AM 1.5 light.

Chapter 5 investigated how the perovskite bulk can be passivated by means

of amine additives. It was found that benzylamine (BnAm) can not only improve

the optoelectronic properties of the perovskite through surface and grain boundary

passivation, but also enhance the long-term thermal, light, and moisture stability.

This chapter then investigated the precise role that BnAm plays in the perovskite

bulk. It was found that BnAm reacts with the formamidinium (FA+) cation to form

BnFA+, which subsequently forms a quasi-2D phase, passivating the perovskite. An

amine-FA+ reaction was identified and distinguished from the reaction that takes place

when BnAX salts or methylammonium are added. The effects of amine additives

in perovskite require closer scrutiny, as the net result is not straightforward. To

investigate the full stability potential of BnAm in a way that avoided the stability

limitations of n-i-p transport layers, the BnAm-modified perovskite was incorporated

into a p-i-n device stack. As a result of the perovskite passivation, a remarkable T80 of

2,460 hours was achieved for the 1.68 eV wide-bandgap perovskite under a combined

65°C and AM 1.5 light stability test. This makes BnAm an excellent candidate to be

incorporated into silicon/perovskite tandem solar cells for increasing the lifetime of the

overall solar cell. More work is required to identify the 2D phase formed with BnFA+

as the cation. In general, the role of additives in perovskite bulk passivation needs to

be better understood. In particular, the reaction of amine additives with perovskite

has long been overlooked. Understanding the mechanism of amine passivation can

help us select and design suitable passivation for specific perovskite compositions.

Chapter 6 turned to modifying the electron-transporting layer, SnO2, and iden-

tified the remaining instability issue with n-i-p solar cells. Following work on p-

type phosphonic acid self-assembling monolayers (SAMs) [212, 213, 214], an n-type

fullerene-based phosphonic acid SAM, C60-PA, was tested as a SnO2 modification
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layer. The bilayer stack which had been treated with the C60-PA had improved pho-

toluminescence quantum yield, which translated to increased open-circuit voltage and

performance of the full device. Following these positive device results, the stability

of a C60-PA interlayer in devices was tested. A 2,800-hour 85°C dark-aging test was

conducted, followed by a 1,080-hour 85°C AM 1.5 light stability test. However, it

was found that the fullerene SAM with only one functional group attached to the

substrate suffered from delamination, exacerbating the instability issue. Nevertheless,

the device configuration employed in this study showed impressive stability: there was

hardly any loss in performance under 2,800 hours of 85°C dark aging. Under 85°C

light, the average SnO2 device T80 lifetime was 670 hours, which is comparable to

the stability of p-i-n devices [178]. Finally, the instability of the C60-PA interlayer was

shown to be due to worse adhesion of the perovskite on the substrate. This result

also suggests a potential problem for p-i-n solar cells, whose most widely-used and

best-performing electron-transporting layer is fullerene-based (either C60 or PCBM).

Further work is required to design and synthesize self-assembling monolayers with

bi-functional binding groups which can attach to both the substrates and the per-

ovskite for better adhesion to improve the electron-tansporting layer/perovskite inter-

facial stability. Another option would be to add a second "zwitterionic" phosphonic

acid passivation with two functional groups of a molecular length similar to C60-PA.

The zwitterion can either be mixed into the C60-PA solution and spin-coated onto

the substrate or be added on top of the C60-PA in a 2-step deposition. A second bi-

functional SAM can help increase the wettability of the perovskite precursor solution

on the substrate (as has already been demonstrated for p-i-n solar cells [215]), and

potentially strengthen the adhesion of the perovskite layer on the substrate.

7.2 Future Outlook

Since their introduction over a decade ago, perovskite solar cells have gradually be-

come more competitive with other photovoltaic technologies. This is due to better
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knowledge of the physics and chemistry of this material, and improvements in pro-

cessing methods, materials, and architecture. At the time of writing, the US National

Renewable Energy lab reports a record 32.5% efficiency silicon/perovskite tandem

solar cell (by Helmholtz-Zentrum Berlin) and a 25.7% single-junction perovskite solar

cell (by Ulsan National Institute of Science and Technology) [16]. Perovskite solar cell

companies such as UtmoLight, Renshine Solar, and OxfordPV are creating megawatt

solar panel production lines. However, the stability of perovskite solar cells remains a

challenge if they are to compete with existing silicon PVs’ average lifetime of over 25

years. Various ways to overcome this challenge have been investigated in this thesis.

Building on this work, cheaper and more stable charge-transporting materials need

to be designed and tested. The role of additives used for perovskite bulk passivation

needs to be better understood. Most importantly, the degradation mechanism of

perovskite solar cells need to be studied further. Understanding how a device fails

under certain aging conditions should guide us in fabricating more stable perovskite

solar cells which can hopefully be employed soon in renewable energy generation.
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APPENDIX A

NMR Spectra of Carbazole-Based Enamine HTMs

Figure A.1: N3, N3, N6, N6, 9-tetrakis[2,2-bis(-methoxyphenyl)ethenyl]-9-butyl-9H-carbazole-3,6-
diamine (MeO4PEBCz). 1H NMR (400 MHz, CDCl3, δ, ppm). 1H NMR spectra were taken and
analyzed by Dr. Maryte Daskeviciene and Dr. Giedre Bubniene, Kaunas University of Technology,
Lithuania.
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Figure A.2: (Continued from A.1)

Figure A.3: N3, N3, N6, N6, 9-tetrakis[2,2-bis(-methoxyphenyl)ethenyl]-9-butyl-9H-carbazole-3,6-
diamine (MeO4PEBCz). 13C NMR (101 MHz, CDCl3, δ, ppm). 13C NMR spectra were taken and
analyzed by Dr. Maryte Daskeviciene and Dr. Giedre Bubniene, Kaunas University of Technology,
Lithuania.
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Figure A.4: (Continued from A.3)

Figure A.5: N3, N6, N6, 9-pentakis[2,2-bis(-methoxyphenyl)ethenyl]-9H-carbazole-3,6-diamine
(MeO5PECz). 1H NMR (700 MHz, CDCl3, δ, ppm). 1H NMR spectra were taken and analyzed by
Dr. Maryte Daskeviciene and Dr. Giedre Bubniene, Kaunas University of Technology, Lithuania.
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Figure A.6: (Continued from A.5)

Figure A.7: N3, N6, N6, 9-pentakis[2,2-bis(-methoxyphenyl)ethenyl]-9H-carbazole-3,6-diamine
(MeO5PECz). 13C NMR (176 MHz, CDCl3, δ, ppm). 13C NMR spectra were taken and ana-
lyzed by Dr. Maryte Daskeviciene and Dr. Giedre Bubniene, Kaunas University of Technology,
Lithuania.
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Figure A.8: (Continued from A.7)
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APPENDIX B

Cost Estimation

This cost estimation is done by Dr. Maryte Daskeviciene and Dr. Giedre Bubniene

from Kaunas University of Technology, Lithuania.

Diamine carbazole precursors could be obtained commercially or synthesized via a

two or three-step procedure (Figure B.1) according to the procedures reported in the

literature [216, 217, 218]. Due to low volumes of production and niche application

of commercial diamine products its price is rather high, therefore, at the moment,

for larger-scale synthesis, it makes more economic sense to synthesize the precursors

in-house. Therefore, we have included the cost of precursor synthesis in the cost

estimation calculations.

Materials intended for use on a large scale must be not only efficient but also cost-

effective. For that reason, the estimation of the synthesis costs for both carbazole

derivatives has been done based on the procedure established by Osedach et al. [216].

It was calculated that the synthesis cost of MeO5PECz is $ 7.83 per gram while for

MeO4PEBCz it reaches 10.33 $/g. It would cost 10 to 12 times less to produce

these HTMs than widely used standard spiro-OMeTAD, which costs $ 92 per gram
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Appendix B. Cost Estimation

Figure B.1: Synthesis procedure of carbazole precursors.

to synthesize [217]. Synthesis of MeO5PECz and MeO4PEBCz does not require

expensive column chromatography or sublimation, the purification is done by simple

crystallization; furthermore, the palladium-catalyzed cross-coupling is not needed,

avoiding traces of catalyst residue in the final step, which might act as photoquenchers

or charge traps during device operation [218, 219].
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Table B.1: Materials, quantities, and cost for the synthesis of MeO5PECz. 7.13€=7.83$
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Table B.2: Materials, quantities, and cost for the synthesis of MeO4PEBCz. 9.41€=10.33$
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