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Abstract

As one of the most promising technologies for highly efficient and low-cost photovoltaics,

hybrid organic-inorganic metal halide perovskites solar cells have received a great deal of

attention over the past 5 years. However, the moisture sensitivity of this material hinders

commercial deployment, and the next grand challenge is now the long-term, stable operation

of such devices. This thesis presents novel hole-extraction layers for perovksite solar cells,

and studies their impact on both the performance and the long-term stability of the devices.

Initially, this work focuses on the development of a polymer composite hole transport-

ing material (HTM) based on poly(3-hexylthiophene) nanowires (P3HT-NW) embedded

in an inert poly(methyl methacrylate) (PMMA) matrix. This HTM gives superior effi-

ciency when compared to a neat P3HT HTM, and outperforms conventional HTM sys-

tems after thermal stressing in air. Next, the commonly employed and unstable lith-

ium bis(trifluoromethanesulfonyl)imide (Li-TFSI) p-dopant for 2,2’,7,7’-tetrakis(N,N ’-di-p-

methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD), is successfully replaced by two

molybdenum tris(dithiolene)s. These devices show a substantial enhancement of the long-

term stability, due to an significant enhancement of the moisture resilience of the HTM

layer while maintaining high device power conversion efficiencies. Finally, the interaction of

these molybdenum complexes with the perovskite is studied. This study demonstrates that

the molybdenum complex modifies the treated interface in two ways; it passivates surface

defects and create an interfacial dipole. As a result, the perovskite/HTM interface shows

greater hole selectivity resulting in a substantial enhancement of the device performance,

underscoring the importance of the charge-selective interfaces for carrier extraction.
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1 | Introduction
“All across the world, in every kind of environment and region known to man, in-
creasingly dangerous weather patterns and devastating storms are abruptly putting
an end to the long-running debate over whether or not climate change is real. Not
only is it real, it’s here, and its effects are giving rise to a frighteningly new global
phenomenon: the man-made natural disaster.” Barack Obama, April 2006

1.1 The climate change challenge

Throughout history, the Earth’s climate has always experienced changes, alternating between

ice ages and warmer periods. Those inevitable climatic cycles are tightly dependent on the

composition of the amtosphere and have occurred as a consequence of natural changes.

About 7000 years ago, the abrupt end of the last ice age marked the begining of human

civilisation, starting point of modern climate era.

Figure 1.1: Global CO2 concentration in the amtosphere. (Copyright NASA Goddard Institute
for Space Studies [1])

1



Chapter 1 3.6.2 The climate change challenge

The surge of the global population [2] alongside a rapid increase in industrialisation

marked the modern society with the most destructive climate change in Earth’s past (Figure

1.1). The world’s increasing energy demands has resulted in prodigious quantities of green-

house gasses such as carbon dioxide (CO2) in the atmosphere (406.94 ppm in September

2017). Since the industrial revolution, our society has been primarily relying on fossil fuels

to face the surging energy demand. However, their supply is dwindling and the unavoid-

able greenhouse gas emissions due to combustion of fossil fuels hasten atmospheric changes.

In response to these abrupt emissions of CO2 due to human activity, the average surface

temperature of the planet has risen [1] (Figure 1.2). This rise in temperature has caused

glaciers to retreat, sea levels to rise associated with a record number of extreme climatic

events. While the natural climate change is inevitable, our current rate of greenhouse gases

emission in the atmosphere is causing the climate on Earth to change 170 times faster than

natural forces [3]. This alarming finding has urged human society to turn towards clean and

renewable energy resources which do not contribute to additional greenhouse gas emissions,

in order to eventually reverse, or mitigate, the evolution of the global climate.
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Figure 1.2: On the left, line plot of global mean land-ocean temperature index, 1880 to present.
(NASA Goddard Institute for Space Studies [1])
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Chapter 1 3.6.2 The climate change challenge

The most abundant renewable sources are sunlight, wind, rain, waves, tides and geo-

thermal heat. Even so fossil fuel remains the dominant source of energy powering the world

economy (78.4%), renewable energies provided 19.3% of the global energy market in 2015,

and are expected to triple by 2035, being the fastest growing source of energy [4] (Figure

1.3). As part of the renewable energy category, solar power, or photovoltaic ernergy, could

exceed the current global energy demand by converting only 1% of the incident solar energy

on the Earth’s surface with 10% efficient photovoltaic devices [5]. However, in the latest

data collected by the Renewable Energy Network (REN21), solar energy accounted for less

than 1.6% of the global energy consumption.

a)

b) c)

Figure 1.3: a) Estimated global energy consumption for 2015 by source, data collected by
the Renewable Energy Network (REN21). (Reproduced with permission from REN21, 2017,
Renewables 2017 Global Status Report, Paris, REN21 Secretariat [6]). b) and c) Trends of
global energy consumption from 1965 by source and projected usage up to 2035. (Reproduced
with permission from British Petroleum, 2017, BP Statistical Review of World Energy 2017 [4])
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Chapter 1 3.6.2 The climate change challenge

One of the major obstacles to the implementation of solar energy has been the higher

cost per Watt of energy produced compared other ressources. Recently, the levelised cost

of electricity (LCOE) of solar power have tremendously dropped to around 0.5 $/W mak-

ing photovoltaic technology able to compete in the global energy market [7, 8]. However,

most solar technologies require high initial investments which hold back manufacturers from

entering the energy market at a sustainable price. In addition, conventional photovoltaic

technologies, such as silicon solar cells, are not carbon-neutral due to heavy manufactur-

ing processes. While government incentives would greatly urge the implementation of solar

power, further innovations in photovoltaic solar cells are still needed in order to push the

technology to be more effective and more sustainable. This involves the development of

solar cells using cheap and earth-abundant materials, while limiting CO2 emissions during

the fabrication process.

One of the most promising candidates is the perovskite solar cell. Due to their out-

standing optoelectronic properties, organic-inorganic lead halide perovskites have created

tremendous enthusiasm in the photovoltaic community, leading to power conversion effi-

ciency records up to 22% in merely 5 years [9, 10]. Compounds employed to create perovskite

materials are abundant, cheap, and the ease of fabrication via solution or vapour process de-

position methods make the technology extremely attractive. However, the major drawback

of perovskite materials is their inherent instability at ambient conditions, which thus lead to

further encapsulation systems with lamination foils, glass and edege sealants. These encap-

sulating techniques result in costly final products associated with a greater carbon emission

due to additional manufacturing steps. Therefore, developing solar cells with enhanced sta-

bility should have a substancial impact on the overall carbon footprint of the technology

which could push perovskite solar modules to become a major photovoltaic technology [11].
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Chapter 1 1.2. STRUCTURE AND OBJECTIVES OF THE THESIS

1.2 Structure and objectives of the thesis

Due to an unprecedented rise in performance, perovskite solar cells are now one of the most

promising emerging photovoltaic technologies. However, pressing concerns related to the

long-term operational stability of these devices remain. Indeed, the moisture sensitivity of

the perovskite active layer prevents the technology from being competitive with inorganic

thin-film solar cells in the global market place today. Two fundamental approaches exist

for improving device stability: developing more resilient perovskite materials and shielding

the sensitive absorber with protective layers. This thesis focuses on the latter, through

the development of new charge-extraction layers for perovskite solar cells with the aim of

enhancing the long-term stability of the devices while maintaining high power conversion

efficiencies.

Chapter 2 gives a broad introduction to the fundamental concepts of photovoltaics, start-

ing with an overview on properties of semiconductors. After having established general

considerations of semiconductor physics, the general working principles of solar cells are de-

tailed, including the absorption of a photon, charge generation and charge recombination

pathways, and charge carrier separation and extraction. Particular attention is given to the

description of the various types of junctions used in solar cells, followed by an outline of the

typical performance parameters for quantifying the efficiency of a device. The subsequent

section introduces the fundamental properties of the perovskite absorber material, and gives

a short overview of the recent major developments in the perovksite solar cell field. Next,

the operating mechanisms of these devices are described, followed by a thorough description

of the instability challenges facing perovksite solar cells.

In Chapter 3, the materials and methods used in this body of work are described.

Chapters 4, 5 and 6 contain the main experimental results which have been obtained during

this work.

Chapter 4 details the development of a new composite HTM structure based on a polymer

blend of P3HT nanowires and insulating PMMA. This approach is shown to substantially
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Chapter 1 3.6.2 Structure and objectives of the thesis

reduce non-radiative recombination losses at the perovskite/HTM interface, achieving device

performance comparabale to common HTMs. The impact of using the inert PMMA is two-

fold. It partially passivates the charge collecting interface, forcing the excited charge carriers

to flow through discrete nanowires channels. As a result, non-radiative recombinations losses

are significantly reduced at the p-type interface. Further, the polymer also acts as a barrier

to water ingress which greatly enhances kong-term device stability.

Most high efficiency perovskite solar cells employ a spiro-OMeTAD HTM doped with

Li-TFSI salts which are highly detrimental to the long-term performance of the devices,

limiting its use in future commercial applications. Due to its hygroscopic nature, Li-TFSI

accelerates the permeation of water through the HTM layer resulting in a decomposition

of the perovskite absorber, thus motivating the development of a more moisture resilient

dopant. In Chapter 5, the Li-TFSI p-dopant is successfully replaced by two molybdenum

complexes: molybdenum tris(1-(trifluoroacetyl)-2-(trifluoromethyl)-ethane-1,2-dithiolene)

(Mo(tfd-COCF3)3), and molybdenum tris(1-(methoxycarbonyl)-2-(trifluoromethyl)ethane-

1,2-dithiolene) (Mo(tfd-CO2Me)3). Both dopants have a significantly higher doping efficacy

than Li-TFSI and lead to high efficiency solar cells. Finally, the improved hydrophobicity

of Mo(dt)3-doped spiro-OMeTAD layers is shown to yield a significant enhancement of the

long-term stability of perovskite solar cells, making molybdenum tris(dithiolene)s promising

p-dopants candidates for HTMs with regards to both performance and stability.

Solution-processed perovskite films generally show structural defects and charge trap

states at surfaces and grain boundaries. These defects are responsible for non-radiative re-

combination losses and limit efficient charge extraction. Chapter 6 addresses the importance

of the interface between the absorber and the HTM layer and how it impacts the perform-

ance of perovskite based solar cells. In this study, the Mo(tfd-COCF3)3 molecule used in the

previous chapter is studied as a surface treatment of the perovskite absorber. The treatment

results in a significant improvement of the stabilised power conversion efficiency attributed

to a passivation of trap states and the formation of a surface dipole at the interface, sub-

stantially improving hole extraction.
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Finally, a concluding chapter briefly summarises the key findings of the thesis and gives

an outlook of future developments for improving both performance and stability of perovksite

solar cells.
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2 | Fundamentals and background
This chapter gives an overview of the fundamental concepts and processes required
to understand the results presented in this work. The key properties of semiconduct-
ors are firstly considered. Followed by an introduction to the theory and working
principles of photovoltaic devices. Finally, perovskite solar cells are introduced, out-
lining various device architectures, materials employed and their inherent instabil-
ity. For more in depth information, the reader should refer to standard textbooks
[12, 13, 14, 15] from which this chapter was largely inspired.

2.1 Semiconductors

Semiconducting materials are the heart of every photovoltaic system. They are neither a

good conductor nor a good insulator, but show greater electrical properties upon addition

of heat, light or voltage.

2.1.1 Electrons in semiconductors

Metals, insulators, and semiconductors possess very different electrical properties, contingent

on their band structure and band gap, Eg, which is given as the difference in energy between

the highest energy band filled by electrons, called the valence band (VB), and the first

available empty band, referred to as the conduction band (CB).

When two atoms are brought together, their respective electron orbitals split, defining

allowed quantum energy states that an electron can occupy. In a solid with a large concen-

tration of atoms, degenerated energy levels are not discrete anymore, but form a continuum

or band of allowed energy levels. These electronic states are very close from one to another
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Chapter 2 2.1.1 Electrons in semiconductors

and are separated by energy values, much smaller than the thermal energy kBT (∼25 meV).

In a crystalline material, atomic potentials are arranged on a periodic and practically infinite

lattice which thus confines the distribution probability of electrons according to the atomic

periodicity. In real space, a lattice can be characterised by two vectors a1 and a2, which

define the smallest possible unit cell, called primitive cell which is the smallest periodically

repeated unit of the three-dimensional crystal lattice. When expressed in the reciprocal or

momentum space, a1 and a2 become the reciprocal lattice vectors k1 and k2 and define

the Brillouin zone. The Brillouin zone is used to describe the electron energy of the band

structure of crystals.

Electronic states are quantum mechanically described as electron probability distribu-

tions which are represented by a wavefunction Ψ . This wavefunction is the product of a

periodic component related to the crystal lattice, and a plane wave part representing the

wavefuntion of an electron in free space. To determine these states for a given material, it

is essential to analyse the dynamic behaviour of electrons by solving the time-independent

Schrödinger equation. This thesis will not attempt to solve the Schrödinger equation in great

detail, analytical solutions for crystalline systems with periodic potentials can be found in

standard textbooks [13, 14]. For metal halide perovskites with a more complex crystalline

structure, numerical density functional theory is employed to determine the electronic states

and the band structure [16, 17, 18]. The solutions describe the relationship between an elec-

tron’s energy and its momentum, giving energies as a function of k, the wave vector. This

eigenstate distribution E(k) is referred to as the crystal band structure. k varies from 0 to

π/a, with a being the lattice constant which is a measure of the distance between atomic

planes in that direction. For k > π/a, the energy distribution repeats itself, due to the

periodic potential of the material. Furthermore, due to the symmetry of the crystal, E(k) is

identical to E(-k). Consequently, all possible eigenstates of E(k) are confined to wave vectors

in the range between 0 ≤ k ≤ π/a, which corresponds to the Brillouin zone (Figure 2.1).

When all electrons are in their lowest energy state without any additional available

energy, i.e. at absolute zero (T=0K), the energy bands of a semiconductor are defined as
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Chapter 2 2.1.1 Electrons in semiconductors

follows. The highest energy band filled by electrons is called the valence band (VB), and

the first available empty band is referred to as the conduction band (CB). The two bands

are separated by a gap which does not contain electron states, called the fundamental band

gap (Eg). For a semiconducting material, the solution of the Schrödinger equation does not

have solutions of the wavefunction for energies within the bandgap at k = ±π/a. The band

gap, defined the energy difference of the conduction band edge (EC) and the valence band

edge (EV), i.e. Eg = EC - EV, corresponds to the minimum amount of energy necessary to

promote an electron from the VB into the CB. When electrons are given enough energy to

cross the band gap, they leave behind unoccupied states in the VB which constitute effective

positive charges and are treated as quasi-particles, referred to as holes.

/a/a
k

Ek

EC

EV

Eg

CB

VB

Empty k

Occupied k

The E(k) diagram The Energy Band
diagram

Conduction
Band

Valence 
Band

Forbidden Band

Figure 2.1: Schematic E(k) diagram within a Brillouin zone for one lattice direction and its
equivalent energetic band diagram. The E(k) curve represents the wavefunction ψk and consists
of many discrete points, each one them corresponding to a possible energy state. In the range
EV to EC, corresponding respectively to the energies of the valence band (highest energy band
filled by electrons) and the conduction band (the first available empty band), ψ has no solutions,
giving rise to a forbidden band, Eg.

The Fermi level, denoted EF, and associated to a chemical potential µ (a form of potential

energy), is defined as the energy at which there is a 50% probability of an electronic state

being filled/occupied. At thermal equilibrium, EF lies in the centre of the band gap. The

probability of an electron occupying an energetic state E at temperature T is governed by

the Fermi Dirac distribution (Figure 2.2), which describes the electrons distribution of a
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Chapter 2 2.1.1 Electrons in semiconductors

semiconductor:

f(E, T ) = 1
exp

(
E−EF

kBT

)
+ 1

(2.1)

with EF being the Fermi energy for which f (EF) = 0.5 and kB the Boltzmann constant (1.381

× 10−23 m2 kg · s−2 K−1). For states with an energy much smaller than the Fermi energy i.e.

E � EF, f (E) ≈ 1 meaning, the probability of finding a state to be occupied is practically

hundred percent. Conversely, states with energies much larger than the Fermi energy, E �

EF ↔ f (E) ≈ 0, the states are almost certainly unoccupied.

Whereas the probability for the occupation of states depends only on their energy, the

electron density of states (DOS) is contingent on both the momentum and energy of electrons

in the studied crystal. In order to treat electrons in such complex potential landscapes, the

concept of effective mass (m∗) is introduced. The effective mass is a parameter with the

dimensions of mass, but is generally not constant. It describes the mass of a free electron

taking into account the forces acting on the electron within the potential landscape of the

material. It is defined by [12]:
1
m∗

= 1
~2
∂2E(k)
∂k2 (2.2)

Where ~ represents the reduced Planck constant.

Considering the states closest to an energy maximum or a minimum, i.e. the top of the

VB or the bottom of the CB, the dispersion curve E(k) can be approximated by a quadratic

equation [12]:

E(k) = ~2k2

2m∗ (2.3)

The DOS per unit crystal volume, g(k), is defined as [14]:

g(k)d3k = 2
(2π)3d

3k (2.4)

Therefore, after further quantum mechanical derivations using equations 2.2, 2.3 and 2.4,
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Chapter 2 2.1.1 Electrons in semiconductors

the DOS for the conduction, gC(E), and the valence band, gV (E), can be expressed as:

gC(E) =
m∗n

√
2m∗n(E − EC)
π2~3 (2.5)

gV (E) =
m∗p
√

2m∗p(EV − E)
π2~3 (2.6)

with m∗n and m∗p being the effective masses of electrons and holes, respectively. A schematic

representation of the DOS g(E) ∝
√
E for an intrinsic semiconductor is shown in Figure 2.2.

For an intrinsic semiconductor, i.e. without added impurities, the number of electrons

occupying the energy bands in equilibrium is given by the DOS g(E) multiplied by the

probability of occupancy f(E) integrated over all possible energies (Figure 2.2). Therefore,

the electron (n) and hole (p) densities are given by:

n =
∫ ∞
EC

gC(E)f(E)dE

= 2
(

2πm∗nkBT
h2

) 3
2

exp
(
−EC − EF

kBT

)

= NC exp
(
−EC − EF

kBT

)
(2.7)

p =
∫ EV

−∞
gV (E)[1− f(E)]dE

= 2
(

2πm∗pkBT
h2

) 3
2

exp
(
−EF − EV

kBT

)

= NV exp
(
−EF − EV

kBT

)
(2.8)

where NC and NV define the effective density of states such that [12]:

NC = 2
(

2πm∗nkBT
h2

) 3
2

, NV = 2
(

2πm∗pkBT
h2

) 3
2

(2.9)

From equations 2.7 and 2.8, it is apparent that the electron and hole densities vary

exponentially with the position of the Fermi level. Moreover, at a given temperature the
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f(E) g(E) n and p

E E E

n

p

gC

gV

Band diagram

E

EC

EF

EV

CB

VB

Eg

Figure 2.2: Schematic energy band diagram, Fermi-Dirac distribution f(E), density of states
(DOS) g(E) and carrier concentrations (n and p) for an intrinsic semiconductor at thermal
equilibrium. The probability that an electron occupies an energetic state E is governed by the
function f(E), and the number of available energy states is given by the DOS g(E). The number
of electrons occupying the energy bands is defined by the product of f(E) and g(E). For energies
above EC, the product gives the concentration of electrons in the CB, while for energies below
EV it gives the holes concentration in the valence band.

product np is constant. Thus at thermal equilibrium for an intrinsic semiconductor, i.e.

when the number of electrons in the CB is equal to the number of holes in the VB, the

intrinsic carrier concentration n2
i is independent of the Fermi energy and can be expressed

as:

n2
i = np = NCNV exp

(
− Eg
kBT

)
(2.10)

It therefore follows the expression of the intrinsic potential energy Ei, which is equal to

the Fermi level EF for an intrinsic semiconductor (from Equations 2.7 and 2.8, with n = p):

Ei = EF = 1
2(Ec + Ev)−

1
2kBT ln

(
NC

NV

)
(2.11)

The size of the band gap and the position of the Fermi level will determine whether a

material behaves as a metal, an insulator, or a semiconductor. For electrical conduction to

occur, the conduction band of a material must have some of its energy states filled with

mobile electrons (i.e. n > 0). Without a band gap and a large number of filled states near

to the Fermi level, electrons in metals can be readily excited between states, leading to a

high concentration of mobile carriers to carry current in the conduction band. In contrast,
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Chapter 2 2.1.1 Electrons in semiconductors

the Fermi level in an insulator lies within a large band gap of forbidden energies (Eg > 4 eV).

There are no available states for electrons near the Fermi energy, which imply that n = 0

in the CB and electrical conduction cannot occur. In the case of semiconductors, the band

gap is comparatively small (0.5 eV < Eg < 3 eV) with the Fermi level in the middle, such

that the probability of an electron to occupy an energy state in the CB is non-zero for T >

0K. Electrons from the valence band can be thermally excited across Eg into the conduction

band which will lead to an increase of mobile carriers densities. The typical band structures

of these three material types are illustrated in Figure 2.3.

EF

Eg

Eg
CB

CB

CB

VB

VB

VB

Semiconductor InsulatorMetal

Figure 2.3: Energy band diagrams, Fermi-Dirac distribution, density of states and electron
concentrations for a metal, a semiconductor and an insulator at thermal equilibrium. The
Fermi level (EF) is depicted by the red line, and the concentration of electrons n occupying an
energy level is represented by the blue shaded area. In metals, the Fermi level is in the middle
of a continuum of partially filled states, such that n > 0 which allows electrical conduction.
An insulator does not conduct free charges since there are no available states for electrons
near the Fermi energy. The band gap Eg is too large for electrons to be excited into the CB.
In a semiconductor, the CB and VB are close enough to allow populating of the CB with
mobile electrons at thermal equilibrium. When additional external energy is supplied to a
semiconductor for example in the form of photons, more electrons from the VB can be excited
across the Eg into the CB, thus increasing the conductivity of the semiconductor

Therefore, the classification of solid-state materials into metals, semiconductors and in-

sulators is directly related to their electrical conductivity which is proportional to the con-

centration of mobile charge carriers:

σ = nqµ (2.12)

where n is the density of free carriers, q is the elementary charge, and µ is the charge

mobility. µ quantifies the rapidity with which a charge can move through a material under

an electric field, and n corresponds to the product of the density of states and the probability
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of occupation (Equation 2.7).

Additionally, the position of the Fermi level EF can be quantified by the work function

Φ (Figure 2.4), defined as the energy required to remove one electron from the Fermi level

to the vacuum level Evac (a position just outside the material), such as Φ = Evac−EF.

Evac

EC

EV

EF



Figure 2.4: Schematic of the work function Φ on the energy band diagram.

At thermal equilibrium, intrinsic semiconductors practically behave like insulators which

limits their use in electronics. Since their low conductivity is due to a limited number of

free carriers, adding electrons or holes to the CB and VB, respectively, will increase the

population of mobile charges and thus improve the conductivity of the material. This is

called doping.

2.1.2 The concept of doping

Electronic doping is a powerful tool to control the conductivity of semiconductors and to

adjust the position of the Fermi level in a material. It involves adding impurities (atoms

or molecules) to create an excess of delocalised, or mobile, electrons or holes within the

material, respectively named n- and p-doping.

Increasing the concentration of mobile carriers (either electrons or holes) causes the

material to be more conductive. Based on equation 2.12 in section 2.1.1, the electrical

conductivity can now be written as a function of both the densities of mobile charges (ND
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and NA) and their respective mobilities (µn and µp), such that:

σ = q(ND + n)µn + q(NA + p)µp (2.13)

Upon doping, the Fermi level will shift such that:

EF,n = Ei + kBT ln
(
ND

ni

)
(2.14)

EF,p = Ei − kBT ln
(
NA

ni

)
(2.15)

where ND and NA are the electron and hole doping densities, and EF,n and EF,p represent

the respective the Fermi levels for a n- and p-doped semiconductor. Combined with equation

2.11, EF,n and EF,p can also be expressed as:

EF,n = Ec −
kBT

2 · ln
(
NC

ND

)
(2.16)

EF,p = Ev + kBT

2 · ln
(
NV

NA

)
(2.17)

A complete schematic summary, illustrating the main differences between an intrinsic,

n-type and p-type semiconductor, is given in Figure 2.5.

Since doping forces the Fermi level to move to a new position, the work function of the

material will change. Upon n-doping, Φ will decrease, while p-doping will result in an increase

in the work function such that Φn < Φi < Φp. Being able to control the majority charge

carriers in a solid material through doping was a major breakthrough for the semiconductor

technology, as it has allowed the design of p-n junctions which are the fundamental building

blocks of most electronic systems.
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Figure 2.5: Schematic density of states, carrier concentrations, Fermi-Dirac distribution and
band diagram, for an intrinsic, n-type and p-type semiconductors at thermal equilibrium.
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2.1.3 Organic semiconductors

In today’s optoelectronic applications, a much-noticed alternative to inorganic crystalline

semiconductors are organic semiconductors. They mainly consist of carbon-based molecular

entities, with a few heteroatoms such as sulfur, oxygen, or nitrogen, and can be divided into

two main categories: small-molecule and polymer materials. Both of the two groups are ex-

tensively used as selective electron and hole conducting layers for photovoltaic applications.

While polymers are exclusively processed from solution, organic small-molecules can some-

times be insoluble in organic solvents and thus are deposited through thermal evaporation.

When atoms are sufficiently close such that their electronic orbitals s and p, which are

the atomic electron wavefunctions and describe the probability of finding an electron in a

specific location, spatially overlap, molecular orbitals called σ and π-orbitals are formed.

These molecular orbitals are associated with chemical bonds of different strenght referred

to as σ and π-bonds. In σ-bonds, the neighboring atoms share the electron pair located

between them, thus bonding the two strongly together; while π-bonds form due to parallel

orbital overlap above and below the atoms, and are therefore weaker. An illustration of the

atomic s and p, and the molecular σ and π orbitals is depicted in Figure 2.6.
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Figure 2.6: Schematic representation of the atomic s and p, and the molecular σ and π orbitals.
The atomic orbitals of carbon depend on the angular momentum quantum number of electrons
and are associated with a spherical charge distribution. For the s-orbital, this distribution is
centered around the atom, while the p-orbital forms a figure-eight. In the case of molecular
orbitals, i.e. when two atoms are brought together, the spacial probability density of electrons
of σ-orbitals are centered around the axis joining the atoms, like a cylinder, whereas π-orbitals
show delocalised electrons found above and below the axis connecting the two atoms.
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As seen previously for the case of inorganic semiconductors, the presence of delocalised

electrons is a fundamental prerequisite for electrical conductivity. In organic films, similarly

to what happens in the electronic bands in inorganic crystalline semiconductors, the elec-

trons are delocalised in the π-orbitals. The Lowest Unoccupied Molecular Orbital (LUMO)

corresponds to the conduction band and accepts excited electrons, and the Highest Occupied

Molecular Orbital (HOMO) corresponds to the valence band, separated by an energy gap

without available energy states. Those orbital bands are also referred to as the ground-

state bonding (π) and excited state anti-bonding (π∗) molecular orbitals. Furthermore, the

HOMO level is approximately equal to the energy needed to ionise the molecule referred to as

ionisation potential (IP). Upon ionisation, the molecule becomes positively charged forming

a cation also called positive polaron (i.e. hole with associated lattice distortion). On the

contrary, an anion or negative polaron (i.e. electron with associated lattice distortion) is

formed when an electron is added to a neutral molecule and the energy gained is the electron

affinity (EA) which can be aprroximated by the LUMO level (Figure 2.7).

LUMO (*)

HOMO ()

IPEA

Eg

E

Evac

Figure 2.7: Energy diagram of an organic semiconductor. An energy gap (Eg) is created
between the Highest Occupied Molecular orbital (HOMO) level and the Lowest Unoccupied
Molecular Orbital (LUMO) level, also referred to as the groundsate bounding (π) and excited
state anti-bonding (π∗). The HOMO and LUMO levels can also be related to the ionisation
potential (IP) and the electron affinity (EA) of the molecule, respectively.

Therefore, in organic films, charges are associated with an oxidised and reduced state of

the molecule and cannot be considered as free. For charge transport to occur, an activation

energy is required for electrons to hop from a π-orbital to another of an adjacent molecule.

In a polymer, the charge transfer process is similar since the electron delocalisation does not

extend throughout the entire polymer chain and especially not between chains. Charge con-
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duction in organic materials is typically strongly limited in its range. This can be attributed

to the amorphous nature of the films which results in a weak overlap of the π-orbitals. Hence,

the hopping of electrons between molecules is hampered which results in low charge carrier

mobilities (< 10 cm2·V−1·s−1) compared to crystalline semiconductor (> 1000 cm2·V−1·s−1).

Additionally, the quality of the organic layer strongly depends on processing conditions and

film formation.

Similar to conventional semiconductors, it is possible to n or p-dope organic semicon-

ductors. Molecular doping requires a close alignment of the energy levels of the matrix, or

host material, and the dopant. For efficient p-doping (n-doping), the dopant molecule must

be a strong electron acceptor (donor) and its LUMO (HOMO) must lie below (above) the

HOMO (LUMO) of the host material (Figure 2.8). The doping process of organics is similar

to inorganics. For instance, in the case of p-doping of a hole transporter material (HTM),

an electron transfers from the host matrix to the p-dopant, leaving a hole in the HTM and

forming ionised dopant molecules, or anions. Moreover, the Fermi energy shifts towards the

LUMO and the HOMO for n- and p-doping respectively. Creation of free charges upon dop-

ing leads to increased conductivity. In addition, molecular doping results in greater mobility

due to trap filling. Overall, doped organics are employed in solar cells to achieve an ohmic

contact between the organic and the electrodes to guarantee efficient charge injection and

extraction.
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Figure 2.8: Principle of molecular doping of organic semiconducotr. When the energy levels are
well matched, p-doping (n-doping) occurs through the transfer of an electron from the HOMO
of the host (dopant) material to the LUMO of the dopant (host) molecule.
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Chapter 2 2.2. OPERATING PRINCIPLES OF SOLAR CELLS

2.2 Operating principles of solar cells

A solar cell generates electricity directly from sunlight via electronic processes occuring in

a photoactive material. Such materials exhibit a property known as the photoelectric effect

that allows them to absorb photons and release electrons with a higher electrochemical

potential. These excited electrons are physically separated from the ground state by the

band gap, and can be induced to travel through an electrical circuit, generating electricity.

2.2.1 Light absorption and charge carrier generation

A light absorber possesses a band gap Eg (defined in Section 2.1) whose width directly

determines the amount of light energy which can be absorbed from the solar spectrum.

Only the photons with an energy equal to, or greater than, the band gap can be absorbed.

As seen previously, one of the most common class of materials fulfilling this condition are

semiconductors. Since the solar spectrum varies depending on where and when it is measured

in the world, a fixed standard terrestrial solar spectrum has been introduced, named Air

Mass 1.5 spectrum (AM1.5), normalised so that the total integrated irradiance is equal to

about 1000 W·m−2. In Figure 2.9, the AM1.5 spectrum is shown. As an example, the

absorption onset of a material with a band gap Eg = 1.1 eV is represented, and the shaded

part represents the photons that could be absorbed.

Upon light absorption, an electron is photoexcited from the occupied ground state (valence

band) to an unoccupied excited state (conduction band). A photon with an energy E < Eg

would only promote an electron into a state located inside the band gap, and can there-

fore not be absorbed. Thus, photons with energies lower than the band gap are either

reflected or transmitted through the material. Accordingly, photons with an energy greater

than the band gap will promote an electron in a state above the band edge. The smaller

the bandgap the larger is the spectral range a photoconverter can absorb. However, when

excited electrons possess an excess of energy, they will relax down to the lowest available
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Figure 2.9: Solar spectral irradiance for the AM1.5 solar spectrum incident on the Earth’s
surface. For a semiconductor with a bandgap Eg = 1.1 eV, the corresponding wavelength λ is
approximatevely equal to 1100 nm, hence the photons that can be absorbed have an energy
higher than Eg, i.e. λ ≤ 1100 nm (shaded in blue).

state of the conduction band through intraband transitions, dissipating their excess energy

through thermal vibrations with the lattice, and scattering events with other electrons. This

phenomenon is referred to as the thermalisation of electrons, and it occurs within a few

femtoseconds. This implies that the excess energy is lost as heat and cannot be used. After

thermalisation, electrons will remain at the CB band edge for a time-frame of microseconds,

leaving sufficient time for the charges to be extracted into an external circuit to generate a

photocurrent. The photocurrent corresponds to the electric current induced by light absorp-

tion in a semiconductor. A more detailed expression of the photocurrent in a solar cell is

given in following sections.
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Figure 2.10: Schematic of a semiconductor material upon light excitation. Photons with an
energy E ≥ Eg promote electrons from the valence band, or ground state, to an excited state in
the conduction band. When electrons are excited to a level beyond the conduction band edge,
they rapidly thermalise to the state with the lowest energy in the band through intraband
transitions within femtoseconds, dissipating their excess energy as heat. In contrast, electron-
hole recombination through interband transitions occurs on the order of microseconds, allowing
sufficient time for the excited charges to be extracted.

For an intrinsic semiconductor in equilibrium (i.e. in dark conditions at a given temper-

ature), the Fermi distribution dictates the probability of an electron occupying an energetic

state, and therefore the concentration of charge carriers in the conduction and valence bands.

In this case, the Fermi energy lies as its chemical potential (µ) in the middle of the band

gap. When light disturbs the equilibrium, additional electrons and holes are promoted into

excited states by the absorption of photons which gives rise to larger free carriers populations

than in the dark state. Excited electrons and holes collide with the lattice by which phonons

are emitted and absorbed. Due to these collisions and collisions with other excited electrons,

the electron population in the excited state relaxes quickly by thermalisation and reaches

a transient, local, thermal quasi-equilibrium. This leads to narrower distributions of both

electrons and holes compared to the distribution of available states in their bands. Since

a quasi-thermal equilibrium is reached, both distributions obey to mathematical Fermi dis-

tribution and are associated with quasi-Fermi energies for electrons and holes, also referred

to as quasi-Fermi levels. Typically, the electrons’ quasi-Fermi level EFn lies just below the

CB, while the holes’ quasi-Fermi level EFp is located just above the VB (Figure 2.11). The

difference between their respective chemical potentials represents the maximum potential

difference (∆µ) of a photovoltaic device, referred to as photovoltage.
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Figure 2.11: Comparison of an intrinsic semiconductor in the dark and under illumination.
In the dark, a thermal equilibrium is established and the Fermi level lies in the middle of the
forbidden energy gap. The concentration of electrons and holes in the CB and VB are n0 and
p0 respectively. Under illumination, electrons are excited across the bandgap by absorption of
photons, which generate greater charge carrier populations such as n > n0 and p > p0. The
electron population in the excited state relaxes through thermalisation into a local, transient
thermal equilibrium. The new distribution is described by a Fermi distribution whose Fermi
energy is called the quasi-Fermi level. The difference between the electrons and holes quasi-
Fermi levels EFn and EFp represents the maximum potential difference (∆µ) of a photovoltaic
device.

Hence, it follows that in order to maximise the power conversion efficiency of a photovol-

taic device, there exists a fundamental compromise between the number of excited electrons

that can be generated (related directly to the photocurrent) and their potential energy (re-

lated to the photovoltage imposed by the band gap of the material); or in short, between

a high photocurrent or a high photovoltage. This fundamental physical limitation on the

performance of a solar cell, known as the principle of detailed balance, was proposed in 1961

by Shockley and Queisser [19]. They showed that a maximum conversion efficiency of 33.7%

of incident light intensity to electrical power can be achieved for an ideal absorber with a

band gap of 1.34 eV under AM1.5 conditions.

In order to predict the fraction of photons absorbed for a material with a given band

gap, it is essential to know its absorption coefficient at particular energies, i.e. how many
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Chapter 2 2.2.2 Radiative and non-radiative recombinations

photons are absorbed per unit length in the material. The optical transitions allowed (for

E ≥ Eg) have specific probabilities of occurring and also depend on the wavelength. A

simple way to maximise the absorption for a solid material is to increase the thickness of

the layer. An increasingly thicker film of the absorber material would be a means to capture

more photons. However, the intrinsic charge carrier characteristics of the absorber limit the

maximal thickness of the material at which photogenerated charges can still move to the

extracting electrode before recombining.

2.2.2 Radiative and non-radiative recombinations

After photoexcitation, the photogenerated species will remain in an excited state for a lim-

ited amount of time. Hence, if they are not collected by the electrodes in time, the electron

in the CB will recombine with a hole in the VB. While the absorption of photons is the

predominant mechanism to generate free carriers, there are three competing processes of

charge carrier recombination: the spontaneous radiative band-to-band, the non-radiative

trap-assisted and the non-radiative Auger recombinations (Figure 2.12). Furthermore, re-

combination can occur in different parts of the solar cell, for example within the absorber

layer, or at the extraction contacts, or at the interface between the n and p-type materials.

The most fundamental form of recombination is the spontaneous radiative band-to-band

recombination, which arises when an excited electron in the conduction band recombines

with a hole in the valence band. Here, the excitation energy is lost in form of an emitted

photon, returning the electron to its initial ground state. The process upon which a photon

is emitted through electron-hole recombination is called photoluminescence, and will be dis-

cussed further in the following chapters. Spontaneous radiative recombination events are

unavoidable since they are related to the intrinsic properties of a material.

The second inevitable recombination process is the non-radiative Auger recombination.

In this event, instead of emitting the energy as a photon, the excess energy released by an

electron recombining with a hole, is directly transferred to a second electron. While this

electron gains kinetic energy of the magnitude of the band gap, the other carrier decays
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across the band gap. Then, the newly excited electron relaxes back to the conduction band

edge by losing its additional energy in a series of collisions with the lattice and other excited

electrons. In semiconductors with very high charge carrier densities, or upon high fluences,

interactions between multiple particles are more frequent and this loss mechanism becomes

more important.
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Figure 2.12: Photogenerated species can recombine through three different processes: radiat-
ive band-to-band recombination, non-radiative trap-assisted recombination and non-radiative
Auger recombination.

In real applications, most solution processed materials suffer from poor crystallisation

and film formation which lead to the introduction of defect sites or impurities. Often, these

defects arise from under-coordinated atoms in the crystal structure, grain boundaries between

crystals, or surface defects created at a junction. Such defects result in the creation of energy

states within the bandgap, called trap states, which can exist either as electron or hole traps.

Thus, an excited charge carrier can be captured by traps of different energies depending

on how close they are to the band edges. Shallow traps, i.e. the nearest to the band

edge, capture carriers that can still be thermally released to the system, nonetheless, this

mechanism heavily limits the carrier mobility. In contrast, deeply trapped carriers cannot be

thermally released, they are hence immobilised and tend to be lost to recombination. These

deep traps are therefore often referred to as recombination centres. This constitutes another

non-radiative recombination pathway, commonly referred to as trap-assisted recombination,
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also called Shockley-Read-Hall recombination, which limits the extraction rate of carriers

and the overall photocurrent [14].

In order to minimise recombination processes, it is useful to be able to quantify them.

This can be done by estimating the charge carrier lifetime τ (an intrinsic property of a

material). τ is defined as the average time an excited charge carrier stays in an excited state

before it recombines, i.e. the time it takes for a charge population n to reach 1/e, or overall

corresponds to the sum of all the decay paths. Thus for the excited charges to be efficiently

collected, a good solar cell should have long carrier lifetimes, small radiative rates and low

trap densities. Lifetimes of perovskite materials can be obtained from photoluminescence

(PL) measurements by modelling the PL decay using the general recombination rate equation

[20, 21, 22, 23]:
dn

dt
= −Rrad(n)−RSRH(n)−RAuger(n) (2.18)

where R(n) is the rate of spontaneous photon emission, RSRH(n) the rate of Shockley-Read-

Hall recombination via trap states and RAuger(n) the rate of Auger recombination per unit

volume. Each recombination rate is a function of a constant and the carrier density n such

that [22, 23]:

Rrad = kbn
2 Bimolecular recombination (2.19)

RSRH = βnNtn Monomolecular recombination (2.20)

RAuger = γn3 Trimolecular recombination (2.21)

with kb the bimolecular decay constant, βn a coefficient associated to trapped electrons, Nt

the density of available traps and γ the Auger decay constant. The term monomolecular is

employed to describe a recombination process which involves only one type of charge carrier,

for instance trap-assisted recombination. When two, or three free carriers are involved,

the recombination processes are qualified as bimolecular and trimolecular, i.e. respectively

band-to-band and Auger recombinations.
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Therefore, the recombination rate equation (2.18) can be expressed by:

dn

dt
= −kbn2 − βnNtn− γn3 (2.22)

When PL measurements are taken at low fluences, trapping is the most efficient recom-

bination path for electrons and Auger recombination contributions can be ignored [22, 23].

Therefore, the decay dynamic for excited electrons can be reduced to a combination of

spontaneous radiative events and non-radiative Shockley-Read-Hall recombination processes,

summarised by the equation:
dn

dt
= −kbn2 − βnNtn (2.23)

and the average PL lifetime τPL is:

τPL = 1
kbn0 + βnNt

(2.24)

with n0 being the injected carrier density.

Several models have been used over the past few years to estimate charge carrier lifetimes

in perovskite materials from PL decay measurements, going from mono-exponential, double-

exponential, stretched exponential fits, to more complex models [20, 24, 25]. The choice of

the model strongly depends on the shape of the decay, i.e. when it heavily diverges from

a mono-exponential more complex models are preferable. Moreover, Stranks et al. showed

that in perovskite materials the shape of the PL decay is contingent on the fluence, and

the transition between the monomolecular and bimolecular regimes is an approximation for

the trap density [20]. Finally, it needs to be noted that the global PL intensity (IPL) is

proportional to the radiative rate Rrad(n):

IPL ∝ Rrad(n) (2.25)

The determination of the lifetime is an important parameter because it defines the average

diffusion length L of a charge carrier. The latter is a measure of the distance which charges
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can travel through a material without recombining. It dictates the thickness of an absorber

material, which should not exceed the diffusion length if the goal is to efficiently collect the

charges to generate current. The average diffusion length L of a charge carrier is defined as:

L =
√
Dτ (2.26)

with D being the diffusion coefficient such that, according to the Einstein relation:

D = µkBT

q
(2.27)

µ corresponds to the charge carrier mobility.

2.2.3 Charge carrier separation and extraction

When an electron is photoexcited by the absorption of a photon to an energy beyond the

conduction band edge, it leaves behind an unoccupied state - a hole - in the valence band.

Both photoexcited charges (electron and hole) are bound via Coulombic attraction. Such

an electron-hole pair can also be considered as a quasi-particle named exciton. As long as

the two charges remain a bound pair, they cannot be extracted into the circuit. Hence,

excitons have to be dissociated so charges can move freely to create a photocurrent. The

separation must happen soon after the generation of excitons, otherwise the electron and

hole will eventually recombine. The strength of the Coulombic attraction, or binding energy,

is inversely dependent on the dielectric constant of the material. For instance, crystalline

inorganic semiconductors, such as silicon or germanium, possess a high dielectric constant

which will result in a weak binding energy of the exciton [26, 27]. A high dielectric constant

implies the availability of mobile charges which can screen the electric field between the two

charges thus resulting in a weaker binding and easier dissociation of the charge pair. In

contrast, due to the much lower dielectric constant of organic semiconductors, the exciton

binding energy is much higher [28]. When an energy greater than the binding energy is

provided to the system, excitons separate resulting in an increased concentration of free
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electrons and holes. There are several ways of achieving this, for instance by applying an

electric field or heat. Nonetheless, the fundamental mechanism used in a photovoltaic device

relies on the creation of a built-in asymmetry which forces electrons and holes to flow in

different directions.

Such a built-in asymmetry can be established by creating driving forces for the two

charge carriers in the system. This can be achieved either by forming a gradient in the

charge population density between electrons and holes, or by creating an interface such

that it becomes more favourable for the transfer of only one of the two charge carriers. The

extraction of charges from the absorber induced by these forces results in a net current (Jtotal)

which is the sum of two types of currents, referred to as drift (Jdrift) and diffusion currents

(Jdiff). The drift current arises due to the action of an electric field in the absorber, while

the diffusion current is the result of a gradient in the charge carrier density or a selective

charge carrier removal.

When two materials with different work functions are brought together, a built-in electric

field is established which forces electrons and holes to move into opposite directions, i.e. the

holes move in the direction of the electric field and the electrons against (Figure 2.13). The

electric field can in that way pull apart or dissociate photogenerated excitons, thus producing

a drift current which corresponds to the sum of both the electron drift current and the hole

drift current.

A charge-selective contact allows the preferential charge carriers to flow through an in-

terface, and blocks carriers of opposite charge. When charges flow away from an interface

this leads to a non-uniform concentration of carriers, and this flow of carriers from a highly

concentrated region to a lower concentrated one results in a diffusion current. To illustrate

this process, a simple system can be considered with on one side, a hole-selective contact

and on the other side, an electron-selective contact. Upon removal of holes, a gradient in the

hole concentration arises, with the hole concentration increasing with distance away from the

hole-selective interface. Thus, holes diffusing from high-concentration regions towards low-

concentration constitute a hole-diffusion current (Jp,diff) towards this interface. The other
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contact favours the flow of electrons, a similar density gradient arises and an electron dif-

fusion current (Jn,diff) is created which flows in the opposite direction as Jp,diff. Similarly to

the expression of the drift current, the total diffusion current is equal to the sum of both

electrons and holes diffusion currents.
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Figure 2.13: On the left, a simplified schematic of the effect a built-in electric field Ebi has on a
photogenerated electron-hole pair. Upon contact of two materials of different work functions an
electric field is created at a junction which dissociates the exciton. Drift currents are generated
by electrons being driven in the direction of Ebi, and holes against it. On the right, a schematic
representation of a system sandwiched in between two selective contacts, which exclusively
allow holes, on one side, and electrons, on the other side, to leave the interfaces. These flows
of carriers establish charge density gradients, which create diffusion currents for electrons and
holes, both of them flowing towards their respective selective interface.

Therefore, the total photocurrent generated by a device is a combination of drift and

diffusion currents created by both electrons and holes such that [14]:

Jtotal = Jdrift + Jdiff

= Jn,drift + Jp,drift + Jn,diff + Jp,diff

= q(nµn + pµp)Ebi + q

(
Dn

dn

dx
+Dp

dp

dx

) (2.28)

where Ebi is the electric fied across the material in the direction of the flow of current, n and

p are the photogenerated electron and hole concentrations respectively, and x the position

along the direction of current flow. µ and D are the charge carrier mobility and the diffusion
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coefficient.

In real photovoltaic devices, energy cascade systems are often employed in order to create

asymmetries to drive charges across the interface to a lower lying state. However, these

successions of energy steps have an impact on the concentration of carriers in the device and

hence lead to photovoltage losses due to non-optimal quasi-Fermi levels.

2.2.4 Junctions and contacts under applied bias

By means of consecutive built-in asymmetries, a photovoltaic device is able to separate charge

carriers. These asymmetries originate from the creation of driving forces in the absorber (i.e.

semiconductor), which can be either an electric field or a gradient in the charge density. In

dark conditions without applying a bias, upon contact of two materials with different work

functions, the system equilibrates which means the two Fermi levels align to form a constant

energy level. This induces a gradient in the vacuum levels (i.e. band bending) which creates a

difference in electrostatic potential across the junction. Depending on the junction, the band

bending in the semiconductor is either upward or downward, which will either be favourable

to the transfer of carriers or, on the contrary, lead to an accumulation of charges. Once the

system reaches an equilibrium, no net current flows. In order to create a flow of charges

an external potential needs to be applied. The nature of the junction and the polarity of

the applied bias dictate which type of mobile charges flow through the junction to generate

current. Therefore, it becomes apparent that the output current is inherently dependent on

both the type of junction an absorber (i.e. semiconductor) forms with a contact, and the

bias applied across it.

The interfaces created by contacting two materials together are referred to as junctions,

which can be homojunctions or heterojunctions. A homojunction is formed by two layers

of the same semiconductor at two different doping levels which can be n- or p-doped, i.e.

electrons and holes are in excess as compared to the intrinsic material, respectively (Section

2.2.2). A heterojunction is an interface between two different semiconductors, or a metal and

a semiconductor. The great majority of semiconductor devices are made of three different
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types of junctions: metal-semiconductor, p-n and p-i-n junctions.

When a metal and a semiconductor are joined, two possible types of contact can occur,

depending on the combination of metal and semiconductor employed. If the work function

of the metal is larger than the work function of the semiconductor (Φm > Φn), the interface

is referred to as a Schottky junction. Alternatively, when Φm < Φn, the junction is called

an Ohmic junction. The main difference between these two types of contact is their current

characteristic under applied bias: a Schottky junction is a rectifying electrical junction while

an Ohmic contact is not.

• Schottky junction (Φm > Φn) - Rectifying behaviour

At thermal equilibrium: A metal-semiconductor Schottky junction is shown in Figure

2.14. Upon contact, since the work function of the n-type semiconductor (Φn) is smaller

than that of the metal (Φm), electrons in the conduction level of the semiconductor can

flow to the empty energy states above the Fermi level of the metal. The Fermi levels of

the materials will line up due to electron diffusion from energetically higher lying states in

one material to energetically lower lying states in the other material. When electrons move

from the semiconductor to the metal, they leave behind positive ions. Simultaneously, on

the metal side, the newly arrived electrons lead to an accumulation of negative charges.

Due to the relatively low electron density on the semiconductor side compared to the metal,

electrons are not only removed from the surface but also from a certain depth within the

semiconductor, referred to as space charge region also called depletion region (WD). In this

region, mobile charges have moved to the metal leaving behind immobile ionised atoms.

A thermal equilibrium between the two materials is reached once the gradient of built-up

charges is strong enough to counterbalance the charge exchange.

When both Fermi levels align, a difference in vacuum levels between the metal and the

n-type semiconductor is created, which leads to a gradient in electrostatic potential. The

main part of this potential drop happens within the semiconductor layer due to its greater

ability to store charges, i.e. because of its higher dielectric constant, then the vacuum level
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stabilises to its initial value further away from the interface. Therefore, an electric field (Ebi)

is created. Ebi is opposed to the contact potential (Vbi), i.e. pointing from the positive

to the negative charges, and is equal to zero when the vacuum level of the semiconductor

stabilises (away from WD).

Since the intrinsic properties of both materials remain unchanged upon contact, including

the bandgap and electron affinities (χ the energy necessary to remove an electron from the

bottom of the CB to the vacuum level), as a result, bands bend up going from the n-type

semiconductor to the metal, in the direction of the electric field. The magnitude of this band

bending qVbi is given by the difference in work functions:

qVbi = Φm − Φn (2.29)

where Vbi is the built-in potential across the Schottky junction which prevents further motion

of electrons to the metal once equilibrium is reached. Furthermore, the conduction band

bending creates an energy barrier blocking the majority carriers (electrons) to transfer back

to the semiconductor. This potential barrier, denoted as ΦB, is referred to as Schottky

barrier. In contrast, the bending of the valence band is energetically favourable for the holes

(minority carriers) to transfer from the SC to the metal.
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Figure 2.14: A metal and a n-type semiconductor, with a work function Φm and Φn, respect-
ively, are brought in contact. Since Φm < Φn, electrons from the semiconductor transfer to
the metal. Positive ions are left behind in the depletion region WD, leading to the formation
of a built-in potential Vbi. The difference in vacuum levels of the two material gives rise to
the upward band bending of the semiconductor. The valence band bending is energetically
favorable for the minority carriers (holes) to transfer. On the contrary, the conduction band
bending creates an energy barrier preventing electrons from flowing from the semiconductor to
the metal. This energetic barrier ΦB is called the Schottky barrier.

Under applied bias in dark conditions: A junction can be biased in two different

ways called forward bias, when a negative potential is applied to the n-terminal, and reverse

bias, when a positive potential is applied to the n-terminal.

When a Schottky junction is forward biased, the external potential opposes the built-in

potential. Considering the case where the junction is kept in the dark, electrons are pushed

into the positively charged depletion region, creating a shift of the semiconductor’s Fermi

level towards the vacuum level. The magnitude of the shift depends on the vacuum level

gradient, which is dependent on the applied voltage, i.e. the gradient follows the relation

q(Vbi − Vext). Therefore the applied voltage lowers the energy barrier at the interface, and

electrons injected from the external circuit into the n-type semiconductor have a lower barrier

to surmount before diffusing to the metal. This leads to the generation of a current in the

circuit, named forward current, which increases with the decrease of the barrier height, i.e.

higher external potentials. In the case of a reverse bias, the barrier for electrons to move
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from the n-type semiconductor to the metal becomes higher according to the applied bias,

suppressing any diffusion current. Hence, only a small drift current of holes referred to as

leakage current remains, which is strongly limited by the low hole density. Much larger

current will flow under forward bias than under reverse bias, a characteristic referred to as

rectifying behavior.
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Figure 2.15: Schematic band diagrams of a Schottky junction in the dark, upon application
of an external potential Vext. The corresponding dark current-voltage characteristics is also
sketched. Under reverse bias, the external potential augments the junction potential. The
electrons (majority charge carriers) cannot surmount the higher barrier to move from the n-
type semiconductor to the metal, suppressing any diffusion current. Only a low drift current of
holes from the semiconductor to the metal remains. In forward bias (negative potential applied
to the n-terminal), the external potential applied opposes the built-in potential. Electrons are
pushed into the depletion region reducing the energy barrier allowing more and more electrons
the electrons to flow across the junction. This diffusion current increases exponentially with
the external potential. The junction has an asymmetric behaviour between forward and reverse
current, also called rectifying behaviour.

Under applied bias upon illumination: The asymmetry between forward and re-

verse current can be exploited upon illumination in order to extract photogenerated charges

and generate current, as shown in Figure 2.16.

When a Schottky junction is illuminated, photons with energy greater than the bandgap

Eg of the n-type semiconductor excite electrons to the conduction band leaving behind holes

in the valence band. These created holes are driven to the metal due to the electric field

Ebi at the junction, resulting in an accumulation of electrons in the semiconductor and holes

in the metal. The build-up of negative charges neutralises the positive space charge in the

semiconductor (i.e. positive ions in WD), and the potential difference across the interface

is reduced. As defined previously in Section 2.2.1, upon illumination of a semiconductor,
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electron and hole populations increase which disturbs the thermal equilibrium. Then, the

new distribution of excited electrons reach a quasi-thermal equilibrium, which can be ap-

proximated by a Fermi distribution with a quasi-Fermi energy just above the Fermi level

of the junction in the dark. A photovoltage (V) is established which corresponds to the

difference between the Fermi level in the metal and the quasi-Fermi level of electrons in the

n-type semiconductor.

The system reaches two extreme equilibrium states: one when the terminals are not

connected and one when there are connected without a load. These configurations are

referred to as open-circuit (OC) and short-circuit (SC) conditions respectively (more details

in Section 2.2.5.). Under open-circuit condition, the system equilibrates when the electrons

diffusion current is equal to the drift current of photogenerated holes. In such a configuration,

there is no net current, i.e. J = 0, and the photovoltage reaches its highest value. In contrast,

under short-circuit condition, there is no potential difference within the device because the

chemical potential of the absorber equilibrates with the chemical potential of the metal, and

a large photocurrent is generated. In reverse bias, this large photocurrent corresponds to

the drift current of the photogenerated holes. The junction will perform work when the

photovoltage drives the photocurrent through a load introduced into the electrical circuit,

which corresponds to the forward direction in between the two extreme equilibrium states

(yellow shaded zone in Figure 2.16).

In summary, by bringing a metal and an n-type semiconductor with a smaller work

function into contact, the equilibration of the two Fermi levels gives rise to a junction which

has two essential features: an electric field which drives holes from from the semiconductor

to the metal, and an energetic barrier inhibiting the flow of electrons in the same direction.

This asymmetry is the mechanism by which the photogenerated charges are separated, and

represents the key principle of a photovoltaic device.
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Figure 2.16: Band diagram of a Schottky junction between a n-type semiconductor and a
metal, under illumination at open-circuit conditions and under forward bias. The correspond-
ing current-voltage characteristics are also represented. When electrons in the semiconductor
absorb photons, charge carrier concentrations increase leading to a new distribution of electrons
and the creation of quasi-Fermi levels. A photovoltage (V) is established corresponding to the
difference between the metal Fermi level and the quasi-Fermi level of electrons in the n-type
semiconductor. The ability of a junction to sustain a difference in quasi-Fermi levels under
illumination is essential for the power generation in a solar cell. In reverse bias, the generated
photocurrent is large and corresponds to the drift current of holes. In the forward bias regime,
the arising photovoltage will reduce the height of the Schottky barrier which results in the onset
of the electron diffusion current attenuating the hole current. The photocurrent will therefore
be inversely dependent on the photovoltage. When this photocurrent passes through a load,
electrical power will be generated (shaded yellow area).

• Ohmic junction (Φm > Φn) - Non-rectifying behaviour

The energy diagram of an Ohmic junction in equilibrium is shown in Figure 2.17. Upon

contact, the bands of the n-type semiconductor bend downward such that the majority

carriers (electrons) flow from the metal to the lower lying empty states in the semiconductor

conduction band. In contrast, this downward band bending inhibits the same transfer path

for the minority carriers (holes). As a result, electrons accumulate near the interface creating

a region rich in majority carriers, and the contact does not form any barriers for charge

carriers. Therefore, both charges can move freely across the junction due to a low resistance

contact and no photovoltage can be established under illumination, unlike in a Schottky

junction. When a bias is applied, the photocurrent varies linearly with the external voltage.

There is no rectifying behaviour and the junction is referred to as Ohmic contact.
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Figure 2.17: Ametal and a n-type semiconductor, with a work function Φm and Φn respectively,
are brought in contact. Since Φm > Φn, the bands of the semiconductor bend downward
allowing electrons to flow both ways creating an accumulation region of majority carriers at the
interface. Upon illumination, no photovoltage is created, the junction does not rectify and the
photocurrent varies linearly with the applied voltage.

• p-n and p-i-n junctions

The p-n junction is the archetypal model of a solar cell. It is formed at the contact

between a n-type and a p-type semiconductor with different work functions, Φn and Φp.

It can either be formed by the same semiconductor (homojunction), or by two different

materials (heterojunction), the former is the most commonly employed. A p-i-n junction is

comparable to a p-n junction, but with an intrinsic semiconductor between the p and n-type

materials. Very similarly to a p-n junction, a built-in potential is established, however, it

extends over a wider distance throughout the bulk of the intrinsic region.

In a p-n junction, upon contact of the two heavily doped materials, Φn being smaller

than Φp, the Fermi levels equilibrate to a constant energy which results in a band bending

and the creation of an energetic gradient. The excess carriers from both sides, i.e. electrons

on the n-side and holes on the p-side, diffuse to the interface region and recombine. Mobile

charges leave behind ionised immobile dopant atoms (donors and acceptors) leading to the

formation of a depletion region (positive ions in the n-type semiconductor and negative ions

in the p-type semiconductor). Therefore an electric field Ebi is established at the interface

which forces minority carriers to drift across the junction. In this process diffusion and drift

currents for both electrons and holes are created, which act in opposite directions (Figure
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2.18). At equilibrium, they cancel out such that no net current flows. Diffusion and drift

currents are respectively limited by the height of the potential barrier and the number of

minority charge carriers.

When the junction is illuminated, electron-hole pairs are generated in both the p- and n-

doped semiconductor. The new distributions of both holes in the p-doped layer and electrons

in the n-doped layer respectively give rise to a hole and electron quasi-Fermi level. Their

difference corresponds to the photovoltage of the junction. Photoexcited charges diffuse into

the depletion zone and drift across the interface by the action of the electric field. Excitons

are dissociated, and the newly freed carriers can be collected to generate a photocurrent.
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Figure 2.18: Schematic representation of a pn-junction solar cell. Upon contact of the doped
materials (i.e. different Fermi level positions with respect to the vacuum level), both Fermi
levels equilibrate to a constant energy. This creates an energetic gradient in the vacuum levels
which generates an electric field. After absorption of photons, the distribution of carriers
changes, which leads to the formation of a photovoltage between the newly established quasi-
Fermi levels for holes and electrons. Majority carriers diffuse into the depletion region, while
minority carriers drift across the junction. This creates a process for exciton separation. Once
the electron-hole pair is dissociated, the free charges can be efficiently transported and collected
at the appropriate electrodes.
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2.2.5 Solar cell characterisation

A solar cell is able to generate a photocurrent (J) and a photovoltage (V) under illumination,

which is related to the number of excited electrons and their potential energy, respectively.

The electrical power generated by a solar cell is defined as the product of photocurrent and

photovoltage.

P = J · V (2.30)

Therefore, the performance of any photovoltaic device can be characterised by the meas-

urement of its current density upon applied bias voltage.

When no external voltage is applied across the solar cell, i.e. there is no load in the

circuit between the two terminals, the device operates at short-circuit, and the photocurrent

generated is referred to as the short-circuit current density (JSC).

With a load present, a potential difference between the two terminals of the device

creates an electric field, which generates a current flowing oppositely to the photocurrent.

Such current persists in dark conditions and does not depend on the light intensity, and is

known as dark current (Jdark). The dark current cannot be avoided, but can be minimised

by reducing recombination pathways and by selection of appropriate selective contacts. Jdark

can be described by the ideal diode equation:

Jdark(V ) = J0

[
exp

(
qV

nkBT

)
− 1

]
(2.31)

where V is the external applied potential, J0 is a constant named the reverse saturation

current and n is the ideality factor. J0 is closely related the recombination dynamics of the

the system. The ideality factor n is introduced to account for the fact that most systems

diverge from the ideal behaviour (n = 1).

Hence, the overall net current as a function of the applied voltage J(V ) under illumination

can be approximated by the short-circuit current density minus the dark current from the
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ideal diode equation. This gives to following expression:

J(V ) = JSC − J0

[
exp

(
qV

nkBT

)
− 1

]
(2.32)

In contrast, when a voltage is applied such that it completely cancels out the built-

in electric field at the junction, no current flows (J(V ) = 0). The two electrodes can be

considered as not connected, most commonly referred to as open circuit conditions. The

maximum voltage generated corresponds to the greatest potential difference between the

electron and hole quasi-Fermi levels, called the open-circuit voltage (VOC) given by:

VOC = kBT

q
ln
(
JSC
J0

+ 1
)

(2.33)

Both photogenerated current and photovoltage depend on the light intensity. Further-

more, the short-circuit current is contingent on the size of the bandgap, and the photovoltage

is only defined in the forward bias region.

Therefore, a solar cell will produce power when the product of its photocurrent and

photovoltage are both positive, i.e. P = J · V > 0, equivalent to an applied voltage varying

from 0 to VOC. The operation of a solar cell is characterised by the measurement of its

current density dependence upon applied bias and light, most commonly referred to as the

current-voltage characteristic or J-V curve. A typical J-V curve is shown in Figure 2.19. The

essential parameters extracted from this curve are the JSC, the VOC and the maximum-power

point (MPP), the voltage when the product of current and voltage reaches its maximum

value. The MPP is the operating point of the solar cell.

These parameters allow to define the fill factor (FF) which, for a given solar cell, describes

the fraction of generated power in comparison to the ideal maximum power output with no

internal losses. The FF is essentially a measure of the “squareness”of the J-V curve and is

given by the relation:

FF = PMPP

Pideal
= JMPP · VMPP

JSC · VOC
(2.34)
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The power conversion efficiency (PCE or η) is given as the ratio of the generated power

density (PMPP) to the incident light power density Plight.

PCE = PMPP

Plight
= JMPP · VMPP

Plight
= JSC · VOC · FF

Plight
(2.35)
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Figure 2.19: Typical current-voltage characteristics of an operational solar cell, both under
illumination and in the dark. The key performance parameters are highlighted. When V =
0 V, i.e. no load applied to the circuit, the solar cell is at short-circuit conditions and the
photocurrent reaches its maximum value (JSC). When there is no current flowing through the
device, i.e. the dark current matches the photocurrent, the photovoltage reaches its maximum,
referred to as the open-circuit voltage (VOC). The solar cell operating point corresponds to the
maximum-power point (MPP) which underlies the calculation of the fill factor (FF), a metric
for the “squareness”of the J-V curve.

Since the efficiency of a solar cell is heavily dependent on the incident light, for compar-

ison purposes, the J-V curve is generally taken under standard test conditions which are a

temperature of 25℃ and an incident power density of 1000 W·m−2 including the Air Mass

1.5 spectrum as described previously.
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In a real device under bias, parasitic resistances have a significant impact on the current-

voltage characterisitics, hence on the generated power. Generally, losses occur through two

types of resistance: series resistance and shunt resistance. Series resistance (Rs) arises

from the addition of all contact resistances through the device, especially the contacts of

the absorber. Such resistances mainly impact the J-V curve by reducing the steepness of

the slope beyond the MPP. Shunt resistance (Rsh) describes the resistance to shunting and

recombination at the selective contacts and due to pinholes. Both resistances negatively

impact the FF. Hence, to limit losses, Rs must be as low as possible, while Rsh needs to

be kept as high as possible. Therefore, adding these modifications into the diode equation

(2.32) gives a more realistic current-voltage dependance such that:

J(V ) = JSC − J0

[
exp

(
q(V + J · ARs)

nkBT
− 1

)]
− V + J · ARs

Rsh

(2.36)

where A is the area of the device. This equation can be represented by an electrical circuit

diagram, depicted in Figure 2.20 along with the current-voltage characteristics illustrating

the effect of both types of parasitic resistances on the J-V curve.

Therefore, the power generated by a photovoltaic device can be maximised in various

ways. Firstly, the absorber needs to be able to absorb a wide range of photons across the

solar spectrum without suffering from intrinsic non-radiative decay losses. Then, the charge-

selective contacts have to be carefully chosen. High carrier mobilities and good charge

selectivity are the key to insure low series resistance and high shunt resistance, respectively.
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Figure 2.20: Current-voltage characteristics illustrating parasitic resistance losses (series res-
istance Rs and shunt resistance Rsh) with the associated equivalent circuit diagram. The J-V
curve in black shows an ideal case where the photogenerated current follows the ideal diode
equation, i.e. when Rs = 0 and Rsh −→∞. When Rs > 0, the FF is reduced due to a decrease
in the steepness of the J-V curve slope beyond VMPP (blue curve). Leakage currents, such as re-
combination at the contacts or pinholes, are associated with a reduction of the shunt resistance
Rsh and create a drop in the slop of the J-V curve between zero and VMPP (red curve).

2.3 Perovskite solar cells

2.3.1 Crystal structure and fundamental properties

Perovskites are a class of materials with a crystal unit cell which is defined by the formula

ABX3, where A is a monovalent cation, B a divalent metal cation (smaller than A) and

X a monovalent halogen anion. Together, the B cations and the X anions form octahedra

[BX6]4−, stabilised by the A cation (in between the octohedra). This structure is known as

the perovskite crystal structure, illustrated in Figure 2.21.

In order to determine whether a combination of anions and cations can form a three-

dimensional stable perovskite crystal structure, a tolerance factor (t) has been introduced

[29]. This factor is only dependent on the ionic radii rA, rB and rX of the three A, B and X

elements such that:

t = rA + rX

(RX +RB)
√

2
(2.37)

A perfectly packed cubic lattice structure would correspond to t = 1. However, in practice, a
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A

B
X

Figure 2.21: The perovskite crystal structure. On the left, the unit cell for a cubic ABX3
perovskite lattice, where A and B are two cations of different sizes, and X is an anion. The B
cation is surrounded by an octahedron of X anions. When a greater number of unit cells are
assembled together (perovskite bulk), the octahedra form a cage around the A site cation, as
shown on the right hand side.

three-dimensional cubic perovskite structure will likely form if 0.8 ≤ t ≤ 1. When t decreases

below 0.8, orthorhombic, rhombohedral, or tetragonal structures are favoured. When large

A-site cations are used, such that the tolerance factor is greater than 1, layered 2D-structures

form, where sheets of BX6-octahedra are separated by the large A-site cations.

There exists a broad class of related perovskite compounds for photovoltaic applications

which all belong to the halide-based perovskite family. To form 3D-perovskites, the typical

cations for the A site include the inorganic cesium (Cs+) [30, 31], and the organic small

molecules methylammonium CH3NH+
3 (MA) [32] and formamidinium HC(NH2)+

2 (FA) [30].

Theoretically, the B site can be occupied by any divalent metal cation, however Pb2+, Sn2+

[33] and Ge2+ have shown appropriate properties for optoelectronic applications. The most

commonly employed halide anions are iodide (I−), bromide (Br−) and chloride (Cl−) to

occupy the X site [29]. To reflect the hybrid nature of such materials, several names are em-

ployed such as metal halide, organic-inorganic, or hybrid halide perovskites. The tunability

of the chemical composition and crystal structure offer the potential to design perovskites

with outstanding optoelectrical properties for PV applications, including high absorption

coefficients with sharp absorption onsets [34], and long charge carrier diffusion lengths [35].

One of the biggest benefits of the hydrid perovskites is the ability to tune their optical

band gap over several hundreds of nanometers by ion substitution. As mentioned earlier, such

chemical modifications occur through the substitution of either the halide X, the cation A, or
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the metallic cation B. Since the discovery of perovskites as light absorbers, methylammonium

lead iodide (CH3NH3PbI3 or MAPbI3) with a band gap of around 1.6 eV [36], has been the

most extensively studied. In this configuration, replacing the iodide by halides with larger

ionic sizes, like bromide and chloride, leads to an increase of the band gap to 2.3 and 3.1 eV

[37] (for polycrystalline films). The absorption band edge can also take intermediate values

upon substititution of not only one, but two of these halides in different ratios [38, 39].

Another way to increase the band gap is to replace the organic methylammonium ion on

the A site by the inorganic Cs+ (smaller ionic radius), pushing its value to 1.73 eV [30, 31].

On the contrary, when the MA cation is exchanged with the slightly larger FA ion [30],

the optical band gap decreases on a small scale from ∼1.6 to ∼1.5 eV, for MAPbI3 and for

FAPbI3 respectively [36, 32]. Much narrower band gaps can be obtained by introducing Sn2+

on the B site (MASnI3). This has been done in order to develop lead-free perovskites due

to the toxicity of Pb [33, 40, 41]. However, because Sn2+ ion is easily oxidised to Sn4+, the

fabrication of Sn-based devices remains challenging.

Aside from the high optical absorbance, another characteristic which let perovskites

achieve their impressive photovoltaic device performances is their excellent charge transport

properties under solar illumination. Early studies reported electron-hole mobilities values in

the tens of cm2·V−1·s−1 for lead iodide perovskite thin films [42, 43], which is comparable to

those of typical inorganic ionic semiconductors, e.g. GaAs [44]. In parallel to these findings,

several groups measured long electronic carrier diffusion lengths on the order of 1 µm [35, 45],

suggesting atypical bimolecular recombination rates below the theoretical limit set by the

Langevin model [43, 46].

One more physical mechanism essential for charge generation in solar cells is the dielectric

relaxation. Dielectric parameters have a strong influence on the exciton binding energy (EB)

which is directly related to the number of photogenerated free charge carriers in a semicon-

ductor. Hence, several studies focused on the determination of the dielectric properties to

determine the electron-hole binding energy in perovskite materials. This complex question

has generated numerous debates in the field over the years, but has recently been answered
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by Miyata et al. who determined the exciton binding energy to be ∼ 16 meV in a poly-

crystalline MAPbI3 film [47]. Despite the fact that the exact value of EB is dependent on

multiple external factors, such as composition, morphology, defect densities [48], a concensus

has been reached within the community: at room temperature, metal halide perovskites for

photovoltaic applications have binding energies on the order of 10 meV, thus photogenerated

excitons dissociate spontaneously and transport happens predominantly through free charge

carriers.

2.3.2 The rapid evolution and device architectures

The first use of metal halide perovskites in a solar cell was reported in 2009, when Kojima

et al. employed the two perovskite absorbers MAPbI3 and MAPbBr3 as sensitizers in a

dye-sensitised solar cell (DSSC) structure [49]. In this configuration (Figure 2.22), a thin

layer of perovskite nanoparticles is anchored to a mesoporous TiO2 scaffold, and then con-

tacted by a liquid electrolyte which contains a redox couple. Upon illumination, excitons are

generated in the perovskite, electrons are rapidly transferred into the CB of the TiO2 n-type

semiconductor, and holes to the electrolyte. Then, electrons and holes travel through these

materials to the collection electrodes. At the time, perovskites were thought to act only

as light absorber materials. In this first report, such devices delivered a power conversion

efficiency of 3.8% which was then pushed further to 6.5% by Im et al. in 2011 [50]. However,

both groups observed a very quick degradation of the solar cells within minutes, due to the

dissolution of the perovskite nanoparticles in the electrolyte.

A breakthrough discovery for perovskite solar cells arrived in 2012, with the replacement

of the liquid electrolyte with a solid-state hole transporting material. Almost simultaneously

both groups of Snaith and Grätzel used 2,2’,7,7’-tetrakis(N,N’-di-p-methoxyphenylamine)-

9,9’-spirobifluorene (spiro-OMeTAD), previously employed in solid-state dye sensitised solar

cells (ss-DSSC) [32, 51], which unlike the liquid electrolyte does not dissolve the perovskite.

The move towards ss-DSSC not only solved the degradation issue but also improved the solar

cell efficiency. Kim et al. used sensitised mesoporous TiO2 as the n-type layer and reached
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a PCE of 9.7%. However, a remarkable finding was made by Lee et al. who discovered

that replacing the mesoporous TiO2 with an electronically inert alumina scaffold (Al2O3)

yields an even higher efficiency (10.9%). This study provided the first evidence that metal

halide perovskites are not only simple absorber materials, but are also capable of long-

range electron transport similar to inorganic semiconductors. This new device architecture

employing an inert Al2O3 scaffold was named meso-superstructured solar cell [32]. Shortly

after this discovery, Etgar et al. replaced the spiro-OMeTAD by a thick capping layer of

perovskite and such hole-transporter-free solar cells still exhibited reasonable efficiencies.

Therefore, they showed that MAPbI3 could also transport holes [52].
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Liquid electrolyte
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Perovskite

Hole-transporting layer

Metal electrode

DSSC
structure

ss-DSSC 
structure

Mesoporous structure
(TiO  or Al O )2 2 3

Planar
heterojunction

Figure 2.22: Evolution of the perovskite solar cell device architecture since its discovery. Metal
halide perovskites were firstly implemented as an absorber in a traditional dye-sensitised struc-
ture solar cell (DSSC) with a liquid electrolyte. Due to rapid degradation of the perovskite
upon contact with the electrolyte, solid-state perovskite sensitised solar cells (ss-DSSC) were
introduced using a solid-state hole transporting material. Later on, the mesoporous TiO2 was
replaced by an inert Al2O3 scaffold. This breakthrough discovery that perovskite can transport
electrons and holes over a micrometer led to the development of planar heterojunction solar
cells.

The understanding that metal halide perovskite absorbers can effectively transport both

electrons and holes over a micrometer [35, 45] allowed the development of planar hetero-

junction devices [53, 54]. Such devices can either be fabricated as a n-i-p architecture, i.e.

with the perovskite deposited on top the electron-transporting layer (Figure 2.22), or can

be inverted with the n-type charge collection layer on top of the device, referred to as p-i-n

architecture [55, 56].

Over the past four years, continuous efforts have been made to, on one side, optimise the
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perovskite quality through compositional tuning and deposition methods, and on the other

side, to develop adequate charge extraction layers. Such improvements lead to a spectacular

quick rise in power conversion efficiencies, yielding to certified values of over 22% [57, 9].

2.3.3 Processing and operating mechanism

Metal halide perovskites thin films can be deposited through various processing methods,

including solution and evaporation approaches [53, 58], or combinations of thereof [59]. How-

ever, wet chemical deposition remains the most employed due to its ease of processability.

It can be divided in either one-step [32, 51], or two-step sequential deposition where PbI2

is first deposited then exposed to the organic ions, either in solution [60] or in vapour [61].

In 2014, an alternative one-step method was introduced, in which an antisolvent (a solvent

which cannot dissolve the species present, i.e. chlorobenzene, toluene or anisole) is dripped

onto the wet precursor film during spin coating [62]. This approach is known as the anti-

solvent method which results in a smooth layer of the absorber material. Most of the work

presented in this thesis was done using this deposition technique in a planar heterojunction

achitecture, which has a very similar working principle to a p-i-n junction as introduced in

previous sections.

Upon illumination, most of the light is absorbed in the thick intrinsic perovskite bulk,

where electron-hole pairs are generated. These excitonic bound-pairs immediately separate

due to the low exciton binding energy and diffuse within the perovskite layer. On both sides

of the absorber, charge selective contacts (n-type and p-type) facilitate electron and hole

extraction into the electrodes. A simplified illustration of the operating mechanism, from

light absorption to charge collection, is showed in Figure 2.23.
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Figure 2.23: Schematic of the operating mechanism of a p-i-n perovskite solar cell. Light
absorption, charge generation and charge transport occur in the perovskite layer. Charge
selective contacts for electrons and holes are placed on both sides of the absorber in order to
build an asymmetry to efficiently extract free charges to the electrodes.

2.3.4 The instability issue

In order to be commercialised, a photovoltaic device has to undergo standard stability tests

set by the International Electrotechnical Commission (IEC). Such tests require the solar cell

to sustain 200 thermal cycles between -40℃ and +85℃ with a deviation of the photocurrent

smaller than ±2%, measured at peak power above 25℃ [63]. Therefore, for real-world

photovoltaic applications, the metal halide perovskites employed have to show the right

optoelectronic properties, and sustain sufficient structural and chemical stability towards

their surrounding environment. Structural stability refers to the ability of a material to

remain in one single crystalline phase across a wide range of temperature, while its capability

to be resistent to reactive species such as oxygen and water relates to the chemical stability.

Upon heating perovskite materials, phase transition changes may occur. Such trans-

itions lead to crystalline distortions which heavily impact their optoelectronic properties,

i.e. band gap and charge carriers mobilities. Various studies showed that all the members of

the methylammonium lead trihalides perovskite family (MAPbX3) remain crystallographic-

ally stable over a wide range of temperatures [32, 42, 51]. This indicates that the structural

stability is not an important concern for these materials. However, at 423 K the MAPbX3

perovskites degrade after only 30 minutes as a result of the relatively low melting point of

the methylammonium halides [30]. In order to improve the thermal stability, the volatile MA
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cation was successfully replaced by the slightly larger and heavier FA cation [30]. Unfortu-

nately, in presence of moisture FAPbI3 undergoes a phase transition at temperatures below

60℃ [42, 64] into a non-perovskite structure, also called the yellow phase. Therefore, in or-

der to operate in the adequate temperature range for photovoltaic applications, the FAPbI3

perovskite has to remain in the black trigonal phase. This can be achieved by mixing both

MA and FA organic cations especially when the MA cation is added in small concentrations

(<20%) [65]. The first MA/FA mixed cation perovskite solar cell was reported by Pellet et

al., however a certain percentage of the yellow phase remained [66]. The complete elimina-

tion of the non-perovskite yellow phase was successfully achieved by adding a percentage of

MaBr to the FAPbI3 precursor solution [67]. Such chemical modifications led to a structur-

ally stable perovskite with enhanced performances. Further additions of caesium [68] and

rubidium [69] to the A-site cation pushed the stability and efficiency even further. Despite

a much improved structural stability through mixed cations and mixed halides perovskites,

their inherent vulnerability to moisture poses a considerably more important challenge.

Due to the hygroscopicity of methylammonium iodide, metal halide perovskite materials

suffer from a high chemical instability towards water [49, 38, 70, 71, 72] or generally to most

polar solvents [49, 73]. Upon moisture exposure, the perovskite crystal readily decomposes

to PbI2, and the mechanism behind this structural change lies in the nature of the bonds

in the ionic solid. In the CH3NH3PbI3 crystal structure (Figures 2.21 and 2.24), the lead

cation (Pb2+) and the iodide anion (I−) are bound together by strong ionic bonds. On the

contrary, the organic cation (CH3NH+
3 ) forms hydrogen bonds to the Pb-I cage (octahedra)

[74]. These weaker bonds can be disrupted by H2O molecules, which then strongly bind to

the organic cation. As a result, the perovskite crystal structure breaks down into hydrated

phases and this process is particularly accelerated when the hydrogen bonds are weakened

upon heat or light exposure.

Müller et al. showed that MAPbI can rapidly absorb water molecules even at a relative

humidity as low as 10%. Such low relative humidity exposure can have a positive effect on

the solar cell performance [75], nonetheless the perovskite changes to its hydrated phases
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when exposed to higher relative humidity, referred to as the monohydrate and the dihydrate

phases.

The monohydrate structure CH3NH3PbI3·H2O is the first formed when individual mo-

lecules of water infiltrate a perovskite unit cell. During this chemical transformation, the

3D-structure breaks due to H2O intercalating into the perovskite, and each unit cell satur-

ates with one molecule of water. Depending on the moisture level and the time of exposure,

a small quantity of the dihydrate phase (CH3NH3)4PbI6·H2O is formed, which is in equilib-

rium with the dominant monohydrate structure [76]. Prolonged exposure to moisture leads

to a complete transformation of the material into the dihydrate phase, characterised by the

presence of two molecules of water per unit cell. Both hydrated structures are shown in Fig-

ure 2.24 as compared to the dehydrated perovskite crystal structure. Leguy et al. proposed

a chemical reaction mechanism to the hydration process in the MAPbI3 perovskite [76]:

4CH3NH3PbI3
H2O

 4CH3NH3PbI3 · H2O

H2O

 (CH3NH3)4PbI6 · 2H2O + 3PbI2 (2.38)

Most interestingly, this hydration process can be reversed to a certain degree when the

hydrated perovskite is exposed to dry air. If the system is dried out before the MA cation

is removed, intercalated water molecules can escape from the dihydrate phase, and the

perovskite goes back to its initial dehydrated structure [71, 72, 76]. However, with further

exposure to moisture, the hydration progresses which results in a complete and irreversible

transformation of the material into the dihydrate phase and the excess of water dissolves the

organic cation CH3NH+
3 . This irreversible process follows the following chemical reaction:

(CH3NH3)4PbI6(s) H2O−→ 4CH3NH3I(aq) + PbI2(s) + 2H2O(l) (2.39)

The disintegration of MAPbI3 into CH3NH3I and PbI2 with moisture, can also occur

more rapidly when external factors such as heat, light or a bias are applied to the system.

Under such conditions, hydrogen bonds are weakened and eventually break releasing the

organic cation out of the inorganic Pb-I cage.
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H O2 H O2

dehydrate monohydrate dihydrate

Figure 2.24: Illustration of the two hydrated structures of the MAPbI3 perovskite as com-
pared to its initial crystal structure. CH3NH3PbI3 can be firstly hydrated to the monohydrate
structure CH3NH3PbI3·H2O and then to the dihydrate (CH3NH3)4PbI6·H2O. Adapted with
permission from A. Leguy et al., Chem. Mater. 2015, 27, 3397-3407 [76]. Copyright (2015)
American Chemical Society.

In a device, the hydration of the perovskite absorber is followed by a rapid drop in solar

cell performance [76]. The ingress of water happens along the grain boundaries which at

first leads to a segregation of individual perovskite domains [72, 76]. These domains are

covered with the hydrate phase, but remain intact internally retaining their charge carrier

dynamic properties [72]. Nonetheless, this isolation of grains most likely hampers long-range

charge transport across several grains and inhibits the charge transfer between the perovskite

and the hole-selective material which reduces the charge extraction and hence the overall

performance [76]. Subsequently, the formation of the dihydrate structure due to prolonged

exposure to moisture leads to a decrease in absorption across the visible range and the device

can no longer generate power.

Therefore, the perovskite hygroscopicity is one of the biggest concerns to the long term

operational stability of the device. In order to make this technology more resilient to water

ingress, two strategies have been considered: perform compositional substitions and addi-

tions to the perovskite structure itself to increase its chemical stability, or, suppress water

infiltration by physically separating the perovskite absorber from the moist surrounding en-

vironment. In the above discussion regarding developments made to improve structural sta-

bility, MAPbI3 can become more resilient to elevated thermal stressing by replacing CH3NH+
3

with the CH(NH2)+
2 cation. Unfortunately, formamidinium is also an organic compound and,

similarly to methylammonium, is highly susceptible to moisture degradation. Despite strong
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efforts, mixed cations and mixed halides perovskites are still to some degree vulnerable to

moisture which highlights the necessity to develop moisture-blocking contacts to protect the

perovksite absorber from the wet external atmosphere.
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3 | Materials and Methods
This chapter gives a description of the materials and methods used, as well as a
short overview over the experimental setups that have been employed throughout
the experiments of this thesis.

3.1 Materials

3.1.1 Hole transporting materials

In this study, two HTMs were used: P3HT and spiro-OMeTAD.

• Spiro-OMeTAD: 2,2’,7,7’-tetrakis(N,N ’-di-p-methoxyphenylamine)-9,9’-spirobifluorene,

Mw = 1225.43 g·mol−1, Luminescence Technology Corp.
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Figure 3.1: Molecular structure of Spiro-OMeTAD.
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• P3HT: poly(3-hexylthiophene), regioregular, average molecular weight, Mw = 50 000

g·mol−1, regioregularity = 95%, Rieke Metals Inc.
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Figure 3.2: Molecular structure of P3HT.

3.1.2 Dopants

• Li-TFSI: lithium bis(trifluoromethanesulfonyl)imide, Mw = 287.09 g·mol−1, Sigma-

Aldrich.
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Figure 3.3: Molecular structure of Li-TFSI.

• FK209: tris(pyrazolylpyridine)-cobalt(III) complex, Mw = 1503.16 g·mol−1, Dyesol.

Co
4-

NN

N

CH3 CH3

CH3

N N

N
N

N
N

CH3

CH3
CH3

CH3

CH3

CH3

N
-

S

O
CF 3

O

S

O

O
F3C

3

Figure 3.4: Molecular structure of FK209 complex.
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• Mo(tfd-COCF3)3: Molybdenum tris-(1-(trifluoroacetyl)-2-(trifluoromethyl)ethane-

1,2-dithiolene), Mw = 858.44 g·mol−1, synthesised according to the literature [77] by

Yadong Zhang, Georgia Institute of Technology.
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Figure 3.5: Molecular structure of Mo(tfd-COCF3)3.

• Mo(tfd-CO2Me)3: Molybdenum tris(1(methoxycarbonyl)2(trifluoromethyl)ethane-

1,2-dithiolene), Mw = 744.54 g·mol−1, synthesised according to the literature [78] by

Yadong Zhang, Georgia Institute of Technology.
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Figure 3.6: Molecular structure of Mo(tfd-CO2Me)3.
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Chapter 3 3.1.3 Other polymers and additive

• Spiro(TFSI)2: 2,2’,7,7’-tetrakis(N,N -di-p-methoxyphenylamine)-9,9’-spirobifluorene

di[bis-(trifluoromethanesulfonyl)imide], Mw = 1785.73 g·mol−1, synthesised according

to the literature [79] by Nakita Noel, University of Oxford.
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Figure 3.7: Molecular structure of Spiro(TFSI)2.

3.1.3 Other polymers and additive

• PMMA: poly(methyl methacrylate), average molecular weight Mw = 97 000 g·mol−1,

Sigma-Aldrich.

n
CH3
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Figure 3.8: Molecular structure of PMMA.

• tBP: 4-tert-butyl pyridine, Mw = 135.21 g·mol−1, Sigma-Aldrich.
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Figure 3.9: Molecular structure of tBP.

59



Chapter 3 3.2. PEROVSKITE SOLAR CELL FABRICATION

3.2 Perovskite solar cell fabrication

3.2.1 Substrate preparation

Fluorine-doped tin oxide (FTO) coated glass sheets (7 Ω·cm-2 Hartford Glass) were etched

with zinc powder and HCl (3M) to obtain the required electrode pattern. The sheets were

first cleaned with detergent (2% Hellmanex in water), and then rinsed sequentially with

deionised water, acetone, and isopropanol. The last traces of organic residues were removed

by oxygen plasma cleaning for 10 min.

3.2.2 Electron Transporting Layer deposition

• TiO2 compact layer for mesostructured perovskite solar cells

A 100 nm thick electron-accepting TiO2 compact layer was spin-coated (2000 rpm for 60s)

on the glass from a solution of titanium isopropoxide diluted in anhydrous ethanol, and

sintered at 500℃ for 45 min.

• SnO2/PCBM ETL for planar heterojunction perovskite solar cells

The electron transporting layer was prepared by first spin-coating a solution of SnCl4·5H2O

in isopropanol [80, 81] (17.5 mg·mL−1). The substrates were then dried in air at 100℃

for 10 min then annealed at 180℃ for 60 min. Once the substrates were cooled down

to room temperature, a solution of [6,6]-phenyl-C60-butyric acid methyl ester (PCBM) in

dichlorobenzene (DCB) (5 mg·mL−1) was dynamically spin-coated onto the substrate at 4000

rpm and dried at 100℃ for 5 min.
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Chapter 3 3.6.2 Perovskite absorber deposition

3.2.3 Perovskite absorber deposition

• Mesostructured perovskite solar cells

A colloidal dispersion of 50 nm Al2O3 nanoparticles in isopropanol was deposited by spin-

coating (2500 rpm for 60 s) and dried at 150℃ for 10 min, forming the low-temperature

mesostructured scaffold [82]. The CH3NH3PbI3-xClx perovskite precursor solution (40 wt.%)

was prepared according to literature methods [32], by dissolving methylammonium iodide

(MAI, Dyesol) and lead(II) chloride (PbCl2, Sigma-Aldrich) in dimethylformamide (DMF)

in a 3:1 molar ratio. Then, the perovskite precursor solution was spin-coated (2000 rpm for

40 s) on top of the scaffold, in a nitrogen-filled glovebox, and annealed at 100℃ for 90 min.

• Planar heterojunction perovskite solar cells

The mixed-cation lead mixed-halide perovskite solution FA0.85MA0.15Pb(I0.85Br0.15)3 was pre-

pared from a precursor solution made of formamidinium iodide (1.25 M, Dyesol), lead iodide

(1.38 M, TCI), methylammonium bromide (0.25 M, Dyesol), and lead(II) bromide (0.25 M,

Sigma-Aldrich) in a 4:1 (v:v) mixture of anhydrous DMF:DMSO (Sigma-Aldrich) and stirred

at 65℃ for 15 min. After having cooled to room temperature, the perovskite solution was

spin-coated onto the substrate in dry air. The perovskite was deposited by first spin coating

the solution at 1000 rpm for 10 s, followed by 6000 rpm for 35 s. Anisole (100 µL) was

dropped onto the spinning substrate 5 s before the end of the program. Films were then

annealed in an oven at 100℃ for 1 h.

3.2.4 Hole Transporting Layer deposition

The spiro-OMeTAD (Lumtec) was then dissolved in chlorobenzene and the solution was

spin-coated onto the perovskite layer, after allowing the substrates to cool down. For the

mesostructured devices, a 96 mg·mL−1 solution of spiro-OMeTAD (30 mol% of Li-TFSI and

80 mol% of tBP) was used. For the planar devices, a concentration of 85 mg·mL−1 was
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employed, then Li-TFSI (500 mg·mL−1 in 1-butanol), FK-209 (230 mg·mL−1 in acetonitrile)

and tBP, were added at 20 µL·mL−1, 10 µL·mL−1 and 35 µL·mL−1, respectively. Devices

were left overnight in a desiccator in air.

3.2.5 Top electrode

Lastly, 80 nm-thick gold electrodes were evaporated onto the devices through a shadow mask,

using a thermal evaporator.

3.3 Electrical characterisation

3.3.1 Solar cell characterisation

The current density-voltage (J-V) curves were measured (2400 Series SourceMeter, Keithley

Instruments) under simulated AM 1.5 sunlight at (100 mW·cm−2) irradiance generated by an

Abet Class AAB sun 2000 simulator, with the intensity calibrated with an NREL calibrated

KG5 filtered Si reference cell. The mismatch factor was calculated to be less than 1%. The

solar cells were masked with a metal aperture to define the active area to be 0.0919 cm2.

The J-V parameters (VOC,JSC, FF and PCE) were found from spline interpolation of

the J-V data points. Series resistance (RS) and ideality factor (n) values were obtained by

nonlinear regression of the data to the equation defined in Chapter 2 (Equation 2.36) [83].

3.3.2 Conductivity measurements

Conductivity samples were prepared by spin-coating a layer of the desired material onto

glass substrates. Resistivity values were calculated by measuring the film thickness with a

Dektak profilometer and multiplying it by the film’s sheet resistance. The sheet resistance

was measured using an in-line four-point probe with 0.635 mm tip spacing from Jandel

Engineering, which was connected to a Keithley 2450 sourcemeter. Then the conductivity
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was calculated as the inverse of the resistivity.

3.4 Spectroscopy

All spectroscopy samples were prepared by spin-coating the films (perovskite or HTM) on

glass substrates.

3.4.1 Absorption spectroscopy

Absorption spectroscopy was carried out using a Lambda 1050 UV vis/NIR spectrometer

(PerkinElmer).

3.4.2 Time-resolved photoluminescence spectroscopy

In photoluminescence (PL) measurements, species in the absorber are photoexcited with

a single wavelength excitation source, they then relax to the band edge and emit light by

recombining radiatively. For the mixed halide perovskite studied in this thesis, the samples

were all excited at a wavelength of 505 nm, resulting in an emission ranging from 780 nm to

800 nm depending on the perovskite material used.

A schematic illustration of the time-resolved PL setup is shown in Figure 3.10. In order

to record the decay of the PL signal over time, the system has to be perturbed from its

equilibrium state by an optical pulse. Thus, a frequency is fixed forcing the laser to pulse

light at constant intervals. This pulse is attenuated by a neutral density filter before hitting

the sample. A cut-off filter is placed right after the sample position in order to filter out any

scattered light. To reduce the emission of the sample to solely a single photon, an attenuator

is placed just before the beam hits the photomultiplier tube (PMT) which subsequently

creates a short electron pulse. The timing electronics then record the time at which the

signal is received. Finally, after many repetitions, by summing all the signals a histogram of

arrival time is created which depicts the PL profile over time.
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Time-resolved PL measurements were acquired using a time-correlated single photon

counting (TCSPC) setup (FluoTime 300, PicoQuant GmbH). Frequencies and fluences used

for each experiment are cited in the main text. The PL was collected using a high resolution

monochromator and hybrid photomultiplier detector assembly (PMA Hybrid 40, PicoQuant

GmbH).

Laser

Laser 
Driver

Timing Electronics

O.D. filter

Attenuator

Cut-off filter

PMT

Sample

Figure 3.10: Schematic of the time-resolved photoluminescence spectroscopy setup.

3.4.3 Photoluminescence quantum efficiency

Steady-state photoluminescence quantum efficiency (PLQE) measurements were calculated

as described by De Mello et al. [84]. The sample was illuminated using a 532 nm CW laser

excitation source (Suwtech LDC-800) in an integrating sphere (Oriel Instruments 70682NS),

both the scattered excitation pulse and the PL signal of the sample were collected using a

fiber-coupled detector (Ocean Optics MayaPro). The excitation intensities are cited in the

main text.
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3.4.4 Transient photoconductivity

Transient photoconductivity was carried out on perovskite films (4 mm channel width). A

Nd:YAG laser was used at the range of fluences specified in the text, with an excitation

wavelength of 470 nm and pumped at 10 Hz with 7 ns pulses. A bias of 25 V was applied

across the in-plane (lateral) electrodes, while the current was monitored by an oscilloscope

[85, 86]. Since the contact resistance between the perovskite film and the Au electrode was

fairly small compared to the resistance of the sample, two-electrodes conductivity measure-

ments were performed. A variable resistor was placed in the circuit, in series with the sample,

and was set to always be <1% of the sample resistance. The voltage drop across the variable

resistor was monitored through a 1 MΩ impedance oscilloscope, to subsequently determine

the potential drop across the two in-plane Au electrodes (6 mm total channel length). Films

were coated with an inert layer of PMMA (200 nm) to protect samples from environmental

degradation during the measurements.

3.5 Kelvin probe measurements

3.5.1 Setup

Surface photovoltage measurements were taken with a KP Technology scanning Kelvin Probe

system SKP5050. Since the work function is extremely sensitive to surface conditions, the

measurements were performed in a dry nitrogen atmosphere, in the dark and at room tem-

perature in order to minimise environmental impacts on the surface. The work function

data of perovskite layers deposited onto ITO-glass substrates presented in Chapter 6 were

obtained by Dr Yen-Hung Lin (Imperial College, London).

65



Chapter 3 3.6.2 Technique

3.5.2 Technique

A schematic representation of the Kelvin Probe measurement is displays in Figure 3.11. The

working principle is based on the determination of a difference in work functions between a

known reference i.e. the Kelvin Probe tip (φP ), and a sample (φS). When the tip and the

sample do not interact (Figure 3.11a), their Fermi levels align at the vacuum level (Evac).

In Figure 3.11b the two materials are connected. In the depicted case, electrons from the

sample flow to the tip because φS < φP , and the Fermi levels equilibrate. Since both material

were initially charge-neutral, the probe and the sample are now negatively and positively

charged respectively, which gives rise to an electrostatic potential and a contact potential

difference (VCPD).

In the Kelvin probe measurement, the probe and the sample are never brought in contact,

the magnitude of VCPD can be determined by varying the current flow between the two

materials upon periodic modulation of the distance, while simultaneously applying a counter

voltage. When the probe vibrates vertically, the distance between the sample and the tip

changes resulting in a variation of the capacitance between the two materials, and hence in a

change in current through an external circuit. Then, the magnitude of the contact potential

is equal to the applied counter voltage for which the current vanishes.

During the measurement, the vibrating tip is typically at a distance of 0.2 to 2.0 mm

from the sample surface. Furthermore, the contact potentials obtained from a surface are

typically defined by the topmost 1 to 3 layers of atoms or molecules.
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Figure 3.11: Schematic representation of a Kelvin Probe measurement between the Kelvin
Probe tip, or probe (black) and a sample (blue) with different work functions φP and φS

respectively. a) Before electrical contact between the probe and the sample, the Fermi levels
align at the vacuum level (Evac). b) When the two are connected, electrons flow and the Fermi
levels equalise which gives rise to a contact potential difference (VCPD).

3.6 Microscopy

3.6.1 Optical microscope imaging

Optical microscope images were acquired in reflection and transmission mode with a Nikon

Eclipse LV100 base in combination with various magnified objectives (10x, 20x, 50x and

100x). Dark field, bright field and PL modes were applied for different visualisations of the

films. Measurements were performed at Oxford Photovoltaics Limited (Oxford PV).

3.6.2 Scanning Electron Microscopy

Top surface images of films were taken with a Hitachi S-4300 field emission scanning electron

microscope (SEM). All samples were sputter-coated with 3 nm of Pt previous to imaging, in

order to reduce charge accumulation under the electron beam and thus improve the image

quality.
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4 | P3HT-nanowires embedded in a
PMMA matrix as a HTM com-
posite structure

In this chapter, a new composite layer made of poly(3-hexylthiophene) (P3HT)
nanowires and a poly(methyl methacrylate) (PMMA) matrix is used as the HTM
in perovskite solar cell. Due to the presence of the insulating PMMA, this low-
cost HTM induces contact discontinuities at the p-type interface which limits non-
radiative recombination and enhances device performance.

h+

e-
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4.1 Context and summary

To maximise the power output, a solar cell should generate both high photocurrent and high

photovoltage. Hence, an ideal solar cell should be able to efficiently extract all excited charges

at short-circuit conditions to generate a high current density. In open-circuit conditions,

carriers cannot be extracted and the photoexcited charge carrier density builds up. Electrons

and holes will eventually recombine by emitting a photon. In this ideal configuration, non-

radiative recombinations do not exist and the solar cell is considered in its radiative limit

yielding to the highest attainable VOC. Therefore, the ability of a solar cell to emit light

is bound to its VOC and is closely linked to its power conversion efficiency under normal

operating conditions [87].

With outstanding radiative efficiencies, organic-inorganic perovskite solar cells have

demonstrated high open circuit voltages. Nonetheless, important non-radiative recombina-

tions at the p-type interface play a major role in preventing these devices from reaching their

theoretical efficiency limit. For years, silicon solar cell designers have engineered their charge

collection contacts by introducing insulating material to simultaneously reduce interfacial

recombinations and production costs, a technique that can be applied to perovksite solar

cells as well. The inherent moisture sensitivity of the perovskite absorber remains an

important obstacle to commercialisation highlighting need for new layers that can prevent

or impede water from reaching the perovskite absorber.

In this chapter, a new composite HTM was developped, based on P3HT nanowires

(P3HT-NW) embedded in a poly(methyl methacrylate) (PMMA) matrix. Due to improved

structural ordering of the P3HT chains, P3HT-NWs have been shown to present enhanced

charge mobility as compared to neat P3HT films. In solar-cells, the blend-based devices

showed an increase in VOC and in steady-state efficiency against the pristine P3HT, suggest-

ing a drastic reduction of non-radiative recombination decay channels. Photoluminescence

quenching experiments revealed an increase in both the PL lifetime and the PLQE when

the perovskite absorber was coated with the HTM composite, strong evidence that such a
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p-type interface does not introduce non-radiative recombination, unlike any other currently

known HTMs employed in perovskite solar cells today. The introduction of inert PMMA,

drastically reduces the area of contact between the perovskite and the P3HT-NWs resulting

in extremely high hole densities and efficient charge collection. As a result, employing the

P3HT-NW/PMMA composit as HTM yielded to a 3% increase in SPO as compared to the

standard P3HT, with the champion device having 14.8% PCE. Furthermore, 85℃ thermal

stressing tests in air showed that the blend significantly enhanced the long-term stability

of perovskite solar cells when compared to a spiro-OMeTAD HTM. As previously reported,

the PMMA matrix acts as a barrier for water ingress, thus protecting the perovskite from

moisture [88]. Finally, the P3HT-NW/PMMA blend was found 15 times less expensive than

spiro-OMeTAD, making this new composite HTM highly attractive for future commercial

applications.

4.2 Introduction

Solar power is the most abundant energy resource on Earth and could provide an endless

energy supply. Organic-inorganic lead halide perovskite solar cells have created tremendous

enthusiasm due to their impressive performance, and are now regarded as one of the most

promising alternative energy conversion devices to conventional silicon-based photovolta-

ics. Nonetheless, the perovksite absorber remains highly sensitive to moisture which could

hamper the commercial developement of the technology [72, 74, 76]. Despite remarkable

progress, there exists substantial parasitic non-radiative recombination losses, especially at

the interfaces with the charge extraction layers, which limits the overal device performance.

From a stability point of view, an ideal hole transporting material (HTM) would protect

the perovskite from water ingress while still ensuring effective charge transfer and trans-

port. Moreover, to achieve a perfect solar cell, an optimal HTM must not induce any

non-radiative decay channels. At open-circuit conditions, excited carriers have no place to

go which causes charge densities build up. In an ideal scenario (i.e. no non-radiative recom-
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bination pathways) all charges recombine radiatively and emit light. In this ideal situation,

the photovoltage is maximised and any additional non-radiative recombinations will impede

the carrier density build up causing a reduction in VOC. Thus, a good solar cell should emit

light [87]. In the case of perovskite solar cells, all contacts employed induce non-radiative

decay channels at the absorber interfaces with the extraction layers [89, 21]. Holes in the

HTM recombine with electrons in the perovskite, explaining the extreme photoluminescence

quenching thus far observed at the perovskite/HTM interface. Hence, the ideal HTM is

one that can perform the multiple tasks of being hole-selective while protecting the semi-

conductor from ambient conditions, without impeding but perhaps even improving radiative

recombination yield in the solar cell.

To date, the small molecular 2,2’,7,7’-tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’-

spirobifluorene (spiro-OMeTAD) typically doped with lithium bis(trifluoromethanesulfonyl)-

imide (Li-TFSI) has exhibited the highest conversion efficiencies in perovskite solar cells

when used as the HTM [10]. Unfortunately, spiro-OMeTAD remains extremely costly and

presents a high sensitivity to moisture due to the presence of hygrocopic lithium salts [90],

leading to an accelerated loss of device performance under stressing conditions [88]. In

order for the technology to be developped at competitive prices, cheaper and more robust

materials have to be used. As a cheaper alternative to small molecule HTMs, the polymeric

hole-conductor poly(3-hexylthiophene) (P3HT) has appeared as highly promising. P3HT

can be deposited via a broad range of coating techniques such as spin coating, spray coating,

or inkjet printing, and has already yielded high power conversion efficiencies in perovskite

solar cells [91, 92, 93, 94, 95]. However, P3HT was shown to induce higher non-radiative

recombination rate at the perovskite/HTM interface with respect to spiro-OMeTAD [96],

resulting in overall lower performance.

For the past three decades, manufacturers of silicon crystalline solar cells have managed to

push the power conversion efficiency through the continual refinement of the device contacts

[97, 98]. One of the oldests concept was introduced by Green et al. and relies on the

reduction of the contact area by introducing an insulating (also referred to as "passivating")
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oxide at the top contact to reduce interfacial recombinations [99]. By reducing the contact

area between the emitter and the electrode, charges are forced to flow through specific

channels. Such solar cell structure is named Passivated Emitter Solar Cell (PESC). The

impact of the PESC structure on the industrial exploitation of solar cells is twofold. It

enables manufacturers to achieve greater performance than with standard structure while

reducing the amount of active material used, thus drastically lowering costs. Introducing

discontinuities at the p-type interface in perovskite solar cells, similar to the PESC concept,

could limit non-radiative recombination pathways and lead to greater efficiencies.

4.3 Results and discussions

4.3.1 P3HT nanowires: formation and characterisation

Conjugated polymers have aroused great interest in organic photovoltaics (OPV) and op-

toelectronics due to their semiconducting properties and highly tunable molecular ordering.

One of the most important semiconducting polymers is poly(3-hexylthiophene) (P3HT).

P3HT has been extensively used in OPV blended with PCBM as a bulk heterojunction

[100, 101, 102] but also more recently in perovskite solar cells as a hole extraction layer

[91, 92, 93, 94, 95]. When a solution of P3HT is spincoated on a substrate, the polymer self-

assembles and crystallises with a π-π stacking of adjacent thiophene main chains as illustrated

in Figure 4.1. The casted thin film formed is often highly disordered with both crystalline

and amorphous domains which strongly impacts charge transport processes [103, 104, 105].

The degree of disorder is influenced by several parameters such as regioregularity, molecular

weight, solvent properties and deposition methods. In P3HT thin films, transport of charge

carriers can occur both along the conjugated backbone (also referred to as intra-chain trans-

port or coherent transport), and/or via hopping from one chain to another (i.e. inter-chain

transport) as shown in Figure 4.1. This anisotropic character of charge transport has been

extensively reported, and the charge mobility along a single backbone chain was found to be

2-3 orders of magnitude faster than along the π-π stacking direction (between two adjacent
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chains) [106, 107]. Therefore, in order to maximise the charge extraction in a solar cell, the

casted film needs to be as crystalline as possible (i.e. reduced disorder) with preferential

intra-chain transport along the P3HT fiber.

Enhancement of structural order in P3HT thin films can be obtained through post-

deposition annealing at temperatures above 150℃, ranging from one to several hours [108,

109]. In a n-i-p solar cell structure (i.e. HTM on top of the perovskite), such annealing

treatment is not recommended since it would thermally stress the perovskite absorber which

would most likely result in degradation of the crystal structure, and hence in a perform-

ance loss. In order to avoid post-annealing, many studies in organic photovoltaics have

investigated the use of self-organised 1D nanostructures of P3HT, also referred to as P3HT

nanowires (P3HT-NWs) which reduce the degree of disorder and increase the mobility of

charges [110, 108, 111]. P3HT-NWs are highly crystalline and can create continuous percol-

ation pathways for charge transport contributing to enhanced carrier mobility with respect

to their 2D thin film counterparts. When employed in bulk-heterojunction solar cells, P3HT-

NWs have led to a remarkable improvement in the conversion efficiency of devices without

subsequent annealing processes [110, 108, 111].

p-p stacking
distance

Fiber axis

Figure 4.1: Schematic representation of a self-organised chain packing in a P3HT film. Casted
P3HT films result in a lamella structure with two-dimensional conjugated sheets (in red) formed
by inter-chain π-π stacking. The charge transport in the P3HT layer combines intra- and
inter-chain transport, which take place along the backbone and across two adjacent chains (or
lamellas), respectively. Inter-chain transport occurs via hopping and is therefore considerably
slower than the one-directional intra-chain charge transport.

P3HT-NWs spontaneously form upon deposition, however their properties, such as crys-

tallinity or length, are tightly dependent on P3HT’s degree of solubility in the solvent em-
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ployed. Numerous studies have reported enhanced intra-chain order with longer conjugation

lengths and higher crystalline quality when P3HT is casted from a marginal solvent such as

toluene [112, 113]. In contrast, a high solubility solvents for P3HT (e.g. chlorobenzene or

chloroform) show both poor crystallinity and intra-chain order. P3HT-NWs can be formed

either prior to deposition or during casting. In this study, the nanowires were formed by

a facile self-seeded growth from a cycle of heating then cooling as proposed by Oh et al.

[114]. In order to determine the most suitable solvent for NW growth, several solutions (4

mg·mL−1) were prepared comparing good, intermediate and marginal solvents, correspond-

ing to chloroform, chlorobenzene and toluene respectively. The solutions were heated on a

hot plate to 100℃ for 30 minutes until complete dissolution, then placed in a freezer (-20℃)

for 20 minutes, and taken out to room temperature (25℃).

In order to determine whether or not the P3HT domains grown in various solvents can

be characterised as P3HT-NWs, UV-vis absorption measurements were performed (Figure

4.2). UV-vis absorbance is a facile measurement which has been frequently employed to

determine the degree of crytallinity of P3HT films based on the shape of the absorption

spectra [112, 115, 116, 117]. The films were casted on glass immediately after the heating

then cooling cycle and a film made from a fully dissolved P3HT solution in chlorobenze was

taken as reference.
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Figure 4.2: Absorption spectra of P3HT films deposited from solutions which have undergone
a thermal cycle from 100℃ to -20℃. Solvents with different degree of solubility are compared
to a reference film casted from a fully dissolved P3HT solution in chlorobenzene.

All the spectra show an average absorption feature centered around 550 nm with no
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visible peak at 450 nm (attributed to amorphous chains [112, 117]), indicating that the casted

films are mostly crystalline, even the reference deposited from a dilute solution of P3HT.

Nonetheless, the P3HT films that have undergone the heating then cooling treatment show

a gradual red shifted absorption with the decrease in solubility (chloroform > chlorobenzene

> toluene), with respect to the reference. Additionally, the vibronic features at 515, 550

and 610 nm progressively appear, corresponding to highly-conjugated π-π interactions [112,

115, 116, 117] and evidence for an enhanced crystallinity. Most particularly, the shoulder

at 550 nm arises from the absorption of extended conjugation of P3HT in the solid-state,

and the shoulder at 610 nm is attributed to the interchain stacking of regioregular P3HT,

the intensity of which is correlated with the degree of order in the polymer [118, 119]. The

absorption spectrum corresponding to formation in toluene shows the sharpest features at

550 and 610 nm suggesting the presence of extended conjugated P3HT chains and ordered

inter-chain stacking which both suggest 1D nanostructures of P3HT. Therefore, the P3HT

domains formed can be qualified as P3HT-NWs.

The surface morphology of films casted from fully dissolved P3HT in chlorobenzene and

from preformed P3HT-NWs in toluene were examined by atomic force microscopy (AFM).

The images are shown in Figures 4.3a and b. For the P3HT layer prepared from dissolved

solution, no fibrillar structures are observed and the surface is homogeneous with an average

root-mean-square roughness value of 0.77 nm. On the other hand, P3HT-NWs grown in

toluene are shown in Figure 4.3b and have an increased film surface roughness (average root-

mean-square roughness value of 11.12 nm). The fibrillar morphology is a visual indication

of the structural ordering of the P3HT chains. In addition, the difference in the colour of

both solutions indicates a conformational change of the P3HT chains from dissolved polymer

(light orange) to nanowires (deep purple). To further characterise the P3HT-NWs grown in

toluene, scanning electron microscopy (SEM) was performed (Figure 4.3c). The SEM image

reveals agglomerations of P3HT-NWs with a diameter of approximately 10 nm, and a length

of up to 1 µm long. The facile self-seeded growth from a cycle of heating then cooling in

a marginal solvent (toluene) is therefore a quick and efficient route to form P3HT-NWs.

Furthermore, toluene is an ideal solvent since it requires high temperatures to completely
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dissolve the P3HT chains, then once formed, it stabilises the NWs in the solid-state at room

temperature.
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Figure 4.3: Film morphology of P3HT films determined by AFM (a and b) and SEM (c).
a) P3HT film deposited from a fully dissolved solution in chlorobenze which is characterised
by a light orange colour. b) After a cycle of heating then cooling from 100℃ to -20℃, the
P3HT solution (toluene) becomes deep purple, a signature of a conformational change of the
P3HT chains in nanowires. c) P3HT-NWs formed in toluene as deposited on glass, they have
an approximate diameter of 10 nm and can be up to 1µm long. AFM images were taken by
Kelly Schutt (University of Oxford).

4.3.2 P3HT-NW/PMMA blend as a HTM composite structure

A widespread approach to improve the quality of known materials is to blend several ma-

terials with the desired properties. Following this method, semiconducting and insulating

polymer blends have attracted increasing interest over the past few years. Such composite

structure associates the electrical conductivity of the semiconducting polymer with the excel-

lent mechanical properties of the insulating polymer. Several studies have reported enhanced

electronic properties and improved environmental stability of organic transistor by embed-

ding P3HT in an insulating matrix of either polysterene (PS) or PMMA [120, 121]. More
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rencently, Habisreutinger et al. showed improved stability of perovskite solar cells by using

a polymer-functionalised single-walled carbon nanotubes embedded in a PMMA insulating

polymer matrix as the hole transporting layer [88]. Based on these studies, P3HT-NWs were

blended with PMMA and used as a HTM composite structure in perovksite solar cells.

Meso-superstructured perovskite solar cells were prepared according to the methods de-

scribed in Chapter 3, using the CH3NH3PbI3-xClx perovskite absorber and four different hole

transport layers were compared. P3HT-NWs were formed as explained in Section 4.3.1. (4

mg·mL−1 in toluene). A blend solution was obtained by mixing P3HT-NWs with a solution

of PMMA (50 mg·mL−1 in toluene) at a (1:3)(PMMA:P3HT-NW) volume ratio. Immedi-

ately prior to spin-coating, all the solutions containing P3HT-NWs were sonicated with an

ultrasonic probe for 2 min at low intensity (∼10% of amplitude) to dissociate eventual ag-

glomerates of P3HT-NWs without breaking the fibers. As references, both spiro-OMeTAD

and pure P3HT were used at concentrations of 85 mg·mL−1 and 10 mg·mL−1, respectively,

fully dissolved in chlorobenzene. 30 mol% of Li-TFSI and 80 mol% of tBP were added

to the spiro-OMeTAD solution, while no dopants nor additives were added to the P3HT

based HTM solutions. The scanned and steady-state performances of the resulting solar cell

devices are reported in Figure 4.4.
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Figure 4.4: Scanned and steady-state performances for devices employing spiro-OMeTAD,
P3HT, P3HT-NW and a P3HT-NW/PMMA blend as HTMs.
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-2
J  [mA.cm ]SC V  [mV]OC FF [%] PCE [%] SPO [%] SPO/PCE

Spiro-OMeTAD 18.8 ± 0.7 997 ± 7 58.1 ± 1.1 10.9 ± 0.3 8.5 ± 0.4 0.78 ± 0.02

P3HT 17.8 ± 0.7 874 ± 11 60.8 ± 2.2 9.5 ± 0.4 2.3 ± 0.2 0.25 ± 0.02

P3HT-NW 13.3 ± 0.5 843 ± 23 51.7 ± 3.1 5.8 ± 0.7 2.3 ± 0.1 0.37 ± 0.04

Blend 16.3 ± 0.7 1008 ± 10 43.9 ± 3.1 7.2 ± 0.8 5.1 ± 0.5 0.71 ± 0.05

Table 4.1: Average device performance parameters with standard deviation comparing devices
employing spiro-OMeTAD, P3HT, P3HT-NW and a P3HT-NW/PMMA blend as HTMs. Val-
ues extracted from Figure 4.4

Clearly, spiro-OMeTAD remains the best performing HTM of all, yielding to an average

scanned efficiency of 10.9 ± 0.3% and a SPO of 8.5%. While the P3HT reference shows

the best scanned PCE amongst the three P3HT-based HTMs (9.5 ± 0.4%), its steady-state

efficiency plummets to merely 2% which is similar to that of the neat P3HT-NWs. The

P3HT/perovskite interface most likely suffers from subtancial recombinations resulting in

a high hysteretic behavior. In addition, the pure P3HT (which is partially crystalline and

partially amorphous) shows low hole mobility inhibiting efficient charge extraction. In the

P3HT-NW case, the hole mobility is most likely increased due to the enhanced crystallinity as

previously established through UV-vis measurements (Figure 4.2), however the layer shows

a poor surface coverage of the perovskite (Figure 4.3) which inevitably leads to shunting

paths from the absorber to the electrode. As a result, the P3HT-NW devices show lower FF

and VOC with respect to the P3HT control. Interestingly, the P3HT-NW/PMMA composite

yields a substancial reduction of the hysteresis with a SPO/PCE ratio of 0.71, almost as

high as spiro-OMeTAD (0.78), resulting in an SPO of 5.1 ± 0.5% which is approximately

3% higher that the P3HT reference. While both JSC and FF decrease, the most striking

improvement observed with the blend is in VOC, which outperforms the P3HT control by

almost 200 mV, resulting in values identical to those achieved by the spiro-OMeTAD HTM

(∼1000 mV). The reduced hysteresis and the consistent increase in VOC indicate that the

perovskite/HTM interface has been greatly improved over all of the HTMs compared here.
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Analysis of the current density-voltage characteristics at various light intensities provides

information on the recombination mechanisms in a solar cell [122]. Thus, in order to compare

non-radiative losses across all the devices, the dependence of the photovoltaic parameters

(JSC and VOC) on the incident light intensity is represented in Figures 4.5a and b. JSC

depends linearly on light intensity as depicted experimentally in Figure 4.5a. On the other

hand, the ideal diode equation predicts a logarithmic trend of VOC with JSC, which is in

agreement with the trend shown in Figure 4.5b.
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Figure 4.5: Light intensity dependence of the photovoltaic parameters. a) JSC scales linearly
with the fluence. b) As the light intensity increases, VOC increases logarithmically. c) By
plotting VOC as a function of kBT

q ln(JSC), both the reverse saturation current (J0) and the
ideality factor (n) can be extracted. d) The blend shows much reduced J0 and n values, evidence
for a reduction in non-radiative recombination losses and more efficient hole extraction with
respect to the P3HT reference.

The diode ideality factor and the reverse saturation current (J0) can be determined by

plotting VOC as a function of kBT
q ln(JSC) (Figures 4.5c and d). The ideality factor corresponds
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to the slope of the fit. J0 is found from the intercept at kBT
q ln(JSC) = 0. All the values of J0

and n are reported Figure 4.5d. Although P3HT and P3HT-NW based devices show reverse

saturation currents higher by 4 to 5 orders of magnitude with respect to spiro-OMeTAD, the

blend yields a much lower J0 value (6.68×10−9 A·cm−2) and an ideality factor closer to unity

(1.81). The reduction of the reverse saturation current when P3HT-NWs are blended with

PMMA shows an improved diode behaviour indicating that non-radiative recombination

pathways are minimised. From a recombination point of view, both P3HT and P3HT-NWs

form extremly poor interfaces with the perovskite, which is greatly improved by the blend.

The PMMA matrix being insulating, charges are forced to flow from the perovksite to the

nanowires through very few points of contact. Thus, the effective charge extraction area is

significantly decreased leading to less non-radiative recombinations losses.

4.3.3 Photoluminescence quenching measurements

In a solar cell, the photoluminescence should be quenched under short circuit conditions since

all carriers are extracted, but under open circuit conditions, the recombination is ideally ra-

diative, hence no quenching should be observed. However, most conventional HTMs quench

the PL emission since they were optimised solely for charge extraction with relatively little

consideration for minimising recombination. Thus, photoluminescence quenching experi-

ments were performed in order to determine how efficiently charges were extracted at the

p-type interface (Figures 4.6 and 4.7). CH3NH3PbI3-xClx perovskite films were coated with

different HTMs and a neat film with a layer of PMMA was taken as a control.

Time-resolved PL measurements (Figure 4.6a) were taken and the decays were fitted to

a monomolecular tail fit in order to estimate the lifetimes (τe) (Table 4.2). With such fitting

procedure, the overall τe represents a superposition of both radiative and non-radiative decay

processes. Here, the PL was measured at VOC, thus a quenched emission implies that charges

recombine non-radiatively across the perovskite/HTM interface. The spiro-OMeTAD, P3HT

and P3HT-NW HTMs all reduce the PL decay of the perovskite from a lifetime of 231.9 ±

1.0 ns to 45 ns on average. The blend increases the PL intensity and also lead to a notably
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longer decay tail, resulting in a twofold increase in lifetime (470.5 ± 2.2 ns) compared to

the neat PMMA control device. Along with the PL decay measurements, the PLQE was

monitored at a fluence equivalent to 1 sun. The trend in PLQE follows the change in lifetime,

as reported in Figure 4.6b. All HTMs efficiently quench the emission peak with respect to

the control, with the exception of the blend which doubles the PLQE from 15% to 30%.
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Figure 4.6: Photoluminescence quenching measurements probing the emission of samples with
various HTMs. a) Time-resolved PL decays were detected at 780 nm following a pulsed (1
MHz) excitation source at 505 nm with a fluence of 30 nJ·cm−2. Solid lines are fits to the data
using a monoexponential decay tail fit. b) PL peak emission measured at 1 sun illumination
with the corresponding PLQE values for the control and the perovskite/blend sample.

τ  [ns]e

Control 231.9 ± 1.0

Spiro-OMeTAD 40.5 ± 0.2

P3HT 49.7 ± 0.1

P3HT-NW 45.0 ± 0.1

Blend 470.5 ± 2.2

Table 4.2: Lifetimes τe corresponding to the time taken to reach 1/e of the initial intensity.
Values extracted from monoexponential fits plotted in Figure 4.6a.

The substancial increase in both PL lifetimes and PLQE when the perovskite absorber

is coated with the blend indicate a decrease in non-radiative electron-hole recombinations at

the HTM-perovskite absorber interface. However, these observations would also go against

the argument established by a part of the PV community which defines a good extraction

layer as a good quencher [89]. Based on this hypothesis, the blend could not act as an

efficient hole extracting layer, nonetheless it was previously demonstrated that devices using
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the composite structure as a HTM performed as efficent solar cells and showed both a

substancial increase in VOC and a decrease in J0, both of which suggest reduced non-radiative

losses. These observations are in agreement with the discussions made by Tvingstedt et al.

in which they highlighted the fact that, in any solar cell, the PL emission of the absorber

should not be quenched at the interfaces with charge extraction layers [89]. They especially

demonstrated that PL quenching measurements are suited to correlate the quenching with

the photocurrent generation, but a quenched emission does not necessarily imply a high

VOC. On the contrary, in order to bring VOC closer to the radiative limit such that the solar

cell performs optimally, the non-radiative recombination pathways should be minimised, i.e.

the PLQE should remain as high as possible [87, 89, 123, 21].

To gain further insight on the photoluminescence characteristics of the films, PL imaging

was performed. In Figure 4.7a, a PL image of a bare perovskite is compared to a perovskite

film coated with the blend. Noticeably, the perovskite/blend sample appears much brighter

with respect to the neat control indicating an increase in PL yield. However, whereas the

reference shows homogeneous PL, the intensity of the absorber/blend is quite contrasted,

resulting in particularly luminescent areas and much darker patches. By looking at the films

separately, in both "dark" (microscope images) and "PL" mode (PL images), it becomes

possible to associate the different areas with the constituent materials of the blend (Figure

4.7b). The layer of pure P3HT-NW shows aggregates ranging from 1 µm up to 30 µm across.

These aggregates brigthen in the PL image and can be attributed to the nanowires. When

the P3HT-NWs are combined with the PMMA matrix, followed by sonication of the solution,

the casted film presents much smaller and scattered aggregates of high PL corresponding

to pure P3HT, and the darker zones can be attributed to the PMMA matrix with finely

dispersed nanowires. When PMMA is coated onto the perovskite, the emission remains

homogeneous in intensity throughout the surface at the exception of small circular dark spots

which are most likely impurities. In the perovskite/blend images, the zones corresponding

to finely dispersed nanowires in PMMA intensify the PL emission, while the aggregates of

P3HT-NWs quench the PL. Since the zones quenched by the P3HT-NWs cover only a small

part (∼20%) of the total surface, the overall average PL intensity remains higher than the
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perovskite reference, in agreement with the increase in PLQE.
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Figure 4.7: Photoluminescence imaging. a) PL images of perovskite films with and without
the blend. b) Comparison between microscope images and PL images for films of P3HT-NW,
blend, perovskite coated with PMMA and perovskite coated with the blend.
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Nanosecond transient absorption spectroscopy (ns-TAS) was performed to reconcile this

enhanced photoluminescence with the fact that the P3HT-NW/PMMA composite acts as

a successful HTM in solar cells. The results are depicted in Figure 4.8 for perovskite films

coated with PMMA, P3HT, P3HT-NW, and the blend.

All spectra show the expected large photo bleach at 760 nm, associated with state filling

at the band edge in the perovskite semiconductor films, as well as the often observed broad

absorption in the higher energy part of the spectrum [124, 125, 126]. The slight red shift of

the bleaching feature in time likely corresponds to sample cooling, as the pump intensity was

quite high. Upon addition of P3HT, however, the rapid (< 50 ns) growth of two additional

bleaching signals at 615 nm and 560 nm can be observed, corresponding to a bleaching of the

vibrational modes in crystalline P3HT, indicative of free holes in the P3HT film [127]. This

is direct evidence of rapid hole transfer from the perovskite bulk to the P3HT. This occurs

on the time scale of less than 50 ns, consistent with the rapid photoluminescence quenching

observed for such samples (Figure 4.6a) and confirming rapid diffusion of holes through the

perovskite bulk. Similar features are observed for the samples coated with P3HT-NWs. Here,

the narrowness of the peaks is evidence that the P3HT nanowires are highly crystalline in

nature. When the kinetics of these features are monitored at a probe wavelength of 615 nm

(Figure 4.8b), it is evident that they have lifetimes on the µs time scale, indicating several

µs recombination lifetimes. Once the NWs are blended with PMMA, the spectral features

are very similar, again providing evidence of hole transfer from the perovskite to the P3HT

nanowires. When the kinetics of the P3HT vibrational bleaching are monitored for the

blend, it becomes evident that the recombination lifetime is massively increased to tens of

µs. The early time signal (< 100 ns) in this trace correspond to pump scatter and should

hence not be considered as indicative of the hole population on the P3HT nanowires. The

increased recombination lifetime also helps to rationalise the improved device performance

of this architecture with respect to the P3HT control.
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Figure 4.8: a) Transient absorption (TA) spectra for different time delays for perovskite films
coated with PMMA, P3HT, P3HT-NW, and the blend. b) TA dynamics monitored at 615 nm
for perovskite films coated with P3HT, P3HT-NW, and the blend. The excitation wavelength
was 650 nm and the pump power 2 mW·cm−2. All samples were excited from the glass side.
Measurements were taken by Dr Tomas Leijtens (Istituto Italiano di Tecnologia, Milan).
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4.3.4 Correlation between VOC and photoluminescence yield

At short-circuit, all the photons absorbed by the perovksite should be converted to free

charges and flow in the external circuit. Thus, any recombination process (radiative and

non-radiative) should be as low as possible and the solar cell should emit as little light as

possible. On the contrary, at open-circuit no external current can flow and free charges must

recombine. Therefore, an ideal solar cell should have an external PLQE of 0% at JSC and

100% at VOC [128, 129]. Complete device stacks usually show poor luminescence efficiencies

due to significant non-radiative recombinations at the interfaces with the absorber. Since the

previously discussed PL measurements on films revealed an increase in luminescence when

the blend was deposited onto the perovskite, PL measurements of full devices at both JSC

and VOC were taken, in order to determine whether blend-based devices were radiatively

more efficient than standard devices employing P3HT as a HTM (Figure 4.9).
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Figure 4.9: Photoluminescence of full devices employing either P3HT or the P3HT-
NW/PMMA blend as a HTM, measured at VOC and JSC.

In the P3HT-based device, no changes in intensity can be observed between the PL meas-

ured at JSC and VOC, indicating that the p-type interface in this device induces subtancial

non-radiative losses, in line with the low VOC and high J0 observed. In the blended HTM

device, the PL intensity at VOC is largely enhanced over that measured at short-circuit condi-

tions. These observations strongly suggest that non-radiative recombinations are supressed

in the blend-based device, and also highlight the fact that neat P3HT is far from being

an ideal HTM since it induces recombinations at the p-type interface. This could be an

explanation for the recurrent VOC loss in devices (Table 4.1).
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According to the Rau’s reciprocity relationship which relates the generation of electron-

hole pairs to the emission of light, the non-radiative VOC losses of a solar cell (∆Vnonrad
OC )

scale exponentially with the EQE of the device operating as a LED (ηLED) [87]:

∆Vnonrad
OC ∝ kBT

q |ln(ηLED)| (4.1)

Furthermore, ∆Vnonrad
OC losses can be calculated as the difference between the maximum

achievable voltage obtained from the Shockley-Queisser limit Vrad
OC (i.e. after unavoidable

thermodynamic losses where electron-hole radiative recombination is 100%), and the exper-

imentally measured VOC of a device [19, 87, 128]. Additionally, at VOC conditions, ηLED (or

ELQE) can be replaced by the PLQE [129, 130]. Hence, by measuring VOC as a function of

the light intensity, it is possible to estimate and correlate the non-radiative VOC losses of a

solar cell (∆Vnonrad
OC ) to the luminescence. Firstly, the changes in PLQE (measured at VOC)

and VOC as a function of the light intensity were quantified and are shown in Figures 4.10a

and b. Cleary, both devices show very different trends in PLQE with the incident light.

While the P3HT reference shows luminescence values below 0.1%, the blend shows a gradual

increase up to 1.5% which indicates that the blend-based device is an order of magnitude

more radiatively efficient than the pure P3HT reference. Then VOC as a function of the light

intensity is represented in Figure 4.10c.
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Figure 4.10: Photoluminescence efficiency of complete solar cells comparing P3HT to the blend
as HTMs. a) PLQE as a function of the light intensity measured at open-circuit conditions.
b) Measured VOC as a function of the incident light. c) Estimation of the non-radiative VOC
losses and correlation to the luminescence properties of the device.

Non-radiative losses in the P3HT device are 100 mV higher than when the blend is used
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as a HTM, indicating that the perovskite/blend interface is more ideal in terms of radiative

efficiency. Moreover, the linear behaviour of ∆Vnonrad
OC with the luminescence of the device

across the two different HTMs is clear evidence that the substancial increase in VOC with

the blend is directly related to the increased radiative efficiency.

4.3.5 Effect of tBP on the dispersion of nanowires

Despite reducing non-radiative recombinations at the p-type interface, devices with P3HT-

NW/PMMA composite HTMs still show lower currents and fill factors than those with

pure P3HT, which could indicate higher series resistances in the former. For charges to be

extracted from the perovskite to the electrode, a conductive nanowire pathway through the

insulating PMMA matrix must exist. If some of the nanowires are too short or lie parallel

to the perovskite surface, they may become embedded into the PMMA without contributing

to percolation pathways. In such a situation, those nanowires cannot take part in the charge

collection process and the overall current extraction is reduced. Pyridines have been shown

to help with the dispersion of nanoparticles [131], thus the commonly used additive for HTM,

tert-butyl pyridine (tBP) might reduce NW agglomerations in solution and result in more

uniformly distributed NWs in the P3HT-NW/PMMA blended films, which would lead to

more wires taking part in charge transport. Additionally, tBP modifies the p-type interface

by making it more selective for holes, resulting in much improved steady-state performances

[132]. These two factors could greatly enhance the efficiency of the blend-based solar cells.

Here, a mixed halide perovskite, FA0.85MA0.15Pb(I0.85Br0.15)3, was used as the absorber,

and prepared according to the antisolvent quenching method described in Chapter 3.

Due to the substancial reduction in surface roughness of this perovskite as compared to

CH3NH3PbI3-xClx, the blend content had to be reoptimised. The percolation threshold of

the nanowires through the PMMA matrix was much lower on a smoother surface, thus the

PMMA solution was diluted from 50 mg·mL down to 10 mg·mL. tBP was added to the

P3HT-NW/PMMA solution in order to assess its effect on both the blend formation and

the solar cell performance.
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Initially, PL quenching experiments were performed on the perovskite/blend samples with

tBP content ranging from 0 µL to 20 µL per mL of blend solution to determine whether

adding tBP would have an influence on the quenching characteristics of the HTM. Both time-

resolved PL decay and PL quantum yield were taken (Figure 4.12). As previously observed,

when the blend, without tBP added, is coated onto the absorber layer, both the lifetime

and the PLQE increase with respect to the neat PMMA coated perovskite. With increasing

tBP concentrations, the decay lifetime is reduced and the PL quantum yield is progressively

quenched. Nonetheless, the blend with the highest tBP content (20 µL/mL) still yields a

PLQE value two orders of magnitude higher than for the P3HT control. By plotting the

changes in PLQE with the tBP content, the volume of additive for which the PLQE remains

similar to the neat PMMA control can be determined, and corresponds approximately at 5

µL of tBP per mL of blend solution.
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Figure 4.11: Photoluminescence quenching measurements probing the emission of perovskite
films coated with the blend HTM with various tBP content. a) Time-resolved PL decays
detected at 800 nm following a pulsed (100 kHz) excitation source at 505 nm with an initial
photoexcitation density of 1015 cm−3. b) PL quantum yield measured at a fixed intensity of
16.2 mW·cm−2.

Having shown that adding 5 µL/mL of tBP to the blend marginally impacts the emission

properties of the perovskite/HTM system, complete perovskite solar cells using the n-i-

p architecture were fabricated to investigate the influence of the additive on the device

performance. Since tBP was shown to improve the VOC and the steady-state performance of

devices [132], a similar volume content was added to P3HT reference. The average scanned
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and steady-state performances are reported in Figure 4.12. Comparing with the P3HT

reference, both blends (with and without tBP) boost the VOC, consistent with the reduction

of non-radiative recombinations previously established. When tBP is added to the blend,

both the JSC and the FF considerably increase in comparison to those of the composite

HTM without the additive, resulting in a twofold increase in PCE from a mere 8% to 16%

on average, bringing the blend’s performance up to nearly match the P3HT control. The

tBP-modified blend also shows a 10% reduction of the hysteresis as compared to P3HT,

which manifests as an improvement of the SPO from 11.2% to 12.8%.
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Figure 4.12: Scanned and steady-state performances of devices with and without adding tBP
(5 µL) to the blend. Spiro-OMeTAD was taken as a control, and the same amount of tBP was
added to both the P3HT and the P3HT-NW solution.

Figure 4.13 depicts the current density-voltage characteristics and steady-state efficiency

of the champion devices for the blend and the P3HT and spiro-OMeTAD references. The

corresponding performance parameters of these champion devices are shown in the table in

Figure 4.13a. Spiro-OMeTAD remains the best performing HTM of all, reaching a SPO of

18%, however both P3HT-based devices show very comparable JSC, indicating that the blend

is no longer limiting the extraction of charges. The P3HT-NW/PMMA composite HTM

yields a slightly higher PCE than neat P3HT stemming from a 1% increase in FF and a small

gain in voltage. Whereas the scanned performance of the blend is only moderately enhanced
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with respect to neat P3HT, steady-state measurements show a much more significant 3%

increase in SPO, bringing the best performing device using the P3HT-NW/PMMA composite

HTM to 14.8%.

PCE [%] V  [mV]OC

-2J  [mA.cm ]SC FF [%]

Spiro-OMeTAD 18.6 1124 22.58 74.1

P3HT 15.28 1033 22.11 67.7

Blend 16.07 1067 22.22 68.8

14.8%

Figure 4.13: a) Current density-voltage characteristics and b) steady-state efficiencies of cham-
pion devices with different HTMs. 5 µL of tBP was added to the P3HT reference and the blend
solution.

In a study on polymer solar cells, pyridines have been used to facilitate the dispersion

of nanorods coated with P3HT, implying that the additive somehow interacted with the

polymer helping the separation of the nanoparticles [131]. A year later, Li et al. proposed

that pyridine derivatives could bind to the tiophene ring of the P3HT, perpendicular to the

polymer backbone, via the nitrogen atom [133]. With both of these findings, it becomes

possible to understand why tBP has a strong influence on the blend formation. Since, tBP

is a pyridine derivative, the N atom on the aromatic ring could attach to the P3HT chain

with the methyl groups poiting away from the nanowire. Due to steric effects, it becomes

increasingly difficult for individual P3HT-NWs to interweave, leading to the dissociation

of aggregates and forcing the chains to align parallel to each other and so chances for the

NWs to align vertically increase, resulting in more numerous percolation pathways. Excited

charges can be efficiently extracted from the perovskite to the electrode generating more

current, which is consistent with the enhancement in JSC observed in devices.
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4.3.6 Operating mechanism of the P3HT-NW/PMMA composite

HTM

Combining the information from the PL yields and lifetimes, the TAS and device perform-

ance, it becomes possible to form an idea of the operating mechanism of these composite

hole transport layers. As with any effective HTM, the holes are rapidly transferred from the

perovskite to the nanowires. In solar cell operation, these holes are then transported to the

collecting cathode or recombine with electrons in the perovskite. Normally, the recombina-

tion process is nonradiative, as holes in the HTM recombine with electrons in the conduction

band of the perovskite. However, it seems that in the case of the composite hole transport

structure, the recombination is radiative.

Upon excitation, holes migrate to the perovskite/P3HT-NW interface. Some of the NWs

percolate through the PMMA matrix and efficiently transport holes to the collecting cath-

ode. Shorter wires may contact only the perovskite while being embedded in the insulating

polymer. Charges on these wires cannot be extracted and reside with long lifetimes in the

NWs. Since the nanowires are extremely small ( 10 nm in diameter, 1 µm long at most),

the hole densities in the P3HT-NWs is much greater than in a standard film of P3HT. This

results in high densities of holes in the nanowires and electrons in the perovskite. These

densities will be on the order of 100 times higher than for a neat perovskite film where the

carrier lifetimes are on the order of 100 ns instead of tens of µs. With this large increase

in charge density, it is likely that the HOMO of the nanowires becomes close to filled and

the quasi-Fermi level for holes in the NWs is deepened. At this point, the quasi-Fermi level

for holes in the nanowires will approach the valence band energy of the perovksite, allowing

effective wavefunction overlap and promoting hole transfer between the two. Then, a back

transfer process occurs via a transfer of holes from the HOMO level of the nanowires directly

to the valence band of the perovskite, after which they recombine radiatively with the large

density of electrons there, rather than through non-radiative recombination with electrons

in the conduction band. Thus, reducing the interfacial area between the perovskite and the
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HTM results in a reduction of non-radiative recombination. Since the photoluminescence

is highly dependent on charge density (i.e. higher charge density leads to improved pho-

toluminescence yields) [20] this mechanism results in an enhanced photoluminescence yield

as compared to neat perovskite samples encapsulated with PMMA. The fact that the PL

yield is so greatly enhanced is evidence that both hole transfer from the perovskite to the

nanowires and the back transfer to the perovskite VB are extremely efficient processes with

few loss pathways. A diagram depicting this HTM charge transfer mechanism in a perovskite

solar cell with the composite P3HT-NW/PMMA blend is illustrated in Figure 4.14.

h+

e-

h+

e-

e-/h+ radiative recombination
after back transfer

Perovskite

Electrodes ETL

HTM Blend (PMMA:P3HT-NW)

At JSC At VOC

Figure 4.14: Illustration of the operating mechanism of P3HT-NW/PMMA composite structure
HTM.

The contact area between the HTM and the perovskite is drastically reduced with the use

of the P3HT-NWs, and so to be collected, charges are forced to flow through extremely small

pathways. Hole density at the discrete NW-perovskite contact points becomes very large and

non-radiative recombination is reduced resulting in better device performance, with notable

enhancements in both VOC and SPO. Reducing recombination by partially passivating the

charge collecting interface with an insulating compound is an extensively employed technique

in silicon PV, more commonly referred to as Passivated Emitter Solar Cell (PESC). This

study highlights the fact that purposely introducing discontinuities at the perovskite/HTM

interface, in a controlled manner, can be key in the development of a more efficient perovskite
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solar cells since it inhibits non-radiative electron-hole recombination losses by forcing excited

charges to travel through smaller channels before reaching the collection electrode.

4.3.7 Stability and cost

Devices employing the commonly used spiro-OMeTAD (doped Li-TFSI and FK209, with

tBP additive) and the P3HT-NW/PMMA composite as HTMs were subjected to a thermal

stress test in ambient conditions, in order to investigate the blend’s impact on device stability.

The solar cells were heated to 85℃ on a hot plate in the dark, under ambient atmosphere

with a relative humidity of 30-40% for a week without any encapsulant. Devices were then

cooled down and tested at room temperature. The scanned and steady-state performances

comparing spiro-OMeTAD to the blend, before and after aging, are shown in Figure 4.15.
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Figure 4.15: Comparison between initial and aged performances of spiro-OMeTAD and the
P3HT-NW/PMMA composite HTM. The aged devices were measured after a week of aging at
85℃ in the dark at 30-40% humidity without encapsulants.

Despite yielding to greater device performance initially, spiro-OMeTAD doped with lith-
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ium salts degrades severely. With the blend, the solar cell retains 60% of its initial per-

formance delivering a SPO of 9.2% after a week of aging. The fast drop in performance

from 17.5% to 6.7% with spiro-OMeTAD is due to the hydration of the perovskite absorber

[76] caused by the use of lithium salts. Upon oxidation of spiro-OMeTAD, lithium oxide

complexes are formed which are highly hygroscopic [90] thus accelarating the permeation of

water molecules through the HTM. In the composite HTM, the inert PMMA matrix acts as

a barrier to water ingress. Therefore, the composite structure allows efficient charge extrac-

tion while protecting the perovskite absorber from moisture which results in greater device

stability.

Besides preventing the degradation of the perovskite absorber by limiting the ingress

of water, the P3HT-NW/PMMA composite HTM is significantly less costly than spiro-

OMeTAD and neat P3HT. A cost analysis using the cheapest commercially available mater-

ials, comparing spiro-OMeTAD to the blend HTM is presented in Figure 4.16. The composite

HTM would amount to merely ∼150£/m2 compared to spiro-OMeTAD which would cost

∼2300£/m2. Thus, the P3HT-NW/PMMA blend is 15 times cheaper than spiro-OMeTAD,

making it very attractive for large-scale manufacturing. Moreover, the composite HTM solely

requires tBP and no additional doping as compared to spiro-OMeTAD which cannot perform

efficiently without p-dopants. The introduction of additives and dopants will increase the

total production cost of the HTM layer.

Price from Sigma-Aldrich HTM concentration 2
Quantity per m

2
Price per m

[£/g] [g/mL] 2
[g/m ]

2
[£/m ]

Spiro-OMeTAD £270.50 0.085 7 ~2300

PMMA £156.00 0.010 1 ~150

P3HT £419.50 0.004 0.4 ~170

Blend (PMMA:P3HT)(1:3)(v:v) - - - ~150

Figure 4.16: Cost analysis of HTMs employed this study. Assuming a use of 100 mL of HTM
solution per m2.
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4.4 Conclusion and outlook

In this chapter, a novel P3HT-NW/PMMA composite structure is developed and employed as

a HTM in perovskite solar cells. The P3HT polymer blend efficiently extracts holes through

crystalline nanostructures, while the inert PMMA acts as a barrier to water ingress, which

protects the perovskite absorber from moisture induced degradation. This results in efficient

perovskite devices with enhanced stability. Interestingly, this blended HTM leads to re-

markable enhancements in both VOC and SPO compared to neat P3HT. Photoluminescence

studies reveal that the composite structure significantly reduces non-radiative recombination

losses at the interface with the absorber. In contrast to all other HTMs studied in this work,

the P3HT-NW/PMMA HTM structure does not substantially quench the PL emission at

open-circuit conditions which gives a high PLQE. Due to the introduction of the insulating

PMMA matrix, the NW-perovskite interface is limited to discrete contact points. Hence,

charges are forced to flow through extremely small channels which creates a build up of the

hole density at the contact points. As a result, non-radiative recombination pathways are

reduced and the device performance is improved.

Further optimisations of the P3HT-NW/PMMA blend HTM with addition of tBP en-

hances the percolation threshold of the nanowires through the PMMA matrix. The best

performing device using this composite HTM yielded 14.8% SPO, which corresponds to a

3% increase with respect to a neat P3HT HTM. After exposing non-encapsulated devices to

thermal stressing in air (85℃, dark 30-40% humidity), blend-based devices maintained up

to 60% of their initial performance while that of solar cells using spiro-OMeTAD doped with

Li-TFSI salts was severely degraded. In addition to the enhancing stability of perovskite

solar cells, the P3HT-NWs/PMMA composite structure is 15 times less expensive than the

spiro-OMeTAD small molecule. This chapter covers the development of composite HTM

structures using PMMA, an inexpensive and inert polymer. Besides effectively extracting

charges and reducing moisture ingress, such structures introduce controlled discontinuities

at the perovskite/HTM interface, analogous to the extensively employed PESC technique
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used in silicon photovoltaics (PESC). This opens new pathways for improving the efficiency

of perovskite solar cells while shielding the absorber from moisture and drastically lowering

the cost of the hole trasnport layer.
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5 | Enhancement of the moisture re-
silience of perovskite solar cells
using molybdenum tris(dithiolene)s
as p-dopants for spiro-OMeTAD

The following chapter describes the use of molybdenum tris(dithiolene)s (Mo(td)3)
as p-dopants for spiro-OMeTAD and their positive impact on the long-term stability
of perovskite solar cells. The synthesis of both Mo(td)3 complexes presented in this
chapter has been carried out by Yadong Zhang, Georgia Institute of Technology.
The work pesented has been adapted and reproduced in part with permission from:
Alba Pellaroque, Nakita K. Noel, Severin N. Habisreutinger, Yadong
Zhang, Stephen Barlow, Seth R. Marder & Henry J. Snaith, ACS Energy
Letters, 2, 2044-2050 [134]. Copyright 2017 American Chemical Society.
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5.1 Context and summary

Over the years, metal halide perovskite solar cells have shown phenomenal progress and

are now in a position to compete on efficiency with traditional crystalline solar cells. How-

ever, the biggest obstacle toward commercialisation of the technology lies in the instability

of the absorber itself, particularly towards moisture and heat. This is due to the high

affinity towards water of the organic cation, which leads to the rapid decomposition of

the perovskite into a non-perovskite material PbI2, which is a comparatively poor ab-

sorber. This decomposition is therefore accompanied by a significant decline in device

performance. To date, the most efficient perovskite solar cells have the n-i-p device ar-

chitecture in which the hole transport material (HTM) is deposited on top of the per-

ovskite, and hence could act as a physical barrier against moisture ingress. Several stud-

ies have focused on the development of moisture-blocking contacts to protect the per-

ovskite absorber from the wet external atmosphere. Nonetheless, 2,2’,7,7’-tetrakis(N,N’-di-

p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-OMeTAD) typically doped with lithium

bis((trifluoromethyl)sulfonyl)amide (Li-TFSI) remains the most commonly employed HTM

in perovskite solar cells. Even though Li-TFSI enhances the hole transport properties of

the spiro-OMeTAD, its hygroscopic nature accelerates the permeation of water molecules

through the HTM, which is detrimental to the long-term performance of the solar cells

and limits its practical use. In this chapter, Li-TFSI was successfully replaced by molyb-

denum tris(1-(trifluoroacetyl)-2-(trifluoromethyl)-ethane-1,2-dithiolene) (Mo(tfd-COCF3)3),

or molybdenum tris(1-(methoxycarbonyl)-2-(trifluoromethyl)ethane-1,2-dithiolene) (Mo(tfd-

CO2Me)3). These two dopants showed stabilised power conversion efficiencies up to 16.7%

and 15.7%, respectively. Furthermore, both Mo(tdf)3-doped spiro-OMeTAD layers exhib-

ited greater hydrophobicity as compared to the Li-doped HTM which lead to a significant

enhancement of the long-term stability of perovskite solar cells under 85℃ thermal stressing

in air. Molybdenum tris(dithiolene)s are hence promising candidates as p-dopants for hole

transporter materials with regards to both performance and stability.
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5.2 Introduction

Organic-inorganic halide perovskites have now reached certified power conversion efficien-

cies of over 22% [57], however their ability to sustain high performance under real world

conditions remains challenging which can potentially prevent the commercialisation of this

technology. One of the critical concerns is the instability of iodoplumbate-based perovskite

materials themselves. The organic cation, which is only bound to the Pb-I cage by weak

hydrogen bonds, readily dissolves when exposed to moisture and heat [72, 74, 76], and there-

fore results in a breakdown of the perovskite structure. For commercial applications, solar

cells are typically encapsulated with lamination foils, glass and edge sealants. These mater-

ials and encapsulation techniques are good, but can be prone to cracking, leakage and will

most likely result in costly final products. Therefore, developing solar cells with an inherent

resistance to moisture ingress should result in more stable and low-cost modules.

In an n-i-p device architecture, i.e. with the perovskite deposited onto the electron-

transporting layer, the hole-transporting material acts as the first barrier to water since it

caps the device. The most efficient perovskite solar cells employ spiro-OMeTAD or a tri-

arylamine polymer (PTAA) as the hole transporting material (HTM) [69, 135, 136]. However,

neat organic HTMs suffer from intrinsic low hole mobility and low conductivity [137, 138].

Therefore, p-doping is required to enable efficient hole extraction. This is generally ac-

complished by addition of both the ionic dopant lithium bis((trifluoromethyl)sulfonyl)amide

(Li-TFSI) and 4-tert-butyl pyridine (tBP), often in combination with an additional p-dopant,

typically the tris(pyrazolylpyridine)-cobalt(III) complex (FK-209) [69, 68]. The Li-TFSI salt

has been shown to increase the hole mobility in spiro-OMeTAD by an order of magnitude

[138], and has since been a prerequisite to obtaining a high power conversion efficiency. How-

ever, Li-TFSI does not directly oxidise spiro-OMeTAD, but rather promotes oxidation of the

HTM by molecular oxygen to reach appropriate conductivities. The complete mechanism

was proposed by Abate et al. and described as a redox reaction [90]:

Spiro-OMeTAD + O2 ↔ Spiro-OMeTAD•+O •−
2 (5.1)

100
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Spiro-OMeTAD•+O •−
2 + Li-TFSI→ Spiro-OMeTAD•+TFSI− + LixOy (5.2)

Upon exposure of spiro-OMeTAD to oxygen, a weakly bound donor-acceptor complex is

formed, and an electron from the O2 molecule can transfer to the HTM matrix (Equation

4.1). When Li+ is added, the spiro-OMeTAD oxidises by consuming O2 and forming lith-

ium oxide complexes. The oxidised spiro-OMeTAD cation and the delocalised TFSI anion

(Spiro-OMeTAD+TFSI−) are weakly attached, which allows generation of mobile holes in

the organic matrix. While the HTM presents enhanced charge transport properties, this

oxidation process comes with several drawbacks. First, the requirement for oxygen exposure

makes it difficult to precisely control the exact fraction of spiro-OMeTAD that is oxidised

and then may also have a detrimental effect on the overall device stability [79, 139]. Finally,

according to the redox reaction, oxide complexes are also formed which are highly hygro-

scopic and hence accelerate the permeation of water through the spiro-OMeTAD [88, 140].

Because both device stability and reliability are crucial factors for a photovoltaic technology,

it is necessary to achieve highly efficient operation without relying on the use of hygroscopic

dopants such as Li-TFSI.

5.3 Current alternatives to Li-TFSI

Excluding Li-TFSI to improve stability has been achieved to recent years through several

approaches. However, this has generally resulted in a significant drop in performance,

for example Shin et al. replaced PTAA with NiO, resulting in much improved stability,

but a concurrent efficiency drop from 21 to 14% [135]. Another strategy has been to

use non-hygroscopic, chemically inert conductive additives such as carbon nanotubes or

graphene in place of Li-TFSI [88, 141]. These additives serve to increase the conduct-

ivity of the HTM layer, while reducing its vulnerability to moisture ingress. Addition

of pre-oxidised spiro-OMeTAD (spiro-TFSI2) and related compounds can increase the

conductivity of the HTM and delivers comparable performance to Li-TFSI [79, 142],

while doped HTMs have also been obtained from solutions of spiro-OMeTAD that are
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partially oxidised indirectly using protic species [143]. Recently, Bolink and co-workers

have demonstrated some extremely efficient fully vapour deposited perovskite solar cells

employing dopants developed for organic light-emitting diode applications, using 1,3,4,5,7,8-

hexafluoro-9,9,10,10-tetracyano-2,6-naphthoquinodimethane (F6-TCNNQ) as a p-dopant

for the HTM bis(diarylamino)terphenyl [58]. Various cobalt(III)-complexes [144, 145]

and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) [146] have also been

successfully used as sole dopant for solution-processed spiro-OMeTAD films. Nonetheless,

to achieve record efficiencies, cobalt(III)-complexes still require the addition of lithium

salts, and F4-TCNQ is highly volatile, poorly soluble and prone to diffusion in some host

materials [147, 148].

Molybdenum tris-(1,2-bis(trifluoromethyl)ethane-1,2-dithiolene) (Mo(tfd)3) is less volat-

ile, more soluble, and less prone to diffusion than F4-TCNQ and has been used to p-dope

a variety of materials. For example, it p-dopes N,N’-di[(1-naphthyl)-N,N’-diphenyl]-1,1’-

biphenyl-4,4’-diamine (α-NPD) when co-evaporated [149], and the Mo(tfd)3− anion does not

diffuse significantly through α-NPD at temperatures of up to 110℃ [149]. Although Mo(tfd)3

has reasonable solubility in organic solvents by itself, its doping products are not always very

soluble in solvents suitable for spin-coating semiconductor films; hence, the more soluble

analogues molybdenum tris(1(methoxycarbonyl)2(trifluoromethyl)ethane-1,2dithiolene)

(Mo(tfd-CO2Me)3) and molybdenum tris-(1-(trifluoroacetyl)-2-(trifluoromethyl)ethane-1,2-

dithiolene) (Mo(tfd-COCF3)3) have been developed for solution-processing [78, 150]. Both

chemical structures are represented in Figure 5.1 below.

Mo(tfd-CO2Me)3 has been used to dope P3HT to improve the hole transport-

ing material for organic photovoltaics [151], and has been found to p-dope spiro-

OMeTAD in a study of electric-field-induced dopant drift [152]. Mo(tfd-COCF3)3 has

been used in solution-processed field-effect transistors based on polymer blends with

bis(triisopropylsilylethynyl)pentacene [153]. Very recently, Chang et al. reported a 18.5%

efficient "inverted" p-i-n perovskite solar cell employing a solution-processed Mo(tfd-
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Figure 5.1: Chemical structures of both molybdenum tris(dithiolene)s used to p-dope spiro-
OMeTAD in this study.

COCF3)3 doped poly(3,4-ethylenedioxythiophene (PEDOT) HTM [154]. All three of these

molybdenum tris(dithiolene) (Mo(tfd)3) derivatives are air-stable in the solid state and all

exhibit reversible reductions to stable monoanions at potentials (+0.12 to +0.39 V vs. ferro-

cene in dichloromethane) sufficient to oxidise spiro-OMeTAD [150] to its monocation (+0.05

V vs. ferrocene in dichloromethane), and both Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3 are

soluble in solvents commonly used for solution processing, making them good candidates to

replace Li-TFSI as a dopant for spiro-OMeTAD in perovskite-based solar cells.

5.4 Results and discussions

5.4.1 p-doping and conductivity

In order to confirm that Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3 can effectively dope spiro-

OMeTAD, absorption spectra of doped and undoped films were taken (Figure 5.2).

For the neat films, the characteristic absorption peak of neutral spiro-OMeTAD is at

390 nm. With the addition of 1 mol% of either molybdenum dopant to the solution used

to cast the film, a decrease was seen in the absorption peak at 390 nm and the appearance

of two new absorption features, at ca. 500 nm and 700 nm. Further decreases at 390 nm

peak, coupled with increases at 500 nm and 700 nm were observed with increased dopant

concentration. The mono- and dication of spiro-OMeTAD both show absorptions in these
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Figure 5.2: Changes in the ultraviolet-visible (UV-vis) absorption spectra of films of spiro-
OMeTAD with the addition of a) Mo(tfd-COCF3)3 and b) Mo(tfd-CO2Me)3, to the casting
solution, with their respective chemical structures shown as insets. Peaks at 520 nm and 690 nm
can be assigned to oxidized spiro-OMeTAD (likely spiro-OMeTAD+, but spiro-OMeTAD2+ has
an essentially identical spectrum) [155], with minor contributions from Mo(dt)3− absorptions.

regions [155], although presumably, it is the monocation that is formed in the presence of ex-

cess neutral spiro-OMeTAD; the monoanions of the Mo(dt)3 dopants also absorb at similar

wavelengths (ca. 490 and 670 nm in CH2Cl2 [150]), albeit weakly. Consistent with solu-

tion electrochemical data [79, 150] and with a previous study of dopant drift that included

Mo(tfd-CO2Me)3-doped spiro-OMeTAD [152], the spectral changes with dopant concentra-

tion suggest that Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3 are indeed capable of oxidising

spiro-OMeTAD.

To correlate the evolution of absorption features to the increased availability of holes

in spiro-OMeTAD upon p-doping, four-point probe conductivity measurements were per-

formed. In Figure 5.3a, the conductivity of spiro-OMeTAD as a function of doping concen-

tration is shown for both Mo(dt)3 dopants. The measurements were made immediately after

spin-coating the films in a nitrogen atmosphere and compared to the conductivity of spiro-
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OMeTAD doped with Li-TFSI/FK209/tBP at the standard concentration, after leaving the

film in dry air for 24 hours (straight line). Both Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3 en-

hanced the conductivity by almost four orders of magnitude relative to that of undoped spiro-

OMeTAD, resulting in a higher conductivity than that obtained with Li-TFSI/FK209/tBP.

The conductivity increased exponentially with the dopant concentration. These results are

consistent with effective p-doping of spiro-OMeTAD by both Mo(tfd-COCF3)3 and Mo(tfd-

CO2Me)3. Furthermore, in contrast to Li-TFSI doping which requires oxygen [90], the

Mo(dt)3 complexes react instantly with the spiro-OMeTAD host material, consistent with a

straightforward exergonic electron-transfer mechanism:

Mo(dt)3 + Spiro-OMeTAD→ Spiro-OMeTAD•+ + Mo(dt)3
•− (5.3)

In Figure 5.3b, the absorption of neat to oxidised spiro-OMeTAD is compared, where

the HTM was oxidised using either the standard concentration of Li-TFSI (50 mol%) with

tBP (330 mol%) additive and the cobalt-complex dopant FK209 (3 mol%), or 5 mol% of

either of the molybdenum tris(dithiolene) dopants in order to maintain the conductivity in

the same order of magnitude. While the absorption features of oxidised spiro-OMeTAD

were present for all the dopants, the Li-TFSI/FK209/tBP doped spiro-OMeTAD exhibited

weaker features in the 500 nm and 700 nm regions, perhaps suggesting a higher efficiency

of doping by the Mo dopants, although contributions by Mo(dt)3− absorptions in the same

wavelength range precluded precise quantification.

Figure 5.3c shows the absorption spectra of spiro-OMeTAD doped with Li-TFSI, FK209

and tBP immediately after spin-coating in inert atmosphere and after having been kept in

dry air for 24 hours. With time, features attributed to oxidised spiro-OMeTAD increased

in strength, consistent with the creation of additional charge carriers (holes). This lead to

a greater conductivity, which increased from 6.9×10−6 S·cm−1 to 4.5×10−5 S·cm−1 after air

exposure.

Notably, these results reveal that spiro-OMeTAD films doped with only 5 mol% Mo(tfd-
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Figure 5.3: a) Conductivity of spiro-OMeTAD doped with the commonly used Li-
TFSI/FK209/tBP after exposure to dry air for 24h (grey line), and with Mo(tfd-COCF3)3 and
Mo(tfd-CO2Me)3 as a function of molar doping content relative to spiro-OMeTAD. The molar
concentration of the additives for the Li-doped reference with respect to spiro-OMeTAD is: 50%,
3% and 330% for Li-TFSI, FK209 and tBP, respectively. b) Absorption spectra of undoped
spiro-OMeTAD compared to the standard Li-TFSI/FK209/tBP doped and molybdenum-doped
spiro-OMeTAD. For both Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3 a molar concentration of 5%
relative to spiro-OMeTAD was chosen. The molar concentrations of additives for the Li-doped
reference with respect to spiro-OMeTAD are: 50%, 3% and 330% for Li-TFSI, FK209 and tBP,
respectively c) UV-vis absorbance spectra of Li-TFSI/FK209/tBP doped spiro-OMeTAD taken
immediately after spin-coating in nitrogen and after air exposure for 24 h in a desiccator with
corresponding film conductivities.

COCF3)3 and Mo(tfd-CO2Me)3 exhibit higher conductivities than the Li-TFSI/FK209/tBP

doped films. At 30 mol% doping, the spiro-OMeTAD films are around one order of magnitude
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more conductive. This indicates a much higher doping efficacy of the Mo(dt)3 dopants versus

Li-TFSI, and in addition less of a negative impact upon mobility at high concentrations.

Elevated dopant concentrations tend to render the organic film amorphous. This results

in a greater density of traps and an increase in scattering centers for charge carriers which

hamper their mobility and the overall conductivity.

5.4.2 Solar cell performance

Having shown that both Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3 can efficiently dope spiro-

OMeTAD, perovskite solar cells using the n-i-p architecture were fabricated in order to

investigate the influence of the dopants on the device performance. The mixed halide per-

ovskite FA0.85MA0.15Pb(I0.85Br0.15)3 was spin coated on top of a SnO2/PC60BM n-type layer,

where PC60BM is [6,6]-phenyl-C60-butyric acid methyl ester, and then capped with the

doped HTMs. Finally, a gold electrode was evaporated. Full experimental details are given

in Chapter 3. The control devices used the commonly employed additives Li-TFSI, FK209

and tBP [60].

In order to determine the minimum dopant content necessary to obtain efficient devices,

a concentration dependance was performed. All the scanned and steady-state performances

are reported in Figure 5.4. Firstly, it was noticeable that regardless of the doping con-

tent, the reference always outperformed devices made with Mo(dt)3-doped spiro-OMeTAD,

mainly due to a drop in open-circuit voltage. Further for both dopants, scanned power con-

version efficiencies became greater with increasing molar concentrations up to 5%. Passed

5 mol%, the scanned efficiency of the solar cell remained the same for higher dopant con-

centrations. Nonetheless, for Mo(tfd-COCF3)3 the steady-state performance kept improving

with increasing dopant content which suggests that the molydbenum complex interacts with

the perovskite. This phenomenon is explored in greater detail in Chapter 6.
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Since a 5 mol% concentration with respect to spiro-OMeTAD gave the best trade-off

between scanned and steady-state performances for both Mo(dt)3 dopants, this doping con-

centration was kept constant for the rest of the study. Furthermore, by using this level of

doping, the conductivity was maintained within the same order of magnitude across the

various dopants, corresponding to a conductivity of ∼5×10−5 S·cm−1 (Figure 5.3a).

Figure 5.5 depicts the current density-voltage (J-V) characteristics and steady-state effi-

ciency of the best performing devices doped with Li-TFSI/FK209/tBP and both Mo(dt)3 p-

dopants, recorded under simulated AM1.5, 1 sun irradiance. The corresponding performance

parameters of these champion devices are shown in Table 5.1. With the use of the molyb-

denum complexes the open-circuit voltage (VOC) decreased from 1.13V to 1.07V and 1.06V

for Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3, respectively, for the best performing device.

Losses in voltage were compensated to some degree by an increase in fill factor (FF), attrib-

uted to the lower series resistance of the Mo(dt)3-doped HTMs due to their increased hole

conductivities (Figure 5.3a). As a result, Mo(dt)3-doped devices achieved J-V determined

power conversion efficiencies (PCE) surpassing 17% for the champion devices.

In a statistical analysis across four batches of devices (Table 5.2), Mo(dt)-doped devices

showed similar short circuit current (JSC), lower VOC by 100 mV on average, and higher

FF compared to the Li-TFSI/FK209/tBP control devices. Furthermore, the ratio of steady-

state to scanned performance was on average 10% lower for Mo(dt)3-doped spiro-OMeTAD

compared to Li-based HTM, but remained remarkly high considering the absence of tBP

additive which has been proven to be a prerequisite for high SPOs [132]. This observa-

tion indicated that the molybdenum molecules might have a similar role than tBP at the

perovskite/HTM interface, yet probably not as effective.
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Figure 5.5: Current density-voltage characteristics of the champion devices using spiro-
OMeTAD doped with a) Li-TFSI/FK209/tBP, c) Mo(tfd-COCF3)3 and e) Mo(tfd-CO2Me)3.
b), d) and f) show the stabilised photocurrent densities and efficiencies of the devices presented
in a), c) and e) respectively, measured by holding the devices at their J-V determined maximum
power point for 50 seconds.

-2
J  [mA.cm ]SC V  [V]OC FF PCE [%]

-2
R  [.cm ]S

FB-SC SC-FB FB-SC SC-FB FB-SC SC-FB FB-SC SC-FB FB-SC SC-FB SPO [%] SPO/PCE

Li-TFSI/FK209/tBP 21.97 21.96 1.11 1.11 0.73 0.68 18.2 16.8 4.33 6.42 18.1 0.99

Mo(tfd-COCF )3 3 22.11 22.12 1.07 1.04 0.76 0.68 17.8 15.6 2.47 4.77 16.7 0.94

Mo(tfd-CO Me)2 3 21.98 21.98 1.06 1.02 0.74 0.69 17.2 15.4 3.78 6.01 15.7 0.92

Table 5.1: Device performance parameters of champion devices. FB-SC: Forward-Bias to
Short-Circuit; SC-FB: Short-Circuit to Forward-Bias.

-2
J  [mA.cm ]SC V  [mV]OC FF [%] PCE [%]

-2
R  [.cm ]S

SPO [%] SPO/PCE

Li-TFSI/FK209/tBP 21.8 ± 0.3 1121 ± 24 67 ± 3 16.4 ± 0.9 6.4 ± 1.8 16.2 ± 1.3 0.96 ± 0.06

Mo(tfd-COCF )3 3 21.6 ± 0.5 1023 ± 40 70 ± 5 15.5 ± 1.5 5.8 ± 2.3 14.8 ± 1.1 0.89 ± 0.05

Mo(tfd-CO Me)2 3 21.5 ± 0.4 1039 ± 41 69 ± 5 15.4 ± 1.4 4.3 ± 1.5 14.4 ± 1.2 0.88 ± 0.05

Table 5.2: Device performance statistics - Average device performance parameters with stand-
ard deviation measured across 4 batches of devices.

110



Chapter 5 5.4.3 Influence of tBP

5.4.3 Influence of tBP

In a study by Habisreutinger et al., it was reported that tBP has a highly beneficial effect

on the steady-state performance of perovskite solar cells and also lead to higher VOC [132].

The HTM additive directly interacts with the perovskite making it more charge selective for

holes. Furthermore, when Li-TFSI salts are used to p-dope spiro-OMeTAD, tBP prevents

phase segregation between the HTM and the dopant which results in a homogeneous hole

transporting layer [156]. In order to improve the stabilised power output (SPO) and the

VOC of devices using Mo(dt)3 p-dopants, the influence of tBP on scanned and steady-state

performances is studied. The results are represented in Figure 5.6.

At very low concentrations, tBP has a beneficial effect on device performance for Mo(tfd-

COCF3)3-doped spiro-OMeTAD (Figure 5.6a). The introduction of tBP leads to an increase

in VOC and stabilised power output, while also improving the ratio of steady-state to scanned

performance. However, with the addition of tBP at greater concentrationa than 2 µL per mL

of spiro-OMeTAD solution (equivalent to 20 mol%), the device performance plummets due to

an abrupt drop in FF. A similar effect is observed for Mo(tfd-CO2Me)3-doped spiro-OMeTAD

(Figure 5.6b). However, in the latter case tBP does not lead to any clear improvement in the

device performances. This decrease in device performance upon tBP addition is attributed

to the “de-doping” of spiro-OMeTAD as shown in Figure 5.7. The absorption spectra of

Mo-doped spiro-OMeTAD taken before and after the addition of tBP shows an increase in

the intensity of the ground state absorption of spiro-OMeTAD at 390 nm, and a decrease in

the absorption features at both 520 nm and 690 nm. This clearly indicates a reduction of

oxidised spiro-OMeTAD within the films. Since Mo(dt)3-based devices without the use of

tBP still deliver SPOs of 16.7% for Mo(tfd-COCF3)3 and 15.7% for Mo(tfd-CO2Me)3, tBP

is not added to the HTM for the following stability studies.
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Figure 5.6: Scanned and steady-state performances for devices with various voulmes of tBP added per mL of doped spiro-OMeTAD solution: a)
Mo(tfd-COCF3)3 and b) Mo(tfd-CO2Me)3. For both dopants, a concentration of 5 mol% relative to spiro-OMeTAD is fixed.
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Figure 5.7: Absorption spectra of undoped and Mo(dt)3-doped spiro-OMeTAD. The dopants
used are: a) Mo(tfd-COCF3)3 and b) Mo(tfd-CO2Me)3. Upon addition of tBP, the character-
istic peak of undoped spiro-OMeTAD at 390 nm increases and both absorption features at 520
and 690 nm diminish, which indicate a reduction of oxidised spiro-OMeTAD within the films.

5.4.4 Thermal stability in air with ambient humidity

To investigate whether the replacement of lithium salts with Mo(dt)3-based complexes has

an impact upon device stability, the complete non-encapsulated devices are subjected to a

thermal stress test at 85℃ on a hot plate in the dark, under ambient atmosphere (relative

humidity of 30-40%) for 500 h. The cells are periodically removed from the hotplate and

tested at room temperature under simulated AM1.5 (100 mW·cm2) sun light. Therefore, the

devices also undergo 10 thermal cycles from room temperature to 85℃.

The evolution of the photovoltaic performance parameters and the average stabilised ef-

ficiencies of a batch of eight devices per parameter, measured by holding the devices at their

J-V determined maximum power point for 60 seconds, are shown in Figure 5.8. Notably,

devices fabricated with Mo(dt)3 doped HTM layers show significantly slower deterioration

than devices made using the typically employed Li-TFSI/FK209/tBP additives. After 500 h

of aging, devices employing HTMs doped with both Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3

still yield SPOs greater than 10%, while the SPOs of their Li-TFSI/FK209/tBP based coun-

terparts plummet from 17.1% to 5.1% on average (Table 5.3). As previously reported [157],

all cells suffer from a fast deterioration or “burn-in” over the first 40 h and thereafter degrade

at a much slower, linear rate. Within 24 h, devices with lithium-doped HTMs degrade by
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50% while both Mo(dt)3-doped HTMs retain 65-70% of their initial device performance after

500 h of aging, as shown in Figure 5.8b and Table 5.3.
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Figure 5.8: Aging for 500 h at 85℃ in the dark at 30-40% humidity of non-encapsulated high-
performance perovskite solar cells comparing Li-TFSI/FK209/tBP and Mo(dt)3-doped spiro-
OMeTAD. The evolution over time of the photovoltaic performance parameters determined from
the J-V curves and the average SPO of eight solar cells measured by measuring the photocurrent
while holding them at their maximum power voltage for 60 seconds. Furthermore, the average
stabilised efficiencies over the initial stabilised power output is depicted in order to quantify the
performance loss. Within 24 h, lithium-doped devices deteriorate by 50% while both Mo(dt)3-
doped devices sustain 70% of their initial performance after 500 h of aging.

SPO  [%]initial SPO  [%]500h SPO /SPO  [%]500h initial

Li-TFSI/FK209/tBP 17.1 ± 0.9 5.1 ± 0.3 30%

Mo(tfd-COCF )3 3 15.5 ± 0.7 10.0 ± 0.4 65%

Mo(tfd-CO Me)2 3 14.6 ± 0.9 10.3 ± 0.4 70%

Table 5.3: Comparison between initial and aged steady-state efficiencies, measured after 500
h of aging at 85℃ in the dark at 30-40% humidity of non-encapsulated perovskite solar cells.
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In order to isolate the underlying cause for the improved stability of the solar cells

when using Mo(dt)3-doped spiro-OMeTAD, X-ray diffraction (XRD) on aged perovskite

films coated with differently doped HTMs were performed (Figure 5.9a and b). Tracking

the PbI2 peak intensity by XRD measurements is a straightforward technique to follow the

decomposition of the perovskite structure. As a control, a PMMA-coated perovskite film

was taken. The PMMA layer protects the ionic crystal from moisture and hence inhibits

its decomposition [88]. Noticeably, lithium-doped spiro-OMeTAD promoted a very fast

increase of the PbI2 signal over time suggesting a rapid degradation of the perovskite layer

due to water ingress through the HTM. On the contrary, both Mo(dt)3 dopants, similarly

to PMMA, showed a slight increase of the PbI2 peak intensity during the first 6 days of

moisture and heat exposure, then stabilised indicating that the crystal structure did not

undergo further changes from infiltration of water molecules. After three months of aging

in similar conditions, the perovskite films coated with the Mo(dt)3-doped spiro-OMeTAD

sustained their dark brown colour unlike the lithium-doped sample which showed a clear

discolouration (Figure 5.9c).

To confirm the hypothesis that replacing Li-TFSI with molybdenum complexes dopants

enhances the stability of the perovskite due to a greater resistance to water, contact angle

measurements were performed by depositing droplets of water onto films of undoped and

doped spiro-OMeTAD in order to compare the surface wettability of the HTMs (Figure

5.10). For both Mo(dt)3-doped spiro-OMeTAD, contact angle measurements were similar to

the undoped HTM (∼75°), whereas the addition of the hygroscopic lithium dopant caused

a decrease of the contact angle by almost 20°. Therefore, by adding Mo(dt)3 complexes to

the spiro-OMeTAD the hydrophobicity of the film increased as compared to Li-doped HTM,

which minimised the ingress of water molecules through the spiro-OMeTAD and drastically

slowed down the structural degradation of the perovskite crystal. Hence, Mo(dt)3 dopants are

extremely promising candidates for replacing the current state-of-the-art dopants employed

to p-dope the hole-transporting layer.
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a)

b) c)

PMMA

Li-TFSI/FK209/tBP

Mo(tfd-COCF )3 3

Mo(tfd-CO Me)2 3

Figure 5.9: X-ray diffraction (XRD) measurements of FA0.85MA0.15Pb(I0.85Br0.15)3 perovskite
films coated with differently doped spiro-OMeTAD. a) XRD patterns comparing freshly made
to aged films at 85℃ in ambient atmosphere in the dark up to 17 days. A perovskite film coated
with PMMA was taken as reference. b) Evolution of the PbI2 peak intensity at 12.7°, signature
of perovskite degradation. c) Photographs of the aged perovskite films after 3 months of aging.

Figure 5.10: Contact angle measurements of water droplets on spiro-OMeTAD doped with
various dopants and undoped. Li-doped spiro-OMeTAD showed a greater wettability compared
to the undoped and Mo(dt)3-doped films, indicating the enhanced hydrohobicity of the HTM
upon addition of molybdenum dopants.
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5.5 Conclusion and outlook

In summary, this study shows that Mo(dt)3 complexes which are strong electron-acceptor

materials can be used to efficiently p-dope spiro-OMeTAD. Unlike Li-TFSI which requires

air exposure to oxidise spiro-OMeTAD, the Mo(dt)3 dopants react instantly with the HTM

matrix via a simple electron-transfer mechanism. Thus, the conductivity of the p-type layer

was increased by up to four orders of magnitude compared to undoped spiro-OMeTAD.

Moreover, a 5 mol% doping of either Mo(dt)3 complexe exhibited higher conductivities than

the commonly employed doping cocktail Li-TFSI/FK209/tBP (50 mol%/3 mol%/330 mol%),

which emphasise the much higher doping efficacy of the molybdenum compounds versus Li-

TFSI.

The effectiveness of the p-doping by the Mo(dt)3 dopants translated into high device per-

formances, with champion steady-state efficiencies of 16.7% and 15.7% for Mo(tfd-COCF3)3

and Mo(tfd-CO2Me)3, repectively. These efficiencies remained slightly lower than the Li-

doped control mainly due to a loss in VOC by 100 mV on average. In order to recover

this loss in voltage the influence of tBP on device performance was studied. tBP has been

shown to induce a local p-doping at the absorber/HTM interface thus allowing high VOC

and enhanced steady state efficiencies [132]. Unfortunately, the additive negatively impacted

the photovoltaic performance by dedoping the HTM. Further investigations are required in

order to elucidate the incompatibility of tBP with these new p-dopants. However, with

only a 5 mol% doping of Mo(dt)3 complexes and without addition of tBP high SPOs were

achieved remarkably, suggesting that the molybdenum molecules most likely have a similar

role than the commonly used additive at the perovskite/HTM interface. In addition, these

findings stress the reliance of spiro-OMeTAD on tBP to achieve high VOC values which in-

dicates the necessecity of surface modification to sufficiently suppress surface recombination

or improve the energy band alignment at the perovskite/HTM interface when employing

spiro-OMeTAD.

Simultaneously, the Mo(dt)3 dopants made the spiro-OMeTAD much more hydrophobic
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which minimised the water ingress via the hole transporting layer and slowed down the de-

composition of the perovskite crystal structure into PbI2. This resilience against moisture

lead to a significantly enhanced long-term device stability. After exposing non-encapsulated

devices to 85℃ in air and dark for 500 h, Mo(dt)3-doped spiro-OMeTAD devices main-

tained up to 70% of their initial performance while steady state efficiencies of the solar cells

fabricated using lithium salts quickly declined from 17.1% to 5.1%.

Overall, this study revealed that despite moderately lower photovoltaic performances,

Mo(dt)3 complexes a remarkable positive impact on the long-term stability of perovskite

solar cells and are thus promising alternatives to the hygroscopic Li-TFSI.
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6 | Modification at the p-type inter-
face in perovskite solar cells via
Mo(tfd-COCF3)3 surface treat-
ment

This chapter outlines the effect of Mo(tfd-COCF3)3 at the absorber/HTM interface
in perovskite solar cells. The molybdenum complex has the ability to passivate
structural defects at the surface and p-dope the perovskite/HTM interface, which
results in more favourable energetics between the perovskite and the HTM, and
enhances device performance. The synthesis of Mo(tfd-COCF3)3 presented in this
chapter has been carried out by Yadong Zhang, Georgia Institute of Technology.
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6.1 Context and summary

Organic-inorganic perovskite solar cells have undergone rapid development and surged to

the forefront of photovoltaics research. Tremendous effort has been placed on perfecting

the optoelectronic properties of the bulk perovskite material itself through modification of

the chemical composition and notable improvements in fabrication methods, which lead to

impressively long photocarrier diffusion lengths [35, 45]. After years of continuous increases

in the record efficiencies, the race for the new peak performance appears to have slowed, in-

dicating that perovskite absorber might be approaching its attainable thermodynamic limit.

To further improve the performance of perovskite based devices, attention must shift to-

wards perfecting its interfaces with the charge extraction layers. Since solution-processed

perovskite films are polycrystalline materials with mixed ionic and covalent character, struc-

tural defects and charge trap states are inevitably created especially at the surface and

the grain boundaries. These defects are responsible for trap-assisted, non-radiative recom-

bination losses. Moreover, most commonly employed charge extraction materials exhibit a

non-ideal alignment of the energy levels at the interfaces with the perovskite, which limits

the attainable VOC and emphasizes the importance of interfacial engineering and design for

the future development of perovksite solar cells.

In this chapter, the molybdenum tris(dithiolene) complex Mo(tfd-COCF3)3, previously

used to p-dope spiro-OMeTAD, was employed as a surface treatment of the perovskite ab-

sorber. The deposition of the molecule onto the surface of the perovskite film, causes a

reduction in non-radiative electron-hole recombination, and significantly shifts the work

function of the perovskite away from vacuum. The implications of the results obtained

in this study are twofold. On the one hand, the improvement in the photoluminescence

lifetimes and quantum efficiencies suggest that the Mo(tfd-COCF3)3 molecule can be used

to passivate the surface of perovskite films. This can possibly occur through interaction with

under-coordinated Pb atoms, thus effectively removing Coulomb traps responsible for trap

mediated recombination losses. On the other hand, the molecule also appears to p-dope
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the perovskite surface, thus facilitating improved hole extraction. These changes resulted

in an enhancement of the stabilised power conversion efficiencies from 15.1% to 17.2% after

treatment with Mo(tfd-COCF3)3.

6.2 Introduction

Over the past few years, lead halide perovskite solar cells have received a tremendous amount

of attention which rapidly lead their photovoltaic performances soaring to only a few percent

lower than the best single-crystalline silicon solar cell [9]. Much attention has been focused

on understanding the chemical and physical properties of the perovskite material in order

to fully explore and exploit its potential for photovoltaic applications, while also focusing

on the development of a wide range of deposition methods. Such extensive optimisation has

enabled the preparation of better quality perovskite layers with remarkable optoelectronic

properties, close to their attainable limit. Nonetheless, the ionic, polycrystalline nature of

hybrid perovskites makes them prone to exhibiting under-coordinated ions which are re-

sponsible for numerous defects and vacancies within the bulk material, and particularly at

the grain boundaries. Such defects are well known to act as recombination centers for charges

which limits the power conversion efficiency [158, 159, 160]. Moreover, in a complete device

several challenges such as stability [161, 162] and hysteresis [163] remain issues closely cor-

related with the quality of the interfaces. In order to achieve higher efficiencies and improve

the stability of perovskite solar cells, future research needs to focus on understanding and

controlling interfacial energetics between the perovskite absorber and the charge extraction

layers.

The detrimental effect of trap states on the photovoltaic performance of perovskite solar

cells is a well-documented fact, and is generally attributed to trap-mediated recombination

losses of photogenerated carriers [159, 160, 164, 165, 166, 167]. While both electrons and

holes can be trapped, Leijtens et al. have recently presented evidence that electrons are

more likely to be trapped than holes [168]. Several methods have been employed to pas-
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sivate undesirable surface and bulk defects to reduce trap states in the perovskite and at

the interface with the electron transport layer (ETL) and hole transport layer (HTL). For

example, fullerenes have been shown to efficiently passivate defects at the perovskite/ETL

interface [55, 166, 169, 170, 171]. More recently, Tan et al. demonstrated that treating the

TiO2 ETL with chlorine mitigates interfacial recombination by passivating deep trap states

in the perovskite, resulting in improved power conversion efficiency and device stability. At

the perovskite/HTL interface, undercoordinated halide ions (X−) can form supramolecu-

lar halogen bonds with iodopentafluorobenzene (IPFB), resulting in a reduction of trapped

holes and improving the cell perfomance [165]. Moreover, under-coordinated Pb ions result

in the formation of a δ+ charge which can act as an electron trap. These defects were suc-

cessfully passivated using Lewis bases, such as thiophene and pyridine, which possess a lone

pair of electrons available able to create a covalent bond with under-coordinated Pb atoms,

resulting in enhancements in both solar cell performance and photoluminescence lifetimes

[159, 164, 160]. Very interestingly, Song et al. showed that carrier losses could be reduced by

introducing a layer of F4TNCQ at the perovskite/HTL interface [172]. Their work demon-

strated that the well known p-dopant for organic HTMs can also chemically interact with

the perovskite absorber by simultaneously passivating trap states and p-doping the surface

of the MAPbI3 perovskite layer. Such p-doping effect at the perovskite/HTL interface has

also been reported by Habisreutinger et al. who investigated the role of tBP additive and

its positive influence on the steady-state performance of perovskite solar cell [132].

In the previous chapter, it was noticed that molybdenum tris(dithiolene)s not only effect-

ively p-dope spiro-OMeTAD, but also have a highly beneficial effect on the steady-state per-

formance of the perovskite solar cells. As previously mentioned, the reasons for enhanced sta-

bilised power conversion efficiencies may come from a reduction of non-radiative trap-assisted

recombination losses via the passivation of surface defects [165, 159, 166, 160, 167, 173],

and/or a greater selectivity for electrons and holes at the perovskite interfaces with the elec-

tron and hole transport layers respectively [174, 132, 172]. In this chapter, the perovskite

layer was directly treated with the Mo(tfd-COCF3)3 complex in order to study in greater

detail its direct interaction with the perovskite surface. In this chapter the focus has been
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placed solely on Mo(tfd-COCF3)3 as it yielded the highest device improvement of the two

complexes investigated (Chapter 5). Moreover, the p-doping of the perovskite surface would

be more likely to occur with Mo(tfd-COCF3)3 since it is a stronger electron acceptor than

Mo(tfd-CO2Me)3 [150]. After treating the surface of the perovskite with Mo(tfd-COCF3)3,

photoluminescence studies revealed increases in both the PL lifetime the PLQE consistent

with passivation of non-radiative recombination sites at the surface. In addition, shifts of

the workfunction away from vacuum, measured using a Kelvin probe, indicated effective

p-doping of the surface by the dopant. In devices, Mo(tfd)3-treated perovskite resulted in

an improvement of the average power conversion efficiencies increasing from 14.7 ± 0.5 to

16.8 ± 0.4, with a champion device of 17.2%.

6.3 Results and discussions

6.3.1 Film morphology of Mo(dt)3-treated perovskites

The mixed halide perovskite FA0.85MA0.15Pb(I0.85Br0.15)3 was deposited using the antisolvent

quenching method as described in Chapter 3. Mo(tfd-COCF3)3 was dissolved in chloroben-

zene at a concentration of 0.1 wt.%, and the solution was spincoated onto the perovskite

immediately after it was annealed and cooled down to room temperature. At higher con-

centrations, the molecule aggregated upon deposition resulting in discontinuous films. After

spincoating, the treated film was annealed at 100℃ for 5 min in order to drive off any

remaining solvent.

Firstly, to ensure that the Mo(dt)3 treatment does not alter the perovskite film, SEM

images and UV-Vis absorption spectra were taken (Figure 6.1). As clearly shown by the

images in Figure 6.1a, treating the perovskite with the molybdenum molecule did not no-

ticeably affect the surface morphology. Both the treated and the untreated film exhibit the

morphology typical of perovskite films fabricated through the antisolvent quenching method;

a polycrystalline film with grain sizes ranging from tens of nanometers to around 400 nm.
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Chapter 6 6.3.2 Passivation of surface trap states

Additionally, no shift in the absorption spectra was observed (Figure 6.1b) suggesting that

the Mo(dt)3 molecule does not affect the perovskite band structure. Since both the surface

topology and the absorption band edge of the treated perovskite were similar to the control,

it is likely that the dopant is distributed at the surface of the film or at the grain boundaries

without impacting the properties of the bulk.

1 µm 1 µm

2 µm2 µm

1 µm1 µm

a)

b)

Control Mo(tfd-COCF )3 3

Figure 6.1: a) Scanning electron microscopy (SEM) images and b) absorption spectra of a neat
perovskite film, and one treated with Mo(tfd-COCF3)3 at a concentration of 0.1 wt.%.

6.3.2 Passivation of surface trap states

A consequence of solution processing is the polycrystallinity of thus prepared thin films.

Polycrystalline films are prone to having a high density of defect states due to the abundance

of grain boundaries and surfaces, where lattice vacancies and dangling bonds can form and

act as very effective electronic trap states. Their presence leads to strong quenching of PL

emission due to the non-radiative loss of photogenerated carriers. Both under-coordinated

Pb ions due to the presence of halide vacancies, as well as excess halides in the film have been
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Chapter 6 6.3.2 Passivation of surface trap states

identified as major contributors to these defect sites [175, 158, 176, 159]. Noel et al. have

reported that under-coordinated Pb ions results in the formation of δ+ charges at the surface

which can effectively bond with electron-rich molecules. They postulate that the lone pair

of electrons on the sulphur atom of thiophene can compensate for the net positive charge of

the iodide vacancy by forming a dative covalent bond with the lead atom thus delocalising

the positive charge within the molecule. Similarly to thiophene, Mo(tfd-COCF3)3 possesses

sulfur atoms with two sets of lone pair electrons which can potentially bond to the positively

charged Pb. On the other hand, it was demonstrated that undercoordinated halides, such

as iodide, can interact with IPFB [165, 177] and F4TCNQ [172] through halogen bonding.

A halogen bond is a non-covalent intermolecular interaction between an electrophilic region

and a nucleophilic region [178, 179]. A good halogen bond donor molecule should present

an anisotropic delocalisation of charge density. This delocalisation results in the creation

of a positive electrostatic potential away from the electronegative atoms (e.g. fluorine).

This electropositive region will then be attracted to electron-rich sites such as iodide anions.

In the case of Mo(tfd-COCF3)3, the strong electron-withdrawing substituents (CF3 groups

[180]), could eventually pull electrons away from the aromatic ring leaving an electropositive

charge which then might bind with the negatively charged defects.

In order to investigate the influence of the Mo(tfd-COCF3)3 surface treatment and de-

termine whether the molecule does in fact passivate the crystal surface, the photolumines-

cence properties of untreated and treated films were studied (Figures 6.2 and 6.3). The mixed

halide perovskite FA0.85MA0.15Pb(I0.85Br0.15)3 was coated with Mo(tfd-COCF3)3 dissolved in

CB at concentrations varying from 0.0001 wt.% to 1 wt.%. For the sake of protecting the

samples from degradation during photoluminescence measurements the perovskite films were

covered with PMMA, which was spincoated dynamically in order to avoid the molybdenum

molecule from being washed off the perovskite surface.
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Chapter 6 6.3.2 Passivation of surface trap states

At first, photoluminescence quantum efficiency (PLQE) was measured (Figure 6.3). Both

samples showed a similar evolution of the PLQE with the fluence in that there is an initial

increase followed by a plateau. With increasing fluences, traps are filled and the bimolecular

recombination becomes faster resulting in a greater fraction of the excited charges recom-

bining radiatively [20, 22, 124]. Thus, the PLQE reaches a maximum value when the trap

states responsible for Shockley-Read-Hall non-radiative losses are for the most part filled. For

the lowest concentration of Mo(tfd-COCF3)3 (0.0001 wt.%), the treated perovskite showed

higher PLQE than the control at all fluences, providing evidence that trap-mediated re-

combination losses were reduced. With increasing concentrations, the PLQE is gradually

quenched indicating that charges preferentially recombine non-radiatively. This quenching in

PLQE may indicate a degradation of the perovskite when treated with highly concentrated

solutions of Mo(tfd-COCF3)3, however the exact mechanism behind these observations re-

mains unknown and is subject to further investigation. In addition, due to the large size of

the Mo(tfd)3 molecule, highly concentrated solutions will most likely result in a relatively

thick layer of dopant on top of the perovskite, which in a complete solar cell could induce

series resistance at the perovskite/HTM interface and inhibit charge extraction due to steric

hindrance.
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Figure 6.2: Photoluminescence quantum efficiency of untreated and Mo(tfd)3-treated films at
concentrations ranging from 0.0001 wt.% to 1 wt.%. Measurements were taken by Dr. Bernard
Wenger (Department of Physics, University of Oxford).
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Chapter 6 6.3.2 Passivation of surface trap states

Time-resolved photoluminescence decay measurements were taken on neat and Mo(dt)3-

treated perovskite films in order to estimate the PL lifetime of the samples (Figure 6.3). The

fluence was kept constant corresponding to a injected carrier density (n0) of 1015 cm−3. Since

concentrations higher than 0.01 wt.% substancially quenched the PLQE, only the samples

treated with the lowest concentrations of dopant were considered (i.e. 0.0001, 0.001 and

0.01 wt.%). The decays were globally fitted to a kinetic trap model employed by Zhang et

al. which follows the time dependent PL intensity using the expression [181]:

IPL(t) = α · exp(−γnT · t)1 +
n0

nT
· (1− exp(−γnT · t))


2

+ β

(6.1)

with α accounting for the fast PL decay at short times, β representing the noise level of the

instrument, γ being the bimolecular recombination constant and nT equivalent to the filled

trap concentration.
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Figure 6.3: Time resolved PL measurements of untreated and treated perovskite films with
Mo(tfd-COCF3)3 at different concentrations (0.0001, 0.001 and 0.01 wt.%). a) The PL decays
were detected at 800 nm following pulsed excitation (505 nm, 100 kHz repetition rate) with an
initial photoexcitation density of 1015 cm−3. Solid lines are fits to the data using a decay model
employed by Zhang et al. [181] which is a reformulation of the model initially introduced by
Stranks et al. [20]. Fits were done by Dr. Bernard Wenger (Department of Physics, University
of Oxford). b) Lifetime τ extracted from the fits.

A global fit of the four decays was performed. As compared to a monomolecular tail fit,

this kinetic trap model gives accurate fits for a greater part of the decay, thus a more reliable
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Chapter 6 6.3.2 Passivation of surface trap states

lifetime (τ = 1
γnT

) can be extracted (Figure 6.3b). At 0.0001 wt.%, the PL lifetime of the

perovskite films increased almost twofold from 2376 ns to 4454 ns with respect to the control.

With increasing concentrations, the lifetime became progressively shorter consistent with

the quenched PLQE. Nonetheless, perovskite treated with the more Mo(tfd)3-concentrated

solution (i.e. 0.01 wt.%) still exhibited a relatively long decay tail with a lifetime of 680 ns.

The increases in both PLQE and PL lifetime indicate a reduction of non-radiative losses,

giving evidence of an effective passivation of trap sites acting as recombination centers at

the perovskite surface.

After establishing that Mo(tfd-COCF3)3 might passivate trap states at the surface of

the perovskite film, transient photoconductivity measurements were performed in order to

see whether or not the treatment has an influence on the bulk properties (Figure 6.4).

The extracted values correspond to the bulk photoconductivity (σph) taken across a film

of perovskite, therefore if the molybdenum molecule diffuses through the grain boundaries

and passivates defects located deeper within the film, an increase in photoconductivity is

expected. For the two perovskite films treated with different concentrations of the dopant,

the photoconductivity remained comparable to the control. On average, σph increased from

6×10−3 S·cm−1 to 0.1 S·cm−1 for carrier densities corresponding approximately to 1017 and

1019 cm−3, respectively. Hence Mo(tfd-COCF3)3 does not appear to penetrate into the bulk

at the grain boundaries and predominantly remains at the perovskite surface.
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Figure 6.4: Transient photoconductivity measurements of neat and Mo(dt)3-treated perovskite.
Measurements were performed by Dr Jongchul Lim (University of Oxford).
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As initially postulated, one potential passivation mechanism may arise from the formation

of a dative covalent bond between the lone pair electrons on the sulfur atom in Mo(tfd-

COCF3)3 and the net positive charge (δ+) on the under-coordinated lead cation. This

eventual passivation mechanism proposed is illustrated in Figure 6.5. This study does not

exclude halogen bonding as a potential route to defect passivation with Mo(tfd)3 complex,

nonetheless by comparing the molecular structure of the dopant studied with molecules

used in previous works on passivation at the p-type interface [159, 165, 172], the likelihood

of forming a covalent bond between the lone pair electrons of the sulfur and the under-

coordinated Pb atom should be higher. Indeed, in Mo(tfd-COCF3)3 the three CF3 groups

pull electrons away from the aromatic ring leaving an electropositive charge. However here,

due to the symmetrical shape of the molecule, the delocalisation of charge density is not as

pronounced as for instance in IPFB [165], and halogen bonding of Mo(tfd-COCF3)3 with I−

anions seems unlikely.
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Figure 6.5: Illustration of a solution-processed perovskite film before and after surface passiv-
ation treatment. Solution-processing leads to multi-facetted polycrystalline films which tend
to exhibit numerous surface defects such as under-coordinated lead. In addition, the latter
is caused by high temperature annealing steps in which the iodide ions can be driven off as
iodine. As a result of this under-coordination, the positive charge of the divalent lead cation
is not fully compensated by the neighboring anions leading to a small net positive charge (δ+)
in the vicinity of the lead. This constitutes an effective Coulomb trap for electrons (red hollow
box). The Mo(tfd-COCF3)3 complex possesses sulfur atoms with two sets of lone pair electrons
(yellow spheres) whose negative charge can compensate for the δ+ by forming a dative bond
while delocalising the positive charge within the Mo molecule.
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Chapter 6 6.3.3 Creation of a dipole at the perovskite surface

6.3.3 Creation of a dipole at the perovskite surface

In order to investigate the effect of the molybdenum complex on the surface of the absorber,

Kelvin Probe (KP) photovoltage measurements were performed to determine the work func-

tion of the perovskite (Figure 6.6 and Table 6.1). The films were prepared similarly to PL

samples however, because KP measurements rely on the surface potential of the probed

material, no PMMA coating was deposited onto the perovskite.

Measuring the work function of perovskite before and after treatment reveals a significant

shift of the Fermi energy away from the vacuum, which is typically considered as "p-doping"

the surface. The work function of treated the perovskite decreased by -300 meV at 0.0001

wt.% as compared to the control (-4.62 eV), then gradually shifted down to -5.12 eV for

the highest concentration. As a strong electron-acceptor, due to the presence of electron-

withdrawing CF3 groups [180], the Mo(tfd-COCF3)3 complex could remove electrons from

the perovskite surface leading to an excess of holes at the treated interface. When the work

function of the Mo(tfd-COCF3)3 is measured independently of the perovskite, its Fermi

energy lies at -5.44 eV. Therefore, the deeper work function of the dopant would allow an

energetically favorable transfer of electrons from the perovskite to the molybdenum complex,

consistent with the observed p-doping of the surface. When the Mo(tfd-COCF3)3 withdraws

electrons from the perovskite, holes are left behind and accumulate at the surface of the

perovskite. Here, holes remain in the perovskite close to the interface while Mo(tfd-COCF3)3

anions lie at the surface forming an interfacial dipole layer at the perovskite/Mo(tfd-COCF3)3

interface. A gradient of charges is created which results in an enhanced electric field in

this region. Consequently, the bands bend upwards thus improving hole extraction at the

interface.
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Figure 6.6: Work function determination by Kelvin probe measurements. A bare perovskite
film was taken as the reference on which neat chlorobenzene was spincoated on top in order to
account for solvent washing effect. Upon treatment, the work function of the perovksite shift
towards its valence band providing evidence for p-doping at the interface. Measurements were
taken by Dr Yen-Hung Lin (Imperial College London).

Concentration [wt.%] Work function [eV]

FA MA Pb(I Br )0.85 0.15 0.85 0.15 3 - -4.62

FA MA Pb(I Br )0.85 0.15 0.85 0.15 3 

treated with

Mo(tfd-COCF )3 3

0.0001 -4.94

0.001 -4.99

0.01 -5.06

0.1 -5.09

1 -5.12

Mo(tfd-COCF )3 3 0.1 -5.44

Table 6.1: Values of the work function measured by Kelvin probe extracted from Figure 6.6.

6.3.4 Diode characteristics

To assess the impact of Mo(tfd-COCF3)3 on the charge extraction in devices, the current-

voltage characteristic of devices without charge selective contacts were investigated. In this

configuration, the perovskite absorber was directly sandwiched between the FTO and a gold

electrode. The JV-characteristics were measured after stabilising the devices in forward and
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reverse biased for 5 seconds, under both illumination and dark conditions (Figure 6.7).

a)

b)
0.001 wt.%

0.1 wt.%

0.001 wt.%
0.1 wt.%

  C
ontro

l

Figure 6.7: Comparison of untreated and Mo(dt)3-treated perovskite devices without charge se-
lective contacts. a) Under dark conditions, treated perovskite showed a reduction of the reverse
saturation current (J0), evidence of lower recombination losses and/or a enhanced selectivity
for holes. b) Current-voltage characteristics taken under light revealed an enhancement of both
JSC and VOC after surface treatment.

The dark current density as a function of the applied voltage is represented in Figure

6.7a. The dark current charactristics were fitted to the ideal diode equation (2.31) intro-

duced in Chapter 2 in order to extract the reverse saturation current (J0). Mo(dt)3-treated

perovskite yielded to J0 values of 7.4×10−10 and 3.9×10−10 A·cm−2 for 0.001 wt.% and 0.1

wt.% respectively, values lower than the untreated control for which J0 = 1.4×10−9 A·cm−2.

This reduction of the reverse saturation current showed that either the recombination path-

ways were minimised, the treated interface became more selective for holes, or a combination

of both, which should result in an improved diode behaviour.

Under illumination, all devices showed good rectification, nonetheless an increase in both

JSC and VOC was observed for Mo(dt)3-treated devices. The lowest concentration had a
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greater impact on the JSC, consistent with a passivation of trap states, while higher dopant

concentration significantly boosts the VOC, evidence for a more efficient hole extraction

at the treated interface. These findings agree with both PL and KP measurements, overall

indicating that treating the perovskite with Mo(tfd-COCF3)3 simultaneously minimises trap-

mediated recombination centers and locally shifts the Fermi energy of the perovskite away

from vacuum due to the high electron affinity of the complex. Upon removing electrons

from the valence band of the perovskite the Mo-anion becomes electrostatically bound to

the surface, thus an interfacial dipole is created which leads to a local enhancement of the

electric field and an upward band bending. Accordingly, a greater fraction of generated

charges can be extracted (i.e. increased JSC), and the charge selectivity at the p-type

interface is enhanced (i.e. increased VOC).

6.3.5 Solar cell performance

Having shown that Mo(tfd-COCF3)3 had a positive impact in devices without selective

contacts, full perovskite solar cells using the n-i-p architecture were fabricated in order to

investigate the influence of the surface treatment on the device performance. Devices were

prepared according to the methods described in Chapter 3, using the mixed halide perovskite

FA0.85MA0.15Pb(I0.85Br0.15)3 as the absorber. After formation of the perovksite layer, the

solution of Mo(tfd-COCF3)3 was deposited as previously explained in Section 6.3.1. Three

concentrations were chosen: 0.00001 wt.%, 0.0001 wt.% and 0.1 wt.%. An untreated device

was kept as a control. In order to rule out the doping effect of the Mo(tfd-COCF3)3 complex

on the spiro-OMeTAD, the HTM was oxidised prior to deposition with a dicationic salt of

spiro-OMeTAD (Spiro(TFSI)2) [79] to a concentration of 5 mol%. After addition of the

TFSI salts, the solution was kept stiring at room temperature for 12 hours to fully oxidised

the spiro-OMeTAD, then spin-coated dynamically to minimise losses of the Mo(dt)3 at the

treated interface. Furthermore, since the commonly employed tBP additive has been showed

to affect the steady-state charge-collection efficiency of perovskite solar cells by making the

HTM/perovskite interface more selective for holes [132], in this study, tBP was not added
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to the HTM solution to observe solely the effect of the molybdenum complex. Finally, the

devices were completed with evaporation of gold electrodes. The scanned and steady-state

performances are reported in Figure 6.8 and Table 6.2.

0.00001 wt.%

0.0001 wt.%
0.1 wt.%

0.00001 wt.%

0.0001 wt.%
0.1 wt.%

0.00001 wt.%

0.0001 wt.%
0.1 wt.%

Figure 6.8: Scanned and steady-state performances for devices with untreated (control) and
treated perovskite with Mo(tfd-COCF3)3 at various concentrations.

Concentration [wt.%] -2J  [mA.cm ]SC V  [mV]OC FF [%] PCE [%] -2R  [.cm ]S
SPO [%] SPO/PCE

Control - 22.8 ± 0.3 1042 ± 12 75.2 ± 1.8 17.7 ± 0.3 3.2 ± 0.7 14.7 ± 0.5 0.82 ± 0.03

Mo(tfd-COCF )3 3

0.00001 22.8 ± 0.2 1056 ± 9 77.7 ± 1.0 18.6 ± 0.2 2.3 ± 0.3 16.8 ± 0.4 0.91 ± 0.03

0.0001 22.8 ± 0.3 1069 ± 6 76.1 ± 1.0 18.4 ± 0.2 3.0 ± 0.6 16.5 ± 0.1 0.89 ± 0.01

0.1 22.9 ± 0.3 1042 ± 8 68.8 ± 1.5 16.3 ± 0.6 3.0 ± 0.5 14.9 ± 0.1 0.88 ± 0.01

Table 6.2: Average device performance parameters with standard deviation comparing un-
treated and Mo(dt)3-treated devices. Values extracted from Figure 6.8

At low concentrations, while the scanned efficiencies of Mo(tfd)3-treated devices only

show a slight increase in performance (1% on average) compared to the untreated control

devices, the steady-state efficiencies consistently outperformed those of the control. Both

0.00001 wt.% and 0.0001 wt.% lead to SPOs close to 16.5% on average, which corresponds to

a 2% increase in performance from the untreated control which stabilises at 14.7%. Since the

JSC remains constant across all the samples (22.8 mA·cm−2), the enhancement in perform-

ance arises from and increase in both the VOC and the FF. These observations would suggest
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that in devices when a HTM is deposited on top of the treated perovskite, the "p-doping" of

the interface might predominate over the passivation effect leading to an increased charge

selectivity at the perovskite/HTM interface. Increasing concentrations of dopant lead to the

formation of thicker layers at the interface which creates an energy barrier and hampers the

charge transfer from the perovskite to the HTM. Overall, this results in a drop in FF and

thus, poorer device performance.

The current-voltage characteristics and the stabilised efficiencies of the champion devices

are shown in Figure 6.9. Both devices produce scanned efficiency close to 18%, however

show current-voltage hysteresis with and without treatment. Nonetheless, in the case of the

treated perovskite (0.00001 wt.%), the SPO is noticeably improved with respect to the un-

treated control. With a steady-state efficiency of 17.2%, Mo(tfd)3-treated devices yield to an

increase of 2% in SPO with respect to the control. The hysteretic behaviour is substantially

decreased in treated devices which can be explained by the enhanced charge separation at

the perovskite/HTM interface consistent with the local shift of the work function determined

by KP measurements.
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Figure 6.9: Current density-voltage characteristics of the champion devices with their respective
stabilised photocurrent densities and efficiencies measured by holding the devices at their J-V
determined maximum power point for 50 seconds. An untreated control device is compared to
a Mo(tfd)3-treated device at a concentration of 0.00001 wt.%.

PCE [%] V  [mV]OC

-2
J  [mA.cm ]SC FF [%]

-2
R  [.cm ]S

FB-SC SC-FB FB-SC SC-FB FB-SC SC-FB FB-SC SC-FB FB-SC SC-FB SPO [%] SPO/PCE

Control 18.0 14.7 1060 1013 22.7 22.7 0.76 0.64 3.0 4.9 15.1 0.84

Mo(tfd-COCF )3 3 18.7 15.9 1060 1026 23.2 23.2 0.77 0.67 2.2 4.1 17.2 0.92

Table 6.3: Device performance parameters of champion devices presented in Figure 6.9. FB-SC:
Forward-Bias to Short-Circuit; SC-FB: Short-Circuit to Forward-Bias.
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6.4 Conclusion and outlook

In summary, a Mo(tfd-COCF3)3 layer was introduced at the p-type interface in perovskite

solar cells to directly study its interaction with the perovskite surface. At an optimised

concentration, the molybdenum complex appears to reduce the density of electronic trap

sites at the surface of the perovskite, and also modifies the absorber/HTM interface, such

that there is an increase in hole selectivity. These modifications result in greatly improved

steady-state efficiencies, underscoring the importance of the charge-selective interfaces for

charge extraction.

Photoluminescence measurements show increases in both the PL quantum yield and the

PL lifetime when the perovskite was treated with the Mo(dt)3 molecule at low concentrations

(0.0001 wt.%) with respect to an untreated perovskite. These results provide evidence for a

reduction in non-radiative losses, indicating an effective passivation of trap sites at the surface

of the perovskite. One potential explanation for this passivation could be the formation of

a dative covalent bond between the lone pair electrons on the sulfur atoms of the Mo(tfd-

COCF3)3 acting to neutralise a delta positive charge on the under-coordinated Pb atoms.

Kelvin probe studies reveal a shift of the Fermi level away from vacuum when the per-

ovskite surface is treated with Mo(dt)3, evidence for an interfacial p-doping. As a result,

devices without charge selective contacts show a reduction of the reverse saturation current

and an enhancement in both JSC and VOC after the treatment of the perovskite surface. In

complete n-i-p perovskite solar cells, Mo(dt)3-treated devices show an important reduction

of the hysteresis leading to an enhancement of the steady-efficiency from 15.1% to 17.2%.

As a strong electron acceptor molecule, Mo(tfd-COCF3)3 can remove an electron from the

valence band of the perovskite. This electron transfer can result in the formation of the

Mo-anion which would then remain electrostatically bound to the perovskite creating a sur-

face dipole. Consequently, the bands bend upwards inhibiting the diffusion of electrons and

improving the extraction of holes extraction at the treated interface.

These findings demonstrate that a slight chemical modification of the interface between
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the perovskite and the HTM can improve the device performance, and highlights the crucial

importance of the charge-selective interfaces on the steady-state performances of perovskite

solar cells.
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The work presented in this thesis has been focused on the development of new hole-extracting

layers which increase the stability of the device while maintaining high efficiencies. Perovskite

based photovoltaic solar cells have the potential to revolutionise the energy market in the

near future however, important challenges related to the long-term stability persist, most

particularly due to the inherent moisture vulnerability of these materials. In order for the

technology to be commercially viable, solar cells have to undergo stressing tests such as

thermal cycles, atmospheric moisture, UV irradiation and others, with a minimal loss in

performance. While such harsh real-life tests can eventually be passed successfully by using

existing encapsulation techniques, these encapsulants are costly and their use should be

reduced in order to keep costs to a minimum. Thus, a low-cost strategy to enhance the

moisture resilience of the devices, is to develop hole-extracting layers which fulfill the role

of extracting carriers and serving as a physical barrier to water ingress. The work presented

here has shown two new HTM structures which inhibit the moisture induced degradation of

the perovskite absorber, and also shows an interfacial treatment technique to improve the

performance of the solar cell.

In Chapter 4, the commonly employed spiro-OMeTAD HTM doped with Li-TFSI salts

was successfully replaced by a composite HTM structure which contains P3HT nanowires

(P3HT-NWs) embedded in an inert PMMA matrix. P3HT-NWs were formed by a process

of heating then cooling in toluene, resulting in one-dimensional crystalline nanowires. In

devices, the blend composite outperformed the neat P3HT HTM caused by an enhancement

in VOC and a reduction of the hysteresis. This yielded SPOs as high as 14.8% which corres-
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ponds to an increase of 3% with respect to the neat P3HT HTM. In depth photoluminescence

studies reveal a high luminescence of perovskite samples coated with the blends, which was

attributed to a substantial reduction of non-radiative losses at the perovskite/HTM inter-

face. Unlike any other contact so far employed in perovskite solar cells, this blend HTM

does not induce substancial non-radiative decay channel. This was attributed to the discon-

tinuities at the p-type interface which force holes to flow through extremely small pathways

at the discrete NW-perovskite contact. Voluntarily reducing the contact area of the charge

extracting layers has been extensively used in silicon photovoltaics, however no significant

progress in that regard, has been made in perovskite solar cell technology. New lost-cost

HTMs adopting this concept could be developped in the future, in order to increase the

efficiency of perovskite solar cells. Moreover, the addition of inert compounds in HTM lay-

ers has a dual impact: it drastically reduces cost while improving the long-term stability of

the devices, which makes conducting/insulating composite HTMs particularly attractive for

industrial prospects.

With the goal of enhancing moisture resilience, the hygroscopic Li-TFSI p-dopant for

spiro-OMeTAD, was substituted with two molybdenum tris(dithiolene)s complexes. As

strong electron-acceptor materials, both Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3 directly ox-

idise spiro-OMeTAD, unlike Li-TFSI which requires air exposure, leading to an increase

in conductivity by up to four orders of magnitude compared to undoped spiro-OMeTAD.

Mo(tfd-COCF3)3 and Mo(tfd-CO2Me)3 yielded 16.7% and 15.7% SPO, respectively, how-

ever these efficiencies remained slightly lower than the spiro-OMeTAD doped with Li-TFSI.

This loss in performance mainly arose from a lower VOC. In an attempt to recover this loss

in voltage, the commonly empoyed tBP additive was added to the doped-HTM solutions.

Indeed, tBP has been shown to have a highly beneficial impact on both the steady-state

performance and the VOC [132]. Adding tBP resulted in a dedoping of the HTM and hence

reduced the photovoltaic performances. Thus, Mo(dt)3 complexes were found to be incom-

patible with tBP, and searching alternative additives remains necessary in order to bring

these dopants to a comparable level with lithium doping with regard to performances. Non-

etheless, molybdenum tris(dithiolene)s remarkably improve the hydrophobicity of the HTM
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layer which significantly enhanced the long-term stability of Mo(dt)3-doped spiro-OMeTAD

devices after exposure to thermal stressing in moist atmosphere for 500h. Therefore, it can

be concluded that Mo(dt)3 complexes are extremely promising candidates for replacing the

current state-of-the-art dopants employed to p-dope the HTM. Coupled with more thermally

stable perovskite absorber, these dopants should deliver further improvements in overall sta-

bility and promote the technology at an industrial level.

When used as a p-dopant for spiro-OMeTAD, the molybdenum tris(dithiolene)s com-

plexes lead to impressive high steady-state performances without the need for the tBP ad-

ditive. In Chapter 6, the effect of Mo(tfd-COCF3)3 on the perovskite’s surface was studied

in an attempt to elucidate the impact of the molecule on the charge extraction properties

at the perovskite/HTM interface. Through photoluminescence measurements of perovskite

treated with the molybdenum complex, a reduction of non-radiative recombination losses

was observed associated with longer PL decay lifetimes and greater PL quantum yields.

This findings suggested an effective passivation of trap states by the molybdenum molecule,

possibly via covalent bonding as previously reported by Noel et al. [159]. In addition, a sig-

nificant shift of the workfunction away from vacuum indicates a p-doping of the perovskite

surface. Consequently, treating the perovskite/HTM interface with Mo(tfd-COCF3)3 res-

ulted in improved device performance from 15.1% to 17.2%. The work presented in this

chapter stresses that despite tremendous efforts to perfect the perovskite absorber itself,

one of the main limitation to high performance lies at the interfaces with charge extraction

layers. Thus, understanding and controlling interfaces are expected to play a crucial role in

the future development of perovksite solar cells.
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Limiting non-radiative pathways in organic-inorganic 
perovskite solar cells

Photovoltaic properties

Introduction & Motivations

① To achieve a perfect solar cell, desired contacts must induce:
- no (or weak) free charges recombination at JSC

- 100% recombination at VOC

The best solar cell, generating the highest VOC will be the one in
“the radiative limit”1. Non-radiative pathways are not needed and
should be minimized.
In the case of perovskites solar cells, holes in the Hole Transporter
Material (HTM) recombine with electrons in perovskite, explaining
the extreme photoluminescence quenching thus far always
observed at perovskite - HTM interfaces.

New HTMs needed / Limit non-radiative recombination

② The currently used spiro-OMeTAD presents several drawbacks
(expensive, low conductivity, poor stability)

Choice of HTMs – P3HT Nanowires

P3HT-NWs

1D nanostructure
Highly crystalline

Enhanced carrier mobility

Improve device lifetime

Blend (PMMA:P3HT-NWs)

Cycle of cooling-and-heating2

P3HT dissolution 100°C / -20 °C cooling

• Change of color from light orange to deep purple
• Increase Eg (1.88eV P3HT vs. 1.90eV NWs)

NWs up to 1µm length

• High increase in VOC

• PLQE device up to 1.5%
• Blend better HTM: limits non-

radiative pathways

j0 n

Spiro-OMeTAD 2.80 x 10-9 1.7

P3HT 1.50 x 10-4 3

P3HT-NWs 3.88 x 10-6 2.32

Blend (thin) 3.84 x 10-10 1.6

Blend (thick) 1.97 x 10-12 1.3

Photoluminescence & ns-TAS

τe (ns)

MAPbI3-xClx 252 ± 1

Spiro-OMeTAD 33 ± 0.4

P3HT 45 ± 0.5

P3HT-NWs 41 ± 1

Blend 473 ± 2

• No quenching but high increase 
in PL intensity

• Long lifetimes

Transient Absorption spectroscopy: elucidate mechanism behind enhanced PL

Efficient holes transfer?
Recombination lifetime 

Both P3HT & P3HT-NWs ~ 10ns
Blend   ~ μs

 Efficient holes transfer 

Mesostructured devices: Glass/FTO/TiO2-bl/Al2O3/MAPbI3-xClx/HTM/Au

• Blend improves stabilized power

Possible Mechanism Conclusions & future work

① High densities of holes in NWs (small contact)
② Effective wave function overlap
③ Back transfer from HOMO NWs to perovskite VB 
④ Radiative recombination

Normal HTM = non-radiative recombination PL quenched

(PMMA:NWs) blend = radiative recombination          PL enhanced

• Developed a new HTM using cheap and well known
materials: P3HT and PMMA

• P3HT poor HTM for perovskite solar cells (n=3)
• (PMMA:P3HT-NWs) blend: way towards an ideal contact at

the perovskite - HTM interface
• Increase VOC,stabilized power output
• High PLQE
• Minimize non-radiative pathways

• 10 times cheaper than spiro-OMeTAD
• Should increase device lifetime

Figure B.1: Poster based on work described in Chapter 4. Presented at the international
conference for Hybrid & Organic Photovoltaics (HOPV15), 2015, Rome, Italy.
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