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Abstract

Historically, the interfaces and charge transportation layers dictate the per-

formance in heterojunction solar cells. This thesis addresses the interface

behaviours and the interfacial layers within perovskite solar cells (PSCs), and

provides insights and practicable solutions to facilitate the realisation of effi-

cient PSCs.

To achieve efficient charge collection with interlayer fabricated with low-temp-

erature processes, a graphene-TiO2 nanocomposite is demonstrated; By inves-

tigating the carrier transport, we found the insertion of graphene improved

the electron collection efficiency with its high surface area and ballistic carrier

conduction properties, and in conjunction with pre-synthesised TiO2, we have

successfully circumvented the need for high-temperature annealing, enabling

the whole device to be fabricated at under 150 ◦C.

While the anomalous hysteresis behaviour which is widely observed in regular

PSCs structure is a significant problem, the quest of stable PSCs seems to be

answered by the use of inverted PSCs structures. We show a detailed devel-

opment of inverted PSCs which are deconstructed layer by layer. Numerous

approaches have been tailored to improve interfaces, and energy levels between

layers, leading to an efficient and hysteresis-free perovskite solar cells.

Lastly, an in-depth study of impurity doping is investigated using Al3+. The

doping with small metal ions in the perovskite precursor has been found to

influenced the crystallisation and optoelectronic properties of the perovskite

crystals. Here, for the first time, the correlation between reduced structural

crystal defects is clearly linked to enhanced photovoltaic properties, with the

best performance for the lowest electronic disorder in the CH3NH3PbI3 crystal.
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Chapter 1

Introduction

1.1 Background and Motivation

As the advance of industrialisation brings benefits, it also comes with a price, the emis-

sion of greenhouse gases, such as carbon dioxide (CO2) and methane (CH4), which

result in global warming, leading to various extreme weather and changes in the ecolog-

ical systems.[1, 2] Though the burning of fossil fuels accounts for the major greenhouse

gas production, the world energy supply and the electricity generation are still strongly

reliant on this limited and non-environmental friendly source, see fig. 1.1.

Figure 1.1: The sources of (a) global energy supply and (b) the electricity generation; data
retrieved from the Key World Energy Statistics, International Energy Agency, 2015.

1
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Now the world has finally come to a consensus on the Paris agreement of United Na-

tions Framework Convention on Climate Change (UNFCCC), and decided to hold the

increase in global average temperature by reducing the emission of greenhouse gases

and increasing shares on alternative energy supply sources.[3] Among all the renewable

energy sources, solar energy is the most abundant one, about 120,000 terawatts (TW)

of solar radiation is ceaselessly provided[4], and to use this enormous energy supply, the

most efficient way is via photovoltaic devices (PV). However, to deliver a large frac-

tion of the global energy demand via solar cells will require continued improvements

in energy conversion efficiency combined with further reductions in cost. The current

mainstream solar cells are made from mono-crystalline silicon, provide a power con-

version efficiency (PCE) around 25% in lab-scale record, around 22% for large module

efficiency[5, 6]; with over 85% of current PV production using this wafer-based silicon

technology, and the remaining 15% is shared between thin-film devices, such as CdTe,

GaAs, and CIGS.[7] These inorganic-based solar cells require materials to be processed

under high-temperature with high purity control, which employs expensive manufactur-

ing techniques; and the use of scarce elements also increases the production cost. While

in recent years, the price of solar has plummeted, with USD$ 1.00 per Watt within reach

due to the manufacture learning curve providing large-scale economics.[8] However, to

compete with other energy sources, the cost still needs to be reduced further.

Recently, the emergence of perovskite solar cells has attracted lots of attention; with

advantages including low-temperature process, low material cost, and compatibility with

roll-to-roll processing, make it a very promising candidate to challenge the existing silicon

dominance. However, this technology is still rather young; though the first discovery of

the organic-inorganic perovskite that can be traced back is 1978, by the German scientist

Dieter Webber[9, 10]. But due to a different historical focus, it was only in 2009 that

the first solar cell was being reported with a PCE of 3.8% on a sensitised solar cell

by Miyasaka and co-workers.[11] With a major leap of PCE to over 10%, achieved by

2
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replacing the liquid electrolyte in the sensitised solar cells with all solid-state transport

layers[12], this technology start getting noticed. Within three years, a record-breaking

PCE of over 20% has been demonstrated[13]. Now with a flood of research interests,

the breakthroughs in this emerging photovoltaics are growing at a fastest speed in the

history of solar cells development, achieving the highest efficiency, with the lowest cost

solar cells to answer the global energy dilemma does not seem impossible anymore.

1.2 Aims of the thesis

This thesis is building on the discovery of the interfaces of perovskite solar cells (PSCs).

As this new type of solar cells are still at an early stage of development, and there is much

research that can still be done to improve efficiencies and investigate the fundamental

science. To compete with the A-list solar cells on the market, minimising the charge

recombination by improving the interface has proven crucial to achieve high performance

solar cells; where the calculated Shockley-Queisser limit for PSCs is about is about

31%[14], and the current record-breaking PSCs is about 22% with a fill factor (FF)

lower than 80%[15]. In comparison, the GaAs solar cell has a Shockley-Queisser limit

around 33%, with the state-of-the-art device showing PCE approaching 30% with a

FF close to 87%[5]. As these two materials share similar exceptional optoelectronic

properties in terms of bandgap and effective masses[16, 17], this suggests that there are

still plenty of space left for PSCs to improve their performance.

In chapter 2, we will first cover the overview of the background knowledge required for

this thesis, which includes the basic principles of semiconductors, solar cells, operation

principles of perovskite solar cells, and the role of interfacial layers for readers to better

understand the following chapters. A detailed description of materials used, fabrication

of solar cells, and characterisation techniques will be described in chapter 3.

3
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Evolving from the solid-state dye-sensitised solar cells (ss-DSSC), the fabrication of

PSCs shares the similar building blocks, working mechanisms and the use of materials.

However, in the regular PSCs, the preparation of the thin TiO2 electron-transporting

layer (ETL) still required to be sintered at a temperature over 500 ◦C, which is un-

favourable for low-cost production, applications on plastic substrates, and fabrication

of multi-junction device architectures for even higher efficiencies. In chapter 4, we em-

ploy liquid phase exfoliated graphene and hydrothermally synthesised TiO2 to form

a low-temperature processed nanocomposite as ETL, enabling the entire device to be

fabricated at temperatures no higher than 150 ◦C. With synergetic efforts from the pre-

synthesised anatase TiO2 to function as gatekeeper for carrier selection/injection, and

graphene to act as a continuous 2D conductive framework to provide superior charge-

transportation in the nanocomposites. The resulting regular PSCs was able to compete

with the best high-temperature processed PSCs while the work was published. This

has generated tremendous interest in this area and shown promise for the industrially

preferred application.

Perovskite solar cells are particularly sensitive to the interface and the details of mate-

rials applied. In chapter 5, we put particular emphasis on the development of inverted

PSCs, which inherited the structure from organic photovoltaics (OPV), which not only

have advantages in a fully low-temperature process (less than 100 ◦C) to be compatible

with the roll-to-roll processing, but also eliminate the unwanted anomalous hysteresis

behaviour. Although many efforts have been made to improve the regular (n-i-p) archi-

tecture to facilitate charge extraction with improved selective contacts and deposition

process for further pushing the performance ahead, however, the presence of hystere-

sis behaviour has cast a shadow with the concerns of stability in the regular PSCs; as

has been pointed out, the origin of hysteresis is likely to stem from the unfavourable

interfaces within the device. Therefore, it is particularly important to understand the

difference between the two structures, and investigate the interface behaviours. Here, a

4
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development of inverted PSCs will be demonstrated, from the cathode to anode, and the

influence of energy level alignment on device performance will be studied and discussed.

With the careful evaluation on the interface and energy level alignment of the individ-

ual components. We will show how various approaches have contributed toward the

improved wettability, surface morphology, and better matching energy levels between

interfaces, leading to a hysteresis-free perovskite solar cells. Then, we also provide a

comprehensive comparison between the fullerene-based regular and inverted structure

PSCs. The careful optimisations throughout the entire carrier transport pathways, pro-

vide new insights into the future development of interface engineering and show the

importance of interlayers for highly efficient and hysteresis-free PSCs.

In traditional thin-film photovoltaic materials processing, the influence of impurity dop-

ing has been studied extensively, and has been found to either alter the crystallisation

or induce the electronic doping; however, in the perovskite community, this has been

largely unexplored. Here, in chapter 6, we demonstrate how the addition of small metal

ions as potential dopants has profoundly influenced the quality of the perovskite; not

only facilitating the crystallisation process by changing the surface energy of the crystal

growth front making it more favourable, but also due to a tendency to segregate at the

grain boundaries. The resulting films have shown a two-fold increase in the quantum lu-

minescences efficiency, and a significantly reduced electronic disorder, which means that

the recombination at the potential defect sites has been substantially reduced. More-

over, these improved optoelectronic qualities also translate directly to a superior device

performance.

Finally, the key findings in this thesis, and the potential development and outlook for

the PSCs will be summarised and discussed in chapter 7.
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Background

This chapter gives an overview of the background knowledge required for the under-

standing of this thesis, which includes the basic principles of semiconductor, solar

cells, and the operation of perovskite solar cells and its interfacial layers. Note: For

more in depth information, please refer to Sze et al.[1], Rosenburg et al.[2], Nelson

et al.[3], and Wurfel et al.[4]
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2.1 Semiconductor

In this chapter, we will briefly discuss the building block of photovoltaics, the semicon-

ductor, which allows solar cells to convert the light into electricity. In general, materials

can be roughly classed into three categories, metals, insulators, and semiconductors.

The major difference between these three types of materials is their energy states, also

called band gaps (EG). To understand the flow of charge and potential difference within

the band structure, it is essential to determine the Fermi level (EF ) of a material. The

Fermi level can be regarded to be a hypothetical energy level being filled up with a 50%

chance by electrons for any non-zero temperature, while at absolute zero (zero degree

Kelvin), it has an occupancy chance of 100%.[1]

Figure 2.1: Energy band diagrams for metals, insulators, semiconductors, and doped semi-
conductors illustrating the differences of the forbidden gap (EG), and their conduction and
valence band alignments relative to their Fermi levels(EF ). Blue and orange lines depicts filled
states and empty states, respectively.

The energy states, or so-called bands of a material are occupied or not, depending upon

whether the original molecular orbitals were occupied. The highest occupied band, which

contains the valence electrons, is called the valence band (VB). The lowest unoccupied

band is called the conduction band (CB). These two terms are analogue to the terms

typically used in describing organic materials, Highest Occupied and Lowest Unoccupied
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and Molecular Orbitals (HOMO and LUMO), where the long-range delocalization in the

energetic band is not possible.[2]

Metals allow electrons to freely transfer within their continuum of energy states. They

either have minuscule band gaps or none, due to the overlap of their valence and con-

duction bands. Their EF lies inside at least one band, its position gives us information

about the velocities of the electrons which play a part in electrical conduction. Insula-

tors usually have an EF inside their relative large forbidden gap. This large gap means

it is very difficult for electrons in VB to be promoted to the CB, resulting in a fully

occupied VB and an empty CB under normal circumstances. Semiconductors, have

a conductivity range situated between metals and insulators. However, this does not

mean that semiconductors are simply poor conductive metals. Instead, semiconductors

are generally insulating without energy excitation or impurity doping. Both of these

cases will be discussed below. With the input of stimulus such as light, heat, or an

electric field, provides energy to excite a semiconductor’s electron from the VB, across

the band gap, to the CB. The presence of electrons in the CB also results in an equal

number of positive charges (holes) in the VB. If an electron in a metal was raised to

higher energy state, it would decay back to its ground state very quickly through the

continuum of energy states. While a semiconductor has a different behaviour where

the band gap enables the excited electrons to remain in their excited states and to be

exploited for further energy conversion.

Doping in semiconductors

As mentioned above, conductivity in semiconductors can be tuned with the aid of dop-

ing. Doping is achieved by adding impurities to the intrinsic host material, which frees

electrons or holes from them, thus increasing the number of free carriers for conduction.

This method of adding electrons or holes to levels near to the conduction or valence
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bands, shifts the Fermi level closer to the CB or VB within the material, making the

material more conductive (less resistive) for electrons or holes upon doping. Here the

conductivity (σ) and resistivity (ρ) in a semiconductor can be described as

σ = 1
ρ

= q(µnn+ µpp) (2.1.1)

Where q is the electronic charge, n is the density of electrons, and p is the density

of holes, µn and µp are the mobilities of the electrons and holes, respectively. In fig.

2.2 we show an illustration of how the typical semiconductor Silicon, can be doped with

impurities to make a p-type semiconductor by doping with group III elements like boron,

or with group V elements like phosphorus to make an n-type semiconductor.

Figure 2.2: Schematic diagram of (a) intrinsic silicon crystal lattice, doped with impurities to
produce excess of delocalised or mobile (b) holes (p-type) or (c) electrons (n-type). Note that
this is a two-dimensional representation of a three-dimensional material. Each silicon atom
has four close neighbouring atoms, and it shares two electrons with each of them forming four
covalent bonds.
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2.2 Principles of Solar Cells

The first reported photovoltaic effect can be dated back to 1839 by Edmond Becquerel.[5]

However, it was not until 1954, that the first practical device was unveiled by Bell Labs,

when they presented the simplest solar cell (fig. 2.3), a p-n junction or diode, where two

types of semiconductors contact each other. Upon photoexcitation, electrons and holes

are collected at opposite ends, thus current is generated. The following sections discuss

the different processes taking place here.

Figure 2.3: Photovoltaic cells require a spatial asymmetry manner to drive the photoexcited
charge carriers through external circuit to generate current and voltage.

2.2.1 Light absorption and generation of charge

In fig. 2.4, we show the standard terrestrial solar spectrum (Air Mass 1.5), corresponding

to the sun at an elevation angle of 42◦ with an integrated irradiance of 1000 W/m2. It

is important to note here, that for a photovoltaic material with a particular band gap,

only the photons with enough energy to excite electrons across the bandgap can be

absorbed. Though the high energy photons are needed to generate electron-hole pair,

only the potential energy of the semiconductor’s Eg will be gathered, while the excessive
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Figure 2.4: AM 1.5 solar spectrum with indication of region can be absorbed by standard
crystalline silicon (Eg = 1.1 eV), and CH3NH3PbI3 (Eg = 1.55 eV) respectively.

energy in carriers will be quickly lost via thermalisation[3], see fig. 2.5. Thus, it is in our

interest to investigate the solar spectrum with respect to the band gap. According to the

Shockley-Queisser’s theory, the ideal band gap range for a photovoltaic material would

be around 1.1-1.4 eV.[6] Crystalline silicon is a material with a bandgap in this range.

In fig. 2.4 we indicate where crystalline silicon’s (Eg = 1.1 eV) absorption coverage is,

and we also show that of CH3NH3PbI3 (Eg = 1.55 eV).

Once the photons are absorbed, the created mobile electron hole pairs, are known as

excitons (See fig. 2.6). This pair of electrons and holes are attracted to each other due

to the Coulomb force, and their binding energy is mainly dominated by the dielectric

constant of the material. Excitons can be roughly categorized in two classes, Frenkel

excitons (binding energy between 0.1 to 1 eV, typical of organic semiconductors) and

Wannier-Mott Excitons (binding energy on the order of 0.01 eV, typical of inorganic
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Figure 2.5: Photon absorption in a semiconductor generate electron-hole pair at respected
band edge with excessive kinetic energy release by thermalisation.

semiconductors)[7]

2.2.2 Charge Separation

After the generation of electron-hole pairs, it is important to separate the charges before

they recombine. As mentioned before, the pair of electrons and holes are attracted to

each other with a binding energy due to the Coulomb force. Separating these charges

plays a vital role in how photovoltaic devices generate photocurrent (in short circuit

condition) and photovoltage (in open circuit condition). A driving force is required to

separate the charges, and the most common way is to create a spatial variation in the

electronic environment.
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Figure 2.6: Types of excitons exist in semiconductors with different binding energy resulting
in different carrier behaviour.

p-n Junction

Taking the aforementioned first practical PV device as an example: the contact between

p- and n-type semiconductors, makes their Fermi levels align to the same energy, causing

band-bending, and making electrons migrate into the p-type side and holes migrate to

the n-type side.[3] The departure of electrons and holes, meanwhile, also leaves positive

ions (at n-type) and negative ions (at p-type) behind, this creates an intrinsic built-in

electric field called the depletion region, see fig. 2.7. This built-in potential can be

calculated by subtracting from the values of bandgap to the difference of Fermi levels

with respect to the band edges of doped region.[8] Upon illumination with light, the

energy of the incident photons is absorbed by electrons, thus creating mobile electron

hole pairs. With the presence of the built-in field to drive the electrons to the left and

holes to the right, we realise charge separation and current flow. This happens through
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a combination of drift and diffusion of mobile carriers which can be described by the

equation below.

JLight = q(nµn + pµp)E + q(Dn
dn
dx

+Dp
dp
dx

) (2.2.1)

Here, JLight is the photocurrent, µ is carrier mobility, E is the electric field, D is the

diffusion coefficient, x is the position along the direction of current flow, n and p are the

carrier concentrations for electrons and holes, respectively.

Figure 2.7: Schematic diagram of a p-n junction under illumination with enumerated
process. 1, upon illumination, the photo-excited electron and hole pairs appear in CB and VB
respectively. 2, the depletion region acts as the built-in field to drive electrons to the n-type
side and holes to the p-type side. 3, Radiative recombination of the electron-hole pair (may
be followed by the emission of light). 4, Trap-assisted decay. 5, Auger recombination of the
electron-hole pair, where the electron-hole pair recombines giving its energy to a neighbouring
carrier.
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p-i-n Junction

As the name suggests, the p-i-n junction is similar to the p-n junction, but the only

difference is with an intrinsic semiconductor inserted between the p and n contacts. The

intrinsic layer is left undoped, so when the contacts form, it creates the equivalent built-

in electric field as in the p-n junction, but with the insertion of an intrinsic layer, the

depletion region is elongated.[1] This is preferable for materials with long wavelength

response and shorter diffusion length. Since under long wavelength irradiation, only

those electron-hole pairs close to the depletion region will contribute to the photocurrent

generation. Therefore, the wider the depletion width, the more useful electron-hole

pairs can be generated within the device. But the wide depletion region is not always

beneficial; the intrinsic layer is undoped leading to a lower conductivity, which potentially

increases the series resistance of the device, so it is only useful for materials with a shorter

diffusion length.[4]

2.2.3 Charge Recombination

Once a charge carrier is produced, its lifetime is not unlimited. There is a tendency for

carriers to recombine due to the existence of Coulombic force.[2] The length of carrier

travels before it recombines is called Diffusion length (LD), and can be defined as

LD =
√
Dτ (2.2.2)

Where D is the diffusion constant, and can be described as a function of carrier mobility(µ),

temperature (T), Boltzmann constant (kB), and the elementary charge (e):

D = µkBTe
−1 (2.2.3)
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τ is the carrier lifetime, which defines as the average time it takes for an excess minority

carrier to recombine.

Recombination is unlike the generation of carriers, which has one dominant mechanism

only, instead, it has several competing pathway.They can be classed into two categories:

radiative and non-radiative recombination. Figure 2.7 illustrates three different recom-

bination mechanisms, where the radiative decay (3) demonstrates a band to band charge

recombination (bimolecular) accompanied by light emission. Non-radiative recombina-

tion shows different behaviours in (4) with trap-assisted recombination (monomolecular)

and (5) Auger recombination involving three carriers: when an electron and a hole re-

combine, the energy is given to a third carrier rather than being dissipated in the form

of light or heat.[3]

The overall recombination rate is contributed by three different pathways and is depen-

dent on the charge carrier density (n), hence the total recombination rate (Rtotal) is given

by

Rtotal = k1 + nk2 + n2k3 (2.2.4)

Where k1, k2 and k3 are representing the monomolecular rate constant, bimolecular rate

constant, and Auger rate constant, respectively. While τ is inversely proportional to total

recombination rate (Rtotal), hence from equation 2.2.3, we can rewrite the equation 2.2.2

as

LD(n) =
√

µkBT

Rtotal(n)e (2.2.5)

From here, we can describe the carrier diffusion length as a function of carrier mobility

and recombination.
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2.2.4 Charge Collection

So far, we have discussed the phenomena of absorption, separation, and recombination,

now to estimate how much current we can collect, we need to consider two situations in

a diode, with and without illumination. The p-n junction create energetic gradient in

both cases, therefore, the overall current generated is,

JTot = JLight − JDark. (2.2.6)

When under dark, the built-in field shifts the electrons toward the n-type layer and

holes toward the p-type layer. To disable such a current flowing, an external electric

field is needed. This applied field is also known as the open-circuit voltage, and the

current flowing without electrical load is called the dark current (Jdark), which flows in

the opposite direction of the photocurrent. Here, it can be written as,

JDark(V ) = J0(eqV/mkBT − 1) (2.2.7)

where J0 is a constant, kB is Boltzmann’s constant, T is temperature, and m is the

ideality factor, ranging between 1 and 2 (when a diode behaves in the ideal scenario,

m=1).

While under illumination, the photocurrent (JLight) is a function of the diode’s properties

(absorption, charge separation, and recombination) over the incident light spectrum, and

it can be integrated with the product of External Quantum Efficiency (EQE) and the

incident solar spectrum as

JLight = q
∫
EQE(E)ΦAM1.5(E)d(E) (2.2.8)
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where EQE represents how efficiently that photon can be absorbed to create the electron-

hole pair.

Now to find the total current (JTot) in an illuminated diode, we can rewrite the equation

2.2.6 as below,

JTot = q
∫
EQE(E)ΦAM1.5(E)d(E)− J0(eqv/mkBT − 1) (2.2.9)

When m=1, this is the total current collection for an ideal diode.[3]

2.3 Characterisation of Solar Cells

From the previous discussion, we can describe the photovoltaic device with simplified

equivalent circuit models under different conditions. In fig. 2.8a, we show an ideal diode

with a photocurrent source (JLight) in parallel with a diode running the dark current

(JDark) in the opposite direction of JLight. The device under open circuit and short

circuit conditions are shown in fig. 2.8b and c. The non-ideal diode circuit having a

series resistance (Rseries) and a shunt resistance (Rshunt) describing the possible leakage

currents in a real device architecture is shown in fig. 2.8d.

To describe the performance of a solar cell, we use the current density-voltage measure-

ment (J-V) to characterize the device, where a working voltage range bias is applied to

the device and the net current generated with and without illumination is measured.

In fig. 2.9 we illustrate the typical J-V curves in the light and dark, which are offset

by the generated photocurrent (JLight), and a number of indicative parameters which

can be extracted from the J-V measurement, such as Jsc, Voc, the maximum power

point (PMPP ), the fill factor (FF), and the most important one, the power conversion

efficiency (PCE or η). We have introduced the physical meaning of Jsc and Voc in the
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Figure 2.8: The equivalent circuit for photovoltaic devices consists of a photocurrent sources
(Jlight) generated upon illumination in parallel with a diode running the dark current (Jdark)
showing a, the ideal diode circuit. b, when the electric circuit is isolated, the device is in the
open circuit condition and the voltage across the terminals is called the open-circuit voltage
(Voc). c, when the circuits are connected without voltage applied, the device is in the short
circuit condition, and a current flow between them is known as the short circuit current (Jsc).
d, the non-ideal diode circuit in real devices, where a shunt resistance (Rshunt) and a series
resistance (Rseries) are presented in the circuit model.

previous discussion. We can observe that the intersection between light J-V curve and

the x-axis (J=0), represents the Voc, and that with the y-axis(V=0), represents the Jsc.

The power density is given by P = JV, the PMPP is the point where the product of J

and V is maximized(JM and VM). Fill factor is a ratio to describe the ideality of the

device, and represents the resistive and recombination losses. From the PMPP and the

light J-V curve’s intersection we can derive the fill factor as

FF = JMVM
JscVoc

(2.3.1)
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And we can express the power conversion efficiency in a solar cell as

PCE = JscVocFF

Pin
(2.3.2)

Where Pin is the power density of incident radiation.

Figure 2.9: The representative light and dark J-V curves, with key parameters shown in the
graph.

2.4 Principles of Perovskite Solar Cell Operation

2.4.1 Perovskite

Perovskite is a group of material has crystal structure with a general chemical formula

ABX3, where A and B are two different cations, and X is an anion. See fig. 2.10 for
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details. The most common material adopted this structure is calcium titanium oxide

(CaTiO3). There are hundreds of materials that share this structure with a myriad of

properties. Here we focus on the organic-inorganic halide hybrid perovskite materials,

which own the most exceptional optoelectronic properties within the perovskite family.

Figure 2.10: A typical 3D perovskite crystal structure in cubic phase, with a 4x4x4 supercell
and its unit cell outlined in colour blue, which has a general chemical formula of ABX3, where
A and B are cations, and X as anion.

To evaluate the stability and distortion of the crystal structure and the compatibility of

ions within the crystal structure, a tolerance factor (TF) is used, which was proposed

by Victor Goldschmidt in 1926 as the equation below.[9]

TF = rA + rX√
2(rB + rX)

(2.4.1)

Where rA, rB, and rX are representing the ionic radius of A, B, and X ions in an ABX3

perovskite structure. According to Kieslich et al., if a TF falls between 0.8-1, a stable 3D

perovskites can be formed, while if the TF falls outside the range, the 3D perovskite may

still be formed, but also likely to result a low dimensional compound (TF>1) or a reduced

packing density (TF<0.8) which lead to a perovskite-like structure material.[10] Hence,
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with the TF concept as a guidance, various organic-inorganic perovskites have been

investigated. In the most common composition of ABX3, the A site is usually occupied

by an organic protonated-amine cation, such as Methylammonium (CH3NH+
3 , MA+)

or Formamidinium (H2NCNH2
+, FA+), the B site is generally dominated by a divalent

metal ion, such as Pb2+ , or Sn2+, while the X site is available to halide anions such as

Cl−, Br−, and I−. By mixing ions in different combinations, we can influence properties

such as structural stability and optical bandgap. A great deal of research effort has

been focused on the methylammonium lead iodide (CH3NH3PbI3) perovskite, since it

was the first organic-inorganic perovskite being demonstrated with superior photovoltaic

performance. With a bandgap of 1.55 eV, it not only has a high absorption coefficient,

but also shows advantages in easy solution-based fabrication processing [11, 12]. It has

a carrier diffusion lengths over 1 µm [13], and an exciton binding energy of 16 meV [14].

According to the simulations, it can potentially reach a Voc of 1.3 V and a Jsc of 26

mA/cm2, which gives a maximum efficiency of 31%.[15] These extraordinary properties

explain why it is at the forefront of the photovoltaic research. In the following sections,

we will discuss the operation mechanism and the charge transport layers which enable

high-performing perovskite cells.

2.4.2 Structures of Perovskite Solar Cells

DSSC-MSSC

The perovskite was first used as a sensitizer on mesoporous TiO2 in the liquid-electrolyte

dye-sensitized solar cells by Miyasaka and co-workers in 2009.[16] A high Voc of 0.96

V on CH3NH3PbBr3, and over 10 mA/cm2 Jsc on CH3NH3PbI3 with a good start-

ing PCE of 3.8% was achieved. Two years later, an improvement was made by Park

and co-workers via preparing the CH3NH3PbI3 perovskite as quantum dots to sensi-
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tise the mesoporous TiO2 and PCE of 6.5% was obtained with the Jsc elevated to

16 mA/cm2.[17] However, CH3NH3PbI3 perovskite cannot survive the environment of

liquid-electrolyte long enough, as it tends to be dissolved in the iodide-based redox

electrolyte. In 2012, almost concurrently, substantial progress was made by replacing

the liquid-electrolyte with a solid-state hole transport material (HTM), namely 2,2,7,7-

tetrakis-(N,N-di-p-methoxyphenyl amine)9,9-spirobifluorene (spiro-oMeTAD). A 9.7%

PCE was reported with CH3NH3PbI3 as an absorber on a mesoporous TiO2 scaffold

by Im et al.,[17] while a 10.9% PCE was realised by using CH3NH3PbI3−xClx on an

Al2O3 insulating scaffold by Lee et al., which shows the absence of a meso-TiO2 layer,

with Voc over 1.1 V generated.[11] This important finding in the later work indicates

the carriers can transfer freely within the perovskite layer without the need to be sen-

sitised by the meso TiO2. This opened up a new device architecture in the PSC field,

termed as Meso-Superstructured Solar Cells (MSSCs). MSSCs have a structure of

FTO\compact TiO2\Al2O3+CH3NH3PbI3\Spiro-oMeTad\Au.[11] Since then great ef-

fort has been made toward the optimising the film quality, bandgap engineering, interfa-

cial and compositional design which lead to PCE exceeding 20% today.[18, 19, 20, 21, 22]

Planar Structure PSCs

Further structure refinement was done by Ball et al., where the first planar n-i-p struc-

ture in PSCs was realised with a simplified architecture of FTO\compact TiO2(n-

type)\CH3NH3PbI3(intrinsic)\Spiro-oMeTad(p-type)\Au.[12] In the meanwhile, an im-

portant study revealing both hole and electron diffusion lengths exceeding 1µm further

corroborated the feasibility of planar junction in PSCs.[13] Subsequently, morphology

improvement was made on these thin films via processing control in their deposition

techniques[23] and thermal evaporation[24] to achieve full surface coverage and min-

imise pinholes which pushed the PCE forward to over 15%. A champion record of
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19.3% was achieved by employing a yttrium-doped compact TiO2 in the planar n-i-p

PSCs.[25] However, an anomalous hysteresis effect was being commonly found in these

cells, showing unstable behaviour of these photovoltaics.[26] Since a planar structure

of n-i-p architecture has proved practical, an inverse sequence architecture of p-i-n was

also being demonstrated with a PCE of 3.4%, by varying the deposition sequence of

transport layer from p-i-n to n-i-p on the transparent electrode, which is termed "in-

verted structure".[27, 28] Interestingly, in these inverted PSCs, when all the inorganic

transporting layers are replaced with organic transporting layers such as conjugated

polymers and fullerenes, the aforementioned hysteresis behaviour is either suppressed or

disappears, which we will discuss with more details in chapter 5.

Figure 2.11: Structures evolution of perovskite solar cells, where it evolve from the DSSC to
MSSC, follow by planar n-i-p or p-i-n architecture.
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2.4.3 Charge Carrier Dynamics

After efficient solar cells were demonstrated[11, 24, 18], tremendous efforts in unveiling

the fundamental properties of perovskite have been made. Stranks et al.[13] and Xing

et al.[29] almost simultaneously reported an observation of over 100 nm carrier diffusion

length (LD) with CH3NH3PbI3 using Time-correlated single-photon counting (TCSPC)

technique, yet, a more astonishing result of LD over 1 µm on CH3NH3PbI3−xClx was

uncovered by Stranks, when compared to ordinary organic photovoltaics shows two

orders of magnitude higher value for the LD.[13] It is also worth noting here, that a

report of a solution-grown CH3NH3PbI3 single crystal has recently further advanced the

record carrier diffusion length to over 175 µm.[30]

Wehrenfennig et al.[31] using Terahertz spectroscopy (TS), further unveiled the kinetics

of carrier recombination. They found a very low monomolecular (trap-assisted) recom-

bination rate (k1) at ~10−6s−1, and bimolecular (electron-hole) recombination rate (k2)

around 10-10 cm3s−1 which defy the Langevine limit by 4 orders of magnitude, while a

Auger (many-body) recombination rate (k3) shows a comparable value of ~10−28 cm6s−1

to the strongly confined semiconductors, i.e. quantum dots, whereas Milot et al. later

found the value of k3 displays a strong dependence on the structural phase of perovskite

across different temperature regimes.[32]

Apart from the exceptionally long diffusion length and the low recombination rate re-

vealed, the charge mobility reported is also quite noteworthy. A Hall effect and re-

sistivity measurement showing an electron mobility of ~66 cm2V−1s−1 was first pre-

sented by Stoumpos et al.[33] Later on, Wehrenfennig et al. also demonstrated an

effective charge mobility of 8 cm2V−1s−1 for CH3NH3PbI3 and 11.6 cm2V−1s−1 for

CH3NH3PbI3−xClx.[31] A value of over 33 cm2V−1s−1 for a evaporated and pin-hole

free CH3NH3PbI3−xClx was also reported.[34]
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In section 2.2.2, we discussed the different types of excitons in semiconductors and their

behaviour. The Coulombic force between the electron-hole pair plays a dominant role

in a solar cell operation; thus, many investigations have been made to better under-

stand excitons in perovskites, as the quest for a more clear picture of the fundamental

properties intensifies. There has been a very wide range of exciton binding enery (2 to

62 meV) reported since early 1990.[35, 36] The first study disclosed a value of 37 meV

deriving from the diamagnetic shifts in the magnetoabsorption measurement on a bulk

CH3NH3PbI3. However, later on, a value of 50 meV was reported using a comparable

experiment approach.[36] This is a result of the use of the dielectric constant (ε) to eval-

uate the exciton binding energy (Eb) which was varied as a function of both frequency

and temperature.[37] More attempts were made via the temperature dependence of the

PL intensity[38, 39], absorption onsets[40, 41], but these are still not giving a conclusive

result yet. Recently, Miyata et al. were able to determine the (Eb with a value of 16 meV

at 4 K, and few meV at room temperature, with an effective mass of 0.104 me (electron

mass) via the direct observation of both 1s and 2s excitonic features, and circumvent

the need to evaluate base on the value of ε. This finding indicates a free-carrier be-

haviour (Wannier-Mott model) and the thermal energy at room temperature is enough

to dissociate the exciton already.[42]

More recently, a photon recycling effect in perovskite has been reported by Pazos-Outon

et al., showing the absorption and reemission of excited carriers occurs many times

during the carrier transport within the perovskite by probing the build-up of the internal

photon gas and monitoring the propagation of photogenerated luminescence in a thin

film CH3NH3PbI3. These effects can be further improved by reducing nonradiative decay

pathways or using higher fluences, where radiative decay pathways dominate.[43]

In sum, these extraordinary dynamic features can support the exceptional performance

observed in perovskite photovoltaics, and lay out the guidelines for more exciting dis-
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coveries to be made.

2.4.4 Operation Mechanism

The operation mechanism in PSCs is fairly straightforward, and can be explained in

a simplified scenario. Once a photon is absorbed by the perovskite, an electron-hole

pair is created, as mentioned in the section 2.2.2, the charge-transporting layers are

the prerequisite to separate the pair efficiently. Here, we can briefly list the operation

mechanisms of a typical planar perovskite solar cell (consisting of intrinsic, n-type, and

p-type layers) as below, which we also illustrate in the fig. 2.12.

1. After photons are absorbed in the perovskite, electrons and holes are excited into CB

and VB, respectively.

2. Electrons are injected into the conduction band of the ETM, which has a deep valance

band to prevent hole injection.

3. If the ETM has the sub-band gap states, the electron transport may be limited by

trapping and de-trapping process.

4. Holes are injected into the valence band of the HTM, which has a high conduction

band to prevent electron injection.

5. Hole transport is via a hopping mechanism.

Here, one can see the charge transporting layer, plays a key role in facilitating the current

generation. In the next section, we will discuss the interfacial transporting layers in more

detail.

29



Chapter 2

Figure 2.12: The operation mechanism for a perovskite solar cell with energy level diagram
and numbering for the key processes for charge generation and trans-portation: 1. Exciton
generated by photon absorption; 2. Electron injected into ETM’s conduction band; 3. If the
ETM has sub-band gap states, the electron transport may be limited by trapping and de-
trapping proccesses; 4. Hole injected into HTM; 5. Hole transport via hopping mechanism.
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2.5 Interlayers

The interlayers play a significant role in facilitating charge separation. As discussed in

the section 2.2.2 and 2.2.3, once the electron-hole pairs are generated, it is critical to

separate these charges before they recombine which would lead to a loss of photocurrent.

The faster the carriers can be removed from the interface, the better chance to avoid a

loss mechanism they have. To achieve the rapid charge extraction from the interface,

the insertion of interlayers is essential. Clearly, the function of the interlayers dictate the

performance of the solar cells. Since the earliest development of the organic photovoltaics

(OPV), the employment of the interlayers was common. Accordingly, tremendous efforts

have been made to understand the function of the interfacial layer and drive the OPV

device performance forward.[44, 45, 46, 47, 48, 49, 50] Here, the same concepts can

be readily applied to the development of efficient PSCs. Energy level alignment is

the most vital and the first factor we need to consider when designing a photovoltaic

device. Altering the energy level of interfacial layers to match with the band edges of the

perovskite can minimise the potential loss. As in a heterojunction photovoltaic device,

upon illumination, the generation of electron-hole pairs would disturb the equilibrium of

Fermi levels, which split into the electron-quasi-Fermi levels (EFn) and hole-quasi-Fermi

levels (EFp), respectively, where the difference between EFn and EFp determines the Voc

of the solar cell.[51] In addition to the enhanced Voc; matching energy levels also lead to

an increase in Jsc and FF by facilitating carrier extraction and collection with reduced

energy barriers. Therefore, altering the energy levels (i.e. chemical doping, stacking

of multi-interfacial layers, etc.) of electron-transporting materials (ETM) and hole-

transporting materials (HTM) is a popular approach to improve device performance.

The carrier mobility of an interlayer is another important factor that governs the per-

formance of photovoltaics. Since carriers need to be efficiently transported and collected

on each side, high mobility is desirable to minimise the possibility of recombination.
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Improving interface between layers by employing self-assembled molecules at the inter-

faces or altering the dipole moment on the surface.[52] has been found to be a useful

way to improve the wetting between layers[53]. Promoting the surface morphology and

properties at an interface are also efficient methods to boost device performance.

In addition to improve the contacts, avoiding unfavourable contacts can also be benefi-

cial; Chemical reactions between metal/organic layers are found to influence the contact

behaviour and lead to "S-shape" J-V curves which affect the Voc, Jsc, and FF.[54] An

inert buffer layer inserted between metal/organic interfaces has been proven to success-

fully avoid such undesirable feature and act as an optical spacer to enhance current

collection.[55, 48]

From here, the primary function of an interlayer can be summarised as having one or

more of the following functions:

1. Form a selective contact for electrons and holes respectively.

2. Facilitate charge extraction and injection by reducing the energy barrier.

3. Modify surface properties/relative polarity for better film formation.

4. Suppress reaction between the metal/organic or organic/organic interface.

5. Act as an optical spacer to increase the photocurrent collection.

Where all roles are related, and simultaneously influence each other.It is therefore crit-

ical to understand the operation principles of the interlayers to achieve the maximum

performance of the device.
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2.5.1 Electron-Transporting Layer (ETL)

The ideal electron-transporting layer should have a LUMO/CB energy level that is com-

patible with the conduction band of perovskite. Preferably it can also serve as a hole

blocking layer to minimise charge recombination, see fig. 2.12. Additionally, minimal

absorption spectrum overlap with perovskite, and superior thermal and photochemical

stability are also desired qualities of a good ETL. Since the dominant charge carriers

in a n-type layer are electrons, the electron conductivity and mobility are vital to the

intrinsic electrical properties of the electron transporting materials (ETM), which can be

classed into two categories, inorganic metal oxides, and organic molecules. In PSCs, the

most common ETM is TiO2. The first perovskite-based photovoltaic was demonstrated

on a DSSC, where the compact TiO2 and mesoporous TiO2 both played indispensable

role in the electron extraction and collection.[16] The presence of meso-TiO2 layers in the

regular PSCs structure, have been found to influence the hysteresis J-V behaviour.[56]

However, drawbacks are also being reported; it has been found that there are substantial

numbers of electron trap states existing within the TiO2 layer varying from 1 eV to just

below the CB edge, which are mainly contributed to by defects such as oxygen vacancies,

grain boundaries, and poor electrical contact between TiO2 particles (will be discussed

in chapter 4 with more details).[57, 58] Additionally, a critical instability has been identi-

fied from the photo-induced desorption of surface-adsorbed oxygen on TiO2 which causes

severe degradation of solar cells over its long-term operation.[59] As a result, replace-

ment of metal oxides sharing similar energy alignment with TiO2 are being sought, such

as ZnO[60], SnO2[61], and WOx[62], or the hybrid composites, such as TiO2-SAM[63],

TiO2-graphene[64] or WOx-TiO2[65]. These all may be good candidate materials for

an ETL. On the other hand, organic-based ETMs have also emerged as potential can-

didate in the quest for a better ETL. Fullerene molecules, PCBM, first debuted in the

inverted architecture of PSCs, where it inherits the structure from the OPV, are showing
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comparable performance to the regular structure with negligible hysteresis.[66, 28, 67]

Pure fullerene (C60)[68] and its derivatives are also being reported, such as ICBA[66],

PC71BM[69], and IPH[70], where they boast an adjustable work function to align their

energy level with perovskite via chemical synthesis, and faster charge extraction proper-

ties (high mobility or conductivity via doping) than the normal metal oxides, allowing

them achieve efficient electron transportation.

2.5.2 Hole-Transporting Layer (HTL)

As with the ETL, the HTL, plays the same important role in extracting and transporting

carriers, but for holes. It concurrently serves as an electron blocking layer to suppress

radiative recombination. Typical HTL materials are usually formed by organics, due to

their flexibility of manipulation and preparation and also because it is relatively straight-

forward to modify the properties of hole-transporting materials (HTM) via chemical

synthesis. These HTMs share some of the same requirements as the ETMs have: close

energy level alignments (HTM’s HOMO to the VB of perovskite), high carrier mobility,

few trap states, and uniform morphology at the interface.

Evolving from the ssDSSCs, the first solid-state HTM being that was applied to the

PSCs was the small organic molecule, Spiro-OMeTAD. It showed a PCE of 9%[71]. It

is still the most widely used HTM for PSCs. Recently, Saliba et al. have demonstrated

the impressive PCE of 21% based on the triple cation (Cs/FA/MA) lead perovskite in

a regular structure with Spiro-OMeTAD as the HTM.[72]

Though Spiro-OMeTAD is still among one of the best HTMs, the requirement for addi-

tional dopants (Li-TFSI, tbp) and its oxygen-induced doping, make it difficult to control

and time-consuming.[73]

The synthesis of Spiro-OMeTAD involves multi-step reactions and several purification
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processes which lead to a high fabrication cost, thus limiting its large-scale commer-

cial viability.[74] Therefore, scientists have been searching to find an alternative to re-

place Spiro-OMeTAD. In the quest for the ideal HTM, various types of materials have

been proposed, including organic molecules[75],conducting polymers[27, 28, 76], car-

bon nanotubes[77, 78], and inorganic materials.[28, 66, 79, 80] Poly(tertiary arylamine)

(PTAA) by far is the best performing contestant and have demonstrated a PCE exceed-

ing 20%.[22]

It is worth noting here, that in a regular structure, a thicker(>100 nm) HTL is required

to reach full coverage on top of the perovskite layer to prevent short circuits, but in the

inverted structure, only a thin layer (<100 nm) of HTM is required. However, layers

that are too thick would also result in higher Rseries, therefore, it is critical to balance

between the hole-conductivity and the shunt resistance with optimum HTL thickness to

obtain the best device performance.

2.5.3 Electrodes and Buffer Layers

A typical solar cell design usually makes use of a transparent electrode in the front and

a metal electrode at the back to collect the photogenerated current. An ideal electrode

is desired to have qualities including low sheet resistance, high chemical stability, low

cost, and a matching energy level respect to its collecting carriers. For a transparent

electrode, the high transparency is the prerequisite. The most common transparent

electrode is Fluorine doped Tin Oxide (FTO), given its robustness for high-temperature

fabrication and chemical inertness, it is a very suitable anode for the preparation of

n-type compact and mesoporous TiO2 layer in the regular structure of PSCs. While in

the inverted structure, Indium tin oxide (ITO) is more widely used as a cathode, given

its high conductivity and transparency. With its higher work function, it is more prefer-

able for the p-i-n architecture. However, the inclusion of the rare element Indium makes
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ITO relatively expensive. Nevertheless, it is still being widely adopted by community

and industry due to its virtues. For metal electrodes, the noble elements of Ag and

Au are widely used as the cathode in the regular structure of PSCs, for their matching

energy levels and easily accessible deposition method (eveaporation). While for inverted

structure, a combination of a thin buffer layer (i.e. LiF or small organic molecules) and

a dual metal layer consisting of a lower work function metal (i.e., Ca, Ba) with Al or Ag

is widely used as the anode to facilitate electron injection/collection.[27, 70, 81] How-

ever, it is reported that a degraded interface was observed in the ambient environment

between the perovskite layer and metal electrodes including silver and aluminium.[82]

As for gold, it is widely recognised for its superior chemical inertness compared to silver

and aluminium, but with a mild degradation still being reported.[83] These degrada-

tion behaviours have been attributed to the presence of high moisture or heat induced

chemical reaction between the perovskite and the metals.[84]
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Method

3.1 Materials Preparation

3.1.1 Methylammonium Lead Mix-Halide Perovskite

(CH3NH3PbI3−xClx )

MAI was prepared by mixing methylamine solution (CH3NH2, 33 wt% in absolute

ethanol) with hydroiodic acid (HI, 57 wt% in water) with excess methylamine under

nitrogen atmosphere in ethanol at room temperature. A white colored powder of MAI

can be derived by using a rotary evaporator to facilitate the MAI recrystallization.

To prepare CH3NH3PbI3−xClx precursor solutions, Methylammonium iodide (MAI) and

lead chloride (PbCl2) were mixed at a 3:1 molar ratio, then dissolved in anhydrous N,N-

Dimethylformamide with final concentrations of 40 wt% to produce a mixed halide

CH3NH3PbI3−xClx perovskite precursor solution.

To form the film of CH3NH3PbI3−xClx perovskite, the precursor solution was spin-coated

on a cleaned substrate in a nitrogen-filled glovebox at 2000 rpm for 45 seconds, then

allowed to dry at room temperature for 30 minutes. It was then annealed on a hotplate

in the following sequence, 90◦C for 2 hours, 100◦C for 20 minutes, then at 120 ◦C for 20

minutes in the nitrogen-filled glovebox as previously reported by Lee et al.[1]
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3.1.2 Methylammonium Lead Iodide Perovskite

(CH3NH3PbI3 )

The methylammonium lead iodide (CH3NH3PbI3) precursor solution was prepared by

mixing methylammonium iodide (Dyesol) and lead acetate trihydrate (Aldrich) at a 3:1

molar ratio, then dissolved in anhydrous N,N-Dimethylformamide with final concentra-

tions of 30 wt% with the addition of hypophosphorous acid (3 µl/ml).

To form the film of CH3NH3PbI3 perovskite, the precursor solution was spin-coated on

a cleaned substrate in a nitrogen-filled glovebox at 2000rpm for 45 seconds, then allowed

to dry at room temperature for 10 minutes. It was then annealed on a hotplate t 100◦C

for 10 minutes as previously reported by Zhang et al.[2, 3]

3.2 Fabrication of Perovskite Solar cells

3.2.1 Mesoporous-Superstructured Solar Cell fabrication

Devices were fabricated on fluorine doped tin oxide (FTO) coated glass substrates (Pilk-

ington, 7 Ω/sq). Firstly, the anode contact pattern was defined by etching the FTO with

2M HCl and zinc powder. Substrates were then cleaned sequentially in hellmanex, ace-

tone, and isopropanol. Then perform O2 plasma treatment for 10 minutes. A ∼50 nm

of electron-transporting layer (ETL) was deposited with either TiO2 or Gaphene-TiO2

on top of the cleaned FTO. A compact TiO2 ETL layer was deposited by spin-coating

(2000 rpm for 60 seconds) a precursor solution consist of titanium isopropoxide (350 µl),

ethanol (2.5 ml), and 2M HCl (35 µl), then annealed at 500◦C for 30 minutes (ramping

from room temperature in 45 minutes). The low-temperature processed Gaphene-TiO2

ETL was deposited by spin-coating the dispersion at 2000 rpm for 60s, and heated at
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150 ◦C for 60 min. The mesostructured layer was deposited by spin-coating a colloidal

dispersion of Al2O3 solution at 2500 rpm for 60 seconds and annealed at 150 ◦C for

30 minutes. Then the perovskite layer was deposited by the aforementioned method.

The hole-transporting layer (HTL) was then deposited via spin-coating an 8.5 wt%

Spiro-OMeTAD in chlorobenzene solution with tert-butylpyridine (tBP) and lithium

bis(trifluoromethanesulfonyl)imide (Li-TFSI) added. Finally, devices were completed

with evaporation of 80 nm Au or Ag contact electrodes through a shadow mask.

3.2.2 Planar Perovskite Solar Cell fabrication

N-I-P Architecture (Regular Structure)

Devices were fabricated on fluorine doped tin oxide (FTO) coated glass substrates (Pilk-

ington, 7 Ω/sq). Firstly, the anode contact pattern was defined by etching the FTO with

2M HCl and zinc powder. Substrates were then cleaned sequentially in hellmanex, ace-

tone, and isopropanol. Then perform O2 plasma treatment for 10 minutes. A ∼50 nm

compact TiO2 ETL layer was deposited by spin-coating (2000rpm for 60 seconds) a pre-

cursor solution consisting of titanium isopropoxide (350 µl), ethanol (2.5 ml), and 2M

HCl (35 µl), then annealed at 500◦C for 30 minutes (ramping from room temperature in

45 minutes). Then the perovskite layer was deposited by the aforementioned method.

The hole-transport layer (HTL) was then deposited via spin-coating a 7 wt% Spiro-

OMeTAD in chlorobenzene solution with tBP and Li-TFSI added. Finally, devices were

completed with evaporation of 80 nm Au or Ag contact electrodes through a shadow

mask.

47



Chapter 3

P-I-N architecture (Inverted Structure)

The inverted devices here were fabricated on cleaned fluorine doped tin oxide (FTO)

coated glass serving as the transparent electrode. Firstly, the cathode contact pattern

was defined by etching the FTO with 2M HCl and zinc powder. We then deposited

the hole transport layer (HTL) of ∼20 nm thickness by spin-coating a solution of F4-

TCNQ-doped poly-TPD. Then the perovskite layer was prepared by spin-coating at

2000 rpm for 45 seconds from as-prepared precursor solution, drying 10 min on the

bench in the glovebox, followed by annealing at 100◦C for 5 minutes. A n-type collection

layers, PCBM (dissolved in DCB, 2 wt%) was spincoated on top of the perovskite at

1000 rpm for 30 seconds. Followed by the deposition of a thin (∼5 nm) buffer layer

of bathocuproine (BCP, 0.5 mg/ml in IPA) by spinning at 6000 rpm for 20 seconds.

Finally, devices were completed by thermal evaporation of 70 nm of silver contacts.

3.3 Material Characterization

3.3.1 Scanning Electron Microscopy (SEM)

The morphologies of the perovskites were investigated using a scanning electron mi-

croscopy (SEM) (Hitachi S-4300) at an accelerating voltage of 5 kV after platinum

coating samples prepared on glass substrates.

3.3.2 Transmission Electron Microscopy (TEM)

The preparation of a cross-sectional lamellar specimen was carried out on a FEI Helios

dual beam FEG SEM/FIB microscope, fitted with an Omniprobe micromanipulator for

in-situ lift-out. The sample preparation was performed following a standard FIB in-situ
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lift-out technique,1 and the thinning step of the lamellar specimen was performed with

decreasing beam current to reduce sample damage and improve sputtering of the mate-

rial. The cross-sectional specimen was analyzed through high angle annular dark field

STEM (HAADF-STEM), using a Fischione detector on a FEI Tecnai Orisis TEM/STEM

equipped with a field-assisted thermionic emitter gun, operating at 200 kV.[4] This ex-

periment was performed via collaboration at the Department of Materials Science and

Metallurgy, University of Cambridge.

3.3.3 X-ray Diffraction Measurement

Diffraction patterns were obtained from samples of perovskite deposited on FTO glass

using an X-ray diffractometer (Panalytical X’Pert Pro) with a conventional 1.8kW sealed

X-ray tube source, using a Cu target, and a vertical circle theta:theta goniometer with

a radius of 240 mm.

3.3.4 Nanoscale Secondary Ion Mass Spectrometry

A CAMECA NanoSIMS 50 instrument was used to acquire chemical distributions with

spatial resolution better than ∼100 nm. The instrument uses a 16 keV primary 133Cs+

beam to bombard the sample surface and collects and analyses selected secondary neg-

ative ions. For this experiment, c.a. 300 nm perovskite films were prepared on sili-

con wafer surfaces. 27Al16O− secondary ions were collected to show the distribution of

aluminium in the perovskite layer using a to achieve good lateral resolution, and the

secondary electron image from the same location. This data is D1 = 3 or 4 aperture

presented over areas of 8 by 8 µm containing 256 by 256 pixels, and was collected with-

out preliminary 133Cs+ implantation to avoid sputtering away the thin samples. A series

of up to 30 sequential images were recorded at the same location to effectively depth
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profile the sample down to the silicon substrate, and to allow us to locate the cen-

tre of the perovskite film from the secondary electron images where the polycrystalline

grain structure can be clearly identified. The images were processed using OpenMIMS

software (MIMS, Harvard University; www.nrims.harvard.edu). This experiment was

performed via collaboration at the Department of Materials, University of Oxford.

3.3.5 Atomic Force Microscopy (AFM)

AFM images were in non-contact mode with perovskite samples prepared on the FTO

substrate using a ThermoMicroscopes AutoProbe M5 housed in an acoustic isolation

enclosure, with a scan rate of 0.3 Hz and 256 x 256 pixels. We used Aluminum coated

antimony doped Si tips (Bruker), which have typical tip radii of 8 nm, resonant frequen-

cies of 75 kHz, and stiffness of 3 N/m.

3.3.6 Inductively Coupled Plasma Optical Emission Spectrom-

etry (ICP-OES)

A SPECTROBLUE SOP system (Ametek Inc) was utilized for the trace Al3+ doping

level analysis. Basically, multi-element calibration standard solutions were prepared by

diluting the commercial standard solution (100 µg/L, GNM-M33198-2013) with 2% ni-

tric acid in deionized water, giving the final concentrations of 0, 0.05, 0.1, 0.2, 0.5, 1,

2, 5 and 10 µg/L. The ICP-OES analysis was then performed on these calibration stan-

dards to obtain the reference peak intensities for Al (167.078 nm) and Pb (220.353 nm).

Calibration curves (R2=0.999) were then generated based on these reference peak inten-

sities. After that, the control and the 0.15 mol% Al3+-doped films were first dissolved

in 2% HNO3 solution and then tested by ICP-OES system to obtain the Al and Pb sig-

nal intensities. By comparing the signal intensities to the calibration standard curves,

50



Chapter 3

the contents of Al and Pb could be determined with an error of ±2%, which mainly

induced by preparing the standard reference solution. This experiment was performed

via collaboration at School of Physics, Institute of Modern Optics, Peking University.

3.3.7 X-ray and Ultra-Violet Photoemission Spectroscopy (XPS

and UPS) Measurements

Samples for photoemission spectroscopy measurements were transferred to the ultrahigh

vacuum chamber (ESCALAB 250Xi) for XPS/UPS measurements. XPS measurements

were carried out using a XR6 monochromated Al Kα source (hν = 1486.6 eV) and pass

energy of 20 eV. UPS measurements were performed using a He discharge lamp (hν =

21.2 eV) and pass energy of 2 eV. This experiment was performed via collaboration at

Centre for Advanced Materials, Universität Heidelberg.

3.3.8 Kelvin Probe and Surface Photo Voltage (SPV)

Vibrating Kelvin Probe (probe diameter = 2 mm, KP Technology, UK) was used to

determine the surface potential. All the measurements were done at ambient condition.

Calibration of the kelvin probe was done by a freshly cleaved highly ordered pyrolytic

graphite surface which has known work function of 4.65 eV.[5] For SPV measurement, a

quartz tungsten halogen lamp was used as a light source and the sample was illuminated

from the air interface using an optical fiber coupled to the light source. The intensity

was varied linearly by controlling the power supplied to the lamp. The maximum power

density on the sample surface was 1 mW/cm2.
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3.4 Electrical Characterization

3.4.1 Solar Cell Characterization

The current-voltage characteristics of the solar cells were measured under AM1.5 light

at 100 mW/cm2 generated using an ABET Class AAB sun 2000 simulator calibrated

using a National Renewable Energy Laboratories (NREL) calibrated KG5 filtered silicon

reference cell. The mismatch factor, determining the accuracy of the solar spectrum, was

calculated to be ∼±1% between 400 to 1100 nm. All devices were masked with a 0.0965

cm2 metal aperture to define the active area and to eliminate edge effects and avoid

unwanted contributions to charge collection from a wider area than the device.[6] The

light intensity was checked every time at the beginning of measurement by a calibrated

reference diode. JV curves were recorded with a Keithley 2400 sourcemeter at a scan

rate of 0.38 V/s. The Maximum power point voltage was determined from the JV scans

and current measured holding at this voltage for the stabilised power output scans.

3.4.2 Impedance Spectroscopy

Impedance Spectra were recorded using an FRA-equipped PGSTAT-30 from Autolab,

at forward bias, applying a 20 mV AC sinusoidal signal over the constant applied bias

with the frequency ranging between 1 MHz and 0.01 Hz. Impedance Spectroscopy mea-

surements were performed under 1 sun illumination (AM 1.5 G, 100 mW/cm2) with an

ABET Class Sun 2000 solar simulator, followed the work of Kim et al.[7] This exper-

iment was performed via collaboration at Institute of Advanced Materials, Universitat

Jaume I.
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3.5 Optical Characterization

3.5.1 UV-visible Absorption Spectra

For the absorbance analysis,]the perovskite films were deposited on cleaned glasses and

measured on a Varian Carry 300 Bio (Agilent Technologies). To minimize any potential

errors, at least three samples were checked and the average of all spectra presented.

3.5.2 Raman Spectroscopy

Raman spectroscopy was performed at room temperature with a Horiba spectrometer

using a probe laser at a wavelength of 514 nm with in-house built optical lens array

integrated with a monochromator.

3.5.3 Photoluminescence Spectroscopy

Perovskite samples were prepared on glass and coated with an inert polymer poly(methyl-

methacrylate), PMMA. PL spectra were acquired following previous report[8] using a

time-resolved single photon-counting set-up (FluoTime 300, PicoQuant). Samples were

photoexcited using a 507-nm laser head (LDH-P-C-510, PicoQuant) with pulse duration

of 117 ps, fluence of 30 nJ/cm2 per pulse and a repetition rate of 1 MHz. Photolumnin-

cense Quantum Efficiency (PLQE), Steady-state photoluminescence quantum efficiency

values were determined using a 532 nm CW laser excitation source (Suwtech LDC-

800) to illuminate a sample in an integrating sphere (Oriel Instruments 70682NS), and

the laser scatter and PL were collected using a fiber-coupled detector (Ocean Optics

MayaPro). The spectral response of the fiber-coupled detector setup was calibrated us-

ing a spectral irradiance standard (Oriel Instruments 63358). PLQE calculations were
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carried out using a homemade established technique.[9]

3.5.4 Fluorescence Microscopy

Optical microscopy and spectroscopy were performed using a custom sample scanning

confocal microscope built around a Nikon TE-2000 inverted microscope fitted with an

infinity corrected 50x dry objective (Nikon L Plan, NA 0.7, CC 0-1.2). We measured

the point spread function of our systems to be ∼350 nm FWHM. A 470 nm pulsed

diode laser (PDL-800 LDH-P-C-470B, 70 ps pulse width), fluence of ∼30 nJ/cm2 per

pulse was used for excitation with repetition rate of 40 MHz for collecting fluorescence

images. The emission was filtered through a 50/50 dichroic beamsplitter and a 700 nm

longpass filter. Photoluminescence from the sample was directed to a Micro Photon

Devices (MPD) PDM Series single photon avalanche photodiode with a 50 µm active

area. The sample stage was controlled using a piezo controller (Physik Instrumente E-

710). For fluorescence images, the pixel step size was set to 100 nm with a pixel dwell

time (integration time) of 50 ms. This experiment was performed via collaboration with

the Department Chemistry at the University of Washington.

3.5.5 Incident Photon to Converted Electron Measurement

(IPCE) or External Quantum Efficiency (EQE)

Incident photon to converted electron measurements where performed using a modified

Bruker Vertex 80 Fourier Transform Infrared spectrometer, coupled to a transimpedance

amplifier (Stanford Research SR570). All devices were measured in short circuit config-

uration under illumination of AM1.5 light at 100 mW/cm2. EQE values were calibrated

using a National Renewable Energy Laboratories (NREL) calibrated silicon reference

cell with a known EQE spectrum.
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3.5.6 Fourier Transform Photocurrent Spectroscopy (FTPS)

Urbach energies were determined by performing EQE measurements as described above,

except with the AM1.5 light source replaced by a tungsten halogen lamp that was filtered

with RG715 and KG3 filters. The low energy tail of the measured EQE onset was then

fitted using the expression

η(hν) = η0e
(hν−E0)/EU (3.5.1)

where η(hν) is the EQE spectrum, hν is the photon energy, and EU is the Urbach energy.

In an approximation, a shallow slope in the rise in the external quantum efficiency (EQE)

below the band gap indicates a large density of sub band gap states, and in contrast

a steep rise in the EQE below the band gap indicates a lower density of sub band

gap states. We can quantify this steepness, by fitting the exponential rise in the EQE

spectra below the band gap, known as the Urbach tail, to derive the Urbach energy

(EU).[10, 11] Weighting factors: A nonlinear regression was performed using MATLAB

to extract the Urbach energy from the EQE data. Robust fitting was performed using a

bisquared (Tukey’s biweight) weighting function. The errors in the Urbach energy based

on this fitting procedure represent a 95% confidence limits. This FTPS experiment

was performed via collaboration with Prof. Michael Johnston, Department of Physics,

University of Oxford.
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4.1 Context

The highest efficiencies to-date in perovskite solar cells have been achieved in a meso-

porous structure with a thin electron collection layer that requires sintering over 450
◦C. This is unfavourable for low-cost production, applications on plastic substrates, and

multi-junction device architectures. Here in this chapter, we report a low-cost, solution-

based deposition procedure utilizing nanocomposites of graphene and TiO2 nanoparticles

as the electron collection layers in perovskite solar cells. The graphene nanoflakes pro-

vide exceptional charge-collection in the nanocomposites, also enable the entire device

to be fabricated at temperatures not higher than 150 ◦C. These solar cells for the first

instance demonstrate the all-low temperature procedure with photovoltaic performance

up to 15.6%. This work demonstrates that graphene/metal oxide nanocomposites have

the potential to contribute significantly toward the development of low-cost solar cells

with superior performance.

4.2 Introduction

Thin-film photovoltaics aim to reduce the cost per unit energy of electricity generated

from sunlight compared to conventional silicon solar cells. Several approaches have been

developed for solar cells such as amorphous and nanocrystalline Si,[2] inorganic com-

pound semiconductors,[3, 4] quantum dot solar cells (QDSCs),[5] dye-sensitized solar

cells (DSSCs),[6] organic solar cells (OSCs),[7] and now perovskite solar cells (PSCs).[8]

In particular, solid-state perovskite-based solar cells have risen to the forefront of emerg-

ing PV research.[8, 9, 10, 11, 12, 13] Evolving from DSSCs, MSSCs have demonstrated

remarkably high power conversion efficiency of over 20%, broad light absorption, and

open-circuit voltages (Voc) of over 1.1 V, by employing an organic-inorganic halide per-

ovskite, CH3NH3PbI3−xClx , as the absorber, coated upon the surface of a mesoporous

59



Chapter 4

alumina scaffold. Perovskite absorbers are also desirable by virtue of being easy to

solution-process at low-temperature using low-cost materials and do not rely on the use

of elements in limited supply, unstable solvents such as hydrazine, and high-temperature

annealing. In the most efficient thin-film solar cells, electron-collection layers also play

a vital role by facilitating selective charge collection. For most commercial thin film

solar cells, CdS is used for this purpose, however it significantly contributes to parasitic

absorption in the solar cell and additionally contains non-desirable Cd.[14] Metal oxide

materials such as TiO2 , ZnO are widely used in most studies on emerging technolo-

gies since they can prevent shunting and leakage currents under reverse bias.[15] But

such materials still require high temperature processing to increase their crystallinity

and achieve suitably high charge carrier mobility.[16] Similarly this still remains a chal-

lenge for MSSCs, as high-temperature sintering of the n-type TiO2 electron-selective

contact is still important for high performance. High-temperature sintering has several

drawbacks because it results in a higher cost, slower production, and it limits the ap-

plications to solid, temperature resilient substrates, preventing its use with plastic and

malleable metal foils, and in addition multijunction device architectures.[17] Replacing

the sintered TiO2 compact layers should make the perovskite solar technology as versa-

tile in its deployment as organic photovoltaics. Several approaches have been reported

in order to achieve comparable electronic properties for the n-type collection layers in

other solar technologies, such as atomic layer deposition (ALD), high-pressure pressing,

chemical sintering, sol-gel, and electrodeposition.[18, 19, 20, 21, 22] Up to now, these

alternative methods have not yet achieved an equivalent performance to the conven-

tional high-temperature process, due to crack formation in the film, poor adhesion to

the substrate, unfavorable crystallinity of TiO2, and a lack of good connectivity be-

tween particles.[23, 24] Meanwhile, advances in graphene research have led to numerous

fundamental breakthroughs. In this atom-thick two-dimensional (2D) material charge-

carriers mimic relativistic particles with zero mass[25], which endow it with remarkably
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high charge mobility and electronic conductivity.[26, 27, 28] It has not only been iden-

tified as one of the strongest materials[29], but is also equipped with unique properties

ranging from superior thermal conductivity, and high optical transmittance.[30, 31, 32]

Therefore, it has aroused interest in applications for graphene-based nanocomposites

including photovoltaics, photocatalysis, nanoelectronics, sensors, etc.[33, 34, 35, 36, 37]

In particular, in graphene-TiO2 nanocomposites, exploiting the benefits of high conduc-

tivity and better electrical contacts of graphene and graphene like materials to electron

transport has been proposed.[38, 39, 40, 41] To date, only reduced graphene oxide (RGO)

has been used instead of pristine graphene, which requires the use of toxic hydrazine

vapor, and high-temperature annealing above 400 ◦C under an inert gas atmosphere

to transform Graphene Oxide (GO) into RGO.[41] RGO is much easier to disperse in

solvents and can give mono-layer RGO in large quantities in comparison to GO, since

RGO chemically functionalized groups of oxides provide better solvent solubility and

dispersion. However, large populations of defects still remain after the reduction, which

seriously degrade the electronic properties.[42, 43] Much higher quality graphene can be

produced by Liquid-Phase Exfoliation (LPE) of graphite powders using organic solvents

as developed by Hernandez et al.[44] and O’Neill et al.[45] When compared to the other

high quality graphene production methods such as Chemical Vapor Deposition (CVD),

Molecular Beam Epitaxy (MBE), and growth on SiC;[46] LPE with organic solvents

is quick and low-cost making it an industrially scalable method. Thus, via this tech-

nique, we can envisage having enhanced graphene nanocomposites applied to a range of

applications.
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4.3 Gaphene-TiO2 Nanocomposites

Here we develop a low temperature processed nanocomposites of pristine graphene

nanoflakes and anatase-TiO2 nanoparticles, and employ it as the electron selective con-

tact in PSCs. We observe reduced series resistance and unexpectedly reduced recombi-

nation losses with the low temperature composite. The resulting sub 150 ◦C processed

PSCs exhibit up to 15.6% power conversion efficiency. Slightly higher than the previously

high temperature sintered devices due to the superior properties of the Gaphene-TiO2

nanocomposites. To gain a better insight into the intrinsic properties of the start-

ing materials, we performed detailed characterizations of graphene, TiO2 , and their

nanocomposites.

4.3.1 Graphene Nanoflakes

We produced graphene from graphite flakes by Liquid Phase Exfoliation (LPE) with

isopropanol as the dispersant, under sonication for up to 70 h. The detailed synthetic

procedure has been described elsewhere. In general, Graphene was exfoliated following

O’Neil’s work.[45] Initially the graphite powder was sieved through a 0.5 mm mesh to

remove the large agglomerate particles, followed by dispersion in the isopropanol at an

initial concentration of 0.5 mg/ml. After sequential sonication and centrifugation, the

graphene was finally dispersed in an isopropanol solution at a concentration of 3.0 µg/ml.

A detailed description of the dispersion process has been described in the literature

elsewhere.[44] Sonication was performed in an ultrasonic bath (Branson 1510E-MT) and

with a sonic tip (MSE Soniprep 150). The concentration of the graphene dispersion

was defined by absorbance measurements at 660 nm via the Beer-Lambert law A =αcl,

where A is absorbance, α is the absorption coefficient as 3620 L/g*m,[44] c is solution

concentration, and l is the optical path length.
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Figure 4.1: (a) Raman spectra of starting graphite flakes and its exfoliated graphene deposited
on the SiO2 substrate with increasing sonication time. (b) AFM image of exfoliated graphene
scanned with 5 um x 5 um size, and enlargement of the graphene flakes and its height profile
of the lines shown in the inset figure.

We performed Raman spectroscopy and Atomic Force Microscopy (AFM) to probe the

graphene film quality and the number of graphene layers in each flake. The samples

were prepared on SiO2 substrates by drop casting the graphene solution and heating on

a hot plate at 100◦C. Fig. 4.1a shows the Raman spectrum for samples with decreasing

flake size, controlled by increasing sonication time. Raman spectra give unique peaks for

graphite materials. The two most prominent peaks are the G band (∼1580 cm−1) and

the 2D band (∼2700 cm−1) as expected. We observe a difference in the contribution to

the 2D band’s shape from multiple peaks between exfoliated graphene flakes and starting

graphite, suggesting our prepared samples are few-layer graphene.[47] In addition, we

observed increased intensity for the peaks of the D band (∼1350 cm−1), progressing

from the graphite flakes toward graphene. The reason for the appearance of the D band

is that exfoliating graphite into graphene produces progressively smaller flakes with

increasing sonication time. We see that the intensity ratio of the D and G peaks ID/IG

increases from graphite (ID/IG= 0.14) as it is converted into graphene flakes (ID/IG=

0.3), then increases further (ID/IG= 0.52) during continuous sonication. O’Neill et al.,

following the same technique, found that this was caused by a variation in flake size.[45]

They suggest that liquid phase exfoliation of graphene causes the flake size to decrease
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and therefore the area/perimeter ratio to decrease, increasing the contribution of flake

edges to the Raman spectrum. Because the D band not only represents the defects of

graphene, but also the edges, more exposed edges increases the ID/IG ratio.[47] The

AFM image of exfoliated graphene flakes in fig. 4.1b allows us to have an approximate

overview of the graphene morphology and its number of layers. It can be seen that the

graphene flakes are distributed randomly over the substrate. The dimension of flakes

varies between 0.1-1 µm. We also performed cross-sectional analysis of the graphene

flakes, where we show a representative flake with a height of ∼3.1 nm in the inset to Fig.

4.1 b. We thus estimate that we have sheets of approximately 5 layers of graphene.[48]

As reported in the literature, solution deposition of a graphene film onto SiO2 can cause

aggregation of the flakes. Therefore, although we observe very few monolayer flakes in

our sample on SiO2, this may give an overestimate of number of layers in the graphene

flakes in our final nanocomposites films. Our Raman and AFM characterization are in

good agreement with previous work, indicating high quality graphene synthesis without

introducing significant defects via oxidation, and as prepared graphene is comparable to

defect-free graphene.[44, 45]

4.3.2 TiO2 Nanoparticles

We prepared anatase TiO2 nanoparticles following a hydrothermal method as below.

The anatase-TiO2 nanoparticles were synthesized by a hydrothermal method. 11.72 g

of titanium (IV) isopropoxide (Sigma Aldrich, product number 377996) was mixed with

2.4 g of acetic acid and stirred at room temperature for 15 min. This was followed by

adding 58 ml deionized water and stirring for 60 min with a magnetic stirrer at 2000

rpm. Next, 0.8 ml Nitric Acid (HNO3, 70%) was added to the solution, which was heated

to 80 ◦C and stirred for a further 2 hrs. 75 ml deionized water was then added, before

transferring all of the solution to Teflon cups in an autoclave held at 250 ◦C for 14 hours.
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After cooling to room temperature, 0.48 ml HNO3 was added, followed by centrifugation

at 7000 rpm and rinsing with water three times. Centrifugation and rinsing was repeated

twice more before a final rinse in the absolute ethanol (Fluka, product number 02860)

to obtain a final dispersion concentration of 56 mg/ml in ethanol.

The TiO2 nanoparticles were approximately 25 nm in diameter, and were blended with

the graphene dispersion afterward.
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Figure 4.2: X-ray diffraction spectra of as synthesized TiO2 nanoparticles.

We initially investigated the properties of the as synthesized TiO2 nanoparticles with

X-ray diffractometer. The Fig. 4.2 shows the X-ray diffraction spectra of as synthesized

anatase-TiO2 nanoparticle. All patterns index to the titania with peaks are correspond-

ing to the anatase phase in the JCPDS, card No: 21-1272.

4.3.3 Nanocomposites

For the preparation of Gaphene-TiO2 nanocomposites, the required wt% graphene con-

tent in the nanocomposite was fabricated from adding an appropriate volume of the
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Figure 4.3: SEM images of (a) TiO2 nanoparticles only electron collection layer with enlarge-
ment micrographs in the inset, and (b) its cross-section. (c) Gaphene-TiO2 nanocomposite as
electron collection layer with enlargement micrographs in the inset, and (d), its cross-section.

graphene in isopropanol dispersion into 0.75 ml of the TiO2 nanoparticles dispersion.

Then it was stirred and put in the ultrasonic bath for approximately 20 min to disperse

the graphene and allow TiO2 nanoparticles to anchor onto the graphene nanoflakes.

We show in fig. 4.3 with detailed comparison between SEM micrographs of layers con-

sisting of TiO2 nanoparticles only, and Gaphene-TiO2 nanocomposites prepared on glass

microscope slides. in fig 4.3c, we show the exposed surface of the nanocomposite high-

lighting TiO2 nanoparticles anchored upon a graphene nanoflake. With graphene’s re-

markable conductivity it may serve as a highway for electron transportation and collec-

tion. In fig. 4.4. (a) to (f) we further demonstrated the AFM images of electron-selective

66



Chapter 4

0.0 0.2 0.4 0.6 0.8 1.0 5 10

16

18

20

22

24

26

28

 

 

R
ou

gh
ne

ss
 (n

m
)

Graphene Concentration (%)g.

Figure 4.4: AFM images of (a) TiO2 nanoparticles only electron-transporting layer, and (b)
to (f) Gaphene-TiO2 nanocomposite as electron-transporting layer with different graphene
loading respective to the TiO2 weight percent, and their roughness summarized in (g).
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layers with their Rrms depicted in fig. 4.4 (g).

4.3.4 The Coverage of TiO2 Nanoparticles on Graphene

Graphene is known to have a high specific surface area (2630 m2/g).[49] Here we estimate

the TiO2 nanoparticles coverage on graphene as below. The best ratio of Gaphene-TiO2

nanocomposite in this study is 0.6 wt%, if we assume there is 6 mg graphene in the

suspended solution, we have 1 g of TiO2 in the solution. Total surface area of 6 mg

graphene: 0.006 g x 2630 m2/g =15.78 m2; Total volume of 1g TiO2 nanoparticles: 1

g/4.23g/cm3 (TiO2 density) = 0.236 cm3 = 2.36E-7 m3. Typical TiO2 nanoparticle

Diameter: 25 nm (from SEM). Volume of 25 nm TiO2 nanoparticle: 4/3 πr3 = 4/3

π(12.5E− 9m)3 = 8.18E-24 m3; Total number of 1g TiO2 nanoparticles = Total volume

of 1g TiO2 nanoparticles/ Volume of 25nm TiO2 nanoparticle = 2.36E-7 m3 / 8.18E-24

m3 = 2.89E+16. Area of a TiO2 nanoparticle with close packing arrangement:
√

3/2

x (Diameter of nanoparticle)2 = 5.41E-16. Total area covered by 1g TiO2 = Area of a

TiO2 nanoparticle with close packing arrangement x Total particles number of 1g TiO2

nanoparticles = 5.41E-16 x 2.89E+16 m2 = 15.63 m2. Therefore, the coverage of TiO2

nanoparticles on graphene is total area covered by 1g TiO2 with closed packing/total

surface area of 6 mg graphene = 15.63 m2/ 15.78 m2 ≈ 99%. Then, we can summa-

rize the calculations above with the equation 4.3.1 below, which allows us to plot the

TiO2/graphene coverage ratio in fig. 4.5, as a function of graphene/TiO2 mass ratio.

Where S = TiO2 /graphene coverage ratio, ρ = TiO2 density, r = nanoparticle radius,

y = graphene surface area/mass, x = graphene/TiO2 mass ratio.

S = 3
4ρryx ∗ 0.9069 (4.3.1)
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Figure 4.5: TiO2/graphene coverage ratio with graphene concentration.
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4.4 Photovoltaic Behaviour

4.4.1 Device Architecture

Apart from the high-temperature processing limitation, another key issue in perfor-

mance of the PSCs at present is the minimization of the series resistance. The compact

n-type TiO2 charge collection layers may significantly contribute to series resistance, as

has been previously observed in solid-state DSSCs and planar heterojunction perovskite

solar cells.[50] Following the characterization of the nanocomposite materials, we inves-

tigate the performance of Gaphene-TiO2 nanocomposites as ETL. We fabricated a series

of solar cells with a varying content of graphene flakes in the composite to assess its im-

pact. We show the full device architecture in a color-enhanced cross-sectional scanning

electron microscopy image and a schematic illustration of the device architecture along

with an energy level diagram in Fig. 4.6. All the devices here were fabricated on cleaned

fluorine doped tin oxide (FTO) coated glass serving as the transparent electrode and sub-

strate. We deposit the n-type collection layer of 100 nm thickness by spin-coating from

an isopropanol solution of a blend of graphene and TiO2. We note that upon careful soni-

cation before spin-coating, we produce a dense and well-distributed nanocomposite, with

graphene acting as a continuous 2D conductive framework, allowing TiO2 nanoparticles

to anchor onto the graphene nanoflakes (See fig. 4.3 c for TiO2 nanoparticles coverage

on graphene). Following deposition of a 400 nm Al2O3 nanoparticle mesostructure from

an isopropanol solution, CH3NH3PbI3−xClx perovskite was deposited by spin-coating its

precursor solution in DMF onto a warmed substrate, resulting in an infiltration of the

perovskite within the mesostructure with the addition of a capping layer (around 350

nm). The main difference between the devices studied here and those reported by Ball

et al.[11] is the additional capping layers of perovskite which results from coating upon

a warm substrate. Then we deposited Spiro-OMeTAD as the hole-transporting layer
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(HTL). Finally, devices were completed by thermal evaporation of gold contacts.

Figure 4.6: (a) Cross-sectional SEM micrographs with color-enhanced and annotated cross-
section showing a general schematic of the solar cell architecture. (b) Schematic illustration of
energy levels of the materials used in this study. We note that these are the energy levels of the
individual materials, and upon contact within the solar cell there is likely to be a considerable
relative shift.[51] We also note that the graphene and TiO2 are blended into a single composite
layer and not layered as depicted in the energy level diagram.
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4.4.2 Device Performance

In order to optimize the devices, we varied the content of graphene in the Gaphene-

TiO2 composite. The mean solar cell performance parameters for a batch of 83 devices,

extracted from current-voltage curves measured under simulated AM 1.5, 106.5 mW/cm2

sunlight are shown in fig. 4.7. We can see a clear trend of device enhancement by the

introduction of graphene. Starting from the neat TiO2 nanoparticles (NPs only), the

average short-circuit current density (Jsc) and fill factor (FF) are around 13 mA/cm2

and 0.56, respectively. With increasing graphene concentration in the electron collection

layer, both the Jsc and FF increase up to average values of around 18.5 mA/cm2 and

0.7, respectively, peaking at 0.6 wt%, followed by a decrease with further increases of

graphene content. However, in contrast to the Jsc and FF, the average open circuit

voltage (Voc) only increased slightly with graphene’s addition to the TiO2, with an

average Voc of around 1 V up to 0.8 wt%. Voc begins to decrease as the graphene

concentration increases over 0.8 wt%, probably due to bare graphene contacting the

perovskite directly, resulting in a less selective electrode, i.e. recombination directly

between the electrons in the graphene and holes in the perovskite. This is consistent with

our estimate in the fig. 4.5 that the optimum graphene content of 0.6 wt% corresponds to

just over 1 monolayer coverage of the graphene by TiO2 nanoparticles. Hence, the power

conversion efficiency (PCE), η = Jsc*Voc*Pin where Pin is incident solar irradiance, peaks

with an average PCE value around 12.4%.

In fig. 4.8, we show the current density-voltage (J-V) curves of the best performing cells

of each series, including cells with only neat TiO2 , neat graphene, high-temperature

sintered TiO2 , and no n-type charge collection layer at all (just FTO). As can be seen in

the J-V curves and the summarized performance parameters in Table 1, devices without

any electron collection layer in the device architecture have inferior performance, but

they do work. One of the main losses for the perovskite device coated directly upon the

72



Chapter 4

0

5

10

15

20

25

0

4

8

12

16

0.0 0.5 1.0 10 1000.0

0.1

0.6

0.8

1.0

1.2

0.0 0.5 1.0 10 1000.0

0.2

0.4

0.6

0.8

 

 

 

 

Graphene concentration (%)

 

J sc
 (m

A
/c

m
2 )

V oc

 FF
 

 (%
)

Figure 4.7: Graphene-concentration dependence in the nanocomposites of the parameters
extracted from a single batch current-voltage measurements of solar cells under simulated AM
1.5, 106.5 mW/cm2 irradiance.
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Figure 4.8: (a) Current-Voltage characteristics of different electron collection layers under
simulated AM 1.5, 100 mW/cm2 solar irradiation (solid line), and in the dark (dotted line).
(b) the best performing (η=15.6%) solar cell based on a Gaphene-TiO2 nanocomposites under
simulated AM 1.5, 106.5 mW/cm2 solar irradiation (solid line), and in the dark (dotted line),
which processed at temperatures not exceeding 150◦C. Solar cell performance parameters are
given in the inset.

FTO conducting glass is fill factor, presumably due to an unfavorable electronic contact

forming at the FTO perovskite interface. The electron collection layers with either neat

graphene or low temperature processed TiO2 nanoparticles show an improvement to Jsc

and FF over the devices fabricated directly on FTO. We see further enhancement when

we combine the graphene and TiO2 nanoparticles together as a nanocomposites. The

most efficient low-temperature processed PSCs based on a Gaphene-TiO2 nanocomposite

electron collection layer, exhibits a short-circuit photocurrent of 21.9 mA/cm2, open-

circuit voltage of 1.05 V, and a very high fill factor of 0.73 yielding a power conversion

Table 4.1: Best performance of Photovoltaics based on different electron collection layer
in this study under simulated AM 1.5, 106.5 mW/cm2 solar irradiation.

Sample Jsc (mA/cm2) Voc (V) FF PCE (%) Rs (Ohm*cm2)
Gaphene-TiO2 21.9 1.04 0.73 15.6 4.3
TiO2 only 17.7 1.00 0.61 10.0 10.1

Graphene only 14.6 0.90 0.48 5.9 20.3
No electron

collection layer 10.8 0.95 0.37 3.7 79.1

High-temperature
sintered TiO2

21.4 1.00 0.70 14.1 5.9
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efficiency of 15.6%, (under 106.5 mWcm−2) which was the best reported low-temperature

solution-processed solar cell matching the highest reported efficiency of perovskite-based

solar cells fabricated at either high temperature or by vapor deposition while we unveiled

this result.[12] In addition, to the best of our knowledge, before this result published, the

best performing solar cells incorporating graphene as a contact to crystalline Si, remained

at a power conversion efficiency of 14.5%,[52] hence our work here also set a milestone

for the photovoltaic applications of graphene. In fig. 4.9, we show histograms of the

solar cell performance parameters for the best devices, highlighting their reproducibility.

Enhancements in the efficiency can be attributed to the improved Voc, Jsc, and FF, and

may stem from beneficial factors resulting from synergetic effects between graphene and

TiO2 nanoparticles. As graphene has a work function between that of FTO and the

TiO2 conduction band, it may reduce the formation of energy barriers at the material

interfaces and therefore behave as a better electron collector than with TiO2 alone.[53]

Secondly, the superior charge mobility of graphene, may provide improved electrical

conductivity of the layer. From the very high fill factor, it is clear that the Gaphene-

TiO2 composite reduces the series resistance as compared to neat TiO2 or even the

conventional sintered TiO2 ETL. We can quantify the series resistance in the solar cell

from the reciprocal value of the linear slope of the J-V curves near the open-circuit

voltage. We observe a decrease in the series resistance (Rseries) to only 4 Ω cm−2, as

listed in the Table 4.1. This reduced series resistance has a striking impact upon the

device FF.[54]
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Figure 4.9: Histogram of device efficiencies from 265 unique devices fabricated with 0.6 wt%
Gaphene-TiO2 nanocomposites, as the most efficient device architecture explored in the present
report.

4.5 Charge Collection

4.5.1 Light Harvesting and Quantum Efficiency

The variation in Jsc with graphene concentration can be due to variations in the amount

of light absorbed by the active layer, the charge-collection efficiency (ηcc) and the charge-

separation efficiency (ηsep). The internal quantum efficiency (IQE) is given by IQE

= ηcc*ηsep. To account for variation in the light absorption in the active layer as a

function of graphene concentration, the LHE (proportion of light incident on the cell

which gets absorbed by the active layer) was measured. The LHE spectra of the ac-

tive layer measured on complete devices incorporating a low-temperature Gaphene-TiO2

nanocomposite are shown in fig. 4.10a. Further detailed discussion can be found in the
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previous literature.[11] An example of cumulative light extinction through the device

layers with 0.6 wt% Gaphene-TiO2 nanocomposites as an electron collection layer is

shown in fig. 4.10b. The different composition of Gaphene-TiO2 nanocomposites and

its internal quantum efficiency are given in fig. 4.10c which was calculated by integration

over the absorption spectrum. In fig. 4.10d, we also show the transmittance spectra of

the different composition of Gaphene-TiO2 nanocomposites with glass slide as reference

substrate. We conclude therefore that the changes in the photocurrent density between

the samples are not due to changes in the total light absorbed in the perovskite layers.

Figure 4.10: (a) Light-harvesting efficiency spectra of complete devices incorporating with dif-
ferent graphene-concentration in the electron collection layer. (b) Cumulative light extinction
and (c), internal quantum efficiency in the low-temperature process Gaphene-TiO2 perovskite
solar cells. (d) Transmittance spectra of different graphene-concentration as electron collection
layers on glass slides.
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4.5.2 Charge Carrier Conductivity

In order to further investigate the role of graphene addition to the observed enhanced

solar cell performance, we performed Impedance Spectroscopy (IS) characterization on

solar cells under working cell conditions (1 sun illumination). In previous works, the

methodology and analysis of the Impedance spectroscopy is described in detail.[55, 56]

From these measurements we can extract the series resistance in the device, Rseries,

and the recombination resistance, Rrec. The Rrec explicitly relates to the component

of resistance under forward bias due to electron and hole recombination within the

solar cell. Our results are shown in Fig. 4.11, where we observed that the addition of

graphene reduces the series resistance in the cell, consistent with that extracted from the

JV curves. This is consistent with an increase of the conductivity of the n-type collection

layers or to a reduction in a contact resistance, either at the Perovskite/n-type layer,

or n-type layers/FTO interface. The reduction in Rseries in the devices is consistent

with the JV curves and explains the increase in FF and efficiency. A second factor

leading to improved performance is the recombination resistance, Rrec, which we show

to increase with the Gaphene-TiO2 composite in Fig. 4.11b. We would envisage that

the highly conductive graphene should introduce new recombination centres, and indeed

the lower photocurrent in the graphene only devices is consistent with this. However,

if the graphene flakes are fully coated with TiO2 nanoparticles, then there should be

no, or limited direct contact between the graphene and the perovskite. Previously it

has been observed that TiO2 nanoparticles will undergo efficient electron transfer to

Graphene.[41] Hence we postulate that in the Gaphene-TiO2 composite, most of the

electron density will reside on the graphene, and the ensuing "depleted" TiO2 contacting

the perovskite will have a lower recombination rate with the holes in the perovskite, due

to the reduced electron density in the TiO2 , thus contributing to the increase in the

photocurrent under working conditions.
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Figure 4.11: (a) Light-harvesting efficiency spectra of complete devices incorporating with dif-
ferent graphene-concentration in the electron collection layer. (b) Cumulative light extinction
and (c), internal quantum efficiency in the low-temperature process Gaphene-TiO2 perovskite
solar cells. (d) Transmittance spectra of different graphene-concentration as electron collection
layers on glass slides.

4.6 Summary

In this chapter, we have demonstrated the successful combination of two emerging ma-

terials, graphene and hybrid organic-inorganic trihalide perovskites, in solar cells. By

exploiting nanocomposites of high quality graphene flakes and pre-synthesized TiO2

nanoparticles in perovskite solar cells as a low-temperature processed electron collection

layer, we have achieved a remarkable power conversion efficiency of 15.6%. This was

the best recorded efficiency for low-temperature processed solar cells, and matched the

highest reported efficiency of high-temperature processed perovskite solar cells while this

study is published. This work also set a milestone for incorporation of graphene in solar

cells. This finding indicates that high efficiency solar cells may no longer need a high-

temperature sintering process for TiO2 as the electron collection layer. By combining

with the fast printing deposition methods, the Gaphene-TiO2 nanocomposite is ready

to be compatible with reel-to-reel process and meet the needs of large scale industrial

manufacture on a range of substrates and multi-layer architectures.
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Chapter 5

Tailoring of Interfacial Layers in The

Inverted Perovskite Solar Cells

The work in this chapter has been adapted and reproduced in part with permis-

sion from: Jacob Tse-Wei Wang, Henry J. Snaith, and Robin Nicholas,

Interface Engineering on Inverted Perovskite Solar Cells, manuscript

in preparation.

-1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-25

-20

-15

-10

-5

0

5

10

15

20

25

0 5 10 15 20 25 30
0

2

4

6

8

10

12

14

16

18

20

 PCE (%)

J S
C (

m
A

/c
m

2 )

Time (s)

 J (mA/cm^2)

0

2

4

6

8

10

12

14

16

18

20

 P
C

E
 (%

)Stablised PCE=12.4%

0 5 10 15 20 25 30
0

-2

-4

-6

-8

-10

-12

-14

-16

-18

-20

Stablised PCE=13.3%
 PCE (%)

J S
C (

m
A

/c
m

2 )

Time (s)

 J (mA/cm^2)

0

2

4

6

8

10

12

14

16

18

20

 

 P
C

E
 (%

)

Regular Structure
         (n-i-p)

  13.2
    7.4    
PCE(%)

 FB-SC
 SC-FB

 

 

 FB-SC
 SC-FB

Voltage (V)

J S
C (

m
A

/c
m

2 )

Inverted Structure
         (p-i-n)

PCE(%)
  13.3
  13.3

85



Chapter 5

5.1 Context

Organic-inorganic halide perovskites have generated tremendous interest over the past

few years. Many efforts have been made to improve the regular (n-i-p) architecture in

facilitating charge extraction with improved selective contacts and deposition processes

to further push the performance ahead. However, an anomalous hysteresis behaviour

is widely observed in the regular structure, much worse than for the inverted (p-i-n)

architecture. It has been pointed out, the cause of hysteresis is very likely to stem from

unfavourable interfaces within the device. Therefore, it is important to understand the

difference, and investigate the role of the interfaces in the two structures, so as to push

up the device performance. In this chapter, a development of inverted PSCs will be

demonstrated, and the influence of energy level alignment on device performance will

be studied and discussed.

5.2 Introduction

The architecture of the PSCs can be mainly categorised into two types by the sequence

of selective contacts being deposited, designated as "p-i-n" and "n-i-p" configuration.

(Note that, n, p, and i stand for n-type, p-type selective contacts, and i for the intrinsic

perovskite layer, respectively) Between these two architectures on PSCs, early efforts

were first made on the n-i-p mesoporous architecture configuration as the PSCs were

evolving from the structure of solid-state dye-sensitised solar cells (ssDSSCs)[1, 2]. Ball

et al. later discovered the feasibility of pure planar heterojunction (PHJ) n-i-p structure,

but compared to the meso-structure solar cells (MSSCs), the planar structure was still

showing inferior performance due to poor film coverage[3]. Nonetheless, substantial

improvement was demonstrated by Liu et al., using thermal evaporation deposition to

achieve uniform perovskite coverage and realise a power conversion efficiency (PCE) over

86



Chapter 5

15% on PHJ structure[4]. Stranks et al. showed the carrier diffusion length could be

over 1 µm further proving the practicability of PHJ structure.[5] Now, PSCs with n-i-p

architecture has shown performance on a par with a conventional Si-based solar cell, but

a thin layer of meso TiO2’s presence is still required and an anomalous hysteresis in the

current-voltage (J-V) curves is still widely observed in the regular n-i-p configuration[6,

7]. Lately, efforts have been made to identify the origin of the anomalous hysteresis, and

evidence shows hysteresis effect in PSCs are predominantly influenced by; a) nature of

the electronic contact between the perovskite and the p- and n-type contact materials, b)

existence of a large defect density within or near the surface of the perovskite material,

and c) excess and labile ions, such as interstitial defects (iodide or methylammonium)

present in the perovskite film.[8, 9]

Meanwhile, the emergence of the inverted p-i-n configuration has shifted the focus of

PSCs development, where the structure was inherited from the organic photovoltaics

(OPV)[10, 11], deploying mainly organic-based contacts on both selective electrodes

showing comparable performance to n-i-p structures but without any hysteresis be-

haviour [12]. Apart from the absence of hysteresis behaviour, the inverted PSCs also

benefit from other advantages from the OPV, such as low-temperature processing, flexi-

bility, an adjustable work function and charge extraction properties in the organic-based

interfacial layers via chemical synthesis or chemical doping imposed properties. Con-

sequently, this architecture has attracted a lot of attention. It is well known that the

interfacial layers play a crucial role in assisting charge separation and injection. The

faster the carriers can be removed from the interface, the better chance to avoid a loss

mechanism. Thus, to achieve fast charge extraction, it is essential to have optimised

charge-transporting pathways with good interfaces throughout all layers in the solar

cells. Therefore, in the quest for highly efficient PSCs, it is important to investigate the

merits of inverted PSCs, so as to push the performance further forward. In this chapter,

the individual components from cathode to anode, forming a working inverted PSCs will
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be studied. And the influence of the energy level alignment on device performance will

be evaluated and discussed.

5.3 Surface Modification on Transparent Conduct-

ing Electrode

The most commonly used transparent electrode in the PSCs is Fluorine-doped Tin Ox-

ide (FTO), with its robustness for high-temperature fabrication and chemical inertness,

and is less expensive compared to Indium-doped Tin Oxide (ITO), which make it widely

adopted as the transparent conducting electrode in the optoelectronic community.[13]

FTO is known to have a work function of ∼ 4.4 eV[14], hence is commonly used as

an anode to collect the electrons. However, Docampo et al. reported the first in-

verted PSCs with FTO as a cathode to facilitate hole injection and collection[10].

These applications normally require a cathode with a work function (Φ) between 4.7-5.0

eV for efficient device operation, which makes FTO’s energy level incompatible with

hole collection, whereas the use of an ITO electrode (Φ ≈ 4.8 eV) would be more

appropriate.[11, 15] But in the interest of pursuing a cheap alternative to the ITO

electrode, here, we try to adopt the FTO as the transparent electrode, in an inverted

architecture of Al/TiOx/PCBM/CH3NH3PbI3−xClx/PEDOT:PSS/FTO structure[10].

However, a barely working device with huge hysteresis is observed, seen fig. 5.1. As the

work function of the standard PEDOT:PSS (AI 4083) employed is 5.1-5.2 eV[16, 17];

it is believed a largely mismatched energy level difference (∼ 0.7-0.8 eV) is presented

at the interface, which acts as a Schottky barrier between the FTO and PEDOT:PSS

to cause the apparent decrease in the device performance[18, 19], and the presence of

amorphous metal oxide (TiOx) may be the origin of the huge hysteresis[20, 21] with

UV-degradation likely to happen[22]. Therefore, in the following sections, the structure

88



Chapter 5

of Ag/BCP/PCBM/CH3NH3PbI3−xClx/PEDOT:PSS/FTO will be adopted to have a

more systematic study unless further notice provide.
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Figure 5.1: The inverted PSCs employed the structure of
Al/TiOx/PCBM/CH3NH3PbI3−xClx/PEDOT:PSS/FTO showing poor performance with
huge hysteresis.

The general strategy to minimise an interfacial barrier at a junction is to adjust the work

function at the interface. Surface modification is a commonly used method to alter the

work function for such an issue. There are several approaches which have been employed

on the metal-oxide electrode to achieve the desired energy level alignment with the

hole-transporting materials (HTMs), including the Oxygen-plasma treatment[23], UV-

ozone irradiation[24], and acid/base treatment[25, 26]. These post-treatments have been

shown to effectively remove the organic contaminants on the surface of the transparent

electrode, increase the hydrophilicity and wettability by introducing hydroxide functional

groups on the surface, and increase the work function, thus leading to several benefits
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for hole-injection/collection[23, 27] Among these methods, Piranha treatment is one of

the standard recipes in the RCA clean, which Werner Kern developed while working for

RCA in 1965[28], and comprises of a 3:1 mixture of sulphuric acid (H2SO4) with hydrogen

peroxide (H2O2), which has a powerful ability to remove most of the organic matter.

This is due to its nature as strong oxidising agent to hydroxylate most of the surfaces and

make them very hydrophilic, and hence is used very frequently in the microelectronic

industry. However, for the ITO substrate, it is reported the aggressive nature of Piranha

solution will dissolve ITO due to the presence of Indium, hence, it is always avoided and

not many studies of its use have been reported.[29] Here, we introduced the piranha

treatment for the FTO, and compared this with bare-FTO (general cleaning process

is applied to all the substrates prior to the treatment (with/without), which involved

Hellmanex cleaning, ultrasonic acetone bath, and DI water rinsing). As has been pointed

out by Armstrong et al., with the Piranha treatment, a higher concentration of hydroxide

species would be produced on the surface of the oxide than by O2-Plasma.[29] The work

function of the treated surface is likely to be changed, as the surface potential is very

sensitive to the polarity, morphology, and chemical state of the electrode surface.[30, 27].

5.3.1 Surface Potential

Using a Kelvin probe measurement (see Chapter 3 for experiment setup) on the FTO

substrates, and we found an increase of work function from ∼ 4.4 eV (with bare-FTO)

to ∼ 4.7 eV (with Piranha treated-FTO). To illustrate the energetic differences with and

without the treatment applied on the FTO. We show in the fig. 5.2a and b, where the

Fermi level reaches equilibrium between the two contacts, results in a final interfacial

energy level alignment difference. In fig. 5.2b., we can see the modified transparent

electrode has a work function that is closer to the Fermi level (EF ) of PEDOT:PSS,

and a reduced hole-tranporting barrier (Φh’). This observation shows a good agreement
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with previous reports on the other metal oxide surfaces[30, 31, 32], which also indicate

a better hole collection/injection at the interface, and may further lead to an improved

current injection efficiency in the device.

Figure 5.2: Schematic illustration of (a) the bare-FTO surface and PEDOT:PSS interface,
and (b) the Piranha-treated FTO surface and PEDOT:PSS interface, with their corresponding
energy level shifts indicated and showing the hole barrier (Φh) after the treatment (Φ′h) being
reduced.

5.3.2 Work Function Influenced Device Performance

In order to confirm the effect of the surface treatment, we use the treated substrates

in the inverted PSCs (Ag/BCP/PCBM/CH3NH3PbI3−xClx/PEDOT:PSS/FTO). In fig.

5.3 and Table 5.1, we show the mean solar cell performance parameters for a batch of

solar cells with different surface treatment, extracted from J-V curves measured under

simulated AM 1.5, 100 mW/cm2 sunlight. We can see a clear enhancement in device

performance with the introduction of surface modification. For devices fabricated from
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the bare-FTO, the average short-circuit current density (Jsc) and FF are around -7.1

mA/cm2 and 0.21, respectively, showing a poor charge transport behaviour. With the

surface treatment by Piranha solution, both the Jsc and FF increase up to average

values of -15.6 mA/cm2 and 0.58, respectively, and we also observe that the average

open-circuit voltage (Voc) shows a small improvement, increasing from -0.86 V to -0.89

V. As a result, the power conversion efficiency (PCE) substantially improves from less

than 1% to around 8%. The dramatic enhancement, can be attributed primarily to the

better matching of the energy levels, as the reduced hole-transporting barrier can link

to the improved current density here, where we see a similar observation to Li et al.,

when an acid treatment was applied to an ITO surface.[19] It is worth noting here, that

the typical O2-plasma treatment also shows an overall PCE enhancement compared to

the bare-FTO, however, all the average performance parameters are still lower than the

Piranha-treated devices.

Table 5.1: Mean solar cell performance parameters with different surface treatment on
FTO under simulated AM 1.5, 100 mW/cm2 solar irradiation

Sample Jsc(mA/cm2) Voc(V) FF PCE(%)
Bare-FTO -7.1±7.4 -0.90±0.02 0.20±0.11 0.9±0.9

Plasma Treatment -12.2±3.0 -0.82±0.09 0.45±0.14 4.7±2.4
Pirahna Treatment -15.6±3.3 -0.09±0.10 0.60±0.06 8.3±2.7
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Figure 5.3: Devices performance characteristics with different surface treatment of under
simulated AM 1.5, 100 mW/cm2 irradiance in air. (a) Device performance parameters extracted
from a batch of current-voltage measurements. (b) The current density-voltage curves of the
best devices in the batch.
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5.4 Hole-Transporting Layer and Thickness depen-

dence

Among the various conducting polymers, poly(3,4-ethylenedioxythiophene):poly(styren-

esulfonate) (PEDOT:PSS) is the most widely used hole-transporting material (HTM),

owing to its efficient hole-selectivity accompanied by high transparency, good thermal

stability, and the flexibility in deposition methods with its water-soluble nature; which

make it very appealing for photovoltaic applications.[33] In addition to these practical

benefits, it has also been successfully commercialised by many companies, with large-

scale manufacture leading to economically viability.[34] From the previous section, we

have found the Piranha treatment leads to improved surface properties on FTO, here in

this section, we report the study of PEDOT:PSS on the Piranha-treated FTO and its

thickness impact on the photovoltaic performance.

In fig. 5.4a, we show the best-performing current density-voltage (J-V) curves of devices

with different PEDOT:PSS thickness varied by spinning speed, extracted from a batch

of solar cells measured under simulated AM 1.5, 100 mW/cm2 sunlight, where a clear

Jsc enhancement can be seen, which increases from 16 mA/cm2 (4500 rpm) to over 19

mA/cm2 (6500 rpm). Here, the concentration of the HTL was kept unchanged by using

the stock-solution (AI 4083) as received. The corresponding statistical distributions also

show the same increase, which can be found in fig. 5.4b and Table 5.2. The changed HTL

thickness was found to have a significant impact on device performance, especially Jsc

and FF. Starting from 4500 rpm, the average short-circuit current density and fill factor

(FF) are around -14.6 mA/cm2 and 0.53, respectively. With decreasing PEDOT:PSS

thickness in the HTL, both the Jsc and FF increase up to average values of around -16.4

mA/cm2 and 0.61, respectively, peaking at 6500 rpm, followed by a decrease with further

decreasing thickness. However, in contrast to the Jsc and FF, the average open circuit
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voltages (Voc) remain more or less the same with an average Voc of around -0.94 V.

Hence, the power conversion efficiency (PCE), peaks with an average PCE value around

10.2%. The Jsc and FF enhancement can be simply explained by the reduction of series

resistance in the device, and can be further attributed to the improved hole-transporting

efficiency within the solar cells, which share the same observation as shown by Kim et

al.[35]

Table 5.2: Mean solar cell performance parameters with different thickness of PE-
DOT:PSS varied by spinning speed, under simulated AM 1.5, 100 mW/cm2 solar ir-
radiation.

Spinning Speed
of PEDOT:PSS (rpm) Jsc(mA/cm2) Voc(V) FF PCE(%)

4500 -14.6±2.0 -0.92±0.04 0.53±0.10 7.3±2.1
5000 -15.1±2.8 -0.81±0.28 0.5±0.15 6.9±3.8
5500 -16.8±1.5 -0.91±0.11 0.6±0.12 9.3±2.7
6000 -16.3±3.5 -0.88±0.19 0.61±0.14 9.4±3.8
6500 -16.2±6.1 -0.94±0.1 0.61±0.17 10.2±3.7
7000 -15.3±5.8 -0.92±0.04 0.63±0.14 9.4±4.0
7500 -15.5±1.7 -0.92±0.07 0.58±0.10 8.4±2.3
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Figure 5.4: Device performance characteristics with different HTL thickness under simulated
AM 1.5, 100 mW/cm2 irradiance in air. (a) Device performance parameters extracted from
a batch of current-voltage measurements. (b) The current density-voltage curves of the best
devices in the batch.
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5.5 Perovskite Layer and Surface Morphology

One of the many virtues of organic-inorganic perovskite is its easily implemented solution-

processing properties, leading to the lowest-cost production for thin-film solar cells.[1,

3, 36] Spin-coating is one of the most accessible and reproducible methods for lab-scale

research. Organic-inorganic perovskite thin-film deposition has been developed success-

fully with the assistance of a mesoporous scaffold[1, 2]. However, as reported by Burlakov

et al. the uniform formation of single step solution-processed thin-film perovskite with-

out a mesoporous scaffold can be difficult.[37]

5.5.1 Influence of Precursor Solution Temperature on Micro-

morphology

Here, we fabricate the perovskite layer following the work of Eperon et al.[36], where they

control the perovskite surface morphology on TiO2 by varying the annealing tempera-

ture and time on the spin-coated film. However, due to the different surface properties

of the underlying layer (metal oxide vs. polymer), the optimised recipe for deposition

on TiO2 does not apply on the PEDOT:PSS here directly, and results in an incomplete

surface coverage with lots of voids on the HTL, see fig. 5.5a., where a room-temperature

(∼ 20 ◦C) CH3NH3PbI3−xClx precursor solution was applied on the PEDOT:PSS, fol-

lowing the optimised recipe from Eperon et al.[36] The formation of voids in the absorp-

tion layer has been regarded as an unfavourable in PHJ devices, as it not only enables

shunting paths, but also causes reduced light absorption, which eventually degrades the

device performance. Accordingly, numerous efforts have been made to reduce them in

thin-film perovskite formation, such as two-step sequential deposition[38], interdiffusion

deposition[39], solvent engineering[40], and hot-substrate casting[41]. Inspired by these

thin-film engineering studies and the hints on the importance of solvent vaporisation. We

97



Chapter 5

Figure 5.5: SEM images of perovskite films formed on PEDOT:PSS under different hot-
solution casting temperature.
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introduced a hot-precursor solution casting technique to improve the CH3NH3PbI3−xClx

film formation, where a better temperature control can be achieved by avoiding the cool-

ing which occurs during substrate transfer. This gives a more reproducible process than

can be achieved by hot-substrate casting. A range of temperatures from 20 ◦C (room-

temperature, non-heated) to 120 ◦C were applied by the hot-plate in intervals of 20
◦C to the vial containing the CH3NH3PbI3−xClx precursor with lid-closed. Once the

designated-temperature is reached, a 100 µl precursor solution is pipetted from the vial

and dynamically spincoated on the substrate immediately.

In fig. 5.5 a-f, we show the top surface SEM micrographs of the perovskite formed at

different hot-solution casting temperatures. Due to the temperature-influenced solvent

vaporisation rate and the as-cast film wetting properties on the PEDOT, the perovskite

surface morphology shows the appearance of islands at room temperature deposition,

while as we start increasing the precursor solution casting temperature, we can see the

islands are starting to merge with increasing temperature, and display a nearly complete

coverage at 100 ◦C solution-casting temperature with voids (dark holes) beginning to

appear at the highest temperature.

5.5.2 Morphology Influenced Device Performance

Knowing the hot-solution casting effects on the perovskite surface morphology, we then

fabricated inverted PSCs with same parameters. The mean solar cell performance pa-

rameters with hot-solution casting at different temperatures are shown in the Table. 5.3

and its corresponding current-voltage curves and statistic distribution are presented in

fig. 5.6. The changed perovskite morphology was found to have a notable influence in

all aspects of device performance. Where short-circuit current densities were raised from

an average 2 mA/cm2 to over 17 mA/cm2, fill factors (FF) were increased from 0.5 to

nearly 0.7, and the Voc increased from 0.73 V to over 0.9 V, between room-temperature
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and 100 ◦C solution casting temperature. However, following the peak performance at

100◦C there is a fall off, presumably due to the appearance of the pin-holes at higher

casting temperatures, and both the Jsc and FF are starting to decrease. As a result,

the peak power conversion efficiency (PCE), gives an average PCE value around 10.6%

for 100 ◦C casting temperature. The enhanced device performance may be attributed

to the improved interface and surface morphology observed, where it is likely to avoid

the pin-hole induced shunting paths which reduce the recombination rate, and poten-

tially increase the light absorption by a more uniform morphology with minimised light

reflection.

Table 5.3: Mean solar cell performance parameters with hot-solution casting at different
temperature, under simulated AM 1.5, 100 mW/cm2 solar irradiation.

Hot-solution
casting temperature (◦C) Jsc(mA/cm2) Voc(V) FF PCE(%)

20 -11.9±1.9 -0.73±0.11 0.5±0.12 4.5±1.9
40 -12.6±2.9 -0.73±0.13 0.51±0.07 4.9±2.1
60 -13.4±2.8 -0.89±0.10 0.54±0.12 6.6±2.4
80 -15.8±1.4 -0.88±0.03 0.53±0.07 7.5±1.5
100 -17.6±1.5 -0.89±0.01 0.70±0.03 10.9±1.3
120 -15.6±2.7 -0.91±0.02 0.6±0.08 8.6±2.2
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Figure 5.6: Devices performance characteristics with hot-solution casting at different tem-
perature under simulated AM 1.5, 100 mW/cm2 irradiance in air. (a) Device performance
parameters extracted from a batch of current-voltage measurements. (b) The current density-
voltage curves of the best devices in the batch.
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To confirm whether the increased Jsc and the overall device performance is also coming

from the increased light absorption, we performed UV-vis absorption measurements on

the perovskite films with different hot-solution casting temperatures. In fig. 5.7 we

show the UV-vis spectra, where it exhibits the same trend as observed in the device

performance and SEM surface coverage, as the maximum absorption was attained at

the 100 ◦C hot-solution casting perovskite film.
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Figure 5.7: The UV-vis absorption spectra of perovskite films formed on PEDOT:PSS under
different hot-solution casting temperature.
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5.6 Electron-Transporting Layer and Thickness De-

pendence

Not only playing a dominant role in organic photovoltaics (OPV), the fullerene-based

materials are also proving vital in efforts to facilitate electron-transport in the PSCs.[11,

12, 42] Among all the fullerene derivatives, [6,6]-Phenyl C61 butyric acid methyl es-

ter (PCBM) is the most widely used electron-transporting material (ETM) for inverted

PSCs, where owing to its ester functional group it can be easily dissolved in most of

polar solvents (i.e. Chlorobenzene (CB), 1,2-Dichlorobenzene (oDCB)), thus making it

favourable for solution-processing. In addition, PCBM also has a LUMO level compat-

ible with the conduction band of the perovskites, leading to a small electron transport

barrier, therefore making it an ideal ETM.[43]

As has been pointed out by Yin et al., the undercoordinated Pb2+ and I− are likely to be

present at the surface of perovskite, which may act as defects and traps for carriers.[44]

Hence, it is important to remove these charge transfer barriers by means of passivation.

Recent studies have also shown that the presence of a fullerene layer, in either regu-

lar or inverted PSCs architecture, can successfully suppress the anomalous hysteresis

behaviour, which may be correlated to these surface defects.[12, 21, 45]

Here, we apply the PCBM on top of our modified perovskite layer, and follow the work of

Shao et al. [12], upon the annealing of PCBM layer, they showed the surface defects are

being efficiently passivated via the infiltration of the PCBM molecule into the perovskite

layer. However, due to the different surface roughness of the perovskite thin-film, we

performed the optimisation of the PCBM thickness by varying its concentration in the

CB, ranging from 20 to 50 mg/ml.

In fig. 5.8a, we show the average performance parameter extracted from the current
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density-voltage (J-V) curves of a batch devices measured under simulated AM 1.5, 100

mW/cm2 sunlight with different PCBM thickness. A clear trend of performance im-

provement can be found with the increasing concentration of PCBM in the CB, which

leads to an increasing thickness forming on top of the perovskite. Here, a maximum

average PCE of 10.4±2.0 % can be attained with the 40 mg/ml PCBM concentration,

which can be linked to the enhanced Jsc and Voc. This improvement may be explained

by a better coverage with the concentration of 40 mg/ml PCBM applied, resulting in

a smaller device series resistance and higher shunting resistance. However, once the

ETL thickness exceeds the optimum, an increased series resistance is observed, hence a

reduced device performance is found in the 50 mg/ml device. In fig. 5.8b. we further

show the best performing devices in the batch, which show the same distribution with

the maximum PCE peaking at 40 mg/ml. While compared with a thinner ETL sample

(20 mg/ml), the main enhancement is coming from the Jsc and FF. Detailed device

performance parameters are summarised in the Table. 5.4.

Table 5.4: Mean solar cell performance parameters with different thickness of PCBM
varied by concentration, under simulated AM 1.5, 100 mW/cm2 solar irradiation.

Concentration
of PCBM (mg/ml) Jsc(mA/cm2) Voc(V) FF PCE(%)

20 -14.7±3.0 -0.89±0.06 0.59±0.06 8.0±2.5
30 -16.3±2.1 -0.92±0.02 0.63±0.06 9.6±1.8
40 -17.9±0.6 -0.91±0.05 0.63±0.1 10.4±2.0
50 -16.7±1.4 -0.92±0.02 0.60±0.1 9.3±1.9
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Figure 5.8: Devices performance characteristics with different thickness of PCBM varied by
concentration under simulated AM 1.5, 100 mW/cm2 irradiance in air. (a) Device performance
parameters extracted from a batch of current-voltage measurements. (b) The current density-
voltage curves of the best devices in the batch.
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5.7 Buffer Layer and Metal Electrode

In general, the performance of a perovskite solar cell, and of any heterojunction solar cell,

is affected by the nature of the buffer layers and electrodes, which play an indispensable

part in the device efficiency.

In the regular structure of PSCs, the noble elements Ag and Au are widely used as the

cathode due to their matching energy levels and easily accessible deposition methods;

whereas, for inverted structures, a combination of a thin buffer layer and a dual metal

layer consist of lower work function metal (i.e., Ca, Ba) with Al or Ag are widely used

as the anode to facilitate electron injection/collection.[11, 46, 47]

The role of buffer layers here is specifically referring to the interlayer between the metal

anode and ETL, where the presence of a buffer layer can prevent the diffusion of metal

ions towards the ETL, and avoid any unfavourable reactions which can occur between

the metal and organic layers, which are likely to influence the device performance.[48, 49]

Accordingly, the use of buffer layers is widely adopted in the field of OPV, where both

organic- and inorganic-based materials have been exploited and studied extensively, such

as lithium fluoride (LiF), cesium carbonate (Cs2CO3), molybdenum trioxide (MoO3),

sodium chloride (NaCl), bathophenanthroline (BPhen), or bathocuproine (BCP).[50,

51, 52, 53, 54, 55].

One of the critical factors governing the quality of these buffer layers, is their energy

level offsets at the interface, where a wide bandgap with low injection barrier for elec-

trons and high injection barrier for holes is preferred. LiF is the most commonly used

buffer layer with low work function metal electrodes (Al, Ag, etc.), and has been shown

to promote the efficiency in OPV and PSCs devices by reducing the energetic barrier by

the generation of a dipole moment at the ETL/metal interface.[50] However, the use of

LiF, required an intensive effort and strict control of the thickness, as the deposition of
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the inorganic-based buffer layer can only be achieved by thermal or sputter deposition

in UHV conditions; also, the maximum thickness for the LiF is typically only around 15

Å.[56] Compared with the inorganic-based buffer layers, the main advantage of organic-

based buffer layers could be their rather flexible thickness control (∼ 10 nm) and the

availability of both solution-deposition and vacuum-deposition methods.[55] BCP is one

of the most commonly used buffer layers in OPV, due to its wide bandgap providing

superior hole-blocking and electron-transport.[51] Moreover, the use of BCP has also

been demonstrated in PSCs by thermal deposition with decent device performance be-

ing achieved.[57, 58, 59] However, thus far, the deposition of BCP on PSCs is still

limited to the thermal deposition method, whereas solution-based deposition is rare, as

the reported solution-deposition of BCP for OPV deivces uses chlorobenzene (CB)[55],

which happens to be the same solvent used for the most common ETL (PCBM), thus

a dissolution of ETL is likely to happen. While a methanol-dissolved BCP on PSCs

has been reported on the PSCs[60], the use of a polar solvent with small molecular

size like methanol could also decompose the perovskite films, thus raising concerns of

compatibility and reproducibility.[61]

Here, we explore the solution-based deposition of BCP by the use of an orthogonal

solvent, isopropanol (IPA), which may have a limited solubility with BCP at room

temperature (less than 2 mg/ml), but enough thickness (less than 10 nm) for working

devices can still be attained by spin-coating without the risk of damaging underlying

layers. This also represents the first orthogonal solution-deposition buffer layer, which

enables the inverted PSCs devices to be processed under ambient conditions. In fig.

5.9a, we show the comparison of current-density curves under simulated AM 1.5, 100

mW/cm2 sunlight with the introduction of BCP on the inverted PSCs. A remarkable

improvement can be found with a concentration of 1 mg/ml applied in a device without

the buffer layer. The enhancement can be mainly attributed to the dual increase in the

FF and Jsc, while the Voc remained almost constant. It is worth noting here; that the
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devices were taken out of the inert atmosphere to make contact with the bottom FTO

electrode before the metal electrode deposition due to the constraints of the equipment

set up (The evaporator is not installed within the glovebox). Thus, an "S-shaped" J-V

curve is observed on the devices without buffer layer, which indicates an unfavourable

interface and poor energy level alignment.[62, 63, 56] Once a thin-layer of BCP is applied

(0.5 mg/ml), the S-shape behaviour disappears. On varying the thickness of BCP with

different concentration from 0.5 to 1.5 mg/ml, only small changes were seen in the shape

of the J-V curves, but the average value of FF and Jsc are increased from 0.62 and -16.3

mA/cm2 (0.5 mg/ml) to 0.67 and -17.6 mA/cm2 (1.0mg/ml), respectively. This may

be due to incomplete coverage at the lowest concentration applied. Hence, the highest

average PCE value around 11.3% is obtained at 1 mg/ml. The corresponding statistical

distribution can be found in the in fig. 5.9b, and its average performance factors are

summarised in Table. 5.5.

Table 5.5: Mean solar cell performance parameters with different thickness of BCP
varied by concentration, under simulated AM 1.5, 100 mW/cm2 solar irradiation.

Concentration
of BCP (mg/ml) Jsc(mA/cm2) Voc(V) FF PCE(%)

0 -12.9±2.0 -0.91±0.02 0.26±0.03 3.0±0.6
0.5 -16.3±1.6 -0.9±0.02 0.62±0.04 9.0±1.0
1 -17.6±1.6 -0.92±0.12 0.67±0.16 11.3±3.6
1.5 -17.2±1.1 -0.93±0.08 0.58±0.12 9.5±2.4

In principle, the BCP has a LUMO level less than 3.0 eV[64, 65], thus the electron

transport across the BCP layer is dominated by tunneling, where it occurs through

the states below the LUMO level of the BCP, see fig. 5.10.[66, 65] However, only a

relatively thin layer of BCP would be beneficial, as the electric field strength is inversely

proportional to the thickness of the buffer layer[66], therefore thick buffer (over 1 mg/ml)

layers would result in fewer electrons tunneling into the anode; consequently, an inferior

device performance with reduced FF and Jsc is observed in the sample of 1.5 mg/ml.
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Figure 5.9: Device performance characteristics with different thickness of PCBM varied by
concentration under simulated AM 1.5, 100 mW/cm2 irradiance in air. (a) The current density-
voltage curves of the best devices in the batch. (b) Device performance parameters extracted
from a batch of current-voltage measurements.
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Here, the improvement in the performance can be explained by the contribution of en-

hanced ETL/metal interface, where the insertion of the BCP layer, may be preventing

the unfavourable reactions between the metal and organic layers and avoiding the frag-

ile PCBM from being damaged during metal deposition. More importantly, the deep

HOMO level (6.4 ∼ 7.0 eV ) is blocking the hole injection from the valance band of

the perovskite (∼ 5.4 eV ), thus effectively reducing the recombination of electron-hole

pairs, and increasing the electron collection rate. In addition, a further contribution

to the increase in Jsc may be attributed to the redistribution of the light intensity in

the device,[67] where BCP is believed to act as an optical spacer, thus increasing the

absorption and leading to a superior Jsc. In total, these enhanced behaviours show

good agreement with the previous reports [68, 69] in OPV, and now with the careful

optimisation here, an over three-fold boost in the average PCE on the inverted PSCs is

obtained.

Figure 5.10: Energy level diagrams of the interface between Ag and BCP proposed by Yoshida
et al.[65]
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5.8 Hysteresis Behavior Comparison

Perovskite solar cells have attracted lots of attention with their exceptional photovoltaic

performance since 2012.[1, 2] Though it is important to keep pushing the device per-

formance forward, the fundamental characteristics of the perovskites should not be ne-

glected. One of the challenges which remain unresolved and needs the most attention,

is the anomalous hysteresis behaviour appearing during the current-voltage sweeping

measurement.[6] Several theories have been proposed to explain the hysteresis behaviour,

and the most plausible ones include: (1) interface charge accumulation due to trapping

and de-trapping processes[6, 8, 70], and (2) ion (MA+/ I−) migration under illumination

or applied bias.[8, 70, 71, 72, 73, 74] While the anomalous hysteresis effect is commonly

observed in the regular (n-i-p) architecture[6, 75, 20], yet when the same CH3NH3PbI3

perovskite is deposited in a reverse architecture, namely the inverted (p-i-n) structure,

the hysteresis is claimed to be eliminated.[12, 76, 77]

The disappearance of the hysteresis effect in the inverted architecture compared to the

regular structure, is believed to be due to the difference in their n-type contacts[12, 76],

where the TiO2 is widely adopted in the regular structure, whereas the fullerene or its

derivatives were used in the inverted structure instead[11, 78, 79]. Shao et al. first

proposed that the fullerene molecules are likely to diffuse into grain boundaries and

passivate the defects, which are thought to be responsible for the hysteresis[12]; later, Xu

et al. further performed DFT simulations to calculate the interaction between fullerene

molecules and intrinsic defects, which show that suppressed ion migration could be

induced by the introduction of fullerene molecules[80].

With lots of evidence presented and pointing toward the important role of fullerene

molecules, in this section, we used the inverted architecture (Ag/BCP/PCBM/

CH3NH3PbI3−xClx/PEDOT:PSS/FTO) developed in the previous section, compared
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with the regular structure (Ag/Spiro-OMeTAD/CH3NH3PbI3−xClx/C60/FTO), where

fullerene molecules are applied as electron-transporting layers in both architectures, see

fig. 5.11 for detailed device architecture.

Figure 5.11: Cross-sectional SEM micrographs with annotated layers specified showing (a)
the regular structure comprises of Ag/Spiro-OMeTAD/CH3NH3PbI3−xClx/C60/FTO, and (b)
inverted structure comprises of Ag/BCP/PCBM/CH3NH3PbI3−xClx/PEDOT:PSS/FTO.

In fig. 5.12a, we show the current density-voltage measurement for the regular and in-

verted structure devices. While both devices include a fullerene-based electron-transport

layer, a significant hysteresis behaviour can be observed with the regular structure, where

the decrease in the Voc and FF are most pronounced under different sweep directions;

When measured from forward bias toward the short-circuit(FB-SC) direction, the Voc

and FF were 1.07 V and 0.64, respectively, yet reversing the direction from short-circuit

toward forward bias (SC-FB), both Voc and FF fall to 0.92 V and 0.41, respectively;

though the Jsc remain the same in both directions. The reduced Voc and FF have led

to a decrease in PCE from 13.2% to 7.4%. In contrast, the inverted devices appear to

have hysteresis-free J-V curves in both sweep directions, with all parameters maintain-

ing more less the same value. To have a better understanding of the two structures, we

performed stabilised power output measurements by holding the device at its maximum

power point, which can demonstrate the “steady-state” efficiency and reveal a picture
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closer to its practical performance.[6]

Figure 5.12: (a)The current density-Voltage measurement showing the regular and inverted
devices both comprise of a fullerene-based electron-transporting layer; (b) and (c) their sta-
bilised power output measurement under the maximum power points obtained in the J-V scan.

In fig. 5.12b, we show the stabilised photocurrent and PCE for the regular structure,

where a slowly increasing photo-response is observed, which may be correlated to the

trap filling process[12], and a slightly lower stabilised PCE of 12.4%. In comparison, the

inverted structure shows a much faster response time as the photocurrent responds as

soon as the illumination starts, with an equivalent stabilised PCE of 13.3% measured

from the J-V scan, which indicates either a more efficient trap passivation or the ion

migration is suppressed in the inverted structure.
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From here, the comparison between the regular and inverted structures suggests that

even in the presence of fullerene molecules with the same perovskite applied, the hys-

teresis effect is still much more pronounced in the regular structure with an inferior

stabilised PCE; whereas, the inverted devices show stable performance in all aspects.

This may be explained by either a better interface which passivates the trap states re-

sulting from the different deposition sequence or alternatively by the different HTMs

applied (Spiro-OMeTAd vs. PEDOT:PSS) or in combination of the two. Though more

detailed studies are needed to unveil the mechanisms behind this behaviour, the cur-

rent results have provided new insights by showing the first side-by-side comparison of

fullerene-based devices, which suggest the elimination of the hysteresis effect may be not

completely dominated by the fullerene layers, but a synergetic interaction between the

two selective contacts is likely to be required.

5.9 Open-Circuit Voltage Enhancement by Hole -

Transporting Layer Engineering

In general, the open circuit voltage (Voc) of solar cells is determined by the bandgap of

the materials used. But in heterojunction solar cells, like OPV and PSCs, the Voc is

affected by the contacts and electrodes applied, which result in the splitting of the quasi-

Fermi level, and the difference between the band edges of the light absorbing materials

with respect to the ionisation potential and electron affinity of the interfacial layer would

decide the Voc .[81]

Follow this reasoning, the applied interfacial layers either side of the light absorbing ma-

terials, should have energy levels as close as possible with respect to the band edges where

the electrons/holes are collected. Previously, we have demonstrated inverted PSCs based

on PEDOT:PSS as the HTL with a PCE close to 15%. However, the intrinsic proper-
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ties of PEDOT:PSS have raised some concerns, as its acidic nature would be likely to

corrode the ITO electrode, and its hygroscopicity would absorb water molecules leading

to a degradation of the perovskite.[82] Moreover, as the valance band of CH3NH3PbI3

is around 5.4 eV, PEDOT:PSS has a HOMO level around 5.1 eV[16, 17], leading to an

energetic difference around 0.3 eV, this causes a relatively small Voc to be observed at

around 0.9 V in these inverted PSCs[11, 10, 39]; compared to the regular structure where

a Voc of over 1.1 V is regularly found with Spiro-OMeTAD, which possesses a higher

HOMO level around 5.3 eV[1, 3, 83].

In this regard, lots of new hole transporting materials (HTMs) have been investigated as

alternatives for PEDOT:PSS in the inverted PSCs, where both organic- and inorganic-

based HTMs are proposed including, PTAA[84], PCDTBT[85], Poly-TPD[86], NiO[87],

CuSCN[88], and V2O5[89]. Among these materials, Poly-TPD and NiO both have

a HOMO level at 5.4 eV[90], which matches the valance band of CH3NH3PbI3 and

CH3NH3PbI3−xClx, and thus is expected to be able to achieve a higher Voc, compared

to the PEDOT:PSS device, see fig. 5.13.

In the NiO system, a Voc over 1.1 V has been demonstrated[91], but a simultaneous

decrease was observed in Jsc, even with the use of copper doping. This reduced Jsc

behaviour may link to the presence of trap states observed in the metal oxides[92, 93].

On the other hand, Malinkiewicz et al. first used Poly-TPD with PEDOT:PSS to form

bilayer HTLs in inverted PSCs, where a Voc of 1.05 and a decent PCE of 12% were

demonstrated.[86]. Later, Zhao et al. used Poly-TPD solely as the HTL in inverted

PSCs with an impressive Voc of 1.1 V and a PCE of 15% achieved[94]. However, these

Poly-TPD devices still suffer from a lower FF (less than 70%) due to the resistive nature

of Poly-TPD when compared to devices with PEDOT:PSS as HTL, where a FF close

to 80% are being commonly observed.[39, 79, 58, 95] Therefore, an improvement of the

intrinsic conductivity is needed for good performance in Poly-TPD based HTL. Here,
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Figure 5.13: Schematic energy level diagrams showing the possible difference of Voc resulted
by different HTMs applied on the perovskite.

inspired by the works of doping-induced enhancement on HTMs like Spiro-OMeTAD,

NiO, and PTAA[96, 92, 84], we introduced the single-dopant 2,2’-(perfluoronaphthalene-

2,6-diylidene)dimalononitrile (F6-TCNNQ) mixed HTL, which has been reported to

have a higher molecular weight than the commonly used 2,3,5,6-Tetrafluoro-7,7,8,8-

tetracyanoquinodimethane(F4-TCNQ) but with similar doping strength, and thus can

prevent dopant diffusion within the device layers during operation and provide a better

control, making it an ideal p-dopant for the HTMs.[97, 98]

5.9.1 Doping Influenced Device Performance

To evaluate the influence of F6-TCNNQ doping on the Poly-TPD, we varied the doping

concentration of F6-TCNNQ/Poly-TPD ranging from 0-25 wt% (respect to the solid

content of Poly-TPD in the toluene) on the piranha treated substrates, then fabricated
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the inverted PSCs following previous methods with the architecture of Ag/BCP/PCBM/

CH3NH3PbI3−xClx/HTM/FTO. For a better comparison, we also prepared the HTL

with PEDOT:PSS. It is noted here, the thickness of the HTLs has been kept around

50 nm by controlling the concentration and spinning speed of HTMs applied; also, we

do not add any other surfactants or dopants to the Poly-TPD other than the solvent

toluene and F6-TCNNQ.

The mean solar cell performance parameters extracted from a batch of current-voltage

measurements under simulated AM 1.5, 100 mW/cm2 sunlight are shown in fig 5.14a.,

and the corresponding performance factors are summarised in Table. 5.6.

Table 5.6: Mean solar cell performance parameters with different doping ratio of the
F6-TCNNQ/PolyTPD (wt%) under simulated AM 1.5, 100 mW/cm2 solar irradiation

F6-TCNNQ/
PolyTPD (wt%) Jsc(mA/cm2) Voc(V) FF PCE(%)

0 -19.1±0.9 -0.84±0.27 0.44±0.14 7.8±4.2
5 -19.2±0.4 -1.02±0.01 0.47±0.11 9.3±2.2
10 -20.0±0.6 -1.03±0.02 0.63±0.11 13.1±2.7
15 -20.0±1.0 -1.05±0.02 0.70±0.03 14.7±1.2
20 -19.7±1.4 -1.02±0.03 0.62±0.13 12.6±3.3
25 -20.8±0.8 -0.95±0.07 0.52±0.16 10.6±3.8

PEDOT -18.5±1.0 -0.94±0.03 0.63±0.09 11.1±2.2

We can see a clear trend of device enhancement with the introduction of F6-TCNNQ.

Starting from the intrinsic Poly-TPD (non-doped), the average fill factor (FF) and Voc

are around 0.44 and 0.84, respectively. With increasing F6-TCNNQ doping concentra-

tion in Poly-TPD, both the FF and Voc increase up to average values of around 0.7 V

and 1.05 V, respectively, peaking at 15 wt%, then followed by a decrease with further

increases of F6-TCNNQ content. Comparing with the PEDOT:PSS-based devices, the

best F6-TCNNQ/Poly-TPD devices show an increase of average Voc by up to 0.11 V, this

substantial improvement can be explained by the better energy level alignment between

the perovskite and the F6-TCNNQ-doped Poly-TPD. The intrinsic Poly-TPD seem to

show inferior performance in every aspect, which can be attributed to the poor contact

117



Chapter 5

Figure 5.14: Devices performance characteristics with different HTMs applied in the inverted
PSCs, under simulated AM 1.5, 100 mW/cm2 irradiance in air. (a) Device performance param-
eters extracted from a batch of current-voltage measurements. (b) Series resistance of different
HTMs used in this study including, PEDOT:PSS, Poly-TPD, and F6-TCNNQ/Poly-TPD with
different doping concentration.
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between the perovskite layer and the Poly-TPD, as the surface wetting of the intrinsic

Poly-TPD is not favourable with the perovskite precursor solution and resulted in a

poor coverage on the HTL, see the fig. 5.15. However, after the addition of F6-TCNNQ,

the surface wetting becomes much better giving better coverage of the perovskite, thus

providing a better interface between HTL and perovskite, which can also explain the

slightly increased Jsc observed.

Figure 5.15: Photos of perovskite deposition on top of different HTMs with FTO glass (2.8
cm x 2.8 cm) (a) PEDOT:PSS (b) Poly-TPD (c)F6-TCNNQ/Poly-TPD.

To understand the improved FF observed in the F6-TCNNQ/Poly-TPD devices, we

analysed the series resistance (Rseries) derived from the slope of J-V curves. As shown

in Table. 5.7., the device with intrinsic Poly-TPD as HTM has an average Rseries of 10.2

Ωcm2 with large standard deviation, possibly due to the inhomogeneous film coverage as

shown in the fig. 5.15b. Whereas, with increasing doping concentration of F6-TCNNQ,

the average Rseries starts to reduce down to 5.7 Ωcm2 at 15 wt%; and this decreasing

trend of Rseries can be correlated to the increased FF, as the primary contribution

of the F6-TCNNQ has been reported to effectively increase the hole conductivity.[98]

Nonetheless, further increase of the doping concentration, starts to cause an increase

of Rseries together with an enlarged distribution. The aggregation of F6-TCNNQ may

be the reason behind this, which has previously been found in the F4-TCNQ-doped
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polymer system.[99, 100, 84]

Table 5.7: Mean series resistance derived from the slope of J-V curves with PEDOT:PSS
and different doping ratio of the F6-TCNNQ/Poly-TPD (wt%)
F6-TCNNQ
/Poly-TPD

(wt%)
0 5 10 15 20 25 PEDOT

:PSS

Rseries(Ωcm2) 10.2±6.8 7.3±1.0 7.0±2.0 5.7±0.9 6.8±2.1 8.8±4.7 6.1±1.8

In fig. 5.16a., we show the current density-voltage (J-V) curves of the best performing

cells of three different HTMs in the batch, including cells with PEDOT:PSS, Poly-TPD,

and F6-TCNNQ/Poly-TPD. For the PEDOT:PSS devices, a reasonable Jsc and FF are

achieved, but an inferior Voc is observed when compared to the Poly-TPD based devices;

however, a serious loss of FF is found in the intrinsic Poly-TPD devices, presumably

due to the poor contact explained above. Comparing with the PEDOT:PSS, the F6-

TCNNQ/Poly-TPD devices show major enhancement in both Voc and Jsc. Here, the

most efficient inverted PSCs use F6-TCNNQ/Poly-TPD as HTL, exhibit short-circuit

photocurrent of 21 mA/cm2, open circuit voltage of 1.05 V, and a good fill factor of 0.74

yielding a power conversion efficiency of 16.3%.

5.9.2 Optical Characterisation on Different Hole-Transporting

Materials

To investigate whether the improved short-circuit current in the F6-TCNNQ/Poly-TPD

is coming from the increased absorption in the perovskite, we measured the external

quantum efficiency (EQE) and the transmission spectra of the corresponding HTMs. In

fig. 5.17a. the F6-TCNNQ/Poly-TPD devices display a good EQE across the spectrum,

showing a good agreement with the J-V measurement. While the PEDOT:PSS devices

show an EQE peaking around 500nm; the intrinsic Poly-TPD devices behave poorly

with an EQE value peaking around 700 nm, which may be explained by the unfavourable
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interface and its resulting poor charge collection.

Figure 5.16: The current density-voltage curves of the best devices in a batch with different
HTMs applied.

Figure 5.17: The three different HTMs applied in this study with (a) The EQE spectra of the
devices (b)Transmission spectra of different HTMs on the glass substrates.

To further unravel the enhanced device performance observed in the F6-TCNNQ/Poly-

TPD devices, we performed the photoluminescence (PL) measurements, which has be-

come an efficient method to evaluate the compatibility of the interfacial layers with
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perovskite.[10] To probe how the different HTMs influence the hole extraction/collection

rate, we deposit a perovskite layer on top of each HTMs with PMMA covered on the

top to prevent any unnecessary degradation occur during the measurement.

Figure 5.18: Photoluminescence spectroscopy of different HTMs deposited on glass substrate
with perovskite on top. a) steady-state spectra (300 mW/cm2, 507 nm), b) time-resolved
photoluminescence decay after excitation at 507 nm with pulsed (2 MHz) and a fluence of 30
nJ/cm2/pulse.

In fig. 5.18a, we can see the perovskite showing typical emission around 780 nm in the

steady-state PL spectra. With the different HTMs applied, the PL of the perovskite is

being quenched, where PEDOT:PSS and Poly-TPD, show similarly quenched emission,

while with the introduction of F6-TCNNQ in the Poly-TPD, it exhibits significantly

higher quenching rates than the intrinsic Poly-TPD, presumably due to the improved

hole-transporting property via doping. We further used time-resolved PL spectroscopy

to measure the PL decay, and extracted the corresponding average lifetime <τ> follow-

ing the work of Stranks et al.[5] Here, the pristine perovskite demonstrates a <τ> around

300 ns, with the HTMs applied, the photo-generated carriers are being quenched, where

the F6-TCNNQ/Poly-TPD sample displays the best quenching ability with a two-fold

reduction of <τ> to less than 20 ns compared to the PEDOT:PSS and intrinsic Poly-

TPD, which both have a <τ> around 40 ns. This fast quenched PL life time, suggests

that the F6-TCNNQ/Poly-TPD has a better hole collection/extraction ability, presum-
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ably due to the addition of F6-TCNNQ contributing to an enhanced hole conductivity

and mobility.[98, 97]

In summary, we have demonstrated improved performance of the perovskite solar cells

employing Poly-TPD as a hole-transporting layer. The introduction of F6-TCNNQ, not

only improves the surface wetting to give a much better interface, but also reduces the

series resistance within the HTLs. In addition, we also reported steady-state PL and

time-resolved PL measurements showing the F6-TCNNQ/Poly-TPD can be a promising

HTL with its superior hole collection/extraction ability, which suggests the carriers can

be removed efficiently from the interface before recombination happens, thus leading to

an improved device performance. The best inverted PSCs consist of F6-TCNNQ/Poly-

TPD, demonstrating an increased Voc by up to 0.11 V compared to the PEDOT:PSS

devices, due to a better matching energy level between the HOMO of Poly-TPD and

the conduction band of the perovskite; moreover, the doping of F6-TCNNQ improves

the conductivity of the HTLs, thus preventing the Jsc or FF being sacrificed in the

devices. Therefore, this part of study shows an effective way to improve the properties

of hole-transporting layers via energy level engineering, and paves the way for the highly

efficient perovskite solar cells.

5.10 Summary

In this chapter, a development of inverted perovskite solar cells with interface engineer-

ing from cathode to anode has been demonstrated. With a careful evaluation of the

interface of individual components and energy level alignment, device performance has

been examined. We shown various approaches including piranha treatment, hot-solution

casting, and the insertion of an orthogonal solution-based thin buffer layer, which have

all contributed toward the improved wettability, surface morphology, and the better
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matching of energy levels between interfaces, leading to hysteresis-free perovskite solar

cells. Compared with the regular structure employing fullerene as ETL, we found the

existence of hysteresis may not be removed completely by the insertion of fullerene, but

by a synergistic interaction between selective contacts which emphasize the importance

of interface and interlayers. Finally, we demonstrated an increase in Voc by up to 0.11

V compared to the PEDOT:PSS devices. By exploiting the F6-TCNNQ/Poly-TPD as

HTL, not only to improve the surface wetting for a much better interface, but also to

increase hole-conductivity, a much better HTM can be achieved. The careful optimi-

sations throughout the entire carrier pathways have facilitated charge transportation,

minimised unfavourable recombination, and enabled efficient and hysteresis-free inverted

perovskite solar cells to be demonstrated.
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6.1 Context

Realizing the theoretical limiting power conversion efficiency (PCE) in perovskite solar

cells requires a better understanding and control over the fundamental loss processes oc-

curring in the bulk of the perovskite layer and at the internal semiconductor interfaces

in devices. One of the main challenges is to eliminate the presence of charge recombina-

tion centres throughout the film which have been observed to be most densely located

at regions near the grain boundaries. Here, we introduce aluminium acetylacetonate to

the perovskite precursor solution, which improves the crystal quality by reducing the

microstrain in the polycrystalline film. At the same time, we achieve a reduction in the

non-radiative recombination rate, a remarkable improvement in the photoluminescence

quantum efficiency (PLQE) and a reduction in the electronic disorder deduced from an

Urbach energy of only 12.6 meV in complete devices. As a result, we demonstrate a

power-conversion efficiency (PCE) of 19.1% with negligible hysteresis in planar hetero-

junction solar cells comprising all organic p and n-type charge collection layers. Our

work shows that an additional level of control of perovskite thin film quality is pos-

sible via impurity cation doping, and further demonstrates the continuing importance

of improving the electronic quality of the perovskite absorber and the nature of the

heterojunctions to further improve the solar cell performance.

6.2 Introduction

Driven by improvements in the quality of organic-inorganic lead halide perovskites (i.e.

CH3NH3PbI3) thin films, perovskite solar cells have achieved a series of efficiency break-

throughs since 2009.[1, 2, 3, 4] Starting from structures based on small nanocrystals

embellishing the surface of a mesoporous TiO2 scaffold in 2009, the published highest

power conversion efficiency of 21.1% has been achieved in a device architecture which
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comprises both a thin layer of mesoporous TiO2 and a thick solid perovskite absorber

layer with micrometre size crystalline domains and a high level of uniformity.[5] In addi-

tion, there has been much work on the simplified “planar heterojunction” architecture,

where a solid perovskite absorber layer is sandwiched between negative (n) and positive

(p) type charge collection layers.[2, 6] One commonality of all this work, is that enhanced

crystalline quality and the macroscopic uniformity of the solid perovskite thin films are

key parameters which have led to improved device performance. However, there is still

much confusion over many factors such as the role and impact of boundaries between

the polycrystalline domains, the requirement or not to move towards single crystalline

materials, the nature and role of electronic defects in the perovskite absorbers, and the

impact of the charge collection layers upon loss processes in the perovskite solar cells.

One specific area which has had some attention is the precise nature of electronic defects

in the perovskite films. Yan et al. have used theoretical calculations to propose that

many of the defects, such as I or Pb vacancies, will result in states very close to or

within the continuum of states in the conduction and valance bands; therefore only

having a minor negative electronic impact upon the solar cells.[7] However, Agiorgousis

et al. have revealed that there is strong covalency between the Pb cations and I anions

in the perovskite plane, which may result in the existence of intrinsic defects, such as

undercoordinated Pb dimers and I trimers, which could generate sites within the band

gap and serve as charge recombination centres during solar cell operation.[8]

Previously, post treatment of the perovskite films with Lewis bases, such as pyridine,

has been shown to enhance the charge carrier lifetime, suggesting that pyridine can pas-

sivate surface recombination sites[9], which are possibly under-coordinated Pb sites.[10]

However, these sorts of post growth treatments are challenging to control in a repro-

ducible manner, and it is not clear if they are genuinely passivating the defect sites,

or simply enabling the perovskite crystal surface to reconstruct in a more favourable
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manner with fewer crystal surface defects.[9] On the other hand, incorporation of an

impurity “dopant” into the precursor solution itself could provide a more robust way

to produce a perovskite film with traps passivated throughout the bulk, or indeed in-

fluence the crystallization process in such a way as to minimize the number of defects

which result in electronic traps in the first place.[11] Recently, Sargent and coworkers

have shown that addition of Phenyl-C61-butyric acid methyl ester (PCBM) directly into

the perovskite precursor solution allows PCBM to sit at the grain boundaries of the

processed perovskite films, leading to a certain degree of passivation of the trap states

at the grain boundaries, and suppression of hysteresis in the n-i-p planar heterojunction

device architecture.[12] In addition, PCBM is a very good electron acceptor for use as the

n-type charge collection material in perovskite solar cells, hence its role may be two-fold

when mixed into the perovskite solution.[13] However, a major challenge to achieving

reproducible device performance with this route is the poor solubility and significant

phase segregation of PCBM within the perovskite precursor solution.[12]

Here, we investigate the impact of "doping" to the perovskite, CH3NH3PbI3 (MAPbI3),

with Al3+, a higher valence ion than Pb2+. By introducing a Lewis acid-base coordi-

nation complex, Al(C5H7O2)3, aluminium acetylacetonate (Al-acac3), directly into the

perovskite precursor solution, which contains lead acetate trihydrate (PbAc2*(3H2O))

and methyl ammonium iodide (MAI).[14] Al3+ ions have a much smaller ionic radii than

Pb2+ (53.5 pm vs 119 pm) hence we do not expect to observe substitutional doping

within the crystal.[15] However, by careful optimisation of the Al3+ ion concentration in

the perovskite precursor solution, we dramatically enhance the PLQE of the crystalized

perovskite films, which increases to 35% from only 15% for the non-doped (control) films

when measured at ∼ 10 suns irradiance, which we infer to be due to a reduction in the

density of electronic defects. By incorporating these "Al3+-doped" films into "inverted"

p-i-n perovskite solar cells, we achieve a measured current-density voltage PCE of 19.1%

and a stabilized power output of 18.2%.
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6.3 Characterization of Al3+-doped Perovskite

To deposit Al3+-doped CH3NH3PbI3 perovskite films, we first prepared a CH3NH3PbI3

precursor solution by mixing MAI and (PbAc2.(3H2O)) at a 3:1 molar ratio in dimethyl-

formamide (DMF), with the addition of hypophosphorous acid, as previously reported

by Zhang et al.[11] In order to study the impact of doping concentration on the per-

ovskite, we added varying concentrations (from 0.075 to 1.5 mol% of the Al3+/Pb2+

ratio) of Al-acac3 into the as prepared CH3NH3PbI3 precursor solutions and fabricated

a series of perovskite films. We note that, in this manuscript we will refer to the Al-acac3

addition as "Al3+-doping". We will show evidence towards the end of this chapter that

it is indeed the addition of aluminum ions, and not the organic counter ions, which is

important for the improvements which we will present.

6.3.1 Crystal structure

We first evaluate if there is any impact of Al3+ doping upon the crystallisation process

and the final crystal structure of the resulting perovskite films. In fig. 6.1a we show

the X-ray diffraction (XRD) spectra for a series of films made with a range of Al3+

doping concentrations up to 1.5 mol%. All the perovskite films crystallise in a typical

tetragonal crystal (I4/mcm, NO. 140) structure as reported previously.[1] As the doping

levels increase up to 0.15 mol%, the intensities of the dominant perovskite (110) and

(220) peaks substantially increase with increasing doping concentration, and there is a

significant decrease in peak widths (see fig. 6.1c) but no measurable shift in the position

of the (110) and (220) diffraction peaks. These results suggest that the (hh0) planes

become increasingly aligned in the presence of the Al3+ dopant. As the doping level rises

to 0.3 mol% concentration, the (110) peak intensity continues to increase, but the peak

begins to broaden and shift in position with respect to the control sample. However,
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upon further increase in doping concentration, the peak intensity begins to decrease and

the peak widths continue to broaden.

Figure 6.1: (a) X-ray diffraction patterns analysis of perovskite with different Al3+ doping
concentration, (b) its enlargement in log scale, and (c) the intensity and FWHM variations of
(110) peak with different Al3+ doping concentrations.

6.3.2 Microstrain

Broadening and shifts in the XRD peak can be caused by either a reduction in the

grain size (Scherrer broadening) and/or non-uniform strain (microstrain). We note that

Scherrer broadening will only be significant when the grains are in the range of or less

than 100 nm, and as we will discuss later we do not expect this to be a significant

140



Chapter 6

contribution here. Strain is the relative change in size of an object with respect to its

ideal size (or size before experiencing an external force). The microstrain in a crystalline

material is a result of small fluctuations in the lattice spacing, induced by crystal imper-

fections/structural defects including dislocations, vacancies, stacking faults, interstitials,

twinning, and grain boundaries.[16, 17, 18] for scattering of light of wavelength , nλ =

2dsinθ, it is clear that small fluctuations in d (i.e. ∆d) will result in small fluctuations,

or broadening, in θ when measuring the X-ray diffraction from the material. We quan-

tify the extent of microstrain in our perovskite films by analysing the peak broadening

in the diffraction patterns according to the modified Williamson-Hall method.[17, 19]

The effective observed peak broadening (∆dobs) determined from the XRD peak width

broadening, is a convoluted function of the Gaussian full width half maximum broaden-

ing in the 2θ scan due to the instrument response (∆dins), the grain size (∆dsize) and

the microstrain (∆dε). These can be de-convoluted from the observed broadening, via,

∆d2
obs = ∆d2

ε + ∆d2
ins + ∆d2

size (6.3.1)

where the unit-less microstrain ε is defined as ε = (∆dε/d), where d is the mean d-

spacing. Since the perovskite thin films have grains on the order of many hundreds of

nm to microns, it is likely that the size effect induced peak width broadening can be

neglected, hence if ∆dsize2 « ∆dobs2 [19] and we can write,

(∆d2
obs −∆d2

ins)1/2 ≈ εd. (6.3.2)

Therefore, the slope of (∆d2
obs - ∆d2

ins)1/2 versus d, gives the magnitude of the micros-

train, ε , in the film.

Here we observe in fig. 6.2 that introduction of small amounts of Al3+ dopant (< 0.3
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mol%) decreases the microstrain. A minimum microstrain of 5.2×10−3 is achieved at

0.15 mol%, which is 30% lower than the control film. We note that this is equivalent

to d-spacing fluctuations of the order of 0.5%. This suggests that the introduction of

a small amount of Al3+ dopant reduces the density of crystal defects. Additionally,

the (110) XRD peak significantly increases in intensity, consistent with the presence

of Al3+ enhancing the orientation in the growth of perovskite domains along the [110]

direction.[20]

If the Al3+ ions partially substitute Pb2+ ion sites, we would expect the perovskite lattice

to be severely distorted due to the much smaller Al3+ ionic radii as compared to the

Pb2+ ion, which would induce a shift in d.[21] Following this reasoning, the unvarying

(hh0) peak position and decreased microstrain imply at the doping level of 0.15%, the

Al3+ dopants are unlikely to be incorporated within the perovskite crystal lattice. When

the doping concentration increases to 0.3 mol%, we observe an increase in microstrain,

which continues to increase monotonically with the increasing doping concentration.

6.3.3 Micromorphology and Al detection

In fig. 6.3 we show top-view SEM images of the perovskite samples with different doping

concentrations of Al3+ . We do not observe any noticeable differences in morphology or

apparent grain size in the perovskite films up to doping levels of 0.3 mol%, compared

to the control sample. This is consistent with our postulation that the narrowing of the

(hh0) diffraction peaks with the doping concentration from zero to 0.15 mol% is not due

to crystal size effects.

Morphologically, it appears that the perovskite films can tolerate the addition of Al3+

ions to the precursor solution up to around 0.3 mol%, before any negative impact upon

the morphology occurs. The disappearance of the polycrystalline grains in the SEM
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Figure 6.2: Characterizations of Al3+-doped perovskite samples with (a) A modified
Williamson-Hall plot of (∆dobs2 - ∆dins2)1/2 versus d spacing extracted from the correspond-
ing diffraction profiles shown in fig. 6.1. The slopes of the solid lines from linear fits indicate
the extents of microstrain at different doping concentrations. (b) Calculated microstrain of
samples with different Al3+ doping concentration from XRD patterns (The error bars for each
concentration in the plot b, are determined from the fits in a).

images, with Al3+ concentrations at or above 0.75 mol%, is consistent with these films

having much smaller polycrystalline domains, which are not clearly discernible in the

SEM image. We also note that the XRD patterns for the films with over 0.3 mol%

doping, which we have shown in fig. 6.1, are strongly perturbed, indicating a limit to

the concentration of Al3+ which the perovskite films can tolerate.

To probe whether Al ions remains in the annealed films, we performed inductively cou-

pled plasma optical emission spectrometry (ICP-OES). The detection limits of ICP-OES

typically range from parts per million (ppm) to parts per billion (ppb).[22] For the sam-

ple with 0.15 mol% Al3+ doping (the calculated Al/Pb is 2.6:1000), we determine a

molar ratio of Al/Pb of 1.2:1000 from the ICP-OES analysis, which confirms the pres-

ence of Al3+ in the doped film, only at a slightly lower concentration than in the starting

solution. On the contrary, for the control film we determine an Al/Pb molar ratio of

0.016:1000, which is almost negligible, as expected. We further validated this finding
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Figure 6.3: Top view scanning electron microscope (SEM) of Al3+-doped perovskite samples
with different doping concentrations.

for higher concentration solutions (>0.3 mol%) using X-ray photoelectron spectroscopy

(XPS), the results of which we show in fig. 6.4. Due to the closely spaced spin-orbit

components for Al 2p (∆ = ∼ 0.5 eV), we observe a single peak at a binding energy

of ∼ 77 eV. This high binding energy is in agreement with a +3 oxidation state of Al,

as observed previously for Al2O3[23] and AlF3[24]. However, we could not detect the

presence of Al3+ below 0.3 mol%, due to the concentration falling below the detection

level of the instrument.[25]
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Figure 6.4: X-ray photoemission spectroscopy (XPS) spectra of Al 2p region of control and
Al3+-doped perovskite films.

To further investigate the location and distribution of the Al3+ ions within the perovskite

film, we employed nanoscale secondary ion mass spectrometry (NanoSIMS) to perform

elemental mapping for the doping level of 0.15 mol%. The NanoSIMS system uses a

16 KeV primary 133Cs+ beam to bombard the perovskite film surface, and then collects

and analyzes the Al signal as a negative ion which is commonly detected as AlO− (the

oxygen is captured from the sample surface or the vacuum system) In fig. 6.5 we show

the secondary electron microscopy images overlaid with the elemental map for Al. In

the secondary electron image the darker regions are regions of thicker films, which we

therefore interpret as being the centre of grains, and the lighter regions are the thinner

regions which we therefore interpret to be the grain boundaries. Although the Al signal

is apparent everywhere in the film, it is most strongly concentrated near the brighter

regions of the secondary electron microscopy image, indicative of increased Al concentra-

tion near the grain boundaries.This is consistent with the Al3+ ions being predominantly

expelled to the perovskite surface and grain boundaries during crystallisation
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Figure 6.5: (a)NanoSIMS images showing the AlO− ions mapping of Al3+-doped (0.15 mol%)
perovskite and (b) their secondary electron image at the same location.
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6.3.4 Impact on Crystallization

Considering all the evidence we have presented above, it appears that the presence of

a small amount of Al3+ in the perovskite growth solution results in better crystallisa-

tion with resultantly fewer crystal defects, as we infer from the reduced microstrain.

However, beyond an optimum level of addition of Al3+, the crystallization is strongly

perturbed resulting in increased levels of defects. At low Al3+ doping concentrations,

the Al3+ ions appear not to be incorporated into the perovskite lattice, but predomi-

nantly expelled to the surface and grain boundaries. The precise mechanism by which

the crystallisation is enhanced with a small quantity of Al3+ doping is difficult to deter-

mine. However, based on our investigation above, we describe our postulated mechanism

here: The presence of impurity ions is known to influence crystallisation of materials

since the earliest investigations of crystal growth.[26] Impurity ions can either slow down

crystallisation by adsorbing to crystal surfaces and sterically inhibiting growth, or the

impurity ions can accelerate crystal growth by changing the surface energy of the crystal

growth front making it more favourable for accelerated crystallization.[27, 28, 29] In the

low concentration regime (below 0.3mol% Al3+) we infer that the Al3+ is facilitating

enhanced crystallization, and specifically the growth of (hh0) crystal planes, resulting

in more orientated crystalline domains. In fig. 6.6, we show a schematic diagram of the

proposed perovskite growth mode and influence of the Al3+ doping. We also illustrate

crystal defects which could potentially exist at the edges of the perovskite crystal surface

in the form of terraces, and indicate how the Al3+ doping can reduce the prevalence via

the selective enhancement of growth of these terraces.

In order to visualize how the Al3+ doping has influenced the as-crystalized films, we

performed atomic force microscopy (AFM) measurements on our samples. We show

these images in the bottom row of fig. 6.6, and plot histograms for the distribution in

heights from the images. The lower regions correspond to the troughs at the boundary
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of the grains, and the higher regions correspond to the top most surfaces of the grains.

For the control sample we observe a symmetric, approximately Gaussian distribution of

heights, indicating that the surface of the perovskite film is continuously undulating over

the measured length-scale, with no specific preferred height. We estimate a half-width

at half-maximum (HWHM) height distribution of 33 nm. This level of undulation is

almost identical to the underlying FTO substrate, which we determine a HWHM height

distribution of 34 nm, which we show in the fig. 6.7 Thus the control perovskite film

does not appear to planarize the FTO.

In contrast, for the optimum (0.15 mol%) doped perovskite sample, the height distribu-

tion becomes asymmetric with a background undulation of the same extent, but with

an additional distribution with a much narrower HWHM of ∼16nm on the top-most

region of the films. This indicates that the top of the grains are much flatter in the Al3+

doped samples than in the control samples. The height distribution for the 1.5 mol%

Al3+ doped sample significantly changes, but still shows a relatively narrow distribution

on the top surface and a long tail indicating a relatively flat film, but now with the

presence of pinholes. Since the crystal morphology of the 1.5 mol% sample has changed

considerably, we cannot compare this directly to the other two compositions. These

observations further corroborate that, with low levels of Al3+ doping, the perovskite

crystalline growth is indeed enhanced and preferentially selects certain planes, while in

addition the reduced roughness of the surface of the grains is consistent with a reduction

in terrace/step-like defects on the crystal surface.
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Figure 6.6: Schematic diagram of the proposed perovskite polycrystalline thin film growth and
influence of the Al3+ doping with illustrated C, N, H, O, I, Pb, and Al atoms are indicated by
the color of black, blue, pink, red, grey, and cyan respectively; And histograms of the surface
topography and the images (insets) from AFM measurements of different samples. Best fits for
the histograms are obtained using one and two Voigt distributions, respectively for the control
and the optimized sample. The individual distribution components with their HWHM, and
the cumulative fits are labelled as in the figure.
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Figure 6.7: The Atomic Force Microscopy (AFM) image of FTO substrate, where the esti-
mated half-width at half-maximum (HWHM) height distribution is 34 nm.

6.4 Optoelectronic Properties

We now investigate if the structural improvements in the Al3+-doped polycrystalline

films translate to enhanced optoelectronic properties. To understand the influence of

Al3+ doping upon the photo-physical properties of the perovskite films we performed

absorption and photoluminescence measurements, which we show in fig. 6.8. We observe

little change in the absorption spectra for the films, but we do observe an increase in

steady-state photoluminescence (PL) intensity with a maximum for the 0.15 mol% Al3+-

doped samples, and a subsequent fall off of in intensity upon further increase in doping

concentration.

6.4.1 Photoluminescence Behaviour

In fig. 6.9 we compare the PL properties of the control films and those doped with

0.15 mol% Al3+. In fig. 6.9a and b we observe that the Al3+-doped perovskite films
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Figure 6.8: Characterizations of different Al3+ doping concentration of perovskite samples
with (a) steady-state photoluminescence, (b) Time-resolved Photoluminescence decay, and (c)
UV-vis absorption spectra.

have higher steady state PL intensity and an almost two-fold increase in PL life time

compared to the control.

To further quantify the influence of the Al3+ doping upon the radiative and non-radiative

recombination rates, we performed photoluminescence quantum efficiency (PLQE) mea-

surements as a function of excitation power, which we show in fig. 6.9c. For both doped

and control samples, the PLQE rises with increasing excitation power, a behaviour at-

tributed to the filling of trap states and increasingly favourable competition of radiative

bimolecular recombination over non-radiative trap assisted recombination.[30, 31, 32]

Notably, the PLQE is higher for the Al3+-doped samples at all light intensities, which,

along with the increase we observe in the PL lifetime, is consistent with fewer fast non-
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Figure 6.9: Photoluminescence spectroscopy of control (non-doped) and 0.15 mol% Al3+-
doped perovskite thin films deposited on glass substrate with (a) steady-state spectra (300
mW/cm2, 507 nm), (b) time-resolved photoluminescence decay after excitation at 507 nm
with pulsed (200 kHz) and a fluence of 30 nJ/cm2/pulse, and (c) photoluminescence quantum
efficiency (PLQE) as a function of excitation power.

radiative decay channels in the Al3+-doped samples. We fit the bulk time-resolved PL

data in fig. 6.9b with a stretched exponential function and extract the average lifetimes,

<τ>, as previously described.[9] We use these low-fluence PL lifetime values along with

the low excitation power (6 mW/cm2) PLQE values, where in both cases we expect the

carrier recombination to be dominated by pseudo first-order kinetics,[9, 32] to estimate

the radiative and non-radiative decay rates in the films using,

PLQE = krad
krad + knon−rad

(6.4.1)

where krad is the radiative decay rate knon−rad is the non-radiative decay rate and

krad+knon−rad = 1/ <τ>. For the control and Al3+-doped films, the krad we deter-

mine are similar for the two films at 5.04x10 s−4 and 4.96x10 s−4, while we observe there

is a reduction in knon−rad from 1.24x10 s−6to 5.52x10 s−5 for the control and Al3+-doped

films. This indicates that the substantive change in the photophysical properties of the

perovskite films with 0.15 mol% Al3+ is approximately a two-fold reduction in the non-
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radiative recombination rate. We note that both the radiative and non-radiative decay

rates are relatively low for a crystalline semiconductor. The slow recombination in metal

halide perovskites is a highly fortuitous property for PV devices, but the origin of the

phenomenon remains to be elucidated.[33] The above analysis gives an indication of the

macroscopic changes occurring within the perovskite films. However, we know that se-

vere photophysical heterogeneity can occur within the polycrystalline films, and hence to

clarify which microscopic regions of the film are responsible for the reduced non-radiative

decay, we employ confocal fluorescence microscopy. In fig. 6.10a and b we show a 10

x 10 µm confocal fluorescence image of a control and 0.15 mol% Al3+-doped perovskite

film. We show the image histograms of occurrence versus PL (counts) in fig. 6.10c and

d. In both films there exists heterogeneity in the PL emission with both bright and dark

grains, and generally lower levels of PL in the regions near the grain boundaries. From

the histograms it is apparent that the average number of PL counts (solid lines) of the

Al3+-doped films have shifted to higher levels, but the distribution is similarly broad

to that seen in the control. In fact, the distribution has slightly broadened indicating

no preferential spatial homogenisation of the PL, but simply an overall reduction in the

non-radiative decay, both on or in the grains and at the grain boundaries.

6.4.2 Surface Potential & Trap states

In fig. 6.11 we performed Kelvin probe measurement in the dark and under illumination

with perovskite films on FTO, and find a reduction in the surface photovoltage for Al3+-

doped films compared to control films, consistent with the removal of electronic traps in

the former. In order to understand the effect of Al3+ on the energetics of the film surface

which comes in contact with the charge transporting layer during the device fabrication,

we performed Kelvin probe measurement of perovskite films on FTO in the dark and

under illumination.[11] The difference in the work function in the dark and under illu-
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Figure 6.10: Fluorescence microscopy of a, control and b, Al3+-doped (0.15 mol%) perovskite
films with 10 x 10 µm area mapping excited with a pulsed 470 nm laser (40 MHz, 117 ps
pulse width, 300 nJ/cm2/pulse). c and d are the image histograms (10,000 pixels) showing the
fluorescence emission distribution with solid lines indicate the average number of PL counts.
The Al3+-doped perovskite has more pixel counts falling under “bright” regions as compared
to the control.

mination provides surface photo-voltage, which indicates the degree of band bending at

the surface. The band bending at the surface depends on the density of trap states on

that surface.[34] We observe in the dark, that the surface work function of a 0.15 mol%

Al3+-doped film is higher than that of the control films and the surface photovoltage of

the Al3+-doped films is lower than that of the control. Both measurements in dark and

in exposure of light suggest that there is a shift in the surface potential caused by the

Al3+ doping, and that the band bending at the surface of Al3+-doped perovskite is lower

than that of the control samples. This is consistent with fewer electronic trap sites on
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surface of the Al3+-doped films.

Figure 6.11: Kelvin probe measurement of control and doped perovskite films. The dark CPD
(contact potential difference) value of the control sample is presented as the reference where
the surface work function is 4.80 eV The SPV (surface photo voltage) for the doped samples
are lower than that of the control sample.

6.4.3 Electronic Disorder

A direct method to probe the sub band gap absorption in a photovoltaic device is to make

very sensitive measure of the spectral response of the photocurrent via Fourier Transform

Photocurrent Spectroscopy (FTPS) on complete solar cells. In an approximation, a

shallow slope in the rise in the external quantum efficiency (EQE) below the band gap

indicates a large density of sub band gap states, and in contrast a steep rise in the EQE

below the band gap indicates a lower density of sub band gap states. We can quantify

this steepness, by fitting the exponential rise in the EQE spectra below the band gap,

known as the Urbach tail, to derive the Urbach energy (EU).[35, 36]

In order to quantify the electronic disorder in the films, we estimate the EU of perovskite

films from Fourier transform photocurrent spectroscopy (FTPS), which we show in fig.

6.12. We estimate the EU for the control and 0.15 mol% Al3+-doped samples to be

13.09±0.05 and 12.64±0.04 meV respectively.
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Figure 6.12: Fourier transform photocurrent spectroscopy of control and Al3+-doped (0.15
mol%) perovskite devices and their estimated Urbach energies fitting the slope at low energy
(fits are between 1.519 to 1.55 eV shown in the inlet figure).

This decrease in EU is direct evidence for an enhancement of the electronic quality of

the perovskite films by Al3+ doping. Notably, this is the first time an EU has been

determined to be less than 13 meV in a metal halide perovskite film, indicating the high

electronic quality of the perovskite film[11, 35] and suggesting an improved crystalline

order in the polycrystalline thin film. The reason why the steepness of the absorption

onset, and ultimately EQE spectra is important, is that this governs the maximum open-

circuit voltage a solar cell can achieve in the “radiative limit”, where all non-radiative

recombination is switched off.[37] The operational-loss, defined as EG-qVoc, where EG is

the band gap of the absorber, has been observed to approximately half when the Urbach

energy reduces from 23 meV, for copper indium gallium selenide (CIGS), to 7.5 meV

for GaAs.[35, 38] Therefore, although the Urbach energy which we estimate here for our

best perovskite solar cells is significantly lower than kT (∼25 meV at room temperature,

where k is Boltzmann constant), it remains an important factor to improve in the goal

of developing a near-perfect solar absorber material.
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By interpreting the photo-physical and electronic impact of the Al3+ doping, it is ap-

parent that the optimally doped films possess fewer non-radiative decay sites and are of

superior electronic quality as compared with the control films. This is consistent with the

enhanced structural quality we observed in fig. 6.2, resulting in improved optoelectronic

performance.

6.5 Photovoltaic Behaviour

6.5.1 Device Architecture

To assess if these enhanced film properties translate into enhancements in solar cell

performance, we now integrate the perovskite films into "inverted" (p-i-n) planar hetero-

junction perovskite solar cells with a p-type organic hole transporting material (HTM), a

solid ’intrinsic’ (i) perovskite film and an n-type organic electron transporting material.[39]

We show a high angle annular dark field STEM (HAADF-STEM) cross-sectional micro-

graph of an optimized device in fig. 6.14a, an illustration of the energy levels of the

materials employed in fig. 6.13b and a schematic of the full device architecture in fig.

6.13c. We note that the energy levels we illustrate are for the individual isolated mate-

rials, and upon doping and contact with each other there is likely to be a relative shift

in the absolute energy at the interfaces.[40]

6.5.2 Device Performance

In fig. 6.14 and in Table 6.1 we show the mean solar cell performance parameters for

a batch of solar cells with a range of Al3+ doping concentrations, extracted from J-

V curves measured under simulated AM 1.5, 100 mW/cm2 irradiance. We observe a
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Figure 6.13: (a) High angle annular dark field STEM (HAADF-STEM) cross-sectional mi-
crograph of optimized device with the structure of Ag/BCP/ETM (PCBM)/perovskite/HTM
(poly-TPD)/FTO. (b) Diagram of the energy levels of the materials used, and (c) an illustra-
tion of the structure of the solar cells.

clear trend of enhancement in device performance produced by the introduction of Al3+

dopant in the perovskite precursor solution up to concentrations of around 0.15 to 0.3

mol%. For devices fabricated from the control precursor solution, i.e. pristine MAPbI3,

the average short-circuit current density (Jsc) and open circuit voltage (Voc) are around

19.0±1.7mA/cm2 and 1.01±0.04V, respectively. With the incorporation of the Al3+

dopant in the perovskite, both the Jsc and Voc increase up to average values of 21.2±1.1

mA/cm2 and 1.06±0.03 V, respectively, peaking at 0.15 mol%, while we observe that

the average fill factor (FF) increases to 0.72±0.08with the addition of Al3+ up to 0.3

mol%, after which the FF begins to decrease. Hence, we observe the power conversion

efficiency (PCE) to reach a maximum at 0.15 mol% of Al3+ doping with an average

PCE of the solar cells fabricated with this doping concentration of 15.8±2.4%. Notably,

the optimised Al3+ doping not only improves all of the performance parameters (i.e.

FF, Voc, Jsc, and PCE) as compared with the control devices, but also enhances device

reproducibility, as we show in fig. 6.15.

In fig. 6.16a we show the current-density voltage (JV) curves for the most efficient control

and Al3+-doped devices, where the latter exhibits a Jsc of 22.4 mA/cm2, a FF of 0.78,

and a Voc of 1.10 V yielding a PCE of 19.1%. When we compare this with the control
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Figure 6.14: Devices performance characteristics with different doping levels of Al3+ per-
ovskite under simulated AM 1.5, 100 mW/cm2 irradiance in air. (a) Device performance
parameters extracted from a batch of current-voltage measurements. (b) The current density-
voltage curves of the best devices.
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Figure 6.15: Histograms of the solar cell performance parameters for the optimally doped
(0.15 mol%) and control devices.
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Table 6.1: Mean solar cell performance parameters with different Al3+ doping concen-
tration under simulated AM 1.5, 100 mW/cm2 solar irradiation

Doping level (mol%) Jsc (mA/ cm2) Voc (V) FF PCE (%)
0 19.0±1.7 1.01±0.04 0.68±0.08 13.2±2.6

0.075 19.2±2.4 1.02±0.05 0.70±0.06 13.6±2.8
0.15 21.2±1.1 1.06±0.03 0.71±0.07 15.8±2.4
0.3 19.0±2.4 1.05±0.06 0.72±0.08 14.2±2.4
0.75 15.3±2.4 0.99±0.08 0.65±0.07 9.8±1.9
1.5 8.0±1.0 0.99±0.06 0.68±0.07 5.5±1.2

device, we can see that the major improvement is coming from the increases in Voc and

Jsc . The external quantum efficiency (EQE) spectra for typical cells of each type, which

we show in fig. 6.16b, exhibit the same trend as the measured JV curves, consistent with

the enhanced photocurrent from the Al3+-doped samples. Integrating the EQE over the

AM1.5 solar spectrum at 100 mW/cm2 irradiance gives an estimated Jsc of 20 and

18 mA/cm2 for the Al3+-doped and control devices, respectively. The measured Jsc

under the solar simulator for these precise cells was 22.0 and 17.3 mA/cm2 respectively,

which gives an indication of an accuracy of between -10 and + 4%, comparing the

current estimated from the EQE to the JV measurements under simulated sun light.

This difference may be within the measurement accuracy since we use two different rigs

with two different calibration diodes. The cells are masked in the same manner for

both measurements, however, the spatial uniformity of the EQE measurement is not

as controlled as it is for the JV measurements, which may contribute to the errors.

Additionally, we note that we test these cells in air without encapsulation, and there is

usually a little degradation in performance for these p-i-n inverted cells following testing.

The J-V curves for both control and Al3+-doped perovskite solar cells exhibit very low

levels of hysteresis. We illustrate this in fig. 6.16c showing the numerically averaged

J-V curves measured at different voltage sweep directions in a selection of 20 high per-

formance devices with their performance parameters in the inset table. As an aside, this

observation further strengthens our understanding that the main source of such hystere-
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Figure 6.16: Photovoltaic performance of control and Al3+-doped (0.15 mol%) perovskite
solar cells under simulated AM 1.5, 100 mW/cm2 solar irradiation (solid line), and in the dark
(dotted line) at a scan rate of 0.38 Vs−1.(a) the current density-voltage characteristics of the
best cells. (b) external quantum efficiency (EQE) spectrum measured at short-circuit, along
with the expected photocurrent integrated over the AM1.5 solar spectrum of 100 mW/cm2.
(c) Numerically averaged JV curves measured from forward bias (FB) to short-circuit (SC)
and back again without observable hysteresis in a selection of 20 high performance control and
Al3+-doped devices. (d) Stabilized maximum power output measurement of the best cells with
bias at their maximum power points.

sis originates at the interface between the perovskite film and the semiconducting metal

oxide such as TiO2 or ZnO in regular device structures, probably due to the generation

of a large density of electronic defects at the surface of the perovskite when the films are

crystallised on these metal oxide surfaces.[41] Here, these cells using only organic p and

n-type charge collection layers exhibit very well behaved current voltage characteristics.

Notably, we have recently identified that the presence of electronic defects through which

trap assisted recombination occurs, are central to the mechanism governing JV hysteresis
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in perovskite solar cells (combined with mobile ionic species).[41] This is consistent with

the cells processed on the organic semiconductors containing fewer electronic defects.

Figure 6.17: Numerically averaged stabilized power output and photocurrent in a batch of 20
high performing devices of the control and Al3+-doped (0.15 mol%) cells.

In fig. 6.16d, we show the stabilised power output (SPO) of the best performing control

and Al3+-doped cells when holding the applied bias fixed at its maximum power point

voltage under simulated AM 1.5 (100 mW/cm2) sun light, and measuring the photocur-

rent as a function of time. Both devices reach their stabilised photocurrent within the

first measurement window, indicative of negligible hysteresis.[42] For the Al3+-doped

device, we measure a stabilized photocurrent at 20.3 mA/cm2 and PCE at 18.2%, which

is superior to the control device for which we measure a stabilised photocurrent and SPO

of 18.2 mA/cm2 and 15.7%, respectively. We note that despite the negligible hysteresis

in the JV curves, we still have slightly lower SPOs than the PCE determined from the
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JV curves. This emphasises that SPO measurements remain important even in cells

appearing to exhibit negligible hysteresis. In fig. 6.17, we further show the average-SPO

in a selection of 20 high performance devices at 17.7% and 15.6% for the Al3+-doped

and control devices, respectively.

To confirm that the positive effects we observe here are due to the addition of Al3+, as

opposed to the acac ion, we also replaced the Al-acac3 dopant with Aluminum iodide

(AlI3). These films exhibit enhanced luminescent properties, and subsequently deliver

improved solar cells in comparison to the control devices. We show these results in fig.

6.18 where we observe that the addition of AlI3 into perovskite precursor solution also

delivers optimum performance with a doping level of around 0.15 mol%.
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Figure 6.18: Characterizations of different Al3+ doping (AlI3 as dopant) concen-
tration of perovskite samples with (a) UV-vis absorption, (b) spectra Steady-state
photoluminescence, and (c) Device performance parameters (with the structure of
Ag/BCP/PCBM/CH3NH3PbI3/PEDOT AI4083/FTO) extracted from a batch of current-
voltage measurements under simulated AM 1.5, 100 mW/cm2 irradiance in air. Note: Here we
replaced the source of Al3+ from Al-acac3 (Al(C5H7O2)3) to Aluminum iodide (AlI3), in this
case we substitute the methylammonium iodide for the corresponding different concentrations
of AlI3 to achieve Al3+ doping, while the amount of iodide in the MAPbI3 remains constant.
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6.6 Summary

To summarize our findings, we have discovered that the electronic quality of the MAPbI3

films can be substantially enhanced by low levels of doping with the small metal cation

Al3+ (Note: by "doping", we mean "adding the foreign ions into the precursor solution"

here). We have proposed the mechanism by which Al3+-doping enhances the quality

of the films, and revealed a simple property of the material, microstrain, which can be

studied, tuned and minimised to deliver even higher quality perovskite films for opto-

electronics. With the presence of Al3+ during the perovskite crystallization, we observe

reduced microstrain in the perovskite crystal, which we infer to indicate a reduction

in the density of crystal defects. From these same films we observe enhanced lumines-

cent properties and reduced electronic disorder, which we infer to suggest that the same

defects responsible for microstrain in the crystal, are also responsible for losses in lumi-

nescence and the solar cell operation. In addition, the remaining Al3+ ions present, most

concentrated in the regions near the grain boundaries, may also act to alter the energy

of these defect sites making them more benign. However, this latter consideration is

not necessary to explain our results and is only a postulation. We have demonstrated

improved JV measured PCE of up to 19.1% with negligible hysteresis for these Al3+-

doped films, when integrated into planar heterojunction solar cells. We attribute the

improved operation to the reduced non-radiative trap assisted recombination in the thin

films and devices. Our work therefore highlights the possibility for considerable further

improvement of the electronic quality of perovskite thin films, and subsequent devices

by understanding the role of dopant impurities upon crystallisation, and crystal and

electronic defects in perovskite thin films.
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Chapter 7

Conclusion and Outlook

7.1 Conclusion and Outlook

7.1.1 Conclusion

With the vast concerns about climate change and the use of fossil fuels, finding alter-

native renewable energy sources is of great interest. Perovskite solar cells are currently

the only solution-processed photovoltaic technology to surpass 20% power conversion

efficiency, and capable of delivering the lowest cost with the highest efficiency, making

them a promising candidate for the new generation of photovoltaic devices. In this the-

sis, we put emphasis on the development of interlayers, which plays the most critical

role in promoting the device performance.

The main research achievements are as follows: in chapter 4, we report a significant

breakthrough in the development of all low-temperature processed (entirely below 150
◦C) thin film solar cells with a decent PCE of 15.6% on CH3NH3PbI3−xClx perovskite-

based MSSCs. This was the best-recorded efficiency for all low-temperature processed

solar cells while the result published, which was also slightly higher than the high-

temperature (500 ◦C) sintered devices due to the superior properties of the Gaphene-

TiO2 nanocomposites. By exploiting the nanocomposites of high-quality graphene nanoflakes

and pre-synthesized TiO2 nanoparticles in perovskite solar cells as a low-temperature

processed electron-transporting layer, we have observed reduced series resistance and
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unexpectedly reduced recombination losses with the low-temperature nanocomposite

via the technique of impedance spectroscopy. In addition, the advantage of the large

aspect ratio of graphene also enables better connection between TiO2 nanoparticles,

and functions as a 2D framework for the nanoparticles to anchor upon, thus improving

the electron transfer rate (reduced series resistance), and reducing charge recombination

(increased charge recombination resistance). This is reflected in a 40% IQE and 20%

FF improvement, and also gives enhanced values for the rest device performance pa-

rameters, Jsc and Voc. These findings indicate that high-efficiency PSCs may no longer

need a high-temperature sintering process for TiO2 as the electron-transporting layer

sintering process at up to 500 ◦C is unfavourable for low-cost production and precludes

applications on plastic substrates, and the fabrication of multi-junction device architec-

tures for even higher efficiencies. Our results demonstrate the successful combination

of two emerging materials, graphene and organic-inorganic perovskites, showing a great

promise for developing high-efficiency graphene-based thin film solar cells, also enabling

the use of fast printing deposition methods. To the best of our knowledge, this work

also set a milestone for the graphene-incorporated photovoltaics.

In chapter 5, to explore the underlying mechanism of inverted perovskite solar cells,

where we have deconstructed the device layer by layer. Our works highlight the im-

portance of understanding and controlling the solar cell fabrication process from the

very beginning. Starting with substrate work-function and wetting management, fol-

lowed by thickness influenced device performance from the hole-transporting layer. We

also modified the perovskite surface morphology by hot-solution casting, with improved

interface and surface morphology observed. By creating a more uniform surface, min-

imising light reflection and pinholes, and reducing the shunting paths; subsequently,

the thickness of electron-transporting layer was also being optimised. Furthermore, we

carefully choose the organic solvent for the buffer layer, demonstrating the first orthog-

onal solution-deposition buffer layer, which enables the inverted PSCs devices to be
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processed under ambient condition; putting all these efforts together, has led to the

production of highly efficient inverted perovskite solar cells. Compared with the regular

structure employing fullerene as ETL, we found the existence of hysteresis might not

simply be eliminated with the help fullerene, thus emphasising the important role of

the interface. Lastly, we introduced a Poly-TPD-based hole-transporting layer, with the

addition of F6-TCNNQ as the dopant, which not only improves the surface wetting to

give a much better interface, but also improve the hole transporting properties, lead-

ing to a reduced series resistance within the HTLs. The best inverted PSCs consist

of F6-TCNNQ/Poly-TPD as HTL, which demonstrate an increased Voc up to 1.07 V

compared to the PEDOT:PSS-based devices. The careful optimisations throughout the

entire carrier pathways have facilitated the charge transport, minimised the unfavourable

recombination, and enabled efficient and hysteresis-free inverted devices to be produced.

These combined efforts represent a leap forward in producing highly efficient perovskite

solar cells.

In chapter 6, we focus on improving the electronic quality of the CH3NH3PbI3 per-

ovskite for solar cells. One of the main challenges for polycrystalline perovskite-based

photovoltaics is to eliminate the presence of charge recombination centres throughout

the bulk material. Here, we have found that heterovalent doping with the small metal

cation Al3+, delivered films with much higher photoluminescence efficiency, improved

optoelectronic homogeneity, and the ensuing planar heterojunction perovskite solar cells

delivered an improved PCE of up to 19% with negligible hysteresis. This is among the

highest reported efficiencies for “inverted” planar heterojunction perovskite solar cells

while the manuscript was being prepared. To investigate the mechanism behind this

result, we first performed a microstrain study of the X-ray diffraction patterns of our

perovskite films, according to the modified Williamson-Hall method. The origin of mi-

crostrain can be attributed to crystal imperfections/structural defects, and we observe

a 30% reduction of microstrain in the Al3+-doped films. This gives clear evidence that
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the introduction of a small amount of Al3+ dopant has resulted in the decreased number

of crystal defects in the perovskite films. We back this up with atomic force microscopy,

which directly shows “flattening” of the surface of the perovskite films. Hence, this is

direct evidence that the density of crystal defects, which could be terraces, steps, dis-

locations etc, is reduced when the perovskite is crystallised with the addition of Al3+.

Secondly, to highlight the existence of Al ions in the polycrystalline perovskite thin

film, we present a study of nanoscale secondary ion mass spectrometry (NanoSIMS),

which shows the Al ions are preferentially situated around the grain boundaries. Fur-

thermore, we have performed a surface photovoltage study, from which we infer that

the electronic band bending at the surface of Al3+-doped perovskite film is lower than

that of the undoped samples. Combined with the PL and sub-bandgap photocurrent

spectroscopy, this corroborates the observation of fewer electronic trap sites on the sur-

face of the Al3+- doped films, via reducing the density of crystal defects. Finally, we

speculated on the mechanism of how the Al3+ doping influences the crystallisation and

crystalline quality of the films. Here, the foreign ions (Al3+) are probably accelerating

both nucleation and growth by adsorbing to crystal surfaces and changing the surface

energy of the crystal growth front making it more favourable for rapid crystallisation.

Via the photospectroscopy study, we observed these same films exhibit enhanced lumi-

nescent properties and reduced electronic disorder, which suggests that the same defects

responsible for microstrain in the crystal, are also responsible for losses in luminescence

and the solar cell operation. Interestingly, this is the first time, a report has shown a

clear correlation between reduced structural crystal defects and enhanced optoelectronic

properties, rather than simply inferring a reduction in electronic defects of unknown

origin. This work is hence an important step forward via the discovery of a new route

for performance enhancement of perovskite semiconductors, also opening a new avenue

for investigation on understanding of the role of dopant impurities upon crystallisation

and defect generation.
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7.1.2 Outlook

A number of contributions have been made to advance the understanding of charge

transportation within the interfaces. With careful experimental design, we have suc-

cessfully utilised the interface engineering to demonstrates the continuing importance of

improving the electronic quality of the heterojunctions and the nature of the perovskite

absorber to further improve the solar cell performance. Despite the concerns raised

in achieving long-term stability with its sensitivity to humidity, oxygen, and sunlight,

which may be the biggest hurdle for this technology to overcome before it is ready for

commercial deployment. But the manipulation of the composition of perovskite and

the interlayers have appeared led to substantial improvement in this regard, and may be

able to resolve these questions with further efforts made in this direction. In addition, to

prolong the lifetime of the solar cell, encapsulation may also be a straightforward route

to answer the environment-induced degradation. However, there are very few studies

have been investigated in this perspective, as the use of orthogonal solvent is necessary

to prevent the dissolution of underlying layers when the encapsulant apply, therefore

the development of compatible encapsulant is urgently calling. On the other hand, the

immobile and thermally-stable dopants or even dopant-free interlayers are also preferred

choices to achieve durable solar cells. Taking all the advantages of perovskite solar cells

possess, the next step is apparently to make flexible device with roll-to-roll process. Last

but not least, a much deeper understanding of the fundamental mechanisms of efficient

charge extraction in perovskite device is still needed, but as we have clearly identified

the challenge need to be resolved for future research, and with the unprecedented effi-

ciency growing speed in the short research history; It would not be too surprising, we

soon can see perovskite solar cells widely adopted in the lives of human being to answer

the oncoming energy crisis.
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Abbreviations

2D two-dimensional

AM 1.5 Air mass 1.5

AFM Atomic Force Microscopy

Al-acac3 aluminium acetylacetonate, Al(C5H7O2)3

ALD atomic layer deposition

BPhen bathophenanthroline

BCP bathocuproine

CaTiO3 calcium titanium oxide

CB conduction band

CB Chlorobenzene

Cs2CO3 cesium carbonate

CO2 carbon dioxide

CVD Chemical Vapor Deposition

CH3NH3PbI3−xClx Methylammonium Lead Mix-Halide Perovskite

CH3NH+3, MA+ Methylammonium

CH3NH3PbI3 methylammonium lead iodide

CH4 methane

DMF dimethylformamide

DOS Density of states
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DSSCs dye-sensitized solar cells

dobs observed d-space broadening

dins instrument response

dsize grain size

e elementary charge

ε dielectric constant

εd microstrain

Eb exciton binding energy

EF Fermi level

EQE External Quantum Efficiency

EFn electron-quasi-Fermi levels

EFp hole-quasi-Fermi levels

EG band gap

ETM electron-transporting material

ETL Electron-Transporting Layer

Eu Urbach energy

ηcc Charge-collection efficiency

ηsep Charge-separation efficiency

F4-TCNQ 2,3,5,6-(tetrafluoro-7,7,8,8-tetracyanoquino)dimethane

F6-TCNNQ 2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile

FF fill factor

FTPS Fourier transform photocurrent spectroscopy

FB forward bias
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FB-SC forward bias toward the short-circuit

FTO Fluorine doped Tin Oxide

FTPS Fourier Transform Photocurrent Spectroscopy

GO Graphene Oxide

H2NCNH2+, FA+ Formamidinium

HOMO Highest Occupied Molecular Orbitals

HTM hole-transporting material

HTL Hole-Transporting Layer

H2SO4 sulphuric acid

H2O2 hydrogen peroxide

HWHM half-width at half-maximum

HAADF-STEM High Angle Annular Dark Field-Scanning Transmission Electron Mi-

croscopy

HNO3 Nitric Acid

ITO Indium tin oxide

ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry

IQE internal quantum efficiency

IS Impedance Spectroscopy

IPA isopropanol

IPCE Incident Photon to Converted Electron Measurement

Jdark dark current

JLight photocurrent

JTot total current
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J-V current density-voltage measurement

Jsc short-circuit current density

kB Boltzmann constant

LUMO Lowest Unoccupied Molecular Orbitals

LD Diffusion length

LiF lithium fluoride

LPE Liquid-Phase Exfoliation

LHE Light Harvesting Efficiency

Li-TFSI lithium bis(trifluoromethanesulfonyl)imide

µ carrier mobility

MAI Methylammonium iodide

MBE Molecular Beam Epitaxy

MSSCs Meso-Superstructured Solar Cells

MoO3 molybdenum trioxide

MPD Micro Photon Devices

NaCl sodium chloride

NREL National Renewable Energy Laboratories

Ω resistivity

OPV organic photovoltaics

OSCs organic solar cells

PbCl2 lead chloride

PbAc2∗(3H2O) lead acetate trihydrate

PSCs perovskite solar cells
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PCE power conversion efficiency

PCBM [6,6]-Phenyl C61 butyric acid methyl ester

PMPP maximum power point

PL photoluminescence

PLQE photoluminescence quantum efficiency

PTAA Poly(tertiary arylamine)

PHJ planar heterojunction

PLQE Photolumnincense Quantum Efficiency

Φh hole-tranporting barrier

Φh′ reduced hole-tranporting barrier

QDSCs quantum dot solar cells

Rtotal total recombination rate

Rseries series resistance

Rshunt shunt resistance

RGO reduced graphene oxide

σ conductivity

SC short-circuit

SC-FB short-circuit toward forward bias

SEM scanning electron microscopy

spiro-oMeTAD 2,2,7,7-tetrakis-(N,N-di-p-methoxyphenyl amine) 9,9-spirobifluorene

SPO stabilised power output

ssDSSCs solid-state dye-sensitised solar cells

SPV Surface Photo Voltage
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τ average lifetime

T temperature

TW terawatts

TF tolerance factor

TS Terahertz spectroscopy

tBP tert-butylpyridine

TEM Transmission Electron Microscopy

UPS Ultra-Violet Photoemission Spectroscopy

VB valence band

Voc open-circuit voltages

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy
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